THE INCEPTION AND DEVELOPMENT OF THE INTERNATIONAL SECTION OF HYDROLOGY
G. W. Littlehales
(Abstract)
The avenue to the inception of the International Section of Hydrology was opened
by the Constitutive Assembly which met in Brussels in 1919 to establish the Inter
national Research Council and Its membership of Unions. In the Constitution of the
Union of Geodesy and Geophysics, then ordained, provision was made for extending the
register of sections whioh were initially instituted, and, accordingly, It was in
regular course that the Italian delegation to the general assembly of the International
Union of Geodesy and Geophysics at Rome in 1922 introduced a measure for the establish
ment of a Section of Continental Hydrography. It fell to my lot to be appointed by
th© President of the Assembly to serve as a member of the Committee formed to con
sider this measure, which was eventually recommended to the favorable consideration
of the assembly with the amendment that the name of the proposed organization should
be the International Section of Scientific Hydrology. At Its inception, thus brought
about by the action of the general assembly at Rome, one of the primary motives ap
pears to have been to make the new Section a means of reconstituting the former In
ternational Association of Glaclalists, which had ceased to function during the years
of political disturbance in Europe. At the first meeting of the International Sec
tion of Scientific Hydrology, which was held at Madrid in 1924 in connection with the
general assembly of the International Union of Geodesy and Geophysics, a Commission
on Glaciers was formed and provisions made for compiling and publishing the Report on
Glaciers for the period elapsed since 1914. A Commission on Statistics was also ap
pointed with a view of bringing about uniformity in the publication of the materials
of hydrology and for laying the foundation for mutual understanding among national
services in the conventional signs and symbols employed in hydro logical maps and in
the definitions of the terms found in the literature of this science. Furthermore,
plans were laid for the compilation of a comprehensive report on the actual state of
hydrology in the member-countries of the Section, and the ascertainment of an in
ventory of their hydrological resources.
The general assembly of the International Union of Geodesy and Geophysics at
Prague in 1927 proved to be an important occasion for the International Section of
Scientific Hydrology, resulting in accessions to its ranks and more general realiza
tion of its scope and potentialities. It was on this occasion that Dr. Martel of
the French National Section of Hydrology presented a comprehensive memoir entitled
**Les Eaux Souterraines," in which the contributions of Meinzer are favorably no
ticed; and the learned Dr. Smetana of Czechoslovakia gave a summary of the reports
sent in on the state of hydrology in all the countries belonging to the International
Section of Scientific Hydrology. On account of their general usefulness, a copy of
each of these two reports is presented today for deposit in the archives of th©
Secretary of this Section.
And a third report is brought to show the nature of those that were communicated
to the meeting last year at Stockholm, where the principle of national reports was
yet further advanced and furnished striking evidence to show that harmonious coopera
tion breeds plenty and that advantages Increase by being shared. In this report by
the French National Committee, there is a second memoir by Martel upon subterranean
waters, besides an essay by Wilhelm on the theory of the entrainment of heavy mater
ials in rivers of rapid current, and two mathematical memoirs by Coutagne treating
of the discharge of flood-waters and of river-hydraulics.
U. S. Hydrographic Office,
Washington, D. C.
THE FIELD, SCOPE, AND STATUS OF THE SCIENCE OF HYDROLOGY
Robert E. Horton
Introduction-- In some of its aspects hydrology is as old as its foster parentsgeography and meteorology. Among the earliest engineering operations of record is
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the construction of wells, frequently described in the Book of Genesis--an example of
applied hydrology. (Some wells of extremely ancient and probably pre-historic con
struction are still existent and in service in Arabia. They are fully described in
Thomas Ewbank s "Hydraulics and Mechanics," New York, 1870.) As in the case of ge
ography and meteorology, so also hydrology has been mainly qualitative in character
until recently* Only with the beginning of its quantitative development could it be
considered that hydrology definitely emerged from the other Earth-sciences.
There is a simple basic fact involved in the hydrologic cycle
Rainfall = Evaporation + Runoff
(Inasmuch as most persons think of evaporation in a more restricted sense, it is bet
ter to define runoff as equal to rainfall minus water-losses. Water-losses are of
three kinds, all evaporative in their natures (a) Interception; (b) transpiration;
(c) direct evaporation from soils and water-surfaces.) Quantitative proof of this law
could only come after quantitative determinations of rainfall, evaporation, and runoff
had been made.
The belief was not uncommon as late as the 18th century that rivers derived their
waters, even in.floods, from the interior of the Earth and not from rainfall and snow.
The fact that streams continued to flow for long periods in the absence of rain may be
considered to have lent support to this belief. The history of this idea and the
great length to which it was disputed pro and con by eminent authorities is described
by Keilhack (ref. 1, list at end of paper)* The Treatise on Rivers and Torrents' by
Paul Frisi (ref. 2 ) , first published at Lucca in 1762, set the matter at rest, Frisi
having followed various rivers to their sources and observed to his own satisfaction
that they derived their waters from surface-runoff from rainfall "and from springs
and seepage, also derived from rainfall.
Hydrology, perhaps because it is a new science, can be defined in a manner that
is more specific and less impressionistic than some of its older sisters in the domain
of knowledge. Even here, as in the case of most other sciences, it is difficult to
devise an investiture which will include all essential features of the subject and
omit none.
As a pure science, hydrology deals with the natural occurrence, distribution,
and circulation of water on, in, and over the surface of the Earth.
Defining science as correlated knowledge, it Is true that a statement of the
field, scope, and status of hydrology at the present time may be little more than a
birth-certificate. Nevertheless, there is scattered through scientific and engineer
ing literature a mass of quantitative results adequate to make a most respectable
body of science, wanting only to be coordinated.
The harvest truly is plenteous
but the laborers are few.
The word hydrology, has sometimes been misapplied as if limited to the phenomena
and circulation of underground-water, although the broader meaning of the term was
recognized, as is shown by the date of publication of what was probably the first
English book on the subject--Beardmore s Hydrology, London, 1862 (ref. 5) • Even at
the beginning of the present century many persons, including some engineers and
geologists, considered the term hydrology as applying only to underground-water phe
nomena. This restricted use has been carried doxvn nearly to the present date in
Germany by the publication in 1923 of a Handbook of Hydrology, an excellent work by
E. Prlnz, but devoted exclusively to underground-water (ref. 4 ) .
t

In one sense the field of hydrology is the Earth and so is co-terminous with
other geo-sciences. More specifically the field of hydrology, treated as a pure sci
ence, is to trace out and account for the phenomena of the hydrologic cycle.
"Natural waters" have come to mean those which.are pursuing their natural course
of circulation, and hydrology is not concerned with waters which have been temporarily
removed from such circulation while so detained and used, asjj for example, waters im
pounded and distributed for potable use or waters utilized in industrial processes or
waters of crystallization or hydration in nature.
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Imbeaux (ref. 6) classifies hydrology as the "branche fort importante de la
Physique du Globe—*>st une science tres vaste--aussi vasteque la repartition de l'eau
dans 1 unlvers est elle-meme etendue." At least it may be said that among the Earthsciences hydrology is basic, in the same sense as its next of kin—geology and meteor
ology.
I have used the term field to describe the domain of hydrology as a pure science.
The word scope may be used to describe the manner in which and the extent to which it
covers this domain. The scope involves all those portions of the sciences and arts
in which hydrology, pure and applied, plays a significant role. Both the scope and
problems of hydrology are closely related to the various branches of applied hydrology.
This is natural since it is mainly in the applications that new problems arise and the
scope of the science Is extended. This is especially true where other sciences in
volve problems that require the aid of hydrology for their solution.
The definitions given clearly indicate the field covered by hydrology as a pure
science. Its scope is limited to considerably less than the entire field of waterscience.
Hydrography is concerned with the natural distribution of water-resources and so
may be considered as a branch of hydrology. Hydrography includes both areal and volu
metric determinations of the extent of water-resources, Is purely quantitative and may
therefore be considered more properly as a branch of surveying. Hydrology does not in
clude certain sciences which center around water as a physical medium, such as the
biology of water and many aspects of oceanography.
The fact that hydrology has developed largely within the fields of other sciences
has led to the peculiar situation that it has reached a state of great economic impor
tance without either a society or English periodical devoted uniquely to Its advance
ment. The Zeitschrift fur Gewasserkunde, the publication of which began In 1898 and
terminated during the World "War, was excellent and representative of all fields of hy
drology and it is unfortunate that It could not have been continued (The Hydrological
Review, published In Russia beginning in 191*6, is not generally available to English
readers). This periodical contained in its earlier issues a series of papers by Ed.
Imbeaux entitled Essai-programme d hydrologie (ref, 5 ) . These were intended to set
forth in outline the principal lines of development which have taken place in hy
drologie science down to 1898. The scope of hydrology at that time, as indicated by
these articles, was far less extensive than at present. In the period from 1862 to
the beginning of^the present century the only book In English bearing the specific
title Hydrology was that of Beardmore (ref. 3 ) , a mixture of hydrology and hy
draulics. The pioneer book on the science of hydrology In the modern sense is the
volume on this subject by J. F. Bubendey, first published in 1876 as the first volume
of the section on water-engineering of the German Handbook of engineering science
(ref. 11), This book, revised, still continues as the standard European treatise on
this subject. The most recent and apparently the only work devoted exclusively to
hydrology in continental Europe Is the volume on Rivers by Gravelius (ref. 6 ) , pub
lished in 1914, which comprised the first of four volumes of a contemplated work, never
completed, on the elements of general hydrology.
j

The literature of hydrology is, however, extensive and comprehensive. It appears
mainly under other captions and in relation to special topics. It Is largely distri
buted through the literature of meteorology, engineering, agriculture, botany, for
estry, ecology, geology and geography, hydraulics, and, to some extent, other sciences.
Engineering literature, particularly the transactions of the national and other
American and foreign engineering societies contains a large amount of valuable hydrologic material, in much of which the attainment of quantitative results has been under
taken.
The development of hydrology, owing to lack of centralization and lack of coordi
nation, has been extremely unbalanced. Some of the topics have received extensive
treatment, as, for example, transpiration, the theory of ground-water flow, and the
phenomenon of rain-intensity for short intervals, while other topics often closely re
lated and equally important have been much neglected, such as Infiltration, rainfallduration, and rain-intensity for longer time-intervals.
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Relation of hydrology to conservation—Emphasizing the economic aspects, hydrol
ogy may be described as being concerned with the occurrence, utilization, and con
servation of natural water-resources, the word conservation being here used to include
not only constructive uses, involving the substitution of beneficial for passive con
ditions, but as involving also the prevention of injurious or destructive activities
by natural waters, as in soil-erosion and damaging floods.
In accordance with the old Roman law "Aqua currit et debet currere ut currere
solebat --water may be used as it flows and only as it flows. This applies physically
as well as legally to unregulated waters in circulation. Conservation of waterresources, therefore, necessarily implies utilization; non-use is waste.
There are two degrees of conservation of water: ( 1 ) Use as it flows in nature;
and ( 2 ) increased use and efficiency of use by regulation—in other words, conserva
tion by storage of flood-waters, as implied in Kipling s lines: They shall gather
the floods as in a cup and pour them again at a City s drouth.
The hydrologic cycle
Again, hydrology may be regarded as charged with the duty of tracing and ex
plaining the processes and phenomena of the hydrologic cycle, or the course of natural
circulation of water in, on, and over the Earth s surface. This definition has the
advantage that it clearly outlines the field of hydrologic science.
The hydrologic cycle is familiar to all in its general aspects—its complexity
is less commonly appreciated.
The hydrologic cycle is often considered as consisting of three phases, namely,
rainfall, runoff, evaporation. It may more properly be considered as consisting of
two main divisions, each in turn involving two principal phases: (1) Atmospheric di
vision—vapor-phase and rainfall-phase; ( 2 ) surface-division—runoff-phase and evapor
ation-phase. It is interesting to note that each division comprises: ( 1 ) Transport
of water; ( 2 ) temporary storage; and ( 3 ) change of state. Thus the atmospheric di
vision comprises (a) vapor-flow, (b) vapor-storage in the atmosphere, and (c) con
densation or change from vapor to liquid or solid state. The surface-division com
prises (a) runoff, infiltration, or ground-water flow, (b) surface, ground-water, and
soil-moisture storage, and (c) evaporation, or change from sqlid or liquid to the
vapor state* (Evaporation occurs slightly in the atmospheric division and condensa
tion occurs to some extent in the surface-division; freezing and melting occur in both
divisions.)
Any natural exposed surface may be considered as a unit area on which the hydrolog
ic cycle operates. This includes, for example, an isolated tree, even a single leaf
or twig of a growing plant, the roof of a building, the drainage-basin of a riversystem or any of its tributaries, an undrained glacial depression, a swamp, a glacier,
a polar ice-cap, a group of sand-dunes, a desert playa, a lake, an ocean, or the Earth
as a whole.
Figure 1 is intended to show the principal steps involved in the hydrologic cycle
In the most typical case, that of a drainage-basin tributary to the ocean.
Beginning at the top and reading counter clock-wise the path of the water in the
course through the hydrologic cycle may readily be traced. Figure l i s , however, lit
tle more than a suggestive picture from which a wealth of detail is necessarily omit
ted. For example, on the diagram but little space is devoted to evaporation from the
soil. This, however, is a very complex process. It involves the flow of vapor from
the air into the soil, from the soil into the air, temperature-differences between the
soil and air, the diurnal and annual heat-waves flowing into the soil, evaporation
from the water-table, and also evaporation from capillary films in the non-saturated
zone. Vapor evaporated in one part of the soil may flow to and be condensed in
another. These phenomena involve the effect of both salts In solution and of the radii
of capillary films on the vapor-tension of equilibrium. As a further illustration,
the little segment labeled "Temporarily stored on the surface* includes water some of
which goes into the soil as infiltration. In that case the detention or storage is
often but a surface-film or thin layers in tiny pools. Temporary surface-storage
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Fig. 1—The hydrologic cycle
ranges from such transitional phenomena to the extended and long-continued storage of
water in lakes, swamps, marshes, as accumulated snow-layers in winter, as glaciers and
polar ice-caps. Other details might be similarly amplified.
Modes of motion in the hydrologic cycle—The operation of the hydrologic cycle
depends on motion—the transfer or transportation of water in each of its principal
states, solid, liquid, and vapor. The methods by which this t ran si at ion takes place
are so various and so important to th© accompanying phenomena that—no one else having
done so—it may hot be amiss to enumerate some of -them here.
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Vapor state
Cause of control of motion
Vapor-pressure gradients
Thermal gradients
Specific-gravity gradients due to vapor being
lighter than air
Turbulent motion of air
Wind-currents due to barometric gradient

Kind of motion
Diffusion of vapor
Convection

Eddy-convection
Transport en masse
(a) As Invisible vapor
(b) As clouds

Liquid state
Kind of motion
(1) En masse
(a) Laminar flow
Ground-water
Film-water
(b) Turbulent flow
(c) Transient flow
Waves, seiches
Tides
(d) Convective flow
Seasonal overturn
ing of lakes
Oceanic circula
tion

(e) Soil-moisture

(f) Root-absorbtion
(g) Transpirationstream
(2) Disperse
Rain-drops
Fog and mist

Cause of control of motion
Gravity-friction

Gravity-fr i ct i on
Wind-action
Barometric gradients
Lunar and solar attraction-friotion
Thermal and density gradients

Thermal and salinity-gradients
Wind-action
Earth s rotation
Capillary gradient
Surface-tenslon
Solut ion-gradient
Solution and capillary gradients
Osmotic pressure
Solar energy
Tensile strength of water
Gravity-air friction—Stokes law
Air-currents
Brownian movement
Solid state

Kind of motion
(1) En masse
Glacier-motion
Avalanche s
Ic e-transportat!on
River ice,
icebergs
(2) Disperse
Half and sleet
Snow
Falling
Drifting

Cause of control of motion
Gravity-plasticity
Gravity
Ocean-currents
Wind-action
Gravity-air friction
Gravity-air friction
Wind-currents

Relation of hydrology to other sciences
Hydrology is in a large measure founded on physics and hydraulics. It has a num
ber of branches which are commonly recognised. A list of these branches Indicates
both the principal lines of application of hydrology and its most intimate relation
ships to other sciences. They include, among otherss
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Meteorological hydrology
Engineering hydrology
Agricultural and forest-hydrology
Hydro-geology
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Soil-physics
Oceanography
Geography and physiography
Glaciology

These in turn intermesh in a complex manner. Some indication of the relations of hy
drology to a few of the more basic of these sciences is given in the following para
graphs.
Physics—Throughhabit some processes are commonly thought of as physical, such as
osmosis, diffusion, and capillary action, while others, like evaporation, are usually
classed as meteorological or hydrological because of their most common association with
these sciences. All the processes named and many others, including viscosity, surfacetension, gradient-convection, eddy-convectivity, condensation, solidification, and
liquefaction are primarily physical processes and yet are of fundamental importance in
hydrology. Recent advances in sub-atomic physics have diverted attention from mass and
molecular physics but in other ways h a w stimulated research in these lines. Advance in
hydrology at a number of points must await further advance in our knowledge of the or
dinary properties of matter, including those listed.
Hydraulics--Owing perhaps to the earlier application of the name hydraulics to the
mechanics of fluids, including water as the most important representative of the class,
the term hydrology, in spite of the breadth of meaning implied by its derivation, has
come to be limited to that part of the science of water which deals with the natural
occurrence and circulation of water on the Earth.
A distinction that may be made between hydraulics and hydrology is that hydraulics
is concerned with the mechanics and physics of fluid motion, and the origin or source
of the water involved is, in general, immaterial. In hydrology the forces involved
and the conditions of motion are natural and are intimately bound up with the activi
ties of the hydrologic cycle. Hydraulics overlaps with and is applied in hydrology
wherever fluid motion is involved in the hydrologic cycle. The intimate relation of
hydraulics and hydrology is illustrated by the list of modes of motion above given.
The phenomena of wave-motion in natural waters—oceans and streams—has developed
in the field of and is properly a part of hydraulics but flood-movement in rivers is
of the very quintessence of hydrology. It involves, however, the most recondite phase
of hydraulics--variable flow. The theory of ground-water flow, although equally a
branch of the hydraulics of non-turbulent flow of fluids, is mainly treated as a branch
of hydrologic science.
Meteorology—Rainfall, evaporation, and atmospheric vapor-movement are strictly
meteorological processes. Take these away from the hydrologic cycle and there is left
only the runoff-phase, including, of course, ground-water and soil-moisture phenomena.
Practically all vegetation is dependent on soil moisture, that is, moisture derived
from infiltration of rainfall. Streams are related to human affairs, providing water
ways for navigation, water for irrigation, power and mining uses, and for potable
uses, as well as serving for sewage-dilution and natural purification and disposal of
waste materials. It follows that the economic applications of hydrology are derived
almost wholly from the surface- and underground-waters. The supply available for in
filtration and runoff is derived from rainfall, on the one hand, and is limited by
evaporative processes, on the other. The economic importance of infiltration and
runoff is so great that the need for the consideration of the phenomena of rainfall
and evaporation separately from meteorology in relation to the hydrologic cycle is
imperative.
Engineering hydrology—This includes the application of hydrologic data and theory
to the runoff-problem in all its many ramifications, both surficial and underground,
and including all its phases—floods, normal flows, and minimum flow—together with
its economic applications, such as stream-regulation by storage and the provision of
water for power, navigation, domestic, and industrial purposes.
The application of hydrology in some engineering fields, as, for example, in
land-drainage and irrigation, may equally well be classed as part of agricultural hy
drology. The objective of engineering hydrology is the application of hydrology to
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problems of utilization and conservation. This necessitates the use of quantitative
results. Engineering applications have until recently provided the main incentive for
these lines of research by which the scattered qualitative incunabula of hydrology
may be transformed into coordinated science. Much remains to be done to bring hy
drology fully into the domain of quantitative science, as will be more fully noted
later. For example, in a large measure the existing mass of detailed knowledge—not
yet altogether coordinated—of rain-intensity, has developed not from investigations
made primarily for meteorological reasons but largely because of the Importance of a
knowledge of rain-intensity in the practical problem of the sewerage of cities and
towns.
Agriculture, forestry, and the botanical sciences—As already noted, virtually
all plant-life Is dependent on infiltration, two evaporative processes noted in the
hydrologic cycle, interception and transpiration, are direotly related to plant-life.
The supply of moisture to plant-roots, Its conduction through the plant to the
living cells and thence to the evaporating surfaces within the stomatal cavities are
vegetational processes. Thus certain branches of botany, particularly plant-physiol
ogy and ecology, are profoundly interwoven with hydrology. The water-relations of
plants are of great importance and neither the underground or hydrologic factors nor
the aerial or meteorological factors involved can be adequately considered separately
from the other factors.
The plant lives in a dual environment, the underground portion in an environment
of soil, soil-moisture, or soil-solution, water-vapor and soil-air, coupled with
temperature-phenomena, related to but differing greatly in detail from those of the
overlying air. The aerial portion of the plant lives in an environment involving the
air itself, water-vapor, light—particularly sunshine—the alternation of light and
darkness, and temperature as conditioned by insolation and radiation and by atmos
pheric circulation. Growth and life of the plant depend on the maintenance of a
suitable balance between the physical effects on the plant of the various factors in
operation in the two environments. A typical Illustration is that afforded by the
phenomena of wilting of plants.
Similar examples could be given of the relation of hydrology to practical agri
culture, as in the soil-erosion problem, irrigation, and land-reclamation by drainage»
The relations of hydrology to forests, to natural vegetation on uplands and in swamps
and marshes differs only In degree and detail from Its relation to crop-plants. The
hydrology of transpiration and water requirements of plants has developed along two
lines, (1)—and primarily—as a part of the science of plant physiology and (2) as a
part of agricultural engineering.
"Whether all those aspects of hydrology which re
late to plant-development should best be classified as agricultural, botanical, or
ecological hydrology is a question which may be left for workers In these fields to
determine.
The basic data of hydrology
These consist for the most part of direct observational data relating to precipi
tation In Its various forms, the volume of flow of streams, evaporation or waterlosses of the various kinds, data of ground-water fluctuations and flow, and data of
soil-moisture conditions. Each of the main processes of the hydrologic cycle can oc
cur in a variety of ways, involves various elements, and requires a great diversity
of kinds of observation to cover the subject completely.
Here, only a brief mention will be made of the status of the collection of data
• of the three main phases, namely, rainfall, water-losses, and runoff, with some com
ments on ground-water. These brief notes are all intended to be suggestive rather
than inclusive.
Rainfall-- Quant it at Ive records of rainfall appear to have been kept in India in
the fourth century B.C. The earliest records of rainfall now in existence are meager,
undated averages for Palestine during the first century of our era. The modern type
of rain-gage is known to have been in use In the days of Leonardo da Vinci, 1462-1519.
Although the invention of the rain-gage is often attributed to Castella, 1639, and to
Sir Christopher Wren, 1663, it is certain that rain-gages were in use in Korea as
early as 1442 (ref. 7 ) .
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There la an average of one rain-gage or more to every 40 square miles in Jamaica,
Barbados, St, Kitts, Great Britain and Ireland, Denmark, Saxony and the Straits Set
tlements, Victoria and Mauritius. In the more thickly settled portions of the United
States there is usually one United States Weather Bureau station in each county or one
about every 600 square miles. In New England there are in addition many private
rainfall-records. In the sparsely settled regions in western United States there is,
however, on the average only one rain-gage in an area of several thousand square
miles (ref. 7 ) .
Even where the most complete and extended stream-gaging data are available it is
nearly always necessary in the practical application of the data to extend the records
in time or to apply them at some other location, or both. For both these purposes
rainfall-data and physiographic data may be either th© only available guides or val
uable as auxiliary information. In the United States, rainfall-records are often not
sufficiently numerous or complete to serve satisfactorily nor are the existing records
generally checked by systematic inspection (ref. 8 ) . It is certain that a large major
ity of existing winter records of precipitation are deficient because of the common
failure of the ordinary rain-gage to catch the full amount of snow which falls, es
pecially In the presence of wind (ref. 7 ) . The adoption of better methods of measur
ing snowfall than those generally in use is greatly to be desired.
There are many lines of additional meteorological data needed in connection with
hydrologioal work (ref. 14). Most of the data could readily be obtained by existing
Weather Bureau and other organizations.
Stream-f1ow--Apparently the earliest continuous Amerloan records of stream-flow
for any appreciable time-Interval were those made by the pioneer American engineer,
John B. Jarvis, on Madison Brook, for the calendar year 1835, and on Eaton Brook,
June to December 1835 (ref. 15). Both streams are head-water tributaries of Chenango
River in New York. The next important records were those of the Sudbury and Cochituat© areas of the Boston water-supply and of the Croton area. Gradually records
were established at other locations, including the Hudson River at Mechanioville,
1887, but records were extremely meager prior to the beginning of the present century,
at which time systematic stream-gaging had been extended generally over the United
States under the direction of Charles D. Walcott and Frederick H. Newell.
Records of stream-stages go back to earlier periods and some of these early
records have later been converted into discharge-records. Notable among the early
stream-stage records is the record of flood stages of the Nile, extending back to the
seventh century (ref, 9) and long records of stages of European rivers collected by
Gustav Ritter von Wex (ref. 10). A few important runoff-records in Europe began about
1850. At the present time systematic stream-gaging is carried on generally in the
United States and Canada, to a limited extent in England and continental Europe, and
sporadically or not at all elsewhere. Taken the world over, the greater part of the
economic development of water-resources thus far carried out has been made without
the aid of actual measured runoff-data. The future economic development of Asia,
Africa, and South America depends largely on utilization of water-resources and the
extension of 'systematic stream-gaging .to a world-wide basis Is greatly to be desired.
It happens that In general it Is more difficult to obtain continuous and accurate
records of extreme stream-flows, that is, flood-crests and minimum flows, than of the
flow for intermediate conditions but it also happens that the discharge during floods
and in low-water periods is of the greatest practical importance. It is therefore de
sirable that methods of stream-measurement be extended and improved to increase the
continuity and.accuracy of the records and to secure fuller detail In periods of
flood and minimum flow.
Water-losses
Evaporation—The late J, G. Symons remarked that evaporation was the most des
perate branch of the most desperate science of meteorology. There are many hundreds
of evaporation-re cords which have been kept throughout the different countries of the
world, representing thousands of years of observations, yet the methods used in mea
suring evaporation are almost as divers® as the records are numerous. One of the
outstanding problems of evaporation Is to devise means by which more of these records
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can be reduced to a basis of comparison. This also suggests the desirability of the
general adoption of standard methods of measuring evaporation, one similar perhaps to
that adopted by the United States Weather Bureau for Its class A stations. It appears,
however, that two, and perhaps more than two, standard methods of measuring evapora
tion are needed—one to serve the purpose of engineering hydrology, another to meet
the requirements of micro-climatic conditions involved In plant ecology and in the
study of the relation of transpiration to evaporation.
Direct observational data in relation to evaporation from natural soil-surfaces
on bare or cropped fields and in forests are extremely meager except as derived from
lysimeter experiments. As a rule no provision is made for surface-runoff from
lysimeters and the results as regards evaporation from the soil-surface correspond
more nearly to that which would take place from a rainfall-amount equal to th© actual
rainfall plus the runoff which would have occurred if permitted, rather than to the
soil-surface evaporation from the actual rainfall.
Interception—The existing data of rainfall-interception by vegetation need ex
tension in a variety of ways, particularly for winter conditions. The interception
of snow may vary from a trifling amount for very dry snow falling at sub-freezing
temperatures in the wind, to a high percentage of the precipitation for moist snow
with the air-temperature around 32°. The existing data of snow-interception are most
ly European and show surprisingly large losses of precipitation from this cause, per
haps due to prevalence of moist, sticky snow in the regions where the observations
have been taken (ref. 16).
Transpiration—Data of transpiration-losses from plants are extensive and in
cludes (I) Botanical laboratory-experiments, giving mostly relative rather than quan
titative results,* (2) Results of field laboratory-experiments, such as those of Brlggs
and Shantz in this country, J. W. Leather In India, and a number of others—unfortun
ately In connection with many such series of experiments the records of the correlated
meteorological factors are incomplete; (3) field-experiments, such as those which have
been carried out in connection with irrigation-agriculture in western United States
and Canada--until the relation of transpiration-losses to evaporation and other factors
is better determined it is difficult to apply quantitative data of transpirationlosses obtained in one locality to conditions for the same variety of plant or vegeta
tion in another locality.
With regard to transpiration-losses from forests, the experimental results by
Hohnel, in Austria, 1878-1880, although unsatisfactory are still the best available
(refs, 12, 13). Even with complete data of unit transpiration-requirement--say per
pound of dry-leaf matter produced by a forest--it would still in general be impossi
ble to estimate accurately the transpiration-losses from forests in Individual seasons
because of the almost complete lack of data of the extent of the leaf-crop of forest
trees. Data of leaf-crops from forests could and should be obtained. There are
practicable methods of obtaining such data (ref. 13),
Phenology—The extension of the phenological records is greatly to be desired.
In the United States, phenological data should be collected in accordance with some
definite system by the Agricultural Experiment Stations and other organizations and
the results incorporated in annual reports similar to those of the Committee on Phen
ology of the Royal Meteorological Society. Crop-yield data similar to those pub
lished in the Yearbook of the United States Department of Agriculture but extended to
cover individual counties for the principal crops should also be regularly collected
and published. Such data would furnish? (a) A basis for the economically important
correlation of crop-yield with weather and hydrologic factors; (b) a basis for the
equally important economic problem of crop-yield prediction; (c) a basis for practical
application of transpiration-data in connection with the solution of the runoff-problem.
Ground-water and soli-moisture—Aside from the direct economic importance both of
underground-water and of soil-moisture, these are both factors of great importance in
relation to runoff. The flow of streams during most of the time when rain is not
falling is maintained solely by storage, and in the absence of surface-storage it is
maintained by ground-water flow alone. There is little direct relation between streamflow and rainfall during periods of minimum and ordinary flow. In any attempt to cor
relate runoff with its controlling factors, two important links in the chain of data
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are usually wanting; (a) The change of ground-water level during the period under
consideration, and (b) the change of soil-moisture storage in the capillary or nonsaturated zone above the water-table.
There are but few instance, such, for example, as the Pomperaug area in Con
necticut (ref. 17) and certain chalk areas in England (ref. 18) where comprehensive
researches on the relation of ground-water to stream-flow have been made. It appears
that with extensive ground-water storage there Is a very definite relationship be
tween ground-water level and stream-flow in the absence of rain, whereas in certain
other classes of areas, owing either to lack of a permanent ground-water table or to
complicated ground-water conditions, there may be but little relationship between
ground-water level and stream-flow. Areas where the relationship exists are, however,
of wide extent and owing to the existence, in general, of a considerable lag between
ground-water replenishment and the resulting effect on streams, records of ground
water level may afford a valuable basis of stream-flow prediction.
Ground-water level records and records
much more extensively than at present, both
because of the need of such data as a basis
particularly with reference to the solution

of soil-moisture should be maintained
because of their direct economic value and
for scientific researches in hydrology,
of the runoff-problem.

A system of ground-water level records was maintained by Dr. H. B. Baker at a
number of locations in the state of Michigan for a number of years beginning about
1880. Owing to the presence of deep glacial drift-deposits and consequent extensive
ground-water storage, these records show a fair correlation between ground-water
level and stream-flow and even between ground-water level in the Interior of Michi
gan and the levels of the Great Lakes, There is no reason why similar continuous
records of ground-water level should not be maintained by suitable state or govern
ment organizations generally throughout the country. They should be accompanied by
records showing the amount of soil-moisture storage remaining in the ground, say, at
the end of each month.
The problems of hydrology
A complete list of the problems of hydrology is impossible. It would be nearly
co-terminous with a list of the applications of hydrology in both pure and applied
science and In addition would involve much that is fundamental to the science itself,
(Nevertheless, a list of the more Important problems of the present time is desir
able, as a basis for a coordinated program of research. The preparation of such a
list has been undertaken in connection with the water-requirements of vegetation—see
reference 20.) As in physics and other sciences, an advance toward the solution of
one problem uncovers others. The central problem Is that of determining the physical
processes and principles and the quantitative relations involved in the hydrologic
cycle—or less comprehensively,, as put by Ed. Imbeaux, the solution of the runoffproblem. This problem serves also an an illustration of the fact that, in general,
science can only progress as fast as the necessary quantitative data become available.
In the case of the runoff-problem there are, In addition to the lack of ground-water
data, as already noted, other lapses of important information.
Many attempts have been made to correlate runoff with rainfall and other factors,
principally temperature and evaporation. Even with the best available data an es
timate of seasonal runoff, year in and year out, if based on these factors alone, is
likely to be considerably in error. All existing formulas become still more unrelia
ble when applied to a single day or to the fortuitous rainfall and still more casual
runoff of arid regions. Ultimately, runoff equals rainfall" minus water-losses and
this is the basis of the simple English rule of deducting 12 to 16 inches from the
mean rainfall, a rule which is fairly accurate for average runoff for British clim
atic conditions and with British rainfall-data, but, like other rules, is worthless
for short intervals, particularly periods with no rainfall. The failure of existing
methods in the case of estimation of runoff for short intervals or storm-periods
indicates that there are some important variables not included. Among these may be
mentioned rain-intensity and duration and also infiltration-capacity. So far as
direct surface-runoff is concerned it has little to do with water-losses (other than
interception.) It Is governed by rain-intensity in excess of infi It rat ion-capacity
and by rainfall-duration.
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In spite of the enormous volume of ralnfallrdata it is difficult to find a
drainage-basin where sufficiently complete and detailed information as to actual
rainfall-duration and rainfall-intensity is available to permit a close study of the
surface runoff-problem from this angle, (Such data are being provided in connection
with some of the experimental plats of the soil-erosion program of the United States
Department of Agriculture. The first use of the experimental-plat method of studying
runoff appears to have been the experiments carried out by Wo liny—reference 19--many
years ago, using artificial runoff-areas with different slopes* soils, crop-covers,
and angles of inclination to the Sun.)
Research requirements
Research in hydrology may be considered as of two kinds: Experimental—field,
laboratory; correlative—theoretical and mathematical, statistical and comparative.
Experimental research includes: (a) The collection of basic information under
natural conditions, and (b) investigation of specific points by field- or laboratorymethods under controlled conditions. Potometer-studies of transplration or experi
mental-plat studies of runoff serve as illustrations of the latter. The object of
laboratory-research in general is to furnish a logical framework for the interpreta
tion and application of the basic data.
The results of experimental research do not as a rule become a part of the body
of science until they have been correlated to the work of others and coordinated to
the general framework of knowledge. This is the object of correlative research.
Hydrologic literature is filled with examples of experimental researches carried out
on the same subject but done by different workers and under different conditions and
which require correlative research for the purpose of harmonizing and classifying
the results. Studies of evaporation from pans, already cited, is an example of this
class,
It has been suggested that there is less need for the collection of additional
meteorological data than for the scientific reduction and assimilation of data al
ready collected. This is true only to a certain extent but applies, as far as it is
true, to hydrology. A single example taken from meteorology will suffice to illus
trate the manner in which scientific archives have become cloyed with unassimilated
observational data in some instances. The amount of literature and data on the sub
ject of air-temperature is enormous. Man lives in an atmospheric environment, mainly
within a few feet of the ground-surface. This is also the atmospheric environment
of the aerial portions of most plants other than trees. Temperatures of the soilsurface and of the air in the closely adjacent layer are of the greatest importance in
hydrology, but with the exception of studies of certain details, such as the occur
rence of frost, and the nublication of a small German book on the climate of the airlayer close to the Earth s surface, very little has been done to correlate temperatureobservations with the temperature of the soil-surface or with the temperature of watersurfaces. Here, as in most other cases where correlative research is undertaken from
existing data, it is likely to be found that additional observations of a somewhat
different character from those customarily taken are needed to supply connective tis
sue .
Correlative research includes mathematical research. Advanced mathematical
methods have been applied in but few cases in hydrology. These include: (a) Floodphenomena; (b) ground-water flow; (c) statistical analysis of certain classes of data.
There is more geometry in hydrology than might be supposed. The extension of mathe
matical analysis, both elementary and advanced, to hydrologic problems, should receive
more consideration.
Statistical research—Methodology plays an important role in hydrology,particu1 arly applied hydrology. The procedure to be used in the solution of a given problem
is nearly always determined by the nature and extent of the data available. The en
gineer frequently called upon to determine the yield-characteristics of drainagebasins is rarely able to use precisely the same method on different occasions because
of differences in the extent and character of the available data. The methods used
must suit the data. In the stream-flow problem the available data may range from ex
tended and reliable gaglngs of the given stream to fragmentary gagings of an adjacent
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or remote stream, or no gaglngs whatever, requiring reliance upon rainfall-data and
rules for estimating runoff.
The advance of hydrology depends so much on the matter of methods of reduction
and use of data that a brief discussion of this topic seems pertinent here. Three
useful rules may be laid downs (l) The method used should be such as to reduce the
elements of judgment to a minimum and to their simplest terms—it is easier to es
timate linear dimensions than volumes; (2) the method should be one whereby an Inde
pendent computation from th© same data and method would lead as nearly as possible to
an identical result; (3) the best possible use should be made of all the available
data. The application of the last rule must often be tempered according to the ne
cessities of economy of labor and with due regard to th© avoidance of meticulous ac
curacy.
Owing in part to th© large number of independent variables involved in many hy
drologic problems, empirical generalizations must often b© used. . Such generalizations
both facilitate th© application of the results In practice and their correlation with
other similar investigations. The use of empirical generalizations under proper con
ditions is neither avoidable nor undesirable. It is, however, important to recognize
th© nature of th© physical processes involved and their limitations in connection with
the use of statistical methods and empirical formulas.
It may happen that several different types of formulas will give excellent fit
to th© data within the limits of observation but it is important to use the formula
which not only fits th© data but which gives rational results for the limiting or
boundary conditions. Hydrologic literature contains many empirical generalizations
which If extended would lead to absurdities* This is particularly true In the appli
cation of unlimited frequency-formulas, such as the Gaussian law of error, to hy
drologic data which are subject to finite limitations. (Several frequency-curves
have been developed intended to apply specifically to rainfall- and runoff-data. It
should be recognized that all frequency-equations ar© empirical in th© sense that
their applicability to given data cannot be rigorously proven.) The reasons for these
limitations may or may not be obvious. As Illustrating instances where finite limita
tions should be recognized in frequency analysis, it may b© noted that while we do not
know the exact maximum limitation of rainfall at Washington, yet there are meteorolog
ical reasons which show conclusively that it certainly cannot be 1,000 inches in a
month. Similarly, Rock Creek cannot produce a Mississippi River flood—any more than
a barnyard fowl can lay an ostrich egg, and for very much the same reason, namely, it
would transcend natur© s capabilities under th© circumstances.
Summary
Perhaps history will describe the present era as the second renaissance of sci
ence , Many of the older sciences have grown to unwieldly proportions and have multi
plied by fission, so that each new science Is part of its parent, yet a separate in
dividual .
Hydrology is in the same situation as many other sciences which through rapid
growth and sub-division have suffered from lack of coordination of effort and incom
plete correlation of results. Science progresses as it has-problems to solve and
solves them—but also as it develops and classifies the results in relation to the
whole body of scientific knowledge.
This paper points out some of the high spots, and also a few of the low spots, in
the science of hydrology. Much that Is contained herein indicates the weakness and in
adequacy of hydrologic science as it stands today. This need discourage no one.
Quantitatively, at least, hydrology Is little more than a new-born science—many an
infant needs a spanking at birth to give it th© breath of life. There is, in hy
drology, as already noted, (a) a large mass of unassimilated data, (b) a mass of most
ly uncoordinated results of research, and (c) a galaxy of unsolved problems•
The most Immediate needs for th© advance of the science are (a)the collection of
additional basic data along various lines, (b) correlative research and coordination
of existing results, and (c) research to provide connective tissue between related
problems.
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The most general problem is that Involved in the transition from a qualitative
to a quantitative basis, a change which is going on apace in all physical sciences.
The shattering of ancient idols of belief by the iconoclastic methods of exper
imental research has left science ohary of accepting as definitive knowledge anything
that has not been tested quantitatively and then checked and double-checked* Yet the
outlook for hydrology is hopeful. There is enough of established fact and principle
to afford a suitable framework for the main structure of the science and the very con
ditions cited create an opportunity for rapid progress.
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SIGNIFICANT STUDIES IN HYDROLOGY ON THE PACIFIC COAST
W, W, McLaughlin
Information that I was to appear upon this program did not reach me until after
the trip East was more than half over. Data to make such a paper at all complete are
nearly 3,000 miles away and for this reason only the most general statement is possible
and no bibliography is attempted.

