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PREFACE
 

This Report was-prepared in connection with the activities
 
of the Planning Group on Science, Technology, and Development

established by the Organization for Economic Cooperation and
 
Development. It is intended to serve as a basis for evaluating

the current state of the art and research priorities with
 
respect to techniques for assessing hydrological potentials in
 
developing countries. This activity area was selected for
 
analysis due to (1) its importance in the development context;

(2) the relative neglect of research in the area by donor
 
countries and international agencies; and (3) the likelihood
 
that additional research will make major contributions to the
 
solution of critical problems.
 

The Report is based in large part on a preliminary'analysis

prepared by the U.S. Geological Survey for the Agency for
 
International Development /. This preliminary report was
 
subsequently modified and supplemented as the result of comments
 
solicited from numerous reviewers in U.S. Government agencies
 
and universities, other donor countries, and international
 
development institutions. A special panel of water experts

from both developed and developing counries was then convened
 
in conjunction with the First International Conference on the

" 
ansfer of Water Resources Knowledge, Colorado State University,

.,ptember 14, 1972, to react to the revised document. 
 The
 
specific concerns and suggestions expressed by this panel served
 
as the basis for preparing the final version of the Report.
 

Special appreciation is extended to the individuals in the
 
following institutions which cooperated in the preparation and
 
review of the Report:
 

--Organization for Economic Cooperation and Development
 
'(Development Centre)
 

--World Meteorological Organizationi (Hydrology,and Water,
 
Resources Department)
 

--Food and Agricultural Organization (Land and Water
 
Development Division)
 

--United Nations Resources and Transport'Division
 
--United Nations Development Program,
 
-- International Bank for Reconstruction and',Development-:,
--O.R.S.T.O.M. (French Institute for Overseas Research) ,
 

Paris
 

i/ Techniques for Assessing Water Resource Potentials in the
 
Developing Countries (with emphasis on Streamflow, Erosion.
 
and Sediment Transport, Water Movement in Unsaturated Soils,
 
Ground Water, and Remote Sensing in Hydrological Applications).

George C. Taylor, U.S. Geological Survey Open File Report,
 
December 1971.
 



,-Brazil Ministry of Mines (Department of National Water
 
and Electrical Engineering)
 

--Central American Hydrometeorological Project, SaniJose,
 
Costa Rica
 

--India Control Board for Major Products
 
--Mexico Federal Power Commission (Hydraulics Office):,.
 
--Pakistan Planning Commission (Water and Power Wing)
 
--South Africa Department of Water Affairs
 
--U.S. Geological Survey, Department of the Interior,
 
--U.S. Office of Water Resources Research, Department of.
 

the Interior
 
--U.S. Bureau of Reclamation, Department of the Interior
 
-U.S. National Oceanic and Atmospheric Administration-.-,

(National Weather Service)
 
--U.S. National Science Foundation (Office of Polar
 

Programs)
 
--U.S. Environmental Protection Agency (Office of Water,
 

Programs) " .
 
--U.S. Department of Agriculture ,(Agriculture Research
 

Service)
 
--U.S. Department of the Army (Engineer Agency for:
 

Resources Inventories)
 
--U.S. National Committee for the International Hydro-,.
 

logical Decade, National Research Council/NAS-NAE ..
 

--Smithsonian Institution
 
=-Colorado State University (Engineering Research Center)
 
-o-University of Arizona (Department of Hydrology and.
 

Water Resources)
 
--River Forecast Center (Sacramento, California)
 
--Geological Survey of Alabama
 

The Report describes current capabilities and future needs
 
for assessing hydrological potentials under the following
 
topical headings: Streamflow, Erosion and Sediment Transport,
 
Water Movement in Unsaturated Soils, Ground Water, Precipitation,
 
Evaporation, and Hydrologic Applications of Remote Sensing.
 
Established techniques and methodologies are described under
 
"State of the Art", while the most interesting emerging areas
 
for attention by developing countries and foreign assistance
 
agencies are presented under sub-topics entitled "Current
 
Research" and "Research Opportunities for Application in De
veloping Countries." Where possible, generalized estimates of
 
instrument and survey costs, based on 1971 U.S. prices, have
 
been included. Given the close relationship between assessing
 
the hydrological potential and developing and managing the
 
water resource, a separate section has been added to the original
 
scope of the report to describe some of the more promising
 
research approaches toward improved utilization and protection
 
of the resource. The Report does not cover measurement and
 
monitoring of water quality although it is recognized that in
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many Situations the chemical and physical properties of
available water are major determinants of its utility and,

hence, the overall "potential". Water quality has been:

omitted because of the current complex1ity and rapid evolution,
of the state-of-the-art of making such measurements, and * 
extensive literature that exists on the subject. 

the'
 
Selected


references are presented in the Bibliography.
 



CONTENTS
 

'PREFACE. 9 * @ 9 9 99 9 9 9 . 9 9 9 9 9 9 9. 

9%
INTRODUCTION. . 
T 

. . . . 

STREAMFLOW " " ... . .. " "
 

State of thea . .........
 

Instrument and investigation costs.. II
 

.Recent and current research,. ... • . *. 13
 

Research opportunities for application in
 
developing countries. 15
 

EROSION AND SEDIMENT TRANSPORT ... , . . . . . 16
 

/:Recent and current research .......... 19.
 

Research opportunities for application
 

'State of the art....... •..., ....... 17
 

Instrument and survey costs ........ 18
 

in developing countries . . . . . . . . . 20
 

WATER MOVEMENT IN UNSATURATED SOILS. . . . . .. 20
 

State of theart. ... 21
 

Instrument and survey costs . . . . . ... 22
 

Recent and current research ... . . .. 22
 
Research opportunities for application in
 

-. 23
developing.countries 


GROUND WATER . ; 23
 

Research opportunities for application in'
 
developing countries. . . .3 . ... 2,
 

State of the art a0a.0. a. 0.0 . 24
 

Instrument and investigation costs. 29-


Recent and current research ......... 30
 

iv
 



Pagel 

PRBMCIPITATION . ... 33 

,State_.of the art. . . .. . *. . . . ... . 34; 

Recent and current research'. . . . - 36 

Research opportunities for application inm 

developing countries.. . . • . - .7 

EVAPORATION. . 0 0,.. . 38 

State,-of the at . " '; ... 38 

Recent and current research-,". 41 

Research opportufnities for applicationi . 
developing countrieses .. ..... '0. 41 

HYDROLOGIC APPLICATIONS OF REMOTE,. SENSING .- ' 42 

WATER DEVELOPMENT PRIORITIES.. ........ . 51 
CONCLUSIONS . .. .. .0 m . .0.. 56 

CT I LIOGRAPH 
-SELECTED, BIBL O R 0 , :1,,, .. ., ,. ", _59HY 0.,; ..... 

http:State_.of


INTRODUCTION
 

-Although the earth is impregnated with or covered by
 
vast amounts of water, relatively little is available for
 
man's use. One significant constraint on more effective
 
use of water is the present limited state of scientific
 
knowledge and engineering technology related to water
 
resources discovery, assessment, control and management.

Yet ever-increasing demands are placed on available water
 
resources by worldwide population growth and urbanization
 
with attendant needs for greater food production through
 
intensified irrigation and for disposal and dilution of
 
man-generated wastes in the water environment. These
 
demands, in turn, have stimulated rapid evolution of the
 
science of hydrology during the past two decades toward a
 
more sophisticated understanding of the natural role of
 
water in the earth's physical, chemical, and biological
 
processes. Advances in hydrologic science have also
 
stimulated engineering technology to devise more effective
 
ways and means for utilizing available water resources
 
as well as waj7r heretofore not available, notably "fossil"
 
ground water,- sea water and polar ice.
 

All water for man's needs must be obtained from the
 
natural environment. To use and control water effectively
 
requires knowledge acquired through collection, analysis
 
and interpretation of hydrologic data. Such data includes
 
observations of precipitation, snow cover, stream flow,
 
ground water movement, sediment and solute transport,
 
chemical quality, evaporation, soil moisture and many
 
others. Also, the degree to which water resources can be
 
effectively developed and utilized on a sustained basis
 
is directly related to the level of understanding of the
 
hydrologic environment. To draw the first bucket of water
 
is easy enough, but to divert the flow of a large river
 
from one drainage basin to another requires a high level
 
of hydrologic knowledge and engineering technology.
 

.At the present time it appears that conventional
 
techniques for the measurement and evaluation of basic
 
hydrologic parameters are well understood in most-of the
 

1/ Water deriveddirectly from the interior of the earth
 
which-has not previously existed as atmospheric or
 
surface water, or been involved in the hydrologic
 
cycle. It- is sometimes referred to as "juvenile water."
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the developing countries, albeit much more so in some than
 

in others. On the other hand, application of these techniques
 

is being impeded by institutional and economic constraints
 
in many countries which inhibit the conduct of sustained
 
programs of hydrologic data collection and, consequently,
 
application of the data to priority national water resources
 
development objectives. Moreover, experience in the less

advanced developing countries has proven that it may not
 

always be feasible or even desirable to use more sophisticated
 
methodology in hydrologic data collection and analysis, at
 

least not until national hydrological institutions and local
 

cadres of technicians and professional hydrologists have been
 
-- and this is the major focus of
developed. In addition 


this report -- hydrological assessments in developing
 

countries are sometimes retarded by the unique climate,
 
vegetative and geologic conditions encountered in unfamilia
 
tropical settings which limit or render inappropriate the
 

use of instrurients and methodologies utilized in advanced
 
countries of the temperate regions. Consequently, the
 
application of appropriate technologies to assess water
 
potential must be geared to the circumstances and needs in
 

individual developing countries.
 

The results of many types of hydrologic research in the
 

more technologically advanced countries, although primarily
 
directed toward domestic needs, are nevertheless potentially
 
applicable to the rest of the world owing to universality
 
of water problems. Such research can be grouped in three
 
general categories as follows:
 

Process: Precipitation, evaporation, transpiration,
 
infiltration and movement of soil moisture, surface
 
and ground-water flow, channel flow, sedimentation,
 
changes in chemical and physical quality.
 

Environmental: Study of water behavior in various
 
climatic, geographic and geologic environments
 
(e.g. tropical and arid zones, lakes and estuarine
 
areas, and limestone and volcanic terranes);
 
hydrological aspects of watershed management and
 
water resources engineering, including irrigation
 
and flood control; and water quality analysis,
 
monitoring and protection.
 

Methodological: Mathematical analyses, use of
 
digital and analog models of transient phenomena,

nuclear and physiochemical techniques, automatic
 
processing of data and use of computers, instrument
 
development, water information systems, etc.
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The developing countries, naturally, place highest.

priority on research oriented toward water resources de
velopment to meet pressing needs for economic growth. 
On

the other hand, the developed countries are currently giving

high priority to research designed to protect and conserve
 
known and utilized water resources and to control deterio
ration of their quality.
 

There has been a number of outstanding international
 
efforts over the past decade to advance and expand knowledge

in scientific and applied hydrology which has 
 been particu
larly relevant to the needs of developing countries. The
 
International Hydrological Decade (IHD), 
initiated in early

1965 under the aegis of UNESCO with strong participation

by UN specialized agencies and national committeis of 107
 
governments, has played a key role in fostering scientific
 
and technical exchange among participating agencies and
 
governments; in furthering establishment of national net
works for collection of basic hydrologic data; and in
 
strengthening national programs of hydrologic research on
 
a world-wide scale. 
 The World Met rological Organization

has undertaken a broaj)y based program in the area of

operational hydrology-' directed toward the establishment of
 
relevant degrees of standardization in instruments,

methods of observations and techniques of hydrological

analysis -For the developed countries, and providing technical
 
guidance in operational hydrology to the developing countries.

In addition, a large number of internationally-oriented water
 
conferences, such as 
the Water for Peace Conference in 1967

and the aforementioned International Conference on Transfer
 
of Water Resources Ynowledge.held in 1972, provided oppor
tunities for in-depth evaluations and discussions of v rious
 
aspects of hydrologic measurements of relevance to developing

countries. The proceedings of these meetings afford detailed

supplementary information on many of the topics covered in
 
this report.
 

Finally, the principal components of the hydrological

cycle (e.g., precipitation, streamflow) are discussed sepa
rately in this report only because such disaggregation

faci'litates treatment of the subject matter. 
It is clearly

recognized, and is implicit throughout the document, that
 
we 
 are dealing with a truly integrated, dynamically - inter
active "cycle", and that the design and implementation of
 

1 	Operational hydrology includes specification and installa
tion of network stationS and instruments; and measurement,

collection, processing, transmission, storage, retrieval
 
and publication of data for general hydrologic purposes

and for forecasting.
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i 
water development projects, data collection networks, and.
 
systems models which involve measurement of hydrologic 

potential must be based on a full appreciation and under.-'
 
standing of the complex ofinteractions.
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STRBAMFLOW'
 

Man's observation and measurement of'the 'stageoand
 
discharge of rivers dates from antiquity when such knowledge
 
was particularly important in the hydraulic cultures of the
 
Nile Valley, Mesopotamia and the Indus Basin. Measurements
 
of discharge were admittedly no more than crude estimates,
 
but-accurate observations of river stage were possible with
 
simple staff gages. For example, the flood stage of the
 
Nile at Roda near the head of the delta has been observed
 
and recorded for more than 2,000 years.
 

State of the art
 

3bservation and measurement of streamflow are funda
mental to all broadly-based water resources investigations
 
and particularly so to those dealing with surface-water
 
resources. Also, as the water in streams is the most
 
readily available and widely used component of the water
 
mass in the hydrological cycle, methods and techniques of
 
observation and measurement are highly developed. Conse
quently, it is possible to measure streamflow with a higher
 
degree of accuracy than most other hydrologic parameters.
 

Perfected by repeated experiments during the past 80
 
years, the most basic and universally accepted-instrument
 
for measurement of streamflow is the current meter which
 
enables one to measure velocity at selected depths in a
 
vertical section of a stream. With this information and
 
measurements of channel widths and depths, the point (in
 
time) discharge of a stream can be determined. Observations
 
of stream stage are conventionally made by reading a cali..
 
brated staff gage at a selected station--usually daily at
 
a specific time. Continuous observations of stage at
 
selected stations can be obtained by means of permanently
 
installed clock-driven recorders with float and cable
driven drums. Graphs of changing stream stage are auto
matically registered by pen on calibrated charts mounted
 
on the drums.
 

Records of actual flow volume are obtained from rating.
 
curves which are constructed by correlating stream stages
 
with measured discharge. A:common unit of flow is "daily
 
discharge", which is the average volume for a calendar day.
 
Daily discharge in the metric system is expressed in cubic
 
meters or liters per second, and in the English system, in ,,
 



cubic feet per second. Annual runoff from watersheds or
 
river basins is commonly expressed in millimeters of water
 
or units comparable to those used for precipitation and
 
evapotranspiration.
 

Discharge measurements in small shallow streams are
 
made with the current meter attached to a calibrated staff
 
as the observer wades the stream. For deep, wide and swift
 
streams,, the current meter is attached to a weighted cable
 
which is lowered from a calibrated reel into the water by
 
the observer from a boat, a bridge, or a suspended cableway.
 
The number, location and distribution of stream-gaging
 
stations on a river system would depend on such factors as
 
run-off characteristics, diversions from streams for human.
 
use, silt and bed load character, and intendee use of stream
flow information.
 

One of the most significant innovations in the collec
tion of hydrologic data in the developed countriaes over: the
 
past two decades is the digital recorder used for the'-.
 
measurement of river stages. This instrument punches a,''
 
digitized record of water level on 

a paper tape in a manner
 

compatible with systems of computation by high-speed digital
 
computers. The records may be used with any of several
 
stage-sensing devices--floats, pressure transducers, or gas
purge (bubble gage) systems of head-pressure sensing.
 

The processing of the 'databegins with a stage record
 obtained from a digital recorder gage and ends with a
 
-computer printout listing mean daily discharge rates,
 
computed monthly and annual averages, maximum and minimum ..
 
rates of flow during monthly and annual periods, and flood
hydrograph data for floods meeting pre-selected criteria.
 
The processing procedure is called a "gage to page" plan,
 
for almost the entire process is accomplished by the use of
machines with manual quality control utilized to correct
 
..
errors caused by faulty operation of instruments and to
 
interpolate when records are missing. The printout from
 
the computer is ready for reproduction by photographic'
 
methods for formal publication.
 

Another significant development in the collection of
 
river data is the invention of a stage-sensing device
 
called a "bubble gage". This gage was developed to record
reservoir and river stages at those sites where stilling
 
wells and intake pipes are difficult to install and maintain.
 

.The gage consists of a specially designed servomano,. 

meter, a transistorized control, a gas-purge system, and:>
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a recorder. The pressure- corresponding to the.head of water
 
is.brought to the manometer by the gas-purge system.,,, 
Nitrogen gas is discharged slowly through plastic tubing:,
 
from the gage house to an orifice located at a fixed ele.

vation in the stream. The pressure at the orifice, and
 
hence at any point in the delving tube, is related to the
 
head or depth of water over the orifice. This pressure is
 
in turn transferred to the manometer and then to the record
ing device. The manometers have a sensitivity of + 0.005
 
foot, and the entire assemblage can be constructed-to record
 
-ranges in stage in excess of 120 feet. A differential type
 
ofmanometer may be adapted to the instrument to record
 
directly the slope in a short reach of river channel.
 

Perhaps the most significant breakthrough in stream
 
gaging in recent years is the "moving-boat" method which is
 
admirably suited to the accurate and rapid measurement of
 
large rivers in remote areas. The method requires no fixed
 
facilities and lends itself to use of alternative sites if
 
necessary. As with conventional current-meter measurements,
 
the moving-boat technique requires information on the
 
location of observation points, stream depth at each
 
observation point, and stream velocity perpendicular to the
 
cross section at each section of each observation point.
 

During the traverse of the boat across the river, a
 
sonic sounder records the geometry of the cross section and
 
a:continuously operating current meter senses the combined
 
stream and boat velocities. A vertical vane aligns itself
 
in a direction parallel to the movement of water past it,
 
and an angle indicator attached to the vane assembly
 
indicates the angle between the vane and the true course
 
of the boat.
 

The data from these instruments provide information,
 
necessary for computing the discharge for the cross section.
 
Normally, data are collected at 30 to 40 observation points
 
in the cross section for each run. As a point of interest-
individual measurements of the Amazon River at Obidos,
 
Brazil in 1963-64 required 1 1/2 to 2 days to complete by
 
conventional methods. In late 1969, measurements at the
 
same site and of comparable. accuracy were found to require
 
only about 20 minutes each by the moving-boat technique.
 

,Dye-dilution methods of discharge measurement, known
 
for-more than 100 years, have also undergone considerable:
 
refinement in recent years. The development of commercially
available fluorescent dyes and flporometers, which can
 

.
detect these dyes at concentrations as low as, 0.5 part per,;, 
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.billion, has greatly enhanced the use of dilution methods,.

'In.general, dye-dilution methods for measurement of dis
charge are not economically competitive with the current'
 
meter.
 

There are, however, several common flow conditions
 
for which dye-dilution methods offer considerable promise.

These are turbulent mountain streams, flow beneath ice
 
cover and flow in closed conduits. Continuous or periodic
 
measurement of flow in sand channels by means of automatic
 
dye injection and sampling equipment is in the experimental
 
stage. Dye-dilution techniques have also been used success
fully for in-site calibration of orifices, weirs, flumes
 
and laboratory m..4els of spillways. Dilution measurements
 
can be made by injecting a dye tracer at a constant rate
 
for a given period of time, or by injecting a known volume
 
of dye instantaneously. The accuracy of both methods is
 
inherently related to dye loss in the measurement reach.
 
Of course, the accuracy is also dependent on the mixing

characteristics of the channel reach and the measurement
 
of dye concentrations.
 

Much effort is being expended in the developed countries
 
in the perfection of techniques of analysis for the generali
zation and synthesis of streamflow data. It is never possible
 
to collect information at all potential sites of need.
 
The problem usually faced requires generalization of exist
ing data in such manner as to form a basis for the synthesis

of flow data at ungaged sites to acceptable limits of
 
accuracy. For example, methods for generalizing flood
 
experience have been developed. One of these procedures
 
uses statistical methods to choose geographic areas within
 
which flood generation and probability are homogeneous.

Flood experiences at all stations within these areas are
 
composited to develop flood-frequency curves of much
 
broader base than possible from records for a single station,
 
The sizes of floods generated within these areas are ex
pressed as ratios to the mear annual flood.
 

The single-size parameter, the mean annual flood, is
 
related graphically to drainage area size and other topo-.
 
graphic factors. To determine the size of a design flood
 
in an ungaged area by this method, the following steps
 
are taken: (a) determine the mean annual flood for the
 
stream in question, using the graphical relationships. and
 
the applicable topographic factors, (b) derive the ratio
 
of the design flood to the mean annual flood from the
 
composite flood-frequency curve for the area in which the
 
stream is located, and (c) multiply the mean annual flood.,
 



determined in step (a) by the ratio determined in;step (b)
 

Several other more or less sophisticated methods of.
generalizing flood experience are in common use. 
 The

choice between them usually depends on the amount of basic

data at hand and on the personal preference of those
 
engaged in the study. 
Techniques for the generalization

of other streamflow data, such as mean annual runoff or
low-flow quantities, are 
in common use in the developed

countries. The description of even a sample of these tech
niques is not possible here.
 

Perhaps the most difficult problem facing water-data
 
program planners is the design of appropriate networks for
the collection of field measurements. The essence of
network planning is to achieve some stated operational goal

to meet a stated objective, not only for scientific reasons,
but for administrative reasons as well. 
Therefore there

is a need to evaluate as soon as possible a newly established data network and to re-evaluate constantly operating

networks. 
A first step (where a network exists) is the

classification of stations as to the purpose they serve-current purpose or resource evaluation--and their hydrologic

coverage. 
A second step is the assessment of the informa
tion that will be needed considering present and prospective

developments (this would become the first step in a no-net
work area). 
 The third step would be the consideration of
the various methods of meeting the informational needs
subject to the applicable socio-economic constraints:
 
usage of long and short-term stations, storage gauges,

partial record stations and information transfer techniques.
 

Thus, intuitive and judgment factors are utilized

in beginning such data collection networks. Appropriate

weight is given to sampling areas having different topo
graphy, geology, and climate, and to existing needs for

data at specific sites. As techniques are improved, and

the needs for data increase, networks are expanded. As
the network of streamflow gaging stations in a given

country grows, it is necessary from time to time to evaluate

the entire network. The principal classifications of,
stations that might be derived from such an evaluation would
be as follows: (a) primary stations: those having essential

hydrologic significance and operated for indefinitely long

periods, (b) secondary stations: those at which continuous
flow records are obtained for a period of only a few years

(5 to 10), and (c) partial-record stations: those at which.

flows, or stages, are measured only during extremes of
either high or low conditions. In testing the existing
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design of primary gaging stations, statistical methods are
 

used to determine the degree of independence of stations
 
in the network. With these criteria it is possible to
 

eliminate some stations and to pinpoint new areas needing
 
Thus the optimum extent of the required primary
gaging. 


network is determined.
 

The basic rationale in the use of networks of secondary
 

and partial-record stations is to obtain a maximum amount
 
of data at minimum cost. Modern statistical methods in
 

hydrology permit records from these shorter or less complete
 

operations to be extrapolated to accurate estimates of
 
Networks of such
flow parameters for longer periods. 


stations become more dense as water development proceeds-:"
 

in an area and the need for more detailed hydrologic.informa
tion increases.
 

A final consideration is the preservation of the data
 

in a place and in a form useful and available to all. The
 

emphasis in the developed countries is on data, accurate
 

by high technical standards, centrally filed, permanently
 
preserved, and readily available. High consideration is
 

given to the introduction of new techniques where they have
 

promise of adding accuracy or decreasing costs.
 

Virtually all the foregoing techniques and methodologies
 
have been applied at one time or another in the developing
 

Streamflow
countries with mixed measures of success. 

measurement by conventional current meter methods, coupled
 

with staff gage observations for river stage, is in almost
 

worldwide use and is still the most trustworthy method in
 

the majority of the developing countries. Graphic style
 

recorders for more complete stage data are also widely and
 

successfully used in the more advanced developing countries.
 

However, even these relatively simple instruments require
 

maintenance of a nature which inhibits their widespread and
 

systematic use in the more remote regions of the world.
 

The digital recorder coupled with computers has been
 

used experimentally in a few advanced developing countries;
 

however, the high cost and sophisticated technology required
 

mitigate against its wider application in these countries.
 
The same can be said for the bubble gage recorder. Several
 

:
 ,
of these, for example, were installed on the Mekong River

in southeast Asia during the early 1960s and all are now
 

inoperative owing to instrument and maintenance problems
 
beyond the ken of the technical staff.
 

The dye-dilution method fort.ischarge measurement:has:
 
been used occasionally for special hydraulic model studies,
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inilthe developing countries, notably in,'India, Pakistan,

Egypt,' and Turkey but is generally considere6 to be too
 
costly for,routine use in natural stream Channels.'
 

The moving-boat method developed during the past

decade by the U.S. Geological Survey has been proven through

repeated trials to be unquestionably the most efficient
 
and economic means of gaging large rivers in remote areas.
 
The method has now been applied successfully on the Amazon
 
and Sao Francisco Rivers in Brazil, the Parana River in
 
Argentina and the Mekong River in Thailand and Laos. 
 It
 
has the advantages of speed, high mobility and relatively

low cost and thus has wide potential application throughout

the developing world.
 

Office-based operations such as network design and
 
evaluation, analysis and/or synthesis of stream-flow data,

and processing and publication of hydrologic records present

fewer logistic problems in the developing countries than
 
do field observations and data collection. 
Nevertheless,

the quality of office operations depends on intelligent

direction, high standards, adequate financial support, and
 
the personal motivation and competence of assigned office
 
professionals and technicians.
 

Instrument and Investigation Costsl/
 

The costs for hydrologic instrumentation and for con
struction and operation of gaging stations for streamflow
 
measurement range through a wide gamut and depend among

other factors on gaging site location and accessibility,

size and physical behavior of the stream at the gaging site,

and the nature and duration of the hydrologic records re
quired at the site. Gross estimates of some of the more
 
significant of these costs are given below:
 

Simple staff gage station:
 

Construction and material costs-----.---$ 2SO 
Observer services :and, mirntenance 
per year I . . . . . . . . . ..- .300

/ -Costs of equipment and, particularly, technical experts

•vary widely from country to country. In addition,

they are likely to be affected by inflation rates of
 
5-10 percent and higher. .Thus, the data presented in
 
this report should be interpreted as providing relative
 
and indicative cost information, and not current market
place prices.
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.. staton,-with auttomac ,
impe,gagi .
 
graphic recorder:
 

,'Constructionand material costs $ 2,)500. 
Instrumentation----------------.... ------- 1,000 
Hydrologist services and maintenance 
per year . .....-------- l oo50,0
 

Complex gaging station on major river"with' ,
 
digital recorder, telemetry, cablewa, . ..
 
and other instrumentation:
 
Construction and material costs--. ' $25,000;
. 

Instrumentation------------------ -- -10,000
 
Hydrologist services and maintenance
 
per year----------------- - - ------- 15,000
 

Equipping one field hydrologist with -
. "
 

.current.meter and ancillary equipment

for simple streamgaging ----------------- $ 1,50
 

one continuous graphic water-stage.''
recorder with ancillary equipment- ...... . ' , 

On. bubble-gage recorder with auxiliary.1
 
equipment----------------- 1,500
 

One digital recorder with ancil 7
.ry.'


:equipment - - ------- '7W
 

Moving-boat technique:..
 

Instrumentation 3,500 
"Boat and motor------". .. . 5 000 to'!10,o00" 

As an example of field operations for a typical (but
 
hypothetical) surface-water investigations program in a
 
small developing country with a network of 50 .gaging stations,
 
(costs estimated for the U.S.A., 1971) might approximate
 
the following:
 

Installation of 50 staff gages --------------- $12,500.!
 
Observer services and maintenance of-the 

above, per year----------------------- -'--15,000
 
Installation of 10 simple gaging stations
 
with automatic graphic recorders--5 -- 35,000,
 

Hydrologist services and station
 
maintenance, per year---------------- 1 000'
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Equipping. 2 hydrologists for stream.gaging- $..3,00

.Costs.for 12 discharge measurements (one.
 
per'month at $100 per measurement)'

at 50 stations per year-------------------60 000
 

Office computations; compilation and processing of data;

publication of records; and administrative and technical
 
support of personnel might cost $50,000 to $60,000 a 
year
bringing the initial cost of the program to about $200,000
a year. Continuing costs, however, would be in the order

of $150,000 per year. For a large developing country,

these costs might well be doubled or tripled.
 

Recent and Current Research
 

Recent andiongoing research in streamflow instrumenta
tion and methodology may be grouped into two categories;
(1)analysis, manipulation and interpretation of streamflow

data;''(2) improvement of proven, and development of new,

instruments and methods.
 

With respect to the first category, much research is
 
centered on the use of more sophisticated means of storing,

retrieving and manipulating masses of streamflow data which

have already been accumulated, as well -s those yet to be

collected, and also on the production of aids to interpreta
tion of the data by computer methods. Automatic processing

of hydrologic data is finding increasing favor in developing
countries with large backlogs of unprocessed, unverified,

and unpublished hydrologic data, particularly streamflow

records. 
 Such data are only of limited value until compiled
in usable form so that they can be interpreted by professionals

in.terms of significant hydrologic parameters.
 

Several developing countries are resorting to automatic
data processing to bring hydrologic records up-to-date and
 to keep them current, as for example Pakistan and India in
south Asia; Brazil, Chile, Argentina and Mexico in Latin

America; and Egypt, Tunisia, Nigeria and Zambia in Africa.
National data banks with capability for storing, retrieving

and manipulating masses of streamflow data could be much.
 more widely used in the developing world in water resources
'investigations and management.
 

With respect to the second category, many governmental
and private agencies in the developed countries are continuing the search for more accurate instrumentation and
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improved methodology to lower costs and to increase
 
efficiency and .flexibility. 14athematical yodell'ng of
 
hyd'0logic systems has undergone rapid evo'lution in the
 
past"decade, particularly with the wider application of
 
digital'and analog computers to complex water problems.
 
Such models simulate natural and man-made stimuli for
 
changes in hydrologic systems and may be either responsive
 
or predictive.
 

Parametric modelling is ,the most widely,used of model
ling approaches. Since it requires input data with con
siderable detail in time it models transient responses well.
 
Parametric modelling includes component modelling on the
 
one hand and integrated system modelling on the other. In
 
the former, individual components such as infiltration,
 
evapotranspiration, aquifer response and streamflow routing
 
might-be considered. Integrated system modelling might
 
consider, as examples, hydrological forecasting, rainfall
runoff and streamflow-aquifer relations, runoff prediction
 
in various climatic and physiographic regimes, or ground
water basin modelling.
 

Conventional techniques for measuring discharge of
 
streamflow by current water meteis are standardized and
 
well-known. Traditional means of measurement are not well
suited, however, to conditions in 'large rivers influenced
 
by tides, in extreme flood, in shallow turbulent mountain
 
streams or in flow under ice cover. One evolving method
 
for measuring discharge in tidal streams, where no stable
 
stage-discharge relationship exists, is through use of the
 
pendulum-type deflection vane. At gaging sites with stable
 
channels, cross-sectional area is obtained from records of
 
water stage. Mean velocity can be usually related to an
 
index velocity at some point within the cross section. The
 
index velocity can be obtained by the pendulum-type deflec
tion vane. This type of vane can be installed totally
 
submerged reducing the possibility for collecting floating
 
debris near the river surface and for damage from ice jams.
 

A special depth-sounding and velocity-measuring device
 
has also been recently developed for measuring extreme
 
flood flows. This instrument combines a fathometer, a
 
direction compass, and a Price current meter, and permits
 
measurements of depth, direction of current and near-surface
 
velocity with a single setting and without encountering the
 
hazards of complete depth sounding by sounding weight. The
 
technique of augmenting continuous flood records by operation
 
of only crest-stage gages has been enhanced by the development
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a small cheap water stage recorder. This recorder-may be
operated intermittently in a 3-inch pipe well to obtain,
only'flood hydrographs.
 

Nuclear techniques as 
applied to streamflow measurement are 
also evolving rapidly. Radioisotope tracers
can be used in stream-gaging where current meter measurements may be impractical, such is in turbulent high-debris
floods or mountain torrents. Radioisotopes are also used
for time-of-travel flood-flow tracing and for tracing,

leakage from water conveyance structures or seepage from
natural stream channels. Such techniques have already
been applied experimentally by the International Atomic
Energy Agency (IAEA) in a number of developing countries
including Brazil, Turkey, Kenya, Chad,.Greece, and Senegal;
There is opportunity, however, for much wider application
of these techniques in the developing world.
 

Research Opportunities for Application In
 
Developing countries
 

Currently-available streamflow-measuring instruments
run:the gamut from inexpensive, simple measurement devices
t& highly sophisticated, expensive automated systems.
Virtually all of them are directly applicable or easily
adaptable to the streamflow parameters likely to be encountered in developing countries.
 

A prirfcipal need with respect to instrumentation is
for low-cost automated instruments for unattended operation
in remote locations. Such instruments should be designed
for easy calibration and should be sturdy enough to withstand the rigors of harsh environments. Another need is
for development of a device to convert existing strip chart
records into digital records. 
As costs of digital records
are reduced and used by more developing countries, 
there
will be an increasing demand to change rainfall records from
the old system to the new one.
 

Proven techniques designed in the developed countries
for measuring and analyzing streamflow data also appear
adequate for most applications in the developing countries.
Ongoing research on modelling of hydrologic systems and on
automatic data processing (as described in the previous
section) should continue to be pursued vigorously. This
research is not of an "adaptive" nature however, and can
continue to be carried out by, and for, the more advanced
nations. 
Obviously, benefits fr6m breakthroughs will accrue
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toall countries which have the. trained manpower and tech
nological capacity (e.g., computers) to adopt them due to
 
the apparent direct transferrability of the general concepts
 
and methods. The biggest non-institutional gap with respect
 
to application of new techniques is lack of basic data on
 
streamflow characteristics needed to build acceptable analog
 
or computer models.
 

Investigations of minimum data requirements are also
 
needed, adopted to different types and sizes of water bodies
 
and watersheds. Given the costs of data collecting, and
 
the relative unavailability of instruments in many develop
ing countries, improved guidance is needed on what to measure,
 
where* and how often in order to maximize collection of essential
 
data and to minimize extraneous data and, most important,
 
the overall cost of data collection., analysis, and file
 
maintenance.
 

EROSION AND SEDIMENT TRANSPORT
 

Erosion and-sediment transport phenomena are operative
 
in.,greater or lesser degree on most of the exposed surfaces
 
of'the earth. Erosion often begins with the impact of rain
drops on the land surface and continues with the cutting
 
force of running water in stream channels. Sediment trans
port begins in rill wash on exposed soils, continues as
 
suspended and bedload materials in natural stream channels,
 
and ends with deposition in flood plains, lakes, reservoirs
 
and the oceans.
 

Although commonly included in the science of geomorphol
ogy'.erosion and sediment transport processes are nevertheless
 
of'great importance in hydrology and to practical problems
 
of'water use and management everywhere. Questions that the
 
hydrologist might expect to be asked could include, for
 
example
 

What is the useful life of the reservoir?
 
What will happen to the stream (channel) above
 

and below the dam when it is completed?"
 
'What will be the effect of artificial
 

levees on the stream channels?
 
What will happen if the reach of the river.
 

is straightened?
 
What type of bank protection is needed to
 

prevent the river bank from eroding?
 
What depth of scour can be expected at,
 

the bridge pier?
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To answer dqu'stions such as. these, a variety df instrumen
tation' !and methodology'has been developed,- someof£ "Whlch i 
are Ibriefly outlined' in following sections. 

State of the art 

For many years streamflow data collection programs in
 
the developed countries have also included provision for
 
determination of the wash load (about 80-90 percent of the
 
total) of transported sediment in stream channels. The
 
suspended load is conventionally measured with a depth
integrating sampler, which typically consists of a stream
lined case carrying a conventional milk bottle as the
 
collecting container. An exhaust vent allows escape of
 
air when water enters 'the bottle and keeps the inlet
 
velocity approximately equal to that of the stream current.
 
Interchangeable inlet nozzles of various sizes are avail
able to adjust the rate of filling of the bottle. The
 
sampler is suspended in the stream from a wading rod or
 
cable. Tail vanes are provided for large samplers to
 
keep them stable when suspended from a cable. At a uniform
 
speed, the sampler is lowered from the surface to the bottom
 
of the stream then raised to the surface. The sample thus
 
collected is an integrated quantity, with the relative
 
portion collected at any depth proportional to the velocity
 
(or discharge) at that depth.
 

During recent years several models and sizes of depth
integrating samplers have been developed for use in diffent
 
types of streams under varying conditions. Continuous sedi
ment samplers are also commonly included as components of
 
stream-gaging stations with automatic recorders.
 

Bed material sampling under flowing water is difficult
 
because the finer particles are frequently lost in the
 
sampling process and because the instrument itself disturbs
 
the flow path and hence the material being moved. Clamshells
 
(as for example the Foerst bed-material sampler) and similar
 
grabbing devices are commonly used but must be carefully
 
checked for leaks. Bucket-type devices, which sample as
 
they are dragged over the bottom, present similar problems.
 

Reservoir sedimentation surveys are generally made by
 
measuring the accumulation of sediment in a reservoir of
 
known age against original bottom configuration (commonly
 
from original topographic maps) and adjusting for sediment
 
losses over the spillway. Sediment accumulation can be
 
measured periodically by boat, sextant and fathometer
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traverses along established range lines with boat position
 
fixed by on-shore transit. Accumulation of sediment can
 
also be determined by periodic sampling of streams flowing
 
into a reservoir.
 

Radioisotope tracers are. also being used increasingly
 
for sediment studies such as determining the direction and
 
velocity of sediment transport in streams; the stream-bed
 
length affected by transport; the effects of transport on,
 
stream-bed configuration; and longitudinal and transverse
 
dispersion coefficients. Erosion processes are also being
 
studied by labelling soil particles with suitable radio
isotopes and monitoring the decrease of activity with time
 
in experimental plots. Valuable information can be obtained
 
by this method on the roles played by splash or raindrops
 
and overland rill wash in erosion of soil and the relation
 
between erosion and the duration and intensity of precipita
tion.
 

Sediment sampling programs have been undertaken on a
 
small scale in many developing countries in conjunction
 

'
 with basic stream-gaging networks. There are, however, at
 
present few viable or systematic programs of sediment data
 
collection extant among the developing countries. 'The chief
 
problem is usually cost. In many instances developing
 
countries choose to dedicate limited financial resources to
 
streamflow data collection and neglect in the process to
 
give adequate attention to sediment data. A reordering of
 
priorities is the indicated corrective measure.
 

Instrument and Survey Costs
 

'
 Sediment sampling and survey programs are commonly '
 
integrated with stream-gaging networks. Costs for sediment
 
sampling instrumentation, however, must be identified over
 
and above those for streamflow instrumentation described
 in the previous section. Some of the more significant
 
costs for conventional instrumentation and surveys (estimated
 
for the U.S.A., 1971, except as noted) are given below:
 

Instrumentation for automatic sediment
 
measurement at one stream-gaging station-- $ 2,500 

Equipping one field hydrologist with 
sampler(s) and ancillary equipment 
for simple sediment sampling -- -

One hand-operated sediment sampler..-' ,-~--- !7 0kO 
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.One complete sediment determination-.
 
l,aboratiory facility'iiith: full, instru-, .

mentation (based.on'experience in. 


Brazil)----------------


One:,complete reservoir sedimentation . 
survey including equipment and personnel 
costs (based on experience in Afghanistan) 25,000 

One, large,combined outdoor and indoor
 
.hydraulic modelling facility (based on
experience, in Turkey)-------------....-150,000
 

One small.outdoor hydraulic modelling
 
facility (based on experience in Brazil)- 50,000
 

Recent and Current Research.
 

Most current research in erosion-sedimentation problems

is directed toward better understanding of the mechanics
 
of initial sediment movement in stream channels, bed-load
 
movement, suspended-load movement, channel-bed form, sedi
ment yield, scour at engineering structures, riprap, and
 
river-control works and canal design. Applied research on
 
problems of this nature is being actively pursued through

studies of operating scale hydraulic models in virtually

all of the more advanced developing countries as for example

Brazil, Chile, Venezuela, India, Pakistan, Iran, Turkey and
 
Thailand, to name several. Applications of mathematical
 
modelling to-erosion-sedimentation problems in the develop
ing countries is of more recent vintage. Mathematical models
 
should, however, gain increasing favor in the near future
 
because they are versatile and involve much lower initial
 
investment and continuing cost than operating hydraulic
 
models.,
 

Nucleonic instruments have been developed during the
 
past decade and are now being perfected'for estimation of
 
the suspended sediment concentration of streams. They offer
 
some attractive advantages over conventional methods. The
 
nucleonic instruments provide continuous measurement and
 
immediate readings.in the field and eliminate the need for
 
,collection of samples to be taken to a sediment laboratory

for analysis. Two general types of gages have been developed,
 
one for semi-permanent installation and. the other a port-able

unit. .Both'work on the principle of attenuation of abeam
 
of low-energy electromagnetic radiation by the suspended

sediment.. These gages operate inthe concentration.range,
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0.1 to50 grams per liter with an accuracy of + 20% for
 
.ow concentrations improving to + 5% for higher concentra
tions. The t., types of gages are complementary. The
 
portable instrument can be used for spot measurements and
 
also for the siting of the semi-permanent gage, which can
 
provide continuous monitoring of suspended sediment
 
concentration.
 

Nucleonic instruments for sediment studies have been
 
used experimentally in the developing countries and offer
 
considerable promise for wider applict ion if initial costs
 
can be reduced.
 

Research Opportunities For Application In
 
Developing Countries
 

As in the case of streamflow measurement and inter
pretation, the broad range of instruments and techniques
 
currently available for investigating erosion and sediment
 
,transport phenomena appears to be directly applicable, or
 
easily adaptable, to developing country needs. However,
 
virtually all have shortcomings -- either in terms of 
accuracy and reproducibility, or in the high costs of
 
procurement and operation -- which suggests that additional
 
research in this general area might have significant payoffs.
 
A.special need is development of better methods of measuring
 
stream bed-loads for introduction into developing countries.
 

Short-term objectives should include simplifying and
 
reducing the costs of the more sophisticated instrumentation,
 
particularly that based on nuclear techniques. A second
 
important need is to develop a better understanding of sedi
ment source areas (i.e., provenance studies) and the rate
 
of erosion associated with difference rock types, vegetative
 
covers and cultural patterns unique to developing countries.
 
Such research could provide the basis for improving the
 
sedimentation datainput into existing and emerging predictive
 
models of specific hydrologic systems.
 

"WATER MOVEMENT IN UNSATURATED SOILS
 

Soil scientists, hydrologists and engineers are, and
 
have long been, concerned with that part of the hydrological
 
cycle which deals with the transport of water from the land
 
surface through the soil profile down to the water table.
 
A variety of hydrologic processes occur in this zone, in
cluding infiltration, redistribution, percolation, drainage,
 
and evaporation. The water content of the zone is in constant
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flux, being either'in the proces§ of abstraction from the

soilprofile by evapotranspiration, or of replenishment

by rainfall or irrigation. 
Knowledge of water availability

requires detailed mapping of water content and pressure
head distributions in space and time. 
What is needed are
techniques for estimating the flux of water past a given

point and the pressure head or water content at the same.
point.
 

State of the art.
 

i Instrumentation and 'techniques evolved in recent decades
,
in the developed countries include: the tensiometer for
field'measurement of point pressure head; buried porous

blocks of gypsum or fiberglass; and laboratory "hanging

water column" and pressure cell methods for determination
 
of pressure-head and water content of soil samples.
 

The tensiometer in its simplest form consists of a

stoppered water-filfed column attached to a porous cup or
cell, which is placed in a chosen position in the soil profile. 
 The column is connected to a vacuum gage or manometer,

When the cell is positioned in the soil, water moves 
from
the porous cup into the surrounding soil, causing thereby a
reduction of pressure within the instrument and the consequent

depression of the mercury in the right arm of the manometer.
The drier the soil, the greater will be the amount of water

leaving the cup and the greater therefore, the depression

of the mercury. The level of mercury will remain steady

once the suctions in the cup and the surrounding soil are
in equilibrium. Tensiometers give fairly accurate results

within their operational range.
 

Buried porous Bouyoucos blocks provide an alternative
 
means of measuring soi1 moisture suction (negative pressure

head) beyond the range of the normal tensiometer. Blocks

of gypsum or fiber-glass are buried in relatively undisturbed field situations to measure in situ moisture changes.

The method is based on the fact that as 
the moisture content

of the block changes so does its capacitance or its electri
cal or thermal conductivity which can be readily measured.
 

The "hanging water column" or Haines apparatus uses
 
a saturated sample of representative soil which is placed.'
on a porous plate attached to a vessel with a water-filled.
 
open-armed U-tube. 
The water level in the open-arm is I
lowered to a chosen position. The soil solution flows out i
of the sample and a hydraulic equilibrium is established
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between the soil water and the water in the "hanging" .
 
column. The pressure head at equilibrium is measured by
 
the vertical distance from the soil sample to the free
 
water level in the open arm. The water content of the soil
 
sample is obtained either by direct gravimetry or by in.
 
direct means such as measuring the volume of outflow.
 

The pressure cell method uses gas pressure applied to
 
the top surface of a soil sample resting on a porous plate
 
or membrane'whose pores contain water at atmospheric
 
pressure. When the applied pressure just fails to drive
 
water from the soil pores, the applied pressure is considered
 
to equal the soil moisture suction force against which it
 
is working. The expelled water is collected in a container
 
and weighed periodically.
 

Studies of soil moisture have been undertaken in most
 
of the advanced developing countries during the 

past 25
 

years, but mostly in connection with soil surveys and land
use problems. Relatively little attention has been given,
 
however, to movement of water in unsaturated soils as
 
related to hydrologic processes and much 

remains to be done
 

in this field.
 

Instrument and Survey Costs
 

Some of the basic costs forinstrumentation in soil
 
moisture'determinations are given below (for the US.A. 'in
 
1971).'This list, however, is by no means comprehensive.
 

One,jsimple field tensiometer-----------$ 200 

One set of Bouyoucos blocks with electrical 
conductivity meter----W , . ... . 500 

ieOne "hanging water column" apparatus forJiaboratory use with auxiliary equipment-- ,0.00 

Recent and Current Research
 

Perhaps the most notable advance in recent years in
 
the measurement of moisture in unsaturated soils is the
 
neutron moisture gage, which is still undergoing development.
 
The gage consists o a probe, which can be set at various
 
depths, containing a source of fast neutrons and a detector
 
for slow neutrons, which is connected with an electronic
 
instrument. This instrument displays the slow neutron count
 
rate.' The principle of operation is that the fast neutrons .
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areslowed down by elastic col-lision with hydrogen atoms,

which occur primarily in the water molecules. Thus the
 
count rate is a function of the moisture content of the ,

soil. Proper interpretation in use of this technique re
quires knowledge of the soil bulk density, so 
it is common
 
now to have a combined soil moisture-density gage. The
 
neutron moisture gage offers a number of advantages over

conventional methods previously described, such as 
being

non-destructive, easily repetitive, rapid and convenient.
 

The development of methods for satisfactory hydraulic
 
,conductivity and diffusivity measurement in the unsaturated
 
zone continues to be an important research need.
 

Research Opportunities for Application In
 
Developing Countries
 

The assessment of water movement in unsaturated soils
 
of .developing countries is not being seriously impeded either
 
by,-the absence of knowledge of how to measure, or by the

lack'of adequate instrumentation. A variety of proven

conventional techniques and equipment exist which are
 
relatively simple to utilize and available at a fairly modest
 
cost. In addition, a growing array of nuclear-based instru
ments are being developed which have already greatly ad
vanced the state-of-the-art in this field by virtue of their

simplicity and speed of operation, as well as by their
 
improved accuracy.
 

Based on this perspective, priority research areas
 
would appear to include: (1) lowering the cost of nuclear
 
instrumentation; (2) development of new methods for measuring

hydraulic conductivity and diffusivity; and (3) intensive
 
investigation of the behavior of water infiltrating into,
 
or contained within, a variety of pervasive but poorly

understood soils of developing regions (e.g., unique chemical,

physical, and biological properties of lateritic soils).
 

GROUND WATER
 

Ground water, or water in the saturated portion of the

earth's crust that sustains springs and is tapped by wells,

is perhaps the most widespread source of available water
 
for the use of man. Because it must be measured and
 
observed indirectly, however, its physical behavior is not ,
 
as well understood as that of surface water. Nevertheless,
 
ground water is extensively developed for rural.water
 



supplies, particularly in areas remote from perennial
 
streams. Also in arid and semiarid regions, ground-water
 
reservoirs assume special importance, as perennial streams
 
may be widely separated or non-existent, and wells may
 
provide the only dependable source of water for domestic,
 
livestock, irrigation, municipal and industrial use. Even
 
in more humid regions, ground water may be developed in
 
preference to surface water because of easy accessibility,
 
superior sanitary quality,freedom from suspended material
 
and relatively uniform temperature. Although ground water
 
is mobile, it generally moves at slower rates and through
 
relatively shorter distances underground than does water in
 
open stream channels. Consequently, it must Le used essen
tially where it is found and hence from a practical stand
point usually is not exportable.
 

State of the art
 

During the past two decades, important emphasis has..
 
been given to the search for and the exploitation of ground'*
 
water in the developing countries, particularly those ,.n
 
the arid and semi-arid tropics. Optimum utilization of the'..
 
resource demands adequate appraisal through collection of
 
relevant data by appropriate surveys and the analysis and
 
synthesis of such data both before and subsequent to
 
development. Ground water, of course, is a phase of the
 
hydrologic cycle, but the investigation of this water involves
 
techniques and methods that may be distinctly different from
 
those appropriate to other phases of the cycle.
 

The study of ground water entails evaluation of the
 
interrelations of the biological, physical, and chemical
 
characteristics of the water in terms of its geological.,
 
environment as well as evaluations of other phases of the
 
hydrologic cycle, both in time and in space. Such study
 
includes as important elements the areal occurrence, rate
 
and direction of movement, the natural recharge-discharge
 
balance, the geochemical balance of dissolved solids in
 
the water resulting from natural and artificial causes,
 
and the hydraulic response of aquifers to man-made changes
 
in the natural regimen.
 

The techniques employed in ground-water investigations,
 
.depend in large measure on the relative sophistication,.
complexity, and scope of the actual or proposed development'

of a ground-water system. A total evaluation might include.
 
surface and subsurface geological, surface and subsurface'
 
geophysical, geochemical, hydraulic, and hydrological studies.
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A isimpleir ground-water investigation, however, might include'only afew:selected" segments from among, these.; 

Gbod aerial photography and topographic maps are
 
.fundamental to all surveys related to ground water. Also,
 
as the rocks are the natural reservoirs in which ground

water'is stored, and the natural conduits through which it,
 
circulates, knowledge of the geologic framework of a ground
water system is essential to its understanding. Surface
 
and subsurface geologic surveys provide important information
 
on structural features, such as faults, folds, and uncon
formities, and on the areal distribution of water-bearing
 
formations (aquifers) and associated impermeable formations
 
(aquicludes). All these geologic features affect the head,

direction, and rate of movement of ground water; the chemical
 
quality of the water; and the design of development programs.
 

During the past two decades, geophysical studies have,
 
been used'extensively in the developing countries in quanti
tative and semi-quantitative evaluations of ground-water
 
systems. Among surface geophysical methods, electrical
resistivity, seismic, aeromagnetic, gravimetric, and sonar
 
surveys have been employed with varying degrees of success,
 
depending upon accessibility and the geologic character of
 
the area surveyed. It must be understood, however, that
 
most geophysical data analysis is subject to the inherent
 
problem that an equal response can be brought about by

widely differing lithologic and stratigraphic conditions and
 
that a proper interpretation of a given data in terms of
 
actual field conditions requires a thorough knowledge of the
 
geology of the area. Surface electrical-resistivity surveys
are used successfully in one-, two-, and even three-layer*
 
systems, where marked discontinuities occur in the electrical
resistivity profile and where the thickness of each layer

is appreciable in relation to the depth of the discontinuity.

Such surveys are particularly useful in establishing fresh
 
water-salt water interfaces in coastal aquifers.
 

Seismic surveys are used mainly to map discontinuities
 
between impermeable bedrock and overlying water-bearing
 
unconsolidated or semi-consolidated sediments. The method
 
is adequate only where there is a marked contrast in the
 

l/ Electric-resistivity surveys induce electricity into
 
the ground and measure the resistance of earth mateiialsis.
 
to its flow.
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elastic properties.of the two types of rock.
 

Aeromagnetic and gravimetric w,.-th ,dis are also used to
 
locate-uried bedrock surfaces Werppreciable discontinu
ities in rock magnetism and density exist in two-layer
 
systems. Aeromagnetic methods are particularly useful where
 
rapid reconnaissance interpretation of the occurrence of
 
aquifers is required over broad regions. Mapping of bedrock
 
surfaces and thickness of unconsolidated overlying deposits
 
by techniques and equipmeat using low-frequecy sound waves
 
also is finding increasing application, particularly in
 
underwater problems in coastal areas. The principles em
ployed are the same as those used in sonic depth finders.
 

Subsurface or borehole geophysical methods are now 
widely employed in practically all moderately intensive or 
detailed ground-water investigations in the developing 
countries. Electrical logging is perhaps the most useful 
probing tool-in distinguishing aquifer contacts, formation 
porosity, water quality, and fresh-salt water interfaces in 
uncased boreholes. Also, this method can be used quantita
tively, if other supplementary field data are available. 
Gamma-ray, gamma-gamma, neutron-gamma. and neutron-neutron 
loggingis also increasingly used -for raigraphic correla
tion; and for determining porosity, water saturation, bulk 
density, and water quality in subsurface formations. Proper 
interpretation, however, of such radiation logs requires a 
considerable fund of knowledge of the local lithology.
 
Limestones and dolomites, for example, have radioactive in
tensities similar to sandstone.
 

The importance of depth-temperature relations in ground
water systems is increasingly recognized, particularly with
 
respect to water viscosity and the effective permeability
 
of aquifers. An important tool .n the analysis of these
 
relations is the temperature log, which utilizes conventional
 
electrical logging circuits to measure resistance change of
 
a temperature-sensitive metallic conductor. By this method,
 
which can be used in both cased and uncased wells, a
 
temperature log and a corresponding reciprocal-gradient log
 
are derived. From these logs it is possible to identify
 
the aquifer or aquifers tapped by wells.
 

Borehole diameter or cali~er logging is an important
 
tool in long-range stratigraphic or aquifer correlation.
 
The caliper log is also used to determine the condition of
 
an under-reamed section of a borehole prior to placement of
 
a gravel pack and well casing, and to estimate the volume
 
of cement necessary to fill the annular space between the
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,.well casing and the borehole wall. This technique is
 
based on variation of borehole diameter which reflects
 
differences in the lithologic character of te rocks
 
penetrated by the drill.
 

Another borehole technique of wide application is flow
meter logging which provides a record of the velocity an--
direction of movement of water in a well. The log may be
 
made while the well is discharging water at the land surface,
 
while water is being introduced, or while the well is idle.
 
The flowmeter log serves to identify and evaluate the
 
aquifers tapped by cased wells having multiple screens,
 
leaks in cased wells, and permeable zones penetrated by
 
cased wells.
 

Still another borehole probing technique is fluid
 
conductivity logginyK which provides a record of theeectrical
 
conductityo h borehole fluid at all depths. Such a
 
log provides useful information on the position of salt
water leaks in cased artesian wells, and the depth and rela
tive artesian head of salt-water aquifers penetrated by

cased wells. More recently, compact television cameras with
 
wide-angle lenses of short focal length have been designed
 
for on-site inspection of well casings and examination of
 
the lithologic character of borehole surfaces-.
 

Drilling time logging, which represents perhaps the
 
latest development in well logging, may, in its simplest

form, be usefully based on the actual drilling time records
 
of the driller.
 

One of the more sophisticated techniques now in use in
 
the analysis of simulated ground-water systems and the effects
 
of man-made changes on these systems is the passive element
 
analog model which is based on the direct analogy between
 
electric and fluid force fields. For any ground-water system,
 
an analog model employing resistor-capacitator networks with
 
analysers can be constructed with a degree of complexity

dependent upon the nature of the ground-water system and the
 
available basic data. The electric analog model affords a
 
useful means for computing the distribution of potential
 
(or head) at any point in the system under complex boundary

conditions, as well as variable recharge and withdrawal by

pumping. Increasingly, also, the 4lgjtai3poputer is being

utilized to analyze hydrologic interrelatonships-including
 
streamflow-aquifer behavior.
 

Knowledge of the chemical characteristics of ground
 
water is very important in planning its optimum development
 
and utilization, and also for understanding and analyzing
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the functioning of ground-water systems. Geochemical
 
techniques based on the presence of identifiable chemical
 
constituents in minute concentration are particularly
 
useful in tracing the direction and velocity of water
 
movement through the rock skeleton, but must be used in con
junction with adequate geologic and hydrologic knowledge
 
of the ground-water system. Introduced tracers such as
 
salt solutions, fluorescein, and radioisotopes commonly
 
are used for this purpose. For example, radioisotope
 
tracers are being used extensively for geohydrologic studies
 
in many areas of the developing world including the Chad
 
Basin and Nile-Lake Victoria Basin of Africa, the Parana
 
Basin in Brazil, and Cheju Island in Korea. Also radioiso
topes such as carbon-14 and, under certain conditions,
 
tritium are proving useful in determining the relative age
 
of water in different parts of a ground-water system and
 
the span of the "life cycle" of such a system..
 

Chemical quality and temperature relationships also
 
enter into the quantitative evaluation of other ground-water
 
problems, including salt-fresh water relationships in coastal
 
aquifers, base exchange, influx of mineralized waters or
 
brines, aquifers as heat exchangers, induced infiltration,
 
artificial recharge, and disposal of radioactive wastes.
 

Hydraulically, an jquifer serves a dual role as both
 
a transmission conduit and a storage reservoir. In the
 
former role, it transports water from areas of intake to
 
centers of interception by wells or to areas of natural
 

or
discharge such as the sea, a stream, a lake, a marsh 

a drain or locale of evapotranspirative consumption.-

Secondly, as a storage reservoir, the aquifer provides a
 
reserve of water that may sustain base flow in streams or
 
well discharge during extended-periods when net intake from
 
precipitation is exceeded by the aggregate discharge of
 
wells, leakage to the sea, to springs, drains, or streams,
 
and consumptive use in vegetated areas.
 

Because of the importance of the transmission and
 
storage characteristics in the hydraulic behavior of aquifers
 
and ground-water systems, a considerable number of methods
 
have been evolved for the mathematical analysis of problems,
 

1/ "Evapotranspiration" embraces that portion of the pre
cipitation returned to the air through direct evapora
tion or by transpiration of vegetation. No attempts/being
 
made to distinguish between the two.,
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of fluid mechanics as they apply to ground-water flow
 
-systems. To enumerate, borehole and well methods for
 
analyzing aquifer hydraulics include those involving con
stant discharge or recharge without vertical leakage,

instantaneous discharge or recharge, constant head without'
 
vertical leakage, constant discharge with vertical leakage,

and variable discharge without vertical leakage. Channel
 
or drain methods include those applicable to constant
 
Tscharge, constant head, and sinusoidal head fluctuations.
 

Numerical analysis and flow-net analysis provide the chief
 
areal methods of aquifer evaluation. Also, the analysis

of hydrologic boundary problems has been built on a number
 
of methods involving the theory of images.
 

Quantitative evaluation of ground-water systems by

hydrologic methods has had a considerably longer history of
 
evolution in the developed countries than the genesis and
 
use of hydraulic methods. Appraisal of the ground-water
 
resources requires an accounting of the perennial intake,

discharge, and changes in storage with relation to man's
 
existing and future needs for ground-water supplies. In
 
addition, water quality must be adequately defined with
 
regard to temporal and spatial changes in ground-water

systems and the effects of such changes on man's use of the
 
water.
 

Among the methods for evaluating the recharge-discharge
 
balance in ground-water systems are seepage surveys keyed

to streamflow records from gaging stations ai an--lysis of
 
stream hydrograph analysis, and water-budget studies.
 
Methods for estimating recharge or discharge from changes

in ground-water storage include 1imeter or tank studies,


-
observation-well hydrographs, isopch_ ma- -o-e-

change in water level, saturation or rainaget
 
and inirect
-methods. In all storage meths-specific

yield must be known to convert changes in storage volume to
 
water volume.
 

Instrument and Investigation Costs
 

The instrumentation and costs for ground-water surveys

and investigations run the gamut and depend on such factors
 
as extent of the area to be studied; intensity of areal
 
coverage; and duration of the study. Many ground-water
 

rlinesbut representing thickness.
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development programs begin with a broad reconnaissance and
 
then are followed by more detailed investigations as develop
ment proceeds. It is not uncommon for an investigation of
 
a given ground-water basin to continue over a term of
 
several years. Indeed where intensive ground-water develop
ment occurs, as for an example in the Punjab region of West
 
Pakistan, the Ganges Plain of India, and the alluvial plain
 
of Taiwan, almost continuous ground-water observations and
 
study are required to monitor changing conditions during and
 
following development. Representative samples of some of
 
the more common instrument and survey costs (in the U.S.A.
 
in 1971) are given in the estimates below.i/
 

One weekly graphic water-stage recorder
 
with auxiliary equipment for use in
 
observation well -.--, 250 

One continuous graphic water-state
 
recorder with auxiliary equipment for,,..,
 
use in observation well-- ---- ---- 700 

One borehole geophysical logger,' fullYI.i ns t r ument ed . . . . . . . .. -- *. . . .0 6 ,.. 

Test drilling: 
One combination percussion-rotary 
drilling ri...-..7! - - , - 10,000 

Drilling costs, 8-inch hole,, per 6ot 
-Dolomite and limestone-', 5- o 

Unconsolidated sediments- .- -'-- :-'---- 2-20 
'Sandstone---------------------------- 4- 40 
Quartzite--------- ---------------------- 25-250 
Basalt and granite--- ,--- '-"-," 1 

Analog model of small ground-water'basin- --. 15,000
 

Digital model of a stream-aquifer system----- 125,000'
 

Recent and Current Research
 

,-Ther .have probably been few major break-throughs in
 
ground-water science since the work of C.V. Theis'.'who
 

1/ The cost-figures are intended to be indicative and to 
represent relative costs and values. 
 They are subject.
 
to wide variability based on the specific nature of the
 
project and quality of equipment used. Drilling costs
 
are particularly susceptible to wide variations.
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founded modern well hydraulics in 1935, and Muskat's and
Hubbert's formulation of the theory of ground-water flow
in the late 1930s and early 1940s. Nevertheless, ground

water hydrology has evolved substantially toward more
sophisticated applications of basic principles during the
 
past two decades.
 

Most solutions to ground-water problems are concerned

with one aquifer. When more than one aquifer is to be
considered, a system of simultaneous differential equations
with appropriate boundary conditions has to be solved and

the results become very complicated and difficult to evaluate.
For this reason, practical multi-aquifer problems can only

be solved by analog models and digital coruters, both of
which have been much refined in recent years and are now
 
widely used.
 

Analog models have been and still are widely used to
study ground-water problems. 
They have the advantage of
being pictorial or graphic in the analytical presentation,

but they are bulky and difficult to store or transport.
Moreover, they lack the mathematical flexibility of digital

computers. Thus, digital modelling is currently growing in
favor in the analysis of more complex multi-aquifer groundwater problems, as well as surface-water to ground-water and

other hydrologic relationships.
 

Knowledge of hydrodynamic dispersion has advanced in
recent years through study of the movements of contaminants

in ground-water flow and the intrusion of sea water in
coastal aquifers. Solutions for flow equations pertaining

to such problems, however, are available only for relatively
simple and idealized cases. Practically, it must be assumed

that the zone of diffusion between fresh and salty water is
 very thin and that conditions of immiscible flcw prevail.
Radioisotopes also have been used to-determine specific

yie dand hydraulic conductivity of aquifers ar.d to identify
the origin of saline water that contaminates some coastal
 
aquifers.
 

In recent years, mathematical solutions have been developed

for evaluation of problems in aquifers of non-uniform thickness, with sloping impermeable bedrock floors, with varied
lateral replenishment and under various conditions of upward
or downward leakage. Non-linearities in ground-water flow

have been analyzed by analog models. Also,by means of
computers it has been possible to arrive at simplified
solutions to problems relating to two-phase fluid systems in

heterogeneous porous media.
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Studies of groundwater in recent years have been
 
predominally deterministic in their approach. Stochastic
 
methods have been employed in ground-water probles to,
 
considerably less degree than they have in surface-water
 
hydrology. There is, however, growing emphasis on the use
 
of statistical methods in the evaluation of ground-water.
 
interrelationships.
 

There are few if any significant research deficiencies..,,
 
in instrumentation and methodology insofar as needs for
 
ground-water exploration in the developing countries are
 
concerned. In the area of ground-water development, a
 
number of such countries -- India, Pakistan, Iran, Turkey,''.
 
Egypt, Libya, Tunisia and Chile to name a few -- have already
 
embarked on moderate to large-scale ground-water development,
 
projects which equal or exceed in scope comparable projects
 
in developed countries.
 

More critical are institutional and socio-economic
 
factors such as the training and motivation of ground-water
 
scientists; level of technical and administrative support
 
of existing ground-water agencies; and requirements for
 establishing new institutions at both the national and
 
regional levels.
 

Research Opportunities for Application in
 

Developink--ounries
 

It was noted earlier in this chapter that there are few
 
significant research deficiencies in instrumentation and
 
methodologies with respect to ground-water exploration in
 
developing countries. This does not mean, however, that we
 
know all there is to know about locating and appraising
 
groundwater, and that it is simply a matter of obtaining
 
the necessary tools and applying them. What is meant is.that
 
the non-institutional factors encountered in developing
 
countries (e.g., climate, geology, vegetation) are not con
straining or limiting with iespect to applying the present
 
state-of-the-art. Aerial and ground-based geophysica
 
techniques wich have been developed to meet domestic needs.
 
of the advanced countries can be applied in developing
 
countries at a reasonable cost, either under contract or
 
by local experts.
 

The major research requirements and opportunities related
 
to developing country needs are associated with lowering the
 
cost of existing equipment; improving modelling techniques;
 
describing and interpreting water movement throughout river
 
-basin systems of major importance in developing countries;'
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and-in developing new remote sensing techniques for ground
wateriocation and appraisal.,.
 

Modelling of ground-water systems, including surface
 
water interactions, is an extremely complex undertaking

which requires an expansion of ongoing work. Special atten
tion should be given to the application of both analog and
 
digital models to ground-water systems in desert areas
 
with sandy, porous soils (e.g., Kalahari Desert of Botswana
 
and Southern Africa). and in the vast areas of the developing

world underlain by thick sequences of crystalline and
 
volcanic rocks (e.g., Deccan Plateau of India, Ethiopian
 
Plateau; and Southern Brazil).
 

In view of the rapidly growing demand for water in
 
urbanizing areas of the developing world, model studies
 
should be carried out to determine the water supply/demand

relationships for major aquifers, and requirements and
 
options with respect to ground-water recharge.
 

Since basic data on parameters such as rainfall frequency

and amount, rate of infiltration, evapotranspiration, and
 
runoff is essential to building predictive capabilities,,.
 
an intensification of research designed to expand and upgrade

the data base should be carried out for major water systems

in developing countries.
 

* Finally, our present technology is incapable of rapidly.

locating and appraising ground-water reservoirs, regardless

of .their geographic location. Research has lagged in this
 
field because the advanced countries have not, generally

speaking, suffered from insufficient water. Many developing

countries of the arid zone do not enjoy this same luxury,
 
and their entire mode of living and economic development is
 
tied to water availability.. Thus., new techniques for ground
water identification in the arid zone are urgently needed.
 
N.w remote sensing techniques (e.g. multi-spectral scanning)

offer a potential for rapid reconnaissance over vast areas,
 
and these techniques should be carefully and systematically

explored on a priority basis by the developed countries to
 
assess their applicability to specific field problems.
 

PRECIPITATION
 

Precipitation is intrinsically part of the hydrological,

'
cycle, and krowledge of its quantitative distribution in
 

time and space is paramount to any water resources evaluation.
 
Historically recorcld earlier than other elements of the
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hydrological cycle, data on precipitation are in certain
 
regions the only factual information available for water
 
resources assessment. Where these data are available con
.junctively with-streamflow, they collectively provide the
 
basis for employing rainfall-runoff models for hydrological
 
forecasting and/or for data transfei.
 

State of the Art
 

.-!Precipitation in its various forms - rain, snow,'sleet 
etc. -- is usually expressed as the depth of liquid that
 
would accumulate on the earth's surface if there were no
 
loss. The choice of site, the form and exposure of the
 
measuring gauge, and the prevention of 1(' s by evaporation,

wind and splashing effects-are therefore important points
 
to be observed.
 

Rainfall amounts are usually measured by raingauges.

These instruments record the height of the column-of water
 
collected in a container exposed to the local weather en-

Vironment. Readings are usually collected and recorded on
 
a daily basis but storage gauges are used to measure total
 
seasonal precipitation in remote, sparsely-inhabited areas.
 
Rates of precipitation are measured by recording gauges of
 
which there are three principal varieties: the weighing

type, the float type and one which employs a tipping bucket
 
principle. Each has its merits, but the tipping bucket
 
instrument is usually considered to give the poorest results.
 
Most recurders suffer from too condensed a time scaie on
 
their charts whereas the newer paper tape or magnetic tape

recorders allow a more flexible approach because their
 
resolution can be carried over a range of time intervals.
 
The recent introduction of these tape registers has offered
 
a partial solution to the problem of manual processing of"
numerous chart records.
 

Precipitation gauge costs run from $60 for standard 8.
 
inch rain gauges to $1200 for the more'advanced recorders.
 
Installation averages about $225, and inspection andmain
tenance costs run around $150 per year.
 

The difficulties of determining rainfall amounts and .
 

the bias in the measurement introduced by the instrument
 
appear negligible in comparison to errors involved in asses
sing snowfall. Consequently snowfall totals and rates are
 
not readily available even in countries where snow is an
 
important part of the hydrological cycle. Snowfall is
 
directly measured on the open ground with a graduated ruler',
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orscale. The water esuivalent of the snowfall isdeter-miied"iby. one .of the ollowing methods 

(l)i.extracting cylindrical samples of the fresh' snow.
',.,with a suitable snow sampler and weighing, or" 
melting them; 

(2) utilizing either ordinary'raingauges (for immediate readings) or'recording (weighing)
 
instruments;
 

:(3)". employing the approximate 10 to I relationship ?
 
whichexists btween the depth of fresh snow and
 
.thewater equivalent;
 

(4) 	utilizing pressure snow pillows that can be,

monitored remotely and automatically; and
 

(5) 	applying nuclear techniques based on the alter
nation by the snow mass 
of either the earth's"
 
natural radioactivity or that omittedby arti
ficial radioisotopes.
 

.,Point 
data 	are usually used to compute areal values.of

precipitation by means 
of various averaging methods. These
 

:.may range from a straightforward arithmetical averaging

Of'the various point data in the area under study, to the
averaging by mathematical models that relate the point data
 
to topographical and meterological parameters.
 

Radar offers promise as an effective technique for the
direFt measurement of precipitation over large areas (i.e.,
watersheds). Its full potential, however, has yet to be

realized because of inadequate techniques for processing

the radar-produced data and lack of satisfactory correlations

with raingauge calibrations. In addition, the most powerful
radar that exists today measures only areal distribution
 
of precipitation; measurements of intensity and rates are
 
not possible. And radar costs can be prohibitive, reaching

upwards of $300,000 for the most useful of existing systems.
Observations by satellite are also possible and, though the

observations cannot be used for quantitative precipitation

measurements, large and important storm systems can be
observed. From these observations, useful information as 
to
the probable areal extent and time distribution of precipi
tation can be inferred. 
 . * 

Undoubtedly the system with the greatest potential for

gathering information would be one' consisting of a:group of
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telemetering gauges and rader, controlled by a computer 
the type of system that has been installed in a number of
 
basins for river regulation. Since this is also the most
 
costly network to install and maintain, the value of the
 
data produced would have to be high in order to justify
 
such an expenditure.
 

Recent and Current Research
 

Research activities in the field of precipitation involve
 
both instrumentation design and testing and data analysis
 
and interpretation. The mentioned usage of radar to assess
 
areal values of rainfall offers perhaps the greatest promise
 
to achieve rapid and vast aquisition of important data.
 
Operational usage of experimental radar systems for these
 
purposes, however, is years away. Research in raingauge
 
instrumentation to overcome the inherent problem of the
 
instrument itself affecting the measurements is also being
 
conducted. In addition, international intercomparisons are
 
made between the national raingauges and the gauge (a
 
collector-receiver gauge placed in the groundj.-


Research is also underway on the application of satellite
 
imagery to the assessment of snow cover. At present, the
 
resolution of the imagery is still quite coarse (order of 1
 
mile at best) but future satellites and newly-developed
 
sensors should greatly improve the resolution (order of 100
 
metres) in the next few years. Research in the application
 
of multi-spectral imagery appear to offer good promise for
 
the detection of snow condition (including water content)
 
and depth of snow. In addition, two relatively new methods
 
are currently under investigation for the continuous measure
ments of snow density at remote sites; one employs radio
active isotopes, the other snow pillows. Both are readily
 
adaptable to telemetering by eit ef-Falio or land line.
 
The radioactivity method relies on the attenuation by the
 
snow cover of gamma radiation from natural sources or
 
radioisotopes such as Cobalt-60. Measurements can be made
 
on the ground or from aircraft. The water equivalent can
 
be measured with radiation techniques with a standard error
 
or four to six percent when compared with snow tube and
 
snow pillow measurements. The snow or pressure pillow is
 
essentially an air mattress filled with antifreeze solution
 
and fitted with a manometer. It may be air-dropped and left
 
in the field to record and telemeter the weight of accumu
lating snow cover. Some snow pillows have been modified to
 
include a catchment for a separate measurement of the liquid
 
runoff from the snow cover, thus measuring daily liquid runoff
 
as well as the water equivalent.
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Research on improved methods and~technologies ,,for,,
analysis and interpretationof allitypes of precipitation
 
data is underway in a numbertof'important areas including: 

--data network design;
 

--conjunctive use of precipitation forecasting.and
 
river forecasting;
 

--application of precipitation data to derive rainfall
runoff models for forecasting Or design data develop
ment; and
 

-,-rainfall intensity mapping.
 

Research Opportunities for Application In
 
Developing.Countries
 

Virtually all existing operational instrumentation is
 
directly applicable to developing countries and, where
 
available to them, is generally in use. While there is
 
every reason to expect that any new breakthroughs in
 
precipitation assessment will be employed by the developing

countries, thei.- special conditions pose a series of
 
priority-research needs and opportunities.
 

A principal need is for inexpensive data collection
 
instruments and techniques. The former would be enhanced
 
if they were of the expendable type, geared to automatic
 
recording and transmission from harsh, remote environments.
 

Also reflecting the scarcity of investment capital in
 
developing countries is the need for improved techniques

for obtaining precipitation data over large areas based on
 
measurements at a minimum number of point sources. This
 
could involve additional studies in the areas of network
 
design and synthetic hydrology aimed at maximizing informa
tion content while minimizing data collection requirements.

The application of rainfall-runoff models could greatly

upgrade developing country capabilities but it is presently

constrained by lack of basic data on rainfall distribution
 
and frequency. Development of better rainfall models and
 
additional research on design of networks could have sig
nificant payoffs.
 

In addition, intensified research on radar, infra-red,
 
and multi-spectral sensor systems ,could lead.tonew..
 
.techniques for the rapid,acquisition of data onprecipitation
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,distribution and rates over large areas. If developing
ountries only have to pay for the imagery and not the
 
hardware- as is the case with the ongoing U.S. Earth
 
Resources Satellite Program, then utilization of these
 
techniques could also be relatively inexpensive.
 

EVAPORATION
 

The hydrological "potential" of an area is reduced by,
 
among others, the loss of otherwise available water
 
,directly from water bodies, soil, and vegetation through
 
the process of evaporation, and from vegetation through a
 
combination of evaporation and transpiration (evapotrans
piration).
 

In semi-arid and arid lands where agricultural and
 
domestic water are generally scarce and therefore expen
sive, it is often necessary to rely on water stored in
 
ponds and reservoirs during times of surplus streamflow
 
for use in times of drought. The rate of evaporation from
 
the water surfaces varies monthly and is influenced by the
 
geographical location of the pond or reservoir, its ele
vation above sea level, and the size of the surface area.
 
Knowing the amount of evaporation is important for eval
uating overall hydrological potential in support of water
 
management programs and for planning future water resource
 
development. For example, it has been estimated (Leopold
 
and Langbein, 1960, A Primer on Water), that 70 percent
 
of the precipitation falling on the United States is re
turned to the atmosphere through evapotranspiration.
 

State of the art
 

There are no universal standard instruments for
 
measuring combined evapotranspiration losses from a complex
 
'area such as a watershed. By means of several direct and
 
indirect techniques which utilize a variety of common and
 
specialized instruments, it is possible to measure the
 
losses from various components of the watershed. Evaporation
 
pans and lysimeters are often used to provide index dat,
 
on potentioration or evapotranspiration which in
eva 

turn are used to estimate actual losses from lakes, reservoirs,
 
streams, soils, or fields.
 

Evaporation pans are relatively inexpensive items which
 can be purchased or constructed. The standard U.S. National,.
 
Weather Service pan is a round metal drum, approximately

4 feet in diameter and 10 inches in depth. The costs of
 



establishing a Class A Evaporation Pan station is approxi
mately $1600, which covers the pan, a'stilling well' and
 
installation. Twice a year inspection and general mainten
ance averages another $300. It is also possible to construct
 
evaporation pans from 50-gallon oil drums or 5-quart oil
 
cans although it is essential that experts be consulted on
 
the installation and use of makeshift equipment. Pan eva
poration is calculated on the basis of the volume of water
 
that evaporates during a given period of time from a water
 
filled container which is exposed to the evaporative forces
 
of a given environment. Hook gauges and/or floats are used
 
to record the amount of evaporation. Daily evaporation is
 
computed as the difference in water level in the pan on
 
successive days, corrected for precipitation during the
 
period.
 

Lysimeters are tanks made of metal and, more recently,

plastic, and are used principally for studying plant-soil
atmosphere relationships under natural conditions, and can
measure evapotranspiration either directly or indirectly,

depending on the type of lysimeter employed. They are
 
emplaced into the ground to contain a prescribed area of
 
soil and associated vegetation. In most past studies, steel
 
tanks of about 2-6 feet in diameter and 4-6 feet deep were
 
used. Currently plastic tanks having 1,000 square feet of
 
surface area or larger are being utilized for agricultural
 
studies. These instruments usually provide very accurate
 
measurements but some designs are expensive and all are
 
difficult to maintain. Soil lysimeters are subdivided
 
accordingto their method of operation into the following

types: (1) weighed (using mechanical scales and weighing
 
machines), (2) hydraulic (based on the hydrostatical principle

of weighing), and (3) volumetric (evaporation is measured by
 
the amount of water poured in or out of them).
 

While evapotranspiration losses are of great significance
 
in assessing overall hydrological potential, hydrologists
 
are concerned principally with the evaporation component
 
associated with open bodies of water (e.g., lakes and
 
reservoirs). Four general methods have bean developed to
 
compute the rate of evaporation from open water surfaces:
 
(1) Water - Budget; (2) Mass-Transferf3) Energy-budget; and 
(4) a coefficient applied to pan evaporation.
 

The Water-Budget method is a simple and, under certain
 
conditions, an accurate and direct method if all inflows,
 
outflows and changes in storage can be measured precisely'

The application of this method 's often limited to those
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,sites where the ground water flow component is negligible.
 
and where inflow and outflow are small compared with
 
evaporation. In some cases, observation wells along the
 
shoreline can be used to refine the measurements and are
 
particularly useful where significant ground water flow
 
and bank storage occurs.
 

The Mass-Transfer method usually uses a simplified
 
empirical equation. Evaporation is treated as the tur
bulent transport of water vapor from a water surface
 
through the overlying boundary layer to the atmosphere.'
 
The minimum amount of measurements required are those of
 
wind velocity, relative humidity, and water surface tem
perature.
 

The Energy-Budget method is based on the principle of
 
conservation of energy which requires more parametric
 
measurements than the Mass-Transfer method.
 

Evaporation from open bodies of water can alsobe:.;r
 
estimated with evaporation pans by multiplying the loss,
reading by a known coefficient.
 

For the Mass-Transfer, Energy-Budget, and evaporation
 
pan methods, the equipment required to measure the factors
 
is installed on a stationary raft located at a position
 
which represents the average reservoir condition., During
 
the planning stage of a water resource development project,
 
the evaporation pan may be located on land near the pro
posed reservoir site. Raft installations to collect data
 
for the Mass-Transfer method typically include a tape
 
recorder which records wind velocity from two elevations,
 
relative humidity, and water surface and air temperatures.
 
The tape can be transcribed for computer computation of
 
evaporation.
 

Gross estimates of the costs of this installation are:
 

Rift $2000
 
Recorder 3i,00
 

:;.Total $5,000 

Telemetering equipment may be installed for transmitting

'data zfrom. inaccessible'locations or, for;quick comput*ations,. 

although this' will,., oe; than. double .the i cost fisjftrumen-. 
tation.
 



Recent and Current Research
 

Most recent and ongoing research in this area involves

improvement of techniques for measuring evapotranspiration

from agricultural plots. 
Only limited studies have addressed

the need for improved techniques and instruments for meas
uring evaporation from lakes and reservoirs.
 

Research Opportunities for Application in
 
Developing Countries
 

What was said for precipitation can be transferred in
 
toto to this heading. In addition,however, the long
staniding research requirement concerning the development

of low-cost accurate equipment is particularly relevant
 
to 'applications in developing countries. 
And even more
 
than with precipitation, the need for standardization is

particularly felt in the field of evaporation as 
the data
 
collected from widely different evaporation instruments
 
are far lesscompatible than those collected from rain
gauges. The high cost of instrumentation needed to provide

evapotranspiration data of required accuracy is 
a limiting

factor with respect to future expansion of research in
 
this particular area and, hence, suggests the need for
 
additional investigation.
 

Another fruitful field of research is in the develop
ment of atmospheric numerical modelling which can provide

reliable areal evaporation data. Also of high priority

is the formulation of equations for specific areas or
 
reservoir sites which would give better approximaiions

of evaporation when the various computational methods
 
are employed. Finally, observations from towers, air
craft, or satellite using visible and infra-red photo
graphic techniques offer a range of new possibilities

with respect to repetitive measurements of evaporation

and evapotranspiration losses over large 
areas.
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HYDROLOGIC APPLICATIONS OF REMOTE SBNSING
 

Remote sensing is the technique of detecting the nature
 
,:of an object from a great distance without actually touching
 
it. In a restrictive sense, remote sensing activities
 
include only those involving the detection of electro
magnetic radiant energy. Aerial photography, the most
 
widely used form of remote sensing, records an image or
 
picture on film sensitive to the electromagnetic energy
 
constantly emitted in some degree by all objects or matter.
 
Such energy travels as waves, with a spectrum or range of
 
various wave lengths. The longer wave length forms of
 
electro-magnetic energy are known as infrared radiation,
 
microwaves, and radio waves. The shorter wave length forms
 
include ultraviolet radiations, X-rays, and gamma rays.
 

Instruments are in use that can produce images, both
 
photographic and nonphotographic, of energy distribution
 
in each part of the electromagnetic spectrum. These
 
instruments include photographic cameras, scanning
 
radiometers, and radars. The observations made with
 
such equipment are limited to the surface or to very
 
shallow penetration. They provide, however, a basis for
 
discriminating among natural materials because of the
 
contrasts, in black and white or in color, produced by
 
the ditection of differencis in heat radiation and light
 
reflectance from the surface below.
 

In most instances, as a practical matter, remote
 
sensing data are interpreted and used in conjunction with
 
information from surface observations acquired independ
ently of the remote sensing system. Such "ground-truth"
 
information obtained at precisely known, key locations
 
enables the interpreter to correlate patterns, colors,
 
or shadings on his images or photos with known ground
based phenomena, and to extrapolate to other areas which
 
have not been examined on the ground.
 

Remote sensing has perhaps the greatest potential of
 
all advanced techniques thus far evolved for identifying
 
appraising, and monitoring -- on a regional or even con
tinental scale - the earth's mineral, land, and water 
resources and its environmental processes, including the
 
hydrologic cycle. Whereas water development and control
 
has traditionally been carried out on an ad-hoc, local
 
basis, remote sensing now offeTs a capability for approach
ing water-resources development and management on a more
 
rational and integrated basis, and also on a regional
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scale.. A number of excellent possibilities in this
 
regardare described below. It should be borne in
 
,mind, however, that remote sensing technology is still
in its infancy, although evolving rapidly. If its use
 
becomes widely operational (a very good possibility),
it will offer great opportunities for the assessment of

areal hydr6logic conditions. Usage of geo-static

satellites with improved resolution sensors may offer,,

in time, essentially continuous monitoring on a global

scale.
 

Surveys of Water Resources -As noted earlier, good

aerial photography and topographic maps are fundamental
 
to surveys of both ground water and surface water. Remote

sensing provides a means for rapid reconnaissance of
 
:geologic units, rock structures, surface water, and soil

moisture over large 
areas. This in turn can provide the

basis for selecting the most promising areas for more

detailed ground-water surveys. Multipectral imagery,

from the aircraft or satellites, can greatl assistin
 
mapping surface waters and drainage areas, and in planning

and managing irrigation and hydroelectric projects. The

selection of appropriate remote sensing techniques for

these purposes will depend in each case on the types of
 
terrain and vegetation cover, the general nature of the
 
geologic materials to be surveyed and other factors.
 

The feasibility of using thermal infrared techniques

to locate outflows of fresh wa-er aiong coastal areas has
 
been demonstrated in the Philippines and in the Hawaiian

Islands, In these instances, remote sensing revealed
 
discharges of fresh water into the sea in the form of
 
submarine springs or as surface runoff.
 

Watershed Management - Remote sensing offers a variety

of new tools for comparing the moisture input of watersheds

with total water availability and potential output for
 
such purposes as hydroelectric power, municipal water
 
systems, irrigation and the other needs of society. 
In
 
many regions, the accumulation of snow at high elevations
 
provides a major source of water supply. 
By means of
 
space photography, coupled with a limited ground-truth

sampling program, the season's snowpack can be surveyed

as to area, depth, and moisture content to provide esti
mates of expected seasonal runoff. The prediction of

flood conditions and the monitoring of flooded areas are
 
important applications of this technique.
 

In a very large and relatively inaccessable watershed,

such as that drained by the Indus River in southern Asia,

synoptic satellite observations have been used successfully

to monitor total snow-cover, snow line delineation, and
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other-hydrological features. Infrared radiometer images" .
 
were obtained for this same watershed and used to establish
 

,
a,close relationship between the percentage of snow coer

and-the mean monthly runoff.
 

Another application of remote sensing to watershed
 
management involves the analysis of the disposition of
 
precipitation through surface runoff, infiltration, and
 
evapotranspiration. Through remote imagery, a given

watershed can be classified by areas of homogeneity
 
with respect to types of vegetation, water absorption
 
characteristics, and runoff coefficients of the ground

surface. Equipped with such a classification of the
 
watershed and a table of coefficients, it is then
 
possible to predict the quantities of precipitation

which will be absorbed by the watershed and lost through

evapotranspiration under varying conditions.
 

Monitoring Surface Water Resources - Through synoptic
 
coverage of sur icial water resources via aircraft or
 
satellite, it is possible to monitor variations in the
,areal extent of surface water bodies, bank and beach
 
erosion, seasonal variations in sedimentation patterns,

and the degree of siltation in reservoirs and waterways.
 
Changes in the distribution and density of water plants
 
or aquatic weeds, and fluctuations in surface water
 
temperature also can be determined.
 

Remote imagery will reveal the intrusion of salt
 
water into freshwater streams, showing the shape, size,
 
and position of saltwater wedges. The sources and
 
extent of thermal pollution and industrial effluents
 
also can be detected and monitored. In regions where
 
the formation and melting of ice.covers is of practical

importance, space imagery is a promising technique for
 
the regional monitoring of ice thickness and ice jams,
 
and for tracking ice masses.
 

Current and potential hydrologic applications of
 
remote sensing are covered fully by C. J. Robinove in
 
his report entitled "Space Technology in Hydrologic

Applications" (see Selected Bibliography).and are
 
herein summarized in the tabulation that follows. The.
 
tabulation includes both conventional aerial photography
 
as well as more recently evolved remote sensing techniques,
 
which are still in the experimental stage. 
 , 
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A. General Sensor Characteristics and Applications for Hydrologic Studies 

General Comments on Potential Value and Use of 
Remote-Sensor system Remote-Sensor System for Hydrologic Studies 

PanchkomaticPhotography- Panchromatic photography is the most widely used remote-sensing 
technique because of its availability and relatively low cost. 
'Interpretative techniques are well developed and formal training 
in its use is available. Much aircraft data has been taken for 
many purposes. Some special data and some space data available.-

Multispectral Photography Multispectral photography interpretation requires a background of 
spectral-signature studies of terrain and water from multispectral 
systems. Large data return may complicate interpretation. 
Some experimental aircraft data available, primarily 9-lens photo
graphy. Much work has been done with the use of special film-filter 
combinations for specific purposes. Little work has been done on 
interpretation for hydrologic purposes. 

Infrared-Photography Infrared photography is primarily of value in mapping drainagefeatures and shorelines. The water is always black in a positive 

print. Some vegetation characteristics are discernible. Its most 
valuable use is as an adjunct to, but not a replacement for, 
standard aerial photography. Much aircraft data is available. 

olor Photography Color photography, in spite of its built-in spectral redundance, 
promises to be a major tool of the hydrologist in many special 
fields and is sufficiently better for recognition of significant 
hydrologic features that it may replace panchromatic photography 
for many uses. The interpretation capability of the potential 
operational hydrologic users of color photography must be 
greatly increased. Methods for spectral and density extraction 
of data are being developed. Much aircraft and Gemini spacecraft 
data is available. 



Infrared-Color Photography 

iinfrred Radiometry 

Infrared"I, ery 

Radia ge y 

Microwave radiometry 
and lImagery 

Color-infrared photography may be superior to standard 
photography in some respects. It shows differences in
 
vegetation more clearly and provides a slightly higher
 
contrast on water surfaces. Its general superiority to
 
standard color photography has yet to be proved but it
may be highly useful and is worthy of much additional
research. Aircraft data is available.
 

Infrared radiometry is very useful for sequential measure-. 
ments of changes in land and water surface temperatures-
because it is a simple measurement technique and data re-: 
duction simpler than for infrared imagery. Radiometry is. 
routinely used for periodic surveys of near-shore oceanic 
areas. Data is available from aircraft and from Tiros 
and Nimbus Satellites.
 

Infrared imagery has shown its value as a tool for measuring 
water-surface temperature and as a means of qualitatively 
differentiating some terrestrial features. The lack of a
 
simple means of determining emissivity hampers its quantitative 
usefulness. Analytical techniques for proper use of the 
reduced data need to be developed. Data is available from 
aircraft and from Tiros and Nimbus Satellites.
 

Side-looking airborne radar has an all weather capabilityfor coverage of large areas. Its ability to penetrate
 

foliage and accentuate topographic features enhances its
 
value. Water-surfaces are excellent reflectors of micr0%o,7yesj
 
resulting in a uniform black-tone image. For these reas&ns stream
 
drainage systems and water surfaces are easy to identify. 
The black-tone precludes measuring the physical, chemical
 
or biologic characteristics of water. Radar may be of value 
in terrain analysis for ground-water exploration. Aircraft data 
available for U.S., Brazil, Panama, and Venezuela. 

Passive-microwave sensors measure the brightness and temperature of 
terrain and water surfaces. Spatial resolution is lower than 
infrared systems but radiance is directly proportional to 
temperature. Probably will find greatest application in oceanic.-.

and snow-field mapping. Aircraft data is available. 



B. Application of: Sensor Systems to Measure: Physical*, Chemical and Biological Water Properties 

Remote-sensor System 

Panchrcmatic Photo-
gr hy 

Multispectral
Shotography., 

Infrared'Photo
graphy. 

Color Photraphy 

Infrared-Color" 

Photography 


Measurement of Physical Charac--
teristics of Water Surfaces - , 

Largely unproved, with the 

exception of the ability to-
sense streamlines on water. 
surfaces that may be indica
tive of movement of pollutants 
or other effluents. Small 
data use. 

Largely unprovd but may beuseful in special situations 

Small data use. 


Not usuable because water sur-
faces always appear black in' 
infrared photography.; No data 
use. 

Of some value but rigorous 

evaluation has not been made. 

Small data use. 


May provide a higher contrast 

for mapping of discontinuities 
on water surfaces than any 
other type of photography.
Small data use. 

Measurement of Chemicaland io
l'gical Characteristics'of Watei, 

LUseful only for assessing some 
vegetation types. Small data 
use. 

May be valuable as a suppleiment-
to 6ther photography but Sie&


ific interpretation criteria
 
have not been developed. Small
 
data use. 

Not usable because water surfaces 
always appear black in infrared
 
photography. No data use.
 

Probably a high potential for use
 
'butit must be supported'by-basic
 
research in the spectral response
 
of waters of various types.
 
Small data use.
 

Probably not helpful in detection
 
and identification of substances
 
in water but may be useful in
 
mappingtheir distribution. .Small
 
data use.
 



,nfrared Radio-
metry 

ifrared"ImAgi y.-_ 

adaimagy 

.Microwaveradio_ 
metry and iAmaery, 

Valuable for measurementof 
water-surface temperature but 
will, not achieve its greatest,,.._ 
potential until there is.'full 
development of analytical .
equations that express the.
 
temperature distribution
 
within a water body as a
 
function of the surface temp
erature. Moderate data use.
 

Valuable for measurement of' 

water-surface temperature 
over.,large areas but will not 
achieve its greatest potential 
until there is full development 
of analytical equations that
express the temperature dis
tribution within a water body
 
as a function of the surface
 
temperature. Small data use.
 

Water is an excellent reflector 

of microwaves and, therefore, 

water surfaces show as a uniforr 

black tone on radar imagery. 

Radar imagery, therefore, is of
 
little value in measuring physic
 
chemical, or biological characte
 
of water but is useful in locati
 
and mapping areas of open water.
 
Small data use.
 

4ay be used for measurement of 

temperature. Small data use." 

Valuable only if the chemical' 
or biological factors have an 
effect on the temperature or.-.
 
emissivity of the water
 
surface. Small data use.
 

Valuable only if the chemical<7

or biological factors aave. an 
effect on the temperature or 
emissivity of the water surface.-
Smalldata use. 

Radar imagery is of no Val..e,"in"
measuring physical or cheica, 
or biological Characteristics-_ 
of water.' No data use.
 

Pr6bably .fNo. use.l'--.e.data 



C. Application of Sensor Systems to Assessment of Ground Water, Geomorphology
 
And Liquid-Vapor Transfer
 

Reote-Sensor S-Syst6m 

Pz; catic: 

Multispectral 


htPhogaphy 

infrared Photoraphy 

:Color Photography 

Mapping and Description of 

Ground-Water Features 


Highly useful for hydro-

geologic mapping, drainage

mapping, and identification 

of vegetation features 

associated with ground 

water. Large data use. 

May be useful but perhaps 


not superior to pan-

chromatic photography.
 
May be useful in
 
differentiating vege

tation types as indi
cators of ground water. 
Valuable as adjunct-to6 


panchromatic photography 
because some rock units 

have different contrasts 

and are, therefore, more 
recognizable. Moderate
 
data use. 

High potential for hydro-

geologic and aquifer 

mapping as an adjunct to 

the more readily available 

standard panchromatic
 
photography. Small data use.
 

P-obably superior to 
standard color photography 
in defining vegetation 
and soil characteristics.
 

Small data use.
 

Geomorphology and Assessment of 

Changes in the Hydrologic Regimen 


Excellent for measurement of 

geomorphic parameters. Small-

scale photography allows 

systhesis of large features.
 
on a regional basis. Large
data use.
 
Notyet evaluated for this 


purpose. 

Helpful in addition- to 

normal aerial photography 
but not normally used
 
alone. Small data use.
 

Helpful in determination 

of types and composition of 

surficial deposits. Small
 
data use.
 

May ,be,superior to standard 

photography.i Small dataue. 

Measurement of
 
Liquid-Vapor
 
Transfer in Hy
drologic Cycle
 

Not applicable 
to this
 
problem.
 

Not-'Oplidable
 

to' ths problem. 

Not-applicable 

to.-tiisproblem. 

Not applicable 
to.this problem. 

Not applicable 
totis problem. 



!E' -SkiSsor system 

Infrared Radicimetry 

nfrtaqrd eiagey 

da I'"gerx 

McroAve radio-. 
metr .and i gery 

Mapping-and'Description of 
GrOund-Water Features 

May be helpful in measure-
ment of soil and ground-

water discharge to streams 

but is less helpful than 

infrared imagery because of 
the small area covered
 
and the difficulty of lo
cating the trace of the
 
radiometer on the ground.
 
Small data use.
 

Now being evaluated as a 
tool for locating points 
of ground-water dis-
charge to streams.i"'Small 
data use. 

Moderately valuable in. 
mapping geologic 
structure and in some
lithologic differentia
tion for ground-water 
exploration. Small
 
data use.
 

May not be useful 
because of coarse 
resolution. No data 
use. 

Geomrph6ogy and Assessme of 
Changes i nt tHydrologic . Regi en 

Probably nbt useful for this 

purpose.. Small data use. 


Not.yet evaluat6d. Small 
dat..use. 

Now ng evaluated.-' Small 
data 

Probably not useful6 fo 
this surfacei. No data use' 

Measurement of
 
Liquid-Vapor
 
Transfer in Hy

drologic Cycle
 

Helpful in deter
mining radiative
 
transfer of ener
gy 

Useful in 
regional atmos'
pheric physics

but not used in 
small-scale
 
studies. Small
 
data use.
 

Usable ohl 
high altitu 
Doubtful us
 
micro-clima
 
No data use.
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WATER DEVELOPMENT PRIORITIES
 

The focus of this report thus far has been on the
 
assessment of hydrologic potential in developing countries.
 
Inventoring and appraising the location, amount, quality

and overall potential of the water which exists on or
 
near the earth's surface is obviously but a precursor to
 
development of the resource in the full sense of the term.
 
Since water development programs in developing countries
 
are limited by an inadequate capacity to actually obtain,

utilize and conserve water, as well as by the aforementioned
 
lack of assessment capabilities, it appears proper and
 
useful to briefly acknowledge several potentially high
payoff research areas related to the developmental phase

of water resources. These priorities include:
 

--hydrological research re: to the use of brackish
 
waters for irrigation;
 

--desalination of seawater for urban supply in coastal
 
zones;
 

--evaporation suppression from relatively small open
.water reservoirs;
 
'-artificial recharge of ground-water reservoirs'
 
(aquifers) with surplus or reconditioned surface
 
water;
 

--conjunctive use and management of surface and
ground water in irrigation systems;

analog and digital computer modelling of alternatives
 
in water development and management; 

--optimization of development and management of water 
resources of desert (non-renewable) aquifers; and
 

--optimization of ground-water extraction from aquifers

in crystalline and volcanic flow rocks.
 

Brackish water aquifers are widespread in arid and
 
semiarid-regions of the underdeveloped world as, for
 
example, North Africa, southwest Asia and the arid coast
 
of western South America. If strains of salt-tolerant
 
food and fiber crops can be evolved by plant geneticists,

such water could be used for extended irrigation in these
 
regions. The disposal of saline waste water from such
 
irrigation projects would constitute an area for applied

research.
 

Desalination technology is rapidly approaching the
 
stage where desalted ocean water may become econotic for
 
use J.n large urbanized and industrialized coastal zones
 
of-developing countries. In puch situations, the concen-
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tration of population, user demand, water availability,

and presumably financial resources should converge to
 
offset high water costs. Such desalted water might even
 
be blended with poorer quality water to obtain larger

volumes of acceptable or potable quality.
 

Evaporation suppression is a promising research area
 
which -as-important and immediate application in develop
ing countries. Several. techniques have been employed,

mostly on an experimental basis, to reduce the water'
 
losses due to evaporation from the surfaces of ponds and
 
reservoirs. The building of dikes to restrict the surface
 
area of the water bodies has been used effectively.

During the p'anning stage, the relationship between the
 
incremental surface area and corresponding storage

should be studied to evaluate the feasibility of diking

shallow sections of the reservoir. And whenever an
 
existing reservoir is evaluated, diking to reduce evapora
tion should likewise be considered. Large-scale tests
 
have been carried out on the application of monomolecular
 
films to the water surface to suppress evaporation.

While this technique appears promising, there are many

problems that r7'ist be solved before such films can be
 
recommended for use on a practical basis.
 

Artificial recharge of ground-water reservoirs with
 
reconaitioned waste waters, or surpluss 3T_-
 aura-sur
face runoff, is now practiced in Europe. W;ater-spreading

and recharge wells are the two most common methods used
 
in artificial recharge. 
Because of cost and the complexity

,of the required technology, recharge wells probably have
 
limited applicability in developing countries in the near

future. Water-spreading by flooding, basin, ditch or
 
furrow, and natural channels is relatively nominal in cost,

however, and has wide potential ap'dlication. Strong

emphasis is now being given to la.-ge-scale groundwater

development for irrigation and other uses in developing

countries such as India, Pakistan, Iran, Egypt, Turkey,

Taiwan, Chile. As such development proceeds and inten
sifies, increased attention will need to be given to the
 
technical feasibility of artificial recharge for replenish
ment of depleted ground-water storage and for control of
 
water quality. In anticipation of such needs, applied

research on artificial recharge methodologies appropriate

,,to local hydrogeologic conditions needs to be undertaken
 
in some of the more advanced developing countries.
 

In both developed and developing countries, surface
water and ground-water are often considered to be wholly
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independent resources and are-frequently developed and
 
managed by separate governmental agencies which have
 
Very little or no communication with one another. The
 
fact is that streams and ground water are intimately

inter-related and inter-dependent in many hydrologic

environments. The development and use of one sooner or
 
later affects the other. Disregard of this relationship
 
can lead to disaster, particularly when withdrawals of
 
substantial quantities of water are involved. For this
 
reason, the concept of conjunctive use and management

of all water resources in a given hydrologic basin is
 
increasingly being implemented throughout the world, as
 
for example in the Punjab region of West Pakistan, and
 
in the lower Nile Valley and delta of Egypt. The concept
 
needs to be extended, however, to other critical areas
 
such as the Ganges Plains of India, and the river valleys of
 
Chile, Argentina and Peru. Through conjunctive use, all
 
the available water resources of a given valley or basin
 
can be developed and managed optimally and equally, but
 
much local research, hydrologic assessment, and water
 
management planning (with special recognition of unique

socio-economic conditions) is needed to achieve this
 
goal.
 

Modelling of hydrologic systems through use of analog

and digita-computers is now well-'established in the
 
developed world, but is not widely practiced in the de
veloping countries. There are, however, analog models
 
of the Nubian aquifer system of the Western Desert of
 
Egypt, the Punjab region of West Pakistan, and the Chad
 
Basin of west-central Africa that are functional and
 
that are used extensively for interpretative evaluation
 
of the response of hydrologic systems to development
 
stress. Digital modelling is being employed in Chile to
 
study stream-aquifer relationships in the transverse
 
valleys of the central part of the country and is being

considered for use in Argentina and Brazil. Much wider
 
application of modelling is potentially possible in most
 
of the developing countries particularly for guidance of
 
water managers in making optimum choices from among arrays

of alternatives in water-resources development.
 

Many productive aquifers in arid regions of the world
 
contain large volumes of excellent water in storage which
 
can be tapped by well-known deep well extractive techniques.

The water in such aquifers is, however, non-renewable under
 
prevailing climatic conditions. This water is not naturally

replaced once it is withdrawn and hence must be considered
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a "wasting asset" just'as ary other mineral commodity.
 
Aquifers of this type are wide-spread in North Africa be
neath the Sahara and in the deserts of eastern Saudi Arabia
 
and elsewhere in southwest Asia. Development of water from
 
such aquifers& must be undertaken with the full understanding
 
that ultimately the supply will be depleted, usually within
 
a term of a few decades, and that capital investments will
 
have to be amortized within the life-span of economic with
drawal. Development of such aquifers is now proceeding
 
apace in several parts of Algeria, Libya, Egypt and Saudi
 
Arabia, but frequently with inadequate foresight and under
standing of the hydrologic and socio-economic implications
 
of ultimate depletion.
 

Many arid and semi-arid areas in the developing world
 
are desperately short of water, yet lacking in perennial
 
streams or productive aquifers that might be tapped for
 
irrigation or public water supplies. Such areas which
 
characterize large parts of sub-Saharan Africa, western
 
Saudi Arabia, western India and elsewhere are commonly
 
underlain by crystalline or volcanic flow rocks which form
 
poor or mediocre aquifers. They could benefit substantially
 
by creation of large subsurface cavities for water storage,
 
possibly through underground nuclear explosions. nother
 
possibility is explosive-induced fracturing in near-surface
 
impermeable zones, and creation of shallow craters into which
 

water could be accumulated for percolation and storage under

ground. Such techniques may be uneconomic at the moment and
 

would have to take into account national and local political
 
sensitivities involved in the utilization of explosives on
 
a large scale, particularly those of a nuclear type. They
 
have, however, considerable future promise and need to be
 
fully evaluated.
 

The possibility of increasing atmospheric precipitation
 
through weather modification has been the subject of much
 
discussion, speculation, and research over the past decade.
 
Studies have disclosed that under certain meterological
 
conditions, precipitation may be measurably increased and, on
 

occasions, decreased through seeding of clouds with silver
 
iodide or potassium iodide. Dry ice has also been used but
 
with anomalous results. The use of computerized cloud
 
models has greatly improved the ability to predict seeding
 
effects. However, despite certain technological advances,
 
the state-of-the-art of weather modification is such that
 
it is impractical to think in terms of its use for rainfall
 
augmentation in developing countries in the foreseeable
 
future. Cloud seeding experiments have generally yielded
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ambiguous results; cases-have been noted-where precipitation has occurred 200 kilometers from the "seeding
zone". In addition, the technological and logistical

backstopping requirements (e.g., specially stressed and
equipped aircraft, sophisticated weather support services,

advances aeronomy) simply are not available at realistic
costs in most countries. Finally, the legal and political
implications of man-induced changes in rainfall rates and
distribution patterns are so uncertain and potentially

severe that it is problematical if and when weather modification will become an important factor in water development

planning.
 



CONCLUSIONS
 

Many conventional techniques for the measurement and
 
evaluation of basic hydrologic parameters as well as for
 
the assessment and monitoring of water resources potential
 
are directly applicable to the needs of developing countries.
 
In those countries with adequate manpower and institutional
 
capabilities and with the necessary investment resources,
 
approaches to water resources assessment and development can
 
essentially parallel the approaches used in developed
 
countries. Unfortunately, few developing countries have
 
these characteristics, and therefore they have been obliged
 
to attempt to utilize off-the-shelf technologies in an
 
ad hoc and piecemeal fashion as the need for specific bits
 
oT UaTa climbed higher on the overall development priority
 
ladder. While the developed countries can be expected to
 
continue to push the frontiers of the hydrological sciences,
 
the developing nations will improve their capabilities to
 
the extent that (1) they are able to select and apply well
established and proven methods to their particular mix of
 
data requirements and institutional capacities; and (2)
 
future research and development can be in part focused on
 
particular needs and circumstances of the developing nations
 
of non-temperate areas.
 

Clearly, a principal thrust of efforts to upgrade

hydrological assessments in developing countries should
 
be a strengthening of local capabilities to use the fruits
 
of the decades of research directed to similar problems in
 
developed countries. However, this will be a long and
 
extensive effort and will always be faced with the need
 
for foreign exchange investments to acquire the necessary

equipment. Thus, a complementary approach should be under
taken in the field of adaptive research -- a type of re
search to which developed country specialists have devoted
 
only minimal attention. This research should emphasize
 
techniques which are capital-saving; which stress the
 
importance of instrument durability and ease of operation
 
and re-calibration rather than high precision; which address
 
the need for improved network designs and minimum data
 
requirements; and which provide data in a form easily
 
usable by operating agencies.
 

The following are areas in which successful research
 
could have a major impact on upgrading present capabilities
 
to carry out efficient and effective hydrological assessments in developing Countries:
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- Instrumentation development: including low-cost
 
instruments which are durable and easy to operate

and maintain under harsh environmental conditions;

expendable varieties that can be disposed of after
 
use; and automated instruments and systems which
 
can record and transmit data from remote, unattended
 
stations, with adequate precision at acceptable cost.
 

" 	Data Network Design: design of low-cost networks of
 
data collection stations for rainfall-runoff measure
ments, streamflow, groundwater sampling, etc., that
 
would optimize use of existing equipment and manpower

by identifying minimum sampling requirements for
 
meeting desired objectives.
 

- Stochastic Methods: improvement of the statistical 
methodF For extrapolating from point source data to 
areas where data is unavailable, thus obtaining 
greater value from the existing scattered data and 
assisting in the design of new .datanetworks.
 

-Remote Sensing: testing and evaluation of the utility

of satellite-based sensor systems, particularly those
 
employing multi-spectral techniques, for measuring

and monitoring such phenomena as precipitation rates
 
and frequency, evaporation from lakes and reservoirs
 
and groundwater occurrences in semi-arid and arid
 
regions.
 

The impetus for greater investment of talent, time,

and financial resources in adaptive research will require

action at a number of levels. Expanding the awareness of

research opportunities and technology needs in this field
 
among the scientific and development assistance communities
 
is a prerequisite. Hopefully, this report will contribute
 
toward that objective. Increased attention to the freer
 
and more rapid dissemination of the results of water
 
research investigations throughout the international
 
scientific community is also required.
 

Although scientists and technologists in the advanced

countries can, with proper direction and support, be expec
ted to pay greater attention to the particular needs of the
 
developing countries, significant improvement will probably

be made only through the initiative of the developing

countries themselves. The continuing evaluation and
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articulation by these countries of constraints and
 
requirements they face with respect to water resources
 
development is of fundamental importance. Ultimately,

however, the degree of improvement will hinge on the ca
pacity of the developing countries to build indigenous

capabilities which will allow them to address their own
 
particular problems with R & D programs, and to adapt

foreign technologies as required. Consequently, institu
tion building and manpower training should be viewed by

both developing countries and assistance agencies as key
 
components of development planning in the water resources
 
field. As such, the strengthening of existing facilities
 
or the establishment of new institutions, and the training

of professional and sub-professionals, warrant priority

attention both through the pursuit of specially designed

projects, and also through their inclusion as basic com
ponents of all water research and development projects in
 
developing countries.
 

Finally, water assessment is but one aspect of water
 
resources development. Attention must be paid concurrently
 
to requirements for improved methods and techniques for har
vesting, controlling, conserving, and protecting the re
source; an increased effort in one area should not be at
 
the expense of the others. Effective use and management of
 
water resources requires a strong, balanced, across-the
board supportive infrastructure of research workers,

planners and managers, institutins, and laws. This
 
particular report has focused, by design, on a single

section of a spectrum of requirements -- the assessment of
 
hydrological potential -- not because it is the most
 
important aspect, but because it is an important aspect,

and by virtue of its current relative neglect, an area
 
in which additional research can have significant payoffsi.
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