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ExECUTIVE OFFICE oF THE PRESIDENT 
~ATlO~.\L REsOURCES PLANNiNG BoARD 

W ASHINGTO", D. C. 

March !8, 1940. 
THE PRESIDENT, 

The White House. 
MY DEAR MR. PRESIDENT: 

A report on Deficiencies in Hydrologic Reseat·ch, 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 vegetul 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. · 
FREDERIC A. DELANO, Chairman, 
CHARLES E. MERRUM, 

GEORGE F. YANTIS. 
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NATIONAL RESOURCEs CoMMITTEE 

MR. FREDERIC A. DELANO, 

N' ORTU IXTERIOR BUILDIXG 

\Y.-\SHIXGTO~ 

Chairman, Advisory Committee, 
National Resources Committee, 

Washington, D. C. 

June 29, 198.9. 

DEAR MR. DELANO: 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 progrnms 
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, nnd 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 phenomena and related factors is so important to the economic life of the 
country, the Water Resources Committee 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 a 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 
knowledge of the effect of hydrologic and related phenomena. 

Further advantages would accrue from the dissemination of information on cur
rent research activitjes', 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 WATER REsouncEs CoMMITTEE 

ABEL WoLMAN, Chairman 

Chief Engineer, Maryland State Department of Health 

HARLAN H. BARROWS, 

Univertrity of Chicago. 

MILTON 8. EISENHOWER, 

Land Use Coordinator, 
United States Department of Agriculture. 

EDWARD HYATT, 

Stale Engineer of California. 

RoGER B. McWHORTER, 

Chief Engineer, 
Jlederal Po1£er Commission. 

JoHN C. PAGE, 

Commis&ioner, 
Bureau of Reclamation. 

JULIUS T. \VENDZEL 

T. B. PARKER, 

Chief Engineer, 
Tennessee Valley Authority. 

c. G. PAULSEN} 

Acting Chief Hydraulic Engineer, 
United States Geological Survey. 

THORNDIKE SAVILLE, 

Dean, College of Engineering, 
New York Unit•ersity. 

Maj. Gen. JuLIAN L. ScHLEY, 

Chief of Engineers, 
United States Corps of Engineers. 

(Represented by Col. W. A. SNow.) 
R. E. TAR,BETT, 

Senior Sanitary Engineer, 
United States Public Health Seruice. 

In Charge Interdepartmental Coordination, 
Office of Land Use Coordination 

United States Department of Agriculture 
1 Mr. 0. G. Paulsen succeeded Mr. N.C. Grover, who retired (rom Government service on February t, 1939. 
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NATIONAL REsouncEs CoMMITTEE 

NORTH INTERIOR BUILDING 

WASHINGTON 

June :89, 1939. 
Mn. ABEL WoLMAN, 

Chairman, H'ater Resources Committee. 
DEAR Mn. WouuN: 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 a 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 III, 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 hns had available ns 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 revillwed the various research items 
and improved the report by their comments. 

Respectfully submitted, 

THORNDIKE SAVILLE, Chairman, Special Advisory CommiUee on Hydrologic Data; Dean, College of 
Engineering, New York University 

DONALD M. BAKER, 

Consulting Engineer, 
Los Angeles, Calif. 

H. K. BARROWS, 

Consulting Engineer, 
Boston, Mass. 

MERRILL BERNARD, 

Chief, River and Flood Diuision, 
United States Weather Bureau. 

N.c. GROVER, 

Chief Hydraulic Engineer, 
Geological Survey. 

W. W. HoRNER, 

Consulting Engineer, 
Professor of Citril Engineering, 

Washington Uniuersity. 
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JOSEPH JACOBS, 

Consulting Engineer, 
Seattle, Wash. 

A. B. JONES, 

Corps of Engineers, 
United States Army. 

L.A. JoNEs, 

Chief, Division of Drainage I nllestigations, 
Bureau of Agricultural Engineering. 

c. E. RAMSER, 

Principal Soil Conservationisl, 
Soil Conservation Service. 

ROYCE J. TIPTON, 

Consulting Engineer, 
Den11er, Colo. 
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INTRODUCTION 

During the course of preparation of the report 
Deficiencies in Basic Hydrologic Data 1 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 

1 National Resources Committee, September 1936, United States Government 
Printing Office, 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 III thus represent 
the coordinated thought of competent authorities 
located in all 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; I van Bloch served as secretary to the 
Committee during the preparation of much of the 
report; and 0. J. Baldwin acted as secretary to the 
Committee in the completion of its work. The com
plete revision of the original research proposnls in the 
interest of uniformity of style and smoothness of 
presentation has been a major contribution by Mr. 
Balchvin to the work of the Committee. 

1 



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-

(!) 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, 
'vith 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 fill a 

' De/idt1lcfu fn Ba•lc Hvdrologfc Dala.-Natlonal Resources Committee, Sep· 
tember 1936, United States Oo\"ernment Printing Office, Washinp:ton, D. C., 30ccnts 

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

:..Inch 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 msearch projects, the 
Committee was impressed with the number of conunents 
from engineers and other scientists which adverted to 
the need for an agency to net in a coordinating 
and "clearing house" capacity for hydrologic resenrch. 
The importance of having a central agency of this chnr
acter, not itself engaged in research work, is stressed by 
the Committee. · 

Recommendations 

The Special Advisory Committee on Hydrologic 
Data is of the opinion thnt 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 
vnlue 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: 

(a) The definite research proposals presented in 
chapter III are without priority in arrnngement. The 
very nature of research and the conditions under which 
it is pursued make the question of relative importance 
very largely n 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 nntnrnl 
order in setting up a research program. 

(b) 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 bnsis. Such cooperation 

8 



4 

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

(c) .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 III avail itself of the "clearing house" and 
coordinating sources described in appendix .A.. 



II. 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. E:.."Perience 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 individually 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 ahnost 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 keep:ng 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 notntion for purposes of compnring coeffi
cients, varinbles, 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 insofnr a8 such documentation is possible. 

At this stage in the development of the resenrch 
project, discussion with represcntntives of Federnl 
and other agencies working in this and relnted fields 
will be found most helpful in devising the required 
forms, determining procedure, and reviewing the 
proposal for completeness. Mnny 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 dntn 
collected in this country has been secured through the 
instrumentalities of Federal agencies. Foremost in 
the early work of this nature were the "Weather Bureau 
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 nlso the Forest Service and the 
Bureau of Agricultural Engineering. The resources 
and records of each should be explored. The "308" 1 

and review reports of the Corps of Engineers 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 W nr 
Department. 

Other Federal agencies whose work is in fields closely 
1 "Reports authorlted under prO\'l!!lons of House Document 3M (08th Con~~:., 

1st sess.), which was enacted Into law, wllh mod!Ocntlon!l, In section 1 or the Rh,.er 
and Harbor Act of January 21, JD27, and under the provisions of section 10 of the Flood 
Control Act of Ma~· 1.5, 19'18. Supplementnl reports of similar nature were authorized 
by section 6, River and Horbor Act, of AUIWSt 30, 1035(P. L.-407, 74th Cong.) and hy 
section 7, Flood Control Act or June 22, 1006 (P. L. 738, 74th Cong.). 'I'ht>se reportl 
deal with the fonnulatlon of plans for nn,·lgatloo, Ooorl control, power, and Irrigation 
on the major streams or the ('(}Untry. The status of all ''308" reports Is gl,·en In the 
Annual Report or the Chief of Engineers under title "Suney• for N'a\·lgotlon, Flood 
Control, Power, and Irrigation." 
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associated with hydrology have, on many occasions, 
engaged in studies not only of certain phases of hydro
logic phenomena but also of the factors influencing 
those phenomena. Likewise, voluoble contributions 
have been made by other than Federal agencies, os 
for example, Technical Report No. 5-Storm Rainfall 
of Eastern United States-of the Miami Conservancy 
District, and the numerous public ond private agencies 
and individuols 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 ports 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 Agricult1tre 

Bureau of Agricultural Engineering. 
Bureau of Biological Survey. 
Bureau of Plant Industry. 
Forest Service. 
Soil Conservation Service. 
\Veather Bureau. 

Department of Commerce 

Bureau of the Census. 
Bureau of FiSheries. 
Bureau of Standarde-National Hydraulic Laboratcr.•·· 
United States Coast and Geodetic Survey, 

Depnrtment 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 Joint Commission. 

Treasury Department 

Public Health Service 

lVar Department 

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. 
}i'cderal Power Commission. 
Panama Canal. 
Federal Emergency Administration of Public Works. 
Tennessee Valley Authority. 
\Vorks Progre~s Administration. 

State 

State Engineers 
Boarde of Public Works. 
Conservation Departments. 
Health Departments. 
Utility Commissions. 
Drainage Districts. 
Irrigation Districts. 
Forestry Departments. 
"rater Resources Boards and Commissions. 
Planning Boards, Commissions, etc. 

Municipal 
Water Boards. 
Sewerage Boarde. 
Power and Light Commissions. 
Park Commissions. 
Public V.'orks Commissions. 

l'rfiscellaneou• 

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 
arens may be obtained from the responsible agency. 

A. Forest Service, United States Department of 
Agriculture. 

(a) San Dimas Experimentol Forest, Glendora, 
Colif. 

(b) Wasatch Experimental Forest, Famung
ton, Utah. 

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

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

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

(c) Oklahoma Climatic Research Center, 
Guthrie, Okla. (Not in operation at 
this date, records in W nshington office.) 

(d) Muskingum Climatic Research Center, 
New Philadelphia, Ohio. 

0. Tennessee Valley Authority. 
D. Weather Bureau-Geological Survey-Common

wealth of Pennsylvania. (Joint investigation of large 
watershed.) 

E. Municipalities of St. Louis, Mo., nnd New 
Orlenns, Ln. (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, nnd 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, nnd the Com
mittee has accordingly included in appendix E a 
number of references to recognized standard texts on 
hydrology nnd 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 
on.itted, and in lieu thereof, the Committee has in
cluded numerous references to recently published 
bibliogrnphies of selected papers on specific subjects 
rein ted to hydrology. 

Obsen·ational 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 rendily 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 

• The Special Advisory Committee on Hydrologic Data has prepnred forms for 
recording certain baste hYdrologic data. These are Included In apJ:endlx D and are 
accompanied by detailed Instructions coverlnj:t their use. 
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date and the initinls of the person making the correction 
should be a part of all corrections on originnl dn ta 
sheets and in computations. 

The need for cnrcful and nccurnte observation of 
experimcntnl 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, avnilable 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 i:; largely nn 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 relia
bility of results, or as intrinsic procedures to establish 
conclusions. It is important 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 Results 

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 observntions 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 compmison with other work. 

The help and cooperation of agencies such ns the 
'Veather Bureau, Soil Conservation Service, and the 
Geological Survey should be solicited in the foregoing 
steps. Their counsel and assistance will aid materinlly 
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 
centml "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. 



III. PROPOSALS FOR PROJECTS IN HYDROLOGIC RESEARCH 

Hydrologic phenomena are influenced by mnny inter
related fnctors that make difficult the sharp definition 
of boundaries between the different fields of investign
tion. Brond genernl 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 ns to order of 
occurrence, with some, in fact, overlapping nil 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 tl•e 
precipitation into the soil profile; (c) surface and sub
surface runoff as sources of stream flow; (d) the move
ment of water within the lithosphere; and (e) the return 
of water to the atmosphere from each of the preceding 
stages through evaporation and transpirntion. 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 resonrch by n statement 
of the specific objectives. This seems dcsirn ble us a 
means of securing a gr·eatm· interest in hydrologic re
search evl'n though independent investigation of the 
sepnrate items obviously lends to duplication in the 
observntion of certain supplemontnl data. In chapter 
IV a comprolwnsive investigntion of hydrologic phe
nomenn, using a small drainage bnsin ns the areal unit, 
has been described to show the manner in which the 
various items may be integrnted into a board resenrch 
progrnm. 

The objectives of the independent research items 
have been discussed in the light of the most recent 
thought and developments. Those investigators fa
mi!inr with the field of hydrologic research are aware of 
the rapidity with which developments nrc occurring in 
certain phases as a result of intensive investigntion. 
For this reason some of the research items proposed 
may be quickly invalidnted by new dnta nnd concepts. 
In these fields an intimate lmowledge of current re
search activities is of gr·eat intportance if duplication 
of research is to be avoided. 

I. Precipitation and Interception 

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

Objectives.-!. The determination of the accuracy of 
the rninfull catch as influenced by factors such as size of 
gage, locution, exposure, frequency of rending, 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 \\ide vnrintions 
in the amount of minfall as recorded by similar gnges in 
the same locality is well known and has been studied nt 
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 stnndnrd 
Weather Bureau 8-inch gnge with thnt obtnined by 
gages of other diameters and with that of the various 
types of recording gages, including a range of dinmeters 
for each type. Consistent differences between estab
lished type and diameters should be presented as 

conversion fnctors or rnting curves in order thnt all 
catches mny be adjusted to a stnnclnrd bnse. Obviously 
the investigations should be conducted under conditions 
ns free from the influence of other factors ns nrc pos.•ible 
to obtain. 

A second study should be devised to estnblish tho 
relationship between the catch of the standnrd gage 
nnd that of storage gnges rend daily, weekly, monthly, 
or less frequently. A phase of this study might include 
investigating the effectiveness of n film of oil or other 
device for reducing evaporation from stomge gngrs 
rend at infrequent intervals. 

The evaluation of the efficncy of the 8-incl1 circle ns 
a collecting medium, according to accepted theories of 
snmpling, is worthy of further investigation. The sig
nificance of the varintion 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 rclute to some phase 

0 
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of ruin gngc accuracy nnd if possibl(' should bo cnnied 
on simultaneously using the same gugcs. 

The selection of a site for the experiment is the most 
im.portnnt initiul stC'p, ns conditions of exposure nnd 
locution offer complexities not found in other problems. 
The catch of n ruin gage has been nssumed to represent 
with compnrntive nccurucy, in flnt open country, the 
rainfall received over an ndjnccnt area or region. Even 
this remains to be completely demonstrated. In nd
dition the segregntion nnd the evnltmtion of the effects 
of ground obstnclcs, elevation, slope, us pee t, topographic 
poRition and other locution factors must be nnalyzed and 
weighted if n representutivc sample of rninfnll OYer 1111 

arcn is to h<' obtnined by a single guge en tch or group 
of en tch<'s. 

The problems of e:-.:pcsure of the ruin gnge nrc of two 
classes dealing (a.) with tl.:e effect of both horizontnl nnd 
verticnl clearnnce with reference to nearby objects, 
(b) with tho cff<'ct of the vertical distance of the gage 
from the ground surface. 

Within group (a) are found those probl<'ms invoh·ing 
minimum cl<'nnmces, both horizontul and vertical, be
tween the gage nnd fences, tre(>s, buildi11gs and oth<'r 
nearby ohjects. Certain phases of the problem, in
,·olving rninfnll velocity, direction, density, and wind 
direction through short distnnces, might J'(>udily be 
given unalyticnl study in the laboratory prior to field 
observations. 

Group (b) emhrnces those problems of exposure en-

JYatiunal Resources Plamn'ng Board 

countered in most ltu·ge cities where opportunities to 
estn blish observu tionul points are lurgely limited to 
the tops of buildi.11gs. Under such conditions it is 
necessary to move gages frequently with the consequent 
impairment of the value of the record. Research on 
the subject is very mengre and further work should be 
of mn terinl vnlue in adjusting and conecting records 
obtain<'d under these conditions. 

The proposed rcsenrch on location should be designed 
to nccmuulute dntn from sufficient storms, over selected 
an~ns, to em bruce n full runge of areal factors, including 
regional studies of the })revailing direction and velocity 
of storm movements. Study areas should be equipped 
with a full complement of meteorological instru
ments. 

The lust investigation, dealing with the reliability 
of the rain guge as n smnpling medium, concerns the 
adequncy of existing types of gngtls to r<'cord, in depth 
per unit horizontnl area, the true minfull depth received 
on a slopu1g ground surface. The rninfnll catch is 
normally expressed as n depth over a horizon tul (mnp) 
urea and the reduction of rainfall to volume or stream 
flow is invnriubly on the basis of n map area. The 
error introduced by this method when applied to broken 
or mountauwus country has not been accurately eval
un ted. Studi<'s should he devised to determine the 
position of the plane of the gnge circle, with respeet to 
the gJ·otmd, thut will most nccurately record the true 
depth of rninfnll receiwd. 

U.S. SOIL CuNSEII\'ATION SERVICE 

FJGUJH! I.-A second order met.eorologlcnl stntlon In operation at tho North A. 1 1 · E i 
Instrument shelter, soil tbermogmph anemometer and wlncJ-dlrectl~rir:sr~.·~·~:nt \r:ort~ mblont StntfcJo,n, Cos

1
hocton, Ohio. Thelnstrumen~,lolt to right. are 

• ~ ng rccor Jog rB n gnGc, nncJ n stondnrd &Inch rnm gogo. 
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Item No. 2. The Improvement and Refinement 
of Snow Measurement Methods 

Objectives.-!. The development of improved meth
ods of snowfall measurement. 

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

D1"scussion.-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 chnnges which completely dissociate it 
from the meteorologicul factors which produced it. In 
other localities, sno'\\rfall is subject to intermittent 
melting throughout the winter und 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 us a 
melting agent and the effectiveness of un 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 fle::-.:ible 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
measuring devices. 

11 
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FrGtTilE 2.-A flexible shield ror tho protection ot t1111 snow Rn~o n~nlnst nlr currl'nls. 
Hln~od ut tho top, tho tnctnlloovcs swing lnwnrtluudcr wlnd pressure, shleltlln~ 
the gage. 

The determinntion of the snow mnntle depth, in 
contrast to the snowfnll depth, hns been, of necessity, 
developed along different lines. Experience gni11Cd 
through the North nnd West in recent years hns d<•m
onstrated the reliability of the snow course usn snmpliJJg 
medium. Properly located and weighted to represent 
all characteristics of thl'l watershed, the use of the snow 
course is presumably in conformity with sound theoriPs 
of sampling. There is, however, need for a concise 
statement of the basic nssumptions involved in snow 
surveying as a sampling process nml the theory upon 
which it is bns<>d. 

Research on the refinement of snow depth detemlin
ntions is roughly divisible into three phases: the selec
tion of a representntive course; the iinprovemcnt of 
methods of sampling both physicnlly nnd stnti~tictdly; 
nnd the development of techniques utilizing nerittl nnd 
panoramic photography ns adjuncts to the nctual 
sampling. 

The factors of location influencing the necumey of 
the snow course as a snmpling medium lmve not been 
ndcquntcly evnlua ted. Observations on the c!l"cct of 
reorienting snow course tangents, together with a study 
of the optimum number of observntions required to re
flect accurntely the mnge of conditions encountered in 
snow producing regions appear to be the major improve
ment needed in snow course selection. Included in this 
phase of resenrch is the continuation of studies on the 
quantitative effects of vegetal cov<>r, <'levntion, slope 
aspect, etc., upon the snow course record. 

Improvements in the physical sampling of the snow 
mantle are primarily those of stnndnrdizntion 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 dnte. The refine
ment of statistical methods in correlating snow course 
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observations, over wide areas, to determine accurately 
the avcrnge depth of the snow mantle within a watershecl 
represents a major need. The natural limitations on 
such refinements cnn be approached in studies on the 
consistency with which snow courses in the same or 

, adjacent nrea, and observed under as nearly identical 
:conditions ~ possible, will produce comparable results 
for the average water content of the snow mrmtle. 

The third phase of research in snow depth measure
ments concerns the development of teclmique in photo
graphic observations. The use of panoramic photog
raphy ns a means of comparing seasonal melting with 
established normals 1 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 
meanl' of greatly incrensing the extensi\·eness of snow 
surveys, pnrticuhu·ly in defining the lower limits of thr 
snow mnntle. 

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

Objectives.-!. The enthmtion of the dependnbility 
of station records or portions of records ns evidenced by 
their departure from n. common trend. 

2. The reasons for luck of depend~tbility as they mny 
be disclosed by an examination of the station history. 

I The term "mcnn" or "overage" rather than "normal" is preferred by the com· 
mittee. T he latter term ls used at times in this report to conform to pmctice long 
csta bll~hed by certain federal agencies. 

National R esources Planning Bonrd 

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

4. The detennination of satisfnctory 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 stn tion. The records of some of the cooperative 
obsen ·ers vary materially in accurncy, and in many in
stnnces hnve required the interpolation of missing or 
ob,·iously erroneous data. First-order sta.tions have 
also been subjected to changes in gage exposure during 
the period of record, and there is reasonable doubt us 
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, 'Veather Bureau stations was suggested in 
n pred ous report on Deficiencies in Basic Hydrologic 
Dntn, published in September 1936 (p.65, sec. E, 1 (b) 
nnd 1 (c)). Innsmuch as the republication of precipi
tntion records bus been recommended by the Special 
Advisory Committee on Hydrologic Data, the evalua
tion nnd adjustment of existing records should be con
sunuun.ted prior to nny new general publication. 

The initiation of this project would first 1·equire the 
scgregiltion of the complete precipitation records for a 
group of stntions to be analyzed. Tlus might be organ
ized geographically in accordance with the areas covered 
by each section office of the United States Weather 
Bureau. Thus there would be avnilable a complete set 
of station records including a history showing the 

U . S. W EAT!IER DVREAV 
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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 separn tely for winter and 
summer conditions in northern regions where a large 
amount of winter precipitation occurs 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 
dlope 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 a trend line plotted therefrom. An abrupt increase 
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 abnormally 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.-Thc phenomenon of precipitation in the 
United States is known to be transitional. Lines of 
equal rainfnll generally take decreasing values progres
sively inland from the principal moisture sources of the 
Gulf of Mexico, 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, tho isopluvinl chnrts of the 
Miami Conservancy District, tho rainfall depth charts 
by Yarnell and others, and the m11ps of climatic regions 
by Thornthwaito. 

The size or extent of a precipitntion province has so 
far not been determined, although it is realized that 
wide variations are to be expected. In the Mi11mi 
Conserv11ncy District studies the assmnption 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 simil11rities obvious in the rainfall record 
as now published. 

It is not to be expected that boundaries of precipitn
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 rainfull may 
experience tho same intensity-duration relationships. 
Orographic influences can be expected to vary both the 
size and shape of precipitutiun zones tlU'oughout the 
country. It is probuble, however, that provinces may 
be defined within reasonable limits wherein the severn! 
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 equnl or proportional. 

There are severn! criteria which may be used for com
paring the precipit11tion characteristics of two or more 
stations. Among them are moving monthly means; 
ciUllulative deviations from monthly means; the ad
herence to a uniform slope when cumulative depth at 
one station is plotted against that of another; 11nd the 
correlation between comparable data in terms of the 
coefficient of variation or the range ratio. 

Item No.5.' The Station-Year, or Composite 
Record Method, oC Determining Rainfall 
Rate-Duration Frequencies 

Objectius.-1. The determination of the statistical 
soundness of the station-year method as related to 
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records of concwTrnt nutl nonconcurren t period~ nnd 
to different intensities of the snme clumtion. 

2. The deYelopmen t of methods of Ynlidnting the 
composite record hy compnrison of frequencies thus 
obtnined ";th those established from single lo11g te rm 
records when nvnilnble, nrH.l by the clctenniJta lion of 
correction fnctors to reduce the compo ile rC'cord to a 
\' Ill id length. 

:3. The den?lopment of criteria for check ing the inde
pendence of 11 p111'ticulnr stn t ion by (a) identifying those 
stntions which do not ndd to the significonce of the com
posite record and (b) by determining, within a r egion, 
those stntions which gi,·e the most significont composite 
record. 

Discussion.-The development of adequnte methods of 
determining the avernge frequency of high intensity 
rninfal.l hns been a problem t roubling engineers nnd 
hyd rologists for many ye111·s. Various npproaches have 
been deYeloped with more or less success. 

The station-yenr method hns perhaps been the most 
widely used nnd had nn outstanding npplication in the 
studies by the Engineering Stnff of the Miami Con
servancy District in their " ·ork on storm rainfall of the 
enstern United States} ~Ieyer utilized the method iJ1 
developing rninfall rnte equations for durations up to 
two how·s. Other investigntors ha'e applied the method 
to frequency stud ie in Yariou · sections of the country , 
although Ynrnell clc,·eloped frequency charts based on 
statistical lrentmenL of Lhc rrrords ni the first order 
stations of the '\'enther Bmenu. 

The stntion-yen r method pro,·icl e fo r the dc,·clopment 
of a synthetic long limr record by colllbining thr short 
records of stations in the pnrt ic11lar region. Thr st n-

' ''Storm Raiufa/1 of tht Ea8tcrn United Statu, Tel'IHH<.•I lh:lletm \',The ~! iumi 

Conscn·nnc~· Di~tr i ct. 

Moust RosE OnsERVATOR\" 

FrounE 4.-:-An .oxnmplo o~ one or the difficulties occountcrcd in securing hydrological 
observations m mountamous country. F rost renthcrs rorminl( oc the shelter nod 
e..~posed lcstrumccts dnmnged the s tntioc locnted nt tho summit or l\!ount Rose. 
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li tica l soundness of the method i questioned by some, 
ns well as the impossibili ty of obtaining, in any real 
~cnse, ndditionnl years of rainstorm experience by com
bining contempornry records from several stations. It 
hns been ndYanced as a practical approach to the more 
nccurntc npproximat ion of the true frequency-intensity 
relation~hip thnn is possible from the record of normnl 
length from fillY single station because of the iJ1clusion 
in the composite record of extreme storm experiences 
which nrc believed to be of less frequent occurrence than 
their position in a single station record would indicate, 
or " ·hich 1night be entirely lacking in such a record. 

The m~thod hfls 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 
e:-.."])erienced during the short r ecord; likewise storms of 
a frequency exceeding the actunl 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 r elationship impaired. 

Newly established sources of rainfall intensity data 
nnd tbc studies of storm morphology available through 
the work of the Soil Conservation Service in Oldahoma 
and Ohio, together ·with data previously developed , 
offer splendid opportunity for correlati,~e investigation ; 
for the refin Pment of T"nrious sta tisticnl techniques; and 
for the Ycrificn tion of newly established hydrometeoro
logicnl princ iples. Refinement of the methods of 
analysi:; may OYercorne to a considerable extent the 
paucity of dntn now existing throughout much of the 
\ Vest " ·here a more complete knowledge of rainfall rate
durat ion-frequency relationship is greatly needed. 

Crr tn in phases of the objectives are concerned almost 
entirely with stn tistical analysis and may be expected 
to e n~ngc t. l1c ntlention of those persons interested 
primaril ,,- in statist ical a pproaches. 

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

Objrcti?,r.- 1. Tlte detrrminat ion and evaluation of 
the effrct of nlti twlc nnd chnngcs of altitude as factors 
influenr infr thr ra te. durntion, and amount of precipitn
t ion rrcC'i n'cl t.h roughou t the country . 

.Di.~cussion.-Tlte assumption that precipitation in
Cl'C'nse \\·ith an incrensc in altitude is one frequently 
mncle in discus ions of prccipitntion problems. There 
nrc strong indications, however , thnt 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 weigh t properly the effect 
of alti tude and altitude changes of the collecting stations 
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is one of the principal detractions in the analyses und 
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 out 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 

0 
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years at these stottions should be studied and correluterl 
with records of neurby stnndard stntions. Tho pro
posecl rescnrch should be carried on in each of 
the major ruinfall 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.-!. The determination of the interrelntion 
of rainfall intensity and duration as expressed by 
intensity-duration curves. 

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

Discussion.-Extensive research on intensity-duration 
relationhips as related to particular areas has been con
ducted by Meyer, the Miami Conservancy Distiict, Ber
nard, Ynrnell,nnd others, and a rnther satisfactory nccu
mulationof information on the subject has been assem
bled. From datu now available 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 ternts of tototl rainfall dur-

' 

U, 8. WEATUER BUREAU 

FIGURE 5.-A chart from a recording weighing rain gage, showing the recorder trace of rainfall recch·ed In the period July 20 to August 6, 1938, at Mount Jackson, Va., and the 
manner in which the trace l'l used to ID\'estlgnte rainfalllnlenslty relntioDBhlp. 
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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 !mown 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 square 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 teclmique 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 rainfall intensities at n given point, to average 
intensities on nn 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 dw-ation 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 datn, as for example in the Ten
nessee Valley oren, in the 11uskingum Valley of Ohio, 
and under the joint Weather Bmeau-Geological Sur
vey-Pennsylvania 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 se,·erul thousanu square miles. 
For small areas, representath·e of eastern and mid
western conditions, the gage installu tions in some of the 
metropolitan areas, such ns St. Louis, New Orleans, 
Boston, and New York, will probably be adequate, 
although a few additional gages would be dcsirnble. 
Studies in these metropolitan areas should deal with 
intense storms having durations of 15 minutes to 3 
hours and covering arens of 5 to 100 square miles. 

Rainfall data should be secured for intense storms at 
all gages in each of the areas by successive simultaneous 
short intervals of approximately 15 minutes. From 
the simultaneous 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 majority of the annual precipitation 
occurs as rainfall. 

Item No. 8. The Sequence of Occurrence 
of Rainfall Intensity Rates 

Objectives.-!. The determination of the sequence of 
occurrence of rainfall intensity rates throughout a 
storm. 

2. The determination 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 Yariation in rainfall inten
sity rates for intense rainfall of both long and short 
dw-ation 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 inteLl
sity raiafall occurs during the early, intermediate, or 
Ia ter 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 rw10ff through the application of infiltration 
capacity values and the milt 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 arens. 
The investigation suggested in this proposal may be 
advantageously correlated with those of items 4 and 7 
of tlus 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 

Objectiu.-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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Discussion.- Th e modern meteo rologicn l nppro1lch of 
" air-mass analysis," whlch giYes considerntion to the 
physical properties and interactions of t he mnjor nir 
currents, as r elated to s torms, is the bnsis of s tudy 
upon which the im·es tigution is proposed. To it con
siderable extent the work wou ld consis t of detn iled 
study and nnnlyses of the lnrge scale sto rms a nd 
''fronts" as they hase occurred throughout t he coun tr_, .. 
The air mass a nalyses and other we!lther maps, includ
ing a\·ailuble upper air data, would fonn the ba~i for 
the study of the rein t ion of past s torms to the maxnn um 
possible storms. 

Under the proposed study t he cotm t ry would be 
divided into r egions within which it is expected that 
limiting storms would be equally likely to cen ter in n 
critic~} position over any drainage basin in the region. 
Such regions would embrace extensi,·e a re!ls in the 
Great Plains where physiographic influences a re a 
minimum and where storm m agnitude and durations 
are fixed by distance from and rein ti ve position with 
respect to moist air mass sotu·ces. The nreas embraced 
by the reg ions of like storm mngni t ucle will redu ce 
rnpidly as the moun tn inous sections of the West and 
of" the East are approached a nd will be confined, in 
some instances, to a single basin or to one slope of a 
mountain range. 

The firs t step in a s t udy of th is character is that of 
selecting storms of such nrea l extent thnt they ,,·ill 
be directly applicable to a wide rnnge of sizes of dm in
age basins. 

Other phases of t he proposed t udy include (a) the 
g rouping of storms wi th respect to their probnble . en
sonal occurrence; (b) the cletennination of the cO'crt:; 
o f m ounta in ranges on rainfall dis tribution; (c) ti l(' 
relationship of the s tability nnd m oisture content of 
a ir masses to tLe frequency a nd intensity of rain fa ll 
wi thin them ; (d) the possible rnte of upward moyemrnt 
of nir on isent ropic or frontal surfaces nnd i ts relation 
to precipi tation ; (e) the cause of prolonged abnonnnli
t ies in lnrge-scale n tm ospheric circulat ion nnd tltrir 
eO'ect in producing in tense sto rms ; (j) the persis ten c~· 

nncl frequency of various atmospheric fl o,,- patt'<·rn::: 
on'r selected regions ; (g) the causes of con n rgence 
a nd diYergence in the a ir m asses and their eO'cc ts on 
the processes of condensation and precipitation ; (h) the 
probable maximum lengt h of t ime for which a gin~n 

in tense sto rm s tructure ca n be maintained on.'r n 
given area; (i) the cJe,·elopmcnt of c ri tc ri n for estimnt
ino- t he mao-nitude of cl eptl1 -n ren rein t ionship at thrir 0 b 

limiting values ; (j) the const ruct ion of syntiH'tic stonn~ 
of various critical pnttrrns confo rming- to limitin:.r 
depth-dlU'ation nnd depth-a rea rr l:l t i on ::; hi p~. 

Ite m No. 10. Th e EITect of Large llodies 
of Wat e r Upon Preci pitation to Leeward 
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ObjPci irc.- J. The drterminntion of t he eO'erL exer
cised by In r:;e bod ir s of wn ter o r wnm ps 11 pon pre
cipitn tion to lcr,,·n nl. 

Discussivn.- Little published informn t ion is n,·nilnhlo 
upon this subj ect. lt i ono with re !"perL to which 
t herr hn hr r n much sper uln t,ion, e pecinlly ns to 
wh r thN lnrge new wnter bodies, such ns the lnkrs nbo ,·o 
Boulder D1llll nnd Fort Peck Dnm mny incrrn se prr
cipitntion in somr nrrn s to lrrwnrd of t he prr \'ni ling 
wind d ircction. 

T his invrstigntion hns two ns pcrts, one dcnling wit.h 
the rfl'rct o f In rgc wn tcr bodies wl1i clt hn ve long lwcn 
in existence the o ther with new water bod irs. In 
either cnse thrre wou ld be requirr d t he fo ll owing in
form:ILion : (a ) Jlumidity gmdir nt Ov(•r lnrgr nnd 
smnll ln ke, (b) Ynrintion in humidi ty with d is tnnco 
from the shorr of thr lnkcs, nnd (c ) conr urTP nt wind 

u. s. F Oltl!dT 6 £Jt\'ICE 

F tr.VRI! r..-.\ tlcvlco for collecll ng crown ln lcrccplcd p rcclplt.ntlon, showing 
t he collcctlnl! collor nnd cont.nlocr for determ in ing t he p reclr,Jtotlon whlcl! 
wonld rCDch I he ground lly trn,·cl olong the tru nk. 
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directions and velocities. All of t his should be "'tudiNl 
with respect to the occu rrcnce of precipi tn tion at 
points indicated from r eco rds of wind direction and 
velocity during periods of high cntpora t ion and rc ult
ant increase in moisture conLent of t he nir. 

The study should involve nn cxnminntion of prec ipi
tation records as to sensonnl nmounts and oYer con
siderable nreas in indica ted direct.ions from water 
bodies. The station records for the a rea under exami
nation should be averaged in small selec ted groups to 
determine whether t he records of any one group of 
stations appeared to include an excessi\·e amount of 
p recipitation no t explainable by differences in elevat ion 
or topographic features . 

Studies undertaken through this method should best 
be located in semiarid regions where the effect of water 
SW'face evaporation would not be confused wit.It 
hum idity resulting from transpiration. 

The second aspect of the problem would deal with 
the effect of (a) r ecently 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 loca lity before and nfter the 

U. S. Font:sT Sl!. llVICE 

FIGURE i.-An inst.nllation used by tho Forest Sen·iro in me•.surin!l the t runk drain
age or lntcrropted precipit.ntion in a young s tand or Shortie.'\( P1nc. Special rnln 
go~cs arc used to mcnsuro tho preci pitation which penetrates the crowns or trees. 
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change in water surface condition , and an attempt 
made to detennine whether the precipitation records 
in the nren. 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 amoun t of 
precipitation intercep ted by different plant covers and 
i ts seasona l Yariation. 

D iscussion.--In terception consists of t hat par t of 
p recipitation caught and retained on the foliage and 
aerial parts of plants, and later returned to the at
mosphere through evaporation without having reached 
Lhe gr ound. For the purpose of this discussion the term 
"intercep tion storage" is used to denote t he amount 
of precipitation which under various atmospheric con
di tions, is intercepted by the aerial parts of a plan t 
and prev-ented from reaching the ground. "lnt~r

ception capacity" is the maximum amount of inter
ception which a plant or plant species m ay retain 
under the most favorable conditions of r ain intensity 
and wind velocity. 

I nter ception storage and i11terception capacity vary 
with plant species and the stage of plant development. 
l\lany plants and plant associations, however , have 
similar interception characteristics and could be con
sidered as a single class. Furthermore, i t bas difl'eren t 
values for summer pr ecipitation in t he form of rain and 
" ·inter precipitation in t he form of snow and sleet. 
Thus any investigation of interception should cover 
the compleLe 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 nnd abroad, there is little published data con
cerning in tercep tion by crops, grasses, and other low 
gro\\·ing \·egeta tion. T here is need for a. thorouO'h-

b 

going inn• l igation of t he mnny phnses of interception, 
particularly from the s tandpoint of de termining the 
net interception o \·er gi\·en large areas. 

The investigat-ions might logically be concerned with 
single plan ts of a given kind; however , a greater value 
will nccnte from sLud ies given areal significance ei t her 
by correlation with plant density or tlu-ough simulta
neous studies over a large area . Two classes of obser
Yations would be needed, those relating to the vegetal 
cover- i ts age or stage of growth , height, shape, aerial 
structure, areal coverage, density and condition· and 
those dealing with meteorological phenomena su~h as 
r ainfall in tensity in the open, wind velocity and direc
tion at the heigh t of the plants, etc. 
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The technique of determining interception storage for 
low dense vegetation will tax the ingenuity of tho 
investigator but should not be found generally difficult. 
for trees and ltigh growing plants. It is important 
that the work be designed to adequately cover the nren 
affected if results nre to be obtained by which the proh-
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nble interc('ption for nny storm occurring nt nny timo 
of the yenr mny bo r<'lin hly ostimn ted. It should he 
borne in mind, howcn·r, thn t in t<>rception may bo n 
smnll fnctor, qunntitntiYcly, nnd if such is tho cnsc 
ext rome pr('cision in the o hsf't'\'a t ion mny uot he 
wnnun ted. 

II. Infiltration 

Item No. 1. The Nature and Mechanics 
of Infiltration 

Objectives.-!. The determination of the relationship 
between the penetration of water into the soil and the 
texture, structure, and other physicnl properties of the 
soil. 

2. The determination of the difference in the rate and 
amount, if any, of infiltrn tion resulting from the nppli
cation of water by flooding, sprinkling, artificial rain
full, and natw·al precipitation, respectively. 

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

4. The determination of the effect upon the infiltra
tion rate of initial soil moisture content, interstitial air, 
soil nnd wnter temperature, and other physical pheno
mena. 

5. The determination and eYuluation of the fuctors 
affecting the change in rate of infiltration or infiltration 
capacity with durn tion of infiltrn tion. 

Discussion.-Jnfiltmtion is tho entrnnC'O of wal<'l' into 
the soil. It is a smfnce phononwnon mal is distinct 
from the disposition of wntt•r nftrr it hns entorctl the 
soil. 

Infiltration capacity is the grentest. mte nL whirh n 
gin:•n soil whrn in a given condition cnn absorb fulling 
ruin or melting snow when such phenomenn orcur at n. 
rn te which <>q unls or exceeds tho rate of in filLrn tion. 
If the rnin intensity is less thun the infiltrut.ion capa
city, the rntc of infiltration is the rnin intensity. If 
the rain intensity is greater thnn the infilLrution cnpn
city, the rntc of infiltrntion is limited by t.he infiltrntion 
capacity. 

The true significance of iufiltrn.tion observations can
not be set forth nccumtel,y unless the physit·ltl proeesst•s 
goYerning its action are cle!Lrly understood. Without 
this understanding, neither the proper method of mnk
ing measurements nor the correct interpretlttion of the 
results themselves can he determined. The initial con
dition of the soil, inclutling its moistme content, the 

u. s. Wt:ATIIY.Il IIL"Itf.AU 

FJGl"P.E 8.-A ~;loze storm. PrcclpitatiQD under these conditions Is inten-epted exlensJ\·eJy by \"Cgct.ation and in pnrt Is returned to the atmosphere throu~h cvnporal Inn. 
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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 ~1ns 
been given them in past observations. Ahnost nothmg 
is known about the phenomena taking place ns 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 r:te with time, generally observed in the enrly 
stages of infiltration, been investigated and correla_ted. 

Some students of the subject have advanced the Idea 
that mininmm 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 tlus investigation to study all relevant 
factors and to determine the underlying mechanics of 
infiltration. 

The factors to be investigated, i.e., the effect of soil 
structure, temperature, uutial soil moisture conte_nt, 
void space, etc., should be determined. In planm~g 
the investigation, the natural approach to the basic 
processes and factors may logically be through labora
tory work on syntretic soils in the first instance. Th_e 
investigation of structure must be done on natural soil 
profiles either Ul 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 results, the aim should be to show 
clearly, and as far as possible quantitatively, the e!fect 
of each of the factors investigated on the rate of mfil
tration, including among other items: (1) The effect 
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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 Yalde; and (3) the change in its effect with 
the duration of infiltration. 

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

Objectives.-!. The determination of the limita.tions 
of present methodologies, mstruments, and techmques 
for measurmg infiltration; and the relationships of the 
measurements as made to the amounts and rates of 
infiltration under natuml conditions. 

2. The development and testing of new instruments 
and methods for mensuring 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 linlitations of those now in use hnve 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, sprinlding, or by natural rain. Infiltration 
lysimeters have be.en 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 do.ta concerning them are available. Infiltration 
is most frequently mensured by the difference between 
wo.ter applied to 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 o.nd infiltration capacity can be made, a 
standard technique is I"equired-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 need 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 meclumies of 
infiltration are closely interrelated. 

As a part of the proposed investigutions, there should 
be comparative studies mnde of the usc of lysinwters, 
infiltration rings, smull plots, and any new devices that 
may be developed. The effect upon infiltration cnpnc
ity of applying water by dift'erent means-Hooding, 
sprinkling, artificial rainfull, and nuturnl rainfnll
should be determined. The efl'ect of impnct from high
intensity rainfnll should be investigated, nnd ulso the 
effect of depurtm·e of the npplied precipitntion from 
uniform distribution patterns and intensities, together 
with the permissible amount of variation in sueh 
depnrture. 

In infiltration measurements, cnreful attention should 
be given to the effect of (a) the size of area treated, (b) 
the depth of soil column isolated, und (c) the possibility 
of a lateral movement of the infiltrnted wnter on in
creasing the apparent infiltration; the determination of 
the necessary uuxiliury observn.tions such us soil and 
water temperature, initinl moisture content, etc.; and 
the development of standard buses of temperature 
moisture conditions, etc.; for use in comparing vnrious 
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 standnrd conditions of temperature, initial soil 
moisture content, etc.; 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 e\·nluntion of 
the effect of surface irregularities, tillage an<l soil 
amendments on the amount of infiltration, and upon the 
infiltration rate and capacity. 

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

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

4. The determinntion of the seasonal chnnge in in
filtration capacity, especially as reluted 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 cnlled the infiltru tion capacity; that for any 
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SJW<"ific prccipitntinn pt>rintl tlwn' will he nn initinl 
infil t.rn t ion cnpncity wh ieh will dt•twnd to n mnt <'l'inl 
dcgrce on the soil moisturt• pn•spnt m·, us hns hN•n 
recC'ntly su~gt'stcd, upon tlw uno<·<'llpit•d nonl·npillury 
porosity; thnt tlw inliltmtion cnpneity will dPerPnsc 
during tla• p<:'rio<l onr wbieh inliltrntion 0<'<'111'~; HIH.l 

thut there is a S('tl:.-:onnl vnrintion in inflltrntion enpncity 
whi<·h mny he due to el111ngPs in surfncc ron•1·, dutngt•s 
in soil moisture, d111ngt•s in the plnnt root. :-;y:oot<•m, or to 
othPr biologi<·nl u<'l ivity. lf tlH'S<' nssumpt.ions nre 
substuntiullv rorr<:'et, tht•l'<' is dt>finitl' llP<'d fo1· furtlw1· 
resPnrch tt; show t h<' munnet· in whid1 in fiJt mtion 
cnpncity is affectl'd h,,. the <"ontrnllin~ vuriuh)ps nnd for 
the dt>\·dopment of qunntitntive vnluP~. 

In t!JC li~ht of our JH'PSPilt-dny knowl<•dg-e of th<.' 
suhj<•ct, it npJwnrs n•nsnnnble to nssunw t.hnt mnss 
infiltrution during n prPcipitntion Jwriod will he <'qunl 
to the muss precipitntion which occurs nt less tlmn 
infiltmtion cnpnrity, plus mnss infiltmtion whieh orrms 
nt n cnpnrity rnte during pcriods wlu•n pl·e<·ipitnt.ion 
exceeds this rnte, plus infiltmtion following }>l'Pl'ipit.n
tion which is dcriH<l from smfnec detPntion und whi<·h 
mny he controlled in pnrt by infiltmtion enpncity rnt.Ps 
and in pnrt by the length of infiltmtion opportunity, 
plus the infiltrntion of wntPr nftC'r tlw ]>Priod of 

U.S. H<JII. Cos~Y.rt\'ATJOS HRnvrcl!! 

Frm·nF. 10.-The (n~tullatinn of n lrslrneter nt :\nrth Appnlnc·hlun Y.xpcrlment 
Wut~rshed. Coslwl'!On, Ohio. The J~·sirnctcr In tho forrn ul u hottCJinlo•.'-' ho~ Is 
he;n-llr loarlr<l with "'nrl (10 tons In this lnst!UH'C) llllfl the wulls fCJr•·~·l clown 11rnund 
Bn uncllsturhr<l ('olurnn of nntural c:JTth. The c!lrlh under the cuttln~ ed~c Is 
rcmo\"cd und the soil column cnrefully shurrcrl to fit the lnt••rlor of the lyslrnotcr. 
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precipitation (i. e., water whid1 has been retained 
in depressions). Any resenrch, therefore, which is 
concerned with totnl infiltration during precipitation 
periods, ns representing increase in soil moisture, must. 
take account not only of infiltration capacity, but also 
of the opportunity for infiltrntion at subcupacity rates. 

The basis of comparison of infiltration cnpncity for 
different soils and different plants should be on n. surface 
free from all surface retention exeept that created by 
inherent characteristics of the soil or of the plants. An 
entirely separate investigntion should be made of the 
effect of surface cover in providing nn increa.sed oppor
tunity for infiltration by extending the infiltration 
period beyond the duration of minfull. 

The amount of water retained in surfuce depressions 
decreases as the surface slope increases. It is quite 
likely that the character of natural surfnce retention 
also changes with change in slope. Because of the rela
tively large effect of surfn.ce retention, particu]arly 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 eondition 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 inn.ltration capacity 
is essential to an understanding of this phenomenon 
nnd to the applica.tion of infiltration capacity values. 
The rate of infiltration is influenced by temperature, 
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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 Uuoughout the year. Tlris 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
,·estigntion 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 investiga.tion 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 geograplrical 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 procedtu'e to be followed and a careful check 
of the completeness of the observations to be made are 
of prime in1portance 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 eithe.r c.ase the soil devoid of cover as a basis 

U. 8. FOREST S&ll\'IC& 

FJGUttF. II.-.\ wn~ersh~I in Polk County, Tenn .. showing ~lopes where nil vegetation hns been killed by fumes from copper smelters. Precipitation falling 
on thc.<;e slopes has l1ttle opportunity to penetrato the ground; run·ofi rates aro high and are accompanied by se\·ero soil erosion. (See also fig. 21.) 



Deficiencies in Hydrologic Research 

of comparison. The work should be planned to em
brace the complete cycle of plant growth, including the 
various possible conditions preceding the begitming 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 tmder 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 tl>e supplemental measurements needed for complete 
interpretation of the observations. 

Observations should include the amotmt 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 guid~ for the application of a so-called normal pre
cipitation. 

Results should be presented to show the variation in 
infiltration capacity with iime 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 characteristics of the 
plot or area such as degree of slope, surface roughness 
and retention, dates of storms, the tinte-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.-!. 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. 

78393--10-3 
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3. The detm1nination of methods by which tho arenl 
infiltration of a drninage basin may be obtaitwd from 
precipitation and stream-flow dnta, and the determina
tion of the limitations of such methods. 

Discu.~sion.-V arintions in the structtu"e of the soil, 
Stu"fuce retention, density of plant cover, and other 
factors will cnuse differences in infiltration capacity 
within an area. Since practical considorntions 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 investigntittg and determitting the proper 
method of relating the direct measurements on the 
small areas to the performance of the area as a whole. 

It is assumed that field studies of soils, slopes, and 
vegetal cover may permit a division of the area within 
a drainage basin ittto areal classes, all of the area in 
each class having substantiully the same infiltration 
capacity under nny one seasonal condition; also, witl1in 
each such areal class for nil parts of the area, tlte infil
tration capacity may be expected to vnry in approxi
mately the same way with changes in seasonal 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 fot· 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 baAin can be de
termined by the proper integration of the infiltrntion 
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 particulnr 
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 a 
drainage basin, by use of the areal rainfall on the water
shed in conjunction with the run-off from the bnsin,has 
been attempted 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 relutively 
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 infiltration 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 undertaking research of this 
magnitude prior to the development of a generally 
accepted methodology is open to question. The value 
of proposed methodologies might, however, he de
termined by testing them in a 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 a 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. 

ill. 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 a complex phenom
enon influenced both directly and indirectly by a great 
many factors. Studies have indicated a direct relation
ship between evaporation and (a) the intensity and 
direction of the radiant heat from the sun, (b) the char
acter (laminar or turbulent) and velocity of the nir 
movement, (c) 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, (e) the 
barometric pressure, (j) 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, etc., 
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, theWeatherBureau, 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 lnkes in basins where 
there is little seepage loss and concrete lined muni.cipnl 
water supply reservoirs might be utilized for this pur
pose, provided inflow and outflow cnn be nccurntely 
men.sured. 

Other factors whose effect on evaporation rn.te nnd 
quantities should be studied in t.he field include (a) the 
altitude and depth of water under given meteorologicnl 
conditions; (b) the increase of surface area through the 
formn.tion of turbulent water, white caps, and the atom
izing of sprn.y; (c) the variation in wind velocity mul 
direction over large and small lakes; (d) the relative 
humidity and vapor pressure gradients over large nnd 
small lakes; (e) the variations in humidity with distnnce 
from the luke shore; (j) temperature gradients in the 
body of water from the surface to the bottom; (g) 
variations in geological formations, topography, vegetnl 
cover, etc., of the adjacent land areas; (h) seasonal 
temperature variations in open water bodies and the 
lag with respect to air temperature variations. 
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The data rollPet('d should he nnalyz('d with the ult.i
mn to objeeti ·;e of dPnloping n formuln. fot• mt.es of 
entpomtion, in which the nry smull or m•gligihlo 
factors would be elimimtterl, allll in which tho constants 
nnd Yn.rinblc mny be supplied from meteorologicnl duta 
normnlly n ntilnhle. 

Item No.2. The Improvement of Instruments 
and Standardization of Equipment and 
Procedures for Measuring Evaporation 

Objrctires.-1. The deYI'lopment of improved inst.J·u
ments to supplnnt nnd supplPment those uow used for 
men suring cvnpomtion. 

2. The determinntion of the most d<•sil'llhlc instru
lll('nt or instruments for ohsen·ing Pnch of Ute sev('ml 
meteorological fnctors infhwncing evnporn tion. 

3. The determination of the essont.iul ohscrvn.tions 
which must be made nnd recorded to permit thoncc('pt.
nnce of eva porn tion dn ta calculnted thet·efmm. 

U. 8. WEATHER BUREAU 

FIGURE 12.-Tbe Marvin pyrbeliometer used by the Weather Bureau in measuring Intensity or solar rorllation. On the rl~ht Is shown th~ Jl)'rhellomct(!r on It~ cquntorlnl dock
driven mouotinp:, by means of which it can be kept pointed toward the sun, By means ol tho dlnphrngmcrl tuhc11 beam or solar m~·s of known nrcu Is orlmitted to tho hlnd,. 
encd surlnCil or the silver disk inclosing a nickle wire. 'fhls wire nets ns n resistance thorrnomotcr to mm~~urc tho rnte ot which tl11l silver dlslr ultcrontely wnrrn~ nnd coul.•. 
when It Is exposed to ond shaded from the sun by a shutter which is llUtomntiCIIIIY opcucd ono minute nnrl closed tho next by circuit clnscr~ on tho clock (ut the lolL). 'I' he 
temperature measurements are rnndo by moans ora whenL~tono bridge (center) ond osensitlve glll\·unomotcr (Uili)Ot leU). Slgnull! mutlo by u telegraph roluy uud boll (center) 
enable the observer to make rending at the exact time lnton·uls required. 
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4. The stundnrdization of conditions for the use of 
the various items of equipment and the detailed pro
cedure to be followed in making o.ll obsen·ations. 

Discussion.-Present day instruments und equipment 
used in determining cvuporution nrc considered to be 
rcasonu bly tukq uute for the purpose; uever the less 
bcttl'r instruments from the viewpoint of lesser cost, 
greater cuse in installation, increased accuracy, and 
simpler obscrvntions, arc an outstnnding need. This 
is pnrticulurly true in the field of continuous recording 
dcvicC's for determining cvnpomtion losses from pans. 
Effort should be directed toward improving existing 
typ<'S of instruments and developing new types more 
suitable fo1 the severn] obscrvntions rt•quircd. 

In the past, there has been n wide vnria tion in the 
types of equipment used, in the methods of installation, 
and in making the observations, with the result that 
evaporation dn,tu. obtained at different places and by 
dift'erent observers are not u.lwu.ys compu.mble. To ob
tain an accurate determination of loss by evnporation, a 
number of meteorological conditions must be obsetved. 
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 arc 
obtained with standard instruments. 

Not all investigators observe nll 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 essen tiul 
conditions nnd natural phenomena which must in
vnriubly be observed to secure acceptance of the 
calculated evaporation loss. 

U.S. WEATRER BUREAU 
FIGURE 13.-A typlcnl We.1ther Bureau nrst eluss station for the measurement of 

evaporation from wuter surfuces. Jorom left to right the equipment ineludes nn 
Instrument shelter, nn S· inch standnrd rain guge, anemometer, ood e\'oporotion 
pon with hook gage well. 
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The most serious defect in present investigations of 
evaporation is the luck of uniformity in the conditions 
under which even the best existing equipment is used, 
uud in the procedure of taking observations. For 
exumple, in some investigations the land puns bnve 
been buried; in other e}l.-periments they have been 
e:-.."J)osed; wind movement in some cnses bus been 
m£>nsured \·ery nenr the water surface; in others it 
bus been measured at a height of several feet above 
the pun and in others not at all. The character of the 
wind movement over the pun 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 currying out the investigations, existing instru
ments and equipment should bo 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 
Lypes of instruments. The needed improvements, us 
revealed by the study, should be incorporated into 
new or improved designs of instruments and developed 
in collaboration with instrument mal;;ers. 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 mny 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 o bervutions; (3) limits of 
accuro.cy in the measurement of the essential meteoro
logical observations or other phent>menn. 

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 
puns may be utilized with satisfaction. 

The use of the psychrometric difference between 
wet and dry bulbs us 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 us for the whirling velocity plus that of the 
wind existing at the times of observation. Correlation 
of such measurements with those of pun evaporation 
should be undertaken, inasmuch us psychrometer data 
have been collected for many years by the vVeather 
Bureau. 
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Item No. 3. The Relationship of the 
Evaporation from Pans to that from 
Open Water Surfaces 

Objectives.-!. 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, etc. 

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

3. The determination of the type and size of pan 
\~hose 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 tbe 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 a smaller evaporation from the larger 
bodies. Theoretical research based on the underlyino
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, msulation, 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. 

27 

The observations upon which the relationships must 
be based should be continued over a period of severn! 
years a.nd should include observations Oil nil meteor
ological alld other factors influenring ontporntion ns set. 
forth in item 1, section III. 

Item No. 4. The Relationship of Meteorological 
Conditions at Various Elevations to 
Open Water Evaporation at the 
Ground Surrace 

Ob.iective.-1. The determination of the relationship 
between the meteorological conditions as observed n.t 
vn.rious distullces above the ground n.nd the evaporntion 
from nen.rby open water surfnces n.t ground surfnrc level. 

Discussion.-Meteorologicn.l dn.ta secured from ob
servations on top of buildings n.re gencrnlly recognized 
n.s frequently differing from those obtn.incd at ground 
level. The correln.tion of meteorologirnl observations 
tn.ken n.t ground level with evn.poration losses is dis
cussed in the preceding item. It is now desired to 
correln.te meteorologicn.l dn.tn tttken on top of buildings 
with evn.porn.tion losses from wttter surfnces n.t ground 
level. If this can be done, it will be possible to esti
mn.te evn.porn.tion losses in mn.ny localities where long 
'Venther Buren.u records exist, but where no observn.
tions hnve beell mncle on evaporn.tion from opcll water 
surfn.ces, either by pn.ns or otherwise. 

An expn.nsion of this investign.tion would involve 
correln.tion between (a) meteorological obscrvn.tions on 
top of buildings (b) meteorological observn.tions nt 
ground level, and (c) evn.porn.tion observations n.t 
ground level. 

The observn.tions upon which the determinn.tion of 
relationships must be bn.sed should be continued over a 
period of severn.! years n.nd should include observn.tions 
Oil n.ll meteorological nnd other fnr.tors influencing evttp
oration n.s set forth in item I, section III. 

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

Objectives.-!. The deternti.nn.tion of the rein tion be
tween insolation and evn.porn.tion from open wn.ter sur
faees. 

2. The detern1inn.tion of the suitnbility of the soln.r 
radiation method of measuring evn.poration n.nd its ap
plicn.bility under a wide mnge of climntic conditions. 

Discussion.-The use of the "energy" or "heat bnl
n.nce" n.ppron.ch in determining evaporation losses hn.s 
been n.dvn.nced by some scientists' but for vn.rious ren.
sons has not received wide acceptance. The concept 
involved is the n.pplicn.tion of the thcrmodynn.mic prin-

I One of the chief proponents <.~f tbl5 method Is Prof. N. W. Cummings, Snn Der· 
nnrdlno Valley Junior College, San Dornardlno, Calli., whose most Important pullll· 
cations have appeared In Phu•it:al Rtrltw, Vol. 30, 1927; Bulltlin68, Notlonnl Research 
Council, tm; nnd In Tran•aclion• of tht Amtrlran OtophJIIfnl 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 asoumption that a lake may be 
treated as a system in thermodynamic equilibrium and 
that the quantity of water evaporated from the systen1 
multiplied by the latent heat of vaporization must equal 
the heat applied to the body (which in tlus case is that 
received from solar and sky radiation) minus the heat 
lost by back radiation 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 s=er 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 measurements. 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.-!. 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, e:~:posure, wind movement, thickness and density 
of the snow, etc. 

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 

a These data are 1'8Q.uired to permit the determination of the back rodiatlon beat 
losses and could be dispensed with in the case of the development of a MtisCactory 
instrument for measuring bsw.k radiation. 



Deficiencies in Hydrologic Research 

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, etc. 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 .. transpiration 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 wo.ter 
in connection with irrigation and the amount and rates 
of run-off to be e"'-pected 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 
ta hie to the soil surface, (c) 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 

' A new approach to the detenninatlon or evaporation from soil and vegetal sur~ 
races bRS ~n proposed by 0. W. Thornthwaitc and Benjamin Holz:man, M011llll11 
Weather Rtriew, Jantllliy 1939. 
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under way in Arizona, California, Colorado, Florida, 
Nebraska, Oregon, and Utnh and should be expanded 
to include all sections of the country. The investigation 
includes evapo-transpiration losses from (a) fruit trees, 
(b) field crops, including small grains, (c) native vegeta
tion including water-loving plnnts, (d) various types of 
bare soils at different heights above the water table, (e) 
cann!s, ditches, and natural water courses, and (j) from 
natural ground water containing definite percentages 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 
meteorologicnl 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 effect of surface 
conditions of the soil could be used and could be cor
related with continuous obst>rvations 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 inrlude 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 coefficient; and to diurnal and 
seusonal variations under various vegetative and soil 
conditions. It should evaluate the effect of plant 
density upon evapo-transpiration losses, us 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 bunks 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 u 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 severn! areas with a wide 
climatic range. 

2. The isolation 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 transpiration or building of 
plant tissue and that evaporated from adjacent soil, 
snow, or intercepted percipitation on the area in any 
specific time."' 

A knowledge of ccnsumptive 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 u 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 

• Rtg(onal Plcnning Pari VJ.-(rp;:er Ria Grundl, Xntlonal ltt'soUrCI.'s Committ~, 
February 1938, Washington, D. C. 
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done in certain of the Western States, and an 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 
areas, 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. 
Tlus would involve largely the measurement of surface 
inflow and surface outflow, and the determinn tion of 
accretion 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 
(a) areas of crop nnd non crop plants; (b) areas of free 
water surface; and (c) 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 (a) 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 nnd from soil with the water table at 
various depths, and the evapo-transpiration factor for 
typical erop and nonerop plants growing within the 
valley; (c) the analysis of results isolating nonbeneficial 
consumption from total consumption within the valley, 
breaking down the nonbeneficial consumption into 
various elasses 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 
affeet them, such as temperature, growing season, wind 
movement, etc. Sueh a study should be continued 
over a period of not less than 5 years. 
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IV. Ground Water and Percolation 

Item No. 1. Water Level Recorders 
and Artesian Pressure Recorders 

Ob.iective.-1. The improvement of instruments used 
for the measurement of water levels in obseiTntion 
wells. 

Discussion.-The \\rater stage recorders usE.'d in 
ground-water investigations are usually of either the 
float or the pressure element type. These types have 
been developed primarily for recording strenm stngrs 
und are not sufficiently responsive to smnll or very slow 
fluctuations occurring in obs(•rvntion Wl'lls. Instru
ments of greater sensitivity arc needed for usc 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 ntmos
pheric pressure chnnges would be a valuable ndjunct 
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, n.nd with existing 
patents, should make possible the stating of specifica
tions for an improved recorder. Insofnr as possible, the 
best features of existing instn1ments should be selected, 
nnd either by improvement thereon or by new design, 
an enden.vor should be made to den•lop better instru
ments. 

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

Objecti~·es.-1. The determination of the differencrs 
of water level between the inside and outside of cased 
wells under water table eonditions and under artesian 
conditions. 

2. The determination of the causes, mngnitudr, and 
the significance of the lag in fluctuations of wat<'r levels 
inside and outside of wells of vurious diameters. 

Discussion.-The fluctuations of water levels in wells 
are not the effects of simple forces acting singly, but 
rather the resultnnts of complex interacting forces 
which greatly increase the difficulties of interpretation. 
A study of the effects produced by different r11 tes of 
pumping, for instance, may be complicated through 
changes caused by variations in atmospheric pressure 
nnd by ocean tides, either singly or in combination. 

All of these fnetors must bt• evnluatNl. If these 
fluctuations nre obsl't'\'Cd undl'r emulitions freo from 
other influetwes, much vnluablt:> infoJ'llHttion mny bo 
nffordt:>d on ground-wnter conditions in the area. 

Included in these st.udies is considorntion of a number 
of complC'x nnd obscure problems such ns U10 rnpid rise 
of wntcr levels during ruins nnd tlwir suhseqnent rnpid 
dt~elinc. It is believed thn t such ru pi(l rise nnd der.lino 
do not reprl'sen t cquivulen t r<'clun·ge nnd depletion, hut 
nre due to unrecognized dofrcts in wen construction, 
t'ff<·cts of pressure pt'o<l ucPcl by sn tumkd soil, tho nit· 
in soil intr.rsticPs1 or to other cnust•s thnt have lwcn 
suggPsted but not rigorously invt•stigrrt.ed. Tho hui'O
metric fluctuations thnt hnvc h<'cn ohsrrvl'd in Wttter 
tnble wl'lls SN'lH to indicate thnt the water level in tho 
wdl is not the true wn.ter tn.hle nnd therdoro mny be 
mislNHling us to rPchnrgo, unlt•ss the true conditions 
are understood. 

A first stop in these studies would be the delinenLion 
of those nrcus in which significant wnt<•r ll'vd ot·nrt!'sinn 
pressure fluctuntions occur. The uvnilnbility of ob
servation \n•lls in the more promising nrens should be 
determined and the most suitable ones cquipp('(l with 
stnge recorders. Supplementary observation wells 
should be instnlled. ns I'<'<] uired, together with the in
strumrnts IH'Cl'ssnry to S<'cure complete mPtl'OJ'ologicrrl 
data. 

The observn tions on wn ter level fluetunLions should 
be analyzed and correln ted with datu on nwteorologicnl 
phenomena and with dnta on the geology of the region 
in order to interpret and cvnlunte the fnctors thnt pro
duce the ftuctuntions. 

U, S. SOIL CONHEJLVATIOS !>EILV/CK 

FIGt"RE 10- ;\ ~~:round-wotcrohservntlon well ~howlnl( I ho stnro rccorrlln~~: ln~tru~~nt 
i~stnJlntion: reference point. nud well cover. Located at the )l;orLII Ap[laluc 11n 
Experiment Station, Coshocton, Ohio. 
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Item No.3. The Relation of Ground-Water 
Fluctuations to the Texture of the 
Water-Bearing Material 

Objectives.-!. 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.-Tht>re 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 texture upon 
the specific yield of an aquifer. 

DECEMBER 13 DECEMBER 14 
29.0 

1-

"' BAROGRAPH CURVE INVERTED 

"' ... 
z 29.5 

,--~""', 

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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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 light of laboratory methods where 
possible. 

Item No. 4. Improvement of Methods 
for Determining Porosity, Permeability, 
Moisture Equivalent, and Specific 
Yield of Aquifers 

Objectives.-!. The evaluation of the methods of col
lecting and Ia bora tory 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 

ld of water-bearing formations, including consider
ation of the dye method, the Stichter 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 stratigmphy of the water
bearing material and the hydrologic properties listed 
above. 

Discu~sion.-It must be realized tl1at the conditions 
of laboratory tests do not accurately simulate tl1e 
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 witl1 
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 tl1e draw down and recovery
of-head observations, the physical characteristics of 
the aquifer can be determined witl1 reasonable accurncy. 
These are representative of average conditions because 
of the interrelation of the various physical properties of 
the aquifer. 

Heretofore, studies have been rntl10r 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 critical arens and for making 
pumping tests under conditions that can be definitely 
controlled and that are free from the limitntions im
posed by the necessity of adapting tl1e tests to the 
operation of public or industrial water works. 

Studies should be conducted where possible in both 
artesian and non-artesmn 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 ilie consolidated formations, 
should be compiled for each well. 

Additional observations should also be ronde in dif
ferent arens 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 holding water 
above the water table and in reducing specific yield. 
Long, vertical soil columns, for draining over a peri~d 
of one or more years, should be observed for change m 
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 

Objectirts.- 1. The detern1inntion of the C'fl'ect of the 
physical chumct('ristics of s1ze, !;]lflpe, sorting, arru nge
Jll('nt of grains, etc., 011 the porosity, p ermeability, nnd 
specific yield of a wa ter-b<:>aring mu terial. 

2. The development of improwd methods for de
termining hydrologic proprrtirs of wn t r r-benring mn
terinls. 

Discussion.- The most common type of watel'
benring mnterinl ('.onsists of deposits composed of rock 
frn gments which have bC'rn more or less rounderl by 
wear b efore th(•y W<'re depo~ited. In such deposits, 
the water is found in the irregular sptwes between the 
rock ptu·ticles. 

Slichiter, in his classical studies G on the motion of 
ground water, defined the relations of size, shap<' , and 
degree of assortment of grnins to porosity. Other in
vestigntors have added to his basic s tudies and ]JaYe 
contributed mntf'rinlly to the fund of knowledge on 
the movement of gr ound wnter. 

The quantity o f water available and the rate at which 
it can be suppli<'d is dependPnt both upon the rate at 
which the nquifC'r is rechn.rged and upon its porosity, 
permeability, and specific yield. Therefore, th<'re is 
need for extcnsiYe studies to dP.teimine the effec t of 

• "Thooretit"SI Im·~st i~ution of the :'\lotion o! Orounu \\'uter"- Unitcd Stute~ 
Oeologica\ Survey, J9Jh , tnnual Rrporl, J~O(l. 
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s iz<', sl11tpe, und gradation of the component particles 
upon the p<'rnwnhility and specific yield of nn aquifer. 
Sueh informution would he of grent prnctical Ynlue in 
connection with the development of ground-water 
supplies, 

In evaluat.iug the eft'ect of the physical character
istics of the material composing nn aquifer upon its 
hyJrological properties, the tests should be designed 
to cover the gaps which exist in present resenrch dntn. 
Stnrting with materials of !'imple shape und of uniform 
size, the innstigntion should be t'Xtended to include 
numerous tegts on matrrinl of difi'crent shapes nnd 
sizPs nnd in difrerC'nt degrers of nssortment. Such tests 
should inc! udc microscopic exnmina t ions to dr termine 
the angularity of the smaller sizes of materials llnd the 
size of the in tcrs titiul spaces. 

One func tion of the inves tign tions outlined n bove 
should be the refinement of existi11g or the dc\·elopment 
of uew methods of testing water-bearing materjuls. 

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

Objectil'es.- 1. The determination of the processes 
invo'yed in the compressibility and elasticity o f water
benring mat(•rials. 

2. The dct(•nninution of the magnitude of the com
pression nnd expansion of wn t<'f-bC'uring mn terinls 
under clumgcs of pressure and of the magnitude of the 
lng accompanying the compression or expansion. 

. U . S . Fo REST SEn \'JCI:: 
F IGI:n£ 16.-0roun:l·wnter ~·ells mstnllcd for the ohsen ·ntion or ~round-water le\·els aud mo\· < 0 h 

along tbe ,·allev urul tbe \'Clocity of .:rourrd-wnter mo,·crrreot determined hr ele•tri~le~te.: t Cer ~roupsF.of wells nrc IO<'!ltr <l nt intervals ln aud 
, ' 1 l n <, o\\eetu .xpcrrmentul Forest, ~ . C. 



Deficiencies in Hydrologic Research 

3. The determinn tion of the tem porn r.' · 11 nd penna
nent effects of ch anges of pressure upon the po ros ity, 
penn enbility, and specific yield of nn aquifer. 

4. The determination of the efl"ec ts of chnnges of 
water leYel upon the sinking or rising: o f the lnwl 
surface. 

Discussion.-Tho study of these phenom ena is im
portant as bearing directly on the question of t he source 
of nrte inn waters, whether by recharge or by remon1 l 
from storage, and of the extent of permnn ent dccre11:--c 
in permeability of aquifers with redu ctions in pressure. 

Some phases of this problem . hou ld be s tudied in th0 
laboratory ; others can be ca rried on in connec t ion with 
s t udies of porosity , permeabil ity, specific yi eld, nnd in 
connection with the construction of cl am nnd oil-well 
drilling and technology. Certain phases wil l requ ir0 
obsen ·ntions during a considerable number of years in 
a reas of henry pumping, and foL· this pu rpo e there i 
n eeded an assurance of the continua t ion of the neces ar.'' 
long-term program of wnter-le,·el ob£erTntions and 
ptm1pnge records. 

The subdivisions of the genera l program in to specific 
phases for special inves tigation is not entirely apparent 
at th is tim e, due to the inheren t chnrn cter of the 
project nnd the limited information a Yailnble on the 
full s ignificance of compressibility nnd elasticity . 

The m·eas should be located i11 region where t Le 
phenom ena of compressibility and elns ticit_y nppea r to 
exis t in marked degree, as in the Dn kota sa11dstone and 
in regions where th e draft from wells and the resulting: 
compression is reAected in subsidence of the land 
su rface ; also in areas such as the Bradford oil field in 
P ennsyh· ania, wh ere water is being pumped in to 
artesian strata under high pressure. 

The Theim and Theis methods should be nppli ed . 
It also will be necesso.ry to innugurate n long: program 
of recording water levels, artesian pressures, nnd yi0ld . 
In order that periodic measurements may be m ade of 
land surface subsidence, there must be cnreful iJJ s tru 
men tnlle,·eling to t ie in such nr0ns wi th acljnc0nt ~tnble 
nrens. 

Laboratory tests should be conducted to determine 
the compressibility and elastici ty of ma terinl from 
artesinn aquifers. Laboratory m ethods should be de
vised fo r simulating compression and elasticity in order 
to carry out exhaus ti ,·e tests lend ing to the de termina
tion of the effect of the£e phenomena on poro ity, 
permeability, and specific y ield . 

The laws of wave propagation nnd rein ted phenomena 
should be investigated and applied in a ma thematical 
s tudy of the rate of pressure movemen t efrec t.s in re la
tion to the sever al physical properties of artesian 
aquifers. Precise tests should be made in the fi eld and , 
if possible, in the lnbcr ntory, on rates at which pressure 
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ell"ecl,; a r0 trnnsmit ll'd tl11·ot J~h wntN-hrnrin~ s trnln , 
l hl~ ll11lt ln' nf li H' impulsP thnt is ln1ll . mitted , nnd its 
In ws of propa~n t ion. T h0 in ,·es t ig-n t ions propo ed 
hNein requi n• the coll nhornti lln of th0 hyd rolo~is t nnd 
geop hysicis t. 

It em No. 7. The Relations hip of 
Ground Water to S trea m Flow. 
(To be correla ted wi th item 13, sec. V) 

Objtctirrs. - 1. 'I'IH' impro,·em<'n l of pr0sen t methods 
nnd lit(' dt'YrlopnH'nl of JJ (' \ \ " m ethods for diO"cront in ting 
g round watrr run -olr from surfn ce run-on·. 

2 . T he detc rminntioll of the c fl"0c t. o f tho geologic 
s l ruet ur<' upon the mo,·('men t of g round wnt ('r to or 
from surfnco ::;tr0n m fl ow. 

3. Th <' correln,tion of g: round-wn,ter levels with 
changes in g-round-wnter nm-ofr. 
Discus~ion.-The correct c,·nluntion of tho role of 

g round wa ter in producing strenm now is fu ndamenta l 
in (' \·oh-in~ more efl"ec ti,·e wn,ys of forecnsting t ho 
lnt tcr, par ticularly during protrn cted periods of defi
cien t precipita tion. The " unit ltydrograph" nnd t he 
" chnnncl torage" methods represent the most recent 
a ppronch0 to t he problem of Lream flow forccn ting. 
Ground-wnter· run -ofr, howevN , is dependent trpon 
se ,·era l mnjor ftte tors ha,·ing no relntion to motcoroJog 
icnl conditions. T he movement of g round-wnter may 
he either U1flow or outf1ow or bot h, dcp0nding upon 
t he s t rn t i~rn phy nnd rock structure of the bnsin . 

In order to di stin~uish lwtween g round-water run-o f!" 
:1nd surfnc·0-wntcr nJJJ -olr the "chnr1llcl s tornge" and 

U.S. OY.OLOOICAL Sunvn 

FJGlillE 19.-0round·watcr flow from Thousand Spring~ oloog the Snoke fllvcr In 
south cen tro! Ida ho. Surface stream flow 15 grenlly stobll11Ald by out flow rlor lvod 
from such sources. 



36 

"unit hydrograph" methods should be carefully studied 
and refined, and possible new methods developed in 
order more adequately to relate the minor fluctuations 
of effiuent 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.-!. 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.-!. 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 bee?, under natural conditions before the sinking 
of wells, rn a state of approximate dynamic equilibrium 
with the. average recharge adjusted to the average 
natural discharge. The introduction of wells into this 
natur~l hydraulic system represents a new discharge 
superimposed upon that existing previously. As a 
con.sequence, the movement of water through the 
entire ground-water body is changed to some extent 
b! th~ diversion of water to the new discharge. This 
diversiOn must be accomplished by a 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 seculnr or long-term cyclical climatic change, 
abstractions from storage must tnke place, and water 
levels must fnll, lmtil the artificial discharge is balanced 
either by an increase in the recharge, or a decrcuse in 
the previously existing natural discharge. The length 
of time necessary to attain the new equilibrium varies 
with different water bodies. Other conditions being 
equnl, it will be shorter in artesian than in nonartesian 
aquifers; in materinls 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 
smnll 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 
formulae 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. 

U. 8. 0EOLOOICAL 80'RVU 

FIGURE 20.-The cone or depression formed around a pumping well. At the upper lert is shown the slope or the water table; at the lower left tbe cone of deprossloo after 12 hours 
pumping; and at the right, the cone of depression after 48 hours pumping. Continued pumping may resu1t in dJverslon from adjacent subsurface wat.ersbcd!:. (See fig. 21.) 
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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, 
nnd 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 ns 
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, 
=d 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, 
=d, 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 nspect of such a mathematical study is its 
probable value ns 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 dues 
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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FmunR 21.-A sectional view or the cone of depression or the pumped well shown In figure 20. The section ts taken along the line n-D. 
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and thereafter held constant. These a rc the npproxi
mate theoretical ground-\m ter problem invoh·cd 
respectively in : (1) pumping well or a locnlizcd group 
of wells; (2) pwnping n, series of wells closely spac·rd 
in n, more or less linear pattern ; (3) cons tructing a 
dmin in nrens of high water table or impounding 
water in a more or less linear reseiToir. Thrse r rsu Its 
should be assembled in the form of ding rftn ts nnd 
tables suitable for the convenient use of eng inee r:-; nnd 
hydrologists. 

The extension of the m a thematica l treatmen t of the 
more complex problems actually found in nature hou ld 
be undertnken , taking into account so far as pos ·iblc, 
actua lly known heterogeneous and anisotropic chm·ac
teristics of t he aquifer and changes in its abili ty to 
conduct water ns the water table is lowered , or in the 
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casr of :1rtl' ·i:tn nquifrrs. u. the nq ui fer i compncted 
b~r th r rrlrn sr of in tNnn I pressun'. 

Thr bnsic th ro ry of modP I nnnlysis npplird to ground 
wa ter should bo d l' ,·l' l<>p<'d with tlt c a im of constructing 
modt'ls using fl uids, h rn t , or r lrct ricity , to soh ·c prob
lems i 11 g round -w at <'r rnoYr nH.' II t too complicn ted for 
rnntht' lliHti e:d nnal:-.' sis . 

\ lnt.h t> mnt icn l n•st•n rch llllr s t d r nl with idenlizcd 
mrdin simpi N tltnu thnst' net unlly found in nnturo. As 
n COl t ·equcnce, nil 11111 tlt r mnlicnl d rductions sl rou ld bo 
r herked in tltC' fic•ld , nnd , to somr rxirnt in th o In born
tory , to nsccrt fl in "hrther or not the s im plifyi11g ns
sump t ioJt. nrc Yn lid wi thin nllown blc limit of N l'Or. 
This requires a close cooperu t ion bctwrrn inYestig:t tor 
r ngnged in q unn t itn ti ,.e fi eld problems n nd tho ' C en
gnged in thcorcticn l rrsenrch . 

V. Run-off and Stream Flow 

Item No. 1. Run-off from Snow Covel 

Objec fire.-1. The determination o f the ,.,.a ter yield 
from snow cover as affected by wa tershed chnrn c t.er
is tics and climatic factors 

Discussion - Equal accumulations of " ·-inter snow
fa ll often produce widely Ya.rying amounts of spring 
run-off and diYerse flood pea ks. \Ynter is normally r e
leased from a melting snow mantle through ri ing tem
p eratures, warm rains, or a combinn tion of th e t\\·o ; th e 
effect o f solar raclintion; and condcnsa t ion from warm, 
dnmp w-inds. EleYation , particularl:-.- ns it is related 
to temper nture, is a lso n, contributing factor. It is not 
only desirable to know the tota l amount o f water nvni l
able " ·i t.hin the snow mantle, but a h:o to be n hie to 
prede termine the circumstances under which it wi ll 
be released nnd delivered to points of ultima tc U!"C on 
the lower renches of the stream s:-.·stem. 
Thi ~ r esenrch project is designed to eli. clo~r tl1r fnc

tors that determine run-off from sno\\· :U!d tlr r ir int<'r
r ela tion. The first phace dea ls \\-itlr ;t st udy of Ut e 
fnctors involved in the m elting of sJt o\\· nnd tlteir 1'<'1:1-
t ion to total run-off from snow and lite rn tes of s1rch 
run-of!'. Studies should be conducteJ 0 11 thr <' fl'cr ti,·c 
combinntions of rising t emperatu re nnd rainfa ll to 
produce excessive run-off from a mo"· man tiC'; tlt r 
t emperatur e at various snow depths : tempPrn tun' di
vergences between valley and mounta in s tat ions; th r 
effect of Yegeta l cover on the melting of no\\·. both in 
forest m·ens nnd in the open ; the efl'ect o f clriltook winds 
on mow cover ; the effect of in termit tent mrlting nnd 
freezing upon snow density and ulti1nnte run-oil' ; th r 
value of late snows in protecting old snow against pre
mature melting; the damping efl'ect of nn existing snow 
mantle on run-off from rainfall ; and the rein tion bc-

78303-40-4 
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F"IGt:ln : 22.- .\JI}'arutus tJSC•I lor ~lrtJu l nt!ng tho conditions under which run·ol1 from 
mel tin:: s now ~~ uh•orbcd by n soil In flowlu~ O\"Cr the soil su rface. Dc,•clopc<.l anti 
used by the Fores t Sen ·lt-e In the llobc Nntlonnl Forc, t . 
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tween prec ipitation at mountain Ya lley s tations and 
adjacent snow course~. 

Included nlso in this ph nse of the investigntion 
should be (a ) t udies of rna s curn•s of degree-days 
above freezing and their slope up to the time of maxi
mum nm-off from snow on different drainage basins : 
(b) the determinu tion of the snow melting constant or 
quantity of snow reduced to water , per degree-l1our of 
temperature excess above 32° F . ; (c) a determiJlntion 
of the factors that control the depth and Yolume of 
lush or water held as capillary water at the base of :l 

melting snow bed; and the rein tion 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 U1Yestign.tion concerns the 
surface conditions in the dramage nrea, which con trol 
losses to the run-off from meltmg snow. A qua ntitn
tiYe determination of run-off from mel ti11g snow will 
depend largely upon the success with which those fac
tors can be e...-alunted that con trol the amount of melted 
snow lost to run-off through u1filtrution , transpira tioll , 
and evaporntion. I t is therefore essential that more 
basic lmowledge be secUI·ed through resea rch regarding 
the relation of the rate of snow melting to infi I trn tion ; 
the relation of the r ate of snow melting to ground-wa ter 
Ie,-els; the dep th of frost penetration under Yarious 
conditions of tempernture, exposure, and Yegeta l CO\er ; 
the effect of ground-water condi tions of the preceding 
season or seasons on the rela tion of run-off to snow 
con r; the cfl'ect of fall soil moisture upon the depth of 
freez ing and upon the pe rcola tion of melting sno \v; the 
effect of early and la ter snowfall , with respect to deep 
freezing of soil, on the percolation of melting snow ; the 
effect of high winds in moving np preci Hblc quan tit ies 
of snow from one basin to another ; the eYitpora tion from 
the mterior of snow m asses nnJ from Sil O\\' s urfnces 011 

the ground and on Ycgeta tion (see item G, sec. HI) ; t he 

t:. S. Conrs Of' E:SGI:S EEl!~ 
F IGUn E 23.- lcc on tho Qhio R l\'cr nt Vnn Port, Pn. , February 21. 1936, berore tho 

!lood. S LUgc·ll <!" ' relotlonslups ore greatly o!Tectcd by ice, nud !low dctcrminnlion 
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disposal of melt-water in the snow mnss above the base 
lnyer (this u1cludes the eft'ect of refreczmg when tem
per ntures full below 32° F. at night, and the effect of 
recrystalli za tion and change of snow structure and 
density by melt-water ns it passes down through the 
mow ln~·er) ; and the evaluation of the time lag and 
tornge lag between surface m elting nnd appearance 

of water iJ1 stream . 
The lnst phnse concerns the determination of the ef

fect upon run-off of the precipitntion occurring after the 
completion of a snow suney. Durmg interYals be
tween sno\\· surwys nnd nfter they haYe ceased for the 
winter senson , precipitntion mny occur in the form of 
either r ain or snow, and may modif~, the conditions of 
now coYer as preYiou:;ly observed. ).fethods for tak

ing i11to nccount this precipitntion incr ement should 
be determined , both from the viewpoint of snm,- on the 
ground and its water content. 

Item No. 2. Stream Flow Under Ice Conditions 

Objectire.- 1. The development of improved m ethods 
of determining stream flow under ice conditious . 

Discussion.- Th e publication of Wnter Supply Paper 
337 7 in 1913 represented a critical review of the effect 
of ice on stream flow and on stream flow measurements 
ns of thn.t date. Since then, developments in equip
ment and procedure haYe been such as to m ake a re
vision of this r eport highly desimble. There is par
ticul ar need for an e:'I."POsition of the effect of ice on the 
now of smnll strenms, those clraming a few square 
miles, ~uch n nrc being studied extensively b~- Ynrious 
ngen(' I('S. 

Such nn inwstiga tion would be nccomplishecl largely 
by n rompila tion and critical review of the deYelopments 
in instrumen ts and procedures now in use. 

The effects of icc on stream flow, through a reduction 
in cl1a nnel : ize for n giYen gnge height and an increased 
fri ctional r esistance because of the ice covering, should 
be ~tu d iecJ . .\dju tmPnts Ul gage heights for reduction 
in no" · shmtld be correlnted with s11ch factors as tem
p<' rnture, pr<'cipita tion , total fl ow of the stream, etc., 
for drau1age nr cn of Ynrious sizes. 

Hem No. 3. Flow Duration Curves 

Obj t'clive.- 1. The determination of types of fl ow du
rntion cm Ycs applicnble to drainage bnsms in different 
locn li ties. 

Discussion.- By plot ting flow duration cmTes on the 
basis of flO\\' as a percent of mean flow, i t is often possible 
to compare cmTes from different rivers in the same 
general region and to determine type curves for :mch 
r·egions which will be of value in extendmg the use of 
stream flow data to streams which have not been gaged. 

1 Water Srtp ptv Paper 377, " T ho Effects or Teo on Stream Flow," W. 0 . Hoyt 
U . S . Geological Suro;ey, 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-otr Data 

Objective.-!. 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 missmg 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 determme 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.-!. 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 aim of this research to test the accuracy and 
quality of estimated records obtained by the use of 
various methods, to determine the effect of different 
hydrological and physical cluu-acteristics upon such 
accuracy and quality, to develop new methods 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 tJw records 
are of good quality and that diversions, importations, 
or regulation above the station where the records are 
taken, have not affected tl1e natural flow or tJmt the 
records show exactly to what extent the fuctors named 
have affected the naturul flow. In most cases the 
estimated records will be for seasonal or annual runo()ff, 
although in some instances monthly records may be 
developed. 

Various methods, particularly tJwse 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 tlw period. 
The accuracy and quality of estimated records should 
be appraised by the application of such statistical 
measures os the coefficient of correlation; the coefficient 
of variation; the probable error of the meon for a given 
period; the ratio of the maxima und minima to the mean 
and to each other; by flow duration curves, etc. 

The research should include studies of the accuracy 
and quality of (a) 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 seemed during periods of high, 
moderate, and low flows; (<l) the increase in accuracy 
and quality of estimated records with increase in 
length of the base records; and (e) 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 detmmine 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-otr in the 
Absence of Stream Flow Records 

Objectives.-!. 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 nrc available. 
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2. The dcterminntion of the efl'ects of nuious hydro
logicnl and physical characteristics of basins upon the 
accuracy und quolity of results ohtnincd with such 
methods. 

Discussion.-The cccnsion frequently nrises where it 
becomes necessnrv to estimntc run-off (mean, seasonal, 
or even daily) from a drainage basin for which no actual 
stream -flo\.,.. 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 actunl records of run-off for drainage 
hnsins of more or less similar hydrological nnd physical 
characteristics, and also to test the accuracy and 
reliability of new methods which might be developed 
during the course of the study. 

This investigntion is similar to the studies proposed 
on the interpolation of missing run-off data (sec. V, 
items 4 and 1 0) and differs only in the fact that, instead 
of hnving short-time records available for study, no 
records exist for the strenms being studied. The basins 
selected for comparison should have records of con
siderable length nnd of good quality. The methods 
used for estimating run-off should include all of those 
in customnry use in the localities. 

The studies should include an investign tion of the 
relutin~ nccurncy of (a) estimnted mean run-off for 
prriods of various length, and for periods of high, 
normal, and low run-off; (b) for extremes of run-off; 
(c) complete estimn tcs of run-off as derived by various 
methods; (d) the influence of hydrological nnd physical 
characteristics of various drainage basins upon the 
accuracy of the difl'crent methods in use; and (e) the 
effect of the nuintions in tltc assumptions made in 
connection with u giwn method upon the accuracy of 
estimated records. 

Nat1'onal Resources Planning Board 

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

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

Discussion.-lt often becomes necessary to estimate 
run-off from a dminage basin for which no data exist, 
but '"here records nre available on one or more of the 
minor subdminages. l\Iethods have been proposed for 
the routing and assembly of flows from subdrainnges 
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, nnd in the proceedings of the Upstream Engi
neering Conference in 1936.8 If these methods are 
tested nnd found sntisfnctory, or if better methods are 
developed, a more rational procedure of estimating 
strenm flow will result which will be of great practical 
importance. 

Small drainage nreas (prefera.bly less than ten square 
miles) for which records of flow are available, lying 
within n larger basin for which stream-flow records are 
also available, should be selected for the study. Meth
ods for estimating the flow of the larg~r basin based 
upon those of the small drainage basins should be 
checked against the actunl flow records of the larger 
basin. The improvement of existing methods and the 
possible deYelopment of new procedure should result 
from the research. 

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

Objective.-I. The dewlopment of improved methods 
for obtnining records of run-off from small drainage areas. 

I llenJwnter&, Control anJ t'n, rnitc•l States Oo\·crnmcnt Print in~: Officx-, "'osh• 
lngton, D. C., ,\ prill937. 

. u. s. FO~l!.ST S£1tVICE 
FIG URI!. 24.-Two vie\\:s or the ~n~:lng statiO!J operated by the Ocolo~:ica\ Sun·cy on Duck Creek in tile Cop11er llnsin area or Tennessee. Smelter rumes have completely denuded 

the area or vegctat.ton resultllll! m a rnpHl run-oil and heavy erosion. Tho <lischar~:e shown occurred wtthin one hour alter a moderate rnln!all over the 13 o5,1uare milo water· 
shed. A maximum run·o1T or i,OSO second·!oot (515 c. (. s./s 'I· mi.) wns recorded on April a. 1936. · 
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Discussion .- Data on run-off from sma ll drn i.nage 
nrens of less than 2 or 3 square miles a re important i11 
th e s tudy of hydrologic phenomena , as the e nrea mny 
be studied intensively. The physical nnd other ch nr
ncteristics of the drainage area and exis ting b~~d rologic 
conditions affecting run-off may be dotem1in rd with 
gren ter detail upon these small areas tbsm upon In rgrr 
ones . InfOimn tion on the run-off from such :-;mall 
drainage basins is nlso of value in the proper d <'sign of 
highway and railroad culver ts, of check dams nllCI othrr 
similar structures, in the design of sewers and drains for 
pnved nnd unpaved city areas and in connecti on with 
soil conservation methods. 

The comparatively small amom1 t of bn~ic run-ofT 
data , available from such arens, hns been obtnined 
through the use of current meter stations, usually wi th 
some form of weir or other nrtificial control. It is 
essential that improYed m ethods be developed, and 
tha t the practicability be e:-..-plored of using ca librated 
laborntory models of the control and s tream channel in 
its vicinity as a means of obtaining better r esult:; at 
gaging s tations. 

All existing gaging stations wi th drainage m·ens rang
ing from a few acres to several square miles should be 
listed , showing methods used in obtnining discharge, 
the rnnge in discharge, d ifficulties encountr red in the 
studies, probable accuracy of the results, nnd nny other 
per tinent infonnation. (The cooperation of the Geo
logical Survey, the Forest Ser vice, nnd the Soil Con
servation Sen7ice will be \uluable in this compilation. ) 
These dn tn should be nnalyzed nnd conclusions drnwn 
as to the ndequacy and nccuracy of methods now in usP. 

A number of t he stations which cn n he considNed ns 
representa tive of the locali ty nrc loca ted in di fl"errnl 
sections of the country nnd are equipped with either 
weu·s or o ther controls. From these, nppropriate 
~tation s should be selected and ra reful s111Tcys of the 
streams made in the vicinity in order th n t models of the 
con trols mny be tes ted or ca librated. The model ca li
hrnt.ion measurements should be mndc nt the 11enre t 
nYniln ble stream-flow In born.to 1~· so thn t tho test dn tn 
cnn he used with gage heigh ts nt t he nctunl stations in 
making estimates of discharge. 

R esults based upon the model cn librnt ion should he 
compared over a period of time with those obtained from 
the nctual stntion . T he compnrison and study of re
sults obtained and of rela tiYe costs should indicate the 
practicability of this m ethod of obtain ing trcnm-flow 
records and serve as a basis for future procedure. 

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

Objective.- !. The determination of the laws goYern
ing scour, transpor tation, and deposition of sil t by 
flowing water. 
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u. s ~OIL CO)ISI(lt\"o\TlO)I Sf:lt\' JCI: 

FrGl"RE 2S.-Go~in~ stnlions 0 11 smnll streams umsl hu,·o n rontrol \\Cir so tlcsl!lnod 
as to magnify s tngc·dlsthnr~c rclnllou<hlps for low flow~. 'l'ho coul rol wolr s hown 
known n> .' ho _c'olurnhu< notch. Is dc~l~nc• l to perm it tho ncrurnto urc~surouoont oi 
s mnl! Oo\\ s. r ho. bonks ore s hnpcd uud ~O< Itl cd to pro\·ldo stnblo stngo·d lschnrgo 
r clal tOushlps for hogh s inges. 

. Discussion .- 'l'he scour, t rnn por lation, a nd deposi . 
twn of sil t are phm10mena which mus t bo dealt with in 
studies of aggrndn tion nnd degrn dn tion of s trenm 
chmmels and wnter courses, und of infi ltrntion m1d other 
related phenomenn. Their influence ell ters also in to 
many hyd rologic problems of great economic im por
tnnce, such ns erosion control, silting of reser voirs, 
silting of streams nnd ennu i syslems, the irrigntion of 
lands with sil t-lnden waters, the repleni ·hment of 
depleted ground-water supplies by water sprend ing, the 
cont rol of scour be~ow dams, alld mnnY others. 

The scour of a matcrin l by fl owing \\:Iller is in fluenced 
by a number of factors ~u ch as the properties of tlte 
mn ter.ial Lhrough or o,·er which t he water Jlows, i ls 
textw·e, s tructure, nnd tn te of nggrndution, the t.ypo 
of Yegetal co ,·rr which mny exist in t l1e charu1els or on 
t he surface t hrough and o\·er which the water is fl owing, 
nnd the quantity and kind of m alerinl being tn"tnspor f.ed 
by the stream, either ns bed lond or in s uspension. 

Other factors inlluenr ing these pl1 enomena include 
t hr quantity, velocity, nnd tur bulence of t he flowing 
water, its depth of fl ow und lhe shnpe nnd specific 
grn,·ity of t he materi al subjrct to the action of tho 
water. T he depth 1\!HI PxLonl of t he wnter in to which 
a sil t In den s tremn is di charged ,,; 11 influence t l1e deposi
tion of the material. T he temperu.turcs of the respec
ti,·e waters may possibly infl uence the deposition. 
Relative temperatu res nnd specific gravity of intimate 
mixture of fin e ~il L deLennu10 whether or not 11 sil t
laden stream will pnss t hrough a reser voir . 

Empericn.l formulae ha ,·e been developed in an 
attempt to solve ll1e source of t he problems of scour, 
tm nspor tnt ion, nnd deposition of silt, but these arc 
limited in their n pplicnLion to tl1e . peci fic locations and 
types of material upon which the formuJae are bnsed. 
A considerable nmoun t of iJ1formn tion has been col-
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lected by various agencies in the Lnited tates and 
abroad , bu t in most en es it has not beeJJ ubjected to 
exhaustive analyses nor has it been fully utilized. 

iany phases of the problem han not been im·cstigated 
.and many bnsic dnta are still lacking. 

The investigation should include exhausti ,.e ann lyse
of the results of pre,·ious investigations to determine 
the quantitative relationship of the aho,·c mentioned 
factors to scour, transpor tation, nnd deposition by 
flowing water and to determine and en1.luate nny other 
factors not included abon. The analyses should incli
cate whnt further obserYations and experimental dntn 
are necessary to define the natural laws goYeming the 
phenomena and should define the labora.tory and field 
investigations necessnry to verify the conclusions made 
and to rench new ones. 

Ite m No. 10. The Development of M ethods 
for Synthesizing S tream Flow Data 

Objectives.- !. The determination of run-of¥ resulting 
from the inOuence of causative factors t 11.kC'n in m1~· 
desired combinn tions. 

2. The determination of the effect of chnng<'s in one 
or more of the causati,·e factors upon lhc aecu rncy of 
forecnsting of nm-oA" resulting from a kno\\"n sNtucnce 
of obsen ·n ble phenomena. 

3. T he de,·elopment of methods for the ::;_,·nl iH'5is of 
stream flow data from obsen ·cd hyclrologie ;lJH.l physio
graphic <:lwractNisti("s of the drninagc bnsin. 

Discussion .- Tl 1c occasion omclime ari-e wherein 

U . S. FOREST SERI"ICE 
FIGURE 20.-1~ gagiog ~tatlon io ~ho San Dimas Exper imental Forest showiog tho 

type or stnliO!l used tn measun n:t salt· laden flow !rom mountainous nrClls. Tho 
V ·notch weir as used Cor measuriog small flows. 
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the ruJ1-ofl" characteristics of a drainage basin must be 
determined nnd stream flow data synthesized without 
recourse to enn fragmenta ry records on either the 
st ream itself or on n.cl jacent stream s of apparently 
similar characteristics. Under such conditions t here 
are a\·ailable on]~· genernli zed data on climatic and 
topographic characteris tics of t he basin, and essentinl 
fc:1tures of the s~·nthesized strenm flow, such as seasonal 
distribu tion, maximum and minimum rates and YOI
umes, and the total flo" ·, must be determined from an 
nnn lysis of those factors which influence run-off. 

There are many proposals " ·hich contemplate the 
modification of some factor or factors which actually or 
prcsmnpti,-ely influence stream flow, such, for example, 
as different size flood co11trol reser voirs, Yarious kinds 
of land use and t reatment, spreading of flood wnters, 
etc. The determinntion of the fact and charn.cter of 
such influence inYol ,·es, in considerable men sure, t he 
applica tion of synthesizing procedures iu the dcter
mini.JJg of the run-off resul ting from an assumed combi
nation of factors. 

The synthesizing procedures are of major signifie.n nce 
also in forecasting run-off ,..,·ith respec t both to rates 
and Yohm1E'S, an increasingly impor tant service in the 
regulation of streams canalized for navigation and in 
the operation of flood control reservoir systems. If it 
is assumed that pertin ent causal factors are kno,,·n or 
can be determined, the problem then becomes one of 
predicting the result of their integration as reflected 
in stream flo"·· 

The proposed project inYoh·es the complete and 
enlightened analysis of the influence upon stream flow 
of nntececlrnt soil moi-ture, surface detention, lake and 
channel storage, ground-water contributions vary ing 
from surficial to deep ground sources, etc. The pro
posa l embraces a ll cient ific investigations of strenm 
flo\\" phenomena which elucidnte procedures for esti
mating . trenm flo" · in t-he absence of direct measure
ments nnd in a form suih1.ble for practical applicn tion. 

The techHiques to be employed in t his type of inYcs
tigat ion arc in a stn tc of rapid change and development, 
:tnd it is essential tha,t i1n-cstigators should be familiar 
""ith current progre s in order that their efforts may be 
"i;;cly directed . The fi eld is brond and may embrnce 
widely di,·ersified projects inYolving many phnses of 
the hydrologic cycle. It includes t he analysis of phe
nomena associated with the unit hydrograph, recession 
hydrogra ph, channel storage, infil tration, etc., in which 
there is a steadily growing fund of in formation and with 
which familiarity is essential to t he wise direction of 
effort. 

It is con templatcd that the investigation \vill be 
related primarily to existing meteorologic, hyd rologic, 
edaphic, geologic, biologic, and other relevant factors. 
In the npplication of the results of these investigations. 
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preliminary work would involve the checki1~g of syn
thesized run-off data, prepared for a particular 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. 1 1. Special Methods of 
Estimating Flood Flow 

Objectives.-!. The development of discharge coeffi
cients and characteristics of dnm 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 excessi\·e flood flows. 

Discussion.-Gnging station controls nre 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 rompnrnble to 
that of the customary measurements. Among the more 
important types of special methods nvo.ilnble for use in 
estimating excessive discharge are, in relative order of 
accuracy: (a) 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 nt bridge piers, 
abutments, etc., (c) the slope-area method whieh mnkes 
use of the cross-sectional area of the channel nnd the 
glope of the water surface profile in estin1ating quantity. 

The use of overflow dams and chute spillwnys offC!r 
probably the most reliable menns of obtaining supple
mental data provided accurate disC'hnrgc coeffieicnts 
m·e a.vailable for t.h~ discharge section under various 
degrees of submergence. Compilations of discharge 
C'oefficients and other dnta. pertinent to estimating dis
charges over dams and other types of overflow· crests 
may be found in 'V atcr Supply Paper 200 9 nnd in refer
ence D-9, of appendix E. 1lany supplement.nl investi
gations have been conducted in recent years nnd data 
have been assembled in the files of Federul 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 Eiptrlmtnll, Coeflirltnl• and FormoJio•, (ReYision or Wotr.r Supply Pn)'ll'r 
150), R. E. Borton, U. S. Ocologlcol Survey, 1007. 
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• .,~ . U. s. O ltol.o<IICAJ. SPnn:Y 
FIGt II& •• . -AD oxomplo or 0 section or strcnm uwd In "~IOJI()-nrf'.a" dt•tormlnnlluns 

of flood dlschnrt:es where o current rueter ~:nging slnt loul~ Jmpr...-llcahlo. Thl~ Is 0 
bcttcr·lhnn·nveru~:e rcnch for thl~ klnt:.l of monsurcmont llocmuo or Its ~ Luhlo cluumol 
ond freedom rroru trcos uud aliter !low lrupct:.llmouts. 

tion on the changes in surfnce water grndients. :Methods 
for the culculu.tion of clischnrge through such sections 
have been developed by the l\!iumi Conservancy 
District. Additional invcstigntions have been con
ducted by the United States Wnten .. ·nys Lahomt.ory 
and the Department of Agriculture in roopomtion with 
the Unh·ersity of Iowa. The methods e\•olvcd hnvc 
not received very wide aceeptunec and the reul poten
tialities of the contmcted section as a flow meter yet 
remnin to be demonstrn.ted. 1\.luch of the hesitmwy in 
using the restrieted sed-ion for this purpose perhnps hus 
been due to the inst.tLhility of the chnnnel when loc·atcd 
in an eroduble bed. 

The slope-area method of determinii1g flood tlist'hnrgc 
nffords a means of estimating How where no hetter· 
method is avnilo.ble. This method us applied is fnr 
outside the field of experiment and ordinnry cxperien<'C 
nnd has, of necessity, been used to determine flood flows 
under C'Onditions of extreme turbulcnco and wlH'rc 
debris, secliment, and entrnined air were present in 
unknown quanti ties. Althou~h heretofore considered 
a method of lust resort, the slope-area eonc·ept is useful 
us a practiC'al appronc·h to estimn.ting excessive dischnr~c 
nnd as a means of testing nnd strcngtheuing results 
obtained by other methods, cspcciully when used by 
persons of wide e~:perienC'e in this field. 

Eo.ch of the abo,·e speC'inl methods nre in need of 
further investigation and refinement. Curc>ful examin
ation nnd nnnlysis of field data should throw light upon 
the practil'al nppliC'ation of the principles in volvccl. 
Investig!Ltion in the laboratory should prove vulunhle 
in establishing the <'hltl'tH·teristiC's of different types of 
dam C'rests and contnwted sections by the use of sl'ule
prototype relationships. 

The study of the slope-area method in the luhomtory 
may be possible and should be investigated although 



46 

the extreme conditions of tlU'bulence, entrnined air, 
debris, and silt loud encountered in nuture may be diffi
cult to simulate in u laboratory in vestigu tion. 

Item No. 12. The Effect of the Manner of 
Preciuitation Occurrence Upon Run-ofT 

Objectius.-1. The determinntio~ of the :tr.ect. of 
variations in distribution mHl intenstty of prectpttatlon 
during n ginn period upon the run-oft' for that period. 

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

Discussion.-It is well recognized tba t the 1·un-off 
from a giwn drni.nnge basin vnries with the precipita
tion upon the bnsin. The rnte as ,~-ell as ~he to~al 
amount of run-off will vary, during a gtven penod, with 
the vnriation in intensity and distribution of precipita
tion occurring in that period, and nlso with the ante
cedent amount, distribution, and nature of precipi
tation. 

In making studies of steam-flow und ru11-off for drain
age basins where records do not exist, or where they nre 
of short duration, it becomes JH'Cl'ssnry to know the 
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effects of vnrintions 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 bnsin might be expected to show a 
certnin mnount of run-oft', 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 senson 
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 
nm-off from representative droinnge basins in the 
country, and to aseertain the effects of varintions 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 ns a season or a year, should 
be investigated. This phase of the investigation 
should include studies on the effect of nn even distri
bution of rainfall throughout the period; the distribu
tion at the normal rnte for the locnlity; and the concen
tration of various portions of the precipitation within 
short periods, ranging from a few months to a few dnys 
or even a few hours. 

The effect of various manners of distribution of given 
precipitntion amounts oecurring 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 senson or year or a 
single storm while the pPriod during which precipita-

U. S. GEOLOGICAL SURVEY 
FIGURE 28.-Stream·gaglog station on the Ohio Rh·cr ncnr dam ~. Special methods or stTeam·fiow determlontlon oro oecessnry under Oood coodttloos such as these. 



Deficiencies in Hydrologic Research 

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 muss 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 us 
surface water. A portion of the flow is also derived 
from precipitation which falls upon the drainage basin, 
pusses 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, a substantial part of the stream 
flow is received from ground-water sources. It is 
proposed in this study to determine for such streams 
the lug 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 log in time between occurrence of precipitation and 
response of stream flow occasioned by such factors os 
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 
\vith 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. 

47 

Item No. 14. Frequency of Rates of Run-olf 

Objeclire.-1. The determination of frequencies of 
run-off rates of various magnitudes, particularly from 
drainage m·eos of less than 10 square miles. 

Discussion.-The aspect of importnnre in this study 
is the relative frequency of extremes of low and high 
flows. This requires, however, a complete frequency 
curve covering oil flows os a metms of extending and 
studying the extremes of flow. A time base over on 
adequate period is essential. 

Frequency curves should be plotted for such stream
flow records, os are available for sufficient time periods. 
By plotting discharge os a ratio of mean flow, different 
streams may be compared nnd 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 con 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-olf 
During Critical Periods 

Objective.-1. The determination of the maximum 
and min1mum yields which may be expected during 
critical periods from drainage basins of various charnc
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 occurrence in differ
ent parts of the country, nnd 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 occur in 
different pnrts of the country, their length, the magni
tude of departure from avernge run-off which may be 
expected during consecutive periods of one or more 
years within n cycle, and the effect upon the magnitude 
of variation or depnrture of such things us 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, nnd 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 upstrenm diversions, impor
tations, etc., or that dnta ore available for the accurate 
evaluation of these factors. The accuracy of the 
methods used for extending records should be checked, 
ns suggested under item 4, section V, and the rec
ords extended to cover the longest possible period of 
time. 
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P eriods of subnormal and supernormal stream flow 
can be de,-eloped by the use of mov"ing a,·erages or of 
residual mass curves. The latter are recommended as 
giving sharper defini tion to periods of deficiency , or 
excess, and also as showing accumulated departures 
from normal in a clearer manner. 

The expression of run-ofT for a giYen year as a per
centage of a long-time nxerage ,.,.-ill simplify compu
tations and allo\\· for easier comparison of studies on 
differen t tb·ainage 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 nil studies, and the 35-yenr period, 
1900- 34, inclusi,·e, 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 
years and for periods of 2 or more consecutiYe years, for 
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various drainage basins; and the influence upon the 
last two items of various hydrological and physica l 
characteristics of drainage basins. (See appendix B , 
"Statistical Methods in Hydrology".) 

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

Objective.-!. The determination of the mu11mum 
length of record needed for the establishmen t of "nYer
age" (somet imes called normal) run-off for n trious 
parts of the country, and the probable depar ture from 
the "average" when shorter lengths of record a re used. 

Disc-ussion.-The term "average" or ''norm n.l " is 
applied to the arithmetical mean of a series of such 
length tha t when new terms are added to the series. 
the mean of the result ing series does not vary nppre
ciably from that of the original series . I t is custonwry 
in the everyday use of the term "normal" to refer to n 
long time mean or average, with, however, no length of 
record being specified. 

Where seasonal variat ions in run-off are rein t i ,·eh· 
small in magnitude and wet and dry cycles a re n~t 
pronounced, the mean of relatively shor t records may, 

} ' JCVJH: 21l.- Goolol!icnl Sur,·oy staudnrd nnd pygmy current meters. 1'ho stando d t . U. S. 0EOLOOICAL SURVEY 
shallow water grentcr thnn 0.3 root in depth. A snt isfnctorv instr~m~~ 1~r~~ ~dest ndnpted for use in depths greater than one ro t · ti 

· · e use where depths nrc less than 0 3 roo• . o • 1c pygmy meter for use in 
· • remnms undeveloped . 
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in many instances, be considered as a normal, while with 
larger seasonal variations in seasonal run-off and distinct · 
cycles, a much longer period becomes necessary. The 
shorter the length of record, the more varin.tion 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 11 mean run-off which may be 
considered as 11 "normal" run-off under the above 
definition, to determine the prob11ble departures from 
such normal of the me11ns 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 e:.\:isting records can be utilized to obtam a usefu) 
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 fi\railable for the nccurate 
·evaluation of these factors. The methods used in 
extending records should be checked for accuracy as 
suggested in item 5, section V. 

The vnrious phases of the investigntion to be st.udied 
are (a) the probable maximum departure, plus or minus, 
of means of periods of shorter length from the mean of 
a long reco.rd, probably seventy years, or more; (b) the 
relationship between such probable maximum depar
tures a.nd the magnitude of the coefficient of variation 
or other measures of variation; (c) the effect of using the 
mea.n of a complete wet and dry cycle of stream flow 
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U. S. 0):QLOOICAL SUIIVE\' 
FIGURE :W.-A sinkhole In the gyp~ifcrous Pecos Formation found In tho Ho~wcoll 

Artesian Jlasin of No~· Mexico. Oround wntu l111.q looch~d mit tho ~oluhlo nmtorlol 
to Corm underground chnnocls. Surlnco wntcrs ooUlrln~ theso clmnncl~ IIIII)' ho· 
come highly mloorollzed through contAct with tho soluhlo :<alts contnlnctl In tho 
formations. 

ns an average instead of the mean of a longm· 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 tho period of 
record, more closely approaches the ''normal" than 
means derived from longer periods of recoru; nnd, 
finally, the relationship between various hydrologicn.l 
and physicnl charncteristics encountered in the drainnge 
basins studied and the results developeu 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 ha.s been conducted by 
soil 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 natuml 
ground and surface water and, also, a study to deter
mine the conditions which limit the final concentration 
<>f each constituent in a natural water. 

Lnbomtory experiments should be performeu to 
determine the rates at which reactions take pluce 
between water and various naturnl soil and rock 
mnterinls nnd the influence of the various factors of 
temperature, pressure, etc., upon the reactions. Tl1is 
preliminary cxplorntion will assist in the development 
of labomtory and field stuuies which should lend to n 
knowledge of the conditions which limit the concentra
tion of each constituent, espccinlly silicon, iron, calcium, 
magnesium, sodium, bicarbonates, sulphates, nnd chlo
rides in ground water. 
Hem No.2. The Sources of Soluble 
Salts in Surface Waters 

Objective.- !. The uctcrminntion of tho 80\li'Ces of the 
snit load of a stream at a given point. 

Discussion.-This rese11rch proposal dcnls with the 
determination of the sources of the salt load of a stream, 
the flow of which is denved from natural trihuturies, 
from drainage ditches, and from ground-water sources. 
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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 whicb. 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 ~tation 
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 1 0-year period. 

Similar stations should be selected and operated on 
tributary streams, drainage canals, and such other 
points on the main stream 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.-!. 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 ma:\imum possible period of time, 
probably on the order of 10 to 20 years, to permit the 
observation of the long time effects of the chanaes in 
hmd use on the quality of the water. "' 

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

Objective.-!. 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 
strea~, due to decreased streamflow l'esulting fl'om 
defiment l'un-off and diversion of waters for irrigation 
and other purposes, ha~ b~come a serious problem in 
many sect10ns. Invest1gatwns 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, 
wmd movements, and temperature for the individual 
stream wo~ld .be of great importance in determining the 
upstream lilll1ts of various salt concentrations. 

In ge?-eral,. thi~ investigation might follow the lines 
of. t.h~ mvest1gatwns described in Bulletin 27 of the 
DIVISlon of ':"' ater Resources of the California Depart
ment of Pu~hc Works on the salinity of the Sacramento
San J?aqum Delta and Upper San Francisco Bay 
?t~er mvestigations which would he of value in estab~ 
hshing a procedure for studying the intrusion of salt 
water ~re those conducted on the salinity of the Dela
~are River, reported in 1935, by the Bureau of Engineer
mg, Depar~ment of Health of the Commonwealth of 
Pennsylvama, and on the Connect.icut River, reported 
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in Bulletin S-1, by the Connecticut State Water 
Commission. 

Item No. 5. The Contamination or 
Ground Water 

Objectit·e.-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, ho.s 
been known for many years and the general principle 
recognized. There are many other sources of con
tamination by mineral salts about which very little 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 ho;l"e 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, its source and movement through the subsurfttce 
fonnntions, and the long time tre.1d of such contamina
tion. The data needed in such a study include contin
uous records of salt water concentration ond contnmina
tion in surface and subsurface wnters used in O!,>Ticulture, 
industry, and for other purposes. 

The investigation should be undertaken in selected 
areas where comprehensive dota on the geologic 
occunence 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 v.ill vary with each 
project. One may be completed in a year, whereas 
another may require severo! years of observations. 



IV. DRAINAGE BASIN STUDIES 

General 

The research projects enumerated in chapter III 
have been described in a 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 unl t 
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 >arious 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 Obje<tives 

A comprehensive study of a drainage basin will alford 
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 fnctors 
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 obtnined 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 meteorologic phenomena. 

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

3. Geologic formations. 
4. Cover: 
(a) Vegetal, including crops and land-management 

practices. 
(b) Urban conditions. 
5. Soils-types and textures. 
6. Different objectives in the utilization and control 

of waters. 
The size of the areas selected "ill 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. Those 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 careful 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 
e"-isting data (such as topographic, agricultural, hydro
logic, etc.). 

In general, the character and nature of basic data 
selected during any studies of drainage basins in differ
ent parts of the cmmtry will be similar, and although 
many of the subjects to be studied will also l:e similar, 
climntic and regional factors may cause a change in 
emphasis as between investigntions 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. Occurenee and nature of infiltration, infiltration 
capacities, and infiltration rates. 

3. Occurrence and nature of evaporation from soil 
ancl 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 inrlude observations upon the origin, transpor
tation, and deposition of silt carried by surface run-off. 

The program of study must be fle,.-ible in order to 
include topics which will develop as the study proceeds, 
and for the e:\-pansion 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 beha\-ior 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. 
2. 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 
induding: 

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.-8oils 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 retnrding 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 seasonnl 
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. Barometric pressure.-Continuous records. 
3. Relative humidity.-Data should be collected for 

various pnrts of the basin in orc;ler to detect areal 
variations. 

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

5. Insolation.-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 nir-mass movements. 
G. Precipitation.-Nunwrous rain gages of tho record

ing type should be instnlled for tho nccurnte determi
nation of the distribution, quantity, nnd intensity of 
rninfall in the basin. Stundnrd rnin gages mny be used 
for distribution nnd quantity determinations nnd for 
checking recording gnges. The location of the. rnin 
gages should be carefully selected so as to obtain maxi
mum areal covornge, as well ns to collect "spot" dntn in 
conjunction with specific investigations. Whore snow 
is an important factor, snow gages and snow courses 
should be estublished. Meuns for mcusuring dow or 
fog should be considered, particularly in relution to the 
effect of such precipitution upon wutor consumption by 
vegetnl cover nne\ the moisture content of soils. 

Records should include: 
1. Hourly, dnily, monthly, and yearly values for nil 

parts of the basin. (Shorter periods mny 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. Infiltration.-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. Lys1meter installations are valuable for 
direct observations. 

E. EL-aporation.-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. Evapo-transpiration.-"Wheres oils and cover are in

volved, additional determinations are necessary such as: 
1. Soil 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 automatic 
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 collected 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. 1finimum 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. 
I. 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 to 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: 
(a) Run-off and precipitation-both for storm pe

riods and seasonal time units. 
(b) Evaporation and transpiration-as affected by 

temperature, wind velocity, humidity, vapor pressure, 
etc. 

(c) Snow melting (where pertinent) as affected by 
temperature, precipitation, solar radiation, etc. 

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

(e) Other specific relationships, outlined in chapter 
III of this report as follows: 

Section I.-Precipitation and Interception. 
Items 1, 5, 6, 7, 8, 9 (in part), 10, 11. 

Section !I.-Infiltration. 
Items, 1, 2, 3, 4. 

Section IlL-Evaporation, Transpiration, Con
sumptive Use. 

Items 1, 2, 3, 4, 5, 6, 7, 8. 
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Section IV.-Ground Water and Percolation. 
Items 1, 2, 3, 4, 5, 7, 8, 9. 

Section V.-Run-off and Stream Flow. 
Items 1, 2, 5, 7, 8, 9, 10, 11, 12, 13, 15. 

Section VI.-Quality of Water. 
Items 1, 2, 3, 4, 5. 

2. General relationships and analysis, as, for example: 
(a) 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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(b) An accounting of the water received and disposed 
of for the basin and its subdivisions, and a check of 
the elements of the hydrologic cycle over the time of 
observations; and others, including such proposals in 
chapter m as: 

Section I.-Precipitation and Interception. 
Items 2, 3, 4, 6, 7, 8, 9. 

Section V.-Run-off and Stream Flow. 
Items 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
cies 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 coopemtion 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
itedregionalandfunctional 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, physicists 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 ntometers and wind 
velocities at various heights above the ground; the 
hydrologist may be studying evnpomtion 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 scope 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 universnlly 
as well. Although a great amount of data has been 
collected by many agencies, such data nrc often not 
available nor their existence known to interested par
ties. Such unfortunate procedures lend 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 builetins would be published and widely 
distributed among interested agencies giving informa
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 n 
source of information to all organizations engaged in 
hydrologic investigation or proposing to enter into 
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 a separate section.' 

The activity in gathering the material described 

1 As an Initial step In tho functioning as a coordinating a~;eney, the Special Advisory 
Committee on Hydrologic Data Is proposing to make avpllable shortly a summary of 
the hydrologic research being currently conducted by the dUJerent Fedemlogcnclea. 

2 Tbls proposal would make available In hydrology a perlodlcol compilation 
analaJ:oUS to that In hydraulics furnished by the Bureau of Standards In "Current
Hydraulic Laboratory Research.'' During the time thla report bM boon In prepara· 
tton, the Bulletin oftbe Bureau of Standards b!l!l been e:~pnnded In !cope to Include 
hydrologic research conducted at the hydraulic ldboratorltt~. It does not attempt 
to covP.r all hydrologic te!l('arch. 
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above should complement the second function indicated. 
By initiating and maintaining a 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 

National Resources Planning Board 

regional or functional limitations. Those members of 
the Water Resources Committee who were also mem
bers of the Special Advisory Committee on Hydrologic 
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 
Committee would render reports to or request action by 
the Water Resources Committee with respect to 
hydrologic 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 us useful in the 
field of hydrology. 

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

Discussion or 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 
lmowledge 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 and restrictions upon 
numerous statistical and analytical procedures com
monly used in hydrological investigations, as well us 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 adequacy 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 

a number of individual records. 
7. Critical studies of the significance and utility of 

such procedures ns muss curves, trend lines, departures 
from the mean, moving averages, etc. 

Procedure 

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

(b) 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. 

(c) The kind of statistical procedure to be studied 
should include: 

1. Empirical formulre. 
2. Statistical arrays, as frequency curves, duration 

curves, correlation studies, etc. 
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. 
(e) Those methods shown definitely impracticable 

or inapplicable to the specific study should be discarded. 
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(j) The remammg methods should be applied to 
a number of long-term records. The accuracy of the 
data used should be carefully determined, as well as 
th!' effect of lund-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 >ery large magnitudes of 
obsen·ed data upon the general procedure and its 
in terpre to tion. 

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

(h) Modifications of procedures used, and the de>el
opment of new procedures should be investigated. 

(i) 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, etc. 



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

The Special Advisory Committee on Hydrologic 
Data has described 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 
between 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 m·ens 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 personnl 
views of the author aild is not to be considered as a 
Committee report nor necessarily to represent tho views 
of the members of the Committee either individually 
or collectively. 

Suggestions for a Comprehensive Research on Run-oft' Phenomena 

by Robert E. Horton 

Objectives 

This is a preliminary outline for a comprehensive study of 
run-off phenomena. It seems that this problem bas 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, nt best, are of limited 
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 better basis than now exists for practical 
applications. 

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

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

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

1. Domestic, industrial, livestock, and irrigation water 
supplies. 

2. Hydroelectric power plants. 
3. Flood-control detention dnms and levees. 
4. Navigation channels and locks. 
5. Drainage works on agricultural land, including those~ for 

mosquito control. 
6. Sanitary and storm sewers for urban areas. 
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, navigation, 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 glaciology, and In land 
forms. 

In preparing this report, the preliminary draft of chapters III 
and IV were consulted, as well as several special subcommittee 
reports' to the Special Advisory Committee on Hydrologic Data 
which dealt with comprehensive drainage basin investigations. 
Appropriate material from these sources llJ\s been incorporated 
in the following proposals. The phenomena of run-ofT from 
snow-covered areas ho.ve not been given specio.l or separate 
treatment in this paper for the reason that a full outline for 
research on this subject has been separately prepared. 

1 The study of the deve1opment or land rorms under the action ornaturol Bltencles. 
'These subcommittee reports lnc1ude (I) "The Unit Bydrogroph.'' (2) "The 

Development of Syntbetlc Stream Flow Data.'' (3) "Drainage Basin Studies" by 
D. B. Krlmgold. (4) "Drainage Bll!ln Sturlles" by H. K. Barrows. (b) "Dralno~te 
Bll!ln Studies" by lvon Bloch. 
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Correlative Research 

Before any comprehensive field or laboratory research on 
run-off is undertaken, a comprehensive correlative research 
should be carried 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 ne"'· research by 
persons who either do not know the background of the subject 
or, for one renson 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 Jaws 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-off-annual, monthly, and daily-from data generally 
available, avoiding purely empirical 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 direct 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 ~et is in 
effect the summation of individual plats, from each of which only 
surface 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 laws to composite drainage basins, comprising 
plats of different lengths and characteristics, can best be under
taken when the Jaws governing surface run-off are fully deter
mined. 

Run-off plat experiments are being conducted by the Soil 
Conservation Service at the following stations 3: 

Amarillo, Tex. (new station). 
Athens, Ga. (new station). 
Beemerville, N. J. 
Bethany, Mo. 
Clarinda, Iowa. 
Dixon Springs, Ill. (new sta-

tion). 
Gallup, N. Mex. 
Guthrie, Okla. 
Bays, Kans. 
Ithaca, N. Y. 

LaCrosse, Wis. 
Marcellus, N.Y. (new station). 
McCredie, Mo. (new station). 
Pullman, Wash. 
Safford, Ariz. 
Spartanburg, S. C. 
State College, Pa. 
Statesville, N. C. 
Temple, Tex. 
Tyler, Tex. 
Zanesville, Ohio. 

There are available at these stations many unanalyzed data 
on run-off plats. Unfortunately, the original data collected at 
these stations nre 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, "ithout 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 prrpsrcd, this list ha~ been considerably E>Xtended. 
t Numernls in parentheses refer to rererences at the end or this appendix. 

TABLE I.-Results of experiments on sprinkled plats, Boa Conservation Service, Colorado Springs, Colo. 

No. Item No. 

(I) (2) 

1 Date ____ ·------------. ____ .. ----------------------·--- •.•..•.. 
2 Plat size ............... __ .... __ .----------------------- •••. ft.. 
3 Plat area ......... ________ ... __ ---------------- _________ sq. ft.. 
4 Pint slope .. ---------------------------·-----------·-percent .. 5 Percent cover ______________ . ___ ----------------------- .. _____ . 
6 Soli No. ••• ___ -----------------------------------------------. 
7 Initial condition.---------------------------------------------
8 Rnln Intensity,'-------------------------------------~- p. h .. 
9 Infiltration cnpaclty,f ................................. i. p. h .. 

10 Supply rate, tr ---------------------------------- ....... l. p. b .. 
11 Total time, '•--------------. __ ----------------------------hr .. 
12 Initial time, t •. _ --------- __ ---------.---------------- ..... hr .. 
13 Net excc..c;s, t ..... ......... t ..... ------------------------ .. _hr .. 
14 Depression stOnt1Ze, v .................................. inch. 
15 Maximum detention, '•-------·------------------------Inch .. 
16 Maximum run-off, 'Y•---------------------------------1. p. h .. 
17 'Y•'"----------------------------------. ------------------------
18 M. --------------------------------------------------- .. _ ..... 
Ul K •.••••••••••••••••• -----------------· •••••• -·-·-------------· 
20 1 ...... - ------------------------- .. ------------ .. ------ ... --- .. 
21 Durntion residunl run-otT, fr-----------------------------------

•Experiments carried out on same plot in sequence. 
ZExpcrlments canled out on same plot In sequence. 
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(3) 

(') 
5-21-37 

21 X 6 
128 
3.5 
25 
12 

Dry 
5.60 
I. 78 
3.R2 

0.417 
0.05 

0.367 
0. Ul 
0.42 
3.82 
1.00 
2.18 
28.2 
0.62 

0.05+ 
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b 

(4) 

(') 
~21-37 

21 X 6 
128 
3.5 
25 
12 

Moist 
4.20 
2.10 
2.10 

0.300 
0.0 

0.300 
n 

0.14 
2. 10 
1.00 
1.50 
44.2 
1.12 
0.05 
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c 

(5) 

(') 
5-21-37 

21 x6 
128 
3.6 

25 
12 

Mol~t 
3.00 
2. 67 
0. 43 

0.400 
0.0 

0.400 
0 

0.05 
0.43 
1.00 
1.55 
41.0 
1.01) 

0.017 

328 

•• 
(6) 

~21-37 
21 X 6 

128 
3.5 
25 
12 

Dry 
4.00 
1.00 
2.10 

0.417 
0.083 
0.334 
0.17 
0.30 
2.10 
1. 00 
2.80 
62.6 
0.16 

0 
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•• 
(7) 

~21-37 
21 X 6 

128 
3.5 
25 
12 

Dry 
3.03 
1.7ll 
1.24 

0. 6fl7 
0.133 
0.534 
0.165 
0."' 
1."' 
1.00 

--------------------

328 .. 
(8) 

&-21-37 
21 x6 

128 
3.5 
25 
12 

Dry 
2.00 
1.62 
0.38 

0.483 
0.150 
0. 3.13 
0.057 
0.10 
0.38 
1.00 

--------------------
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d 

(0) 

(Z) 
IH9-37 

21 x6 
128 
3.6 .. 

12 
Dry 
5.60 
2.16 
3.44 

0.466 
0.066 
0.400 
0.241 

0.33 
3.43 
1.00 

--------------------
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• 

(10) 

(Z) 
5-19-37 

21 x6 
126 
3.5 
45 
12 

Moist 
4.11 
2.30 
1. 72 

0.367 
0.033 
0.334 
0.052 
0.080 

1.81 
1.05 

-----·--------------

327 
f 

(II) 

(Z) 
6-19-37 

21 X 6 
128 
3.6 
45 
12 

Moist 
2.97 
2.41) 
0.48 

0.307 
0.100 
0.267 
0.048 
0.040 
0.67 
I. 19 

--------------------

327 
g 

(12) 

&-1~37 
21 X 6 

128 
3.5 
45 
12 

Drr 
4.06 
3.11 
0.95 

0.433 
0.133 
0.300 
0.126 
0.140 
1.05 

1.107 
--------------------
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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 runwoff 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 
Ks in the equation 'Ys=Ks&M 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 excess. 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 can be 
ascertained, since velocity=volume divided by the cross-section 
area of the flowing stream. Velocity of overland flow and depth 
of surface 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 call 
attention to the possibilities, so long neglected, of determining 
surface run-off phenomena in a rational manner from the analysis 
of run-off plat e~"Periments. 

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 K 8 and the exponent Af in the surface run-off equation 
"Y s = Ks "'· It should 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 Ks with length 
of overland flow, slope, roughness, and type of flow. The object 
of this is to provide a basis for selection of appropriate values 
of Ks for application to different types of areas, much in the 
same way as a roughness coefficient "n" in the Manning formula 
is 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 sul;>ject 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 Ks and exponent M,• (b) maximum run-off intensity, 
{c) total surface run-off and total infiltration. 

1 It b to be noted that I{. and }.fare readily determined for turhuJent fiow. Their 
determination for other types of dow requires exporJmenta1 data. 
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7. Effect of slope and surface roughness on eurface run-ofl', 
particularly where overland flow is (a) subdivided by grass, 
etc., (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-otr intensity, 
total surface run-off, and total infiltration. 

9. Effect of varying rain intensity during rainfall excess 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 Road 
Water Control and Use, Upstream Engineering Conforonco 1036, 
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 natural 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 subaquifcrs 
on both surface run-off and ground water flow. They also alford 
a check on the applicability of plat experiments to larger aroas. 

With reference to the second type of data, namely, those 
obtained from small drainage basins, records now being collected, 
but which remain unanalyzed, include those obtained at tho 
San Dimas Forest Experiment Station, the Coweeta 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 ncar 
Waco, Tex., and at various field experiment stations of the 
U. S. Soil Conservation Service, U. S. Corps of Engineers, and 
U. S. Geological Survey. Original data for small watersheds 
at U. S. Soil Conservation Service stations are now being pub .. 
lished for official usc. 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 experimental 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 be 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 n.nd 
soil moisture conditions, where ground water flow exists. Sev
eral other objectives can be attained from records on such small 
drainage basins under certain conditions. 

Given adequate data for a small drainage basin, including 
suitable daily ground water level records, a complete analysis 
of the hydrograph is possible. This should proceed ln tho 
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 conditions, 

and from these there can be determined-
!. The amount of ground water storage corresponding to 

different ground ""ater 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 analytiis 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 (a) ground 
water storage, (b) channel storage, (c) soil moisture storage. 

6. Determination of the net actual 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 accretion, 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 connection 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 a 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 data 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 described 
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 to 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 a sufficient 
range of conditions, they will provide the numerical data 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 tbat 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 cle.ss 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 which 
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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 
a 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.6 

The examples given show only summer ground water depletion 
curves. 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 c1irect abstraction of water from tho water 
table by Yegetation. Hence separate ground water depletion 
curves must, in general, be used for summer and winter con
ditions. Because of the interruption of stream flow records by 
ice, data available for determination of satisfactory winter 
ground water depletion cun·es are mostly wanting in the northern 
states. 

Some existing drainage basins yield excellent normal 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 wnter loss curves. These serve a 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 takes place, other things being equal, at a rate which is 

' Ground water depletion curves may be determined from shorter records prodded 
suitable drought periods occur. 
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nearly independent of the soil moisture content of tho soil, pro
vided this content is between tho limits of tho wilting point ns a 
minimum and field moisture capacity as a maximum. 

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

Best results in the analysis of run-off from largo areas can 
usually be obtained for drainage basins without any oxtcnsi\·c 
natural lakes, swamps, natural or artificial regulation, or diver
sion. Suitable ground water level records are also needed within 
the drainage basin to serve as indicators of times when ground 
water accretion takes place. Also there must be adequate rain· 
fall data, particularly records of rain inteneity and duration. 
Because of the increased cost of collecting necessary data nnd 
analyzing it, as compared with small aren.s, studies of run .. ofT 
phenomena for large areas 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 tho United States for which 
suitable continuous stream flow records are available.7 There 
are few cases where there are more than one or two recording 
rain gages within such a drainage bMin, and fewer still where 
adequate ground water level records are also available. Tho 
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 tho use of 
records from larger areas can be carried out, additional data 
must be collected. For this purpose, streams 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 adequate 

:Since this appendix was wrlttl!n, extension of the network or rerordlnR rnln Rnl{ell 
hns brl.!n undertaken by the U.S. Wrather Bureau, U.s. Soil Conscrnatlon S<'nloo, 
and the U. S. Corps of Engineers. 

GROUND-WATER DEPLETION CURVES NEW YORK STREAMS 
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rainfall, ground water level, and evaporation records, together 
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 a 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 beRt 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 basins. For example, Horton found (12) for receding 
stages a volume of channel storage of only 1,650 cubic feet per 
square mile at a discharge rate of 1 c. 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 eta! (13) found channel 
storage ranging from a total of only 5,000 to 16,000 cubic 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, as 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. 

National Resources Planning Board 

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 s proceeds (a) upstream, 
(b) downstream, or (c) transversely across the drainage basin; 
for partial area stream rises or floods where the rainfall excess is 
concentrated (a) 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 c. s. m., to (a) slope and physiographic type of 
drainage basin, (b) drainage density (12), (c) size of drainage 
basin. 

The importance of a comprehensive research on channel 
storage is further emphasized in connection with the unit-graph 
method. Objectives of tbese 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 conjunc
tion with the unit-graph or other methods of estimating channel 
outflow. 

2. Determination of the degree to which channel storage 
behaves as if concentrated 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. Determination 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 tbe Seddon 
equation (22). Application of this equation requires knowledge 
of stream widths. In conjunction with collection of data, 
stream widths at various stages should be determined at a con
siderable number of cross-sections, sufficient to 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 forthcoming paper.) 

4. Determination of water losses and infiltration-capacity over 
large areas. Maps showing water losses, total infiltration, 
n~~al water losses, normal total infiltration and, in particular, 
m1mmum 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, 
usmg 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 
fi_eld 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 could be undertaken immediately: 
some must be deferred until the basic research has reached a 
suitable point. 

The following examples have been ontlined tn illustrate desir
able topics tn be covered in a general study of run-off. While 
these are outlined here as individual research topics the research 
•~ould be carried out in conjunction with and b~ coordinated 
mth the broader general research on run-off outlined in this 
paper. 

8 The area on which rain Is ratline at a given tlmo during a storm. 
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Item A. Stream Flow Estimation 9 

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 .. 
sary in the practical application of run-off data. 

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

1. Those involving run-ott in individual 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 he neglected or approximated. 

2. Problems involving total run-off, its variation and distribu
tion over longer intervals, as 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. 
Total 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 Jess 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 should 
always he 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 he fundamentally the same. hut 
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 a means of arriving at a 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 run-off are at best approximations, 
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 he studied with reference to ita validity and ap
plicability: 

1. In cold 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 he studied with reference to their 

applicability in regions with: 
1. Rainfall distributed throughout the year. 

See also items No. ts, 6, and 10 or section V, chapter m. 
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2. Regions with seasonal climate where there is little or no 
rainfall throughout a considerable period of tho ycnr, and stream 
flow, if any occurs, is derived from natural surface and ground 
water storage. 

They should also be considered with reference to their appli
cability to different types of stream rl'gimcn: 

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

2. Regions in which run~off comprises both surface run~oft nnd 
ground water flow. . 

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

It seems 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 flexible 
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 run~oft, including 
among others: 

1. Extension of a short stream flow record at a given locntion 
so as to cover a longer interval, adequate to give a truly repro· 
sentative picture of the run-off regimen. 

2. Havmg given an adequate run-off record at one location 
on a stream, to determine the run-off at another location on the 
same stream. 

3. To determine the run-off at a given location in a drainage 
basin where there is a short run-off record, nod long run-oft 
records are available on adjacent drainage basins. 

4. To determine the run-off in regions where actual 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 the 
earth no stream flow records aro kept. In this problem, In 
particular, differences in methods dependent on differences in 
climatic conditions, and types of stream regimen come flt.rongly 
into play. 

It is not necessary here to inventory the specific procedures 
in existence which should he studied, hut it may he 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 Verroeule and Meyer, 
and among methods for synthesis of the hydrograph aro 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 streo.ro flow 
records existing methods include the use of run-off relation 
curves ' which show the relation between run-off at station . . 
"b," having a short record, to the run~cff for the simultaneous 
period at station "a," having a long record. These curves aro 
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 (WiRier's method). 
The method can be extended to take into account vnriation of 
the relative rainfall nmounts from the normal in the two areas. 

Item B. Relation of Run-off to 
Antecedent Rainfall 

Objectives.-In estimates where the use of rainfall ~at~ arc 
involved, a study of the relation of run~off not only to commdent 
but to antecedent rainfall should he carried out. For 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 on 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 accretion 
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 
41consumed" 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 nm-off is estimated by a similar method. 
The basis for this procedure is the relative constancy of water 
losses as compared with rnn-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. 

\Vater losses are more closely related to total infiltration than 
to rainfall. Total infiltration can 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 valuablP 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 wiD be (1-m) F plus or minus the ground-water depletion. 
Various correlative research in relation to water losses should 

include: 
I. 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 determining 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) a high degree of correlation between 
water losses and total infiltration, (b) a relatively constant 
ratio of apparent water losses to total infiltration. Since toto! 
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, particularly 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 agencies. 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 theso data. For this purpose it would seem 
advisable to set up an advisory board to direct the correlati\'e 
research. This board should obviously include some wholly 
disinterested persons not connected with any of the bureaus or 
agencies collecting the data, but having a comprehensive knowl
edge of both the background and physical processes of run-off 
pheno~ena. 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 

ObJectiues.-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-gra~bs 
and to determine. the limitations and accuracy of the methods' 
particularly as applied to the determination of flood outH.o": 
graphs. 
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Discussion.-While the unit-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 essenti"l feature of the method, as pointed out in Water 
Suppl!J Pape·r 772, is the unit-graph itself. The unit-graph is a 
graph, derived from a hydrograph, showing the manner in 
which the surface run-off from a 1-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 bas 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 chietly 
that since the areas of distribution-graphs from different drainage 
basins are always unity, their characteristics are readily com
pared. 

The unit-graph is based on the assumption that all channel 
outflow graphs 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, or the science of rivers and streams. There are three possible 
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 va1idity 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 a 
state of development, it involves nothing aside from observed 
data excepting the stora~e 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. It appears, however, as shown by studies 
contained in Water Supply Paper 77e, that unit-graphs for the 
same location are not identical but are considerably modified 
by various factors, particularly: 

(a) The amount of initial channel storage. 
(b) The actual duration and time of occurrence of rainfall 

excess in a 1-day rain. 
(c) Rainfall distribution over the drainage basin. 
(d) Velocity and direction 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 can 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 n.s receding stages, and where there are sufficiently 
numerous gaging stations to show the progress in modification 
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 stream at the site of an 
existing gaging station. 

The problem of determining the modification 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 channel, and it would seem that this particular research 
should properly be included in the topic of research on flood 
waves. Since field data are required, and the necessary datn 
can and should be obtained in conjunction with additional field 
research on large drainage basins, as outlined above, the research 
on unit-graphs and related problems should apparently be 
carried out cooperatively in conjunction with the research on 
flood waves. 

Since the channel outtlow graph reflects the changes in the 
surface run-off or channel inflow graph in coUrse of transit, it 
appears that much could be accomplished through laboratory 
experiments toward answering the problems enumerated above 
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 fonns 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 carried out by the 
Horton Hydrologic Laboratory have recently been published. 
(26) Such laboratory research is properly a part of the program 
for flood wave investigation. 

Item E. Additional Field Research 

Objectives.-Nearly all 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 a 
variety of other problems in reference to composite drainage 
basins, which cannot well be studied from data for smaller 
drainage basins. 

Discusst-'on.-It is obvious that the additional field research 
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 loBBcs 
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 hence on total run-off. 



72 

It is clear that additional field data are urgently needed with 
reference to a large number of drainage basins for the determin
ation of factors of channel storage, etc., 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 composite 
basins. Also it is desirable to use drainage basins where there 
is no 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 at 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: 
1\/aps.-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 de,·oted to each kind of vege
tation-natural and cultivated. 

Stream gaging.-It 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 characteristics 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 he a sufficient number of 
other gages to fix definitely the boundaries of the rain Fmear 
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 recordmg rain gage, which shows the exact time of begin
ning and ending of rain fall. "'bile 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 water.-There should be an extensive and fairly com
plete system of ground-water·lcvel records, care being taken to 
locate wells so that they are free frGm backwater from streams 
and sufficiently sensitive to indicate accurately times of ground
water accretion. 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 ";dth of streams and volume of 
channel storage at various stages could be determined. 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 dala.-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. 

Snow and frost.-For drainage basins in northern climates, 
aecuratc records should be kept of soil temperature at 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. Thougll this 
should in the main be a separate topic of research, it should 
also be roordinated "•ith 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 carried 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 sueh studies should ultimately inr·lude 
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 
De ln. ware 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 Mississippi drainage basin would meet this requirement, 
such as the :Muskingum basin. In connection with drainage 
basins in flatter regions, two principal cases occur: 

(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 could be found which would cover 
both of these subtypes in both middle and southern latitudes. 
Sandy drainage basins occur in Michigan and Florida, but their 
utility for this research is doubtful because of underlying artesian 
aquifers. 

3. A semitropical drainage basin in a 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 complete, so as to include more 
northern climates and truly tropical conditions, it would be 
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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 scientific 
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 season but nearly complete 
absence of rainfall during the summer. A start bas 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 not 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 its value for power production and other uses. 

(b) Because of the fact that the hydrology of high mountain 
areas, including water losses and other characteristics, is less 
completely determined than for almost any other type of drain
age basin. 

Agencies designated 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 complicated, 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 correlath·e 
or experimental, however greatly it is needed, can only be 
carried out if: 

1. Government bureaus and agencies in possession of basic 
data will take a 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-oft' 
phenomena and all interested outside groups, including 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 compensation, 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, tho central 
coordinating agency should have authority to employ and pay 
for adequate consulting service, to be used in conjunction with 
the services of the advisory board. Consultanta should Include 
hydrologists most eminently fitted by their breadth of knowledge 
of the background of hydrology, also physicists and mathe
maticians competent to evaluate physical relationships between 
the different processes and to provide tho best possible methods 
of mathematical treatment of the data. 
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APPENDIX D. STANDARD FORMS FOR REPORTING BASIC 
HYDROLOGIC DATAl 

The absence of uniformity in methods of reporting 
basic hydrologic data was one of the points emphasized 
at a conference of hydrologists held at Coshocton, Ohio, 
on May 2 and 3, 1938. The Soil Conser\·ation 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 precipita~ion 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 requisite forms, 
keeping 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 cmTently 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 tho manner of reporting the basic data and by the 
consequent difficulty enconntered in their use. Inv!'sti
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 ~o be used by other than the collecting 
agency. The detail to which the compilation of data 
should be carried would, of com'Se, 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 
~he purpose of the Committee, 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 tlus small size. The forms for re-

• In the preparat.ion or this report the Committee bas had the asslo;t.nnce ond co· 
operation or Messrs. E. H. Munns and I. H. Sims or the Fore.c;t Sen·lce; :!\lessrs. 
L. L. Hnrrold, D. B. Krlmgold, and H. R. Leach or the Soli Consern1tlon Sen· lee; 
Mr. W. B. Langbein, Oeolo~lca1 Sun•cy and Mr. R. E. Spencer, U. S. Weather 
Burean. 

¥or~ing precipitation refer in general to a single precip
ItatiOn station and do not involve nn arenl concept in 
their use. 

The Special Advisory Committee has confined itself 
to the preparation of forms for the reporting of bnsic 
hydrologic data only. The uses to which the basic data 
nre put and the interpretations derived therefrom aro 
the responsibility of the using agency and should not be 
circumscribed by standnrdization. For this reason, tho 
Committee advocates a rigorous differentiation between 
the compilation of basic hydrologic dnta and any compila
tion of derived data which the agencies mny care to mnke. 

Six forms were evolved covering the r~porting of these 
basic data as follows: 

Form P-l.-Hourly Precipitation Record. 
Form P-2.-Excessive Precipitation. 
Form P-3.-Record of Rainfall Intensity. 
Form PR-4.-Summazy of Precipitation and Run-ofT 

by Storms for the Year Ending ____________ , 19_ -· 
Form R-5.-Record of Run-off. 
Form R-6.-Record of Mean Hourly Run-ofl" Rate. 
Forms P-1, P-2, P-3, and PR-4, deal primarily with 

some phnse of precipitation and are applicable to any 
study involving those phases. In considering forms for 
reporting basic rllll-ofi data, it was found that small 
watersheds tend to resolve themselves into two groups, 
those having an intermittent stream flow and those 
yielding a continuous stream flow. This difference, 
not necessarily a fllllction of the size of the drainage area, 
was considered of suffirient importance in adding to the 
complexity of the problem to warrant separa~e report
ing for the two classes of flow. Two forms havo been 
prepared, R-5, which is applicable to areas yielding an 
intermittent flow and R-6, which is designed for use on 
watersheds yielding a continuous flow. 

Detailed instructions have been prepnred for each of 
the six forms together with examples showing the manner 
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 ~he demand 
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. 
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Form P-l 

·1re1z' Reconnaissance, 
Rain ~&~e: Type •• .lfdehin.e..ADS!. . .Re.c.ol'J11:1&., . ..9 .• iuch.._. ______ _ 

linch on ebart•.l .•. $L .. inehe~~ ol pmlpilatlon. 
llneh on ebart--~-----mlnutel ef time. 

Elevation (mun lie& level) _____ lQQ _____ feet. 

Agt'ney ___ l:'.~~!~~r. .. ~~~--·-····-·····-······-·---·--·--·-·--·• 
HOURLY PRECIPITATION RECORD 

Time tlandard: Eulem • 
Mouuta.ln D 

Ce11tral 0 
Pacific 0 

Lat.: JUL .. • __ 26 .. • -······": Lon1.: 18 ....• • ... 41. . .' ··-·-··" 
Section •••••••••••• Townahlp ····················-····· Ranp ·····-·········-····-·• 

"-aU, tlld of !lour lo tDd ol bour, Ill lncllel 

Month--~-~!:'.!~ ••••••• -......... Yg,r IV.~? .• 

File No ••• J.g~~----.,. 
Sheet .~ ol-~-

Station dneripUon 1t ~, b not 0 avall•ble upon requaL 

.... A.. m. boul tii<IIDI :P.m.bouloadLDr DallJ'Iold .lo:nuuubt..d 
told 

"-

' 
"----,____ 
........... ..____ 
..___ 
"-
' ''-1-"'--[--

''--+--

1-

1-

I
I-
1-

1-

1-

1-

1-

f----
1-

1-

I
I-

1-

' 
, 

·:g~-

[--

1-1-

1- 1- [--
1- 1- ·1--1--·1--1 

1-:l=:±=t==.lt-==Jt---+--1-
"'--
"---

Amount. from preelpl&aUon other &h.u. raiD wW be ldeutlfltd b1 relerenee mub u foUo•'· 
•Sno". 
~ Mi:.:ed raiD aad aow. 
I H&ll, lleet, etc. 
T AmoUAt.l ol preclplt&Uoa.l•· th&DO.OI iaeh (traoe). 

• • • 

.o: 
0 

-

---

• ' ~ 
• " u " 

n 
:;:;---= 

.....JlL I......W::::. ...Jll.. 4 

" 1.04 

1- • * ~t:~}-OB-

.....l!L .05 .OR .n• .05 ~ 2.06 
__.Jl2_ 

.J._.M_ 

--

-- --
1-

--

--
1--



Deficiencies in Hydrologic Research 77 

INSTRUCTIONS TO ACCOMPANY FORM P-1 

"HOURLY PRECIPITATION RECORD" 

This form is intended for the tabulation of hourly 
precipitation by months. 

Heading 

(a) Agency.-Give the name of the agency reporting 
the data. 

(b) F'Ue 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 capac
ity of the gage, i. e., "Weather Bureau Standard 
Tipping Bucket," "Friez, Reconnaissance, weighing and 
recording, 12 inch." Indicate the depth and time scales 
of the recorder, i. e., "1 inch on chart=1M inches of 
precipitation, 1 inch on chart=64 minutes of time." 

(d) Elevation.-Give the mean sea-l!•vel elevation of 
the rain gage in feet. 

(e) Time standard.-·Jndicate by a check mark wheth
er Eastern, Central, Mountain, or Pacific standard 
time. 

(j) 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)." 

(h) Date.-Give the month and year covered by the 
record. 

(i) Station description.-Indicate by 11 check mark 
whether or not a station description containing informa
tion 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 .••. ~~~~~~,!" __ !l!g'_~-~)!--························ 

EXCESSIVE• PRECIPITATION 

National Resources Planning Board 

File No .•• ?.~±~----··-
Sheet •.•. ! ... of .•• l .... 

Rain gage: T~-~-1!'\:-fl.~.~--~~?:\1; •• :: •. ?.~~~~---··· 
.... ~:!-PP.~.S:. ..... £.~-~.t ............................................... . 

North Platte Nebraska ---------------------- _______ ,_ --- -- -- -- -----------------------------------------
(Station designation) 

1 inch on chart=------ inches of precipitation. 
1 inch on chart= ••.•. g1 ......... minutes of time. 

Time standard: Eastern 0 
Mountain 0 

Central !i 
Pacific 0 

Month •. ~ept!i!mbftr.......... Y car •.. ~9.3.a ................. . 

Lat.: .. ~1 ... • ... .!L.' ...... •; Long.: lQQ .. • .. ~li .. .' ...... • 

Elevation (mean sea level): .. J~§§Q ....... feet. Section •.......•... Township ............... Range ••.•.•.••..... 
Station description is 1§, is not 0, available upon request. 

Amount previous to and 6-mlnute intervals or the hour (beginning with the clock hour !!hown In column 1) ftrst line, ll-mlnute amount; second line, time ol beginning o( ex- accumulated amount 
Clock hour ce.~ive rate 
and date 

Amount Time 0 to li 5 to 10 10 to 15 Hi to 20 20 to 25 26 to 30 30 to 35 35 to 40 40 to 45 45 to 50 50 to 55 55 to 60 

---------------------------
I 2 3 • • 6 7 8 • 10 11 12 13 H 15 

------------8:00p 0.25 0.26 0.56 0.50 0.52 --- ---------4th 0.20 8:07E 0.25 0.51 0.87 1.19 1.49 
5:00p 0.55 0.55 0.58 0.42 ------------------------11th 0.02 5:40p 0.55 0.68 1.06 1.48 

0.48 0.45 0.51 0.55 0.56 0.25 0.26 0.27-----

1.96 2.41 2.72 5.07 5.45 5.68 5.94 4.21-----
------

------------------------------
------------------------

---------------------------
---------------------------

------------------------------
------------------------

---------------------------
---------------------------

---------------- -------------
-------------------------------------------------------

---------- ----------------- ------- ------------
------------------------

---------- ---- ------------------
------------------- - ---------

------- ------------------------------------------------
------------------------------

- ------
---------------------------

---------------------------------
------------------

------------
------------------------------------

------------------~ ---------
------------------------------------

• .. "· Define Exccss1ve . 
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INSTRUCTIONS TO ACCOMPANY FORM P-2 

"EXCESSIVE PRECIPITATION" 

This form is intended for the tabulation of excessive 
m~fall by 5-minute intervals from charts of recording 
ram gages. 

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. 

(c) Rain gage iype.-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, i. e., "1 inch on chart= 1~ inches 
of precipitation, 1 inch on chart= 24 minutes of time." 

(d) Time standard.-lndicate 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. 

(j) 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 year in which the 
excessive precipitation occurred. 

(h) Latitude and longtiude.-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, ete., is available. 

In case where more than one sheet is used in tubu
lating a ~ingle rainfall period only items (a), (b), (f), 
and (g) listed above need be filled out in the heading 
of. each ?f the cont.inuation sheets, or separate forms 
With abndged hea.dmgs may be used for continuation 
sheets. 

Columns 

Column 1.-Give the eren clock hour preceding the 
beginning of the excessive rate of minfull and the date 
i. e., if the excessive mte 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 B.-Tabulate the time at which tho 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 spa<•e 
and cumulative total entered in the lower space. 

NoTE.-Thc crltcrlo for cxccsslw rates or precipitation may \"Dry with dlfTl'nmt 
parts of the country. For cxampiC!, the Wl.'nth,.r Durr•nu hns long UJINI the crlt{'rln 
shown in the table below tor many parts of the United States. 

Duration in minutt>s .•. 5~ ~~ ~~~ ~~~ .. ~~~~~~~ 
Amount-inches ....... 0.2.110.30 0.3510 .•• o. "I"·"' o. "I"· oo .... o. 701°' 761"·'" '·

00 

Wb('re tho criteria IJ5(!d In this report arC! ri!ITl'rcnt from thC! above, define C:\:CC'8!Ivo 
ndnfn.tl In the spa()(> provided at the bottom or tho rorm. 



80 National Resources Planning Board 

FormP-3 File N oT.li7Q!?y-···· 
Sheet --------- of ••••...•• 

RECORD OF RAINFALL INTENSITY 

R"in gage: Type ---~~~--f-~!.~!!!!~!! .. !'!~!g~;i,!!g____________ ... K~~!.f~~~A .. Q~.·---(~~~~?:~!! .. ~::;J;Qg)._ _______________ _ 
(Slu.tiou tJcsignutlon) 

------~-fu~-h-:~·~;1:;~-:~1!~-~~~~~:~-:i·;-~~~~;;~~~:;;:··----------- n .. tes .. !:.>~I:?:t!.~.J.§ ______ to ------------------------ 19~§ 
Lat.: --~-~----• ••. .lL! JL."; Long.:lf .. §~-· ... !L.! .. L.!'. 1 inch on chart=.?..§ ............. minutes of time. 

Time standard: Es.stem l!!l 
l\lountain 0 

Central 0 
Pacific 0 

Section------------ 'fownship ................ Raugc ....................... .. 

Elevation (mean sea level) --------------- feet. 

Station description is 0, iij notJtl • availaUlc upon request. 

Deptb lor- Intensity for-

Dale Time Time Accumu- Remarks Interval latcd dcptb• Eoch tlmo Rcgolar time Each limo ~gular time 
interval Interval Interval interval 

Hr.-min. Min. In. In. ln. ln./hr. ln./hr. 

I • 3 • • • 7 8 • 
Sept.l6 3:47:Q .00 . • • . Rain be<>'an 

50 3 .08 .08 .08 1.60 .96 
52 2 .14 ,Q6 .- 1.80 • 
l,i5 3 ,14 ,QQ .06 .00 ,72 

-· No r"in 

4: 36:Q 41 .14 ,00 .- .00 .-
40 4 .19 ,QI,i ,Q5 ,75 ,60 
43 3 .22 .Q~ .60 ,00 
45 2 .22 ,QQ .Q~ .oo ,36 

~o rain 

4:55:Q 10 .22 ,QO .00 ,00 ,00 
5:0Qp 5 .23 ,Ql .01 .ll! .lg 

5:10p 10 .24 ,Ql .01 ,Qfi ,02 
20 10 .25 ,Ql ,Ql ,06 .06 

~o rain 

7:06:Q 106 .25 ,QO .- .oo • 
10 4 .27 ,Qg .02 .30 .24 IRain ended 

Standard EraEre at 
same location mea-
sured 0. 31 inch -rn.,. 
entire storm ~~~ion 

• Figures adJusted to agroo with measured rainfall . 

MAXIMUM DEPTH AND INTENSITY FOR SELECTED TIME INTERVALS 

Duration min. 2 • 10 I6 ,., 30 1 hr. 2 hr. 4 hr. Gbr. 12br . 

Depth, Inches .. • 07 .14 .14 .14 .14 .14 .22 .25 .27 
Intensity, ln./hr. 2.10 1.68 .a~ .56 .42 .28 ,22 .l~ .07 --

Tabulated -~! ••• $.~t..(Lg_-::6.-::3.9.......... Computed •• E .•. J~l'.QY!Il. • .2~&39............ Checked --~r ••• K •.. ll.o.e .. -2:::-.9.-=-.3.9 ...... . 



Deficiencies in Hydrologic Research 81 

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 
(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. 
(c) Rain gage type.-Give the type, make, and record

ing capacity of the recording ruin 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= 1Y, inches of 
precipitation"; "1 inch on chart=25 minutes of time." 

(d) Time standard.-Indicate by a check murk, 
whether Eastern, Central, Mountain, or Pacific stand
ard time. 

(e) Elevation.-Give the mean sea level elevation of 
the rain gage in feet. 

(j) Station designation.-Give the State and nearest 
town as well us 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 ruin began and ended on the same day. . 

(h) Latitude and longitude.-Record the geo?etJC 
position of the gage as nearly us can be dete~mmed. 
The section township, and range of the pubhc lund 
survey syste~ where available should be given in addi
tion to or instead of the geodetic position. 

(i) Station description.-In_di~ate by ~ ~he?k mark 
whether or not a station descnpt10n conta=g mforma
tion on the date of establishment, continuity of record, 
exposure of rain gage, etc., is available. 

(j) 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), (b), (j), and 
(g) listed above need be filled out in the bending of 
each of the continuation sheets, or sepurnte forms with 
abridged headings may be used as continuation sheets. 

Columns 

Columns1 and 2.-Tabulate the dates and clock time 
of: 

(1) Beginning of rainfall. 
(2) Significant chunges in rninfull intensities us 

indicated by the rain gage chart. 
(3) End of rainfall. 
(4) Regular clock times such us 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 

d. · I d' t " " d "p " recor mg ram gage. n tea e a. m. an . 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 rain full 
corresponding to each time shown in column 2. Wh~re 
the measured depth in a standard cun or recorder vartes 
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 
regular time interval such as 5, 10, 15, 30, or 60 minutes. 

Column 7 and B.-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 take~ directly ~rom t~1e 
charts. The intensities for the varwus durutwns will 
be obtained by dividing the depths by the correspond
ing durations. 



Form PR-fo 

Ch&raelcrl.t!lcs or dRinage area: 
Size ••• 52~0- .,..,_ 
Elevation (mean tea level) ••• 1430 _____ rcet to ~82,Q _____ rret. 

Slope: Avcraao •••. 25 __ %, ranse _5 •..••• %. to •. ..5.Q .•••• !C. 

s.n ,,,.., ._J!l!~k~ .. §U~ .. !<!B!II .. ~ .. l®%. ..... -................... . 
(Sam• IW f!etalllli.EC"> ol lf'"l) 

c.,.., ·-·············-··········-······49% ..... 2~ .... 20% ... 20%. ..... ·-······ 
(hro.ll\ of liM! Cul\l'fll..s·m-.do.,.~UR·•ood•l 

Agency •••. SDll.CDilBBr.Va.t.ian.SBr.vi.ca .... ______________________ _ 

SUMMARY OF PRECIPITATION AND RUN-OFF BY STORMS 
FOR THE YEAR ENDING.~.Q,P.t.~-.~_Q_ ____ , lt.~i. 

lztslrumentatlon: 
Run-off station: .CUnttn't . .tte.te:r.t .. arta .. CQntrnll .. t'iHUU:'d~r. .. 

'rn• (<:WftDI-Ia-. bme,ctc.) 

Pmipitatlon statlolUI: ••. S.Q . .no.nr.e:.cQr.dingJ .. lQ .. re.cotding ...... . 
(Nwabu 1114 IJpe) 

Ueeords available lor years: .19.~.7.':' .................................•...............• 
Additional data available: .l".W.d,. . .R\l,Q!j,_dJ..tcy:,. __ S.o..1l.l1o.b't\lt'JL. 

Mo:dmum lattaollr Time 
1---,--=,.===:.:r---,---·1----r::..._--1 AIDOIUII 

•lulm11m •• Date .... ..... ~ ... ·~ Dun.IIOII 

Br.omlll.. Dr.-m111. Br.-ml~~o •• c.ta. Dr.-m!11. 

" " " " " " " 

File No •••. 43.1.8 ••. _ 
Shret •• l .... or ••.• l . ..: 

. .................. 1,!'-'-~ .. ~M ................................................................ . 
(N._ ot drai...,_ -.1 

. . .F.a1r.t:1e.l<ld!ll1L.tStat1on .. No.,._~l.... ___ .............. . 
(Sta~l~ll ,Ja.JIIletloa) 

Station dt"Scriptiou is 0, Is not :m, a\·allablc upon rrqui.'Sl. 

Lat.: •..•. 40 .... • ...... ? ..... ' ·----~-- "; LoniJ.: •••••• ~.? ... 0 
••••• J~ .... • .. J? .... , 

Section •••••••••••• To\\•nthlp ....•••.•.....•... Range ••••••••.•.•••••••• 

RtnqrH 

.. 
ITtme data - Station 4 
I 

I 
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INSTRUCTIONS TO ACCOMPANY FORM PR-4 

"SUMMARY OF PRECIPITATION AND RUN-OFF BY STORMS 
FOR THE YEAR ENDING ________ 19 __ , 

This form is intended for the tabulation of summaries 
of nil 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 muy be sufficient 
for certain purposes. This form will also serve us nn 
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 Metm Hourly Run-off." 

Heading 

(a) Agency.-Give the nome 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. 

(c) 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." Under 
"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 maJ<-i.mum capacity, thus, "Calibrated 
triangular weir 450 c. f. s." Under "precipitation sta
tion" indicate the number and type of rain gage thus: 
"50 nonrecording, 10 recording." Under "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," etc. 

(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 ns well ns the station number or name, i. e., 
"Fairfield, Ohio (station No.4)." 

(g) Station description.-1ndicate by a check murk 
':hether or not a station description contnining infonna
tiOn on the date of establishment, continuity of record, 
changes of gage dattml elevation, changes in instru
ments, nnd in the controls, etc., is available. 

(~). Latitude and longitude.-Record the geodetic 
positiOn of the gage us nearly as can be detemtined. 
Section, township, and range of the public land survey 
system where available should be given in addition t"o 
or instead of the geodetic position. 

Only items (a), (b), (e), and {j) need be filled out in 
the headings of continuation sheets, or separate fm1ns 
with abridged headings may be used us continuntion 
sheets. 

Columns 

Column 1.-Give months and dates of precipitntion 
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 nil 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 vnlue. 

Column 10.-0n 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.-Give the tinw 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 colwnn 11. 

Columns 13 and 14.-Give the max-imum rate of 
run-off in c. f. s. nnd the elapsed time in homs and 
minutes between the beginning of run-off and the 
instant at which the maximum rate of run-olf wns 
reached.' 

Columns15 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 
other notes as may be helpful in interpreting the record, 
such as "Rate of run-off highest on record," "Duration 
of rninfull uncertain due to failure of clock," "Ground 
frozen," "Snow," etc. 

t Similar information for secondary peaks In discharge may be Rh·en un1ler 
"Remarks." 
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Form R-5 
Agency •••• .S.o.il .. Clo.:m>.ar.v.aticm .. Senit:e ..... File No. ---~1.§JL .... . 

Sheet •••• l ... of ••• l ... . 

RECORD OF RUN-OFF 

Station type: ..... 1'!'.:\.~~J~.:r .. Y.i:~J~, ..... lS.9 ... 9J?.. ...... 
(Curreut meter, fiuwc, etc.) 

Elevation of gage datum (m. s. !.) •••••••• -§.l?.. _________ feet. 
Gage datum elevation of point of zero flow .J .. ,_S.Q ____ feet. 
Gage type .W.i!itu:: .. l~Y~.l .. :r.~c.~m;l.~:r. ....................... . 

1 inch on chart=.:J.flQ ... feet. 
1 inch on chart=-~.S.. min. lll, ...... hr. 0 

Time standard: Eastern 0 
Mountain 0 

Date and Time Accumu~ Gage 
time inWrval lated time height 

Hr.--. MID. Hr.-min. Ft. 

1 2 3 • 
IHir.:?<J 

4:30p 1.67 
5:00 30 1.65 
5:30 30 1.64 
6:00 30 1.63 
6:30 30 1.62 
6:53 23 0 1.62 
6:55 2 2 1.63 
7:00 5 7 1.65 
7:05 5 12 1.69 
7:08 3 15 1.74 
7:09 1 16 1.78 
7:10 1 17 1.81 
7:11 1 18 1.87 
7:12 1 19 2.06 
7:13 1 20 2.34 
7:14 1 21 2.60 
7:15 1 22 2.78 
7:16 1 23 2.96 
7:17 1 24 3.10 
7:18 1 25 3.24 
7:19 1 26 3.25 
7:20 1 27 3.24 
7:22 2 29 3.18 
7:23 1 30 3.12 
7:24 1 31 3.12 
7:25 1 32 3.13 
7:26 1 33 3.20 
7:27 1 34 3.30 

Central :19 
Pacific 0 

Dischll.l'b"C rate Crom rating t.ablc, 

dated e•·----------------

C.f.s. ln./Hr. 

• 6 

.0612 .0022 

.0447 .0016 

.0347 .0013 

.0314 .0011 

.0257 .0009 

.0257 .0009 

.0314 .0011 

.0447 .0016 
,0807 .0029 
.145 .0051 
.213 .0076 
.275 .0097 
.428 .0152 

1.21 .0427 
3.32 .1177 
6.52 .2309 
9.53 .3373 

13.2 .4687 
16.6 .5891 
20.5 .7268 
20.8 .7370 
20.5 .7263 
18.8 .6655 
17.2 ,6078 
17.2 ,6078 
17.4 .6174 
19.4 .6857 
22.3 .7908 

...... T.r~1ffi~€1J:Y:.:l!R .. QrRRk~g __ Qr.!l.!lk ..................... . 
(~awu of tlro.fnugo arcs) 

______ E!!:~rf.~.!llg~ __ Q!l,_. __ ."\f:::u; ___________________________________ _ 
(Station dc::;iguu.tion) 

Catchment area .... 26..,7 ...... acres. 
Dates 1:1:<'.rJ;J)L~Q _______ to ------------------------------ 19.3.7 .. 
Lat.: ---~-+---• ___ J~,g _ _, .~13."; Long.: .96 .. :• .fi2 .. ! .46.". 
Section -------------- Township -------------- Range ............. .. 

Station description is :19, is not 0, available upon rcquc•t· 

Uun-oa from tbc nrca 
A vcrage discharge Ucrullt'ks Cor time J.utcrvul }"or thc.tiwu 

iutcrval Accumulated 

• • • 

7 8 9 10 

See Form R-6 
.0019 .0010 for antecedent 
.0014 .0007 dry- weatre r 
.0012 .0006 flow 
.0010 .0005 
.0009 .0003 o. Surface Run-
.0010 .oooo o. off began 
.0014 .0001 .0001 
.0022 .0002 .0003 
.0040 ,0002 .0005 
.0064 .0001 .0006 
.0086 .0001 .0007 
.0124 .0002 .0009 
.0290 .0005 .0014 
.0802 .0013 .0027 
.1743 .0029 .0056 
.2841 .0047 .0103 
.4030 .0067 .0170 
.5289 - .0076 .0246 
.6580 .0109 .0555 
.7319 .0122 .0477 Peak 
.7319 .0122 .0599 
.6962 .0232 .0831 
.6364 .0106 .0937 Trough 
.6078 .0101 .1038 
.6126 .0102 .1140 
.6520 .0109 .1249 
.7832 .0123 .1372 

Tabulated • .R ••. .tl ... ..D.u_______________ computed .... .B.. •.. J:t, ___ l)j,'K _____________ Chocked ••• .! .... E.t .. Ell~o t. t 
• Imert units used. Conversion factor Cor dralnngc area: 1 c. r.s.-~.'!.QQ~J? ..... in./br, 
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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 nan1e 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. 

(c) Station type.-Indicate method of measurement 
and the type of control, i. e., "current meter with 
natural control"; "current meter with Columbus deep 
notch," etc. In case of calibrated devices give maxi
mum capacity, i. e., "calibrated Parshall flume 1,200 
c. f. s.," "calibrated triangular weir 450 c. f. 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 jlow.
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., "staff 
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." "I inch on chart= 1 
hour." Indicate by a check mark whether time is in 
minutes or hours. 

(g) Time standard.-Indicate by a check mark 
whether Eastern, Central, Mountain, or Pacific stand
ard time. 

(h) Name of draina.ge area.-Give the nome of the 
principal stream. If the stream is unnamed, give the 
nome of the stream into which it drains. 

(i) Station designation.-Give the state and nearest 
town as well as the station number or nome, i. e., 
"Fairfield, Ga. (station W-11.)'' 

(j) Catchment area.-Give the size of the drainage 
urea in acres. 

(k) Dates.-Give the period covered by the form, 
i. e., "1vlarch 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. 

(l) 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 
instruments, and in the controls, etc., is available. 

(m) LaWude 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 a\"oilable 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), (i), and (k) listed above need be filled out i~ th~ 
headings of the continuation shoots, or a separate 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 cu hie 
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 
hydrogrnph. 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 b.-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 5 and 6.-Give rates of discharge in c. f. s. 
and in inches per hour corresponding to each gage 
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 B.-Multiply each of the values tnbulated 
in column 7 by the corresponding time intervals (col. 2) 
and by an appropriate factor to convert the datn into 
the units used in column 8. Insert the units used. 

Column 9.-Give the progressive summntion of the 
values tabulated in column 8 from the beginning of 
the rise in stage. Insert the units used. 

Column 10.-0n the proper date nnd time lines enter 
notes indicating: beginning of surface run-off, peaks 
and troughs, end of surface run-off, and such other 
remarks ns will aid in interpreting the record. 



Fonn n-G 

Station lype: •• .Callbr.a.ted. .. ~}!!~·;;J':':. .. 4SO • .c.!a_ .••. _ .• 

Elevation or pp datum (mean aea lovel) •• Bl2. ....•• feel 
Case datum ele,·ation or point or aero Dow ____ .l..,.jQ_ rect. 

Gaso type: _JJa..t~r .. leY.el.r.e.c.or.der ___________________________ _ 
I lneh on eharl• ... l.l.lO .. -- reel 
linch on ehar\• ••• 2..5. •• _ min .• ,··---·· bou~O 

.A.!o(. 

Apne1 •• ..So1LCoD8enatJJm..Sa:rricll_ .........•..• _. ____________ _ 

RECORD OP MEAN HOURLY RDN-OFP RATB 
(S•pplem.eaUaJ FHm. B-6) 

Time •laadard: Eutem c 
Mountain C 

Central • 
PaeiOo C 

Station deacriptlon ll 'II, II not C, avatlablo upon requea\, 

Ut.: --~--· ..12 .. .' ,_2.9-"; Lone:.: _.eg_ __ • .. 52.._• ... 48 .. " 
S«:tlon •• _____ Townlhlp-•• ·----········---·· RaoJ'I._ ....................... . 

I'. ).f • 

Flle t\o. ____ 2.5.6.7 ••••• 
Shee~ ••• l. ... or •• l. .... 

_.l:r.il!ut.a.ey. .. t.o. . .llic.l1udey .. Crook ...........................................• 
(N•IIlt oi.U.IIUI't ton•l 

... .tal.rn•l<h .. O.~l-.9. .. -:: .. 1.19. •... L ................................................. . 
Voll.llloadcllulluiiJ 

C.tchmel'lt area •••. 49.1·-···- acres. 

Month.~ ........................ , 19.i59. 

.... 
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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. 

(c) Station type.-Indicate method of measurement 
and the type of control, i. e., "current meter with 
natural control"; "current meter with Columbus deep 
notch," etc. In case of calibrated devices give maxi
mum capacity, i. e., "calibrated Parshall flume 1,200 
c. f. s.," "calibrated triangular weir 450 c. f. s." 

(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.) 

(e) 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, i. e., 
"staff 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 scales, i. e., "1 inch on chart=1 foot," "1 inch 

78303-40--7 

on chart= 1 hour." Indicate by a check murk 
whether the time is in minutes or hours. 

(g) Time standard.-lndicate by a check murk 
whether Eastern, Central, Mmmtnin, or Pacific stnnd
nrd time. 

(h) Station description.-lndicnte by a check murk 
whether or not a station description containing in
formation on the date of establishment, continuity of 
record, changes of gnge datum elevation, changes in 
instruments, and in the controls, etc., is avnilnble. 

(i) 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. 

(j) Name of drainage area.-Give the name of the 
principal stream. If the stream is unnamed, give tho 
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. o., 
"Fairfield, Ga. (station W11)." 

(l) Catchment area.-Give the size of tho druinnge 
area in acres. 

(m) Date.-Record the month and year covered by 
tl:Us form. 

Columns 
Record under each of the hour columns the mean 

hourly run-off rate for the 60-minute period immedi
ately preceding the hour shown in the column bending. 



APPENDIX E. BIBLIOGRAPHY 

Material published on hydrology and its many 
phases may be found in a wide variety of scientific 
literature. It would be a tusk 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 

I. Bibliography of Hydrology. Published annually for 
the United States, American Geophysical Union, 
Section of Hydrology. 

2. Bibliography of Rainfall Intensities, Run-off and 
Flood Flows; Water Supply Paper 771 and 772, 
U. S. Geological Survey, 1936. 

3. "Bibliography and Index of Publications of the 
Geological Survey, Relating to Ground Water," 
Water Supply Paper 427, U. S. Geological Sur
vey, 1920. 

4. Bibliography on Soil Erosion, and Soil and Water 
Conservation (compiled by S. H. Gaines), Mis
cellaneous Publication 312, U. S. Department of 
Agriculture, 1938. 

5. List of Publications and Abstracts, R. E. Horton, 
Hydrologic Laboratory, Voorheesville, N. Y., 
Publication #112, September 1937. 

6. Bibliography on Soil and Water Con~ervation 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 Sewogo and Was to-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 Committees, 
American Geophysical Union. 

10. Experiment Station Record (Abstracts of Literature), 
published semiannually, U. S. Deportment 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. S. 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. 1-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. S. 
Geological Survey. 

B. Scientillc Societies and Publicallon&
With Rererence to Hydrology 

United States 

1. American Academy of Arts and Sciences, Pro
ceedings. 

2. 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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5. American Fisheries Society, Transactions. 
6. American Forestry Association, American Forest 

and Forest Life. 
7. American Geographical Society, Proceedings; Geo

graphical Review. 
8. American Geophysical Union, Transactions, espe

cially Sections on Hydrology, Meteorology, and 
Oceanography. 

9. American Institute of Electrical Engineers, Trans
actions; Electrical Engineering. 

10. American Institute of Mining and Metallurgical 
Engineers, Mining and Metallurgy; Transactions. 

11. American Mathematical Society, Transactions. 
12. American Meteorological Society, Bulletin 

(monthly). 
13. American Philosophical Society, Proceedings. 
14. American Physical Society, Bulletin; Physical Re

view; Review of Modern Physics. 
15. American Shore and Beach Preservation Asso

ciation, Shore and Beach (quarterly). 
16. American Society of Agricultural Engineers, 

Transactions; Agricultural Engineering. 
17. American Society of Agronomy, Journal; Pro

ceedings. 
18. American Society of Civil Engineers, Oivil Engineer

ing; Proceedings; Transactions. 
19. American Society of Mechanical Engineers, Me

chanical Engineering; Transactions. 
20. American Society of Plant Physiologists, Plant 

Physiology. 
21. American Soil Survey Association, Bulletin. 
22. American Standards Association, Bulletin. 
23. American Statistical Association, Journal. 
24. American Waterworks Association, Journal. 
25. Association of American Geographers, Annals. 
26. Association of American State Geologists, Journal. 
27. Association of Scientific Apparatus Makers of the 

U. S. A. (also Optical Society of America), Review 
of Scientific Instruments. 

28. Boston Society of Civil Engineers, Journal. 
29. Carnegie Institution of Washington, Bulletins, 

Reports, etc. 
30. Connecticut Society of Civil Engineers, Papers, 

Transactions and Proceedings. 
31. Ecological Society of America, Ecology; Bulletin. 
32. Franklin Institute of Philadelphia, Journal. 
33. Geological Society of America, Bulletin. 
34. National Academy of Science, Proceedings. 
35. N a tiona! Research Council, Bulletins. 
36. New England Waterworks Association, Journal. 
37. Smithsonian Institution, Bulletins, Reports, etc. 
38. Society of American Foresters, Journal of Forestry. 
39. Society of American Military Engineers, Military 

Engineer. 
40. 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
tngs. 

47. Royal Society of Canada, Proceedings and Tran
sactions. 

Foreip 

48. Annales des Ponts et Ohaussees (monthly), Paris. 
49. Association Internationale 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 

1. Engineer (weekly), London. 
2. Engineering News-Record. 
3. Scientific Monthly. 
4. Verein Deutscher lngenieure, Berlin. 
5. Waterworks and Sewerage. 
6. Waterworks Engin~ering. 
7. Canada Department of Interior, Water Resources 

Papers. 
8. Great Britain Department of Scientific and Indus

trial Research, Water Pollution Research. 
9. U.S. Weather Bureau, Circulars A, B, C, D, E, F, 

G, I, L, M, N, 0, P, Q, and R; Monthly Weather 
Review (includes current bibliography); and 
Bulletins. 

10. U. S. Geological Survey, Water Supply Papers; 
Professionnl Papers; Annual Reports; and Lists 
of Publications. 

11. U. S. Bureau of Stnndards, 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. S. War Department, Office of Chief of Engineers, 
"308" Reports, reports dealing with hydrology, 
navigation, flood control and hydro power of 
most of the iroportant drainage basins of the 
United States (mnny unpublished hydrological 
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data are on file in the office of the District En
gineers); Congressional doc.uments, 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
uals; Hydrography, including charts; Maps of 
Coastal Waters; and Inland Coast Pilot. 

D. General Textbooks on Hydrology and 
Related Subjects 

1. Barrows, H. K., Water Power Engineering, 2nd 
Edition, New York, McGraw-Hill Book Com
pany, 1934. 

2. Baker, D. M. and Conkling, H., Water Supply and 
Utilization, 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, Ltd., 
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. S., Climatic Changes 
-Their Nature and Causes, Yale University 
Press, New Haven, 1922. 

9. King, H. W., Handbook of Hydraulics, New York, 
McGraw-Hill Book Company, 1933. 

10. Lacey, J. M., Hydrology and Ground Water, London, 
Lockwood & Son, 1926. 

11. Mead, D. W., Hydrology, New York, McGraw-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 Ji'lu_id 
Through Porous Media, New York, McGraw-H1ll, 
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. 

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, l\L, :Methods of Correlation Analysis, 
John Wiley & Sons, 1930. 

4. Fisher, R. A., Statistical :Methods for Researc/1 
Worker.•, London, Oli,·er and Boyd, 1930. 

5. F1-y, Thornton Carle, Probability and its Engineering 
Uses, New York, D. Van Nostrand Compru1y, 
1928. 

6. Goulden, C. H., Methods of Statistical Analysis, 
New York, Jolm 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, 19:39. 

9. Mills, Cecil Frederick, Statistical Methods, New 
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, Inc. 

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 Stutes: Weather 
Statistics (monthly) and Special Bulletins, 
Weather Bureau. 

(48) Climatic Charts for the United 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 WPather Review and supplements, Weather 
Bureau. 
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(48) Snow and Ice Bulletin. Included in subscription 
to Weekly Weather and Crop Bulletin. 

(15) Stream Measurement: Miscellaneous Reports on 
Progress of Stream Measurement, etc. 

(48) Surface Water Supply of the United States. 
These oxe 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) Experiment Station Record (monthly). 
(36) Journal of Agricultural Research (semi-monthly). 
(15) List of Bulletins of Agricultural Experiment 

Station for various calendox yeoxs. 
(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. 
(53) Geological Survey: Geologic, topographic and 

other maps and folios. 
(53) Land Use Areas, published by Agriculture Depoxt-

ment. 
(53) Maps issued by Coast and Geodetic Survey. 
(53) Mississippi River Commission Map. 
(53) Soil Conservation Survey Maps, Agriculture 

Department. 
(53) Soils of the United States, issued by the Bureau of 

Chemistry and Soils, Department of Agri
culture. 



Aquifer 
compressibility and elasticity of, 34 
porosity, permeability of, 33, 34 

Artesian pressure recorders, 31 
Baldwin, 0. J., 1 
Bibliography, hydrologic research, 73, 80 
Consumptive use, determination of, 30 
Corps of Engineers, U. S., 5 
Datu, sources of, 6 
Drainage basins 

infiltration churacteristics, 23 
run-off records, 42 
studies, 53 

Evaporation 
factors influencing, 4 
insolation us a meusure of, 27 
measurement equipment, standardization, 25 
open water surface to pun, relation of, 27 
projects, 24 
snow and icc, 28 

Evapo-transpiration, determination, 2\J 
Flood flow, estimation of, 44, 45 
Forest Service, U. S., 5 
Forms for reporting data, 75 
Geological Survey, U. S., 5, 7 
Ground water 

aquifer, cfl"cct of texture, 32 
composition, 49 
contaminution of, 51 
depletion curves, 67 
fluctuations in, 32 
motion of, 36 
projects, 31, 47 
prospecting for, 31, 36 
relationship to stream flow, 35 

Horton, Robert E., 1, 53, 63, 73, 74 
Hydrologic research 

coordination of, 59 
major defects, 3 
projects, 9 

Hydrology, statistical methods, 61 
Infiltrution 

areal und busin, determination, 23 
effect of surface condition und vegetal cover, 21 
meusuremcnt project, 20 
nature and mechunics of, 19 
projects, 19 

Insolation, as a meusure of evaporation, 27 
Interception, projects, 9 
Meyer, Adolph F., 1 
:\·Iiumi Conscrvuncy District, 6 
Percolation, projects, 31 
Precipitution 

effect of bodies of water upon, 17 
<'xcessive, form for reporting, 79 
hourly record, form, 77 
interception, 19 
projects, 9 
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Run-off 

chunnpJ stornge, 68 
estimatio11 of, 41, 42 
frequency of rate, 47 
mean hourly rate, form, 87 
periods, 48 
plat experiments, 64 
projects, 39 
records, form, 85 
relation to antecedent rainfall, 6\J 
n•senrch, 63 
snow cover, 39 
summary by y<'nrs, form, 83 
unit graph, 71 

Sun Dimas Experimcntul Fon•st, 55 
Salts, soluble in surface waters, 49 
Snit water, intrusion of, 50 
Silt, scour, transpiration, d<'position, 4:1 
Snow meusurenlPll t, 11 
Soil Conservation Scrvicl', U.S., ;,, 7 
Special Advisory Committi'P 011 Hydrologic Dllta, 1, :1, 

59, 60, 63 
Station records 

unalysis, 12 
dependability, 12 

Station-year method 
ruinfall frequencies, nwusiJJ'<'IIlCJJt, 1:1 
statistical soundness, 13 

Stream flow 
deriv<'d from ground watpr, 4 7 
duration curves, 40 
estimation, 69 
ice conditions, 40 
projects, ~9 
research, 63 
synthesis, 44 

Storms, limiting lG 
Surface water 

composition, effect on land use, 50 
salt content, source and intrusion, 49 

Tidul strenms, salt water intrusion, .12 
Transpirution, projects, 24 
Vegetal co\·cr, infiltrution effect, 21 
Wat<•r, quality of, 49 
\Vater lev,.Js 

fluctuation in wells, 31 
recorders, 31 

\Vuter Resourcps Committ<'e, ;,g 
\Veather Bureau, U.S., .1, 7 
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