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ExecuTive OFFICE OF THE PRESIDENT
NaTtoNaL Resounrces PLANNING BoaArp
Wasnixgroy, D. C.

March 2, 1940.
THE PRESIDENT,
~ The White House.
My Dear MRr. PRESIDENT:

A report on Deficiencies in Hydrologic Research, prepared under the direction of
our Water Resources Committee, is submitted herewith for your consideration.

Although construction of works for water use and control is progressing on a wide
front, understanding of the basic processes by which water circulates on the earth and
in the atmosphere is far from complete. There are many very serious gaps in knowledge
of that hydrologic cycle. The experience of the past ten years with unusually destruc-
tive droughts and floods has dramatized our lack of data; for example, on the frequency
and intensity of low and excessive stream flow and on the effects of vegetal cover upon
run-off. These gaps should be closed as speedily as practicable if adequate plans for
drainage-basin development are to be prepared.

The attached document calls attention to the major deficiencies in current research
work and suggests desirable lines of study by all interested groups—Federal and non-
Federal. Prepared as a stimulus of improved research, it helps to lay a firm basis for
practical and effective water planning in the future.

Respectfully submitted.

FrepEric A. DELANO, Chairman,
CrarLEs E. MERRIAM,
GEeoRGE F. YanTis.
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NatroNaL ReEsources CoMMITTEE
Nortu IxTERIOR BUlLDBING

WasHINGTON

June 29, 1939,
Mg. FrepERIC A. DELANO,
Chairman, Advisory Committee,
National Resources Commatiee,
Washington, D. C.

Dear Mr. DELaNoO: A report on Deficiencies in Hydrologic Research, prepared
by the Special Advisory Committee on Hydrologic Data, is transmitted herewith.

The preparation of this report entailed a careful study of the research programs
currently under way by various agencies. It involved also a study of the existing situ-
ation as to needs for information in considerable part growing out of the experience
of the various committee members and others interested in water problems. It is
intended that the report will serve as a guide for the use of research workers engaged in
hydrologic or related investigations and in that way encourage further exploration in
this field.

A previous report on Deficiencies in Basic Hydrologic Data presented a compre-
hensive outline, from a national viewpoint, for the adequate collection and publication
of fundamental data relating to precipitation, stream flow, evaporation, ground water
and other elements of the hydrologic cycle.

These basic data are the foundations upon which must be based the design and
operation of all work for the conservation and utilization of water resources. But these
data are valueless without adequate techniques with which to interpret and apply
them to specific problems. Research alone provides the techniques which are essential
to the solution of flood control, irrigation, drought, soil erosion, and other problems
encountered in the development of a water policy which is both hydrologically and
economically sound. Because the need for scientific approach to the interpretation of
hydrologic phenomensa and related factors is so important to the economic life of the
country, the Water Resources Commiittee feels that the suggestions contained in this
report are of paramount importance.

Present information on the significance and interrelation of different phases of the
hydrologic cycle contains much that is in need of further verification and there is a
serious lack of understanding of the significance of many phenomena. Improvement
of this situation can best be effectuated by a competently organized and thoroughly
coordinated long-range research program given continuity by adequate appropriations.
Such an appropriation policy, with provisions for a reasonable and necessary expan-
sion of the facilities, would very largely eliminate such duplication of effort as now occurs
as 8 result of a fluctuating financial support and lack of continuity.
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Such a program would involve expenditures insignificant in amount compared with
the savings which would be effected in the cost of hydraulic structures which now have
to be designed to provide for an adequate factor of safety based in part upon lack of
lmowledge of the effect of hydrologic and related phenomena.

Further advantages would accrue from the dissemination of information on eur-
rent research activities, therefore the proposal for a central “clearing house” and
coordinating agency should be immediately consummated.

The Water Resources Committee concurs in the recommendations of the Special
Advisory Committee on Hydrologic Data.

Respectfully submitted,

The Warer REsources CoMMITTEE
ABEr Worman, Chairman
Chief Engineer, Muaryland Stale Department of Health

HarLany H. BArrows, T. B. PARKER,
Universily of Chicago. Chef Engineer,
Tennessee Valley Authority.
C. G. PauLsExn,!
Acting Chief Hydraulic Engineer,
Uniled Siates Geological Survey.
THORNDIKE SAVILLE,
Dean, College of Engineering,
New York University.

Mivton S. EISENHOWER,
Land Use Coordinator,
Uniled Slates Department of Agriculture.

Epwarp HyaTr,
Slate Engineer of California.

Rocer B. McWHORTER, Maj. Gen. JuLian L. ScHLET,
Chief Engineer, Chief of Engineers,
Federal Power Commission. United States Corps of Engineers.
(Represented by Col. W. A. Sxow.)
JorN C. Pacs, R. E. TArBETT,
Commissioner, - Senior Sanitary Engineer,
Bureau of Reclamation, Uniled States Public Heallh Service.

Juuius T. WexDZEL
In Charge Interdeparimental Coordination,
Office of Land Use Coordinalion
United States Department of Agricullure

1 Mr. O. G. Paulsen succeeded Mr, N, C, Grover, who retired from Government service on February 1, 1939,
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Namonat REsources COMMITTEE

Norta InTERIOR BUILDING

WasHINGTON

June 29, 1939.
Mgr. AL, WOLMAN,
Chaisrman, Water Resources Commiltlee,

Dear MR. WoLman: The Special Advisory Committee on Hydrologic Data sub-
mits herewith a report on Deficiencies in Hydrologic Research.

The Committee, after a survey of the field of current hydrologic research, has pre-
pared a brief description of investigations deemed essential to the clarification of existing
information or in making available new information on many hydrologic phenomena.
These proposals have been grouped by broad classification of phenomena and are
designed to serve as guides in the attack on major problems in hydrology and hydro-
logic investigations.

Research in hydrology has advanced rapidly on a wide front during the past few
years. On this account significant changes have occurred in certain lines of activity
mentioned in this report during the time of its preparation and publication. No
report of this character can be thoroughly up-to-date when it is issued, but the Com-
mittee feels that the items presented in Chapter III as individual research proposals
are generally representative of the best contemporary thought on the several subjects.
Intensive research on certain phenomena is responsible for a very rapid change of
status of our knowledge of these phenomena and emphasizes the importance of a
familiarity with current research on the part of anyone inaugurating hydrologic-
research undertakings. :

Chapter IV of the report is indicative of the manner in which the independent
research items of the previous chapter may be integrated into & broad research program
involving the many interrelated hydrologic phenomena. The areal unit upon which
such a broad program is based is a small drainage basin.

The Committee realizes full well that research in this or any field of scientific
investigation should not be hampered by numerous regulations and predetermined
conclusions; rather the investigator should be encouraged to exercise initiative in his
study. Certain advantages, however, are to be gained through the coordination of
research activities, and the Committee has set forth recommendations to effectuate
this as well as to encourage cooperative research by the many educational institutions
throughout the Nation which have qualified personnel and adequate facilities. The
research items of chapter I1I, however, constitute the essence of the Committee recom-
mendations and are submitted without priorities as between items or sections.
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In the work the Committee has had available as consultants the services of Robert
E. Horton, consulting hydrologist, Voorheesville, N. Y., and Adolph F. Meyer, con-
sulting engineer of St. Paul, Minn. The cooperation and assistance of W, D. Collins,
Chief, Division of Quality of Water, Geological Survey; and A. G. Fiedler, Senior
Engineer, Geological Survey, United States Department of the Interior; W. W.
McLaughlin, Consulting Engineer, Soil Conservation Service; and D. B. Krimgold, Soil
Conservationist, Soil Conservation Service, United States Department of Agriculture,
were of great value in preparing many of the research items. The Committee is
greatly indebted to the many persons who have reviewed the various research items
and improved the report by their comments.

Respectfully submitted,

THORNDIRE SAVILLE, Chairman, Special Advisory Commitlee on Hydrologic Data} Dean, College of
Engineering, New York University

Doxartp M. BAKER, JosEry JacoEs,
Consulling Engincer, Consulting Engineer,
Los Angeles, Calif. Sealile, Wash.
H. K. BArRROWS, A. B, JonEs,
Consulling Engineer, Corps of Engineers,
Boston, Mass. United States Army.
MERRILL BERNARD, L. A, JonEs,
Chief, River and Flood Division, Chief, Division of Drainage Investigations,
United Stales Weather Bureau. Bureau of Agriculiural Engineering.
N. C. GrROVER, C. E. RaMSER,
Chief Hydraulic Engineer, Principal Soil Conservationisl,
Geological Survey. Soil Conservation Service.
W. W. HorNER, Rovce J. Tipron,
Consulting Engineer, Consuliing Engineer,
Professor of Civil Enginecering, Denver, Colo.

Washinglon University.
Vit
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INTRODUCTION

During the course of preparation of the report
Deficiencies in Basic Hydrologic Data ! and following its
publication, the existence of major deficiencies in
hydrologic research became increasingly evident to the
Special Advisory Committee on Hydrologic Data. The
importance of an improved and coordinated program
of research in hydrology as one of the basic needs in
water planning was brought to the attention of the
Water Resources Committee. The Special Advisory
Committee on Hydrologic Data was subsequently
authorized to prepare a report having as its objective
the formulation of procedures for correcting some of the
deficiencies in hydrologic research.

The Committee proceeded to canvass briefly hydro-
logic research activities throughout the Nation. From
these data and from personal knowledge of the Commit-
tee and special consultants, specific research projects
were drafted and submitted individually by members

! National Resources Committes, September 1936, United States Government
Printing Oflice, Washington, D. C., 30 cents.

of the Committee for consideration by the Committee
as a whole.

The resulting revisions were sent to more than fifty
selected reviewers in all parts of the Nation, for com-
ments, suggestions, and criticisms of content, and to
two outstanding hydrologists for critical analyses as to
content and completeness of program.

The proposals presented in chapter ITI thus represent
the coordinated thought of competent authorities
located in nall sections of the country with respect to
deficiencies in present-day hydrologic research.

Mr. Robert E. Horton, of Voorheesville, N. Y., and
Mr. Adolph F. Meyer, of Minneapolis, Minn., served as
special advisors; Ivan Bloch served as secretary to the
Committee during the preparation of much of the
report; and O, J. Baldwin acted as secretary to the
Committee in the completion of its work. The com-
plete revision of the original research proposals in the
interest of uniformity of style and smoothness of
presentation has been a major econtribution by Mr,
Baldwin to the work of the Committee.
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I. SUMMARY AND RECOMMENDATIONS

The deficiencies in hydrologic research are closely re-
lated to the corresponding deficiencies in hydrologic data
as set forth in a previous report.! The improvement
of the collection of basic data and the promotion of
systematic research have common objectives: A better
foundation of scientific knowledge for the many proj-
ects throughout the Nation which are to be erected
for the utilization and control of water, as well as for
the efficient and economical operation of those projects
already constructed. The major defects of present-day
research in hydrology as developed by this study may
be grouped into—

(1) the lack of a comprehensive understanding of the
problem under consideration;

(2) lack of adequate hydrologic and related data to
permit a comprehensive investigation or the derivation
of accurate conclusions;

(3) lack of scientific knowledge of many character-
istics of water behavior and the interrelationship of
land and water phenomena;

(4) lack of coordination of the efforts of investigators,
with the resultant duplication of effort and lack of
correlation of results.

Such defects are by no means confined to hydrologic
research but are inherent in most research, which, by
its very nature, must be more or less spontaneous.
The nature of research work makes it a matter of indi-
vidual attainment ;restricted funds may make the exam-
ination of certain phases of the problem financially
impossible; inadequate training may restrict the out-
look of the investigator, limiting to a narrow field the
application of the principles developed; and research
publication policies may be such that the publication
of basic data is restricted and the utility of the work
thus greatly impaired.

It is obvious that research should be subjected to a
minimum of regimentation. Nevertheless, a statement
of some of the major problems in hydrology requiring
further study is desirable as a guide for investigators
in directing their attack to problems of major rather
than minor importance. Evidence of the need of fur-
ther research on major problems is found in the pro-
posals presented in chapter III of this report. This
list is not exhaustive but represents many subjects
that are in urgent need of further study either to filla

t Deficlencies in Hasic Hydrologic Data.—National Resources Committes, Sep-
tember 1938, United States Government Printing Office, Washington, D. C., 30 cents

gap in present-day knowledge or to clarify existing
information. In all projects, practical utility should
be the major test with respect to the inauguration
and prosecution of research.

Much of the current research in hydrology is con-
ducted by agencies whose primary functions are not
of a research character, and whose funds might be
more advantageously spent through cooperation with
agencies having a primary interest in hydrologic
research. Cooperative research with the many edu-
cational institutions, particularly engineering schools,
having adequate staff and facilities should be developed
and encouraged.

In considering the reviews of research projects, the
Committee was impressed with the number of comments
from engineers and other scientists which adverted to
the need for an agency to act in a coordinating
and “clearing house” capacity for hydrologic research.
The importance of having a central agency of this char-
acter, not itself engaged in research work, is stressed by
the Committee, )

Recommendations

The Special Advisory Committee on Hydrologic
Data is of the opinion that the initiation of a coordi-
nated hydrologic research program is of importance and
should receive the consideration of those agencies
engaged in or concerned with hydrologic research. The
value of an expansion of present programs, or the re-
orienting of those under consideration, would be much
enchanced by project developments paralleling those
proposed in chapter III and in harmony with the sug-
gestions which follow:

(¢) The definite research proposals presented in
chapter III are without priority in arrangement. The
very nature of research and the conditions under which
it is pursued make the question of relative importance
very largely a matter of personal choice or of specific
local needs. It will be recognized, however, that a
natural sequence of items occurs within types of prob-
lems, and recognition should be given this natural
order in setting up a research program.

(6) Full advantage should be taken of the exceptional
opportunities, in personnel and facilities, offered by
many of the educational institutions of the Nation,
particularly engineering colleges, for prosecuting hydro-
logic research on a cooperative basis. Such cooperation

8
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frequently will necessitate only the furnishing of equip-
ment by the cooperating Federal, State, or other
agency.

(¢) A coordinating and clearing house service should
be established with the functions (1) of issuing, at
stated intervals, bulletins on hydrologic research either
contemplated or under way; and (2) of maintaining an

National Resources Planning Board

active contact with and a source of information for all
organizations contemplating or engaged in hydrologic
research.

(d) The Committee urges that any agency under-
taking any of the hydrologic research projects outlined
in chapter II1 avail itself of the “clearing house’” and
coordinating sources described in appendix A.



IT. GENERAL RESEARCH PRINCIPLES AND PROCEDURES

General Procedure

The general method of attack on research problems,
whether in the field of hydrology or otherwise, should
follow a logical and orderly pattern. Experience has
indicated .such a sequence of the steps to be:

(1) a careful review of pertinent literature on the
specific subject and on important associated subjects;

(2) the preparation of a concise statement of the
objectives of the proposed work, together with an out-
line of its organization and the investigative procedure
to be followed;

(3) the organization and execution of the necessary
experimental and observational work on the phenomena,
being studied;

(4) the analysis of collected data, both separately
and in conjunction with the work of other investi-
gations in the same or associated fields;

(5) a presentation and interpretation of the results
of the analysis, as studied individusally and as it may
support or refute the conclusions of previous
research.

Review of Literature

The importance of a careful review of selected
literature in the field of the proposed investigation
and in closely related fields can hardly be overstated.
Its objectives should be those of determining the
scope of the work already performed, the adequacy
and reliability of the experimental and observational
methods used, the range of experimental values
covered, and the significance of other factors which
may influence the essential character of the work.

Experience indicates that the observance of a
reverse chronological order is a most satisfactory
method of approach in the review of literature, as
it results in a certain natural selection of material;
but the value of an occasional almost unknown article,
often in an obscure publication, should not be over-
looked. The review should be extended to include
all available material, particularly that in foreign
publications. A systematic analysis of all articles,
in keeping with the objectives previously stated,
together with details of procedure, methodology, etc.,
should be made and studied prior to the initiation of
experimental or observational work. As a part of this
analysis, all formulae should be converted to a uniform

basis of notation for purposes of comparing coefli-
cients, variables, etc.

Statement of Objectives

Upon completion of the review of literature, a con-
cise statement of the objectives of the proposed
research should be prepared. As a part of this state-
ment, there should be included an outline of the
organization of the experimental and observational
work and a documentation of the procedure to be
followed insofar as such documentation is possible.

At this stage in the development of the research
project, discussion with representatives of Federal
and other agencies working in this and related fields
will be found most helpful in devising the required
forms, determining procedure, and reviewing the
proposal for completeness. Many agencies engaged
in or connected with research in the various phases of
hydrological problems are listed in the following
section.

Sources of Data

A considerable proportion of the hydrologic datn
collected in this country has been secured through the
instrumentalities of Federal agencies. Foremost in
the early work of this nature were the Weather Burenu
of the United States Department of Agriculture and
the Geological Survey of the United States Department
of the Interior. More recently, the Soil Conser-
vation Service has conducted much large-scale hydro-
logic research as have also the Forest Service and the
Bureau of Agricultural Engineering, The resources
and records of each should be explored. The 308!
and review reports of the Corps of Engincers include,
in many instances, elaborate hydrologic studies on
rainfall and streamflow which do not appear in the
published reports. This material may be consulted
in the offices of the District Engineers of the War
Department.

Other Federal agencies whose work is in fields closely

1 #Reports authorized under provisions of House Document 308 (68th Cong.,
1st sess.), which was enncted into Jaw, with modifications, [n sectlon 1 of the River
and Harbor Act of January 21, 1927, and under the provisions of section 10 of the Flood
Control Act of May 15, 1928. Supplemental reports of simlilar nature ware nuthorized
by section 6, River and Harbor Act, of August 30, 1935(P. L. 407, 74th Cong.) and by
gection 7, Flood Control Act of June 22, 1636 (P. L. 738, 74th Cong.). ‘These reports
deal with the formulation of plans for navigation, floed control, power, and Irrigation
on the major streams of the country. ‘The status of all “'308" reports Is given In the

Annual Report of the Chief of Engineers under title “Survey= for Navigation, Flood
Contrel, Power, ang Irrigation.”
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associated with hydrology bave, on many occasions,
engaged in studies not only of certain phases of hydro-
logic phenomena but also of the factors influencing
those phenomena. Likewise, valuable contributions
have been made by other than Federal agencies, as
for example, Technical Report No. 5—=Storm Rainfall
of Eastern United States—of the Miami Conservancy
District, and the numerous public and private agencies
and individuals whose reports and publications are
included in the bibliographical references referred to in
appendix E.

The agencies grouped in the following lists are those
that have been active in hydrologic investigations.
Not all agencies shown, particularly those agencies of
non-Federal character, have been engaged in hydro-
logic work in all parts of the country. The chief value
of the list is to indicate the principal sources which
should be explored before engaging upon a hydrological
research project.

Department of Agriculture

Bureau of Agricultural Engineering.
Bureau of Biologieal Survey.
Bureau of Plant Industry.

Forest Service.

Soil Conservation Service.

Weather Bureau.

Department of Commerce

Bureau of the Census.

Bureau of Figheries.

Bureau of Standards—National Hydraulic Laboratory,
United States Codst and Geodetic Survey,

Department of the Interior

Bureau of Mines.

Bureau of Reclamation.

Division of Grazing.

General Land Office.

National Park Service.

Office of Indian Affairs.

Geological Survey—Water Resources Branch including Dis-
trict Offices.

Geological Survey—Conservation Branch.

State Department

International Boundary Commission—United States and
Mexico.
International Jeint Commission.

Treasury Department
Public Health Service

War Deparlment

Corps of Engineers, United States Army.
District Engineer offices.

Mississippi River Commission.

Great Lakes Survey.

Board of Engineers for Rivers and Harbors,
Beach Erosion Board,

National Resources Planning Board

Independent Agencies

Civilian Conservation Corps.

Farm Credit Administration.

Federal Power Commission.

Panamsa Canal.

Federal Emergency Administration of Public Works.
Tennessee Valley Authority.

Works Progress Administration,

State

State Engineers

Boards of Public Works.

Conservation Departments.

Health Departments.

Utility Commissions.

Drainage Districts.

Irrigation Districts.

Forestry Departments.

Water Resources Boards and Commissions,
Planning Boards, Commissions, ete.

Municipal
Water Boards.
Sewerage Boards.
Power and Light Commissions.
Park Commissions.
Public Works Commissions.

Miscellaneous

Educational Institutions (particularly those interested in
engineering and the sciences).

Agricultural Experiment Stations.

Flood Control and River Regulating Agencies.

Conservancy Districts (such as the Miami and the Mus-
kingum).

Conservation organizations.

Public Utilities—including Water Companies.

Engineering Societies,

A number of these agencies are conducting intensive
hydrologic investigations in various sections of the
country, both on specific subjects and on general prob-
lems. The rate of data collection, in many instances,
has exceeded that of analysis and publication; many
records are not available in printed form but may be
consulted upon request. A few of the areas of inten-
sive study and the agency responsible for local investi-
gations are listed herewith. The location of other
areas may be obtained from the responsible agency.

A. Forest Service, United States Department of
Agriculture.

(@) San Dimas Experimental Forest, Glendora,

Calif.

(b) Wasatch Experimental Forest, Farming-
ton, Utah.

(¢) Coweetah Experimental Forest, Franklin,
N. C.

B. Soil Conservation Service, United States De-
partment of Agriculture.

(@) North Appalachian Experimental Water-
shed, Coshocton, Ohio.
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(b) Black Lands Experimental Watershed,
Waco, Tex.

(¢) Oklahoma Climatic Researclh Center,
Guthrie, Okla. (Not in operation at
this date, records in Washington office.)

(d) Muskingum Climatic Research Center,

New Philadelphia, Ohio.

C. Tennessee Valley Authority.

D. Weather Bureau—Geological Survey—Common-
wealth of Pennsylvania. (Joint investigation of large
watershed.)

E. Municipalities of St. Louis, Mo., and New
Orleans, La. (Intensive urban studies.)

F. Miami Conservancy District, Dayton, Ohio.

G. Muskingum Conservancy District, New Phila-
delphia, Ohio.

Published data will often provide the major source
of information on hydrologic phenomena. There is a
great wealth of this material, and it appears in a
multiplicity of languages. An exhaustive list of
articles, pamphlets, bulletins, and other publications
on the subject is beyond the scope of this study.
Nevertheless, a starting point from which to initiate a
review of technical literature is desirable, and the Com-
mittee has accordingly included in appendix E a
number of references to recognized standard texts on
hydrology and associated subjects, together with an
extensive list of technical and scientific societies
whose publications form the medium through which
much hydrological data become available. References
to particular articles and publications have been
omitted, and in lieu thereof, the Committee has in-
cluded numerous references to recently published
bibliographies of selected papers on specific subjects
related to hydrology.

Observational and Experimental Work

The recording of experimental data or the assembling
of data from published sources should be carried out on
carefully devised forms of a standard nature and of
such clarity that the significance of the recorded data
is readily apparent.? A point frequently overlooked in
preparing recording forms for data to be subjected to
analysis is that of the subsequent analytical procedure
to be applied. The recording form should be carefully

designed and tested for conformity to the analytical

methods to be used. Extreme care should be exer-
cised in recording the data; errors in recording should
be clearly and carefully corrected by lining out the
erroneous item and inserting the corrected figure. The

1 The Speclal Advisory Committee on Hydrologic Data has prepared forms for
recording certain basle hydrologic data. ‘These are incladed in aprendix I and are
accompanied by detalled Instructions covering thelr use.
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date and the initinls of the person making the correction
should be a part of all corrections on original data
sheets and in computations,

The need for careful and accurate observation of
experimental work is patent. Not only must all data
having a direct application to the problem be recorded,
but all associated phenomena, regardless of apparent
insignificance, should be listed to permit a broader use
of the observations, Not infrequently, additional in-
strumentation, available at small expense, will make
possible the use of the data in associated work not
contemplated in the original project.

Analysis of Data

The analysis of the collected data is largely an indi-
vidual process and dependent upon the nature of the
problem under investigation. Statistical methods are
valuable adjuncts to many hydrological research
problems. They may be used to evaluate the relin-
bility of results, or as intrinsic procedures to establish
conclusions. It isimportant that these methods should
be used only by one thoroughly familiar with their
scope and their applicability to the particular type of
problem under investigation. (See appendix B.)

Presentation of Resulis

The presentation of the results, like the analysis of
the experimental data, is a highly individualized prob-
lem. As a general guide to the contents of the presen-
tation, there should be included a recapitulation of the
methods used, a detailed description of the instrumen-
tation, and an explanation of any special techniques
used in the observations and in the analysis of the data.

Where feasible, graphical methods of presentation
should be used showing results both from the current
studies and in comparison with other work.

The help and cooperation of agencies such as the
Weather Bureau, Soil Conservation Service, and the
Geological Survey should be solicited in the foregoing
steps. ‘Their counsel and assistance will aid materially
in the preparation and presentation of research projects.
In many instances, also, extensive unpublished data
may be revealed and serve to decrease both the neces-
sary instrumentation and work. The function of a
central “clearing house’”’ would be most helpful in
establishing contacts between those proposing research,
those engaged in similar research activities, and those
who may be of assistance in the prosecution of new
research.
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Hydrologic phenomena are influenced by many inter-
related factors that make difficult the sharp definition
of boundaries between the different fields of investiga-
tion. Broad general classifications are possible if the
stages through which water must pass in traversing the
hydrologic cycle are used as a basis for the grouping.

These stages are not sharply definable as to order of
occurrence, with some, in fact, overlapping all others.
They may be broadly grouped in accordance with those
portions of the hydrologic cycle relating to (a) pre-
cipitation and associated phenomena; (b) infiltration,
as the phenomena of the entrance of a portion of the
precipitation into the soil profile; (¢) surface and sub-
surface runoff as sources of stream flow; (d) the move-
ment of water within the lithosphere; and (¢) the return
of water to the atmosphere from each of the preceding
stages through evaporation and transpiration. A sixth
classification includes research relating to the soluble
and suspended mineral load acquired by water in its
passage over and through the earth’s crust.

The research proposals which have been prepared
have been grouped accordingly. However, each has
been made as nearly as possible an independent item

through defining the scope of the resanrch by a statement
of the specific objectives, This seoms desirable as a
means of securing a greater interest in hydrologic re-
search even though independent investigation of the
separate items obviously leads to duplication in the
observation of certain supplemental data. In chapter
IV a comprehensive investigation of hydrologic phe-
nomena, using a small drainage basin as the arenl unit,
has been described to show the manner in which the
various items may be integrated into a board research
program.

The objectives of the independent rescarch items
have been discussed in the light of the most recent
thought and developments. Those investigators fa-
miliar with the field of hydrologic rescarch are aware of
the rapidity with which developments are occurring in
certain phases as a result of intensive investigation.
For this reason some of the research items proposed
may be quickly invalidated by new data and concepts.
In these fields an intimate knowledge of current re-
search activities is of great impportance if duplication
of rescarch is to be avoided.

1. Precipitation and Interception

Item No. 1. Rain Gage Accuracy,
Location and Exposure

Objectives—1. The determination of the accuracy of
the rainfall catch as influenced by factors such as size of
gage, location, exposure, frequency of reading, etc.

2. The determination of the reliability of a single
rainfall catch as a measure of the rainfall received upon
an adjacent area or region.

Discussion.—The occurrence of rather wide variations
in the amount of rainfall as recorded by similar gages in
the same locality is well known and has been studied at
various times. There is need, however, for further
work in determining and evaluating the factors causing
such variations. The first stage of such an investiga-
tion is that of comparing the catch of the standard
Weather Bureau 8-inch gage with that obtained by
gages of other diameters and with that of the various
types of recording gages, including a range of diameters
for each type. Consistent differences between estab-
lished type and diameters should be presented as

conversion factors or rating curves in order that all
catches may be adjusted to a standard base, Obviously
the investigations should be conducted under conditions
as free from the influence of other factors as are possible
to obtain.

A second study should be devised to establish the
relationship between the catch of the standard gage
and that of storage gages read daily, weekly, monthly,
or less frequently. A phase of this study might include
investigating the effectiveness of a film of oil or other
device for reducing evaporation from storage gages
read at infrequent intervals.

The evaluation of the eflicacy of the 8-inch circle as
a collecting medium, according to accepted theories of
sampling, is worthy of further investigation. The sig-
nificance of the variation in depths recorded by closely
grouped gages under different intensities of rainfall as
well as the relationship of the local variation to that of
more widely separated gages should be determined.
Each of the preceding investigations relate to some phase

9
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of rain gage accuracy and if possible should be carried
on simultancously using the same gages,

The selection of a site for the experiment is the most
important initial step, as conditions of exposure and
location offer complexities not found in other problems.
The catch of a rain gage has been assumed to represent
with comparative accuracy, in {lat open country, the
rainf{all received over an adjacent area or region. Even
this remains to be completely demonstrated. In ad-
dition the segregation and the evaluation of the effects
of ground obstacles, elevation, slope, aspect, topographic
position and other location factors must be analyzed and
weighted if a representative sample of rainfall over an
area is to be obtained by a single gage catch or group
of catches.

The problems of expesure of the rain gage are of two
classes dealing (@) with tle eflect of both horizontal and
vertical clearance with reference to nearby objects,
(b) with the effect of the vertical distance of the gage
from the ground surface,

Within group (e) are found those problems involving
minimum clearances, both horizontal and vertical, be-
tween the gage and fences, trees, buildings and other
nearby objects. Certain phases of the problem, in-
volving rainfall velocity, direction, density, and wind
direction through short distances, might readily be
given analytical study in the laboratory prior to field
observations.

Group (b) embraces those problems of exposure en-

F1GURE 1~ A second order meteorologleal station In operation at th i
. ] e North Appalachian Experi
instrument shelter, soil thermograph anemoroeter and wind-direction Pnstrument,‘\Bg{grgl%r;:trig%iﬁ’ﬁ:'gegigic:gg'

National Resources Planning Board

countered in most large cities where opportunities to
establish observational points are largely limited to
the tops of buildings. Under such corditions it is
necessary to move gages frequently with the consequent
impairment of the value of the record. Research on
the subject is very meagre and further work should be
of material value in adjusting and correcting records
obtained under these conditions.

The proposed research on location should be designed
to accumulate data from sufficient storms, over selected
areas, to embrace a full range of areal factors, including
regional studies of the prevailing direction and velocity
of storm movements. Study areas should be equipped
with a full complement of meteorological instru-
ments.

The last investigation, dealing with the reliability
of the rain gage as a sampling medium, concerns the
adequacy of existing types of gages to record, in depth
per unit horizontal area, the true rainfall depth received
on a sloping ground surface. The rainfull ecatch is
normally expressed as a depth over a horizontal (map)
area and the reduction of rainfall to volume or stream
flow is invariably on the basis of & map area. The
error introduced by this method when applied to broken
or mountainous country has not been accurately eval-
uated. Studies should be devised to determine the
position of the plane of the gage cirele, with respect to
the ground, that will maest accurately record the true
depth of rainfall received.

|

U, 8. S80I CoNSERVATION BERVICE

Ohio. Theinstruments, left to right, are
and a standard 8-inch rain gago.
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Item No. 2. The Improvement and Refinement
of Snow Measurement Methods

Objectives.—1. The development of improved meth-
ods of snowfall measurement.

2. The development of improved methods of snow
depth measurement.

Discussion.—Snow is a form of precipitation differing
from rainfall in that it may remain on the ground and
accumulate for a considerable period or for an entire
season. Under favorable climatic conditions small
losses may occur from runoff, infiltration, or evapora-
tion during these periods. Under such conditions the
snow undergoes changes which completely dissociate it
from the meteorological factors which produced it. In
other localities, snowfall is subject to intermittent
melting throughout the winter and rarely accumulates
in appreciable amounts.

Accurate measurement of the snowfall at the time of
fall is necessary to maintain the continuity of daily
precipitation records of the Weather Bureau. In the
regions of extensive accumulation it is important also
to determine accurately the water content of the ac-
cumulated snowfall on account of its effect upon run-
off. It is the run-off from the accumulated snow in
many regions of the West that largely determines the
yield of the next seasons crops. Moreover, the run-off
from the melting snow will, in varying degree, affect
flood discharges as well as river regulation from the
standpoint of power production, navigation, and low
water flow.

The necessity to perpetuate the records of daily
precipitation makes imperative the improvement of
existing snow gages or the development of new ones.
An acceptable snow gage must incorporate into its
design the proper shielding of the gage to overcome the
effects of wind gusts, vertical air currents, eddy cur-
rents, and the negative pressures set up by the flow of
air past the lip of the gage. Studies made by the
Weather Bureau have indicated the efficacy of brine as a
melting agent and the effectiveness of an oil film to
prevent evaporation and absorption in the storage type
gage. These procedures should be further explored.
Other features to be investigated further are the proper
height of the gage above the ground, and the com-
parative effectiveness of various flexible shields. The
consistency and accuracy with which the average of a
battery of snow gages will reflect average water depth
as compared with measurements on snow survey
courses should be determined.

Another phase of snow measurement requiring
further study is that of the comparative catch of
snow gages of various types and diameters and a
comparison of these results with those obtained in
the use of snow boards, snow boxes, and other depth-
mesasuring devices.
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Ficune 2.—A flexible shield for tho protection of the snow gago agninst nle currents,
I}Hngod at the top, the metel leaves swing inward under wind pressuro, shielding
the guge,

The determination of the snow mantle depth, in
contrast to the snowfall depth, has been, of necessity,
developed along different lines. Experience gained
through the North and West in recent years has dem-
onstrated the reliability of the snow course as a sampling
medium. Properly located and weighted to represent
all characteristics of the watershed, the use of the snow
course is presumably in conformity with sound theorices
of sampling. There is, however, need for a concise
statement of the basic assumptions involved in snow
surveying as a sampling process and the theory upon
which it is based.

Research on the refinement of snow depth determin-
ations is roughly divisible into three phases: the sclee-
tion of a representative course; the improvement of
methods of sampling both physically and statistically;
and the development of techniques utilizing acerinl and
panoramic photography as adjuncts to the actual
sampling.

The factors of location influencing the accuracy of
the snow course as a sampling medium have not been
adequately evaluated. Observations on the eflect of
reorienting snow course tangents, together with a study
of the optimum number of observations required to re-
flect accurately the range of conditions encountered in
snow producing regions appear to be the major improve-
ment needed in snow course selection. Included in this
phase of research is the continuation of studies on the
quantitative effects of vegetal cover, elevation, slope
aspect, etc., upon the snow course record.

Improvements in the physical sampling of the snow
mantle are primarily those of standardization of meth-
ods for arriving at the average snow depth, water con-
tent, and snow density, and the coordinating of snow
survey measurements to a common date. The refine-
ment of statistical methods in correlating snow course
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observations, over wide areas, to determine accurately
the average depth of the snow mantle within a watershed
represents 8 major need. The natural limitations on
such refinements can be approached in studies on the
consistency with which snow courses in the same or
,adjacent area, and observed under as nearly identical
.conditions as possible, will produce comparable results
for the average water content of the snow mantle.

The third phase of research in snow depth measure-
ments concerns the development of technique in photo-
graphic observations, The use of panoramic photog-
raphy as a means of comparing seasonal melting with
established normals!® should be thoroughly investi-
gated, as should also the use of aerial photography as
an aid to snow surveying. If satisfactory methods of
analysis can be developed, the use of photography for
supplementing ground observations would provide a
means of greatly increasing the extensiveness of snow
surveys, particularly in defining the lower limits of the
snow mantle.

Item No. 3. The Dependability of Individual
Station Records as Determined by the
Analysis of Existing Precipitation Records

Objectives—1. The evaluation of the dependability
of station records or portions of records as evidenced by
their departure from a common trend.

2. The reasons for lack of dependubility as they may
be disclosed by an examination of the station history.

1t The term "‘mean’ or “average” rather than “normal” is preferred by the com.
mittee, The latter term is used at titnes in this report to conform to practice long
established by certain federal agencies.

Nutional Resources Planning Board

3. The evaluation of the relative accuracy of different
methods of interpolating missing precipitation records.

4. The determination of satisfactory gage settings or
exposures as revealed by field examinations.

Discussion.—It is generally recognized that the ex-
posures of many standard cooperative precipitation
stations have varied considerably during the existence
of the station. The records of some of the cooperative
observers vary materially in accuracy, and in many in-
stances have required the interpolation of missing or
obviously erroneous data. First-order stations have
also been subjected to changes in gage exposure during
the period of record, and there is reasonable doubt as
to whether the recorded catch is representative of the
precipitation experienced at the station.

Research involving the examination and evaluation
of records of, and the examination of instruments and
exposure at, Weather Bureau stations was suggested in
a previous report on Deficiencies in Basic Hydrologic
Data, published in September 1936 (p.65, sec. E, 1 (b)
and 1 (c¢)). Inasmuch as the republication of precipi-
tation records has been recommended by the Special
Advisory Committee on Hydrologic Data, the evalua-
tion and adjustment of existing records should be con-
summated prior to any new general publication.

The initiation of this project would first require the
segregation of the complete precipitation records for a
group of stations to be analyzed. This might be organ-
1zed geographically in accordance with the areas covered
by each section office of the United States Weather
Bureau. Thus there would be available a complete set
of station records including a history showing the

Figure 3.—Experiments] shielded snow gages being investigated at Terminal. Utah. ‘These consist of the s i
§ i 7| . Utah. 3 s e standuard 8-i

rents by movahle and fived shields of various designs.  The studies include compur i

to zize and spacing.

; ¢h ruin gage protected against air cur-
izons: of 1he etfect of varying the Hevible shield shown in fgure 2 both as
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changes in gage location and exposure, the changes in
observers, and the inspections made of the particular
station with comments on the exposure and other con-
ditions existing at the time of inspection.

The original records should be consulted in order to
develop a complete history of the values interpolated
and the methods used. At the same time, records of
gages in the area obtained by other agencies should be
secured wherever possible,

Studies of accuracy and consistency of rainfall rec-
ords should invariably be made separately for winter and
summer conditions in northern regions where a large
amount of winter precipitation oceurs as snow.,

There are various lines of approach to this subject.
One consists in plotting rainfall relation curves between
adjacent stations. When cumulative rainfall depths at
one station are plotted against those of another, the
slope and abrupt changes in direction of the plot, to-
gether with the station history, may be helpful in identi-
fying a cause of error in the records at one or both of
the stations. It is to be borne in mind that the differ-
ence in rainfall amount at two adjacent stations, either
in individual storms or as regards the average rainfall,
may result either from differences in rainfall duration
alone, difference in rainfall intensity alone, or from a
combination of the two.

The coefficient of variation of rainfall as well as pro-
gressive means may be determined season by season,
and @ trend line plotted therefrom. An abrupt mncrease
or decrease in the coefficient of variation, which, being
a ratio, is independent of the value of the mean may
afford some evidence of a systematic error in the
record. Another check closely related to the coefficient
of variation is the range ratio. This is the ratio of the
difference between the maximum annual and the mini-
mum annual rainfall to the mean annual rainfall.
Analysis of many long rainfall records shows that, in a
region having a given rainfall regime, the range ratio is
remarkably constant. If a given record shows an ab-
normally high or abnormeslly low range ratio, it should
be examined critically for possible discrepancies or
systematic errors.

Item No. 4. The Determination of the
Precipitation Provinces of the
United States

Objective—1. The delineation of regional boundaries
within which precipitation is approximately equal or
similar in amount, seasonal distribution, rate and dura-
tion, probability of occurrence, and normals and de-
partures; and the preparation of maps showing the
boundaries of provinces embracing those precipitation
characteristics which fall within the same regional
limits.
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Discussion—The phenomenon of precipitation in the
United States is known to be transitional. Lines of
equal rainfall generally take decreasing values progres-
sively inland from the principal moisture sources of the
Gulf of Moxico, and the South Atlantic, but increase
inward on the westward slopes of the maritime regions
of the Pacific. Evidence of a stability in the regimen
of country-wide precipitation can be cited in the form
of maps of annual rainfall, the isopluvial charts of the
Miami Conservancy District, the rainfall depth charts
by Yarnell and others, and the maps of climatic regions
by Thornthwaite.

The size or extent of a precipitation province has so
far not been determined, although it is realized that
wide variations are to be expected. In the Miami
Conservancy Distriot studies the assumption was made
that the area embraced by the odd-numbered degrees
of latitude and longitude were small enough to insure
equal rainfall characteristics and thereby justify the
combination of the rainfall records within the quad-
rangle. The sections and divisions into which the
Weather Bureau stations are grouped in some cases
constitute another system of subdivision which takes
into account similarities obvious in the rainfall record
as now published.

It is not to be expected that boundaries of precipita-
tion provinces can be fixed with such exactness as to
embrace all phases of the precipitation phenomenon
outlined herein as objectives for research, Annual rain-
fall varies markedly within comparatively short dis-
tances. Regions having different annual rainfall may
experience the same intensity-duration relationships.
Orographic influences can be expected to vary both the
size and shape of precipitation zones throughout the
country. It is probable, however, that provinces may
be defined within reasonable limits wherein the several
precipitation characteristics are substantially the same,
On the maps proposed under the last objective, the de-
lineation of the regions is expected to be such that the
variations of dissimilarities within each separate region
would be approximately equal or proportional.

There are several eriteria which may be used for com-
paring the precipitation characteristics of two or more
stations. Among them are moving monthly means;
cumulative deviations from monthly means; the ad-
herence to a uniform slope when cumulative depth at
one station is plotted against that of another; and the
correlation between comparable data in terms of the
coeflicient of variation or the range ratio.

Iiem No. 5. The Staiion-Year, or Composite

Record Method, of Determining Rainfall
Rate-Duration Frequencies

Objectives—1. The determination of the statistical
soundness of the station-year method as related to
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records of concurrent and nonconcurrent periods and
to different intensities of the same duration.

2, The development of methods of validating the
composite record by comparison of frequencies thus
obtained with those established from single long term
records when available, and by the determination of
correction factors to reduce the composite record to a
valid length.

3. The development of criteria for checking the inde-
pendence of a particular station by (a) identifying those
stations which do not add to the significance of the com-
posite record and (b) by determining, within a region,
those stations which give the most significant composite
record.

Discussion.—The development of adequate methods of
determining the average frequency of high intensity
rainfall has been a problem troubling engineers and
hydrologists for many years. Various approaches have
been developed with more or less success.

The station-year method has perhaps been the most
widely used and had an outstanding application in the
studies by the Engineering Staff of the Miami Con-
servancy District in their work on storm rainfall of the
eastern United States.! Meyer utilized the method in
developing rainfall rate equations for durations up to
two hours. Other investigators have applied the method
to frequency studies in various sections of the country,
although Yarnell developed frequency charts based on
statistical treatment of the records at the first order
stations of the Weather Bureau.

The station-year method provides for the development
of a synthetic long time record by combining the short
records of stations in the particular region. The sta-

L *“Storm Rainfall of the Eastern Uniled States, Technical Bulletin V, The Miami
Conservancy District,

MouNT ROSE ORSERVATORY

Fiaunre 4.—An example of one of the difliculties encountered in securing hydrological
observations in mountainous country. Frost feathers forming on the shelter and
exposed instruments damaged the station located at the summit of Mount Rosa.
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tistical soundness of the method is questioned by some,
as well as the impossibility of obtaining, in any real
sense, additional years of rainstorm experience by com-
bining contemporary records from several stations. It
has been advanced as a practical approach to the more
accurate approximation of the true frequency-intensity
relationship than is possible from the record of normal
length from any single station because of the inclusion
in the composite record of extreme storm experiences
which are believed to be of less frequent occurrence than
their position in a single station record would indicate,
or which might be entirely lacking in such a record.

The method has limitations. Where the synthetic
record is composed of short-term records from stations
relatively near each other, the frequency relationship
will be disproportionately influenced by the storms
experienced during the short record; likewise storms of
a frequency exceeding the actual length of station
record will not be correctly represented. Where com-
ponent records are from widely separated stations
isolated storms of high intensity may be missed, and
the accuracy of the frequency relationship impaired.

Newly established sources of rainfall intensity data
and the studies of storm morphology available through
the work of the Soil Conservation Service in Oklahoma
and Ohio, together with data previously developed,
offer splendid opportunity for correlative investigation;
for the refinement of various statistical techniques; and
for the verification of newly established hydrometeoro-
logical principles. Refinement of the methods of
analysis may overcome to a considerable extent the
paucity of data now existing throughout much of the
West where a more complete knowledge of rainfall rate-
duration-frequency relationship is greatly needed.

Clertain phases of the objectives are concerned almost
entirely with statistical analysis and may be expected
to engage the attention of those persons interested
primarily in statistical approaches.

Item No. 6. Variations in Precipitation
Occasioned by Altitude and
Changes in Altitude

Objeetive~—1. The determination and evaluation of
the effect of altitude and changes of altitude as factors
influencing the rate, duration, and amount of precipita-
tion received throughout the country.

Discussion.—The assumption that precipitation in-
creases with an increase in altitude is one frequently
made in discussions of precipitation problems. There
are strong indications, however, that this assumption is
not universally applicable and that there are limitations
beyond which it does not apply. No thorough-going
study has been made of the phenomena, and at the
present time the inability to weight properly the effect
of altitude and altitude changes of the collecting stations
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is one of the principal detractions in the analyses and
graphic presentation of precipitation data.

The problem to be investigated is primarily that of
separating altitude influences from those of gage
location, exposure, etc., and research devised for study
of it should be carried on concurrently with or follow
that proposed on rain gage location and exposure (sec.
1, item 1). Likewise the marked climatic and physio-
graphic differences between the eastern and western
United States will necessitate separate consideration so
that the research should be closely coordinated with
that proposed on the delineation of rainfall provinces
(sec. 1, item 4).

Preparatory to basic research, a preliminary investi-
gation should be carried ouf to determine possible cor-
rection factors that would permit a more extensive use
of the rainfall data already available from mountainous
regions. In such study, data from excised valleys
should be excluded. In planning this preliminary in-
vestigation and the basic research, the studies of the
Forest Service on the influence of altitude on rainfall
rates and duration as conducted on the San Dimas
Experimental Forest should be of value.

The proposed research would necessitate the establish-
ment of rain gages on selected slopes, both windward
and leeward, throughout the entire range of altitude,
together with such additional equipment as may be
necessary to measure influencing meteorological factors.
Continuous records of precipitation over a period of
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years at these stations should be studied and correlated
with records of nearby standard stations, The pro-
posed research should be carried on in each of
the major rainfall provinces in order that a more
effective coordination and correlation of results may
be possible.

Item No. 7. The Interrelation of
Rainfall Intensity, Duration, and
Areal Distribution

Objectives.—1. The determination of the interrelation
of rainfall intensity and duration as expressed by
intensity-duration curves.

2. The determination of the interrelation of rainfall
intensity and areal distribution as expressed by area-
depth curves.

Discussion—lixtensive research on intensity-duration
relationhips as related to particular areas has been con-
ducted by Meyer, the Miami Conservancy District, Ber-
nard, Yarnell,and others, and a rather satisfactory accu-
mulationof information on the subject has been assom-
bled. Fromdatanowavailable the probable frequency of
a particular rainfall intensity-duration combination can
be determined within reasonable limits for numerous
localities. Major storms have also been studied by
various agencies in efforts to determine the relationship
of the total rainfall at the point of maximum to the
average rainfall over the storm area; the results have
been expressed, generally, in terms of total rainfall dur-
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ing the storm instead of in terms of rainfall intensity.

In the design of urban storm drainage systems and of
flood protection structures, in areas of high property
value, the customary procedure has been to use rainfall
intensities of known frequency of occurrence and assume
them to be uniform over the area. This practice has
been common for projects involving drainage areas of
less than 100 squere miles, and is critically responsive
to storms of not more than three or four hours duration.

In the absence of better information, engineers have
used the same procedure for areas of considerable size
and have compensated the error involved by using
reduced run-off factors. This technique can scarcely
be considered rational even though the results are rea-
sonably accurate. Accordingly it is highly desirable
that information be acquired which will permit the con-
version of rainfsll intensities at a given point, to average
intensities on an areal basis.

The suggested research would involve, primarily a
study of the intensities occurring in periods of excep-
tional rainfall, and particularly the variation in intensity
over the area covered by such rain. The most impor-
tant function of the study would be the development of
correction factors which, when applied to intensity-
frequency data, would make it applicable as an average
intensity for a specific duration over a specified area.
Any new values of intensity-frequency relationships
which might be developed for particular stations would
be incidental to the study.

The study should be undertaken in areas where there
are sufficient recording rain gages to permit the collec-
tion of the requisite data, as for example in the Ten-
nessee Valley area, in the Muskingum Valley of Ohio,
and under the joint Weather Bureau—Geological Sur-
vey—DPennsylvania State project. It is believed that
the gage concentrations in these areas are or will be

adequate for undertaking studies for eastern conditions, -

covering areas up to several thousand square miles.
For small areas, representative of eastern and mid-
western conditions, the gage installations in some of the
metropolitan areas, such as St. Louis, New Orleans,
Boston, and New York, will probably be adequate,
although a few additional gages would be desirable.
Studies in these metropolitan areas should deal with
intense storms having durations of 15 minutes to 3
hours and covering areas of 5 {0 100 square miles.
Rainfall data should be secured for intense storms af
all gages in cach of the areas by successive simultaneous
short intervals of approximately 15 minutes. From
the simultancous observations, the intensity at each
gage and the average intensity over the area could he
secured and the relationship between them developed
for each time interval. For the larger areas a similar
study should be made using longer periods of time;
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possibly two, four,and eight times the interval used for
the short duration studies. Careful consideration
should be given to the desirability of conducting the
first studies in a section where intense rainfalls are fre-
quent and the mejority of the annual precipitation
occurs as rainfall.

Itern No. 8. The Sequence of Qccurrence
of Rainfall Intensity Rates

Objectives—1. The determination of the sequence of
occurrence of rainfall intensity rates throughout a
storm.

2. The determinstion of the tendency for rainfall to
follow an identifiable intensity pattern or sequence for
a particular precipitation province and type of storm.

Discussion.—The fact of a variation in rainfall inten-
sity rates for intense rainfall of both long and short
duration is well established by observation. Likewise
previous studies have indicated that appreciable differ-
ences in runoff exist for storms of given total rainfall
and duration, depending upon whether the high inten-
sity rainfall occurs during the early,intermediate, or
later parts of the storm period. The effect of such
variation in rainfall intensity sequence on the runoff
from a given drainage basin has been clearly demon-
strated in the construction of a unit hydrograph for
the stream.

It is expected that the proposed research will disclose
the existence of possible intensity sequences for each
type of storm in the various precipitation provinces of
the country. The existence of such storm patterns in
given areas could be utilized in more accurate predic-
tions of runoff through the application of infiltration
capacity values and the unit graph than would other-
wise be possible.

The quantitative effect of differences in rainfall inten-
sity rates is obviously much greater for short intense
storms than for general storms covering large areas.
The investigation suggested in this proposal may be
advantageously correlated with those of items4 and 7
of this section. The intensity data secured in item

4 could serve as a basis for design of additional obser-
vational work as needed.

Item No. 9. Limiting Storms and Regions
of Like Storm Potentialities

Objective—1. The determination of the possible
physical limitations on amount, duration, and areal
distribution of storm precipitation within various re-
gions, and the delineation of specific regions within
which such limiting storms would be equally likely to

center in critical positions over any drainage basin of
the region,
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Diseussion.—The modern meteorological approach of
“air-mass analysis,” which gives consideration to the
physical properties and interactions of the major air
currents, as related to storms, is the basis of study
upon which the investigation is proposed. To a con-
siderable extent the work would consist of detailed
study and analyses of the large scale storms and
“fronts’ as they have oceurred throughout the country.
The air mass analyses and other weather maps, includ-
ing available upper air data, would form the basis for
the study of the relation of past storms to the maximum
possible storms.

Under the proposed study the country would be
divided into regions within which it is expected that
limiting storms would be equally likely to center in a
critical position over any drainage basin in the region.
Such regions would embrace extensive areas in the
Great Plains where physiographic influences are a
minimum and where storm magnitude and durations
are fixed by distance from and relative position with
respect to moist air mass sources. The areas embraced
by the regions of like storm magnitude will reduce
rapidly as the mountainous sections of the West and
of’ the East are approached and will be confined, in
some instances, to a single basin or to one slope of a
mountain range.

The first step in a study of this character is that of
selecting storms of such areal extent that they will
be directly applicable to a wide range of sizes of drain-
age basins.

Other phases of the proposed study include (a) the
grouping of storms with respect to their probable sea-
sonal occurrence; (b) the determination of the effects
of mountain ranges on rainfall distribution; (¢) the
relationship of the stability and moisture content of
air masses to the frequency and intensity of rainfall
within them; () the possible rate of upward movement
of air on isentropic or frontal surfaces and its relation
to precipitation; (e) the cause of prolonged abnormali-
ties in large-scale atmospheric circulation and their
effect in producing intense storms; (f) the persistency
and frequency of various atmospheric flow patterns
over selected regions; (g) the causes of convergence
and divergence in the air masses and their eflects on
the processes of condensation and precipitation; (k) the
probable maximum length of time for which a given
intense storm structure can be maintained over a
given area; (i) the development of criteria for estimat-
ing the magnitude of depth-arca relationship at their
limiting values; (j) the construction of synthetic storms
of various ecritical patterns conforming to limiting
depth-duration and depth-area relationships.

Item No. 10. The Effect of Large Bodies
of Water Upon Precipitation to Leeward

Objective.~—1. The determination of the eflect exer-
cised by large bodies of water or swamps upon pre-
cipitation to leeward.

Discussion.— Little published information is available
upon this subject. It is one with respect to which
there has been much speculation, especially as to
whether large new water bodies, such as the lnkes above
Boulder Dam and Fort Peck Dam may increase pre-
cipitation in some areas to leeward of the prevailing
wind direction,

This investigation has two aspects, one dealing with
the effect of large water bodies which have long been
in existence the other with new water bodies. In
either case there would be required the following in-
formation: (¢) Humidity gradients over large and
small lakes, (b) variations in humidity with distance
from the shore of the lakes, and (¢) concurrent wind
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FiGURE 6.—A deviece for colleeting erown intercepted precipitation, showing
the collecting collar and container for determining the precipitation which
would reach the ground by travel along the trunk.
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directions and velocities.  All of this should be studied
with respect to the occurrence of precipitation at
points indicated from records of wind direction and
velocity during periods of high evaporation and result-
ant increase in moisture content of the air.

The study should involve an examination of precipi-
tation records as to seasonal amounts and over con-
siderable areas in indicated directions from water
bodies. The station records for the area under exami-
nation should be averaged in small selected groups to
determine whether the records of any one group of
stations appeared to include an excessive amount of
precipitation not explainable by differences in elevation
or topographic features.

Studies undertaken through this method should best
be located in semiarid regions where the effect of water
surface evaporation would not be confused with
humidity resulting from transpiration.

The second aspect of the problem would deal with
the effect of (a) recently created water bodies, or (b)
where large water bodies or swamp areas have been
removed through drainage. In such localities, the
study would consist of the examination of precipitation
values to leeward of the locality before and after the

U. 8. FOREST SERVICE

FIGURE 7.—An inst.a!!utiqn_usqd by the Forest Service in measuring the trunk drain-
age of intercepted precipitation in a young stand of Shortleaf Pine, Special rain
gages are used to measure the precipitation which penetrates the erowns of trees.
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change in water surface condition, and an attempt
made to determine whether the precipitation records
in the area under investigation exhibited a sharp break
in trend concurrent with the change in water surface
condition,

Item No. 11. The Interception of Precipitation

Objective~—1. The determination of the amount of
precipitation intercepted by different plant covers and
its seasonal variation.

Discussion.—Interception consists of that part of
precipitation caught and retained on the foliage and
aerial parts of plants, and later returned to the at-
mosphere through evaporation without having reached
the ground. For the purpose of this discussion the term
“Interception storage’ is used to denote the amount
of precipitation which under various atmospheric con-
ditions, is intercepted by the aerial parts of a plant
and prevented from reaching the ground. “Inter-
ception capacity” is the maximum amount of inter-
ception which a plant or plant species may retain
under the most favorable conditions of rain intensity
and wind velocity.

Interception storage and interception capacity vary
with plant species and the stage of plant development.
Many plants and plant associations, however, have
similar interception characteristics and could be con-
sidered as a single class. Furthermore, it has different
values for summer precipitation in the form of rain and
winter precipitation in the form of snow and sleet.
Thus any investigation of interception should cover
the complete cycle of annual growth or change in plant
condition,

Lack of information on interception has probably
resulted in a tendency to overemphasize its impor-
tance. Although some investigations have been made
on interception by trees and in forests, both in this
country and abroad, there is little published data con-
cerning interception by crops, grasses, and other low
growing vegetation. There is need for a thorough-
going investigation of the many phases of interception,
particularly from the standpoint of determining the
net interception over given large areas.

The investigations might logically be concerned with
single plants of a given kind; however, a greater value
will acerue from studies given areal significance either
by correlation with plant density or through simulta-
neous studies over a large area. Two classes of obser-
vations would be needed, those relating to the vegetal
cover—its age or stage of growth, height, shape, aerial
structure, areal coverage, density and condition; and
those dealing with meteorological phenomena such as
rainfall intensity in the open, wind velocity and direc-
tion at the height of the plants, etec.
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The technique of determining interception storage for
low dense vegetation will tax the ingenuity of the
investigator but should not be found generally difficult
for trees and high growing plants. It is important
that the work be designed to adequately cover the area
affected if results are to be obtained by which the prob-
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able interception for any storm occurring at any time
of the year may be reliubly estimated. It should be
borne in mind, however, that interception may bo a
small factor, quantitatively, and if such is the case
exirome precision in the observation may not be
warranted.

I1. Infiltration

Item No. 1. The Nature and Mechanics
of Infiliration

Objectives—1. The determination of the relationship
between the penetration of water into the soil and the
texture, structure, and other physical properties of the
soil.

2. The determination of the difference in the rate and
amount, if any, of infiltration resulting from the appli-
cation of water by flooding, sprinkling, artificial rain-
fall, and natural precipitation, respectively.

3. The determination of the effect of depth and velo-
city of the surface film of water upon the infiltration
rate.

4. The determination of the effect upon the infiltra-
tion rate of initinl soil moisture content, interstitial air,
soil and water temperature, and other physical pheno-
mena.

5. The determination and evaluation of the factors
affecting the change in rate of infiltration or infiltration
capacity with duration of infiltration.

Discussion.—Infiltration is the entrance of water into
the soil. It is a surface phenomenon and is distinet
from the disposition of water after it has entered the
soil.

Infiltration capacity is the greatest rate al which a
given soil when in a given condition ean absorb fulling
ruin or melting snow when such phenomena occur at a
rate which equals or exceeds tho rate of infiltration.
If the rain intensity is less than the infiltration ecapa-
city, the rate of infiltration is the rain intensity. If
the rain intensity is greater than the infiltration capa-
city, the rate of infiltration is limited by the infiltration
capacity.

The true significance of infiltration observations can-
not be set forth accurately unless the pbysical processes
governing its action are clearly understood. Without
this understanding, neither the proper method of mak-
ing measurements nor the correct interpretation of the
results themselves can be determined. The initial con-
dition of the soil, including its moisture content, the

U. 8. WEATHER BukEau

FIGURE 8.—A glaze storm. Precipitation under these conditions is intercepted extenslvely by vegetation and in part Is returned to the atmosphere through evaporation.
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temperature of the soil and of the water, and other
factors all have pronounced effects. These are recog-
nized by most investigators, but little attention has
been given them in past observations. Almost nothing
is known about the phenomena taking place as the
water enters the soil, the effect of surface water depth
on the rate of infiltration, and the significance of cap-
illary forces. Texture, structure, temperature, culti-
vation, and insect perforations dominate the infiltration
rate, but their quantitative and relative influences are
not known, nor have the factors that control the de-
crease in rate with time, generally observed in the early
stages of infiltration, been investigated and correlated.

Some students of the subject have advanced the idea
that minimum infiltration capacity is closely correlated
to some one or other of the physical factors of the soil,
such as noncapillary porosity and moisture equivalent.
These possibilities merit further investigation. It is
the purpose of this investigation to study all relevant
factors and to determine the underlying mechanics of
infiltration.

The factors to be investigated, 1. e., the effect of soil
structure, temperature, initial soil moisture content,
void space, etc., should be determined. In planning
the investigation, the natural approach to the basic
processes and factors may logically be through labora-
tory work on synthetic soils in the first instance. The
investigation of structure must be done on natural soil
profiles either in the field or laboratory. All questions
that can be disposed of by laboratory work on soils of
uniform texture and structure should be studied first,
before going into the study of natural soil profiles.

In presenting the resuits, the aim should be to show
clearly, and as far as possible quantitatively, the effect
of each of the factors investigated on the rate of infil-
tration, including among other items: (1) The effect
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FIGURE 0.—A schematic diagram of the water eycle lysimeter developed by the Soil
Conservation Service for use in their hydrologic investigations.
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of variations in the value of the factor on its influence
on infiltration; (2) its relative effect as other factors
change in value; and (3) the change in its effect with
the duration of infiltration.

Item No. 2. Methods of Measuring Infiltration
and Infiltration Capacity

Objectives—1. The determination of the limitations
of present methodologies, instruments, and techniques
for measuring infiltration; and the relationships of the
measurements as made to the amounts and rates of
infiltration under natural conditions.

2. The development and testing of new instruments
and methods for measuring infiltration.

3. The development of a standard methodology for
the measurement of infiltration and infiltration capacity
and the establishment of its relationship to other
methods which have been or may be used.

Discussion.—No recognized standard device or meth-
odology now exists for the measurement of infiltration.
Moreover, the limitations of those now in use have not
been investigated adequately nor have results from
them been sufficiently discussed in technical literature.

Numerous devices, methods, and techniques have
been employed to measure infiltration or to obtain
infiltration indices, the soil being tested either in place
or after its removal to a container, a process which
largely destroys its structure. Water is applied by
flooding, sprinkling, or by natural rain. Infiltration
lysimeters have been used in Germany and Switzerland,
and a modified form is now in use at several of the Soil
and Water Conservation Experiment Stations of the
Soil Conservation Service. Infiltration rings of various
diameters and depths have been tried, but little pub-
lished data concerning them are available. Infiltration
is most frequently measured by the difference between
water applied fo the soil surface and the amount running
off and is, therefore, often obtained from observation on
small run-off plots. The diversity in technique and
devices employed, together with a lack of comparison
between the different methods, renders the reduction of
much of the data to a common base of reference an
impossible task.

Before effective progress in the measurement of in-
filtration and infiltration capacity can be made, a
standard technique is required—one that recognizes
and measures all of the pertinent influences, reduces
them to a standard basis of comparison, and determines
the relation of the observations to the actual infiltration
into the soil,

It negd hardly be said that an understanding of the
mechanics of infiltration is essential to the development
of a proper methodology, and the investigations of
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methodology of measurement and of the mechanies of
infiltration are closely interrelated.

As a part of the proposed investigations, there should
be comparative studies made of the use of lysimeters,
infiltration rings, small plots, and any new devices that
may be developed. The effect upon infiltration capac-
ity of applying water by different means—flooding,
sprinkling, artificinl rainfall, and natural rainfall—
should be determined. The effect of impact from high-
intensity rainfall should be investigated, and also the
effect of departure of the applied precipitation from
uniform distribution patterns and intensities, together
with the permissible amount of variation in such
departure.

In infiltration measurements, careful attention should
be given to the effect of (a) the size of area treated, (b)
the depth of soil column isolated, and (¢) the possibility
of a lateral movement of the infiltrated water on in-
creasing the apparent infiltration; the determination of
the necessary auxiliary observations such as soil and
water temperature, initial moisture content, ete.; and
the development of standard bases of temperature
moisture conditions, etc.; for use in comparing various
observations,

The presentation of the results of any investigation
should include a clear and concise statement of the
methods used, including their defects, if any, for guid-
ance in future work; the manner of reducing observa-
tions to standard conditions of temperature, initial soil
moisture content, ete.; and a comparison of the ob-
servations secured by the investigation with those of
other investigators as a general index of the reliability
of the methods and procedure used.

Item No. 3. Effect of Surface Condition
and Vegetal Cover on Infiltration

Objectives.—1. The determination and evaluation of
the effect of surface irregularities, tillage and soil
amendments on the amount of infiltration, and upon the
infiltration rate and capacity.

2. The determination of the relationship of the degree
of land slope to the effect on infiltration exerted by
surface irregularities.

3. The determination of the effect of surface con-
ditions, including vegetal cover, on infiltration capacity
and on total infiltration during precipitation periods.

4. The determination of the seasonal change in in-
filtration capacity, especially as related to various
factors influencing it, and also in those factors affecting
infiltration opportunity for given soils and plant covers.

Discussion.—Investigations in recent years indicate
that for any given soil, slope, and character of surface
cover there is a specific limiting rate of infiltration
which is called the infiltration capacity; that for any
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specific precipitation perviod there will be an initinl
infiltration ecapacity which will depend to a material
degree on the soil moisture present or, as has heen
recently suggested, upon the unoceupied noncapillary
porosity; that the mnfiltration capacity will deerense
during the perind over which infiltration oceurs; and
that there is a sensonal varintion in infiltration eapaeity
which may be due to changes in surface cover, changes
in soil moisture, changes in the plant root system, or to
other biological netivity. If these assumptions are
substantially correct, there is definite need for further
research to show the manner in which infiltration
capacity is affected by the controlling vartables and for
the development of quantitative values.

In the light of our present-day knowledge of the
subjéct, it appears reasonable to asswme that mass
infiltration during a precipitation period will be equal
to the mass precipitation which occurs at less than
infiltration capacity, plus mass infiltration which occurs
at a capacity rate during pertods when preeipitation
exceeds this rate, plus infiltration following preeipita-
tion which is derived from surface detention and which
may be controlled in part by infiltration capacity rates
and in part by the length of infiltration opportunity,
plus the infiltration of water after the period of
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FiGtiE 10.—The {nstsllation of a lyshmeter at North Appnlachinn Experiment
Watershed, Coshocton, Ohlo, The lysimeter in the forin of & bottomless box s
heavily leaded with sand (10 tens in this instance) and the wulls foreed down around
an undlsturbed coltnn of natural earth.  The earth under the cotting edye I3
removed and the suil column carefully shaped to fit the interlor of the lysimeter.
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precipitation (i. e., water which has been retained
in depressions). Any research, therefore, which is
concerned with total infiltration during precipitation
periods, as representing increase in soil moisture, must
take account not only of infiltration capacity, but also
of the opportunity for infiltration at subcapacity rates.

The basis of comparison of infiltration capacity for
different soils and different plants should be on a surface
free from all surface retention except that created by
inherent characteristics of the soil or of the plants. An
entirely separate investigation should be made of the
effect of surface cover in providing an increased oppor-
tunity for infiltration by extending the infiltration
period beyond the duration of rainfall.

The amount of water retained in surface depressions
decreases as the surface slope increases. It is quite
likely that the character of natural surface retention
also changes with change in slope. Because of the rela-
tively large effect of surface retention, particularly in
storms of short duration, the amount of its decrease
with increasing slope is important.

With regard to plant cover, it is not sufficient merely
to designate the type, density, and condition of the root
system. The plant not only undergoes a seasonal
development, but its root system is affected by the
density of the stand, which varies widely.

Inasmuch as infiltration capacity is known to vary
continually, the seasonal change in infiltration capacity
is essential to an understanding of this phenomenon
and to the application of infiltration capacity values.
The rate of infiltration is influenced by temperature,

FiGuRrE 11.—A watershed in Polk County, Tenn.. showin
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soil moisture, condition of the soil structure, the activity
of insects and soil bacteria, the stage of growth and
density of plant cover, and other factors having a sea-
sonal cycle of change. These create changes in the
rate of infiltration throughout the year. This has a
material effect on run-off, and as a result, a given storm
will produce different rates and amounts of run-off, de-
pending on the time of year at which it occurs. In-
vestigation of these seasonal changes is, therefore, re-
quired for the purpose of determining the range and
variation in infiltration rates and amounts. Obviously,
such an investigation should include observations over
at least one complete year.

The soils, vegetative cover, and the insect life and soil
organisms they support, are modified by the region
where they are found, and it is not to be expected that
the same plant on a similarly textured soil will give the
same results in two different regions. There is, there-
fore, a geographical element that should be recognized
in extending researches conducted in one place to other
places.

Investigational work on the effect of vegetal cover
on infiltration should be correlated with that proposed
under items 1 and 2 of this section. The planning of
the detailed procedure to be followed and a careful check
of the completeness of the observations to be made are
of prime importance in this investigation,

The investigation may cover either various crops and
plant covers on a given soil or a given plant cover on
different soils or different phases of the same soil type,
using in either case the soil devoid of cover as a basis

U. 8. FOREST SERVICE

g slopes where all vegetation has been killed by fumes from copper smelters, Precipitation falling

on these slopes has little opportunity to penetrate the ground: run-off rates are high and are accompanied by severe soil erosion. (See also fig. 21.)
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of comparison. The work should be planned to em-
brace the complete cycle of plant growth, including the
various possible conditions preceding the beginning of
the growth as well as those following the end of plant
growth.

The methodology should receive careful attention and
should conform to the standards set up by the investi-
gations under item 2 of this program. The rate and
amount of water applied, the manner of its application,
and the interval between applications require thought-
ful planning. Thorough consideration should be given
to the supplemental measurements needed for complete
interpretation of the observations.

Observations should include the amount of significant
surface retention and detention and a discussion of
their effects in extending infiltration opportunity, and
consequently total infiltration.

In connection with seasonal investigations, the soil
and its cover should be in its natural state and subject
to all normal, natural conditions such as, for instance,
insect activity, temperature, etc.

A parallel series of measurements on plots protected
from natural rainfall but on which the predetermined
normal precipitation for the locality is artificially applied
would, if feasible, prove valuable and give a base for
comparison. This would entail a study of the normal
amounts, intensities, and dates of occurence of rainfall,

as a guide for the application of a so-called normal pre- .

cipitation.

Results should be presented to show the variation in
infiltration capacity with time and the time-amount of
infiltration during periods of excess rainfall under vari-
ous conditions and at different stages of plant growth.
They should include, among other things, the physical
characteristics of the soil profile, the growth history of
the plant cover, physiographic characteristies of the
plot or area such as degree of slope, surface roughness
and retention, dates of storms, the time-intensity record
of all storms producing run-off, the maximum intensity
as well as total rainfall in storms not producing run-
off. The individual observations should be presented,
as well as any summation, analysis, and interpretation
of the data.

Item No. 4. Areal and Basin Infiltration

Objectives.—1., The development of methods for the
determination of infiltration characteristics of drainage
basins from measured infiltration capacity of small areas
within the basin.

2. The development of means by which the infiltra-
tion capacity of a watershed may be expressed in terms
of the infiltration capacities of its component parts and
tributaries.

78303—10—3
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3. The determination of methods by which tho areal
infiltration of a drainage basin may be obtained from
precipitation and stream-flow data, and the dotermina-
tion of the limitations of such methods.

Discussion.—Variations in the structure of the soil,
surface retention, density of plant cover, and other
factors will cause differences in infiltration capacity
within an area. Since practical considerations will con-
fine direct measurement to small isolated areas for
which the infiltration capacity may be determined by
sprinkling plot, ring, or tube methods, there is created
the problem of investigating and determining the proper
method of relating the direct measurements on the
small areas to the performance of the area ns a whole.

It is assumed that field studies of soils, slopes, and
vegetal cover may permit a division of the aren within
a drainage basin into areal classes, all of the area in
each class having substantially the same infiltration
capacity under any one seasonal condition; also, within
each such areal class for all parts of the area, the infil-
tration capacity may be expected to vary in approxi-
mately the sume way with changes in scasonal condition
and with duration of infiltration during precipitation
periods. Investigation is needed to—

1. Determine the practicability of such procedure.

2. Develop the proper methodology for determining
the infiltration capacities adaptable to each such areal
classification.

3. Determine for selected drainage basins the method-
ology for combining the infiltration capacity of the
component parts to give the net filtration capacity
applicable to the basin as a whole.

It appears reasonable to assume that the maximum
rate of infiltration for a drainage basin can be de-
termined by the proper integration of the infiltration
capacities of its component areas and expressed as the
mean infiltration capacity for the entire basin. In-
vestigation could then be pursued by deducting this
factor from precipitation intensities during a particular
storm to determine the approximate value of excess
rainfall and flood flow. It appears that this may be
possible for storms having precipitation intensity
throughout in excess of the greatest value of infiltration
capacity of any of the areal classes.

The determination of the infiltration capacity of &
drainage basin, by use of the areal rainfall on the water-
shed in conjunction with the run-off from the basin, has
been attempied by several investigators, with suffi-
cient success to demonstrate the feasibility of this
approach where adequate data are available. It
appears that this method may be limited to relatively
small drainage basins adequately covered by recording
precipitation gages, so that the rainfall intensity pat-
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tern for the whole basin may be rather definitely
known. Under these conditions it appears possible
that for specific storms of relatively high intensity, a
mean infiltration capacity for the basin as a whole may
be determined. More work along this line is needed to
improve and further develop these methods, particu-
larly to determine the limits with respect to a drainage
basin and with respect to the type of storm within
which the resulting mean infil{ration capacity may be
determined with reasonable accuracy. Further investi-
gation is also needed to determine the extent to which
values of mean infiltration capacity so derived for
specific storms may be translated into values usable in
connection with storm precipitation of different types
and intensities. This procedure may provide a means
of comparing the estimated infiltration derived from
direct measurements with the actual infiltration of the
watershed.

The advisability of undertsking research of this
magnitude prior to the development of a generally
accepted methodology is open to question. The value
of proposed methodologies might, however, be de-
termined by testing them in & small uniform area.

For the proposed studies, a relatively uniform drain-
age basin having the same plant cover, soil type, and
soil profile should be selected and studied. From this
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point the investigation should proceed to more complex
areas as suitable methods are developed and evaluated.
The number of direct measurements to be taken will
depend upon the variability of conditions over the
basin. The best procedure in the first instance may be
to take 2 large number of sample areas on which to
make direct measurements and from these determine
the probably error as the number is reduced.

The result sought is the infiltration capacity charac-
teristics of the composite area as determined from the
infiltration capacities of the sample areas. The natural
surface retention should be presented as a separate and
independent factor. The infiltration capacity of the
more complex areas, those having different slopes, soil
types or profiles, and plant covers, would seem to
require the separate determination of the infiltration
capacity of each of the component areas, and a study
of the manner in which they should be combined to give
net values applicable to the entire area.

The proof of the accuracy of the direct methods is the
results determined from the areal precipitation on and
and the run-off from the area after making the proper
corrections for surface and channel detention. The
investigation should, therefore, include arrangements
for measuring the natural precipitation on the area and
the run-off from the area.

L. Evaporation, Transpiration, Consumptive Use

Item No. 1. Factors That Influence
Evaporation

Objective—1. The determination and evaluation of
the factors governing evaporation from large water
surfaces.

Discussion.—The evaporation occurring over the
surface of a large body of water is 2 complex phenom-
enon influenced both directly and indirectly by a great
many factors. Studies have indicated a direct relation-
ship between evaporation and (¢) the intensity and
direction of the radiant heat from the sun, (5) the char-
acter (laminar or turbulent) and velocity of the air
movement, (¢) the temperature of the water and of the
air at the water surface, (d) the humidity and possibly
the humidity gradient near the water surface, () the
barometric pressure, (f) the size and surface form of the
body of water. There are other factors such as alti-
tude, mineral content, time of day or night, character
of terrain and vegetal cover near the body of water, ete.,
that are believed to affect evaporation, but their re-
lationship has not been defined.

There is great need to determine accurately the effects
of various meteorological factors upon evaporation
rates from large water surfaces in order that this water
loss may be more properly considered in the design of

water utilization projects. Work of this nature has
been carried on by the Bureau of Agricultural Engi-
neering, the Weather Bureau, and by hydrologists, but
their efforts have frequently been hampered by the
absence of essential data pertaining to some of the
factors. There is available in the files of these agencies
much data needing further analysis,

This study is designed to investigate under controlled
laboratory conditions, the effects of solar radiation,
wind, humidity, temperature, and barometric pressure
on evaporation from open water surfaces. The in-
vestigation would require the use of a laboratory

~ installation such that the various meteorological factors

could be artifically controlled and changes in conditions
limited to the particular factor under investigation.
The laboratory data thus obtained should be checked
with standard field installations where complete mete-
orological data are being collected and where actual
evaporation losses from open water surfaces are being
measured. It is desirable that the mean temperatures
at the site of the field observations should be compara-
tively high in order to give relatively large numerical
values to the evaporation losses. There should also
be sufficient annual variation in temperature, wind
movement, and humidity to permit a determination of
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the effect of these factors. Large lakes in basins where
there is little seepage loss and concrete lined municipal
water supply reservoirs might be utilized for this pur-
pose, provided inflow and outflow can be accurately
measured.

Other factors whose effect on evaporation rate and
quantities should be studied in the field include (a) the
altitude and depth of water under given meteorological
conditions; () the increase of surface area through the
formation of turbulent water, white caps,and the atom-
izing of spray; (c¢) the variation in wind velocity and
direction over large and small lakes; (d) the relative
humidity and vapor pressure gradients over large and
small lakes; (¢) the variations in humidity with distance
from the lake shore; (f) temperature gradients in the
body of water from the surface to the bottom; (g)
variailons in geological formations, topography, vegetal
cover, etc., of the adjacent land areas; (&) seasonal
temperature variations in open water bodies and the
lag with respect to air temperature variations.
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The data collected should be analyzed with the ulti-
mute objective of developing a formula for rates of
evaporation, in which the very small or negligiblo
factors would be eliminuted, and in whicl the constants
and variable may be supplied from meteorologienl data
normally available,

Item No. 2. The Improvement of Insiruments
and Standardization of Equipment and
Procedures for Meusuring Evaporation

Objectives.—1, The development of improved instru-
ments to supplant and supplement those now used for
measuring evaporation.

2. The determination of the most desirnble instru-
ment or instruments for observing each of the several
meteorological factors influencing evaporation.

3. The determination of the essentiul observations
which must be made and recorded to permit theaccept-
ance of evaporation data calculated therefrom.

U. 8, WEATHER BUuREAU

FIGURE 12.—The Marvin pyrheliometer used by the Weather Bureau in measuring intensity of solar radiation. On the right is shown the pyrheliometer on its equatorial clock-
driven mounting, by means of which it can be kept pointed toward the sun. By means of the diaphragmed tube s beam of solar rays of known area s ndmitted to the black-
ened surface ol the silver disk inclosing a nickle wire. This wire acts as n resistance thermometer to measure the rate at which the silver disk slternately warms and conls,

when it is exposed to and shaded from the sun by a shutter which is automatically opened one minute and closed the next by ¢lreuit closers on the cloek (ut the lofL).

The

ternperature measurements are made by means of a wheatstone bridge (center) and a sensitive galvanomoter (upper lefl). Signols mude by a telegraph relay and bell (center)

enable the observer to make reading at the exact time intervals required.
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4. The standardization of conditions for the use of
the vartous items of equipment and the detailed pro-
cedure to be followed in making all observations.

Discussion.—Present day instruments and equipment
used in determining evaporation are considered to be
reasonably adequate for the purpose; never the less
better instruments from the viewpoint of lesser cost,
greater case in installation, increased accuracy, and
simpler observations, arc an outstanding need. This
is particularly true in the field of continuous recording
deviees for determining evaporation losses from pans.
Effort should be dirccted toward improving existing
types of instruments and developing new types more
suitable for the several observations required.

In the past, there has been a wide variation in the
types of equipment used, in the methods of installation,
and in making the observations, with the result that
evaporation data obtained at different places and by
different observers are not always comparable. To ob-
tain an accurate determination of loss by evaporation, a
number of meteorological conditions must be observed.
One or more types of instruments should ultimately
be adopted as standard for each of the several purposes
and only those records should be accepted which are
obtained with standard instruments.

Not all investigators observe all factors which
affect evaporation, With one or more of the variables

unknown, the calculated evaporation loss is subject
to question and cannot be properly compared with
evaporation data where all factors are known. There-
fore, there should be established the minimum essential
conditions and natural phenomena which must in-
variably be observed to secure acceptance of the
calculated evaporation loss.

A g |
U. 8. WEATHER BUREAU
FIGURE 13.—A typical Weather Bureau first elnss station for the measurement of

evaporation from water surfaces. From left to right the equipment includes an

instrument shelter, an S-inch standard rain gage, anemometer, and evaporation
pan with hook gage well.

National Resources Planning Board

The most serious defect in present investigations of
evaporation is the lack of uniformity in the conditions
under which even the best existing equipment is used,
and in the procedure of taking observations. For
example, in some investigations the land pans have
been buried; in other experiments they have been
exposed; wind movement in some cases has been
measured very near the water surface; in others it
has been measured at a height of several feet above
the pan and in others not at all. The character of the
wind movement over the pan is often not observed.
It is very important that the detailed installation of
standard equipment and the technique of making
observations of all kinds be standardized.

In carrying out the investigations, existing instru-
ments and equipment should be studied and their
deficiences determined through analyses of the results
produced by each, as well as by consultation with
numerous investigators who have used the various
types of instruments. The needed improvements, as
revealed by the study, should be incorporated into
new or improved designs of instruments and developed
in collaboration with instrument makers. The new
instruments should then be tested extensively in the
field, both trained and untrained observers being used.
Upon completion of the testing program, one or more
instruments should be selected as standard for observing
each of the factors essential to the accurate calculation
of evaporation.

In order that evaporation results may be consistently
acceptable, minimum requirements for observations
should be established to include (1) uniform methods
of using the various instruments; (2) uniformity in
the technique of making obervations; (3) limits of
accuracy in the measurement of the essential meteoro-
lozical observations or other phenomena.

Concurrent observations using the present Weather
Bureau class A pan should be made in conjunction
with the development of new standard equipment.
The relationship between the results obtained with
both class A pans and the improved apparatus should
be established so that past records made with class A
pans may be utilized with satisfaction.

The use of the psychrometric difference between
wet and dry bulbs as a standard measure of the rate of
evaporation should be investigated for the winds of the
velocity produced when the psychrometer is whirled,
as well as for the whirling velocity plus that of the
wind existing at the times of observation. Correlation
of such measurements with those of pan evaporation
should be undertaken, inasmuch as psychrometer data
have been collecled for many years by the Weather
Bureau.
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Item No. 3. The Relationship of the
Evaporation from Pans to that from
Open Water Surfaces

Objectives.—1. The determination of the relation-
ship between the evaporation from a pan of a given
form and setting and that from nearby large water
areas under varying climatic conditions, length of
observation period, ete.

2. The determination of the meteorological observa-
tions essential in defining and expressing the relation-
ship of evaporation from & pan to that from a large
water surface.

3. The determination of the type and size of pan
whose evaporation characteristics bear the most
simple and direct relationship to those of a large body
of water.

4. The determination of relationship between various
sizes, types, and settings of evaporation pans through
concurrent observations on groups of such pans in
various sections of the country.

Discussion.—The accurate evaluation of the evapo-
ration from open water surfaces is essential in deter-
mining the economic soundness of many water resources
development projects, and, as the observation of
evaporation from pans is a relatively simple and
Inexpensive process, it is highly important that the
relationship of the former to the latter be established
for the various types, sizes and settings of pans and
for other varying conditions which may affect the
relationship.

Data on evaporation losses from pans ot three and
four feet in diameter when compared with similar data
for pans of 12 feet in diameter and a tank of 85 feet in
diameter indicate & smaller evaporation from the larger
bodies. Theoretical research based on the underlying
physical processes confirm the general relationship, and
empirical curves have been derived for expressing the
relation between pans and large bodies of water for a
very few cases.

The evaporation pans now in use vary widely in size,
type, insulation, and setting, and their relationship to
one another and to open water is not at all well estab-
lished. Unquestionably, some types of pan should and
will be abandoned when and as proven inadequate by
research. There is, however, need for an expanded
program of research on this phase of evaporation which
should be carried on under widely different climatic
conditions. Continuous records of evaporation from
different types and settings of pans are now being se-
cured at several points in California. Records are also
being obtained of the evaporation from large bodies of
water immediately adjacent to these pans for deter-
mining the relationship between the evaporation from
the two types of water surfaces.
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The observations upon which the relationships must
be based should be continued over a period of several
years and should include observations on all meteor-
ological and other factors influencing ovaporation as sot
forth in item 1, section III.

Item No. 4. The Relationship of Meteorological
Conditions at Various Elevations o

Open Water Evaporation at the

Ground Surface

Objective~—1. The determination of the relationship
between the meteorological conditions as observed at
various distances above the ground and the evaporation
from nearby open water surfaces at ground surface level.

Discussion.—Meteorological data secured from ob-
servations on top of buildings are generally recognized
as frequently differing from those obtained at ground
level. The correlation of meteorological observations
taken at ground level with evaporation losses is dis-
cussed in the preceding item. It is now desired to
correlate meteorological data taken on top of buildings
with evaporation losses from water surfuces at ground
level. If this can be done, it will be possible to esti-
mate evaporation losses in many localities where long
Weather Bureau records exist, but where no observa-
tions have been made on evaporation from open water
surfaces, either by pans or otherwise.

An expansion of this investigation would involve
correlation between (a) meteorological observations on
top of buildings (b) meteorological observations at
ground level, and (¢) evaporation observations at
ground level.

The observations upon which the determination of
relationships must be based should be continued over a
period of several years and should include observations
on all meteorological and other factors influencing evap-
oration as set forth in item 1, section II1.

Item No. 5. Insclation as a Measure
of Open Water Evaporation

Objectives.—1. The determination of the relntion be-
tween insolation and evaporation from open water sur-
faces.

2. The determination of the suitubility of the solar
radiation method of measuring evaporation and its ap-
plicability under a wide range of climatic conditions.

Discussion.—The use of the “energy” or “heat bal-
ance’’ approach in determining evaporation losses has
been advanced by some scientists? but for various rea-
sons has not received wide acceptance. The concept
involved is the application of the thermodynamic prin-

1.0ne of the chief proponents of this method Is Prof. N. W. Cummings, Ban Ber-
nardino Valley Junior College, San Bornardino, Calif., whose most Important publl-

cations have appeared in Physical Reriew, Vol. 50, 1927; Bullelin 68, Nationnl Research
Couacil, 192¢; and in Transactions of the American Geophysical Union,
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ciple that the quantity of water which can be changed
from a liquid to a gaseous state at any given tempera-
ture is limited by the amount of heat applied to the
water, or in other words, that the quantity of heat re-
quired per unit volume of water is constant for a stated
water temperature.

In general terms, the “energy” approach to evapo-
ration is based upon the assumption that a lake may be
treated as a system in thermodynamic equilibrium and
that the quantity of water evaporated from the system
multiplied by the latent heat of vaporization must equal
the heat applied to the body (which in this case is that
received from solar and sky radiation) minus the heat
lost by back radiatior from the water surface, plus the
heat transferred between the air and water, plus the
heat received by conduction from the surrounding con-
tainer walls (the earth), plus the difference between the
beat content of the inflow and the outflow of the body
of water (as applied to lakes), plus the heat stored in the
body of water.

The method appears to be of major value in deter-
mining seasonal evaporation because all energy com-
ponents are small except evaporation, solar and sky
radiation, and the heat transfer with the atmosphere.
The method is applicable to any length periods of time
provided that the necessary observations can be ob-
tained on the different heat sources. Investigators
have demonstrated that the larger part of evaporation,
perhaps as much as four-fifths of the total, is caused by
heat received from direct solar and sky radiation and
that the remainder is caused by heat transferred from
the atmosphere and the surrounding container.

Solar radiation received at a point on the earth’s sur-
face varies with latitude and with atmospheric condi-
tions; in northern latitudes it is greater in summer than
in winter, and on clear days than on cloudy days. It
can be computed on this basis, but it can also be readily
measured, and observations are being currently made
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by the Weather Bureau at several points in the United
States.

The investigation of evaporation from large bodies
of water by the “energy” method is based on solar and
sky radiation messurements. In the study of this
general method, including exploration of the specific
methodology of individual investigators, observations
on the temperature gradients in the lakes, observations
on the temperature and quantity of inflow and outflow,
the velocity, temperature, and character of the air
movement over the lake where the greatest possible
accuracy of determination is desired, humidity gra-
dients, barometric pressures, and evaporation losses from
completely insulated land pans 3 are needed for purposes
of comparison.

The investigation could be conducted at existing
evaporation stations by the installation of equipment
for measuring solar radiation. Such investigation
should lead to the development of relationships between
evaporation and solar radiation which would permit the
computation of evaporation losses from solar radiation
observations and other meteorological data already
being taken. The determination of the quantitative
importance of each of the heat sources and the develop-
ment of a mathematical expression for evaporation in
terms of these factors would make possible the calcu-
lation of evaporation losses for remote regions within
predetermined limits of accuracy.

Item No. 6. Evaporation from Snow and Ice

Objectives.—1. The determination of the best equip-
ment and technique for the measurement of evaporation
from snow and ice under varying conditions.

2. The determination of the rate of evaporation from
ice for varying conditions of air temperature, humidity,
exposure, wind movement, ice thickness, temperature
of water under the ice, etc.

3. The determination of the rate of evaporation from
snow for varying conditions of air temperature, humid-
ity, exposure, wind movement, thickness and density
of the snow, ete.

4. The determination of the rate of evaporation from
snow in forested areas as compared with that from snow
in open areas.

5. The determination of the rate of evaporation from
loose, detached snow masses, freely exposed, as com-
pared with that from unbroken dense bodies of snow.

Discussion.—Evaporation from snow and ice is a
matter of special concern in those areas of the United
States where a large part of the water storage occurs
in that form. Knowledge as to what portion of this
storage is lost by evaporation will aid materially in

% These data ara required to permit the determination of the back radiatfon heat

lasses and could be dispensed with in the casa of the development of a satisfactory
Instrument for measuring bark radintion.
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forecasting runoff, which is of vital importance to irri-
gation and power interests, and for domestic water
supplies as well as for flood control.

Only meager information is available relative to the
evaporation from snow and ice. Not only is little
known as to the technique of measuring this evapo-
ration, but no satisfactory means for its measurement
have yet been devised with relation to either equipment
or methodology.

Laboratory and field methods should be devised for
the measurement of evaporation from snow and ice of
various characteristics such as density, color (as might
result from vegetal matter), thickness, ete. These
methods should be correlated with variations in field
conditions such as location of snow and ice, and char-
acteristics of underlying surfaces of ground or water.
Correlation of the evaporation from snow and ice with
meteorological factors such as temperature, humidity,
wind velocity, and insulation should be undertaken.

Item No. 7. Evapo-iranspiration Losses

Objective—1. The determination and evaluation of
the factors which control the amounts and rates of
evapo-transpiration losses.

Discussion of objective—Consumptive use of water
in connection with irrigation and the amount and rates
of run-off to be expected from land surfaces are affected
by evapo-transpiration losses. The rate of evaporation
from soil surfaces depends upon the three general factors
(a) size and shape of soil grains which determine the
area exposed to evaporation, (b) the rate of movement,
by capillarity, of the moisture upward from the water
table to the soil surface, (¢) transpiration from vegetal
cover, which affects soil evaporation materially, de-
pending upon the type and stage of development of
vegetation.

Experimental work has indicated that it is impossible
effectively to separate evaporation and transpiration
losses from land surfaces, and it is therefore recom-
mended that experiments be set up to include both
evaporation and transpiration losses for various soils
and vegetal cover.!

An endeavor should be made to determine the re-
lationship between evaporation and consumptive use
by crops and native vegetation, since with such data
available, the evaporation from pans might be trans-
lated into consumptive use for the benefit of those
attempting to estimate available water supplies and to
determine rates of run-off from watersheds.

Evapo-transpiration studies have been made or are

4 A new approach to the determination of evaporation from soil and vegetal sar-
faces bas boen proposed by O. W. Thornthwaite and Benjamin Holzman, Monthly
Wealher Reriew, January 1939,
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under way in Arizona, California, Colorado, Florida,
Nebraska, Oregon, and Utah and should be expanded
to include all sections of the country. Theinvestigation
includes evapo-transpiration losses from (a) fruit trees,
(b) field crops, including small grains, (¢) native vegota-
tion including water-loving plants, (d) various types of
bare soils at different heights above the water table, (e)
canals, ditches, and natural water courses, and (f) from
natural ground water containing definite percontages of
sodium chloride and other salts in solution, and from the
waters used in irrigation.

One part of the investigation, dealing with evapora-
tion, should determine the mechanics and physics of the
evaporation of soil moisture, including a study of the
upward movement of soil moisture by capillary action
in relation to the rate of soil moisture loss by evapora-
tion from the surface; the effect of air and soil tem-
perature, wind velocity, relative humidity, and other
meteorological factors on evaporation from soils; the
effect of surface conditions of the soils, which would
include the effect of cultivation and mulches, and the
incorporation of organic materials into the upper
horizon of the soil; the effect of diurnal and seasonal
variations in evaporation from soils for which much of
the data obtained in studying the cflect of surface
conditions of the soil could be used and could be cor-
related with continuous observations throughout the
year.

Another part of the investigation concerns evapo-
transpiration losses and includes the determination of
the rate and amount of loss for different plants under
standard conditions, It should include the develop-
ment of standard conditions under which all plants
could be compared and to which variations in conditions
in various researches could be referred.

The investigation should determine also the relation
of the evapo-transpiration losses to soil and air tempera-
ture, wind movement, insolation, and other meteoro-
logical factors; to soil moisture content and the evalua-
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tion of the wilting coeflicient; and to diurnal and
seasonal variations under various vegetative and soil
conditions. It should evaluate the effect of plant
density upon evapo-transpiration losses, as there is
some evidence that overcrowding may reduce foliage
to such an extent as actually to decrease the total water
losses. The effect of the depth of the water table and
of heavy vegetation along ditch banks must be con-
sidered.

The correlation of the data obtained for evapo-trans-
piration with evaporation from pans, and the develop-
ment of coefficients that will make possible the deter-
mination of the evapo-transpiration losses from
evaporation pan observations should be made a part of
the study of evapo-transpiration losses.

Item No. 8. Consumptive Use

Objectives.—1. The determination of farm and valley
(basin) consumptive use in several areas with a wide
climatic range.

2. Theisolation and evaluation of nonbeneficial water
consumption from total water consumption in areas
having a wide climatic range.

3. The correlation of consumptive use with the major
factors affecting it.

Discussion.—Consumptive use is defined as “the
sum of the volumes of water used by the vegetative
growth of a given area in franspiration or building of
plant tissue and that evaporated from adjacent soil,
snow, or intercepted percipitation on the area in any
specific time.”s

A knowledge of consumptive use and the elements
that comprise it is of particular importance in arid and
semiarid regions where irrigation is practiced. It has
also assumed importance in certain areas in the humid
region, principally as a result of the effects of recent
droughts. It is, therefore, essential to a determination
of ultimate possible water developments in the river
basins throughout the entire country.

In those areas where the need for supplemental water
is vital, research is particularly important on the
isolation of nonbeneficial water consumption from total
water consumption, and on the separation of the non-
beneficial consumption into recoverable and nonre-
coverable items. Some work of this nature has been

* Regional Plenning Part V1.—Upger Rio Grande, National Hesources Comunittee,
February 1938, Washington, D, C,

National Resources Planning Board

done in certain of the Western States, and ap attack
was made on the problem in connection with the Upper
Rio Grande Joint Investigation.

Existing data should be collected and correlated with
data on evaporation from free water surfaces and with
various other meteorological data. A study should
be made of total valley consumptive use or of infor-
mation that will serve as an index to such use in those
areas where adequate inflow and outflow data of proper
quality exist, by studying the trend of change in valley
consumptive use with changes in acreage of irrigated
aress, type of vegetal cover, change in drainage devel-
opment, etc.

A major field research project would involve a deter-
mination of valley consumptive use in typical areas
in the arid region (where annual precipitation is less
than 15 inches) chosen with regard to range in climate.
This would involve largely the measurement of surface
inflow and surface outflow, and the determination of
aceretion or depletion of ground water storage. Areas
should be chosen where there is no appreciable move-
ment of ground water out of the area. Other basic
data needed in connection with such a study relate to
(@) areas of crop and noncrop plants; (b) areas of free
water surface; and (¢) areas where the water table is
sufficiently close to the surface to be a factor in evap-
oration or transpiration. Material changes in ground-
water storage should be ascertained.

Other phases of such a field investigation should in-
clude (2) a determination of farm consumptive use
from a well drained representative area in the valley
where accurate measurement of the inflow, outflow, and
ground water storage can be made; (b} tank and plot
studies to determine the rate of evaporation from free
water surfaces and from soil with the water table at
various depths, and the evapo-transpiration factor for
typical crop and noncrop plants growing within the
valley; {(c) the analysis of results isolating nonbeneficial
consumption from total consumption within the valley,
breaking down the mnonbeneficial consumption into
various classes such as evaporation from seeped areas
and stream channels, and evapo-transpiration of non-
crop plants; and (d) the correlation of results, partic-
ularly beneficial consumption, with factors which
affect them, such as temperature, growing season, wind
movement, etc. Such & study should be continued
over a period of not less than 5 years.
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IV. Ground Water and Percolation

Iiem No. 1. Water Level Recorders
and Artesian Pressure Recovders

Objective—1. The improvement of instruments used
for the measurement of water levels in observation
wells.

Discussion—The water stage recorders used in
ground-water investigations are usually of either the
float or the pressure element type. These types have
been developed primarily for recording stream stages
and are not sufficiently responsive to small or very slow
fluctuations occurring in observation wells. Instru-
ments of greater sensitivity are needed for use hoth in
deep wells and in flowing wells.

Atmospheric pressure changes are reflected frequently
in observation wells by fluctuations in water levels that
have no bearing on ground-water discharge, recharge,
or the quantity of stored underground water. A re-
corder which would effectively compensate for atinos-
pheric pressure changes would be & valuable adjunct
to ground-water investigation.

The first step in the improvement of existing instru-
ments, or the development of new ones, is that of
determining the needs of those organizations whose
activities require the use of water level recorders in
observation wells. A careful study of these needs by
one thoroughly familiar with the operation and limita-
tions of recorders now manufactured, and with existing
patents, should make possible the stating of specifica-
tions for an improved recorder. Insofar as possible, the
best features of existing instruments should be selected,
and either by improvement thereon or by new design,
an endeavor should be made to develop better instru-
ments.

Item No. 2, Differences of Water Level
Between the Inside and Outside
of Cased Wells

Objectives.—1. The determination of the differences
of water level between the inside and outside of cased
wells under water iable conditions and under artesian
condilions.

2, The determination of the causes, magnitude, and
the significance of the lag in fluctuations of water lovels
inside and outside of wells of various diameters.

Discussion.—The fluctuations of water levels in wells
are not the effects of simple forces acting singly, but
rather the resultants of complex interacting forces
which greatly increase the difficulties of interpretation.
A study of the effects produced by different rates of
pumping, for instance, may be complicated through
changes caused by variations in atmospheric pressure
and by ocean tides, either singly or in combination.

All of these factors must be evaluated. If these
fluctuations are observed under conditions {ree from
other influences, much valuable information may be
afforded on ground-water conditions in the area.

Included 1n these studies is consideration of & number
of complex and obscure problems such as the rapid rise
of water levels during rains and their subsequent rapid
decline. It is believed that suel rapid rise and deeline
do not represent equivalent recharge and depletion, but
are due to unrecognized defeets in well construction,
effeets of pressure produced by saturnted soil, the air
in soil interstices, or to other causes that have been
suggested but not rigorously investigated. Tho baro-
metric fluctuations that have been observed in water
table wells secem to indieate that the water level in the
well is not the true water table and therefore may be
misleading as to recharge, unless the true conditions
are understood.

A first step in these studies would be the delineation
of those areas in which significant water level or artesian
pressure fluctuations oceur. The availability of ob-
servation wells in the more promising areas should be
determined and the most suitable ones equipped with
stage recorders. Supplementary observation wells
should be installed as required, together with the in-
struments necessary to secure complete meteorological
data.

The observations on water level fluctuations should
be analyzed and correlated with data on meteorological
phenomena and with data on the geology of the region
in order to interpret and evaluate the factors that pro-
duce the fluctuations.

U, 5. SorL CONHERYATION BERVICE

URE 10.—A ground -water ehservation well showing 1 he stage rcqordlna instrument
Flitl;'.:ztnllntinn. reference point, and well eover. Located at the North Appulachlun
Experiment Statjon, Coshocton, GChio.
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Item No. 3. The Relation of Ground-Water
Fluctuations to the Texture of the
Water-Bearing Material

Objectives.—1. The determination of the relationship
of the rise and fall of the ground-water table to the
texture of the material in the capillary fringe.

2, The determination of the relationship of the tex-
ture of a water-bearing material to the specific yield of
such material.

Discussion..—There has been but little extended re-
search on the subject of the interrelationship existing
between the free water surface in a well and the water
in the capillary fringe and of the effect of texiure upon
the specific yield of an aquifer.

National Resources Planning Board

In a fine grained material, the earth is invariably
moist for a distance of several feet above the water
table, as a result of the phenomena of capillarity. Small
communicating interstices form irregular capillary
tubes through which water is drawn upward by molecu-
lar attraction and is held in this suspended position
at a height above the water such that the molecular
attraction of the particles is in equilibrium with the
pull of gravity. This moist belt of variable thickness
is designated as the “capillary fringe.” It generally
varies in thickness inversely as the size of the interstitial
openings, being thin for material such as sand and gravel
and quite thick in material with small interstices such as
clay or silt deposits.
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FIGURE 17.—Curves showing the fluctuation of ground-water levels with variations in
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atmospheric pressure. Fluctuatlons of this nature, when superimposed upon a

arge or discharge curve, may greatiy complicate the accurate interpretation of such curves.
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Because the capillary fringe is subject to considerable
variation in thickness, as well as in the rate at which it
can absorb or release water, the effect which it pro-
duces on the free water surface in a well is also a vari-
able factor which must be considered in any intensive
studies of infiltration and recharge.

A decline in the water table, for example, produces a
temporary increase in the thickness of the fringe from
which water will be slowly returned to the zone of
saturation. A similar lag results from a sudden rise in
the ground-water level. The movements of water to
and from the capillary fringe present intricate problems,
not well understood, that are fundamental to accurate
determination of ground-water recharge and discharge.

The quantity of water that a saturated rock or fine
grained material will furnish depends upon its specific
yield or water-yielding capacity. Any change in the
level of the water in the zone of saturation is reflected
in a rise or fall of the water level in wells reaching the
Zone,

Existing methods of determining capillary effect and
specific yield should be analyzed critically. The most
promising modes of attack should be selected, or new
methods for the study of these subjects in relation to
water wells should be devised. In connection with the
latter, consideration must be given to the fact that the
characteristics of the material “in situ’’ may be quite
different from those of the material usually tested in
the laboratory.

Detailed field observations on water level fluctu-
ations, effect of pumping, drawdown and recovery
rates, temperature, etc., should be correlated and in-
terpreted in the ligcht of laboratory methods where
possible.

Item No. 4. Improvement of Methods
for Determining Porositly, Permeability,
Moisture Equivalent, and Specific

Yield of Aquifers

Objectives—1. The evaluation of the methods of col-
lecting and laboratory testing of samples used in ascer-
taining the porosity, permeability, moisture equivalent,
and specific yield of water-bearing formations.

2. The evaluation of the field methods used in
scertaining the porosity, permeability, and specific

Id of water-bearing formations, including consider-
ation of the dye method, the Slichter electrolytic
method, the Thiem method and the Theis recovery-
of-head method.

3. The comparison of the relative accuracy and effec-
tiveness of the field and laboratory methods used in
determining the hydrologic properties of an aquifer.

4. The determination of the relation between the
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physical characteristics and stratigraphy of the water-
bearing material and the hydrologic properties listed
above.

Drscussion.—It must be realized that the conditions
of laboratory tests do not accurately simulate the
natural conditions under which water-bearing materials
occur. For this reason, it is important to study the
same problems by field tests to obtain comparison with
laboratory tests. The approach to this problem lies in
the observation of certain phenomena, such as fluctu-
ations in head resulting from changes in rates of pump-
ing. From an analysis of the draw down and recovery-
of-head observations, the physical characteristics of
the aquifer can be determined with reasonable accuracy.
These are representative of average conditions because
of the interrelation of the various physicnl properties of
the aquifer.

Heretofore, studies have been rather largely restricted
to those possible in connection with specific projects,
and have not always been representative of natural
conditions because of cost and other restraining in-
fluences. It is desirable to have funds available for
the drilling of wells in eritical areas and for making
pumping tests under conditions that can be definitely
controlled and that are free from the limitations im-
posed by the necessity of adapting the tests to the
operation of public or industrial water works.

Studies should be conducted where possible in both
artesian and non-artesian areas, free from disturbing
influences, such as flowing wells, pumping wells, tidal
fluctuations, etc., in order that the different field
methods can be compared under identical conditions,
The observation wells should include those of large
diameter for pumping and others of smaller diameter
to permit observations on the water level, and to permit
the introduction of dyes, electrolytes, etc., used in
certain of the field methods. The wells should be care-
fully constructed, and a detailed record of formations,
including cores from the consolidated formations,.
should be compiled for each well.

Additional observations should also be made in dif-
ferent areas using the most satisfactory of the field
methods, in order to determine the range in accuracy
to be expected under different geological and hydro-
logical conditions. In making such tests, attention
must be given to other factors which may produce
fluctuations in water level aside from those being
studied at the particular instant.

The studies should include consideration of the effects
of irregularities in capillary action in helding water
above the water table and in reducing specific yiqld.
Long, vertical soil columns, for draining over & pemfd
of one or more years, should be observed for change in
yield during successive periods of time.
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Item No. 5. The Effect of the Physical
Characteristics of a Material Upon its
Porosity, Permeability, and Specific Yield

Objectives—1. The determination of the effect of the
physical characteristics of size, shape, sorting, arrange-
ment of grains, ete., on the porosity, permeability, and
specific yield of a water-bearing material.

2. The development of improved methods for de-
termining hydrologic properties of water-bearing ma-
terials.

Discussion.—The most common type of water-
bearing material consists of deposits composed of rock
fragments which have been more or less rounded by
wear belore they were deposited. In such deposits,
the water is found in the irregular spaces between the
rock particles.

Slichiter, in his classical studies ® on the motion of
ground water, defined the relations of size, shape, and
degree of assortment of grains to porosity. Other in-
vestigators have added to his basic studies and have
contributed materially to the fund of knowledge on
the movement of ground water.

The quantity of water available and the rate at which
it can be supplied is dependent both upon the rate at
which the aquifer is recharged and upon its porosity,
permeability, and specific yield. Therefore, there is
need for extensive studies to determine the effect of

¢ “Theoretical Investigntion of the Motion of Qround Water"”—United States
Qeological Survey, I%h Annual Report, 1800,
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size, shape, und gradation of the component particles
upon the permeability and specific yield of an aquifer.
Such information would be of great practical value in
connection with the development of ground-water
supplies,

In evaluating the eflect of the physical character-
istics of the material composing an aquifer upon its
hyvdrological properties, the tests should be designed
to cover the gaps which exist in present research data.
Starting with materials of simple shape and of uniform
size, the investigation should be extended to include
numerous tests on material of different shapes and
sizes and in different degrees of assortment. Such tests
should include microscopic examinations to determine
the angularity of the smaller sizes of materials and the
size of the interstitial spaces.

One function of the investigations outlined above
should be the refinement of existing or the development
of new methods of testing water-bearing materials.

Item No. 6. The Compressibility and
Elasticity of Water-Bearing Materials

Objectives.—1. The determination of the processes
invo'ved in the compressibility and elasticity of water-
bearing materials,

2. The determination of the magnitude of the com-
pression and expansion of water-bearing materials
under changes of pressure and of the magnitude of the
lag accompanying the compression or expansion.

FIGURE 18.—(round-water wells installed for the observation of ground-water levels
| b s and mov
along the vallev and the velocity of ground-water movement determined by electri'iuualler'::::imo

U. S. Forest SERVICE

ther groups of wells are located nt intervals in and
Coweetu Experimental Forest, N. C
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3. The determination of the temporary and perma-
nent effects of changes of pressure upon the porosity,
permeability, and specific yield of an aquifer.

4. The determination of the effects of changes of
water level upon the sinking or rising of the land
surface.

Discussion.—The study of these phenomena is im-
portant as bearing directly on the question of the source
of artesian waters, whether by recharge or by removal
from storage, and of the extent of permanent decrease
in permeability of aquifers with reductions in pressure.

Some phases of this problem should be studied in the
laboratory; others can be carried on in connection with
studies of porosity, permeability, specific vield, and in
connection with the construction of dams and oil-well
drilling and technology. Certain phases will require
observations during a considerable number of years in
areas of heavy pumping, and for this purpose there is
needed an assurance of the continuation of the necessary
long-term program of water-level observations and
pumpage records.

The subdivisions of the general program into specific
phases for special investigation is not entirely apparent
at this time, due to the inherent character of the
project and the limited information available on the
full significance of compressibility and elasticity.

The areas should be located in regions where the
phenomena of compressibility and elasticity appear to
exist in marked degree, as in the Dakota sandstone and
in regions where the draft from wells and the resulting
compression is reflected in subsidence of the land
surface; also in areas such as the Bradford oil field in
Pennsylvania, where water is being pumped into
artesian strata under high pressure.

The Theim and Theis methods should be applied.
It also will be necessary to inaugurate a long program
of recording water levels, artesian pressures, and vield.
In order that periodic measurements may be made of
land surface subsidence, there must be careful instru-
mental leveling to tie in such areas with adjacent stable
areas.

Laboratory tests should be conducted to determine
the compressibility and elasticity of material from
artesian aquifers. Laboratory methods should be de-
vised for simulating compression and elasticity in order
to carry out exhaustive tests leading to the determina-
tion of the effect of these phenomena on porosity,
permeability, and specific yield.

The laws of wave propagation and related phenomena
should be investigated and applied in a mathematical
study of the rate of pressure movement effects in rela-
tion to the several physical properties of artesian
aquifers. Precise tests should be made in the field and,
if possible, in the laberatory, on rates at which pressure
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effects are transmitted through water-bearing strata,
the nature of the impulse that s transmitted, and its
laws of propagation. The investigations proposed
herein require the collaboration of the hydrologist and
ceophysicist.,

Item No. 7. The Relationship of
Ground Water to Stream Flow.
(To be correlated with item 13, sec. V)

Objectives. ~1. The improvement of present methods
and the development of new methods for differentiating
ground water run-ofl from surface run-ofl,

2. The determination of the effect of the geologic
structure upon the movement of ground water to or
from surface stream flow.

3. The correlation of ground-water levels with
changes in ground-water run-off,

Discussion.—The correct evaluation of the role of
ground water in producing stream flow is fundamental
in evolving more effective ways of forecasting the
latter, particularly during protracted periods of defi-
cient precipitation. The “unit hydrograph” and the
“channel storage” methods represent the most recent
approaches to the problem of stream flow forecasting,
Ground-water run-off, however, is dependent upon
several major factors having no relation to meteorolog-
ical conditions. The movement of ground-water may
be either inflow or outflow or both, depending upon
the stratigraphy and rock struecture of the basin.

In order to distinguish between ground-water run-off
and surface-water run-off the “channel storage” and

U. 8. GEoOLOGICAL SURVEY

Ficurg 19.—Ground-water flow from Thousand Springs along the Snake Rtiver in
south eentral Idaho. Surface stream flow i3 greatly stabilized by outflow derived
from such sources.
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“unit hydrograph’ methods should be carefully studied
and refined, and possible new methods developed in
order more adequately to relate the minor fluctuations
of effluent seepage with fluctuations in atmospheric
pressure, transpiration, and other controls which have
heretofore escaped attention. It is likewise essential
that careful studies be made involving a variety of
geological conditions, where an accurate determination
can be made of the influence of the controlling geolog-
ical structures.

The relation of the geologic structure to ground-
water run-off and stream flow can be approached
through the comparative study of drainage basins
having relatively uniform geologic conditions through-
out, and through detailed studies of specific basins with
reference to the geologic control of the storage and
movement of ground water. The entire subject of
water perched on and in part discharged from the
subsoil (B soil zone) and other surficial horizons of low
permeability should be considered.

Item No. 8. The Use of Geophysical Methods
in Prospecting for Ground Water

Objective.—1. The determination of the applicat’on
and the relative value of electrical, seismic, gravimet-
ric, magnetic, and other geophysical methods of pros-
pecting for and investigating ground water.

Discussion—Much of the information pertaining to
ground water must be obtained from wells, but because
of the lack of adequate well data, ground-water inves-
tigations have often been severely handicapped.
Geophysical methods can be applied to determine
approximately certain physical properties of the for-
mations below the water table. Correctly interpreted,
these data, correlated with those from other methods,
should be of definite value in the study of ground-
water phenomena.

Four principal methods of geophysical exploration
are in use at the present time; the electric, the seismic,
the gravimetric, and the magnetic. Each of these
methods has been successfully used in studying earth
structures which effect the occurrence of ground water.
Studies should be made to determine the relationships
between electrical resistivity and the texture of water-
bearing materials.

The first tests in these investigations should be made
in selected areas in which ground water occurs under
simple conditions, i. e. fairly close to the surface and
having a minimum of complicating factors. Geophys-
ical tests (involving the methods being studied) should
be made and test wells then drilled to the desired
depths. Careful logs of the wells should be secured
during drilling, together with samples of each of the
unconsolidated formations, in as nearly their natural
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conditions as possible. Cores from each of the con-
solidated formations should be secured for use in
laboratory analysis. It is highly important, also, that
samples of the water in each of the horizons be taken
for chemical analysis. Tests of the cores secured
should be made to determine the electrical resistivity
of different textures, degrees of porosity, specific yield,
and degrees of mineralization of the water.

The geophysical data should be correlated with the
data obtained from the test wells and with the labo-
ratory analyses. As the simpler problems are solved,
the investigations should be extended to include areas
where conditions are more complex and water-bearing
material occurs at greater depths.

The use of resistivity methods in determining the’
rate and depth of rainfall penetrations should be care-
fully studied. It may be possible that by sinking an
insulated shaft fitted with equally spaced electrodes or
similar devices, the penetration of the moisture could
be traced through measuring the changes in electrical
resistivity at regular intervals,

Item No. 9. The Motion of Ground Water
Toward Localities of Discharge

Objective.—1. The determination of the mathemati-
cal and physical laws relating to the motion of ground
water toward localities of discharge.

Discussion—The primary technical question in-
volved in the utilization of ground water in any locality
is the position of the water level or piezometric surface
at some future time under the influence of an actual
or assumed regimen of discharge by wells. This
question is involved in the economics of development
of a new district, as its answer indicates the safe yield,
or maximum perennial yield that it is practicable to
obtain. The answer also indicates the consequences
of withdrawal in excess of the safe yield either in the
lowering of water levels beyond the limit of economic
pumping or in the inflow of nearby waters of unsuitable
quality, especially on sea coasts.

Nearly all ground-water bodies may be assumed to
have been, under natural! conditions before the sinking
of wells, in 2 state of approximate dynamic equilibrium
with the average recharge adjusted to the average
natural discharge. The introduction of wells into this
naf,ur_al hydraulic system represents a new discharge
superimposed upon that existing previously. As a
consequence, the movement of water through the
entire ground-water body is changed to some extent
by the diversion of water to the new discharge, This
diversion must be accomplished by & change in the
hydraulic gradients and by a lowering of the water
table or piezometric surface at the well. The lowering
of the water table or piezometric surface necessarily
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involves the extraction of some water from storage
and this must continue until a new equilibrium is
established; the recharge being balanced by the aggre-
gate discharge from the old natural outlets and the
new artificial outlets. In other words, assuming no
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important secular or long-term cyeclical climatic change,
abstractions from storage must take place, and water
levels must fall, until the artificial discharge is balanced
either by an increase in the recharge, or a docrease in
the previously existing natural discharge. The length
of time necessary to attain the new equilibrium varies
with different water bodies. Other conditions being
equal, it will be shorter in artesian than in nonartesian
aquifers; in materials with a low specific yield than in
those with a high yield; in aquifers with a high permea-
bility than in those with a low permeability; and in
small water bodies where points of recharge and natural
discharge are relatively close to the developed area
than in large water bodies.

Mathematically, the basic laws of flow of ground
water, as pointed out by Slichter and others a genera-
tion ago, are closely analogous to those involved in
heat conduction and in electricity. Therefore, much
of the extensive mathematics of these two sciences
can be transposed to ground-water hydraulics by
competent mathematical physicists through a change
of dimensions. It seems probable that approximate
formulne and concepts, perhaps accurate within the
range of error necessarily involved in the ground-
water data, can be so transferred as to solve many
practical problems in ground-water hydraulics.

L] ') -~ I5o reer
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H ftor 12 hours
FIGURE 20.—The cone of depression formed around a pumping well. At the upper left 13 shown the slope of the water table; at the Jower laft the cone of depresslon al
pumping; and at the rig :;;. thencoge of del].)ressinnI;ﬂerp 48%101:1—9 pumping. pContlnued pumping may result in diversion from adjacent subsurface watershods, (Boe fig. 2L.}
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Such problems may concern, in homogeneous mate-
rials, the shape of the cone of depression at various
times due to pumping for comparatively short periods,
the rate of recovery of water levels in previously
pumped wells, the determination of permeability and
specific yield from the shape of the cone of depression
during pumping, the determination of permeability
merely from the rate of recovery of a pumped well, the
characteristics of bank storage in certain reservoirs,
and the motion of ground water in the vicinity of drains.

Certain factors in ground-water hydraulics however,
apparently have no analogues in the theories of either
electricity or the conduction of heat. Among such
factors are the hydraulic interaction of the capillary
fringe and the water below the water table, and the
change in the ability of an aquifer to carry water as
the water table is drawn down and consequently the
cross-sectional area available for flow is decreased.
Hence many problems connected with the movement
of water in an aquifer are peculiar to the subject itself,
and a solution for these problems cannot be borrowed
from the mathematics of other sciences. Among such
problems are the shape of the water table in earth dams,
and, of great importance to ground water hydrology,
the effects of long-continued pumping of nonartesian
water in an area having initially a sloping water table.

Another aspect of such a mathematical study is its
probable value as a means of geophysical exploration.
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The discharge of a well generally entails an observable
movement of the ground water for a considerable
distance around it. This movement is affected by
the physical characteristics of the aquifer in the area
involved. The hydraulic phenomena at the well
itself are therefore affected in some degree by the
physical conditions in all of the part of the aquifer
affected. It is therefore within the realm of possi-
bility that close observation and interpretation of
water levels and discharges of wells may give clues
to the characteristics of the aquifer at some distance.

It appears possible that through the proper inter-
pretation of pumping tests clues may be found to
discontinuities in the aquifer caused by faulting,
interfingering of sediments, or other causes.

The solution of problems dealing with an idealized
aquifer, under assumptions of homogeneity and iso-
tropy and a capacity to transmit water independently
of the pressure, should be attempted. This phase of
the study is analogous to the problems of the conduction
of heat in solids. Primary problems include the
interrelations at any time between the lowering of the
piezometric surface, the duration and amount of
discharge, and the permeability, specific yield, and
thickness of the aquifer when: (1) a well is discharged
at a uniform rate for a given time; (2) a trench is
discharged at a uniform rate; (3) the water level in a
trench or other linear feature is changed a fixed amount
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and thereafter held constant. These are the approxi-
mate theoretical ground-water problems involved
respectively in: (1) pumping well or a localized group
of wells; (2) pumping a series of wells closely spaced
in a more or less linear pattern; (3) constructing a
drain in areas of high water table or impounding
water in a more or less linear reservoir. These resnlts
should be assembled in the form of diagrams and
tables suitable for the convenient use of engineers and
hydrologists.

The extension of the mathematical treatment of the
more complex problems actually found in nature should
be undertaken, taking into account so far as possible,
actually known heterogeneous and anisotropic charac-
teristics of the aquifer and changes in its ability to
conduct water as the water table is lowered, or in the
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case of artesian aquifers, as the aquifer is compacted
by the release of internal pressure.

The basic theory of model analysis applied to ground
water should be developed with the aim of construeting
models using fluids, heat, or electricity, to solve prob-
lems in ground-water movement too complicated for
mathematical analysis.

Mathematieal research must deal with idealized
media simpler than those actually found in nature. As
a consequence, all mathematical deduetions should be
cheeked in the ficld, and, to some extent in the labora-
tory, to ascertain whether or not the simplifying as-
sumptions are valid within allowable limits of errvor.
This requires a close cooperation between investigators
engaged in quantitative field problems and those en-
gaged in theoretical research.

orD

Y. Run-off and Stream Flow

Item No. 1. Run-off from Snow Cover

Objective—1. The determination of the water yield
from snow cover as affected by watershed character-
istics and climatie factors

Discussion —Equal accumulations of winter snow-
fall often produce widely varying amounts of spring
run-off and diverse flood peaks. Water is normally re-
leased from a melting snow mantle through rising tem-
peratures, warm rains, or a combination of the two; the
effect of solar radiation; and condensation from warm,
damp winds. Elevation, particularly as it is related
to temperature, is also a contributing factor. It is not
only desirable to know the total amount of water avail-
able within the snow mantle, but also to be able to
predetermine the eircumstances under which it will
be released and delivered to points of ultimate use on
the lower reaches of the stream system.

This research project is designed to disclose the lac-
tors that determine run-off from snow and their inter-
relation. The first phase deals with a study of the
factors involved in the melting of snow and their rela-
tion to total run-off from snow and the rates of such
run-off.  Studies should be conducted on the effective
combinations of rising temperature and rainfall to
produce excessive run-off from a snow mantle; the
temperature at various snow depths; temperature di-
vergences between valley and mountain stations; the
effect of vegetal cover on the melting of snow, both in
forest areas and in the open; the effect of chinook winds
on snow cover; the effect of intermittent melting and
freezing upon snow density and ultimate run-off; the
value of late snows in protecting old snow against pre-
mature melting; the damping effect of an existing snow
mantle on run-off from rainfall; and the relation be-

78393—40——4
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FIoURE 22.—Apparatus used for simulating the conditions under which run-off from
melting snow is absorbed by a soil in flowinz over the soil surface. Developed and
used by the Forest Service in the Boise National Forest.
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tween precipitation at mountain valley stations and
adjacent snow courses,

Included also in this phase of the investigation
should be (a) studies of mass curves of degree-days
above freezing and their slope up to the time of maxi-
mum run-off from snow on different drainage basins;
(b) the determination of the snow melting constant or
quantity of snow reduced to water, per degree-hour of
temperature excess above 32° F.; (¢) a determination
of the factors that control the depth and volume of
slush or water held as capillary water at the base of a
melting snow bed; and the relation of the thickness of
this layer to snow density and its transmission capacity,
or the rate of flow of this capillary water down the slope.

The second phase of the investigation concerns the
surface conditions in the drainage area, which control
losses to the run-off from melting snow. A quantita-
tive determination of run-off from melting snow will
depend largely upon the success with which those fac-
tors can be evaluated that control the amount of melted
snow lost to run-off through infiltration, transpiration,
and evaporation. It is therefore essential that more
basic knowledge be secured through research regarding
the relation of the rate of snow melting to infiltration;
the relation of the rate of snow melting to ground-water
levels; the depth of frost penetration under wvarious
conditions of temperature, exposure, and vegetal cover;
the effect of ground-water conditions of the preceding
season or seasons on the relation of run-off to snow
cover; the effect of fall soil moisture upon the depth of
freezing and upon the percolation of melting snow; the
effect of early and later snowfall, with respect to deep
freezing of soil, on the percolation of melting snow; the
effect of high winds in moving appreciable quantities
of snow from one basin to another; the evaporation from
the interior of snow masses and from snow surfaces on
the ground and on vegetation (see item 6, sec. I11); the

U. 3. Corrs oF ENGINEERS
FIGURE 23.—Ice on the Ohio River at Van Port, Pa., February 21, 1936, before the

flood. Stage-flow relationships are greatly affected by ice, and flow determination
becomes exceedingly diflicult.
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disposal of melt-water in the snow mass above the base
layer (this includes the effect of refreezing when tem-
peratures fall below 32° F. at night, and the effect of
recrystallization and change of snow structure and
density by melt-water as it passes down through the
snow laver); and the evaluation of the time lag and
storage lag between surface melting and appearance
of water in streams.

The last phase concerns the determination of the ef-
feet upon run-off of the precipitation occurring after the
completion of a snow survey. During intervals be-
tween snow surveys and after they have ceased for the
winter season, precipitation may occur in the form of
either rain or snow, and may modify the conditions of
snow cover as previously observed. MMethods for tak-
ing into account this precipitation inerement should
be determined, both from the viewpoint of snow on the
ground and its water content.

Item No. 2. Stream Flow Under Ice Conditions

Objective.~—1. The development of improved methods
of determining stream flow under ice conditions.

Discussion.—The publication of Water Supply Paper
337 7 in 1913 represented a critical review of the effect
of ice on stream flow and on stream flow measurements
as of that date. Since then, developments in equip-
ment and procedure have been such as to make a re-
vision of this report highly desirable. There is par-
ticular need for an exposition of the effect of ice on the
flow of small streams, those draining a few square
miles, such as are being studied extensively by various
agencies.

Sueh an investigation would be accomplished largely
by a compilation and critical review of the developments
in instruments and procedures now in use.

The effects of ice on stream flow, through a reduction
in channel size for a given gage height and an increased
frictional resistance because of the ice covering, should
be studied.  Adjustments in gage heights for reduction
in flow should be correlated with such factors as tem-
perature, precipitation, total flow of the stream, ete.,
for drainage area of various sizes.

Item No. 3. Flow Duration Curves

Objective—1. The determination of types of flow du-
ration curves applicable to drainage basins in different
localities.

Discussion.—By plotting flow duration curves on the
basis of flow as a percent of mean flow, it is often possible
to compare curves from different rivers in the same
general region and to determine type curves for such
regions which will be of value in extending the use of
stream flow data to streams which have not been gaged.

7 Water Supply Paper 577, ‘“The Effects of Ice on Stream Flow,” W. G. Hoyt
U . 8. Geological Survey, 1913.
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Flow duration curves should be prepared with a suit-
able time base to include all available records. These
curves should then be compared and studied, both singly
and in terms of composite curves for well-defined regions.
Equations may then be derived which will express
stream flow in terms of a flow duration curve applicable
to a given region or basin.

Item No. 4. Interpolation of Missing
Run-off Data

Objective—1. The determination of the relative ac-
curacy of various methods of interpolating missing
records of daily, monthly, and annual stream flow.

Discussion.—The flow records of a stream are fre-
quently found to be missing for periods varying from a
few days to entire seasons for a particular station and
in order to obtain a continuous record such missing
records must be estimated.

It is the purpose of this study to determine the relative
accuracy of various methods customarily in use for esti-
mating such missing records, and to ascertain the most
desirable method to be used under given hydrological
and physical conditions.

The different methods in use or derived in estimating
streamflow for various periods (daily, monthly, sea-
sonal, and annual) should be checked against actual
records of stream flow for similar periods. For each
type of missing record (daily, monthly, or annual)
studies should be made to determine the relative accu-
racy of the different methods used when missing records
are assumed to occur during periods of high, medium,
and low stream flow; the relative accuracy of different
methods for different lengths of period of missing
record; and the influence of hydrological and physical
characteristics encountered in various drainage basins
upon the accuracy of the methods used.

Item No, 5. The Extension of Short-Time
Stream Flow Records

Objective—1. The determination of the validity of
existing methods of extending stream-flow records, and
the development of new methods.

Discussion—Many records of stream flow of relatively
short length are available at given points in drainage
basins. In making hydrologic studies, it is desirable
frequently to expand these short-time records to em-
brace a period of sufficient length to include wide
variations in occurrence, so that conclusions reached in
the study may have the highest practicable reliability.

Numerous methods in use for accomplishing this
purpose give results of varying quality and accuracy.
The method used in a particular case may depend upon
the judgment or experience of the person making the
study, the time available for making it, the availability
of data, the quality of results desired, etc.
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It is the alm of this research to test the accuracy and
quality of estimated records obtained by the use of
various methods, to determine the eflect of different
hydrological and physical characteristies upon such
accuracy and quality, to develop new mothods if
possible, and to test the results obtained by the use of
these new methods.

Drainage basins should be selected where records of
stream flow are available for periods of at least 30 to 40
years. Care should be exercised to see that the records
are of good quality and that diversions, importations,
or regulation above the station where the records are
taken, have not affected the natural flow or that the
records show exactly to what extent the factors named
have affected the natural flow. In most cases the
estimated records will be for seasonal or annual run-off,
although in some instances monthly records may be
developed.

Various metheods, particularly those in general use in
the locality, should be used for extending records, and
the extended records obtained by each method should
be checked against the actual records for the period.
The accuracy and quality of estimated records should
be appraised by the application of such statistical
measures as the coefficient of correlation; the coeflicient
of variation; the probable error of the mean for a given
period ; the ratio of the maxima and minima to the mean
and to each other; by flow duration curves, etc.

The research should include studies of the accuracy
and quality of (¢) complete records derived by various
methods; (b) derived records for periods of extreme
high and low stream flow; (c} estimated records based
on short-time records secuied during periods of high,
moderate, and low flows; (d) the increase in accuracy
and quality of estimated records with increase in
length of the base records; and (¢} the effect upon the
accuracy and quality of estimated records resulting
from varying the assumptions made in the use of a
given method.

Similar studies should be conducted to determine the
influence of hydrological and physical characteristics
encountered in various basins upon the accuracy of the
methods used; to determine the accuracy and quality
of estimated records obtained through the development
of new or improved methods; and to compare the results
obtained by the application of each method to different
types of streams and to streams affected by widely
different hydrologic conditions.

Item No. 6. The Estimation of Run-off in the
Absence of Stream Flow Records

Objectives~—1. The determination of the validity of
existing methods and the development of new methods
of estimating run-off from drainage basins for which no
actual run-off records are available.
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2. The determination of the effects of various hydro-
logical and physical eharacteristics of basins upon the
accuracy and quality of results obtained with such
methods.

Discussion—The cecasion frequently arises where it
becomes necessary to estimate run-off (mean, seasonal,
or even daily) from a drainage basin for which no actual
stream -flow records exist. This investigation is de-
signed to test the accuracy and quality of estimated
records, arrived at by the various methods, by com-
paring them with actual records of run-off for drainage
basins of more or less similar hydrological and physical
characteristics, and also to test the accuracy and
reliability of new methods which might be developed
during the course of the study.

This investigation is similar to the studies proposed
on the interpolation of missing run-off data (see. V,
items 4 and 10) and differs only in the fact that, instead
of having short-time records available for study, no
records exist for the streams being studied. The basins
selected for comparison should have records of con-
siderable length and of good quality. The methods
used for estimating run-off should ineclude all of those
in customary use in the localities.

The studies should include an investigation of the
relative accuracy of (a) estimated mean run-off for
periods of various length, and for periods of high,
normal, and low run-off; () for extremes of run-off;
{(¢) complete estimates of run-off as derived by various
methods; (d) the influence of hydrological and physical
characteristics of various drainage basins upon the
accuracy of the different methods in use; and (¢} the
eflect of the variations in the assumptions made in
connection with a given method upon the accuracy of
estimated records.

National Resources Planning Board

Item No. 7. Run-off Estimates Based
on Partial Drainage Areas

Objective—The development of improved methods
for estimating run-off from drainage areas by the use of
measured run-off from small tributary drainage areas.

Discussion.—It often becomes necessary to estimate
run-off from a drainage basin for which no data exist,
but where records are available on one or more of the
minor subdrainages. Methods have been proposed for
the routing and assembly of flows from subdrainages
constituting in whole or in part the drainage basin of a
larger stream. Reference may be made to a number
of papers in the Transactions of the Geophysical Union,
the publications of the American Society of Civil En-
gineers, and In the proceedings of the Upstream Engi-
neering Conference in 1936.%8 If these methods are
tested and found satisfactory, or if better methods are
developed, a more rational procedure of estimating
stream flow will result which will be of great practical
importance.

Small drainage areas {preferably less than ten square
miles) for which records of flow are available, lying
within a larger basin for which stream-flow records are
also available, should be selected for the study. Meth-
ods for estimating the flow of the larger basin based
upon those of the small drainage basins should be
checked against the actual flow records of the larger
basin. The iinprovement of existing methods and the
possible development of new procedure should result
from the research.

Item No. 8. Run-off Records from
Small Drainage Areas

Objective—1. The development of improved methods
for obtaining records of run-off from small drainage areas.

b Lieadwaters, Control and Usre, United States Government Printing Offce, Wash-~
Ington, D). C., April 1937,

FIGURE 24.—Two views of the gaging station operated by the Geological Surve
the area of vegetation resulting in a rapid run-off and heavy crosion.

| The discharge shown occurred within gue hour afte derate raintall 3. i -
shed. A maximum run-off of 7,080 second-feet (545 c. f. 8./5 . mi.) was recorded on April 6, 1934. e

U. 8. FOREST SERVICE

y on Duck Creok in the Copper Basin area of Tennesses. Smelter fumes have complotely denuded
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Discussion.—Data on run-off from small drainage
areas of less than 2 or 3 square miles are important in
the study of hydrologic phenomena, as these areas may
be studied intensively. The physical and other char-
acteristics of the drainage area and existing hydrologic
conditions affecting run-off may be determined with
greater detail upon these small areas than upon larger
ones. Information on the run-off from such small
drainage basins is also of value in the proper design of
highway and railroad culverts, of check dams and other
similar structures, in the design of sewers and drains for
paved and unpaved city areas and in connection with
soil conservation methods.

The comparatively small amount of basic run-off
data, available from such areas, has been obtained
through the use of current meter stations, usually with
some form of weir or other artificial control. It is
essential that improved methods be developed, and
that the practicability be explored of using calibrated
laboratory models of the control and stream channel in
its vicinity as a means of obtaining better results at
gaging stations.

All existing gaging stations with drainage areas rang-
ing from a few acres to several square miles should be
listed, showing methods used in obtaining discharge,
the range in discharge, difficulties encountered in the
studies, probable accuracy of the results, and any other
pertinent information. (The cooperation of the Geo-
logical Survey, the Forest Service, and the Soil Con-
servation Service will be valuable in this compilation.)
These data should be analyzed and conclusions drawn
as to the adequacy and accuracy of methods now in use.

A number of the stations which can be considered as
representative of the locality are located in different
sections of the country and are equipped with either
weirs or other controls. From these, appropriate
stations should be selected and careful surveys of the
streams made in the vieinity in order that models of the
controls may be tested or calibrated. The model cali-
bration measurements should be made at the nearest
available stream-flow laboratory so that the test data
can be used with gage heights at the actual stations in
making estimates of discharge.

Results based upon the model calibrations should be
compared over a period of time with those obtained from
the actual station. The comparison and study of re-
sults obtained and of relative costs should indicate the
practicability of this method of obtaining stream-flow
records and serve as a basis for future procedure.

Item No. 9. The Scour, Transportation,
and Deposition of Silt

Objective.—1. The determination of the laws govern-
Ing scour, transportation, and deposition of silt by
flowing water.

U. S. SBo1L CONSERVATION SERVICE

FIGURE 25.—Gaging stations on small streams must have n control weir so designed
as to magnily stage-discharge relationships for low flows. The control welr shown,
known as the Columbus noteh, is designed to permit the accurato measuroment of
small flows. The banks are shaped and sodded to provide stable stage-dischargo
relationships for high stages.

Discussion.—The scour, transportation, and deposi-
tion of silt are phenomena which must be dealt with in
studies of aggradation and degradation of stream
channels and water courses, and of infiltration and other
related phenomena. Their influence enters also into
many hydrologic problems of great economic impor-
tance, such as erosion control, silting of reservoirs,
silting of streams and canal systems, the irrigation of
lands with silt-laden waters, the replenishment of
depleted ground-water supplies by water spreading, the
control of scour be'ow dams, and many others.

The scour of a material by flowing water is influenced
by a number of factors such as the properties of the
material (hrough or over which the water flows, its
texture, structure, and state of aggradation, the type
of vegetal cover which may exist in the channels or on
the surface through and over which the water is flowing,
and the quantity and kind of material being transported
by the stream, either as bed load or in suspension.

Other factors influencing these phenomena include
the quantity, velocity, and turbulence of the flowing
water, its depth of flow and the shape and specific
gravity of the material subject to the action of the
water. The depth and extent of the water into which
a silt laden stream is discharged will influence the deposi-
tion of the material. The temperatures of the respec-
tive waters may possibly influence the deposition.
Relative temperatures and speeific gravity of intimate
mixtures of fine silt determine whether or not a silt-
laden stream will pass through a reservoir.

Emperical formulae have been developed in an
attempt to solve the source of the problems of scour,
transportation, and deposition of silt, but these are
limited in their application to the specific locations and
types of material upon which the formulae are based.
A considerable amount of information has been col-
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lected by various agencies in the United States and
abroad, but in most cases it has not been subjected to
exhaustive analyses nor has it been fully utilized.
Many phases of the problem have not been investigated
and many basic data are still lacking.

The investigation should include exhaustive analyses
of the results of previous investigations to determine
the quantitative relationship of the above mentioned
factors to scour, transportation, and deposition by
flowing water and to determine and evaluate any other
factors not included above. The analyses should indi-
cate what further observations and experimental data
are necessary to define the natural laws governing the
phenomena and should define the laboratory and field
investigations necessary to verify the conclusions made
and to reach new ones.

Item No. 10. The Development of Methods
for Synthesizing Stream Flow Data

Objectives.—1. The determination of run-off resulting
from the influence of causative factors taken in any
desired combinations.

2. The determination of the effect of changes in one
or more of the causative factors upon the accuracy of
forecasting of run-off resulting from a known sequence
of observable phenomena.

3. The development of methods for the svnthesis of
stream flow data from observed hydrologic and physio-
graphic characteristics of the drainage basin.

Discussion.—The oceasion sometimes arises wherein

U. 8. FOREST SERVICE

F1GURE 26.—A gaging station in the San Dimas Experimental Forest showing the

type of station used in measuring silt-laden flow {rom mountainous areas. The
V-notch weir is used for measuring small flows.
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the run-off characteristies of a drainage basin must be
determined and stream flow data synthesized without
recourse to even fragmentary records on either the
stream itself or on adjacent streams of apparently
similar characteristics. Under such conditions there
are available only generalized data on climatic and
topographic characteristics of the basin, and essential
features of the svnthesized stream flow, such as seasonal
distribution, maximum and minimum rates and vol-
umes, and the total flow, must be determined from an
analysis of those factors which influence run-off.

There are many proposals which contemplate the
modification of some factor or factors which actually or
presumptively influence stream flow, such, for example,
as different size flood control reservoirs, various kinds
of land use and treatment, spreading of flood waters,
etc. The determination of the fact and character of
such influence involves, in considerable measure, the
application of synthesizing procedures in the deter-
mining of the run-oft resulting from an assumed combi-
nation of factors.

The synthesizing procedures are of major significance
also in forecasting run-off with respect both to rates
and volumes, an increasingly important serviece in the
regulation of streams canalized for navigation and in
the operation of flood control reservoir systems. If it
1s assumed that pertinent causal factors are known or
can be determined, the problem then becomes one of
predicting the result of their integration as reflected
in stream flow,

The proposed project involves the complete and
enlightened analysis of the influence upon stream flow
of antecedent soil moisture, surface detention, lake and
channel storage, ground-water contributions varying
from surficial to deep ground sources, etc. The pro-
posal embraces all scientific investigations of stream
flow phenomena which elucidate procedures for esti-
mating stream flow in the absence of direct measure-
ments and in a form suitable for practical application.

The techuiques to be employed in this type of inves-
tigation are in a state of rapid change and development,
and it 1s essential that investigators should be familiar
with current progress in order that their efforts may be
wisely directed. The field is broad and may embrace
widely diversified projects involving many phases of
the hydrologic cycle. It includes the analysis of phe-
nomena associated with the unit hydrograph, recession
hydrograph, channel storage, infiltration, ete., in which
there is a steadily growing fund of information and with
which familiarity is essential to the wise direction of
effort.

It is contemplated that the investigation will be
related primarily to existing meteorologic, hydrologic,
edaphic, geologic, biologic, and other relevant factors.
In the application of the results of these investigations,
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preliminary work would involve the checkirg of syn-
thesized run-off data, prepared for a particulsr stream,
against the actual flow records of varying lengths and
the evaluation of the relative effect of the different
factors by altering the combination used. These data
and factors could then be used in synthesizing records
on other streams even though the combination of factors
might differ widely from those used in the preliminary
work.

Item No. 11. Special Methods of
Estimating Flood Flow

Objectives.—1. The development of discharge coefli-
cients and characteristics of dam crests for use in
estimating flood discharges.

2. The development of improved methods of estima-
ting flood discharge by means of the changes in water
surface gradients through restricted channel sections.

3. The refinement of the slope-area method of es-
timating excessive flood flows.

Discussion.—Gaging station controls are not always
available or operative for the measurement of stream
flow during periods of excessive discharge and it
becomes necessary to supplement actual measurement
with estimates of the flood flows after the flood. Special
methods are warranted in these cases even though the
accuracy of such results may not be comparable to
that of the customary measurements. Among the more
important types of special methods available for use in
estimating excessive discharge are, in relative order of
accuracy: (¢) The calibration of overflow dams and
chute spillways; (b) the measurement of flow by
observing the change in water surface gradients through
restricted channel section such as exist at bridge piers,
abutments, ete., (¢) the slope-area method which makes
use of the cross-sectional area of the channel and the
slope of the water surface profile in estimating quantity.

The use of overflow dams and chute spillways offer
probably the most reliable means of obtaining supple-
mental data provided accurate discharge coefficients
are available for thé discharge section under various
degrees of submergence. Compilations of discharge
coefficients and other date pertinent to estimating dis-
charges over dams and other types of overflow crests
may be found in Water Supply Paper 200 ? and in refer-
ence D-9, of appendix E. Many supplemental investi-
gations have been conducted in recent years and data
have been assembled in the files of Federal and other
agencies and in the technical literature. There is a
distinct need for this information and it should be
brought together and correlated.

The contracted channel section offers a medium
whereby flood discharges may be estimated by observa-

* Weir Erperiments, Cocfficients and Formulas, (Revision of Water Supply Paper
150), R. E. Horton, U. 8, Geologlea! Survey, 1907,
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FIGURE 27.—An oxample of a section of stream used In “slope-nrea’ determinatlons

of flood discharges where a current meter gaging station is impractlenblo, ‘Thisis n

better-than-nverage roach for this kind of measurerent beeauso of its stublo chinnel
and freedom from trees and other flow impedimonts,

tion on the changes in surface water gradients. Mothods
for the calculation of discharge through such sections
have been developed by the Miami Conservancy
District. Additional investigations have been con-
ducted by the United States Waterways Laboratory
and the Department of Agriculture in cooperation with
the University of Towa. The methods evolved have
not received very wide acceptance and the real poten-
tialities of the contracted section as a flow meter yet
remain to be demonstrated. Much of the hesitancy in
using the restricted section for this purpose perhaps has
been due to the instability of the channel when located
in an erodable bed.

The slope-area method of determining flood dischurge
affords a means of estimating flow where no better
method is available. This method as applied is far
outside the field of experiment and ordinary experience
and has, of necessity, been used to determine flood flows
under conditions of extreme turbulence and where
debris, sediment, and entrained air were present in
unknown quantities. Although heretofore considered
a method of last resort, the slope-area concept is useful
as a practical approach to estimating excessive discharge
and as a means of testing and strengthening results
obtained by other methods, especially when used by
persons of wide experience in this field.

Each of the above special methods are in need of
further investigation and refinement. Cureful examin-
ation and analysis of field data should throw light upon
the practical application of the principles involved.
Investigation in the laboratory should prove valuable
in establishing the characteristics of different types of
dam crests and contracted sections by the use of scale-
prototype relationships.

The study of the slope-area method in the laboratory
may be possible and should be investigated although
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the extreme conditions of turbulence, entrained air,
debris, and silt load encountered in nature may be diffi-
cult to simulate in a laboratory investigation.

Item No. 12. The Effect of the Manner of
Precipitation Occurrence Upon Run-off

Objectives—1. The determination of the effect of
variations in distribution and intensity of precipitation
during a given period upon the run-off for that period.

2. The determination of the effect of the amount,
distribution, and nature of precipitation occurring prior
to a given period upon the run-off for that period.

Discussion.—1It is well recognized that the run-off
from a given drainage basin varies with the precipita-
tion upon the basin. The rate as well as the total
amount of run-off will vary, during a given period, with
the variation in intensity and distribution of precipita-
tion occurring in that period, and also with the ante-
cedent amount, distribution, and nature of precipi-
tation,

In making studies of steam-flow and run-off for drain-
age basins where records do not exist, or where they are
of short duration, it becomes necessary to know the

T ——————
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effects of variations during and prior to a given period
in order to arrive at estimates of reasonable accuracy.
For example, a year during which 20 inches of rain fell
upon a drainage basin might be expected to show a
certain amount of run-off, if the rainfall was evenly
distributed. If the rainfall occurred within a few
months, the run-off would be much greater; if a con-
siderable proportion of it occurred during a few heavy
storms, the run-off would be still greater, Further-
more, if the precipitation during the previous season
was 35 inches, the run-off might be much greater than
if the previous season’s precipitation was but 12 inches.

This study is designed to determine both qualita-
tively and quantitatively, the influence of variations
in the manner of precipitation occurrence upon the
run-off from representative drainage basins in the
country, and to ascertain the effects of variations in
hydrological and physical characteristics upon such
influence,

The effect upon run-off of various manners of dis-
tribution of given amounts of precipitation occurring
during a stated period, such as a season or a year, should
be investigated. This phase of the investigation
should include studies on the effect of an even distri-
bution of rainfall throughout the period; the distribu-
tion at the normal rate for the locality; and the concen-
tration of various portions of the precipitation within
short periods, ranging from a few months to a few days
or even a few hours.

The effect of various manners of distribution of given
precipitation amounts oceurring prior to a stated
period upon the run-off for that period should likewise
be investigated. The period during which run-off is to
be considered might be a complete season or year or a
single storm while the period during which precipita-

U. 8. GEOLOGICAL SURVEY

FiGURE 28.—~Etrenm-gaging station on the Ohblo River nenr dam 43, Special methods of stream-fow determination are necessary under flood conditions such as these.
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tion Is considered might consider antecedent periods
from a few weeks to a season or more.

The effect of variations in the distribution of ante-
cedent and concurrent precipitation, in stated amounts,
upon the extremes of stream flow during a stated period
should be investigated. At the same time, the influence
of various hydrological and physical characteristics of
the basin upon such effects should be delineated.

Consideration should also be given to undertaking
these studies on the basis of the effects of mass precipi-
tation upon mass run-off at rates in excess of certain
amounts. For example, values might be developed
either seasonally or for storm periods, for the effect of
mass precipitation occurring at rates in excess of one-
tenth of an inch per hour, or at rates in excess of two-
tenths of an inch per hour. This type of approach
might make possible the development of values of
infiltration capacity.

Item No. 13. The Response to Precipitation
of Streams Fed by Ground Water

Objective.—1. The determination of the manner in
which streams fed by ground water respond to precipi-
tation and the factors which influence such response.

Discussion.—A portion of the flow of any stream
comes from precipitation which reaches the stream as
surface water. A portion of the flow is also derived
from preecipitation which falls upon the drainage basin,
passes into the ground, and at a later date reaches the
stream as ground water outflow.

The relationship between precipitation and stream
flow resulting from surface run-off is the subject of
several other research items in this report. However,
for many streams, o substantial part of the stream
flow is received from ground-water sources. It 1is
proposed in this study to determine for such streams
the lag in time between the occurrence of precipitation
and the increase of ground-water flow to the stream
resulting from such precipitation.

The investigation should determine the effect upon
the lag in time between occurrence of precipitation and
response of stream flow occasioned by such factors as
the distance between the location of the precipitation
and the point where response is evident; the intensity
and amount of precipitation; the slope of the ground
surface and of the ground-water table; the soil type and
the geologic structure within the basin; the vegetal
cover; and the temperature and barometric pressure.

Other phases of the problem to be investigated deal
with the influence of those factors mentioned upon the
magnitude of the response; and with whether the
increase in stream flow is derived directly from precipi-
tation, or whether it comes from ground water which is
displaced by precipitation reaching the ground-water
table at a distant point.
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Item No. 14. Frequency of Rates of Run-off

Objective.—1. The determination of frequencies of
run-off rates of various magnitudes, particularly from
drainage areas of less than 10 square miles.

Drscussion.—The aspect of importance in this study
is the relative frequency of extremes of low and high
flows. This requires, however, a complete frequency
curve covering all flows as & means of extending and
studying the extremes of flow. A time base over an
adequate period is essential.

Frequency curves should be plotted for such stream-
flow records, as are available for sufficient timo periods.
By plotting discharge as a ratio of mean flow, different
streams may be compared and probable values of ex-
tremes of low and high flows may be determined. This
may also enable the use of short-time records, where
comparison can be made with some long-time index
station. (See appendix B “Statistical Methods in
Hydrology,” also item 5, sec. V.)

Item No. 15. Probable Run-off
During Critical Periods

Objective—1, The determination of the maximum
and minmmum yields which may be expected during
critical periods from drainage basins of various charac-
teristics in different parts of the country.

Discussion,—While stream flow and run-off from a
given drainage basin may vary from season to season,
these also vary in cyclic fashion due to periods of
generally wet or dry years of varying length. These
periods may vary in length, and in oceurrence in differ-
ent parts of the country, and the departure of the mean
run-off from normal run-off for a period may vary with
different factors.

It is the purpose of this study to determine the man-
ner in which these cyclic variations of run-off oceur in
different parts of the country, their length, the magni-
tude of departure {from average run-off which may be
expected during consecutive periods of one or more
years within a c¢ycle, and the eflect upon the magnitude
of variation or departure of such things as variations in
hydrological phenomena or physical conditions. The
information developed will be useful in affording a
better understanding of the hydrology of the country,
and will serve as a guide in defining problems of water
supply, utilization, and control.

Care should be exercised in the selection of stream-
flow records to insure that they are of good quality and
have not been affected by upstream diversions, impor-
tations, etc., or that data are available for the accurate
evaluation of these factors. The accuracy of the
methods used for extending records should be checked,
as suggested under item 4, section V, ond the rec-
ords extended to cover the longest possible period of
time.
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Periods of subnormal and supernormal stream flow
can be developed by the use of moving averages or of
residual mass curves. The latter are recommended as
giving sharper definition to periods of deficiency, or
excess, and also as showing accumulated departures
from normal in a clearer manner.

The expression of run-off for a given year as a per-
centage of a long-time average will simplify compu-
tations and allow for easier comparison of studies on
different drainage basins. In order to facilitate com-
parisons between drainage basins throughout the
country, the mean of an identical period should be
taken as a base for all studies, and the 35-vear period,
1900-34, inclusive, is suggested.

The investigation should include with reference to
various parts of the country: Studies of the length of
subnormal and supernormal periods of stream flow;
the existence or absence of synchronism between such
periods; the magnitude of accumulated departures
from the mean of the base period, both plus and minus;
the magnitude of departures, both plus and minus,
from the mean of the base period of run-off for single
vears and for periods of 2 or more consecutive years, for
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various drainage basins; and the influence upon the
last two items of various hydrological and physical
characteristics of drainage basins. (See appendix B,
“Statistical Methods in Hydrology™.)

Item No. 16. Mean or Average
Run-off Periods

Objective.—1. The determination of the minimum
length of record needed for the establishment of “aver-
age” (sometimes called normal) run-off for various
parts of the country, and the probable departure from
the “average” when shorter lengths of record are used.

Discussion.—The term “average” or ‘“normal” is
applied to the arithmetical mean of a series of such
length that when new terms are added to the series,
the mean of the resulting series does not vary appre-
ciably from that of the original series. It is customary
in the everyday use of the term ‘“normal” to refer to a
long time mean or average, with, however, no length of
record being specified.

Where seasonal variations in run-off are relatively
small in magnitude and wet and dry cycles are not
pronounced, the mean of relatively short records may,

F16URE 20.—Geological Survey standard and pygmy current meters.

The stand i
shallow water greater than 0.3 foot in depth, A satisfactory insl?ﬂ?ngﬁt?zrl?lgashu

U. 8. GEOLOGICAL SURVEY

dapted for use in d q
se where depths are I:Esﬂtllsms’reﬂtar than one foot; the pygmy meter for use in

n 0.3 foot remains undeveloped.
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in many instances, be considered as a normal, while with

larger seasonal variations in seasonal run-off and distinet

cycles, a much longer period becomes necessary. The
shorter the length of record, the more variation can be
expected of the “normal”’ from the “mean.”

It is the purpose of this study to determine, for drain-
age basins in various parts of the country, the length of
record necessary to give a mean run-off which may be
considered as a ‘“normal” run-off under the above
definition, to determine the probable departures from
such normal of the meauns of records of shorter length,
and to ascertain if possible the relationship between
the foregoing and various hydrological and physical
characteristics.

It is recognized that stream flow records of adequate
length are not to be had in all sections of the country,
but existing records can be utilized to obtam a useful
estimate of “normal”’ values.

The records to be used in the study should be care-
fully selected for quality and for freedom from the
effects of upstream diversions, importations, regula-
tions, etc., unless data are available for the accurate
evaluation of these factors. The methods used in
extending records should be checked for accuracy as
suggested in item 5, section V.

The various phases of the investigation to be studied
are (a) the probable maximum departure, plus or minus,
of means of periods of shorter length from the mean of
a long record, probably seventy years, or more; (5) the
relationship between such probable maximum depar-
tures and the magnitude of the coefficient of variation
or other measures of variation; (c) the effect of using the
mean of a complete wet and dry cycle of stream flow
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FiGure 30.—A sinkhole in the gypsiferous Pecos Formatlon found tn the Rosweol]
Artesian Basin of New Mexico. Ground water hns leached ont tho soluble muterial
to form underground channels, Surfaco waters ontering these channels may baoe
;:ome :]llghly mineralized through contact with the soluble salts contained In the
ormatlons,

as an average instead of the mean of a longer period of
record, where the cycles are pronounced, it may be
found that a mean derived from such a cyclo, even
though it be of varying length throughout the period of
record, more closely approaches the ‘normal” than
means derived from longer periods of record; and,
finally, the relationship between various hydrological
and physical characteristies encountered in the drainage
basins studied and the results developed in the above
studies.

VI. Quality of Water

Item No. 1, The Factors Determining
‘Ground-Water Composition

Objective.~1. The determination of the processes
whereby rock minerals are taken into solution by water,
and the factors which limit the final concentration of
each of the minerals.

Discussion.—Much research has been conducted by
soll scientists on the subject of soil solution, but little
is known of the limiting conditions which control the
solution of minerals by the deep ground waters. This
study proposes an investigation of the facts which
control or determine the mineral composition of ground
waters without restricting the methodology to any
specific soil depth. The investigation would involve a
study of the processes whereby water takes into solu-
tion the various constituents that are found in natural
ground and surface water and, also, a study to deter-
mine the conditions which limit the final concentration
of each constituent in a natural water.

Laboratory experiments should be performed to
determine the rates at which reactions take place
between water and various natural soil and rock
materials and the influence of the various factors of
temperature, pressure, ete., upon the reactions. This
preliminary exploration will assist in the development
of laboratory and field studies which should lead to a
knowledge of the conditions which limit the concentra-
tion of each constituent, especially silicon, iron, caleium,
magnesium, sodium, bicarbonates, sulphates, and chlo-
rides in ground water.

Item No. 2. The Sources of Soluble
Salts in Surface Waters

Objective.—1. The determination of the sources of the
salt load of a stream at a given point.

Discussion.—This research proposal deals with the
determination of the sources of the salt load of a stream,
the flow of which is denved from natural tributaries,
from drainage ditches, and {from ground-water sources.



50

Work of this type is of great importance in determining
the effects of head-water diversion on streams of low
salinity emptying into streams of higher salinity, where
the downstream waters are used for irrigation purposes
and are of such salinity that the diversion of a part of
the better quality water from the tributaries would
result in a salinity downstream that would be injurious
to plant growth. For example, the waters of a stream
are derived from three tributaries of approximately
equal discharge, two of which are high in salt content
with the third relatively pure, and are used for irriga-
tion. The diversion of water from the third tributary
may increase the salt load of the water in the main
stream to the point where it will be unsuited for
irrigation.

Investigations such as proposed have been performed
on the upper Rio Grande. A specific project is now
underway on the Pecos River in New Mexico, and
similar investigations would be desirable in all agri-
cultural regions where irrigation or drainage works have
been constructed or are contemplated.

The procedure being used in the Pecos River investi-
gation is indicative of that to be followed in general.
A point should be selected at which the salt load is to
be determined and an adequate stream gaging station
installed and operated. The distribution of the soluble
salt contents of the stream throughout the section of the
stream at the point selected and at nearby points
should be determined, and a program of sampling and
analyses adopted to insure an accurate determination
of the annual and seasonal load of dissolved salts.
Samples should be collected at regular intervals and at
changes of stage and analyzed; the stations should be
operated for a minimum of a year and preferably for
at least a 10-year period.

Similar stations should be selected and operated on
tributary streams, drainage canals, and such other
points on the main streamn as may be necessary to
determine the proportion of the total salt load con-
tributed by each of the tributary streams and in specific
reaches of the main stream.

A program of ground-water studies should be adopted,
including test wells for the measurement of levels
and composition of ground water, to determine the
direction of flow between the stream and the ground-
water reservoir.

Item No, 3. The Relation of Land Use
to the Composition of Surface Waters

Objective.—1. The determination of the effect of land
use and changes in land use upon the quality of surface
waters.

Discussion.—The mineral content of water depends
in part upon the rapidity with which surface and
ground waters travel from the farthest reaches of a
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drainage basin to the main channels. Where the

* velocity is decreased, the water is given more time to

dissolve acid compounds from decomposing vegetal
litter and is given a longer contact with the soil and
subsoil, thereby probably increasing the amount of
dissolved mineral salt carried into the streams. Thus,
changes in vegetal cover and land use should have
some effect upon the quality of both surface and under-
ground waters.

The proposed investigation is designed to establish
the possible relationships between run-off and land use
characteristics and the quality of the surface run-off
and the ground water. The investigation would in-
volve the collection and analysis of adequate samples
from streams draining watersheds on which changes in
vegetal cover and land use were being made, together
with detailed data on the nature and magnitude of
such changes. Supporting data in the form of accurate
and adequate stream flow records would be necessary.

The results should show any change in the total load
of dissolved and suspended matter as well as its seasonal
distribution. Due to the variability of the mineral
content of surface waters, the project should be con-
ducted over the meximum possible period of time,
Probably on the order of 10 to 20 years, to permit the
observation of the long time effects of the changes in
land use on the quality of the water.

Item No. 4, The Intrusion of Salt
Water in Tidal Streams

Objective.—1. The determination and the evaluation
of those factors responsible for the intrusion of salt
water into tidal streams.

Discussion.—The intrusion of salt water into tidal
streams, due to decreased streamflow resulting from
deficient run-off and diversion of waters for irrigation
and other purposes, has become a serious problem in
many sections. Investigations on the variations and
the control of salinity in certain large rivers indicate
that the development of the relationship between the
sa.lt water intrusion and the stream discharge, tide,
wind movements, and temperature for the individual
stream would be of great importance in determining the
upstream limits of various salt concentrations.

In general, this investigation might follow the lines
of' t.hfa investigations described in Bulletin 27 of the
Division of Water Resources of the California, Depart-
ment of Public Works on the salinity of the Sacramento-
San J(.mquin Delta and Upper San Francisco Bay
ch.er Investigations which would be of value in est-ab—.
lishing a procedure for studying the intrusion of salt
water are those conducted on the salinity of the Dela-
ware River, reported in 1935, by the Bureay of Engineer-
ing, Depart_ment of Health of the Commonwealth of
Pennsylvania, and on the Connecticut River, reported
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in Bulletin 8-1, by the Connecticut State Water
Commission.

Item Neo. 5. The Contamination of
Ground Water

Objective.—1. The determination of the sources,
trends, and manner of mineral contamination of ground
water.

Discussion.—Sea. water contamination of under-
ground waters, resulting from excessive draft, has
been known for many years and the general principle
recognized. There are many other sources of con-
tamination by mineral salts about which very littlo is
known. Oil well brine and refinery wastes, mine seep-
age, industrial plant wastes and others serve as con-
taminating agents in many sections but have not re-
ceived the critical study needed.

The proposed investigation is designed to give insight
into the manner in which ground-water contamination
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occurs, ils source and movement through the subsurface
formations, and the long time tread of such contamina-
tion. The data needed in such a study include contin-
uous records of salt water concentration and contamina-
tion in surface and subsurface waters used in agriculture,
industry, and for other purposes.

The investigation should be undertaken in selected
arens where comprehensive data on the pgeologic
occurrence of water and the composition of water being
used are available or could be collected. Test and
observation wells should be selected or drilled as needed
in order to observe the change occurring in the com-
position of the water with the passage of time. A
systematic program of sampling and analysis should be
continued for as long a period as necessary to secure the
required data. The length of time will vary with each
project. One may be completed in & year, whereas
another may require several years of observations.



IV. DRAINAGE BASIN STUDIES

General

The research projects enumerated in chapter III
have been described in & manner which it is hoped will
encourage independent investigation of the particular
projects. In discussing the objectives of these pro-
posals, no attempt has been made to show the inter-
relation between the various problems or the influence
of other factors upon them, although reference has
been made in several instances to the desirability of
correlating the work of two or more items,

The research projects described are obviously inter-
related in many instances, and the greatest value from
investigative work will result when these independent
items are integrated into a comprehensive research
program. The supplemental observations required in
conducting independent investigations could be made
to serve in more than one phase of a comprehensive
investigation, with a consequent over-all saving in
both technical and financial resources.

The following outline has been prepared as a Com-
mittee report on the manner in which the different
research proposals may be integrated into an intensive
research program wherein the interrelated hydrologic
phenomena may be observed simultaneously for their
individual characteristics and also for their relationship
one to another.

The drainage basin has been used as the areal unit
most suitable for this type of comprehensive research.
The size of the basin is not of paramount significance
but should be of such extent as properly to accommo-
date the contemplated investigations.

In appendix C, Mr. Robert E. Horton has utilized
this outline as well as other contributions of the Com-
mittee to present a suggested program for correlative
research on run-off phenomena.

Objectives

The determination qualitatively and quantitatively
of:

1. The nature, magnitude, and interrelationships of
hydrologic phenomena entering into the occurrence
and disposal of water on drainage basins,

2. The effect upon these phenomena of climatic,
physiographic, and other physical factors, representa-
tive of various drainage basin conditions in the United
States.

3. The applicability to larger drainage basins and
reliability of results obtained from hydrologic studies
on small areas.

Discussion of Objectives

A comprehensive study of a drninage basin will afford
an opportunity of carrying out a composite program of
hydrologic research in an economical manner, as well
as of determining the interrelationship, over a con-
siderable area, of hydrologic phenomena and of factors
which influence them,

Coordinated, comprehensive studies of representative
drainage basins will demonstrate and evaluate the
many complex interrelationships which exist. The
results from such studies will enhance the value of
existing hydrologic data obtained from single-purpose
investigations. In addition, these basins will serve as
logical centers of hydrologic research, where various
methods of measurement and analysis can be developed
and tested with effectiveness and economy.

Procedure

Inasmuch as hydrologic phenomena are affected in
nature, magnitude, and interrelationship by factors
related to the physical characteristics of drainage
basins, a number of drainage basins throughout the
country should be selected so as to include reasonably
wide variations in:

1. Geographic location, with respect to climatic
zones and mefeorologic phenomena.

2. Physiography, including elevation, ground sur-
face, slopes, and drainage densities,

3. Geologic formations.

4. Cover:

(@) Vegetal, including crops and land-management
practices.

() Urban conditions.

5. Soils—types and textures.

6. Different objectives in the utilization and control
of waters.

The size of the areas selected will vary in accordance
with circumstances, local conditions, and the oppor-
tunity afforded to observe various phenomena. In-
tensive studies should be undertaken on small areas of
10 to 25 square miles. These may be included within
larger areas, up to several hundred square miles, of
which general studies may be made. Such small
areas should reflect representative conditions, and in-
formation obtained from them should afford an
opportunity for areal interpretations, subject to rigor-
ous testing of applicability and reliability.

The selection of basins will require very cereful con-
sideration, including the major problems of utilization
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and control, broadly differentiated into problems of
arid and of humid regions, and the availability of
existing data (such as topographie, agricultural, hydro-
logic, ete.).

In general, the character and nature of basic data
selected during any studies of drainage basins in differ-
ent parts of the country will be similar, and although
many of the subjects to be studied will also ke similar,
climatic and regional factors may cause a change in
emphasis as between investigations conducted in dif-
ferent parts of the country.

Phases of the hydrologic cycle and their interrela-
tionships which should be investigated in order to
attain the objectives include—

1. Occurrence, distribution, and nature of precipita-
tion, including interception,

2. Occurence and nature of infiltration, infiltration
capacities, and infiltration rates.

3. Occurrence and nature of evaporation from soil
and water surfaces.

4. Occurrence and nature of transpiration.

5. Groundwater behavior.

6. Occurrence and nature of surface detention and
channel storage.

7. Occurrence and nature of surface run-off, including
overland flow.

In many small drainage basins, the investigation
should include observations upon the origin, transpor-
tation, and deposition of silt carried by surface run-off.

The program of study must be flexible in order to
include topics which will develop as the study proceeds,
and for the expansion of activities of which the impor-
tance might not have been apparent at the outset.

Any study initiated should be planned to continue
for a period of sufficient length so that reasonable vari-
ation in magnitude, occurrence, and behavior of hydro-
logic phenomena and influencing conditions can be en-
countered and observed. The necessary time for the
collection of basic data will vary with the locality and
also with the manner in which phenomena and condi-
tions fluctuate. For example, wide variations in pre-
cipitation intensity may occur within a period of 2 or 3
years for a certain locality, whereas in another location
such variations will be found only once in 5 or 6 years.
Even for such periods, extremes of different phenomena
to be observed are unlikely to occur, and when it is
possible to continue observations for a longer period,
proportionately more valuable results will be obtained.
The effect of cultural activities upon water regimen will
call for studies over longer periods in order to determine
such effects. In general, it is believed that the time
required for the initiation of a drainage-basin study and
the collection of basic data will range from 3 to 8 years,
with an additional time of from 1 to 2 years necessary
to analyze, interpret, and present the results.
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Basic data—The basic data necessary for the study
will be of two types:

1. Those pertaining to permanent physical conditions.

9. Those pertaining to conditions and phenomena
which fluctuate during the course of the investigation.

The following outline covers in general the basic data
which should be available for the study. Where such
data do not exist, they must be secured. The detail in
which such data are to be collected will depend upon local
conditions and upon the specific objectives of the study.

Basic Data To Be Collected

The basic data, collection of which must be a part of
the program of the particular investigation, include:

A. Drainage basin characteristics.—Data relative to
permanent physical conditions of the drainage basin
including:

1. Topography—Adequate surveys of the basin
should be made and should indicate contours, water
courses, bodies of water (natural and artificial), swamp
or overflow areas, water conduits, roads, buildings, and
other similar features.

2. Geology—The geologic structure for the basin
should be determined and shown by appropriate maps
and cross sections; the character of underlying rocks
should be studied with respect to their ability to store
or transmit water. Ground-water basins or aquifers
should be investigated as to extent, capacity, and spe-
cific yield of materials within the zone of ground-water
fluctuation.

3. Soil type.—Soils should be investigated and their
type determined in the light of influence upon infiltra-
tion capacity and rates, as well as of actual physical
structure, with particular emphasis upon erodibility.

4. Vegetal cover.—Maps should be made of the dis-
tribution of vegetal cover in the basin. These studies
are needed in order to estimate the amount of inter-
ception of precipitation, the retarding effect of vegeta-
tion upon surface flow, the effect upon soil evaporation,
transpiration, erosion, etc.

5. Land use.—Existing land use at the initiation of
the study should be determined, as should previous
changes during recent years and also changes during
the course of the study. Maps should be prepared.

6. Land and stream slopes and drainage densities.—
Profites of the streams should be taken, together with
detailed data on land slopes. The ‘“density” or fre-
quency of definable water courses should also be de-
termined.

B. General meteorological conditions.—Data relative
to past and current meteorological phenomena. A suf-
ficient number of stations should be established through-
out the basin to determine the occurrence and behavior
of meteorologic factors including:

1. Temperature.—Daily mean, maximum, and mini-
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mum; means and range for different time and seasonal
periods. Continuous records for correlation with evap-
oration and other phenomena will be needed. Data
on soil temperatures should be obtained; during frozen
season it will be necessary to determine the periods
when the ground is frozen. and the depth of frost
penetration.

2. Baromelric pressure.—Continuous records,

3. Relative humidity—Data should be collected for
various parts of the basin in order to detect areal
variations.

4. Wind velocities and direction.—These should be ob-
served at various points in the basin and at various
elevations above the ground. The extent of these stud-
ies will depend upon the scope of the basin hydrology
being investigated.

5. Imsolation.—Measurements should be made par-
ticularly with reference to evapo-transpiration deter-
minations.

The above data should be correlated with general
meteorologic information for that section of the country
in which the basin is located, with reference to storm
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paths, storm morphology, and to air-mass movemeonts.

C. Precipitation.—Numerous rain gages of tho record-
ing type should be installed for the accurate dotermi-
nation of the distribution, quantity, and intensity of
rainfall in the basin, Standard rain gages may be used
for distribution and quantity determinations and for
checking recording gages. The location of the rain
gages should be carefully selected so as to obtain maxi-
mum areal coverage, as well as to collect “spot’’ data in
conjunction with specific investigations. Whore snow
is an important factor, snow gages and snow courses
should be established. Means for measuring dew or
fog should be considered, particularly in relation to the
effect of such precipitation upon water consuinption by
vegetal cover and the moisture content of soils,

Records should include:

1. Hourly, daily, monthly, and yearly values for all
parts of the basin. (Shorter periods may be necessary
for some studies.)

2. Details of storm precipitation for use in unit-graph
studies and others. :

3. Areal variations and variations with respect to
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altitude and other factors.

4. Snow depths and water content of snow.

5. Interception by various types of cover, including
artificial conditions (for urban areas) should be ob-
served wherever possible.

D, Infltration.—This phase of the hydrologic cycle is
generally observed through deductive analyses of data
obtained for the other phases of the cycle. However,
laboratory work such as the use of soil tubes may be
useful in providing information on infiltration capacities
and rates. Lysumeter installations are valuable for
direct observations.

E. Evaporation.—Pan observations of evaporation
from water surfaces should be carried on at several
points in the basin. If lakes, ponds, or reservoirs exist,
pan observations should be correlated with open water
surface observations. Such evaporation observations
should always be corrected with measurements of the
following:

1. Temperature: soil, water, and air.

2. Insolation.

3. Wind velocities and direction at surface and above
surface.

4, Barometric pressures,

5. Relative humidity and water vapor.

6. Turbidity and color of water.

F. Epapo-transpiration.—Wheresoilsand cover are in-
volved, additional determinations are necessary such as:
1. Soll moisture—at various levels in soil profile.

2. Types, penetration, distribution, and consumptive
use of vegetation.

3. Relations of soil profiles with water table profile.

Transpiration measurements may be performed by
laboratory and field methods. Efforts should be made
to separate transpiration from evaporation losses.

Lysimeter as well as “small plot” methods may be
used for the determination of evapo-transpiration rates.
Correlation with pan measurements should be under-
taken.

G. Ground water, percolation.—Ground-water wells
should be located at carefully selected points in the
basin. These wells should be equipped with automatie
recorders to observe all types of fluctuations, Accre-
tions to ground water from precipitation, channel perco-
lation, irrigation, and other sources of moisture should
be determined. Measurements should be made of the
flow from springs, water extracted from wells and used
within or without the basin, and variations in the level
of surface and ground water in swamps should be noted.

Percolation observations may be made in the field or
laboratory. These are valuable in determining rates of
seepage and other phenomena related to ground water,
Chemical quality of ground water should be determined.

H. Run-off, stream flow.—Plot experiments should be
correlated with larger areal observations. Each stream
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in the basin and diversion therefrom and each importa-
tion into the basin should be equipped with suitable
gaging stations and control weirs, For small areas and
plots, special measuring devices may be required.

Silt samplers should be made a part of the equipment
where essential. Data cellected should include:

1. Daily, monthly, and yearly records for all observa-
tions. Observations at shorter intervals are necessary
for small areas.

2. Storm run-off.

3. Flood flows, stream velocities, flood wave veloc-
ities, times of concentration, etc.

4. Minimum flows; daily, monthly, and yearly.

5. Diurnal fluctuations.

6. Movement of silt.

7. Observations on stream density currents,

8. Changes in pond, lake, or reservoir levels, and
corrections for storage where necessary.

1. Quality—The utilization of water in the area
selected for the drainage basin should control the extent
of these observations. However, this phase should not
be neglected in view of its effect on soils, evaporation,
rate of flow, etc. Silt measurements should be obtained
wherever necessary.

In all measurements involving rates, it is important
to attain close synchronization. Therefore, a drainage
basin study should attempt to provide for a system
which will refer all observations to a standard time
base.

Studies {0 be Made from Collected Data

The collection of data indicated above will enable
innumerable studies to be made. These may be
divided, in general, into the following two classes.

1. Specific relationships, as, for example:

(@) Run-off and precipitation—both for storm pe-
riods and seasonal time units.

() Evaporation and transpiration—as affected by
temperature, wind velocity, humidity, vapor pressure,
ete.

(¢) Snow melting (where pertinent) as affected by
temperature, precipitation, solar radiation, ete.

(d) Effect of drainage basin characteristics upon
run-off,

(¢) Other specific relationships, outlined in chapter
I1I of this report as follows:
Section I.—Precipitation and Interception.
Ttems 1, 5, 6, 7, 8, 9 (in part), 10, 11.
Section IL.—Infiltration.
Items, 1, 2, 3, 4.
Section III.—Evaporation, Transpiration, Con-
sumptive Use. ‘
Ttems 1, 2, 3, 4, 5, 6, 7, 8.
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Section I'V.—Ground Water and Percolation.
Ttems 1, 2, 3, 4, 5, 7, 8, 9.
Section V.—Run-off and Stream Flow.
Ttems 1, 2, 5,7, 8, 9, 10, 11, 12, 13, 15.
Section VI.—Quality of Water.
Ttems 1, 2, 3, 4, 5.
9. General relationships and analysis, as, for example:
(¢) The applicability and reliability of applying re-
sults from small area studies to the determination of
the hydrology of larger areas.
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{(0) An accounting of the water received and disposed
of for the basin and its subdivisions, and & check of
the elements of the hydrologic cycle over the time of
observations; and others, including such proposals in
chapter ITI as:

Section I.—Precipitation and Interception.
Ttems 2, 3, 4, 6, 7, 8, 9.

Section V.—Run-off and Stream Flow,
Ttems 3, 4, 5, 13, 14,



APPENDIX A. THE COORDINATION OF HYDROLOGIC
RESEARCH

Several types of agencies are engaged at present in
hydrologic research. Within each of the individual
agencies there are frequently special groups which are
prosecuting such research. The major types of agen-
cles are:

1. Federal agencies.

2. State (and other political subdivisions) agencies.

3. Quasi-public agencies.

4. Private agencies.

5. Educational and scientific institutions.

6. Technical and scientific societies,

Although there is a degree of cooperation between
these agencies in the collection of basic data, the
research efforts are on the whole distinctly uncoordi-
nated. Even within the same agency special groups
frequently are prosecuting research having the same
objectives. Research is performed too often with lim-
ited regional and functional scope, and with inadequate
funds. The approach to most problems in hydrology
and the resultant procedure are restricted largely by
the philosophy and experience of the group under-
taking the investigation.

A major difficulty in hydrologic research is due to
the universality of the subject, and the many fields of
science which are affected by it. Agriculturists, agron-
omists, biologists, chemists, engineers, foresters, geol-
ogists, meteorologists, pliysicists and others concerned
with natural phenomena are hydrologists at times and
in varying degree, often without recognizing the hydro-
logic significance of certain of their researches. Thus
much valuable hydrologic knowledge is frequently un-
veiled to a few technicians who are unaware that others
are groping for the same information, although perhaps
with different objectives.

For example, research investigations may be con-
ducted within a single organization in the same locality:
The botanist may be studying transpiration as related
to evaporation from porous cup atometers and wind
velocities at various heights above the ground; the
hydrologist may be studying evaporation from open
water surfaces and observing both open water evapo-
ration and wind velocities at the water surface; the
physicist may be studying solar radiation intensities at
the earth’s surface. Obviously, if each of the three
investigators was aware of the undertaking of the
others, there might well result a coordinated research
of wider seope and utility which would not impair but
might enhance the results of the specific investigations.

An important approach to the coordinating problem
is the one of information. An active, central source of

reference would allow for the rapid and wide distribu-
tion of the proposals for and the results of hydrologic
research, not only for the United States, but universally
as well. Although a great amount of data has been
collected by many agencies, such data are often not
available nor their existence known to interested par-
ties. Such unfortunate procedures lead not only to
excessive duplication which means a waste of funds but
also to Initiation of new research projects under unneces-
sary handicaps.

The Water Resources Committee has authorized the
Special Advisory Committee on Hydrologic Data to
initiate a comprehensive coordination of research activi-
ties in hydrology as soon as funds become available,
This coordination of research activity would be under-
taken through two major activities:

1. Periodic bulletins would be published and widely
distributed among interested agencies giving informn-
tion on research projects, and indicating whether they
were proposed or under way, the phase of hydrology
being studied, the type of research (field laboratory,
statistical, etc.) and other pertinent data.! Each
project would be further described by title, by whom un-
dertaken, persons in charge, etc., together with a brief
description of the objectives, procedure, apparatus, etc.

2. The maintenance of an active contact with and a
source of information to all organizations engnged in
hydrologic investigation or proposing to enter inte
such work.

The performance of the first function would entail
cooperation between the Water Resources Committee
and various organizations, notably the American Geo-
physical Union and its affiliates here and abroad, with
the editors of technical publications in all fields, but
most particularly in those dealing with water problems,
and with educational institutions and others indicating
a willingness to participate in this endeavor

The material to be gathered would be abstracted
whenever possible and would be classified according to
some standard procedure. New sources of data and
unpublished material (such as theses) would be in-
dicated in & separate section.?

The activity in gathering the material described

1 Asan initial step in tho functioning asa coord!nating sgency, the Special Advisory
Committee on Hydrolegle Dats Is proposing to make available shortly s summary of
the hydrologic research being currently conducted by the different Federal pgencles.

1Thls proposal would make available in hydrology a periodical compllation
analagous to that in hydraulics furnished by the Bureau of Btandards in *Current-
Hydrsulic Laboratory Research.” During the time this report has been In prepara-
tion, the Bulletin of the Bureau of Standards has been expanded In feope to include
hydrologic research conducted at the hydraulic Jaboratories. It does nnt attempt
to cover al) hydrologic research.
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above should complement the second function indicated.
By initiating and maintaining 2 close contact with
research organizations, the office would be in a position
to establish a subject file and in time should act as a
clearing house between agencies. It would be, for the
present, a coordinating influence functioning chiefly
on the basis of its wide informational scope, and there-
fore of value to those contemplating or conducting
research, as well as to those using its results

As a result of this work, the Water Resources Com-
mittee would be able to note duplications as well as
deficiencies in various research programs, either due to
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regional or functional limitations. Those members of
the Water Resources Committes who were also mem-
bers of the Special Advisory Committee on Hydrologice
Data would be expected to keep closely in touch with the
activities described, and from time to time submit
proposals and programs dealing with hydrologic re-
search for the advice of the Special Advisory Committee
on Hydrologic Data. From such advice, or upon their
own volition, these members of the Water Resources
Committes would render reports to or request action by
the Water Resources Committee with respect to
hydrologie research.



APPENDIX B. STATISTICAL METHODS IN HYDROLOGY

General

The application of statistical principles and proce-
dures to the analysis of hydrologic data has opened
new approaches to the solution of many problems. A
major difficulty in the use of statistical methods has
been a lack of understanding of their limitations. Too
frequently statistical methods have been used by inves-
tigators not familiar with the limitations of such
procedures. Impressive arrays of figures and imposing
formulae may produce misleading conclusions in the
hands of one not adequately familiar with the under-
lying philosophical premises or mathematical deriva-
tions. The following outline has been prepared to
show certain types of statistical studies that may be
undertaken and to delineate a logical order of proce-
" dure in such investigations.

Objectives

1. The analysis and comparison of statistical proce-
dures heretofore applied or suggested as useful in the
field of hydrology.

2. The development of improved statistical and
analytical procedures applicable to hydrologic inves-
tigations.

Discussion of objectives

Numerous statistical procedures have been applied
to the solution of hydrologic problems, and new pro-
cedures or modifications of old procedures can be
devised to improve statistical methods in hydrology.
Some statistical procedures that have been applied in
hydrologic investigations were derived for application
to sciences quite different than those of hydrology.
Other procedures have been developed for specific
areas or regions, and by implication have been assumed
to be generally applicable. Still others are defective
either in the hypotheses underlying their development
or application, or as to the reliability of the results.

There has been collected and made available in
recent years a large amount of hydrologic data which
should make possible more precise and scientific tests
and comparisons of statistical procedures applicable to
hydrology.

The analysis and comparison of statistical procedures
useful in the field of hydrology should include the
application of these methods to records of hydrologi-
cal data of every kind. It may be carried on by
individuals or groups of any kind who have sufficient
Inowledge of both mathematics and hydrology. It
may be undertaken in any part of the country, and
may be confined to a specific type of hydrologic data

or problem. It should be designed to test and enun-
ciate clearly the validity of end restrictions upon
numerous statistical and analytical procedures com-
monly used in hydrological investigations, as well as to
devise improved statistical methods in hydrology.

A specific undertaking may relate, among others, to
any one of the following typical applications of statis-
tical attack upon hydrologic problems:

1. Magnitude-frequency characteristics of hydrologic
phenomena.,

2. Tests for periodicity and cyclic nature of hydro-
logic phenomena.

3. Tests of accuracy and adequecy of a series of
observations of hydrologic phenomena, including tests
to determine the existence of errors or of inconsist-
encies in the record.

4. Tests of empirical formulae.

5. Tests of the effect of accidental or observational
errors upon a given statistical process.

6. Tests of composite records produced by combining
2 number of individual records,

7. Critical studies of the significance and utility of
such procedures as mass curves, trend lines, departures
from the mean, moving averages, etc.

Procedure

(@) The kind of hydrologic phenomena for which
the data are to be investigated: i. e., rainfall intensity,
annual floods, flood peanks, storage, minimum or
seasonal precipitation or run-off, evaporation, and
inconsistencies in records, ete. should be determined.

(5) It is highly essential that the mathematical and
philosophical bases for the various methods of applying
statistical investigations should be clearly understood
before a specific research is undertaken.

(¢} The kind of statistical procedure to be studied
should include:

1. Empirical formule.

2. Statistical arrays, as frequency curves, duration
curves, correlation studies, ete.

3. Semiempirical methods.

4. Statistical-graphical methods.

5. Mathematical analysis.

(d) Each method should be analyzed, considering:

1. Philosophical premises.

2. Mathematical bases.

3, General or specific application.

4. Data needed.

5. Relative work involved.

(¢) Those methods shown definitely impracticable
or inapplicable to the specific study should be discarded.
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(f) The remaining methods should be applied to
a number of long-term records., The accuracy of the
data used should be carefully determined, as well as
the effect of land-use, vegetation, or physographic
changes during the period of record.

(g) The results of the investigation should be ana-
lyzed to determine:

1. Conformity to principles of item “d” above.

2. Closeness of fit of derived curves,

3. Effect of length of record. Long records may
be broken down into segments for this study. Appro-
priate treatment should be given apparent cycles so
that their inclusion may not vitiate the validity of the
results.
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4. Effect of very small or very large magnitudes of
observed data upon the general procedure and its
interpretation.

5. Proper consideration of the effect of physiographie,
vegetal cover, land use, and other physical changes
during the period of record.

(b} Modifications of procedures used, and the devel-
opment of new procedures should be investigated.

(1) The best statistical procedure should be deter-
mined to use for investigating the kind of hydrologic
data being studied, indicating necessary qualifi-
cations in drawing conclusions due to such factors as
regional influences, limitations inherent in the statis-
tical method, ete.



APPENDIX C. COMPREHENSIVE RESEARCH ON RUN-OFF AND
STREAM FLOW

The Special Advisory Committee on Hydrologic
Data has deseribed in chapter IV the manner in which
many of the research proposals of chapter III may be
integrated in a comprehensive hydrologic research
program using a small drainage basin as the areal unit
for the research.

In the following paper, Mr. R. E Horton, consultant
to the Committee, has prepared a stimulating discus-
sion of this Committee report, and of the preliminary
reports of the various Subcommittees which formed the
basis for it, which the Special Advisory Committee on
Hydrologic Data believes should appear as an appendix
to its report.

The Committee report has been reviewed by Mr.
Horton with the objective of bringing together those
separate research projects having primary significance

in their influence upon run-off and stream flow. In
elaborating upon the various phases of a drainage basin
research program, emphasis has been placed upon the
development of the fundamental relationships existing
betweenn the various phenomena, rather than the
derivation of empirical expressions, in order that tho
results may be of wide applicability instead of being
limited to the specific arens used in the research.

Mr. Horton’s valuable contribution contained in this
appendix, while constituting in part a discussion of
chapters III and IV of this report, is in essence an
original document. As such it represents the personal
views of the author and is not to be considered as a
Committee report nor necessarily to represent the views
of the members of the Committee either individually
or collectively.

Suggestions for a Comprehensive Research on Run-off Phenomena

by Robert E. Horton

Objectives

This is a preliminary outline for a comprehensive study of
run-off phenomena. It seems that this problem has usually
been attacked from the top rather than from the bottom. Instead
of working from the simple to the complex, the inverse order
has usually been used. Instead of seeking to establish funda-
mental relationships generally applicable, an attempt has been
made to derive empirical relations which, at best, are of limiled
range of application.

The research needed is one which will further establish the
fundamental processes, the independent variables by which they
are controlled, and the relations between these variables, and at
the same time provide a hetter basis than now exists for practieal
applications.

It is to be understood that this outline is tentative, as it does
not seem possible to prepare an adequaie outline for further
research until, using present data, the initial correlative research,
as outlined below, has been carried out.

Before setting up & new outline, it should be pointed out that
this is to be a study of run-off phenomena—not primarily a study
either of evaporsation, infiliration, ground water or water losses.
Separate, well-outlined research into these topies has been
proposed and should be carried out. Work done on these sub-
jects in conneetion with the research on run-off should be limited
to collecting necessary data for the interpretation of the run-off
phenomena. The ecollection of these auxiliary data may well be
guided by the separate research on these particular topics, and
care should be taken to meagure all the independent variables
needed, so that the data obtained in the run-off research may
contribute to the study of these other topics.

Typee of hydraulic work involving the use of run-off estimates
include among others:

1. Domestie, industrial, livestock, and irrigation waler
supplies.

2. Hydroelectric power plants.

3. Flood-control detention dams and lovees.

4, Navigation channels and locks.

5. Drainage works on agricultural land, including thosetl'or
mosquito control.

6. Sanitary and storm sewers for urban areaa.

7. Highway and railway drainage ways, including bridges,
culverts and roadside ditches,

8. Erosion-control structures and practices.

9, Regulation of flow for pollution control, pavigation, and
recreation.

There are many other practical needs to be met, and in addi-
tion there is the scientific value of a knowledge of run-off, as in
morphology,! in physiography, in glaciclogy, and in land
forms.

In preparing this report, the preliminary draft of chapters I1L
and IV were consulted, as well as several special subcommittee
reporta? to the Specinl Advisory Committee on Hydrologic Data
which dealt with comprehensive drainage basin investigations.
Appropriate material from these sources has been incorporated
in the following proposals. The phenomena of run-off from
snow-covered areas have not been given specinl or scparate
treatment in this paper for the rcason that a full outline for
research on this subject has been separately prepared.

1 The study of the development of land forms under the actlon of natural sgencies.

1These subcommittes reports fnclude (1) “The Unlt Hydrograph,” (2) *“The
Development of Synthetle Stream Flow Data.” (3) “Drainage Basin Studies"” by
D.B. Krimgold. (4) “Dralnage Baslo Studies” by H. K. Barrows. (5) ""Dralnege
Basin Studies” by Ivan Bloch.
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Correlative Research

Before any comprehensive field or laboratory research on
run-off ie undertaken, a comprehensive correlative research
should be earried out utilizing the large mass of accumulated
research and experimental data, much of it recently collected
but still unanalyzed. There is a strong, natural tendency to
rush ahead with costly, elaborate programs for new research by
persons who either do not know the background of the subject
or, for one reason or another, have not taken stock of existing
knowledge of the subject. In particular, the subject of run-off
requires a thoroughgoing balancing of accounts to date before
further field or laboratory research is undertaken. The ob-
jectives of this initial correlative research should be:

1. To find out what is already known or can be determined
from existing data regarding the fundamental laws and physical
processes governing run-off phenomena.

2. To find and point out the gaps in existing knowledge and
outline the research needed to fill these gaps. It may easily hap-
pen that many questions included in the outlines referred to above
can be fully and satisfactorily answered by suitable analysis and
study of existing data and review of work already done.

3. To develop and compare the accuracy of methods of esti-
mating run-offF—annual, monthly, and daily—from data generally
available, avoiding purely empirieal methods, and analyzing the
hydrologic basis of each method and pointing out its limitations.

Run-off Plat Experiments

Before outlining the correlative research, it should also be
noted that certain run-off processes and phenomena may best be
studied from run-off plat experiments. These include the laws
of direet surface run-off or overland flow, the effect of depression
storage on surface run-off, the effect of soil type, condition, and
roughness, and the effect of vegetational cover, particularly the
effect of grass and other close-growing vegetation on the depth
of surface detention and the character and velocity of overland
flow; also the effect of surface roughness, slope and length of
overland flow. The run-off plat experiments used should include
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both those with artificial and with natural rainfall. Every drain-
age basin containing a more or less complex drainage net is in
effect the summation of individual plats, from each of which only
gurface run-off occurs. As a rule, the plats vary in length of
overland flow, slope, and other characteristics. Fully controlled
conditions for evaluation of the laws governing surface run-off
phenomena can, therefore, be more easily obtained from experi-
ments on plats than from natural drainage basins. The appli-
cation of these Iaws to composite drainage basins, comprising
plats of different lengths and characteristics, can best be under-
taken when the laws governing surface run-off are fully deter-
mined.

Run-off plat experiments are being conducted by the Soil
Conservation Service at the following stations3:

Amarillo, Tex. (new station).
Athens, Ga. (new station).
Beemerville, N. J.
Bethany, Mo.
Clarinda, Iowa. Safford, Ariz.
Dixon Springs, Ill. (new sta- Spartanburg, S. C.
tion). State College, Pa.
Gallup, N. Mex. Statesville, N. C.
Guthrie, Okla. Temple, Tex.
Hays, Kans. Tyler, Tex.
Ithaca, N. Y. Zanesville, Ohio,

LaCrosse, Wis.

Marcellus, N. Y. (new station).
McCredie, Mo. (new station}.
Pullman, Wash.

There are available at these stations many unanalyzed data
on tun-off plats. Unfortunately, the original data collected at
these stations are not at present transmitted to Washington.
Practically no original data have been published. As a rule,
determinations have been made only of total run-off, or run-off
in particular storms, without adequate accompanying data.
Collection of all the original data and a thoroughgoing analysis
thereof, using appropriate and consistent methods, should be

carried out. (1)*

# Since this appendix was prepared, this list has been considerably extended.
4 Numerals in parentheses refer to references at the end of this appendix.

TaBLE 1,—Resulls of experiments on sprinkled plals, Soil Conservation Service, Colorado Springs, Colo.

T 326 328 326 326 326 327 37 327 327
No. Item No. a Pt ar as P d ° ; g
(3] 2 163 (5 (©) 4] (8 )] ($1)] (1) (12
™ * (*) (%) (Z) Z
1] DAl e e eame————ee—e s 5-21-37 | 5-21-37 | 5-21-37 | 5-21-37 | 62137 | 5-21-37 | 5-19-37 | 5-19-37 | 6-16-37 5-19-37
L B LY A3 fe.. 21x§ 21x8 21x6 21x6 21x6 21x6 21x6 21x8 NAx6
3| Platarea_.... -..5q.1t.. 126 126 126 126 126 126 126 1 126
4 | Plat slope..__ percent.. 35 3.5 3.5 3.5 3.5 3.6 3.5 3.5 3.5
& | Percent caver, [ 25 25 25 25 26 45 45 45 45
S | Tottiay eomtition 1222 oI il o Mol | Div| Div " e o ; e
.............................................. ry ols -
8 | Rain intensity, { wen-iop B, 5.60 3.00 4.5% H.g 2.?(; ']531'5' M:.'i;{ M2OiSt ?'6%
9 | Infiltration eapacity, f. e pahll 1.78 2,57 1.90 1.79 1.62 2.16 2,30 2: 49 3.11
10 | Supply Tate, «...... i p.h.. 3,82 0,43 210 1.24 0.38 3.44 1,72 0. 48 0.95
11 | Total timo, fe.emememmerecee e e m s hr_. 0. 417 0. 400 0.417 0.687 0.483 0. 466 0.367 0. 307 0.433
12 | Initial time, fe oo e m———————ee hr . 0,05 0.0 0.083 0.133 0.160 0.068 0.033 0. 100 0.133
13 | Net excess, 8n.ovoeceennan .. hro 0.367 \ 0. 400 0.334 0,534 0.333 0.400 0.334 0.267 0.300
14 | Depression stornge, Va.. _inch_. 0.19 n 0 0.17 0. 165 0,057 0. 241 0,062 0.048 0.126
16 | Maximum detention, 3,.. inch.. 0.42 0.14 0.06 0.30 0.24 0.10 0.33 0. 080 0. 040 0. 140
}g Maximum run-off, vs... p.h.. ?3(2) %(1)3 0.33 2.10 124 0.38 3.43 1.81 0.57 1.05
. . 1. 1.00 100 . .
18 2,18 1.50 1.55 2.80 [ooee o fann {_(_“_] . 1.00 1.05 110 1107
10 28.2 44.2 41,0 52,5 |... B DN A D
20 0.62 1.12 1.09 0.5 ||
21 0.05-+ 0.05 0.017 0] Not de- 0,067 0,067 0. 050 0,016 0,050
22 | Total run-off, Qe s
g Eotnl net supply, Z=ols.
25 | Monn soil, surface temperatare ° F
26 | Initial molsture, percont dry weight_
’g Moisture equivalent of sofl ..
R e imamsamammammsa—is e ismaamaasmAmadmE—commamnm.nra———

*Experiments carried out on same plot in sequence.
ZExperitnents earried out on same plot in sequence.



Deficiencies in Hydrologic Research

While the matter of analysis will not be gone into in detail
here, it should be pointed out that run-off plat experiments, using
either natural or artificial rainfall, are capable of furnishing a
large amount of fundamental or basic information regarding
the laws and processes involved in surface run-off which are
not being obtained from these data at the present time. For
illustration, the accompanying table shows numerical data
obtained from the analysis of a few of the sprinkled plat experi-
ments of the Soil Conservation Service at Colorado Springs, Col.
The derived data include the infiltration-capacity, the total
rainfall excess, rainfall intensity and excess intensity, the volume
of depression storage, the maximum run-off intensity, the law
of overland flow, including the exponent M and the coefficient
Kgin the equation yg= K54 connecting rate of surface run-off
with depth of surface detention (2). The total amount of surface
run-off is also shown and its relation to the total net supply of
rainfall exeess. In addition, the maximum depth of surface
detention can be determined, and when this is known, together
with the run-off intensity, the velocity of overland flow c¢an be
ascertained, since veloeity =volume divided by the cross-section
area of the flowing stream. Velocity of overland flow and depth
of gurface detention are the two fundamental hydrologic quan-
tities needed in the determination of the relation of surface
run-off to soil erosion. Other factors governing soil erosion de-
pend on the soil condition and cover. These may well be in-
cluded in the same analysis.

In this connection it should be pointed out that there is a
close relationship between total surface run-off in a given storm
and total rainfall excess, and this fact affords a simple rational
basis for estimating surface run-off. (2) ‘The purpose of this
discussion is not to stress this or any other method but to eall
attention to the possibilities, so long neglected, of determining
surface run-off phenomena in a rational manner from the analysis
of run-off plat experiments.

Among specific problems requiring research which can well be
undertaken from existing run-off plat data are the following:

1. The determination of variation in type of surface run-off
with roughness, soil cover, and varying percentage of subdivided
or turbulent flow. This requires determination of the coef-
ficient Kg and the exponent M in the surface run-off equation
v5 = Kg ¥, Ttshould be noted that this equation for the simple
case of turbulent flow is but a particular form of Manning's
equation. (3)

2. Variation of coefficient of surface run-off Kz with length
of overland flow, slope, roughness, and type of flow. The object
of this is to provide a basis for selection of approprinte values
of Kz for application to different types of areas, much in the
same way as a roughness coefficient “a’”’ in the Manning formula
s selected for a particular case from values determined by
experience.

3. Conditions under which surface run-off or overland flow
on steep slopes is of the bore or wave type.

4. Relation of the length of overland flow to surface run-off
intensity and total surface run-off. Preliminary discussion of
this subject appears in papers by Bartel, (7} Musgrave, (8)
and Horton (9).

5. Determination of the volume of depression storage on dif-
ferent types of soil surfaces, with different slopes and different
types of cover.

6. Effect of vegetation, particularly grass cover, on (a} type
of overland flow, as indicated by the pertinent values of the
coefficient Kg and exponent M5 (b) maximum run-off intensity,
{¢) total surface run-off and total infiltration.

—————

4Tt Is to ba noted that I, and M are readlly determined for turhulent fow. Thelr
determination for other types of flow requires exporimental data.
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7. Effect of slope and surface roughness on surface run-off,
particularly where overland flow is (a) subdivided by grass,
ete., (b) partially laminar, {c} of the wave or boro typo.

8. Effect and character of variation of infiltration-capacity
during progress of rain, as regards its effect on run-off intensity,
total surface run-off, and total infiltration.

9. Effect of varying rain intensity during rainfall excoss on
surface run-off intensity, comparing (a) uniform rain intensity,
(b) maximum rain intensity at beginning of rainfall excess, (c)
maximum rain intensity at middle of rainfall excess interval,
(d) maximum rain intensity at end of storm.

10. Effect of residual rainfall on total run-off and total infil-
tration.

A preliminary discussion of some of these questions is given in
Surface Run-off Control, by Robert E. Horton, chapter II of Head
Water Control and Use, Upstroam Engineering Conforence 1936,
pages 16-41. For later discussion see references (23} and (24).

Small Drainage Basins

Another class of problems can best be studied from results
obtained on small patural drainage basins. This includes the
relation of ground water to run-off, the effect of varying physio-
graphic types of drainage basins and drainage nets, and the
effect of forest or other vegetative cover on run-off. Such bssins
also furnish a desirable basis for determining the effect of the

-combination of unit areas of different types and of subaquifers

on both surface run-off and ground water flowv. They also afford
a check on the applicability of plat experiments to larger arcas.

With reference to the second type of data, namely, those
obtained from small drainage basing, records now being collected,
but which remain unanalyzed, include those obtained at the
San Dimas Forest Experiment Statior, the Cowecta Experiment
Station, North Carolina, the Wasatch Experiment Station at
Salt Lake, the North Appalachian Experiment Station near
Coshocton, Ohio, and the Black Lands Experimental area near
Waco, Tex., and at various field experiment stations of the
U. 8. Soil Conservation Service, U. 8. Corps of Engincers, and
U. B. Geological Survey, Original dats for small watersheds
at U. 8. Soil Conservation Service stations are now being pub-
lished for official use. These present a desirable range of condi-
tions from those in the San Dimas, Calif, area, where there is
little ground water, to those in the Coweeta experimenial area,
where run-off is apparently mainly from ground water flow, A
specific method of analysis of the results obtained at these sta-
tions cannot bhe outlined until more of the complete original
records are available for study, and the procedure must depend
on the character of the data collected. The main objective should
be the determination of the same factors as for experimental
plats, and, in addition, the determination of ground water and
soil moisture eonditions, where ground water flow exists. Sev-
eral other objectives can be attasined from records on such small
drainage basins under certain conditions.

Given adequate data for a small drainasge basin, including
suitable daily ground water level records, a complete analysis
of the hydrograph is possible. This should proceed in the
following order for each stream:

1. Determination of infiltration capacity.

2. Determination of ground water depletion curves,

Separate curves are required for summer and winter conditiona,
and from these there can be determined—

1. The amount of ground water storage corresponding to
different ground water outflow rates or to different ground
water stages, as indicated by suitably located index wells;

2. The amount of water abstracted directly or indirectly from
the water table by vegetation.
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Further analysis of the hydrograph requires, also, curves
showing the normal relation of water losses to rainfall. Both
these and the ground water depletion curves usually require at
least a 10 years’ record for their suitable determination. Given
these working tools, the following can also be accomplished, for
suitable periods:

1. Separation of ground water flow from surface run-off.

2. Determination of total surface run-off.

3. Determination of total ground water run-off.

4. Determination of ground water flow index or average rela-
tion of total ground water run-off to total run-off. This index
is closely correlated with the tendency for occurrence of surface
erosion, with the regimen of the stream, and with its physio-
graphic characteristics.

5. Correction of the monthly run-off for changes in (e) ground
water storage, (b) channel storage, (¢) soil moisture storage.

6. Determination of the net actusl or coincident water losses
from the drainage basin after correction for end effects or changes
in storage during the month. Such water losses are distinguished
from the apparent water losses as usually determined, which
represent rainfall minus total run-off, and may be greatly
affected by changes in storage.

7. Tracing the progress of soil-moisture day by day through-
out the growing season for entire drainage basins. This can be
accomplished for suitable periods beginning and ending with
ground water aceretion, so that it is known that there is no
change in soil moisture storage. For preliminary discussion of
this method, see paper by Robert E. Horton on Stabilization
of Stream Flow, Journal of Forestry, November 1937. (20)

8. Transpiration. Given, in conpection with other data,
adequate records of measured evaporation from the soil, the
actual transpiration rates from the whole drainage basin can
then be determined from the gain or loss of soil moisture, since
transpiration takes place entirely from within the soil. Ade-
quate data on transpiration and its seasonal march are & funda-
mental need in hydrology, especially for forested and irrigated
areas,

9. Relation of rainfall to water losses, both apparent and
actual.

10. Relation of infiltration to water losses.

The last two items provide dats for estimation of monthly
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run-off from rainfall and infiltration capacity. Monthly run-off
may be considered as rainfall minus apparent water losses. The
application of the water-loss method of estimating monthly
run-off is hampered by the fact that apparent water losses include
various storage effects. The analyses previously deseribed
make it possible to determine these storage effects and take them
into account. The relation between run-off and infiltration is
generally much closer than that between run-off and rainfall.

The analysis should therefore include determination of total
monthly infiltration, (a) by determination of total surface run-
off and subtraction from total rainfall, (b)) by determination of
total rainfall excess and subtraction from total rainfall. A com-
parison between the two methods should be made in each case
to determine the coefficients to be applied fo the latter to give
the former, as the latter is much the more simple method and
can be applied in cases where the former is inapplicable for lack
of adequate data.

When such analyses have been carried out over s sufficient
range of conditions, they will provide the numerical dats and
coefficients necessary for application to all types of areas, in the
reverse process of synthesis of the hydrograph or determination
of run-off from the independent variables by which it is con-
trolled.

There is one other factor required, however, namely, channel
storage. 'While determination of channel storage for both
rising and receding stages should be carried out in the analysis
of run-off from small drainage areas the volume of channel
storage on small areas (under five square miles, for example} is
often so small relative to that on large areas that it may be (a)
either neglected altogether, or (b) impossible to determine with
great accuracy. Discussion of channel storage is therefore
taken up in connection with large drainage basins,

Larger Areas

There is a third class of problems best studied from data
collected from drainage basins having areas of, say, 1,000 to
10,000 square miles. This includes the effect of variation of
rain intensity in both space and time, the effect of direction and
rate of storm travel across the drainage basin, and the effect of
channel storage. These studies also include certain factors whieh
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modify the relation of channel storage to outflow rate, includ-
ing wave velocity and time and direction of transit of the storm
over the drainage basin, and the effect of storms covering only
& part of a drainage basin.

The analysis requires, as before, (a) normal ground water
depletion curves for winter and summer conditions, (b) normal
rainfall-water-loss relation curves. For purposes of illustrating
what is meant by these, the accompanying charts containing
examples are included herewith. To obtain these curves usually
requires at least a 10 years’ continuous record.®

The examples given show only summer ground water depletion
eurves. On drainage basins with surface aquifers at not too
great depths, ground water depletion curves for winter conditions
may differ appreciably from those for the summer or growing
season because of the direct abstraction of water from the water
table by vegetation. Hence separate ground water depletion
curves must, in general, be used for summer and winter con-
ditions. Beecause of the interruption of stream flow reeords by
ice, data available for defermination of satisfactory winter
ground water depletion curves are mostly wanting in the northern
states.

Some existing drainage basins yield excellent nortnal rainfall
water loss relation curves, others give poor relation curves. The
degree of correlation between rainfall and water losses depends
partly on the accuracy of the rainfall and run-off measurements
and partly also on the relation of ground water flow to total
run-off, as explained in subsequent notes on the relation of run-off
to antecedent rainfall.

It should be noted that this discussion relates to normal or
average water loss curves. These serve & variety of useful
purposes, both in the analysis of the hydrograph and in the
estimation of ruu-off for engineering purposes, but it should be
kept in mind: ‘

1. That the consistency of relation of apparent water losses
to rainfall shown by such normal curves does not usually hold
true during individual storm periods. This results from the
fact that the principal source of water losses is transpiration by
vegetation. Veihmeyer and others have shown that transpira-
tion fakes place, other things being equal, at a rate which is

¢ Ground water deplstion curves may be determined from shorter records provided
suitable drought perfods oceur.
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nearly independent of the soil moisture content of the soil, pro-
vided this content js between the limits of the wilting point as a
minimum and ficld moisture capacity as & maximum.

2. A straight line relationship between rainfall and water losses
on average or normal water loss curves, as shown by the example
given, is purely empirical. While it happens that a straight line
fairly represents the data within the limits of the range of vari-
ation of rainfall in many eascs, it is known that the relation of
normal water losses to rainfall is not linear.

Best results in the analysis of run-off from large arcas can
usually be obtained for drainage basins without any extensive
natural lakes, swamps, natural or artificial regulation, or diver-
sion. Suitable ground water level records are slso needed within
the drainage basin to serve ns indicators of times when ground
water aceretion takes place. Also therc must be adequate rain-
fall data, particularly records of rain intensity and duration.
Because of the increased cost of collecting necessary data and
analyzing it, as compared with small arcns, studics of run-off
phenomena for large arcas should be limited to those lines of
research which cannot be satisfactorily pursued from data for
small areas.

At the present time, there are not very many drainage basins
of 1,000 to 10,000 square miles area in the United States for which
suitable continuous stream flow records are available.” There
are few cases where there are more than one or two recording
rain gages within such a drainage basin, and fewer atill where
adequate ground water level records are also availsble. The
nearest approach to adequate data for study of such drainage
basins exists in the Atlantic coast and Appalachian Mountain
regions.

Before extensive studies of the factors requiring the use of
records from larger areas can be carried out, additional data
must be collected. For this purpose, strenms on which long,
continuous gaging records already exist are to be preferred, for
the reason that the existing records serve for the determination
of fundamental working tools, such as ground water depletion
curves and normal water loss curves. Extension of the field
research should therefore be limited to establishing adeqguate

7 Since this appendix was written, extenslon of the network of recording rain gagoes
hns been undertaken by the U, 8, Weather Buresu, U. 5. Boll Conscrvation Serviee,
and the U. §. Corps of Enginecrs.
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rainfall, ground water level, and evaporation records, fogether
with additional stream flow records.

In connection with ground water level records, it should be
noted that these are used mainly as indexes to determine pre-
cisely the times when ground water accretion takes place. Ex-
perience shows that many ground water level records are not
sufficiently sensitive for this purpose. In general, ground water
levels taken from wells in valley fill adjoining streams are worth-
less for this use, as may also be ground water level records taken
too close to & divide between phreatic drainage basins or sub-
basins. Fortunately, it is not necessary to have a large number
of ground water level records. Two or three good, sensitive
ground water level records within a moderately large drainage
basin will generally suffice for index purposes.

Among the factors which can best be studied from larger areas
are channel storage, and the effect on channel storage of storm
direction, storm travel, and areal rain distribution.

Channel Storage

Run-off in the ordinary sense is channel outflow. Channel
outflow represents surface run-off and ground water flow as
modified by channel storage. It is evident that the determina~
tion of the volume of channel storage at different stream stages
or discharge rates, for both rising and falling stages and for
different types of storms, is fundamental both to run-off analysis
and run-off synthesis or stream flow estimation. ‘Total channel
storage in a drainage basin can readily be determined for the
recession side of a stream rise (11) (12).

The total volume of channel storage in a stream system at a
given stream stage at the outlet or corresponding to a given
outflow rate is not generally the same during rising as during
receding stages. Furthermore, determination of the relation of
channel storage volume to outflow rate cannot be accomplished
in the same simple manner for rising as for receding stages but
can be accomplished where adequate data are available by
complete analysis of the hydrograph. Unfortunately, as already
noted, data for such complete analyses are not generally available
for large drainage basins, and those for small drainage basins do
not give results safely applicable to stream rises on larger
drainage basing, For example, Horton found (12) for receding
stages a volume of channel storage of only 1,650 cubic feet per
square mile at & discharge rate of 1 ¢. s. m. on Ralston Creek,
draining 3 square miles, as compared with channel storage
volumes ranging generally from 100,000 to 200,000 cubic feet
per square mile at the same discharge rates on drainage basins
of 1,000 square miles or over. Meinzer et al (13) found channel
storage ranging from a total of only 5,000 to 16,000 cubie feet
on Difficult Run, with a drainage area of 1 square mile.

It is, of course, physically possible to determine the volume of
channel storage from a stream rise or recession by cross-sectioning
at frequent intervals all the streams in the drainage basin and
taking gage readings at each cross-section during a storm. This
method is, however, wholly impracticahle for application except-
ing to very small streams. Where there are several good gaging
stations separating the streams into suitable reaches, the channel
storage capacity of each reach can readily be approximated for
different stream stages from suitable hydrographs, especially
where, a8 is usually the case, the average of the cross-sections of
the stream in the reach approximates some form of parabola.

Objectives of the study of channel storage from larger areas
should include:

1, Determination of the Horton channel storage equation or
relation of volume of channel storage to gage height or channel
outflow rate during receding stages.

2. The same for rising stages.
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3. Variation in the volume of channel storage in the same
area for both rising and receding stages in different types of
storms or according as the rain splash ® proceeds (a) upstream,
(b) downstream, or (¢} transversely across the drainage basin;
for partial area stream rises or floods where the rainfall excess is
concentrated (@) in the lower portion of the drainage basin, and
(b) where it is concentrated in the headwaters of the drainage
basin; for general storms where rainfall excess and subsequent
surface run-off cover the entire drainage basin,

4, Relation of volume of channel storage corresponding to an
outflow rate of 1 ¢. 5. m., to {a) slope and physiographic type of
drainage basin, (b) drainage density (12), (¢) size of drainage
basin,

The importance of & comprehensive research on channel
storage is further emphasized in conneetion with the unit-graph
method. Objectives of these studies of larger areas include:

1. Evaluation of channel storage in terms of storm type, as a
guide in selecting proper coefficients or factors for use in conjune-
tion with the unit-graph or other methods of estimating channel
outflow.

2. Determination of the degree to which channel storage
behaves as if concenirated in a single reservoir and the degree,
if any, to which this relationship is modified during both rising
and receding stages by differences in storm characteristics and
rate and direction of storm travel.

3. Detfermination of the manner in and extent to which channel
storage effects are modified by movement of flood wave crests,
particularly with reference to applicability of the Seddon
equation (22). Application of this equation requires knowledge
of sfream widths, In comjunction with collection of data,
stream widths at various stages should be determined at a ¢on-
siderable number of cross-sections, sufficient o give a fairly re-
liable average. (A method of determining approximate stream
widths by the application of the storage equations to hydrographs
has recently been developed by Horton and will be described in
a fortheoming paper.)

4. Determination of water losses and infiltration-capacity over
large areas. Maps showing water losses, total infiltration,
pormal water losses, normal total infiltration and, in particular,
minimum and average infiltration-capacity over large areas are
among the fundamental needs of both scientific and applied
hydrology. Such maps can be prepared in a large measure from
existing data. A start toward the last named has been made
by Horton (14). This study could probably readily be extended,
using data for the 1936 floods in eastern United States, which
will appear shortly in a series of Water Supply Papers.

Special Research

The research so far suggested has been concerned mainly with
fundamental relationships among the independent variables
governing run-off phenomena. There is, however, an unlimited
field for additional research in relation to the practical applica-
tion of these basic principles—in particular into methods of
estimating stream flow where complete records are not available,
Some of this secondary research eould be undertaken immediately,
some must be deferred until the basic research has reached a
suitable point.

The following examples have been outlined to illustrate desir-
able topics to be covered in a general study of run-off. While
these are outlined here as individual research topics, the research
should be carried out in conjunction with and be coordinated
with the broader general research on run-off outlined in this
paper.

8 The area on which raln s falling at a given time during a storm.
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Item A. Stream Flow Estimation ®

Objectives.—The objective of this research is to improve meth-
ods of estimating and extending stream flow records under
various conditions where such estimation or extension is neces-
saTy in the practical application of run-off data.

There are two general classes of problems involving estimation
of stream flow:

1. Those involving run-off in individusl storms, including
floods. In these problems surface run-off is of prime importance,
and in such problems ground water flow and water losses may
often be neglected or approximated.

2. Problems involving total run-off, its variation and distribu-
tion over longer intervals, ag a month or a period of years. For
such problems surface run-off, ground water flow, and water
losses are of about equal importance.

Discussion.—This whole subject of estimation of stream flow
requires more logical and rational treatment than it has received.

Tota) run-off may be considered either as:

1. Rainfall minus water losses.

2. Surface run-off plus ground water flow. Both of these
viewpoints are useful in run-off estimation.

3. A more or less constant percentage of rainfall. This con-
cept is less reliable. ‘The relation of coincident rainfall to run-off
ranges from almost perfect correlation for wholly impervious
areas in regions of constant climate, to a very small correlation
for drainage basins with deep, permeable soils where the stream
flow is almost wholly ground water flow. In northern climates,
the correlation may be high in winter for run-off from snow on
frozen ground, and low in summer. In climates with marked
rainy and dry seasons, the correlation may be good during the
rainy season but is obviously zero during the rainless season, for
streams supplied by ground water.

In research relative to methods of estimating run-off, it shounld
always be kept in mind that the application of such methods is
nearly always limited by the extent and character of the data
available. Two problems may be fundamentaliy the same. but
the methods of solution must, of necessity, often be quite differ-
ent because of limitations or differences in the character of avail-
able data. A large part of the labor in the solution of hydro-
logic problems is finding & means of arriving at & solution with
incomplete data.

Procedure—Correlative research on run-off should cover a
broad field, including, among other things:

1. Methods of estimation of mean annual run-off.

2. Methods of estimation of monthly run-off. (Engineers use
monthly run-off extensively because it provides reasonably ap-
proximate results with much less labor than if daily run-off is
used. Estimates of monthly Tun-off are at best approzimations,
but they should receive attention because of their practical utility
and with a view to their betterment.)

3. Methods of estimation of continuous run-off or synthesis of
the hydrograph.

There is a wide range of conditions to be considered, and each
method should be studied with reference to its validity and ap-
plicability:

1. In eold climates and at high elevations where ice and pre-
cipitation from snow predominate.

2. In temperate climates.

3. In more arid climates, where run-off is intermittent or
ephemeral.

The methods should also be studied with reference to their
applicability in regions with:

1. Rainfall distributed throughout the year.

Seo also items No. 5, 6, and 10 of section V, chapter IIL,
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2. Regions with scasonal climate where there is little or no
rainfall throughout a considerable period of the yenr, and stream
flow, if any occurs, is derived from natural gurface and ground
water storage.

They should also be considered with reference to their appli-
cability to different types of stream regimen:

1. Relatively or wholly impervious areas, such as rocky,
mountain arens, where there is relatively little ground water flow.

2. Regions in which run-off comprises both surface run-off and
ground water flow.

3. Highly permeable regions, from which thero is little or no
surface run-off, and ground water flow predominates,

1t scems obvious that there is no one method best or most
applicable under this range of conditions, and the final objective
of the research should be the development of new, more floxible
and better methods covering the full range of conditions des-
cribed.

There are also several types of problems which commonly
arise in connection with the estimation of runp-off, including
among others:

1. Extension of a short stream flow record at s given location
s0 as to cover a longer interval, adequate to give a truly repre-
sentative picture of the run-off regimen.

2. Having given an adequate run-off record at one location
on a stream, to determine the run-off at another loeation on the
same stream.

3. To determine the run-off at a given location in & drainagoe
basin where there is a short run-off record, and long run-off
records are available on adjacent drainage basins.

4. To determine the run-off in regions where actunl gaging
data are not available on the same or adjacent streams. This is
by far the most difficult and important problem of estimation
of run-off, for the reason that over the larger portion of tho
earth no strenm flow records are kept. In this problem, in
particular, differences in methods dependent on differences in
climatic conditions, and types of stresm regimen come atrongly
into play.

It is not necessary here to inventory the specific procedures
in existence which should be studied, but it may be noted that
there are various formulas and methods which have been pro-
posed for estimating mean annual run-off, both in this country
and abroad. Among methods which have been proposed for
estimating monthly run-off are those of Vermeule and Meyer,
and among methods for synthesia of the hydrograph are the
unit-graph method of Sherman (19), the distribution-graph
method of Bernard (10), Folse's method (21), and the infil-
tration theory of Horton (3).

With reference, for example, to extension of stream flow
records, existing methods include the use of run-off relation
curves, which show the relation between run-off at station
“h,"” having a short record, to the run-cff for the simultancous
period at station “a,”’ having o long record. These curves sre
then used to extend the record at station “b.”” Similar results
can be obtained by the use of duration curves derived at the
two stations from the simultaneous records (Wisler's method).
The method can be extended to take into ageount variation of
the relative rainfall amounts from the normal in the two areas.

Jtem B. Relation of Run-off to
Antecedent Rainfall

Objectives.—In estimates where the use of rainfall data are
involved, a study of the relation of run-off not only to coincident
but to sntecedent rainfall should be carried out. Tor example,
the monthly run-off may show a correlation of 50 percent with
coincident rainfall, 40 percent with the preceding month’s
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rainfall, 30 percent with the second month preceding, and so on.
Some work has been done cn this subject by Collins and Snyder
{14), Maynard (5), Horton and Grunsky (6), (27), and others.

Discussion—The hydrologic basis of the relationship of
run-off and water losses to antecedent rainfall has not been
worked out. The subject is important both in relation to
stream flow estimation, crop prediction, and stream flow pre-
diction. Antecedent rainfall does not—except in special cases—
contribute any direct surface run-off during a given month,
It may, however—

1. Increase the surface storage at the beginning of the month
and so increase the outflow from lakes, swamps and marshes.

2. Increase the ground water storage at the beginning of the
month and so increase the coincident ground water run-off.

3. Increase the soil-moisture-storage at the beginning of the
month and so decrease the amount of infiltration required to
restore field-moisture-capacity and hence permit larger aceretion
to ground water, and more ground water run-off. .

Item C. Water Loss Methods

Objectives.—This is a ccrrelative research, the object of which
is to compare and, if possible, improve and determine the
accuracy of water loss methods of estimating total run-off,
such as are commonly used in England and to some extent in
continental Europe.

Discussion.—The writer uses the term “water losses” in the
sense of water which is actually lost from the drainage basin
through evaporative processes. These losses are of three kinds:
(a} Interception by vegetation, (b) evaporation from the soil
surface or evaporation of moisture from within the soil, {c)
transpiration by vegetation. The latter obviously takes place
entirely from previous infiltration, but it may take place either
from the soil-moisture zone or directly from the water table.
““The use of water losses” with meanings other than that given
above is to be deprecated. The use of the expression ‘“‘con-
sumptive use’”’ is undesirable. The water is evaporated—not
“"consumed”’ or chemically changed—and returns in due course
to the surface phase of the hydrological cycle.

Because of the threefold effect of antecedent rainfall on
run-off, an adequate research on the subject requires the use of
data from drainage basins where suitable ground water level
records are available and where the march of soil-moisture-
storage is or can be determined, either by the run-off analysis
method of Horton or by field measurements. These require-
ments are best met by the use of data for small drainage basins.

Water loss methods deserve and require special consideration
as there are extensive regions (England and Sweden, for example)
where mean annual run-off can quite closely be determined by
subtracting a constant allowance for water losses from the
rainfall. Monthly run-off is estimated by a similar method.
The basis for this procedure is the relative constancy of water
losses as compared with run-off. One adaptation of the method
is to the estimation of long-term run-off at a location where
there is only a short record, and only rainfall data are available
for longer intervals,

Water losses are more closely related to total infiltration than
to rainfall. Total infiltration ean be quite closely determined
from hourly rainfall data where the infiltration-capacity of the
soil is known. The determination of the relation of water
losses to total infiltration on numerous drainage basins would
apparently provide valuable data for use in estimation of stream
flow in the absence of run-off records. For example, if the total
infiltration and surface run-off are determined from hourly rain-
fall, and it is known that the water losses are a nearly constant
fraction ““m” of the total infiltration “F,” then the ground-water
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flow will be (f-m) F plus or minus the ground-water depletion,

Various correlative research in relation to water losses should
include:

1. Preparation of maps of annual average water losses, A
start toward this has been made by Horton. (16).

2. Study of the relation of annual water losses to evaporation
from water surfaces. It appears that the ratio

Water loss
Evaporation

may be relatively constant in a given climatic region. If so,
evaporation records can be used as a basis of estimating water
losses and, in turn, for defermining mean annual run-off from
rainfall.

3. Transpiration, the most important of evaporative water
losses, is derived wholly from within the soil, and hence from
infiltration. The single study which has been made of the
subject (15) indicates (¢) a high degree of correlation between
water losses and total infiltration, (b) a relatively constant
ratio of apparent water losses to total infiltration. Since totsl
infiltration can be quite closely approximated from hourly
rainfall on an area where the infiltration capacity is known, the
water loss ratio may prove to be a valuable index of average
run-off.

4. Further study of the relation of water losses to latitude and
elevation. (16) (17) This research is of great importance in
connection with scientific hydrology, with reference to the
hydrology of glaciers and polar ice-caps, as well as in relation
to applied hydrology, perticularly for mountain regions where
water supply is derived mainly from melting snow.

Second in importance is evaporation from the soil, which

-takes place at the surface but mainly from water which has

entered the soil as infiltration.

The third type of water loss—interception by vegetation—is
directly related to rainfall duration and consequently closely
correlated with infiltration.

In general, water losses can be segregated into their three
components only if two are measured. This requires collection
of data adequate to estimate interception and evaporation from
the soil.

It can readily be seen that a comprehensive correlative re-
search based on data at present available but unanalyzed is not
a simple matter. The data have been collected by different
bureaus and sgencies. It may be hoped, however, that these
agencies will view the matter in a truly scientific spirit and
that a plan can be worked out which will lead to a coordinated
analysis of all these data. For this purpose it would seem
advisable to set up an advisory board to direct the correlative
research, This board should obviously include some wholly
disinterested persons not connected with any of the bureaus or
agencies collecling the data, but having a comprehensive knowl-
edge of both the background and physical processes of run-off
phenomena. In addition, there should be on this board a repre-
sentative of each bureau or agency engaged in collecting the
data, so that the work done by each agency may be analyzed in
the light of the knowledge and experience gained by the others
engaged in similar work.

Item D. The Unit-graph Method

Objectives—The objective of this correlative research is to
determine the hydrologic basis of the unit-graph methods, to
devise, if possible, methods of preparing synthetic unit-graphs,
and to determine the limitations and accuracy of the methods,
particularly as applied to the determination of flood outfow
graphs.
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Discussion.—While the ubit-graph method as originally pre-
sented by L. K. Sherman (19) purported to be a method of
estimating channel outflow day by day from rainfall, it involved
the assumption that the surface run-off graph and the ground
water flow were known or could be determined.

The essential feature of the method, as pointed out in Water
Supply Paper 772, is the unit-graph jtself. The unit-graph is a
graph, derived from a hydrograph, showing the manner in
which the surface run-off from a l-day rain which produced
1 inch depth of surface run-off, is distributed as channel out-
flow on the same and subsequent days. The unit-graph has an
area, expressed in inch-miles of run-off, numerically equal to
the drainage area, expressed in square miles.

Another graph, of identically the same type, has been devel-
oped by Merrill Bernard. This is called the “distribution-
graph,” which differs from the unit-graph only in the respect
that it has an area of unity, so that the ordinate for a given day
represents the fraction or percentage of the total run-off from a
given day’s rain which will appear as outlet flow on the same or
some subsequent day.

The following discussion applies equally to the unit-graph and
the distribution-graph, the advantage of the latter being chiefly
that since the areas of distribution-graphs from different drainage
basing are always unity, their characteristics are readily com-
pared.

The unit-graph is based on the assumption that all channel
outflow grephs resulting from 1-day rains have the same length
or time base, and their areas and ordinates are therefore directly
proportional to channel outflow rates. Originally, the assump-
tion was also made that all hydrographs appurtenant to a given
outlet point in a given drainage basin, resulting from a 1-day
rain, are identical regardless of rainfall distribution, differences
in channel storage, or differences in ground-water flow.

Since both surface run-off and ground water flow can, given
adequate data, be quite accurately determined, the effect of
channel storage in modifying the surface run-off graph remains
the least understood and most outstanding problem of potomol~
ogy, orthescience of riversand streams. Thereare threepossible
methods of solving this problem:

1. The time contour method—long in use in conjunction with
the rational method of estimating storm-water flows. Data for
application of this method to large areas are almost always
wanting and its validity is open to serious question.

2, The channel storage method. This involves the deter-
mination of channel storage during rising and receding stages.
Such determination is easily made for receding stages but not so
readily made for rising stages. While this method is still in &
state of development, it involves nothing aside from observed
data excepting the storage equation.

3. The unit-graph method. Both the channel storage and
the unit-graph method take into account automatically channel
storage volume and effects, as determined by the characteristics
of the drainage net and outlet channels, and these two methods
are closely related. Tt appears, however, as shown by studies
contained in Water Supply Paper 772, that unit-graphs for the
same loeation are not identiesl but are considerably medified
by various factors, particularly:

{a) The amount of initial channel storage.

(») The actus! duration and time of occurrence of rainfall
excess in a l-day rain.

(¢) Rainfall distribution over the drainage basin.

(d) Velocity and direetion of travel of the storm over the
drainage basin—whether from mouth to source or the reverse,
or across the basin.

Exactly these same factors affect the application of the channel
storage method, and the two should unquestionably be studied
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together. This research ¢an be carried out on relatively large
drainage basins where channel widths are known, so that the
volume of channel storage can be quite accurately estimated for
rising as well as receding stages, and where there are sufficiently
numerous gaging stations to show the progress in modifieation
of the outflow graph in course of transit.

In this connection an important practical problem arises,
namely, that of determining the unit-graph at some point on a
stream from the unit-graph for the strenm at the site of an
existing gaging station.

The problem of determining the medification of unit-graphs
by various factors is really identical with the problem of deter-
mining the modification of a flood wave in its course through a
stream channe), and it would scem that this particular research
should properly be ineluded in the topiec of research on flood
waves. Since field data are required, and the necessary data
can and should be obtaired in eonjunction with additional fiold
research on large drainage basins, as outlined above, the rescarch
on unit-graphs and related problems should apparently be
carried out cooperatively in conjunction with fthe rescarch on
flood waves.

Since the channel outflow graph reflects the changes in the
surface run-off or channel infiow graph in course of tramsit, it
appears that much could be accomplished through laboratory
experiments toward answering the problems enumerated abovo
regarding the modification of unit-graphs by various factors.
The primary effect of differences in direction and velocity of
storm travel is to modify the channel inflow or surface run-off
graph. If, therefore, experiments were carried out with various
types of channel inflow graphs, and the corresponding forms of
channel outflow graphs were measured, the results would form
a basis for answering these questions. The results of such a
series of small-scale laboratory experiments carricd out by the
Horton Hydrologic Laboratory have recently been published.
(26) Such laboratory research is properly o part of the program
for flood wave investigation.

Item E. Additional Field Research

Objectives.—Nearly sll the preceding discussion in this paper
relates to correlative research, capable of being carried out by
the use of existing data. The objectives of the additional field
research proposed here are to provide the necessary data for
completing the picture of run-off phenomena. This includes
particularly the effect of different types of drainage net and
channel storage, the phenomena of partial-area run-off, and n
variety of other problems in reference to composite drainnge
basins, which cannot well be studied from data for smaller
drainage basins.

Discuasion.—It i3 obvious that the additional field resesrch
needed cannot be adequately outlined at the present time. It is
probable that some additional independent variables should be
determined, even at such elaborately equipped field experiment
stations as those in the San Dimas forest and Coweeta area in
the southern Appalachians. For example, it is desirable that
measurements of rainfall interception and direct evaporation
from the soil should be made for use in segregating water lossca
into their three principal elements, and providing a better basis
for determination of the march of soil-moisture and its relation
to ground water run-off. Also it is desirable that Dines pressure-
tube anemometers or some other recording type of anemometer
should be installed which will register gustiness and permit of
the segregation of periods of laminar and turbulent air flow, as
it appears certain that this has an important effect not only
on evaporation from water surfaces but on evaporative water
losses, and henee on totsl run-off,
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1t is clear that additional ficld data are urgently needed with
reference to a large number of drainage basins for the defermin-
ation of factors of channel storage, ete., incapable of satisfactory
study from smaller areas. It is desirable to select for this
purpose drainage basins comprising as far as possible a single
topographic and physiographic type, rather than cemposite
basins. Also it is desirable to use drainage basins where there
is po large degree of artificial regulation so that the natural
stream regimen, velocity of transit of flood waves, and other
data can be adequately determined. It is also desirable to select
drainage basins for which there is at least a 10-year record of
run-off af one or more locations, as these records can be used to
establish fundamental relationships, such as ground-water de-
pletion curves and rainfall-water loss relation curves, which
would otherwise require long-continued records before analysis
of the data could begin.

Procedure—The data to be collected should comprise:

Maps.—Adequate topographic, geologic, and soil maps. The
latter should show by contour lines the surface minimum infil-
tration-capacity, field-moisture-capacity, and moisture-equiva-
lent of the soil. There should also be maintained, annually,
maps of culture, showing the areas devoted to each kind of vege-
tation—mnatural and cultivated.

Stream gaging.—1t is of first importance that the stream-flow
records should be complete and accurate throughout the entire
year, including the winter season. Gaging stations should be
established at suitably frequent intervals to determine the run-off
both as to intensity, total amount, relative times of occurrence,
and other characteristies for each principal subdivision of the
drainage basin. In general, there should be a gaging station on
the main stream and on each principal tributary just above its
confluence with the stream. In case of important tributaries,
gaging stations should be established on these at suitable dis-
tances and on their principal tributaries.

Rainfall —Recording rain gages should be established, at least
one in every 100 square miles of drainage area. In addition to
the recording rain gages there should be a sufficient number of
other gages to fix definitely the boundaries of the rain smear
produced by every shower and the exact time of the beginning
and ending of rainfall. This can be accomplished either through
the use of a sufficient number of cooperative observers or, per-
haps better, by the use of a simple recording device, less costly
than a recording rain gage, which shows the exact time of begin-
ning and ending of rain fall. While it is desirable to have
sufficient recording rain gages to determine therefrom accurately
the rainfall on the whole area or any major subdivision, this may
be impracticable. The number of nonrecording rain gages re-
quired depends on the rainfall range and cannot be specified in
general terms. It should be sufficient to give an accurate de-
termination of rainfall amount in every storm, but an excessive
number of gages is not desirable because it greatly increases
the labor of reduction of data.

Ground waler.—There should be an extensive and fairly com-
plete system of ground-water-level records, care being taken to
locate wells so that they are free from backwater from streams
and sufficiently sensitive to indicate accurately times of ground-
water aceretion. It is desirable that the drainage basins used
should be free from artesian aquifers deriving their supply from
or yielding their supply to extraneous areas.

One part of the geological survey of the area should include
determination of the boundaries of the surface aquifers and the
relation of external watershed lines of the topographic and
surficial ground water-basins.

Stream width.—There should be a survey of the streams in the
drainage basin from which the width of streams and volume of
channel storage at various stages could be determiped. From
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the topographic surveys, the average length of overland flow and
average slope in each subdivision of the drainage basin should be
determined.

Meteorologic date.—There should be a suitable number—say
one to every 1,000 square miles—of central meteorological sta-
tions where evaporation from water surface and from the soil
surface should be measured, and records of air temperature, soil
surface temperature, wind velocity—both laminar and turbu-
lent—and humidity, should be regularly maintained.

Srnow and frost.—For drainage basins in northern climates,
aecurate records should be kept of soil temperature &t different
depths to determine the depth of frost penetration throughout
the winter season, and continuous records should be kept, by a
sufficiently large number of observers, of the depth of snow on
the ground and its water equivalent, to provide an adequate
basis for determination of the equivalent water volume of snow
storage.

One use of the results of this investigation would be in connec-
tion with the study of flood wave phenomena. Though this
should in the main be a separate topic of research, it should
also be coordinated with the run-off research to provide all data
required in both researches.

Because of the relatively great cost of carrying out such
research as that outlined above, the number of drainage basins
studied should be limited and the research earried out progres-
sively, beginning with one or two drainage basins and extending
the number when and as studies of additional areas are found to
be necessary to establish fundamental relationships. It is,
however, obvious that such studies should ultimately inrlude
drainage basins involving all of the following physiographic and
climatic regions:

1. A drainage basin in a mountainous or semimountainous
region in middle latitudes, with precipitation distributed more
or less uniformly throughout the year. The Susquehanna and
Delaware drainage basins come within this class.

2. A plains drainage basin, with relatively flat topography
and rainfall heavier in the summer season. Various streams in
the Mississippl drainage basin would meet this requirement,
such ns the Muskingum basin. In connection with drainage
basins in flatter regions, two prineipal eases oceur:

(a) Those with fine-textured soil, such as loess and some
prairie soils.

{b) Those deeply overlain with highly permeable sands. It is
probable that drainage basins eould be found which would cover
both of these subtypes in both middle and southern latitudes.
Sandy drainage basins oecur in Michigan and Florida, but their
utility for this research is doubtful beeause of underlying artesian
aquifers.

3. A semitropical drainage basin in & mountainous region,
with rainfall distributed throughout the year. Some southern
Appalachian streams meet this requirement.

4. A semitropical drainage basin, with relatively flat topog-
raphy and rainfall throughout the year. Drainage basins in
the lower Mississippi valley may be found which meet this
requirement.

5. A drainage basin in a semiarid, mountainous region, middle
latitudes, as in the Rocky Mountain regions.

6. A drainage basin in a semiarid, mountainous region, semi-
tropical latitude, as in the Mexican mountain regions.

7. A drainage basin in a monsoon climate or with marked
rainy and dry seasons; mountainous. Some drainage basins in
California meet this requirement.

8. A drainage basin with seasonal rainfall, semitropical, semi-
desert conditions, plains or flat region.

In order to make this study eomplete, so as to include more
northern climates and truly tropical conditions, it would be



Deficiencies wn Hydrologic Research

necessary to go outside the limits of the United States, but it is
possible that cooperation with other countries could be secured.
Information is greatly needed, both for practical application
and in relation to hydrology of glaciers and other scientifie
problems, regarding run-off phenomena in extreme northern
latitudes.

With reference to tropical conditions, the study requires for
its completion the investigation of run-off phenomena in drainage
basins such as those of central Africa and India, where there is
excessive rainfall during the winter seasor but nesrly complete
absence of rainfall during the summer. A start has been made
in this direction by a study of the hydrology of the Congo
River in Africa (18).

High mountain areas and glacier drainage basins have not
been included for the reason that these basins are generally rela-
tively small, and the character of the hydrologic phenomena of
such drainage basins does mot lend itself readily to the deter-
mination of the particular factors investigated in this research.
Research covering the hydrology of such drainage basins is,
however, greatly to be desired, for various reasons, including:

{a) The great agricultural value of water from melting snow
and ifs value for power production and other uses.

(b) Because of the fact that the hydrology of high mountain
areas, ineluding water losses and other characteristics, is less
completely determined than for almost any other type of drain-
age basin,

Agencies designaled for task.—It is evident that a research so
broad in scope cannot be carried out by any one person or single
agency. The study of the main branches must of necessity be
carried out under the direction of some coordinating agency to
secure orderliness and completeness. At the same time, there
are many minor elements which could be investigated with some
such direction by any qualified person or agency interested in
the subject. The situation is complieated, and the difficulty of
covering the field adequately is greatly increased by two things:

1. The basic data are being collected by and are scattered
through many different Government bureaus.

2. A large amount of work has already been done within and
outside Government bureaus, and nearly all of this has been
done by persons who were deeply imbued with certain commonly
accepted ideas and viewpoints and who might, if engaged in
further research, find it difficult to go back to fundamental
principles.

Apparently such a research as here proposed, either correlative
or experimental, however greatly it is needed, can only be
carried out if:

1. Government buresus and agencies in possession of basic
data will take & sufficiently scientific attitude of mind to permit
these data to be used freely and fully, regardless of the results
which may come therefrom.

2. If a wholly disinterested coordinating agency can be set up
to direct the research,

The fundamental functions of this directive or coordinating
agency would be administrative. It should have authority to
requisition for use in the research any and all pertinent data
existing in governmental bureaus and agencies.

In addition, there should be an advisory board comprising
representatives of all Government bureaus interested in run-off
phenomena and all interested outside groups, ineluding those
concerned with hydroelectric power, navigation, water supply,
sewerage, and land drainage, as well as of representatives of the
sciences, including botany, ecology, agriculture, and meteo-
rology, directly interested in run-off phenomena.

It is assumed that the members of this advisory board would
serve without eompensation, but provision should be made to
pay their traveling expenses, so that meetings of the advisory
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board as a whole could be obtained. In addition, the central
coordinating agency should have authority to employ and pay
for adequate consulting service, 10 be used in conjunction with
the services of the advisory board. Consultants should include
hydrologists most eminently fitted by their breadth of knowledgo
of the background of hydrology, also physicists and mathe-
maticians competent to evaluate physical relationships between
the different processes and to provide the best possible methods
of mathematical treatment of the data.,
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APPENDIX D. STANDARD FORMS FOR REPORTING BASIC
HYDROLOGIC DATA:?

The absence of uniformity in methods of reporting
basic hydrologic data was one of the points emphasized
at o conference of hydrologists held at Coshocton, Ohio,
on May 2 and 3, 1938. The Soil Conservation Service
sponsored the conference for members of the American
Geophysical Union and the Research Advisory Com-
mittee of the Soil Conservation Service. Following the
meeting a resolution was prepared by representatives of
Federal agencies and others, requesting the Water Re-
sources Committee of the National Resources Com-
mittee to explore the feasibility of standard forms which
could be used in reporting basic hydrologic data relating
to precipitation and run-off from small drainage areas.

The Water Resources Committee requested its Spe-
cial Advisory Committee on Hydrologic Data to in-
vestigate the development of the requistte forms,
kkeeping in mind the objectives to be fulfilled by the
development, namely that (1) the forms should be of
such character that they could be used in the exchange
of hydrologic data between different Federal agencies
and between Federal agencies and other groups; (2) the
forms should be sufficiently complete and detailed as to
permit and encourage their adoption by Federal agen-
cies and other groups engaged in hydrologic research.

Investigations are being currently conducted by many
Federal and other agencies into the relationship between
precipitation and run-off from small watersheds. All
too frequently the immediate worth of these investiga-
tions is materially lessened by the absence of uniformity
in the manner of reporting the basic data and by the
consequent difficulty encountered in their use. Investi-
gation revealed that standardization of the methods of
compiling these data was not only possible, but desirable
for the efficient and thorough analysis of them, particu-
larly if they were to be used by other than the collecling
agency. The detail to which the compilatiou of data
should be carried would, of course, be limited by the
detail and precision of the basic data itself.

The interested agencies were concerned primarily with
hydrologic data pertaining to small watersheds. For
the purpose of the Commitiee, a small watershed has
been arbitrarily defined as one of ten square miles or
less. The forms relating to run-off have been prepared
on this assumption but are not necessarily restricted to
use on watersheds of this small size. The forms for re-

! In the preparation of this report the Committee has had the sssistance and co-
operation of Messrs. E. H. Munns and I. H, Sims of the Forest Service; Messrs.
L, L. Harrold, D. B. Krimgold, and H. R. Leach of the Soil Conservation Service;
gﬁ‘- W. B, Langbeln, Geologlcal Survey and Mr. R, E. Spencer, U. §. Weather

ureau.

.porfing precipitation refer in general to a single precip-
Itation station and do not involve an areal concept in
their use.

The Special Advisory Committee has confined itself
to the preparation of forms for the reporting of basic
hydrologic data only. The uses to which the basic data
are put and the interpretations derived therefrom are
the respousibility of the using agency and should not be
circumscribed by standardization. For this reason, the
Committee advocates a rigorous differentiation between
the compilation of basic hydrologic data and any compila-
tion of derived data which the agencies may care to make.

Six forms were evolved covering the reporting of these
basic data as follows:

Form P-1.—Hourly Precipitation Record.

Form P-2.—Excessive Precipitation.

Form P-3.—Record of Rainfall Intensity.

Form PR-4.,—Summary of Precipitation and Run-off

by Storms for the Year Ending __.________. , 19,

Form R-5.—Record of Run-off.

Form R-6.—Record of Mean Hourly Run-off Rate,

Forms P-1, P-2, P-3, and PR—4, deal primarily with
some phase of precipitation and are applicable to any
study involving those phases. In considering forms for
reporting basic run-off data, it was found that small
watersheds tend to resolve themselves into two groups,
those having an intermittent strenmm flow and those
yielding a continuous streain flow. This diflerence,
not necessarily a function of the size of the drainage area,
was considered of sufficient importance in adding to the
complexity of the problem to warrant separate report-
ing for the two classes of flow. Two forms have been
prepared, R-5, which is applicable to areas yielding an
intermittent low and R-6, which is designed for use on
watersheds yielding a continuous flow.

Detailed instructions have been prepared for each of
the six forms together with examples showing themanner
in which the information in the headings and columns
should be filled in. Certain types of hydrologic data
will be too numerous to be confined to one sheet and
in such cases it is suggested that the individual agencies
secure continuation sheets carrying abridged headings
as noted in the instructions.

A method of making these standard forms available
for general use is dependent largely upon the demend
for them. It is expected that this demand will warrant
their being printed on a good quality translucent paper
suitable for blue printing and bound in tablets of con-

venient size.
75
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Form P-1 Ageney Weather Bureau File No. ..'-.1.8.5.5.......,
Sheet L _of. 1,
HOURLY PRECIPITATION RECORD
Freizt Reconnalssance,
Rain gage: Type Helghing .and Recexding,.f.dnch. oo, Time siandard; Eastern W Ceniral 0 .mSPmﬂgld;.HBStvirﬁiniE(n“
1 fuch on chart =L 20 ___inches of precipitation, Mountain 0O Paciic DO (131100 designation)
1 joch on chartw R4..........minutes of tims.
Lat.: .59...% _RB." o Long: 8.0 AL L " Month . February Year 1959,
Eievation (mean sea level) e 1O, foct. Sectlon ccesesee...  Township Range Station description s B, is not 0, wrallable upon request.
Amounts, ¢od of hour 1o eod of bour, Ia Inches
Dats A, o3, bour ending iF. . bour endlog Dally tola | Arcumulited
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A '8‘ from precipitation other than rain will be identified by reference marks an follows:
L4 h?l?:ad raln and snow.
# Hall, sloet, ate.

T Amounta of precipitation Jesy than 0.01 inch {trave).
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INSTRUCTIONS TO ACCOMPANY FORM P-1
“HOURLY PRECIPITATION RECORD”

This form is intended for the tabulation of hourly
precipitation by months.

Heading

(@) Ageney.~—Give the name of the agency reporting
the data.

(b) File number—Give the agency’s file number
which may be referred to in requesting copies of the
record.

(¢) Rain gage type—Give the type, make, and capac-
ity of the gage, 1. e., “Weather Burean Standard
Tipping Bucket,’’ *Friez, Reconnaissance, weighing and
recording, 12 inch.” Indicate the depth and time scales
of the recorder, i. e., “l inch on chart=1}% inches of
precipitation, 1 inch on chart=64 minutes of time.”

(d) Elevation.—Give the mean sea-level clevation of
the rain gage in feet.

(e) T'ime standard.—Indicate by a check mark wheth-
er Eastern, Central, Mountain, or Pacific stendard
time.

() Latitude and longitude—Record the geodetic
position of the gage as nearly as can be determined.
The section, township, and range of the public land
survey system where available should be given in addi-
tion to or instead of the geodetic position.

(g) Station designation.—Give State and nearest town
as well as station number or name, i. e., “Springfield,
W. Va. (near).”

(k) Date.—Give the month and year covered by the
record.

() Station description.—Indicate by a check mark
whether or not a station description containing informa-
lion on date of establishment, continuity of record,
exposure of rain gage, etc., is available.

Columns

Record under each of the hour columns the total
precipitation received in the 60-minute period imme-
diately preceding the hour shown in the column
heading.
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Form P-2 Agency Weather Bureau Tile No. .R514
Sheet ... & of -..J:.--_
EXCESSIVE* PRECIPITATION
Rain gage: Type Heather Bureau - Standard __North Platte, Nebraska
Tippi-ngy%ucket. o (Station designation}
1 inch on chart=_._._. inches of precipitation.
1 inch on chart=..... .2 ........... minutes of time.
Month . September . ... Year ... 1938 el
Time standard: Eastern o Central &
Mountain O Pacific O Lat.:.. 41 o 8 7 #. Long.: 100 e 45 /. _»
Elevation (mean sea level): ..e850 . feet. Section «.o..o..... Township cecemmmceeeeee Range eeeeeee

Station deseription is ¥, is not O, available upon request.

Amount previous to and | o iite intorvals of the bour (beginning with the elock hour shown in column 1) first line, &-minute amount; second line,

Clock hous :le‘;?v:‘r:feﬂmmng of ex- accumnulated amount
and date
Amount Time Oto s Stol0 [ 10tolS | 15t020 | 20025 | 258030 | 30te 35 | 35to40 | 40to 45 | 45to 50 | 50t 55 | 65to OO
1 2 3 4 5 8 _7 8 ) 10 11 12 13 14 15
8:00p 0.25]0.26/0.36/0.32|0.30
| _4th | 0.R0 8:07p 0.25/10.51]|0.87(1.19|1.49
3:00p 0.33 0,35 |0.3810,42
11th| 0.02 | 3:40p 0.3310,6811,061,48

0.48 (0.45]0.3110.35|0.36 |0.25 |0.R6 |0.27
1-96 2.41 2072 5.07 5!43 5068 5-94 4.21

* Define “Excessive’:
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INSTRUCTIONS TO ACCOMPANY FORM P-2
“EXCESSIVE PRECIFITATION”’

This form is intended for the tabulation of excessive
rainfall by 5-minute intervals from charts of recording
rain gages.

Heading

(@) Agency.—Give the name of the agency reporting
the data.

(b) File number.—Give the agency’s file number
which may be referred to in requesting copies of the
record.

(¢) Rain gage type.—Give the type, make, and ca-
pacity of rain gage, i. e., ‘“Weather Bureau Standard
Tipping Bucket,” “Friez, Reconnaissance, weighing
and recording, 12 inch.”” Indicate the depth and time
scale of the recorder, 1. e., 1 inch on chart = 1Y% inches
of precipitation, 1 inch on chart = 24 minutes of time.”

(d) Time standard.—Indicate by a check mark
whether Eastern, Central, Mountain, or Pacific stand-
ard time,

(e) Elevation.—Give the mean sea level elevation of
the rain gage in feet.

(f) Station designation.—Give State and nearest
town as well as station number or name, i. e., “North
Platte, Nebr.;”’ “Fairfield, Ga. (station R-102},” etc.

(g) Date—~—Give the month and yeasr in which the
excessive precipitation occurred.

() Latitude and longitude—Record the geodetic
position of the gage as nearly as can be determined.
The section, township, and range of the public land
survey system where available should be given in addi-
tion to or instead of the geodetic position.

(i) Station description.—Indicate, by a check mark,
whether or not a station description containing in-

formation on date of establishment, continuity of
record, exposure of rain gage, etc., is available.

In case where more than one sheet is used in tabu-
lating & single rainfall period only items (a), (b), (f),
and (g) listed above nced be filled out in the heading
of each of the continuation sheets, or separate forms
with abridged headings may be used for continuation
sheets.

Columns

Column 1.—Give the eren clock hour preceding the
beginning of the ercessive rate of rainfull and the date,
i. e., if the excessive rate began at 8:07 p. m. on Sep-
tember 8, record as “8:00 P.” and immediately below
it the date. Indicate a. m. and p. m. by letters “A”
and “P" respectively.

Column 2.—Tabulate the amount of precipitation
prior to the beginning of the excessive rate of pre-
cipitation.

Column 3.—Tabulate the time at which the excessive
rate of precipitation began,

Columns 4—-15.—Tabulate under the proper 5-minute
clock interval the amount of precipitation received
during that interval. The amount received during the
5-minute interval should be entered in the upper space
and cumulative total entered in the lower space.

NoTE.—The criterin for excessive rates of precipitation may vary with dilferent

parts of the country. For example, tho Weather Burcau has long used the eriterin
shown in the tablo below for many parts of tho United States.

0| 120

10|]52025303540455055
1.00

n

Duration in minutes__. B
Amount—inches.....- .. u.zslo.so|o. 3504010, 47,0 50,0, 66 0. 000,050,700 70 50

Where the criterin used in this report are A4ifferent from the shove, define exceseive
ruinfall in the space provided at the bottom of the form.
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Form P-3 Ageney ..So1l Conservation Service File No._...2706______

1 inch on clmrt.=.1.%- inches c;f ;re(!lpltﬂt-l-o.l.l ------------ Dates .-.S..e.Pj:".:.-.:!-.@ ...... to 195:6.
1 inch on cl:art=-.2..5. _____________ minutes of time, Lat.: -§.5----° S - --8----"3 Long. W 83-. .8 . 71~
Section coeeeeaaeee Township cecemeeccoacumn Range memmcemeen
Time standard: Lastern Central 0O Elevation {mean s¢d 1evel) meeeemeeeaeae fect.
Mountain O Pucific O
Station description is O, is notX1, available upon request.
Depth for— Intensily for—
Date Time ";!‘1?:’%1 l“é%cgg;‘lﬁ'. Euch time Regular time | Each time | Regular time Remorks
jnterval interval interval interval
Hr.-min. Min, In. In. In, In.fhr. In fbr.
1 z 3 4 5 6 1 s 9
Sept.16| 3:47p .00 a— e o= .—— |[Rain began
50 3 .08 .08 .08 1.60 .96
52 2 L 14 " 06 - 1 . 80 o« —_
56 3 14 .00 .06 00 | .72
No rain
4356p 41 014 ‘00 - — -OO - —
43 3 22 .03 p— .60 .00
45 2 RR .00 £03 .00 £ 56
Noe raln
4:55p | 10 R .00 .00 00 00
5:00p 5 .23 01 .01 2 212
5:10p | 10 .24 01 01 _208 .06
20 10 «25 01 01 .06 .06
No rain
7:061) 106 -25 .00 a 100 [ Sl
10 4 «R7 02 .02 »30 24 [Rain ended
Standard gage at |
same location mea-~
sured 0.31 inch for
entire storm periodl

* Flgures edjusted to agree with measured rainfall.

MAXIMUM DEPTH AND INTENSITY FOR SELECTED TIME INTERVALS

Duration min, 2 5 10 15 2 30 1 hie. 2 by, 4 br. G hr, 12 hr.

Depth, foches..|___«07 +14 Jd4 | .14 .14 Jd4 | .22 25 27 — —
Intenslty. lll.ﬂll'- 2 & 10 1- 68 P 84 - 56 I} 42 [ 28 I 22 'y 13 "y 07 ——

Tabalated J. Smith 2-6.39 Computed e Brown 2-8-39 Checked -J:&.-.E:.-DQQ-R—.—.Q.:&Q.-._
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INSTRUCTIONS TO ACCOMPANY FORM P-3 “RECORD OF RAINFALL INTENSITY"

This form is intended for the tabulation of rainfall
intensity from charts of recording rain gages.

Heading

(@) Agency.—Give the name of the agency reporting
the data.

(0) File number.—Give the agency’s file number which
may be referred to in requesting copies of the record.

(c) Rain gage type.—Give the type, make, and record-
ing capacity of the recording rain gages, i. e., “‘9 inches
Ferguson weighing gage’; ‘100 inches Stevens Type
W float gage,” etc. Indicate the depth and time scales
of the recorder, i. e., “1 inch on chart=1}% inches of
precipitation”; “1 inch on chart=25 minutes of time.”

(d) Time standard.—Indicate by a check mark,
whether Eastern, Central, Mountain, or Pacific stand-
ard time.

(¢) Elevation.—Give the mean sea level elevation of
the rain gage in feet.

(f) Station designation.—Give the State and nearest
town as well as the station number or name, i. e,
“Fairfield, Ga. (station R-102).”

(g) Dates.—Give the period covered by the form,
i. e., “September 16 to September 17" if the rain occur-
red on both dates, or “September 16 to ______..__.. ”
if the rain began and ended on the same day.

(h) Latitude and longitude—Record the geodetic
position of the gage as nearly as can be determined.
The section, township, and range of the public land
survey system where available should be given in addi-
tion to or instead of the geodetic position.

(i) Station description.—Indicate by a check mark
whether or not a station description containing informa-
tion on the date of establishment, continuity of record,
exposure of rain gage, etc., is available.

(5) At the bottom of the sheet state by whom and
the dates on which the date were tabulated, computed,
and checked.

In cases where more than one sheet is used in tabulat-

ing a single rainfall period only items (a), (3), (), and
{g) listed above need be filled out in the heading of
each of the continuation sheets, or separate forms with
abridged headings may be used as continuation sheets,

Columns

Columns I and 2—Tabulate the dates and clock time
of:

(1) Beginning of rainfall,

(2) Significant changes in rainfall intensitios as
indicated by the rain gage chart.

(3) End of rainfall.

(4) Regular clock times such as 5 minutes, 10 min-
utes, 15, 30, one hour, etc. The smallest clock time
to be used will be governed by the time scale of the
recording rain gage. Indicate “a. m.” and ‘p. m.”
by letters “A” and “P,” respectively.

Column 3.—Enter the difference in minutes between
consecutive entries of column 2.

Column 4.—Tabulate the adjusted depths of rainfall
corresponding to each time shown in column 2. Where
the measured depth in a standard can or recorder varies
from the recorder graph values, the latter should be
adjusted to conform to the measured depth.

Column 5.—Record the depth of rainfall for each of
the time intervals tabulated in column 3.

Column 6 —Record the depth of rainfall for each
reqular time interval such as 5, 10, 15, 30, or 60 minutes.

Column 7 and 8. —Record the intensities for each time
interval and for the regular time intervals,

Maximum Depth and Intensity for
Selected Time Intervals

The rainfall depths to be recorded in this table for
the various durations will be taken directly from the
charts. The intensities for the various durations will
be obtained by dividing the depths by the correspond-
ing durations.



Form PR-4
Ageney ... il .Consarvation Service File No... 45378,
Sheet .. 1. of ... J..2
SUMMARY OF FRECIPITATION AND RUN-OFF BY STORMS
FOR THE YEAR ENPING..S8Pbe. 30 ., 19.39.
Characteristics of drafnage arca} - Instrumentation:
Biro . BREQ.__._ weres. Run-off station: Gurment. mtan Aart., csmtmli Jeeerder. Deer Creak
Elevation (tiean sea level) ... 2430 fect to 1820, feet. e (curmeat meter, fuzs, eic) {Kiama of draiuare ares)
Slope: Averago .2 5, rang® el %, to . 50 % Precipitation stations: ...50. nonrecarding; 10 recording....... . Fatrfield, Ohie.. (Station Noo.4) ..
{Number ard Lype) (Stalon desighasion) e
Soil types: ... Jugkingum Silt Losm - 2008 . . Station description is O, Is not W, available upon requesi.
(Namw a4 preovolases of arra) Records availsble for years: 1957 ©
Cover: 40F, . 208 208 204 ... Additional data available: . Wind,. Humidity,. Sodk Melatare .. Lat: .40+ 2. 7. 9 v Tong:...B8. > .8 - 6 ~
{Peroent of apea: Cultiyated’ Lmesdowpasture-woodn) T TR e e Ty e iees - meenesrRanes | mmmer e g MOTRS wmerniEiTins ©sestteRennn T wresteen
Sectlon .....cceeeea Township .-... Range
Pracipitation Rubof
Temperatun
Mazlmam fatessity Tine ar "
Dats Buan Durstion Amount Amougt o TIAI’I\:LDI Remarks
Smin 15 min. X mig. 00 min, Began Durstion
dM“' INln. Mesn
Hr.min. Hr.-miy, In IoJbr. Infor, In.fbr. Infhr, In e, Hr.min. He.-min, In. C.La Oe.-min, - ¥ ces. F- dos. F.
1 2 3 ] ] 5 ] ] [] 1 n " 13 u 13 7} I »
April e
5 6:21a | 5-20 0,23 .49__.55___._24_!_.15_'__,10_I - - 0 0 - | 50 1.3 1 |Time dats - Station 4
6 | 11:10p [ 118 2,08 ! 8,40 | 8.40 | 3,00 | 2.00 | 1.04 | | |_48 | %6 1 [Ground wet. Time data - Station 4 |
7 | I l]a-.nsa: 60-0 1122 [ 4200 1 l 55 | 4 |
| | | | | I |
| I ] | I
| |
| i I ]
f

*Elapad iy alter rus-o3 bepan—ool- 10,

Z8

p4nog Buruun]g $22.4m053Y OUOLDN
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INSTRUCTIONS TO ACCOMPANY FORM PR-4
“ SUMMARY OF PRECIPITATION AND RUN-OFF BY STORMS

FOR THE YEAR ENDING

This form is intended for the tabulation of summaries
of all rainfall and run-off records for 1 year from indi-
vidual small watersheds generally less than 10 square
miles.

(1) The data tabulated in this form may be sufficient
for certain purposes. This form will also serve as an
index which can be used in selecting individual storms
for detailed study.

(2) For watersheds with dry weather flow of long
duration this form will be supplemented by Form R-6
“Record of Mean Hourly Run-off.”

Heading

(@) Agency.—Give the name of the agency reporting
the data.

(0) File number.—Give the agency’s file number
which may be referred to in requesting copies of the
record.

(¢} Characteristics of a drainage area.—The ‘size”
and “slope’ are self-explanatory. Under “elevation”
give the range of mean sea level elevation in feet from
the lowest to highest points of the drainage area, thus
140 feet to 1,820 feet. Under ‘‘soil types” give the
names of the predominating soil types and the percent
of the area, thus “Huston clay 50 percent,” ‘“Wilson
clay loam 30 percent,” ‘‘others 20 percent.” TUnder
“Cover'” show percent of area in cultivation, wood,
grass, etc., thus, “pasture 50 percent,” “cultivated 45
percent,’”’ ‘“woods 5 percent.”

(d) Instrumentation.—Under ‘“Run-off station’ indi-
cate the type of measuring station thus ‘““current meter,
natural control, staff gage’’; “current meter, Columbus
deep notch, water level recorder.” In case of calibrated
devices give the maximum capacity, thus, “Calibrated
triangular weir 450 c. f. 3. Under “precipitation sta-
tion’’ indicate the number and type of rain gage thus:
“50 nonrecording, 10 recording.” TUnder ‘‘records
available” give the years for which records from this
drainage area are available, thus: 1933-1935, 1937.
Under “additional data available’ indicate what other
data in addition to those reported are available, thus
“humidity, soil moisture,” ete.

(e) Name of drainage area.—Give the name of the
principal stream. If the stream is unnamed, give it as
a “tributary of”’ and the name of the stream into which
it drains.

(d) Station designation.—Give the State and nearest
town as well as the station number or name, i. e,
“Fairfield, Ohio (station No. 4).”

-------- 19--"

(g9) Station description.—Indicate by a check mark
whether or not a station description containing informa-
tion on the date of establishment, continuity of record,
changes of gage datum elovation, changes in instru-
ments, and in the controls, etc., is available.

(b} Latitude and longitude—Record the geodetic
position of the gage as nearly as can be determined.
Section, township, and range of the public land survey
system where available should be given in addition to
or instead of the geodetic position.

Only items (a), (8), (¢), and (§) need be filled out in
the headings of continuation sheets, or separate forms
with abridged headings may be used ns continuation
sheets.

Columns

Column 1.—Give months and dates of precipitation
and run-off.

Columns 2 to 9.—The data entered in these columns
may be obtained from the record of one of the recording
rain gages on the drainage area or from a composite
record of all rain gages. A note indicating which alter-
native was followed should be given in the “Remarks”
column, A blank space is reserved in the heading of
column 9 for the insertion of a time period, the maxi-
mum intensity for which may be of particular value,

Column 10.—On the proper date line give the time of
beginning of surface run-off resulting from the corre-
sponding precipitation tabulated in columns 2 to 9.

Column 11.—QGive the time in hours and minutes
from the beginning to the end of surface run-off result-
ing from the precipitation tabulated in columns 2 to 9.

Column 12.—Give the total surface run-off in inches
for the period entered in colunn 11.

Columns 18 aend 14.—Give the maximum rate of
run-off in c¢. f. s. and the elapsed time in hours and
minutes between the beginning of run-off and the
instant at which the maximum rate of run-off was
reached.!

Columns 15 to 17.—Give the maximum and minimum
or the mean daily temperatures in °F.

Column 18.—*“(Remarks)” The space in this column
can be used for the notes mentioned above and for such
otlier notes as may be helpful in interpreting the record,
such as “Rate of run-off highest on record,” “Duration
of rainfall uncertain due to failure of clock,” *“Ground

frozen,” “Snow,” etc.

| Sjmilar information for secondary peaks in discharge may be given under
“Remarks.”
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Form R-5

Agency ....S0il. Conservation Service..... File No. .. 3768__....
Sheet ...t of ot
RECORD OF RUN.OFF
. 4 reek
Station type: "'Trlm%u}r?ufmgginﬁe c“::.l.-ss-o efs .. L I ributaly‘tgmcil:’?ggzgmi)ee """"""""""""
Elevation of gage datum (m. s. 1.) 612 fect, = ...... Fsai?fi.eldaqg-tfd‘]iimm)
Gage datum elevation of point of zero flow 4250 . feet. (Station desle
Gage type Water level recorder Catchment area ....R8a7...... acres.
1 inch on chart=-1/10 . feet. Dates Mareh 30 to 1937..
1inch on chart=_29._ min. n,...... hr, O Lat;.. 951 ¢ 42 ' 38"~ ; Long.: D60 HR..r .48,
Section ccceencee Township —eeeeeeeeeen RANEZE cvrrrmrmreranns
Time standard: Eastern O Central ¥
Mourntain 0O Pacific O Station description is ¥, is not [, available upon request:
Run-off from the arca
an Timue |Accumu- Qage | Discharge rate from rating tuble, | A verape discharge . s
m:tifne a Interval flated time huig%at doted oo | for time interval Fofu ﬂfﬁ&ﬂi"“ Aconmulated Remurk
Hr.min, | Min. |Hr-min| Ft, C.1s. In/Hr, . . .
1 2 3 4 5 6 7 3 9 10
Mar.30 |
4:30p 1.67 .0612 .0022 See Form R-6
5:00 30 1.65] .0447 .0016 .0019 .0010 for antecedent
5:30 30 l.64 | .0347 .0013 .0014 .0007 dry weatler
6:00 30 1.63 0314 | .0011 .0012 .0006 flow
6:350 1.62| .0257 .0008 .0010 0005
6:53 R3 0 [ 1.82 057 .0009 .0009 .0003 |0, Surface Run-
6:55 A 2 | 1.63 .0314 .0011 .0010 .0000 |0, off began
7:00 5 7 | 1.65 .0447 .0016 .0014 .0001 .0001
7:05 5| 1% | 1.69 .0807 .0029 0022 .0002 .0003
7:08 3| 15 | 1.74 .145 .0051 .0040 .0002 .0005
7:09 1| 16 | 1.78 .al3 .0076 .0064 .0001 .0006
7:10 1] 17 | 1.81]| .R275 0097 .0086 .0001 .0007
T:11 1{ 18 | 1.87 428 0152 .0124 .0002 .0009
7212 11 19 { 2.06| 1.21 .0427 .0290 .0005 .0014
7:13 1| 20 | R.34 3.32 1177 .0802 .0013 .Q0R7
7:14 1| 231 | 2.60| 6,52 .2309 1743 .0029 .0056
T7:15 1| 22 | 2.78] 9.53 . 2373 .R841 0047 .0103
7:16 1] R3 | 2.96[13.2 .4687 .4030 .0067 .0170
7217 11 24 | 3.10116.6 .5891 | _.5289 .| .0076 .0246
7:18 1| 25 | 3.24|20.5 «7268 .6580 .0109 .0355
7:19 1| 26 | 3.25|20.8 . 7370 7319 .0122 .0477 |Peak
7:20 1| R7T | 3.24[R0.5 .7263 «7318 0122 .0599
7122 2| R8¢ | 3.18[18.8 .6655 .5962 0832 0831
7R3 1) 30 | 3.12|17.2 .6078 .6364 .0106 .0937 | Trough
T:24 1 31 | 3.12 [17.2 .6078 .6078 .0101 .1038
7:25 1| 32 | 3,13 |17.4 .6174 6126 .0102 .1140
73126 1| 33 | 3.20|19.4 .6857 .6520 .0109 .1249
T:27 1| 34 | 3.3022.3 7908 . 7832 0123 1372
Tabuwlated Mo Mo DIX_ ... Computed ... o Mo DIX .. Chucked _To__ﬂ_:_, Elliott

* Insert units used. Conversion factor for drainoge area: 1c. I.s.--.tg§.4..5..-..- in./lir.
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INSTRUCTIONS TO ACCOMPANY FORM R-5
“RECORD OF RUN-OFF"’

This form is intended for the tabulation of run-off
from small areas generally less than 10 square miles.
(For small watersheds having a continuous yield this
form should be supplemented by Form P-6.)

Heading

(a) Agency.—Give the name of the agency reporting
the data.

(b) File number—Give the agency’s file number
which may be referred to in requesting copies of the
record. ,

(¢) Statron type—Indicate method of measurement
and the type of control, i. e., “current meter with
natural control”; “current meter with Columbus deep
notch,” ete. In case of calibrated devices give maxi-
mum capacity, i. e., “calibrated Parshall flume 1,200
c. f. s.,”” “calibrated triangular weir 450 c. {. s.”

(d) Elevation of gage datum.—Give the mean sea
level elevation of the zero of the page. (This is not
necessarily the mean sea level elevation of the point
of zero flow.)

(e) Gage datum elevation of the point of zero flow.—
Give the differences in elevation between the zero of
the gage and the point of zero flow.

(f) Gage type—Indicate the type of gage, i. e., “‘staft
gage,” “chain gage,” ‘“‘water level recorder.” In the
case of staff and chain gages give frequency of readings,
For water level recorders give the stage and time scale,
i. e., 1 inch on chart =1 foot.” “1 inch on chart =1
hour.” Indicate by a check mark whether time is in
minutes or hours.

(@) Time standard.—Indicate by a check mark
whether Eastern, Central, Mountain, or Pacific stand-
ard time.

(k) Name of drainage area.—Give the name of the
principal stream. If the stream is unnamed, give the
name of the stream into which it drains.

(1) Station designation.—Give the state and nearest
town as well as the station number or name, i. e.,
“Fairfield, Ga. (station W-11.)"

() Catchment area.—Give the size of the drainage
area in acres,

(k) Dates.—Give the period covered by the form,
L e., “March 20 to March 23,” if the run-off was con-
tinuous during the period, or “March 20 to - ____.._-. "
if the run-off began and ended on the same day.

() Station description.—Indicate by a check mark
whether or not a station description containing in-
formation on the date of establishment, continuity of
record, changes, of gage-datum elevation, cbanges in
instruments, and in the controls, etc., is available.

(m) Latitude and longitude.—Record the geodelic
position of the gage as nearly as can be determined.
Section, township, and range of the public land survey
system where available should be given in addition to
or instead of the geodetic position.

{n) In cases where more than one sheet is used in
tabulating a single run-off period, only items (a), (b),
(h), (), and (k) listed above need be filled out in the
headings of the continuation sheets, or a soparate form
with abridged headings may be used as continuation
sheets,

(o) At the bottom of the sheet state by whom and
the dates on which the date was tabulated, computed,
and checked.

(p) Insert the value of the conversion factor to be
used for this drainage area in reducing run-off in cubic
feet per second to run-off in inches per hour.

Columns

Column 1.—Give date and time of a sufficient num-
ber of gage heights to permit accurate plotting of the
hydrograph. In case of watersheds with dry-weather
flow it may be well to record several gage heights pre-
ceding the rise. The dates need only be entered at
the beginning of record and at midnight.

Column 2.—Enter the difference in minutes between
consecutive entries in column 1,

Column $—Give the accumulated time at the end
of each time interval recorded in column 2 from the
beginning of rise in stage.

Column 4. —Give gage height in feet corresponding
to each time tabulated in column 1.

Columns & and 6 —Give rates of discharge in c, {. s.
and in inches per hour corresponding to each gnge
height tabulated in column 4.

Column 7.—Record the arithmetic average of con-
secutive values tabulated in columns 5 and 6 which
correspond to the beginning and end of each time
interval tabulated in column 2. Insert the units used.

Column 8 —Multiply each of the values tabulated
in eolumn 7 by the corresponding time intervals (col. 2)
and by an appropriate factor to convert the data into
the units used in column 8. Insert the units used.

Column 9.—Give the progressive summation of the
values tabulated in column 8 from the beginning of
the rise in stage. Insert the units used.

Column 10.—On the proper date and time lines enter
notes indicating: beginning of surface run-ofl, peaks
and troughs, end of surface run-off, and such other
remarks as will aid in interpreting the record.



Form R-0 Agenoy ... Soil Conseryation Servics File No, .....2567.....
Sheet.. 1 . of .1...

RECORD OF MEAN HOURLY RUN-OFF RATE

(Japplementing Form R-5)
Gtation type: .. Calibrated triangular meir. - 450.cfa ... Time stabdard: Easters O Central W ~Irilutary. to. Big Muddy. Creek. ..
{Current cusler, Dume, e Mounh[n a Plclﬂo D {Nams of drwinagt elea)
Elovation of gage datum (inean ses lovel) SB12 . tect, LFeinfledd, Ohdo = Mo B e ans -
Gage datum elevation of point of 2tro fow ... 1.40. fect. Station description Is W, is not O, avallable upob request, Wiallbu deatrnation)
Catchrent ares ... 491 ... scres.
Cage type: - Hatex. level recorder Lat.: .. 40.° 12 29."; Long.: .8%...* .R&.. ..48.»
1 inch on chartm... J/1Q .. feet. Becti Township Range Month APrAl ... .o e,y 19,39,

1 inch on chartw...28....- min. O, weeesner.. U O

Blaat houtly fun-of rate ko cuble fset par sscond for Lhe hour ending—

Data ALML P tum Mean

1 2 3 4 3 ] T [ ] L] w n [+ ] 1 k] ] | 4 [ ] L] 7 [ ] * 1] n 1 12
) 1.04 | 1,040 1.05! 1,05] 1,05} 1.05( 1.06! 1.07| 1.07) l.08] 1.08| 1,08] 1,098 1.08 1.08 3.08| 1.08| 1.07| 1,07/ 1.08/ 1.06 2.05| 1,04 1,04t 25 510 3.083
N 1,03| 1,021 1.01] 1.00 1.0 1.0 | 2.00] J.00] 1.00] 1.00] 3.001 1,00] .99 a9 gol .99l .00 ag a9 gol 08| .98l .oal ,971 23,91  99g]
" 9797 .97| .97| .96l .eel .96[ 08 a5l .94 .o 4 .04 Lo gzl .63l ,93] .93 o2l o2l .e2| .9zl .92| _.ez21. 2z.80 842
A 2| .92l 94| .96 1.,0213.191] 1. $.46115.63 (40,18 |g0.81 & [40.4 hda.8 hzs.5 hso.g fi2s5.8 .6 02,4 | 90,61|75.42 156,431 |45,10128.16 | 1474711 81.07 |
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INSTRUCTIONS TO ACCOMPANY FORM R-6
“RECORD OF MEAN HOURLY RUN-OFF RATE”

This form is intended for the monthly tabulation of
mean hourly run-off from small drainage areas (gen-
erally less than 10 square miles} with dry weather flow
continuous over long periods. It will supplement
Form R-5 which covers only periods of surface run-off.

Heading

(a) Agency.—Give the name of the agency reporting
the data.

(b) File number—Give the agency’s file number
which may be referred to in requesting copies of the
record.

(¢) Station type.—Indicate method of measurement
and the type of control, i. e., “current meter with
natural control’”; “current meter with Columbus deep
notch,” ete. In case of calibrated devices give maxi-
mum, capacity, i. e., “calibrated Parshall flume 1,200
e. f. s.,” “calibrated triangular weir 450 c. f. 5.”

(d) Elevation of gage datum.—Give the mean sea
level elevation of the zero of the gage. (This is not
necessarily the mean sea level elevation of the point of
zero flow.)

(¢) Gage datum elevation of the point of zero flow.—
Give the difference in elevation between the zero of
the gage and the point of zero flow.

(f) Gage type—Indicate the type of gage, 1. e,

“staff gage,” “chain gage,” “water level recorder.”

In the case of stafl and chain gages give frequency of
readings. For water level recorders give the stage and
time scales, i. e., “l inch on chart=1 foot,” “l inch

78303—40——7

on chart=1 hour.” Indicate by a check mark
whether the time is in minutes or hours.

(g) Time standard—Indicate by a check mark
whether Eastern, Central, Mountain, or Pacific stand-
ard time.

(h) Station description.—Indicate by a check mark
whether or not a station description containing in-
formation on the date of establishment, continuity of
record, changes of gage datum elevation, changes in
mstruments, and in the controls, etc., is available.

(?) Latitude and longitude.—Record the geodetic
position of the gage as nearly as can be determined.
Section, township, and range of the public land survey
system where available should be given in addition to
or instead of the geodetic position.

() Name of drainage area.—Give the name of tho
principal stream. If the stream is unnamed, give the
name of the stream into which it drains.

(k) Station designation.—Give the State and nearest
town as well as the station number or name, i. e,
“Fairfield, Ga. (station W11).”

(1) Catchment area.—Give the size of the drainage
ares in acres.

(m) Date—Record the month and year covered by
this form.

Columns

Record under esch of the hour columns the mean
hourly run-off rate for the 60-minute period immedi-
ately preceding the hour shown in the column heading.



APPENDIX E. BIBLIOGRAPHY

Material published on hydrology and its many
phases may be found in a wide variety of scientific
- literature. It would be & task well beyond the scope
of this report to attempt to compile an exhaustive list
of the articles, pamphlets, books, etc., which have been
written on the subject. The compilation of bibli-
ographies of the most important publications in each of
the several fields of hydrologic research have been
undertaken previously by different agencies, as, for
example, those listed as references A-2-4-6-12-13.
In addition, several scientific societies prepare annual
bibliographies of current literature within the different
fields.

To compile selective bibliographies on the research
subjects covered in this report would, to a very con-
siderable extent, duplicate bibliographical lists com-
piled within recent years and could scarcely be justified.
For this reason, the Committee has limited the follow-
ing bibliography to the listing of recently published
works containing bibliographies; scientific societies
whose publications contain articles on hydrology and
hydrologic data; commercial technical periodicals; and
general textbooks on hydrology and related subjects,
all of which contain extensive bibliographic references.
These references will provide the research worker with
a point from which to initiate a review of the technical
literature on hydrology but leave to the individual the
evaluation of the material.

A. Bibliographies on Hydrology and
Some Related Subjects
1. Bibliography of Hydrology. Published annually for
the United States, American Geophysical Union,
Section of Hydrology.

. Bibliography of Rainfall Intensities, Run-off and
Flood Flows; Water Supply Paper 771 and 772,
U. 8. Geological Survey, 1936.

. “Bibliography and Index of Publications of the
Geological Survey, Relating to Ground Water,”
Water Supply Paper 427, U. 8. Geological Sur-
vey, 1920.

. Bibliography on Soil Erosion, and Soil and Water
Conservation (compiled by S. H. Gaines), Mis-
cellaneous Publication 312, U. S. Department of
Agriculture, 1938.

. List of Publications and Abstracts, R. E. Horton,
Hydrologic Laboratory, Voorheesville, N. Y.,
Publication #112, September 1937.

b2

o

-

o

6. Bibliography on Soil and Water Conservation and
Hydrology, Sub-Committee on Bibliography and
Reports, American Society of Agricultural En-
gineers, June 21-24, 1937.

7. Bibliography—Public Health Engineering Abstracts
(include United States Sewage and Waste—cur-
rent abstracts), Public Health Service, U. S.
Treasury Department.

8. Bibliography—Circular 24 (List of Publications),
Current Hydraulic Laboratory Research, Na-
tional Bureau of Standards, U. S. Department
of Commerce.

9. Bibliographies of specific subjects are frequently
published in Annual Reports of Committecs,
American Geophysical Union.

10. Ezxperiment Station Record (Abstracts of Literature),
published semiannually, U. S. Department of
Agriculture, Washington, D. C.

11. Selected Bibliography on Upstream Engineering, Soi’
Conservation Service, September 22-24, 1936.

12. “Selected Bibliography on Erosion and Silt Move-
ment,” Water Supply Paper 797, U. 8. Geological
Survey, 1937.

13. Bibliography on Land Drainage, Bureau of Agri-
cultural Engineering, 1936.

14, “Inventory of Unpublished Hydrologic Data,”
Water Supply Paper 837, U. S. Geological Survey,
1938.

15. Engineering Index Service, New York City.

16. Annotated Bibliography of Economic Geology, Eco-
nomic Geology Co., Urbana, Illinois, Vol. I-X,
1928-1938 (published annually and contains
section on ground water giving abstracts of cur-
rent ground water literature).

17. List of Publications of U. S. Geological Survey, U. 8.
Geological Survey.

B. Scientific Societies and Publications—

With Reference to Hydrology

United States

1. American Academy of Arts and Sciences, Pro-
ceedings. .

9. American Association of Petroleum Geologists,
Bulletin.

3. American Association for the Advancement of
Science, Science. -

4. American Chemical Society, Chemical Abstracts;
Industrial and Engineering Chemistry.
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10.

11.
12.

13.
14.

15.

16.

17.

18,

19.

20.

21.
22,
23.
24,
25.
26.
27.

28,
29,

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.

40.

. American Fisheries Society, Transactions.
. American Forestry Association, American Forest

and Forest Life.

. American Geographical Society, Proceedings; Geo-

graphical Review.

. American Geophysical Union, Transactions, espe-

cially Sections on Hydrology, Meteorology, end
Oceanography.

. American Institute of Electrical Engineers, Trans-

actions; Electrical Engineering.

American Institute of Mining and Metallurgical
Engineers, Mining and Metallurgy; Transactions.

American Mathemasatical Society, Transactions.

American Meteorological Society, Bulletin
{monthly).

American Philosophical Society, Proceedings.

American Physical Society, Bulletin; Physical Re-
view; Review of Modern Physics.

American Shore and Beach Preservation Asso-
ciation, Shore and Beach (quarterly).

American Society of Agricultural Engineers,
Transactions; Agricultural Engineering.

American Society of Agronomy, Journal; Pro-
ceedings.

American Society of Civil Engineers, Civil Engineer-
ing; Proceedings; Transactions.

American Society of Mechanical Engineers, Me-
chanical Engineering; Transactions.

American Society of Plant Physiologists, Plant
Physiolagy.

American Soil Survey Association, Bulletin.

American Standards Association, Bulletin,

American Statistical Association, Journal.

American Waterworks Association, Journal.

Association of American Geographers, Annals.

Association of American State Geologists, Journal.

Association of Secientific Apparatus Makers of the
U. 8. A. (also Optical Society of America), Review
of Scientific Instruments.

Boston Society of Civil Engineers, Journal.

Carnegie Institution of Washington, Bulletins,
Reports, ete.

Connecticut Society of Civil Engineers, Papers,
Transactions and Proceedings.

Ecological Society of America, Eeology; Bulletin.

Franklin Institute of Philadelphia, Journal.

Geological Society of America, Bulletin,

National Academy of Science, Proceedings.

National Research Council, Bulletins.

New England Waterworks Association, Journal.

Smithsonian Institution, Bulletins, Reports, etc.

Society of American Foresters, Journal of Forestry.

Society of American Military Engineers, Military
Engineer.

Society of Economic Geologists, Proceedings.

National Resources Planning Board

41, Washington Academy of Sciences, Journal.
42. Western Society of Engineers, Bulletin; Journal.

Canadian

43. Canadian Society of Technical Agriculturists,
Scientific Agriculture.

44. Engineering Institute of Canada, Transactions; En-
gineering journal.

45. National Research Council, Canadian Journal of
Research.

46. Royal Canadian Institute, Transactions; Proceed-
ings.

47. Royg.l Society of Canada, Proceedings and Tran-
sactions.

Foreign

48. Annales des Ponts et Chaussees (monthly), Paris.

49, Association Internationzle d’Hydrologie Scienti-
fique, Paris, Bulletins, etc.

50. Institution of Civil Engineers, Proceedings; Journal,
Abstract of Papers.

51. Institution of Water Engineers, Transactions.

C. Publications—With Reference to Hydrology

Engineer (weekly), London.

Engineering News-Record.

Scientific Monihly.

. Verein Deutscher Ingenieure, Berlin.

Waterworks and Sewerage.

Waterworks Engineering.

Canada Department of Interior, Water Resources

Papers.

8. Great Britain Department of Scientific and Indus-

trial Research, Water Pollution Research.

9. U. 8. Weather Bureau, Circulars A, B, C, D, E, F,
G, I, L M, N, O, P, Q, and R; Monthly Weather
Review (includes current bibliography); and
Bulletins.

10. U. 8. Geological Survey, Water Supply Papers;
Professional Papers; Annual Reports; and Lists
of Publications.

11. U. S. Bureau of Standards, Bulletins; Current
Hydraulic Laboratory Research and Research
Bulletin or reprints.

12. U. S. Department of Agriculture, Technical Bulle-
tins; Miscellaneous Publications; Circulars; Lists
of Publications and other publications, including
those from Bureau of Agricultural Engineering,
Forest Service, Soil Conservation Service, Bio-
logical Survey, etc.

13. U. 8. War Department, Office of Chief of Engineers,

308" Reports, reports dealing with hydrology,

navigation, flood control and hydro power of

most of the important drainage basins of the

United States (many unpublished hydrological
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data are on file in the office of the District En-
gineers); Congressional documents, reports to
Congress on navigation improvements; Stream
Gaging Records on the Mississippi; Reports of
the Mississippi River Commission; Reports of
Chief of Engineers; and Reports of Beach Erosion
Board.

14. U. S. Coast and Geodetic Survey, Bulletins; Man-
vals; Hydrography, including charts; Maps of
Coastal Waters; and Inland Coast Pilot.

D. General Texthooks on Hydrology and
Related Subjects
1. Barrows, H. K., Water Power Engineering, 2nd
Edition, New York, McGraw-Hill Book Com-
pany, 1934.

. Baker, D. M. and Conkling, H., Water Supply and
Utidization, New York, John Wiley and Sons,
1930.

3. Blair, Thomas A., Weather Elements, New York,
Prentice Hall, Inc., 1937.
4. Brunt, D., Physical and Dynamic Meteorology,
Cambridge University Press, 1934.
5. Brooks, C. E. P., Climate Through the Ages—A
Study of Climatic Factors, London, E. Benn, Litd.,
1926.
6. Dixey, Frank, A Practical Handbook of Water Sup-
ply, London, Thomas Murby & Co., 1931.
7. Humphreys, W. J., Physics of the Air, 2nd Edition,
New York, McGraw-Hill Book Company, 1929.
8. Huntington, E. and Visher, S. 8., Climatic Changes
—Their Nature and Causes, Yale University
Press, New Haven, 1922.
9. King, H. W., Handbook of Hydraulics, New York,
MecGraw-Hill Book Company, 1933.
10. Lacey, J. M., Hydrology and Ground Water, London,
Lockwood & Son, 1926.
11. Mead, D. W., Hydrology, New York, MecGraw-Hill
Book Company, 1919.
12. Meyer, A. F., Elements of Hydrology, 2nd Edition,
New York, John Wiley and Son, 1928.
13. Muskat, Morris, The Flow of Homogeneous Flurd
Through Porous Media, New York, McGraw-Hill,
1937.
14. Tolman, C. F., Ground Water, New York, McGraw-
Hill, 1938.
15. Trewartha, G. T., Introduction to Weather and Cli-
mate, New York, McGraw-Hill Book Company,
1937.

[N

E. General Textbooks on Statistical Analysis

1. Carse and Shearer, Fourier Analysis and Periodo-

gram Analysis. .
2. Elderton, Frequency Curves and Correlation, London,

Layton, 1927.
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3. Ezekiel, M., Methods of Correlation Analysis,
John Wiley & Sons, 1930.

4. Fisher, R. A., Statistical Methods for Research
Workers, London, Oliver and Boyd, 1930.

5. Fry, Thornton Carle, Probability and ils Engineering
Uses, New York, D. Van Nostrand Company,
1928.

6. Goulden, C. H., Methods of Statistical Analysis,
New York, John Wiley & Sons, 1939.

7. Hazen, Allen, Flood Flows, New York, John Wiley
& Sons, 1930.

8. Mavis, F. T., The Construction of Nomographic
Charts, International Textbook Company, 1939.

9. Mills, Cecil Frederick, Statistical Aethods, Now
York, H. Holt and Company, 1924.

10. Rietz, Henry Lewis, Handbook of Mathematical
Statistics, New York and Boston, Houghton
Mifflin Company, 1924

11. Running, Theodore Rudolph, Empirical Formulas,
1st Edition, New York, John Wiley & Sons, Ine.

12. Carnegie Institution of Washington—Reports

of the Conference on Cycles.

The general references indicated below are to docu-
ments which contain data and which may be obtained
from Federal agencies, or from the Superintendent of
Documents, United States Government Printing Office,
Washington, D. C. The number in parentheses at
the head of each reference is the number of the price
list, available for free distribution by the Superin-
tendent of Documents, in which this publication
would be listed if still in stock.

It must also be remembered that many items indi-
cated in the Bibliography of this appendix include
sources of data applicable not only to the specific
subject treated by the item but to other phases of
hydrology as well.

Climatology, Precipitation, Stream Flow, etc,

(48) Climatological Data of the United States: Weather
Statisties (monthly) and Special Bulletins,
Weather Bureau.

(48) Climatic Charts for the Uniled States, Weather
Bureau.

(48) Daily River Stages on Principal Rivers of the
United States.

(15) Floods: Miscellaneous Water Supply Papers on
Various Important floods in various parts of
the country.

(48) Meteorological Yearbook, Weather Bureau (annu-
ally).

(48) Miscellaneous Congressional Documents and
Hearings on Flood Control for Various Sections
and Rivers of the Country.

(48) Monthly Weather Review and supplements, Weather
Bureau.



92

(48) Snow and Ice Bulletin. Included in subseription
to Weekly Weather and Crop Bulletin.

(15) Stream Measurement: Miscellaneous Reports on
Progress of Stream Measurement, ete.

(48) Surface Water Supply of the United States.
These are available for every major drainage
basin of the United States and should be
ordered accordingly.

(48) Weather Maps—Daily Weather Maps.

(48) Weekly Weather and Crop Bulletin.

(15) Annual Reports of Geological Survey, including
papers on Hydrography.

Instrumentation, Hudraulics, etc.

(36) Bureau of Standards, Journal of Research
(monthly).

(36) Bureau of Standards, Technical News Bulletin
(monthly).

General

(15) Classified Lists of Projects of the Agricultural
Experiment Station, 1930.

National Resources Planning Board:

(36) Erperiment Station Record (monthly). ‘
(36) Journal of Agricultural Research (semi-monthly).
(15) List of Bulletins of Agricultural Experiment -

Station for various calendar years.
(36) Soil Conservation (monthly).

(36) Monthly Catalogue of United States Public Docu-

ments.
(36) Monthly Check List of State Publications.

Maps

(53) Forest Regions of the United States.

(563) Geological Survey: Geologic, topographic and
other maps and folios.

(63) Land Use Areas, published by Agriculture Depart-
ment.

(53) Maps issued by Coast and Geedetic Survey.

(63) Mississippi River Commission Map.

(63) Soil Conservation Survey Maps, Agriculture
Department.

(53) Soils of the United States, issued by the Bureau of
Chemistry and Soils, Department of Agri-
culture.
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Aquifer Precipitation—Continued.
compressibility and clasticity of, 34 provinces, determination, 13
porosity, permeability of, 33, 34 rainfall intensity record, form, 81

Artesian pressure recorders, 31 summary by years, form, 83

Baldwin, 0. J., 1 variations due to altitude, 14

Bibliography, hydrologic research, 73, 89 Rainfall intensity, duration, and distribution, 15

Consumptive use, determination of, 30 Rainfall intensity rates, sequence of, 16

Corps of Engineers, U. S, 5 Rain gage accuracy, location, and exposure, 9

Data, sources of, 6 Recommendations, 3

Drainage basins Run-off
nfiltration characteristics, 23 channel storage, 68
run-off records, 42 estimation of, 41, 42
studies, 53 frequency of rate, 47

Evaporation mean hourly rate, form, 87
factors influencing, 4 periods, 48
insolation as a measure of, 27 plat experiments, 64
measurement equipment, standardization, 25 projects, 39
open water surface to pan, relation of, 27 records, form, 85
projects, 24 relation to antecedent rainfall, 69
snow and lce, 28 research, 63

Evapo-transpiration, determination, 29 snow cover, 39

Flood flow, estimation of, 44, 45 summary by years, form, 83

Forest Service, U. S., 5 unit graph, 71

FForms for reporting data, 75 San Dimas Experimental Forest, 55

Geological Survey, U. S, 5,7 Salts, soluble in surface waters, 49

Ground water Salt water, intrusion of, 50
aquifer, effect of texture, 32 Silt, scour, transpiration, deposition, 43
composition, 49 Snow measurement, 11
contamination of, 51 Soil Conservation Serviee, U. 8., 5, 7
depletion curves, 67 Special Advisory Committee on Hydrologic Data, 1, 3,
Auctuations in, 32 59, 60, 63
motion of, 36 Station records
projects, 31, 47 analysis, 12
prospecting for, 31, 36 - dependability, 12
relationship to stream flow, 35 Station-year method

Horton, Robert E., 1, 53, 63, 73, 74 rainfall frequencies, measurement, 13

Hydrologic research statistical soundness, 13
coordination of, 59 Stream flow
major defeets, 3 derived from ground water, 47
projects, 9 duration curves, 40

Hydrology, statistical methods, 61 estimation, 69

Infiltration ice conditions, 40
arcal and basin, determination, 23 projects, 39
effect of surface condition and vegetal cover, 21 rescarch, 63
measurement project, 20 synthesis, 44
nature and mechanies of, 19 Storms, limiting 16
projects, 19 Surface water

Insolation, as a measure of evaporation, 27 composition, effect on land use, 50

Interception, projects, 9 salt content, source and intrusion, 49

Meyer, Adolph F., 1 Tidal streams, salt water intrusion, 52

Miami Conservancy District, 6 Transpiration, projects, 24

Pereolation, projects, 31 Vegetal cover, infiltration effect, 21

Precipitation Water, quality of, 49
effect of bodies of water upon, 17 Water levels
¢xcessive, form for reporting, 79 fluctuation in wells, 31
hourly record, form, 77 recorders, 31
interception, 19 Water Resources Committee, 59
projects, 9 Weather Bureau, U. 8, 5,7
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