Hydrological maps

'fl.

Hydrological maps
A contribution to the
International Hydrological Decade

tY.re:a) ,1WM

o

--·- L - - - - - -

Published jointly in 1977 by the United Nations
Educational, Scientific and Cultural Organization,
7 Place de Fontenoy,
75700 Paris, and the
World Meteorological Organization,
41 Avenue Giuseppe-Motta, Geneva
Printed by Presses Centrales S.A., Lausanne
ISBN 92-3-101260-6

The designations employed and the presentation of the material in this publication do not imply the expression of any opinion what·soever on the part of the publishers concerning the legal status of any country or territory, or of its authorities, or concerning the
frontiers of any country or territory.

·© Unesco/WMO 1977
·Printed in Switzerland

Preface

This work is the result of a joint undertaking by Unesco
and the World Meteorological Organization (WMO) under
the aegis of the International Hydrological Decade
(IHD).

The International Hydrological Decade, which ended in
1974, was launched in 1965 by the General Conference of
Unesco at its thirteenth session. Its purpose was to advance
knowledge of scientific hydrology by promoting international co-operation and by training specialists and technicians. At a time when the demand for water is constantly
increasing as a result of the rise in population and of
developments in industry and agriculture, all countries are
endeavouring to make a more accurate assessment of their
water resources and to use them more rationally. The IHD
has been a valuable means to this end.
By the end of the Decade in 1974, national committees for
the Decade had been formed in 111ofUnesco's135 Member
States to carry out national activities and contribute to
regional and international activities within the programme
of the Decade. The implementation of this programme was
supervised by a co-ordinating council, composed of thirty
Member States selected by the General Conference of
Unesco, which studied proposals concerning the programme, recommended the adoption of projects of interest
to all or a large number of countries, assisted in the development of national and regional projects and co-ordinated
international co-operation. The promotion of collaboration
in developing hydrological research techniques, exchanging hydrological data and organizing hydrological networks
was a major feature of the programme of the IHD, which
encompassed all aspects of hydrological studies and research. Hydrological investigations were encouraged at
national, regional and international levels, to strengthen
and improve the use of natural resources in view of both
local and global needs. The programme enabled countries
well advanced in hydrological research to exchange infor-

mation and developing countries to benefit from such
exchanges in order to elaborate their own research
projects and plan their own hydrological networks, taking advantage of the most recent developments in scientific
hydrology.
Conscious of the need to continue the efforts developed
during the International Hydrological Decade, and following the recommendations of Member States, the General
Conference of Unesco decided at its seventeenth session to
launch after the end of the Decade a long-term intergovernmental programme, the International Hydrological
Programme, and defined its basic objectives. These
objectives are:
To provide a scientific framework for the general development of hydrological activities.
To improve the study of the hydrological cycle and the
scientific methodology for the assessment of water
resources throughout the world, thus contributing to
their rational use.
To evaluate the influence of man's activities on the water
cycle, considered in relation to environmental conditions
as a whole.
To promote the exchange of information on hydrological
research and on new developments in hydrology.
To promote education and training in hydrology.
To assist Member States in the organization and development of their national hydrological activities.
As was done during the Decade, the activities of the
International Hydrological Programme are co-ordinated
at international level by an intergovernmental council
composed of thirty Member States. They are periodically
elected by the General Conference and their representatives
chosen at national level by national committees.
The International Hydrological Programme became
operational on 1January1975 and is to be executed through
successive phases of a six-year duration.
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Foreword

The main objective of the International Hydrological
Decade (IHD) is to improve the capabilities of men and
nations to cope with water-resources problems. Most of
these problems are practical, relating to obtaining adequate
quantities of water of suitable quality for domestic, agricultural, industrial and municipal uses. These problems are
of critical interest to countries whose water supplies are
inadequate to meet their demands, but they can be resolved
only through the wise application of balanced understanding and sound information. Good management must be
based on good science, and it is one objective of the IHD
to assist science in presenting its knowledge to management
in an understandable and useable form.
The IHD programme involves studies of many aspects of
regional, national, and world-wide water regimens. These
are studied in terms of their major elements, including
atmospheric water, surface water, ground water; and
their interrelationships. Because maps are one of the
most common ways of depicting water resources and
their regimens. the co-ordinating council of the IHD,
at its third session in 1967, established a working group
on hydrological maps. This working group was instructed to 'make proposals regarding the objectives of
hydrological maps, the types of maps to be prepared
on a priority basis, and the standards, scales and symbols
to be adopted'.
At its first meeting, in 1967, the group responded with the
following working programme:
To undertake a comprehensive survey of hydrological
mapping, and to prepare and distribute an international
catalogue of world hydrological maps.
To study the principles, possibilities and aims of hydrological cartography.
To make recommendations on national mapping standards,
and to set international mapping standards.
To study and propose means for preparation of international hydrological maps.
For many reasons this task has proved to be more corn-

plicated than originally expected. Chief among the problems
faced has been the difficulty in obtaining essential information on hydrological mapping, largely because such information had never before been collected systematically.
None the less, except for slight changes, these four proposals
describe the work begun by the working group and carried
on by its successors.
After delineating the scope of hydrological maps for the
purposes of its programme, the working group intensified
work on an earlier IHD project to collect examples of
hydrological maps. The working group's need had been
anticipated by the co-ordinating council in 1965, when it
asked all member countries to prepare bibliographies and
catalogues of hydrological maps and to send sample maps
to the Unesco Secretariat. In 1968, at the suggestion of the
working group, the co-ordinating council asked national
committees to appoint technical correspondents who would
advise the working group on national hydrological mapping situations.
The maps received at Unesco were subsequently reviewed
by a panel of rapporteurs, formed by the co-ordinating
council in 1968, and two volumes of a catalogue issued in
duplicated form. A selection from these maps became the
Unesco Travelling Exhibit of International Hydrological
Maps, which was first shown at the mid-decade conference
held in Paris in December 1969. Jn 1970 it was exhibited at
the International Symposium on the World Water Balance
in Reading (United Kingdom), and since early 1971 it has
been on exhibit successively in the United States, Canada,
Cuba, Mexico and Guatemala.
To further another part of its programme, the working
group co-operated with representatives of the International
Association of Hydrogeologists (IAH) and the International
Association of Hydrological Sciences (IAHS) (formerly the
International Association of Scientific Hydrology) in
reviewing a draft version of a proposed international
legend for hydrogeological maps. This draft was extensively
revised and the final report published jointly by the Institute
13
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of Geological Sciences of the United Kingdom and by
Unesco in 1970.
The working group also developed a plan for this
report, to incorporate the remaining two proposals of its
programme. In February 1970, the panel of rapporteurs
revised the original outline.
At its sixth session (July 1970), the co-ordinating council
was faced with the problem of reorganizing the activities
and reducing the number of its working groups and panels
in line with the recommendations of the mid-decade
conference. The council found the plan of work on hydrological maps to be well advanced, and because all hydrological activities are involved with maps, it thought that
the plan could be best implemented by assigning the
completion of the hydrological-maps programme to other
appropriate working groups. The council terminated the
Working Group on Hydrological Maps and gave the
working groups on water balances and on ground-water
studies, and also appropriate specialists in the intergovernmental agencies and regional mapping groups, the
responsibility for completing the work begun by the
Working Group on Hydrological Maps.
A subgroup was established under the Working Group on
Water Balances to work on the report for the preparation
of hydrological maps by building on the existing outline
and work already in hand. A first draft was reviewed
in 1972 and a revised version approved by the co-ordinating
council at its eighth session in May 1973. The present text
includes contributions from Australia, Canada, the Federal
Republic of Germany, Poland, the U.S.S.R., the United
States and the World Meteorological Organization (WMO).
This report is intended for hydrologists, geographers,
civil engineers, geologists and other specialists concerned
with using maps to depict information about water regimes
and balances. It shows how to prepare maps for scientific,
engineering and educational purposes, and also how to
meet the needs of planning agencies in connexion with the
use, development, conservation and management of
water resources. It has been prepared mindful of the needs
of developing countries and international regional cooperation, and attempts to facilitate compilation of maps
for international use by recommending international
conventions of scale, symbols and priorities.
The report deals briefly with the theoretical basis of
spatial interpolation and extrapolation of hydrological
data and of classifications of hydrological maps. It is
concerned with the methods and techniques for analysing
the available data and for presenting the more important
elements of hydrological regimes and their characteristics
on maps. However, it does not pretend to be a treatise on
all aspects of map preparation. For example, it does not
cover field-mapping procedures: it is concerned basicalJy
with the construction of maps in the office, although some
of its recommended practices are equally adaptable to the
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field. Special attention is given to the use of maps to show
water information where hydrological data are sparse, as
well as to the possibility of using hydrological maps as a
basis for engineering computations in the absence or shortage of hydrometric data, a particularly important topic
for developing countries. This report does not present all
available thinking and knowledge regarding the preparation
of hydrological maps. Each author, reviewer and editorwith few exceptions-presented his own scope of expertise,
or that of his country, and many valuable ideas, techniques
and methods from other countries are at best only sparsely
represented. Moreover, the outline was begun in 1967,
and it has not been possible to include all advances made
in the past few years.
The main purpose of the report is to compile within one
cover the information a hydrologist needs to decide what
types of maps should be made to meet his purposes, and
how to make them. Realizing the wide variety of conditions
existing in hydrological offices around the world, it does
not attempt to present rigid procedures; rather it seeks to
encourage each map author to use those methods and
techniques that are most feasible and suitable to the
conditions under which he is working. The report presents
many examples of mapping methods and techniques, but
such examples do not exclude the use of other accepted,
approved or new and unusual procedures. Chapter 2 on
hydrological data and the Appendix on basic cartographic
methods, respectively, were included to introduce the
reader to special map-related problems in using hydrological data and to assist map authors in specifying their
needs to their cartographers.
The report in its present form is a first attempt to compile
a great deal of information that is poorly documented
except by examples, and to incorporate the experience and
ideas of the authors, advisers, and reviewers, drawn together
by the objectives of the IHD. Because hydrological maps
are prepared to present hydrological data, this report
should be used in conjunction with standard textbooks
and glossaries as well as other sources of information on
the use of hydrological information.
Hydrologists in all countries are urged to continue to
review their own hydrological mapping techniques in the
light of the purposes of this report. As additional material
suitable for inclusion is recognized, or as errors or improvements in methods of presentation are found, they
should be brought to the attention of the Secretariat of the
Division of Water Sciences of Unesco through the appropriate national committee. The Secretariat will consider
such suggestions for future editions.
The report is the result of Unesco's and WMO's efforts to
provide guidance in the field of hydrological mapping, and
it is in the spirit of mutual co-operation that it is published
by the two organizations.

1

Introduction

1.1

General

Hydrological maps are commonly used to represent large
amounts of information about the water regimes of the
surface and near surface of the earth because they display
the information in its spatial relationships and in relationship to the configuration of the land itself. This is
the major and overriding advantage for showing information on maps. They may also be constructed to show or
imply three dimensions (e.g. water-table altitude and configuration maps), and even the element of elapsed time.
The ability of hydrological maps to show the spatial
relationships of hydrological phenomena to each other and
to the landscape to which they are related carries a corollary
benefit-that of providing crucial tests for the validity
and usefulness of the data being shown. If the hydrological
information shown appears in patterns that seem to be
related to the underlying landscape, it is reasonable to
assume that the hydrological information has a validity in
reference to the earth itself. If the hydrological features do
not appear to relate to the relevant physical features, then
the map compiler must consider alternatives.
The data may be in error or may be inappropriate to his
intent; he must then re-examine the data in terms of the
map's purpose. If the data are valid and the anomaly is
real, the map compiler should point out the anomaly,
provide the supporting evidence, and perhaps hypothesize
an explanation.
Another advantage is that maps speak across the barriers
of language by the use of standard colours, patterns and
symbols.
Without maps it is impossible to study water balances,
geographical interrelationships and relationships of individual elements to each other. Good terrain maps make it
possible to fill unstudied areas with hydrological information derived from studied areas.
Hydrological maps have many advantages, but also
present shortcomings and problems. The most obvious

shortcoming is that of showing three-dimensional features
on a two-dimensional frame. This problem is partly
resolved by means of devices such as isolines, hatching,
shading, cross-sections and block diagrams. These devices
assist the eye and brain to visualize three-dimensional
relationships, but they do not completely overcome the
basic difficulty.
Perhaps the most critical problem is the matter of
identifying the primary purpose of the map and constructing it to fulfil its purpose. Too often data are displayed
simply because they are plottable, rather than because
they further a specific purpose. The result is a map that
is difficult to read and interpret because its intent is difficult
to identify.
Related to the basic consideration of purpose is the
need for the various elements of a map to be consistent
with each other as well as with the map's purpose. The
types of data plotted, for example, should have the same
general spatial accuracy and relate to comparable time
intervals. For example, it may be misleading to compare
run-off for one period with precipitation for another.
A map should be designed to present its messages to
the user in an easily understandable form. It is not enough
for the map compiler to be able to interpret his own map;
after all, he has spent hours on its construction and is
familiar with its details. His objective must be to present
his data so that the user can read and understand the intent
of the map as quickly and simply as possible. An overloaded
map may be commendable as an exercise in the application
of cartographical techniques, but it is almost worthless as
a means of presenting information.
1.1.1

Definitions

'Hydrology', according to the definition accepted by the
IHD (Unesco, 1964, p. 5), 'is the science which deals with
the waters of the earth, their occurrence, circulation and
distribution on the planet; their physical and chemical
15
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properties and their interactions with the physical and
biological environment, including their responses to human
activity. Hydrology is a field which covers the entire history
of the cycle of water on the earth.' This definition is
represented diagrammatically in Figure 1.
Parts of the hydrological cycle, for historical reasons,
are considered to lie within the responsibility of scientific
fields other than hydrology. Many aspects of atmospheric
moisture are within the purview of the atmospheric sciences
and meteorology; the study of the oceans is considered the
responsibility of the oceanographers; and concern for
primary water in the deep crust is largely within the domain
of the geochemists.
For practical purposes, hydrology in the sense of this
report lies within the field of terrestrial hydrology (Fig. 1).
Terrestrial hydrology includes those aspects of the hydrological cycle that occur over land areas and those oceanic
and atmospheric phenomena that are closely related to the
evaluation of the hydrological cycle over land areas.
It is inherent in this definition that such terms as hydrogeology and geohydrology, however defined, represent
subvisions of hydrology, and also that the term hydrology
is not restricted to surface-water features alone, regardless

of the general acceptance of this practice by civil engineers
and others. From this definition it also follows that hydrogeological maps, for example, form a subset of hydrological
maps. Moreover, because of the confusion induced by
terms such as hydrogeology and geohydrology, they are
not used in this report.
Hydrological maps are defined as presentations of
terrestrial hydrological information in geographical relationships. Many maps show water-related features or
phenomena such as rivers, lakes, precipitation, rock types,
vegetation and land use. However, they are not hydrological maps unless the principal purpose of the map is to
show qualitative and quantitative hydrological elements and
their relationships either to each other or to the underlying
landscape. Moreover, although hydrologists need and use
a large variety of maps showing relief, landforms, underlying rocks, soil types and land use, these maps are not
classed as hydrological maps, simply because they are
used to obtain supplementary or even critical information.
There always are ambiguities and uncertainties at the
border zones of any definition, and it becomes a moot
point whether maps made for other purposes, such as
standard topographical maps, should be classed as hydro-
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logical maps when hydrologists use them to measure
hydrological features such as slope indices, stream-channel
geometry and drainage density.
1.1.2

Need for international co-operation

For a long time maps, including hydrological maps, have
reflected local needs, capabilities, standards and traditions.
Map compilers have used different projections, different
sets of symbols and different ways of depicting a wide
variety of physical and hydrological features. So long as the
needs were purely local or national, the proliferation of
techniques was not too objectionable.
1.1.2.1

Compatibility and standardization

The growing need for the international exchange and use of
hydrological information makes it imperative to establish
degrees of compatibility and standardization in the preparation of hydrological maps. This need is evident, for example,
in the programme to compile and update information from
many nations to improve understanding of the world water
balance-one of the major objectives of the IHD. Standardization will be even more necessary to the plans for monitoring global environmental changes and for plotting the
resulting information on global projections.
Mutually acceptable standards are necessary wherever
countries co-operate to investigate water problems in their
respective regions or in surface-water basins and groundwater reservoirs which are common to more than one
nation. To this end the International Legend for Hydrogeological Maps has been prepared by representatives of
IAH, IAHS, and Unesco/IHD working in co-operation
with representatives of other intergovernmental agencies.
Use of this legend is recommended to facilitate the preparation and interpretation of hydrological maps. Its use on
maps showing parts of two or more countries is particularly
encouraged.
World-wide standardization will come gradually, and
some countries, even those adjacent to each other, will
continue to use their own standards and units, particularly in
different disciplines. Consequently, to minimize errors in
transferring data from the maps of one country to those
of another, it is imperative to be alert to the mapping practices other than one's own.
1.1.2.2

International basins

The need for international co-operation is especially
acute where two or more countries share a common river
or ground-water basin. A river that forms the boundary
between two countries or States is fed by run-off and groundwater baseflow from both sides; the boundaries of groundwater basins in many places do not coincide with surface
divides that form national boundaries. The movement of
atmospheric moisture almost everywhere involves physical
events that occur on and across many countries and
international oceanic waters. A hydrological map showing

parts of two or more countries or States should therefore
show, wherever feasible, the hydrological phenomena it is
designed to display extending to the hydrological divides
rather than stopping arbitrarily and unrealistically at the
political boundaries. International co-operation in attaining
such maps will have many practical and scientific benefits
and will make it possible for the users of the map to interpret
the full scope of the regime involved in the hydrological
situation.
1.2

Maps and the hydrological cycle

Examination of the hydrological cycle, especially from the
point of view of the scientific framework for the world
water balance, reveals several aspects that are critical to the
preparation of hydrological maps.
Residence time
Residence time is the length of time during which an
increment of water remains in one identifiable element of the
hydrological cycle. 1 After evaporation, moisture remains in
the atmosphere on the average for only a few days until it
is condensed and precipitated either as snow or water. In
contrast, ground water may take from years to millenniums
to move from its point of recharge to its point of discharge.
Similarly, some snow and ice lies on the ground for only
a matter of minutes or hours; other accumulations are
seasonal; and some are virtually permanent. Frozen ground
also may be seasonal or virtually permanent (permafrost).
Wide or critical differences in residence time must be
considered when showing hydrological phenomena so as
to eliminate the possibility of equating the ephemeral
with the permanent.
Spatial geometry
The extent of water bodies-their spatial geometry-are
also a factor in preparing hydrological maps. For example,
surface water is quickly concentrated in channels which,
except for special engineering studies, are rarely shown to
have more than a lineal dimension. In contrast, ground
water may extend over large areas and through considerable
thicknesses. Thus, the nature of the occurrence of water
bodies controls and limits the means for depicting their
various hydrological characteristics.
Climate
Climates differ around the globe, and the hydrological
cycle has as many variations as has the climate. The
mapping techniques that can be used in temperate and
warm climates cannot always be used to show hydrological
conditions in regions of nearly permanent snow and ice
because in cold regions the hydrological cycle involves
three phases of water, whereas in warmer areas it involves
only two.
1. cf. Scientific Framework of World Water Balance, Paris, Unesco,
1971, 27 p. (Technical Papers in Hydrology, 7).
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1.2.1

Theoretical aspects of hydrological mapping

The preparation of hydrological maps frequently requires
decisions regarding the most appropriate symbol or manner
of presentation of specific hydrological elements, features
or parameters. For example, isolines are useful within
certain limits of scale set by the density of measurements,
the magnitude of change in the values measured in relationship to the scale of the map, and the selected interval
between isolines. Where the limits of scale are exceeded,
the isolines lose validity. When this occurs, a description
summarizing the conditions in a specific basin, or area, is
sometimes a better way of presenting the data. For example,
the effect of karst terrain on run-off may in some areas
mask any apparent regular isolinal distribution; in such
instances it is useful to show the run-off by basins. Where
the area considered is much larger, the irregularities imposed by the karst terrain generally compensate each other,
and an isolinal presentation is again possible. Work in the
U.S.S.R. suggests that karst conditions are inadequately
depicted by isolines in small basins, but have no important
effect on the distribution of isolines drawn for basins greater
than 2,000 km 2 in area (Sokolov, 1968).
Choices between the use of isolines or areal descriptions
may need to be made also in regions where run-off is
intermittent or fluctuates greatly.
The choice of colours, patterns and symbols is largely a
combination of trial and error, experience and traditional
practice, and this is the theme of Section 3 of the Appendix. A sound approach to a world-wide theory of hydrological mapping has barely begun, and research into the problem of providing rational guidelines for hydrological
mapping would be valuable and should be encouraged.
1.2.2

Practical aspects of hydrological mapping

Hydrological maps, in contrast to most maps, deal with
transient, rather than essentially constant phenomena.
Transient data can be shown on maps in two very different
ways. One shows essentially static conditions on the basis
of totals or averages for specific time spans; the other
shows conditions at a particular moment or during a short
interval of time. For example, maps showing the distribution of water content for specific seasons will be based on
seasonal averages, whereas those showing fluctuations,
such as flood maps, will be quite different, being based on
essentially instantaneous data.
1.2.2.1

Purpose of map and inter.ded user

In the literature of science, and of hydrology in particular,
maps are the graphic expression of data, information and
interpretation. They enable the reader to comprehend
a large accumulation of information and permit the map
maker to present relationships as exactly as possible
without using long and detailed descriptions. A map may
also be decorative, but its usefulness is determined solely
by its success in presenting its intentions. The effectiveness
18

of a map rests largely on the inherent character and relevance of the factual and analytical material involved in its
presentation; good cartography and good reproduction or
printing merely enhance its basic qualities.
Where several different types of information must be
shown on a map, care must be taken to ensure that the
different types of information are coherent and consistent.
Where one hydrological element, or one hydrological
relationship, is paramount to the purpose of the map,
appropriate emphasis should be given to the most important
element and the secondary elements should be properly
subdued.
Great care must be taken to determine its purpose and
its user as a basis for deciding the type of information to
be used and its manner of presentation. Without careful
consideration of both purpose and user, the map will be
unsatisfactory, no matter how carefully its mechanics are
developed.
In some instances maps have been drawn too large for
the available presses, or prepared with such a mass of
information that they were too overloaded to be used.
Maps have been made with lettering so small that when the
maps were reduced for publication they could not be
read without a magnifying glass. Maps have been designed
to show the water regime on an area with such masterful
cartographical representation of the topography that the
hydrology is all but lost, and some maps designed to show
ground-water conditions do little more than present the
geology.
1.2.2.2

Need for explicit map explanations

Hydrological maps are predominantly historical or staitstical, rather than representative. As a result, more information must be given to define the conditions shown on the
map than is usually required on ordinary topographical
or geological maps Such information should include: (a) a
title that accurately describes the contents of the map;
(b) the dates of surveys and times of data collection,
including dates for individual parameters if several parameters are shown; (c) the method of interpretation; and (d)
the reliability of the data. Explanations should also include
information on time-space variability of the elements
which are depicted and the reliability of the method of
derivation where derived values are mapped, as for example
in water-balance mapping. On occasion the volume of
explanation on the compilation of the map is such as to
require the preparation of a short accompanying text (see
Appendix 3.6).
1.2.2.3

Need for review procedures

An important step in the preparation of hydrological maps
is their constructive and critical review before final drafting
for publication. The purpose of the map review is to
eliminate all errors-errors of substance, correctness of
text and cartography, and policy. No single step in map
preparation, other than determination of purpose and user,
is more important than adequate, critical review.

Introduction

Most important is substantive review. This is primarily
the responsibility of the map maker, and he should ensure
that his data and interpretations are presented in a manner
consistent with high professional standards for accuracy, use
of up-to-date concepts, thoroughness and honesty. He
must also make certain that the map fulfils its purpose,
that its data are consistent and unified, and that its conclusions are readily apparent to the intended user.
Final responsibility for accepting the recommendations
and suggestions of reviewers depends on local practices.
In some agencies it lies with the map compiler, in others
with the supervisor, and in some places with a high-level
administrator. In any case, a suitable system of review
should be established and used consistently to produce
uniformly high-quality maps.

tion were examined and a matrix was developed that has
been useful in analysing the extent to which individual
sources of hydrological maps are adequately portraying the
full scope of the hydrological cycle and the local, regional,
and national water resources they purport to represent.
Eventually a matrix (Fig. 2) was developed which provided
a logical basis for organizing the material compiled in
this text. In detail, however, the classifications discussed in
this chapter and the matrix in Figure 2 are generally only
applicable to Chapters 3 to 6, and special aspects of
classification problems are referred to separately in appropriate chapters.
Classifications of maps on the basis of purpose, reliability,
scale and data geometry are useful in providing auxiliary
means for analysing all types of hydrological maps.
Elements of these auxiliary classifications common to
material in Chapters 3 to 6 are described in the following
sections of this chapter to avoid needless repetition throughout the text. However, special aspects of these classifications, and indeed other classification systems as well, will
be introduced at appropriate points in the chapters which
follow. For example, a different approach to generaland special-purpose ground-water maps is taken in
Chapter 6.
Geographical extent, which is a common basis for
classifying maps, is mentioned here only for the sake of
completeness. Such a classification may contain the following categories among others: global, hemispheric, continental, multinational, national, regional other than

Classification of hydrological
maps

1.3

Classification of data is a standard first step in the process
of scientific analysis and synthesis. Classification makes it
possible to assess the degree to which existing maps and
map-preparation programmes meet their scientific and
practical purposes. It also provides guides to the types of
map best suited to particular purposes.
Hydrological maps can be classified in many ways, and
no one classification is satisfactory for all purposes. As a
basis for organizing this report, several systems of classifica-

~
T

Atmospheric
Water

p

CS

PURPOSE

General
Scientific
Planning
Applied
Educational
DATA GEOMETRY
Point data
Linear data
Two-dimensional
Three-dimensional
Time element added
SCALE

>1:20,000
1:20,000-1:100,000
1: 100,000-1: 500,000
1: 500,000-1: 10,000,000
<1 :10,000,000
RELIABILITY
Highly reliable
Reliable
Mod. reliable
Poorly reliable
Unreliable

I

I

Maps Showing
Water in Zone
Ground Water
Two or More
of Aeration
(including
Elements of the
(including Soil
Permafrost)
Hydrological Cycle
Moisture)
Can be further subdivided by specific subjects within each catagory as appropriate
Surface Water
(including Snow
and Ice)

I

I

I

I

I

I

I

I

I

I

I

I

I

Maps Showing
Information
Influencing the
Hydrological Cycle
I

I

I

-

--

---

i

i

Other classifications of map characteristics may be added as appropriate

Fm. 2. Schematic matrix for classifying maps.
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multinational, by basins of different sizes, and by special
study areas ranging from large to very small in arbitrary
increments. Obviously the size of the country is an important
factor in a country's use of geographical extent as a means
for classifying maps, and a classification system combining
scale and geographical extent is used by every country
with a map-making capability. Such a classification can be
added or substituted in the matrix shown in Figure 2.
However, the scale/extent ratio is not further discussed
here because the range of useful map scales will differ
considerably for countries of different sizes and no internationally acceptable standards appear necessary at this time.

for scientific, planning and applied purposes because it
permits a first approximation of the quality and density
of the available data and its representativeness. Network
maps, depending on the density of information, and provided they remain readable, are most useful when they
show all data sources on one sheet. If this presentation
becomes overloaded, it should be divided into various
categories of data such as precipitation, evaporation,
surface water, ground water, and water quality. A network
map also should show the meteorological network, which
is all too often omitted.
1.3.1.2

1.3.1

Scientific maps

Classification by purpose
There is almost no limit to the types of hydrological
maps that may be labelled scientific. So long as a map's use
is to advance the understanding of cause-and-effect relationships, or to present a synthesis of the data, regardless of
original purpose, it may be considered scientific. If the map
can also provide a basis for managerial decisions, so much
the better.
Scientific maps may be small scale and schematic, or
large scale and highly detailed. They may be as direct as
a station location map and as inferential as a map showing probable availability of ground water, potential evaporation, or early Pleistocene palaeohydrology.

The most important consideration in the preparation of
any map is its purpose. Matters of design, methods of
compiling information, type of interpretation and manner of
presentation should be considered separately and in relationship to each other so as to best fulfil the purpose.
Regardless of subject (Fig. 2), hydrological maps may
be general-purpose or have the following special purposes:
scientific, planning, applied (for design, engineering,
development, implementation, construction, operational
and similar purposes) and educational. Many individual
maps may be used for more than one purpose and yet may
not serve any one purpose well. There is no clear line between each category as, for example, between certain
scientific and educational purposes. Nor do these categories
present a necessarily real-life sequence in their order of preparation or derivation. One possible hierarchy of hydrological maps classified as to purpose is shown in Figure 3.
Fitting the map to its purpose is important in order to
facilitate and expedite the transfer of the intended message
to the intended reader. If the only reader is the compiler
of the map it can contain any assortment of information
he wishes, and many working maps are of this type. In
fact, they serve the useful purpose of recording the compiler's data and his ideas during the incubational and
·experimental stages of analysing and synthesizing his data.
However, when a map is prepared for a specific purpose,
that purpose implies an intended user, and his needs take
precedence and determine the contents of the map, predfoated on the data and interpretations available for its
,compilation and construction.

As suggested in Figure 3, planning maps are dependent
on scientific, engineering and applied types of information,
and provide the basis for a later generation of engineering,
developmental and operational maps.
Planning maps show hydrological information useful for
the consideration of alternate solutions to general and
specific developmental problems and projects involving
the use of water in any way-from consumptive to aesthetic.
Planning maps are essentially derived from scientific interpretations of the total water regime. They differ from applied
maps, see below, in that applied maps show hydrological
information related to specific engineering problems. As a
specific category, planning maps are comparatively recent.
Many of the maps prepared for planning uses may also
be applied to problems of design, development, construction and operation.

1.3.1.1

1.3.1.4

General purpose maps

·General purpose maps present any specific element,
,component or parameter, or a combination of these
hydrological features in such a way that the map may be
used for a wide variety of scientific, educational and utilitarian purposes. Genera] purpose maps will be those that
·s how the basic elements of the hydrological regime in such
terms as precipitation, evaporation, surface-water discharge,
:ground-water storage and variability, and water quality
{in terms of dissolved and suspended matter).
The network map is a general purpose map. It is useful
.20

1.3.1.3

Planning maps

Applied maps

Applied maps are prepared especially for engineering
design, water development and operational purposes. They
include comparatively simple maps such as those showing
distribution of precipitation, streamflow and depth-towater, and complex maps such as those forecasting flood
conditions, assessing feasibilities of water use and estimating
availability of ground water both vertically and horizontally.
They show availability of water for agricultural, municipal,
industrial and mining purposes; the quality of water related
to use and capability to absorb pollution; and the local
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FIG. 3. Experimental hierarchy of hydrological, water-resources and related maps.

water conditions for a multitude of other everyday needs
in our society.
1.3.1.4

Educational maps

Educational maps are those used to demonstrate hydrological features and interrelationships for a broad spec-

trum of instructional purposes. Such maps range widely
in content, depending on whether they are intended
to be used in graduate and post-graduate courses,
or for instruction of the general public. Some of the
largest and most beautiful maps are prepared for educational purposes.
All types of maps-general, scientific, planning and
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applied-may be the basis of educational maps. However,
they seldom serve that purpose directly because nonspecialized students generally are not trained to interpret
the information such maps present. Therefore most maps
made for educational purposes have been remade with the
needs of the intended student in mind.
1.3.2

Classification by scale

Classification of maps according to scale is easily done, but
it is significant only in terms of the purpose of the map.
Basically, the scale of a map is a reflection of its purpose
and the reliability of the data shown, and the scale should
be so determined.
The following classification containing five categories is
presented here to serve as a guide to the definition of the
descriptive terms used throughout the text except in
Chapter 5: very large-scale maps, more than 1 : 20,000; largescale maps, 1 : 20,000 to 1 : 100,000; medium-scale maps,
1 : 100,000 to 1 : 500,000; small-scale maps, 1 : 500,000 to
1 : 10,000,000; very small-scale maps, less than I : 10,000,000.
The above scale limits, characterizing the detail of
mapping representation of hydrological conditions of a
particular area, may vary substantially, depending on the
object (atmospheric water, iurface water, ground water) of
mapping and on the size of the territory for which hydrological maps are prepared. The ideal scale is one which
permits the hydrological features of central importance to
be plotted easily and accurately and to be seen distinctly
and fully in their relationship to other hydrological and
geological features (see also Section 2 of the Appendix).

Classification by reliability

The very process of making a map implies that there are
some data capable of supporting the interpretations and
assumptions shown. In many cases, however, the available
data can justify the preparation of only the simplest or
most generalized type of map.
The reliability of the information can be shown best by
means of index maps that provide some sort of an objective
or subjective evaluation of the quality and density of the
basic information on which the interpretation is based.
The index map should distinguish different parts of the
main map according to categories of either arbitrary or
subjective evaluations of the reliability of the data. Any
system of reliability terms may be used. A graded word
sequence may be used, such as unreliable, moderately
reliable, reliable, and highly reliable, or the levels of reliability may be shown by sequential numbers or percentages.
Reliability can also be shown numerically on the basis of
the limits of accuracy of the measurements.
An alternate means for presenting information which is
less than fully reliable, or data which are highly generalized,
is to use the schematic (or diagrammatic) map. A schematic
map shows only one or a very few elements in a highly
generalized way and does not attempt to relate these
elements specifically to the base information of the regime
of the area shown. Note that schematic maps may be based
on a shortage of information, or they may be based on the
availability of large quantities of information that need to
be generalized, condensed and simplified for specific
purposes. They are often used effectively for educational purposes. The legend should indicate the degree
of reliability.
The schematic map designed to satisfy specific needs of
non-technical map users is becoming increasingly important.
It may be a need voiced by the non-technical map user, or it
may be a need sensed by the map compiler when he
realizes that the non-technical map user is confused by the
complexity of a water-resources situation and must have
the complexity broken down into discrete pieces so as to
understand the importance of the whole. Schematic maps
are not necessarily easily designed; they may be more
difficult to make because they must communicate information to the non-technical map user by using language and
symbols more familiar and understandable to him than to
the map maker. These maps emphasize simplicity, clarity
and impact, and usually show only one or two subjects or
ideas at a time. They require a clear idea of the concepts
to be presented and a knowledge of the symbols and
language that will make these concepts understandable to
the users.
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1.3.3

Relationship of scale and use

1.3.3.1

Large-scale maps are generally prepared in connexion
with special studies, investigations and similar projects,
whereas small-scale maps are normally used for teaching,
scientific and demonstration purposes. Small- to very
small-scale maps are useful to provide generalized information for large areas and to provide background data for
certain general-planning purposes. Medium-scale to largescale maps are necessary for detailed studies. A few maps
of a scale larger than 1: 20,000 are useful for special
studies, engineering, construction, development and detailed
land-use planning.
The World Meteorological Organization (WMO) has
prepared the following chart (Fig. 4) (WMO, 1970) which
suggests convenient scales to be used for different hydrological purposes. The graph assumes the use of normal-

TYPES OF MAPS

1: 10,000,000

1: 1,000,000

!

1:100,000

~

1: 10,000

/

/

/

/

/

/

/
/

/

/

/

/

/

/

/

/

/
/

/

/

Educational
World Water Balance

/

National Atlases
General Planning

/

Watershed Studies
Representative and
Experimental Basins
L oca I Effects
Urban Hydrology

/

10

1a2

103

104

105

106

10

7

Area (km 2 )

FIG. 4. Map-scale related to types of maps (after WMO, 1970).

Introduction

sized sheets of paper and deals with areas that can conveniently be studied on maps covering one or two sheets.
Some typical examples of hydrological maps related to
scale and size of area also are given.
Another system (based on a suggestion by J. B. Urban
(United States)) relates scale to complexity and reliability,
and provides a guide as to the most appropriate scale to
use, given the number of hydrological elements to be shown
and the density and distribution of reliable data in the area
to be mapped. It sets up arbitrary rankings of increasing
complexity and reliability, and assigns the combinations of
the rankings to specific scales. In each instance the key
letter-figure (A-1, etc.) suggests a lower limit of complexity
and reliability for a particular scale. This is shown as
follows (see also Table 1):
Ranking by complexity
Explanation

Rank

A Display of one element only (e.g. water table).

TABLE

1. Scale related to areal coverage
Rankings related to areal coverage

Scale

Continental
or global

Regional

1 : 25,000,000
1 : 10,000,000
1 : 5,000,000
1 : 1,000,000
1: 500,000
1: 250,000

A-l1
B-1
B-1
Not suitable
Not suitable
Not suitable

A-l1
B-1
B-1
B-2
C-3
C-4

1: 100,000
1: 50,000
1: 20,000
1: 10,000
1: 1,000
1: 200

Not suitable
Not suitable
Not suitable
Not suitable
Not suitable
Not suitable

--..····----···-------------·-···· ......_________

D-4
D-5
D-6
Not suitable
Not suitable
Not suitable

Local

Not
Not
Not
Not
Not
Not

suitable
suitable
suitable
suitable
suitable
suitable

··----1
D-21
D-3
D-4
C-5
B-6
A-7

1. Explanation of complexity and reliability ratings is given in the
text.
2. Line marks sample discussed in the text.

B Display of two elements (e.g. geology and water
table).
C Display of three elements (e.g. geology, water
table, and aquifer thickness).
D Display of more than three elements.
Ranking by reliability
Rank

Explanation

1 Based entirely on estimates and generalizations.
2 Data 10 per cent reliable; 90 per cent approximated
(i.e., estimated, generalized or unknown).

.~

e~
bi)

.s
cd
e
ell

0

.s

3 Data 25 per cent reliable; 75 per cent approximated.
4 Data 50 per cent reliable; 50 per cent approxi-

mated.
5 Data 75 per cent reliable; 25 per cent approxi-

mated.
6 Data 90 per cent reliable; 10 per cent approximated.

7 Data 100 per cent reliable.
For example, to determine the limits of the usefulness of a
map on a 1 : 250,000 scale, read across on line under 'Scale'
marked 1 : 250,000. For continental or global purposes, it is
not suitable. For regional purposes, it should preferably
show no more than three elements (not counting base map
information such as contours, streams, roads, etc.) for
which there are reliable data sufficient to cover 50 per cent
or more of the area (C-4 explained in respective ranking
columns). The 1 : 250,000-scale map is also unsuitable for
showing local detail ('Local' column)-but given the need

to show three elements (complexity, ranking C) for which
there are reliable data sufficient to cover only half of the
study area (reliability, ranking 4) a base map of the general
scale of 1 : 250,000 should receive preliminary consideration.
Obviously small-scale maps should not be used as a
basis for local studies, and large-scale maps should not be
used as a basis for regional interpretations. Moreover,
there is a need to balance the scale of the map with the
amount and reliability of information shown. A large-scale
map should not be used to show limited amounts of data
simply because showing them on a large-scale map makes
the data appear more reliable than they really are. The
presentation of large amounts of reliable detailed information on a small-scale map results in overloading that
hampers usefulness.
1.3.3.2

Other considerations of scale

Another aspect of scale is the consideration of the size of
the final map. If a map is to be bound into a book, considerations usually favour the preparation of a map no
larger than the size of a printed page. The use of larger
inset or pocket maps adds greatly to the cost of preparing
the report for publication, although it also adds greatly
to the usefulness of the report and its maps. Similarly, the
dimensions of the map sheets themselves must be considered in relationship to their purpose. For ordinary
working purposes, a map should be capable of being held
comfortably or taken in visually as a unit. A useful rule
of thumb is that maps should not be larger than about
70 cm x 100 cm, and preferably closer to 50 cm x 80 cm.
Wherever practical, they should be issued on single sheets
(see also Section 1 of the Appendix).
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1.3 .4

Classification by degree of reduction

On the basis of data reduction, maps may be classified
as field-data maps, derived-data maps, and interpretive
maps.
1.3.4.1

Field-data maps

These are perhaps best represented by maps that show
depths to water at observation sites, actual temperature
measurements at specific points, directly measured constituents or characteristics of water such as chlorine content
or conductivity (but not total solids converted from
conductivity).
1.3.4.2

Derived-data maps

These are based on calculated or inferred figures obtained
from field data by the use of various processes such as
averaging, interpolation, extrapolation and through the
application of empirical formulas. Such data manipulations
may be empirical (averages, interpolations, etc.) or statistical. Perhaps the most common types of derived-data
maps show interpolations (such as water-table elevation
contours) and averages of many types. It is particularly
important with averages always to remember that they
are not field data but are statistical presentations that
cannot be equated with reality at any specific time or place.
None the less, averages are valuable and widely used
analytical tools.
1.3.4.3

Interpretive maps

These might be considered variations or extremes of
derived-data maps. On interpretive maps, field data have
been generalized and often simplified to show broad
interrelationships. For example, a map showing availability
of ground water underlying an area is, in effect, diagramming arbitrarily interpolations of transmissivities within an
aquifer or group of aquifers. Interpretive maps can be used
to present generalizations to planners, managers, administrators and others who need information with which to
make managerial decisions.
The category of interpretive maps is arbitrarily designated
to include maps of hydrological phenomena, such as
evaporation, which cannot be measured directly.

1.4

Suggested priorities for
hydrological maps

Certain types of hydrological maps appear to be essential
for scientific studies and practical development. Which
type should be made first is an academic question; probably
an countries have collections of water information in map
format. The important thing is to have a series of maps
that show the basic information.
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The former JHD Working Group on Hydrological
Maps suggested that a possible minimal requirement would
include maps showing the following: (a) annual water
yield, including seasonal variations; (b) variability and
extremes of water yield; (c) hydrometric networks with
an index to available data; (d) annual and seasonal precipitation; (e) annual and seasonal evaporation and variability of
evaporation; (f) ground-water occurrence and availability.
The mid-decade conference of 1969 adopted resolution 16,
containing another priority list. In order to be able to
undertake programmes recommended by the co-ordinating
council, the resolution urged that each nation prepare the
following maps:
Geomorphological maps showing rivers, lakes (natural and
man-made) and boundaries of all major river basins.
Monthly or seasonal hydrometeorological maps showing
precipitation, mean, maximum and minimum temperatures, wind speeds, humidity and evaporation.
Maps showing monthly means and maxima of river-gauge
and river-discharge data and of lake levels.
Maps showing forests, cultivated areas (irrigated and
nonirrigated), uncultivated areas, arid or semiarid areas,
and areas covered by snow.
Maps showing areas of ground water.
No single set of maps can meet conditions equally well,
and many basic sets of hydrological maps have been devised.
Generally they are remarkably similar, and dissimilarities
are reflections of local conditions. As data: are accumulated
the earlier basic maps become inadequate, and the standards
for priority maps become increasingly complex and
sophisticated.
1.5

A look ahead

For the most part this report is concerned with presenting
well-established concepts, methods and techniques in the
preparation of hydrological maps. New ideas are constantly
being proposed and most of them, after great initial
interest, drop by the wayside. A few of them, however,
prove themselves to be highly useful in map-preparation
or show considerable potential.
1.5.1

New techniques

1.5.1.1

Aerial and satellite photography and imagery

Although aerial photography is not new, recent developments have improved photographic and imagery capabilities and cartographical techniques for transferring aerial
data to map formats. The development of orthophotography
is of particular importance in that it provides aerial photos
with virtually no distortion. Satellite photographs, because
of the great height from which they are taken, also show
little distortion. Such photographs are available for many
parts of the world.
Aerial and satellite photographs are useful not only
for mapping in the field but also for providing a pictorial
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background for data compilations. The photograph of an
area in tones of grey (rather than black) can provide a
useful presentation of the terrain and still be sufficiently
unobtrusive to permit the superimposed hydrological data
to show clearly. Moreover, there is practically no substitute
for a series of aerial photographs to provide a detailed
cover of the terrain under study. Careful study of topographical and geological features shown on aerial photographs is particularly useful in the planning and early
stages of an investigation. In some instances, aerial photographs provide guidance to identifying near-surface groundwater bodies.
In recent years infra-red photography and imagery,
which is temperature sensitive, has become valuable in
hydrological work, especially when taken from aircraft.
It is particularly useful in identifying discharges of water
and pollutants into waters with different temperature. Such
use of infra-red photography has been made in glacial,
coastal and riverine environments. Infra-red photography
has also been helpful in analysing moisture conditions over
broad areas and for revealing geological structures. Details
of the use of this method are available in texts and methodological reports.
Multi-spectral units in satellites are particularly applicable
to mapping of surface water features and run-off systems.
Reservoirs and lakes covering areas as small as 0.01 hectare
can be located. The response of playa lakes to seasonal
weather changes can be readily observed, as can the
increased turbidity of streams to increased sediment loads
after heavy rainfall. In arid and semi-arid lands, the response
of vegetation to precipitation can also be seen. Repetitive
observations from satellites potentially can monitor hydrological changes of many types in large areas.
1.5.1.2

Computer application

Over the past two decades an increasing amount of attention
has been paid to the use of computerized data and to the
capability of certain types of computers to analyse the
data and to prepare maps based on built-in programming.
The advantages of computers are that large amounts of
data may be stored and that these data can be made
available quickly for analyses by a wide variety of techniques.
By means of various techniques, it is possible to develop
mathematical formats for hydrological relationships and,
given enough information, it is possible to project these
relationships into the future.
For the most part, the hardware (computer and related
instruments) are available and many centres, in universities
and in industrial, governmental and intergovernmental
agencies, have the necessary equipment available. Similarly
the software programmes (and programmers) are available
in many places. A primary necessity is to bridge the gap
between the hydrologist and the computer programmer
(and the computer in tum) and this requires a hydrologist
with some experience in programming. People who work
only with computerized data will lack the experience for

detecting cause-and-effect relationships acquired by those
who work with data manually. But this is a problem of
training.
Both techniques have merit when applied to hydrological mapping. The computer is needed to process the
hydrological data accurately and quickly. Many agencies
are now using, or experimenting with, computer-generated
maps to improve techniques, and computers are being used
to plot data on maps. It must always be remembered that
computers do not and cannot interpret; that vital process
is the responsibility of the user of the computer-generated map.
Many hydrological variables are too complex to express
mathematically. At the same time, everyone who has
worked with manually developed isolines recognizes the
shortcomings and arbitrariness of many of the features
they show. The combination of human eye, brain and hand
is unquestionably better than the computer at detecting and
selecting regional patterns and anomalies. None the less, if
the computer capabilities are available, it is to everyone's
advantage to use both manual and computer techniques
to reinforce each other.
1.5.1.3

Remote-sensing application

So far as hydrological map preparation is concerned, data
obtained from remote-sensing techniques are no different
from data collected by any other means, except that there
are likely to be more of them and they will require specialized processing. In almost all instances the remote-sensing
techniques provide information that must be tested by
observations made on the ground, but in linking them the
true value of remote sensing becomes apparent. It provides
data for the areas between the few widely distributed groundbased point observations and continuity to the interdependent variabilities of hydrological quantities in time and
space. Also the fact that extensive areas can be observed
and measured simultaneously by remote sensing, rather
than by successive point observations, will eventually
improve the quality of synoptic maps. Moreover, because
remotely sensed data may be collected repeatedly at specific time intervals, it will be possible to make maps regularly for many seasonal variables in the hydrological process. Up to this time, however, most maps derived from
remote-sensing applications to hydrology are in the
experimental stages.
The combination of telemetered remotely sensed information and computers programmed to produce hydrological
maps has also many potential applications and is now
under study. It is hoped that such maps will be produced
operationally in the near future.
1.5.2

New requirements

The increasing demands for maps showing applied aspects
of hydrological parameters and water regimes must inevitably lead to the development of new types of maps. The
primary user of these maps will be the planner, engineer
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and manager. Many such maps exist, but most are hand
made, primarily to meet specific project purposes, and only
one copy or only a few copies are made of each map.
Published examples are difficult to locate. Other new maps
will be based on an increasingly sophisticated understanding
of the interrelationships of multiple elements of the hydrological cycle. Initially, they will be predominantly of
interest to scientists, but as experience in their use develops,
they will be modified to meet practical needs.
l.5.2.1

Environmental maps

This term is applied to maps that show the local natural
factors of land, water and air in relationship to the existing
and proposed agricultural, industrial, municipal, recreational and cultural developments. The information may
include costs of water development, distribution and
management, estimates of the value of aesthetic benefits,
basis for selection and management of areas for disposal
of liquid and solid wastes, and many other factors related
to all types of land use. The information may be on a
single map or on a set of maps. Hydrological information
is only one input, but it is one that is absolutely necessary
because water is vital to man's development of a balanced
use of an area's natural resources. Consequently most environmental maps integrate water information in terms useful
to the planner, developer, engineers and manager.
1.5.2.2

Water-use maps

Maps showing current and projected use of water are
an aid to the explanation of water development proposals
and changes in local phenomena. Although many wateruse maps show information similar to that of environmental maps, they differ in that water-use maps emphasize
the use of water rather than its relationships to other
aspects of the environment.
In the past few years, water-use maps have become
increasingly complex. Originally water-use maps showed
information such as diversions of stream flow, distribution
of ground-water drawdowns under well-fields, boundaries
of water-distribution systems, and distribution of cropconsumption characteristics. A few national or regional
maps show distribution of water resources that are sometimes related to irrigated and irrigable lands. These maps
are often supplemented by various types of graphs and
diagrams to show related information that cannot be shown
geographically. For example, a map showing the distribution
of water resources may be supplemented by graphs showing total water supply, total water demand (actual and
projected), and the net oversupply or deficiency. Other wateruse maps show the potentials for development of groundwater and surface water by delineating areas on the basis
of arbitrary categories of productivity related to quality.
More recently, water-use maps have emphasized the
quality of water and especially the deterioration of quality
with use.
In mapping, caution must be used when using water-use
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maps. When major changes in use occur during an
investigation, they may cause the data collected at different
times to be incompatible scientifically, and care must be
taken to relate the time of collection to the phase of changes
in progress. A water-use map, for example, may show
progressive increases in the irrigated area of a district over
several years; a single water-table map showing water
levels under undeveloped conditions would not be valid
after the introduction of intensive irrigation.
Strictly speaking, some water-use maps are not hydrological maps yet they are fundamental to the understanding of changing hydrological phenomena.
1.5.2.3

Integrated hydrological maps

Today, most hydrological maps show either a single element
of the hydrological cycle (e.g. precipitation), two or more
elements (e.g. the configuration of the ground-water
surface and the thickness of aquifer), or simple ratios
(precipitation-run-off). Maps presenting the hydrological
regime as a whole integrating several aspects of it or
showing the water balance are rare. An example of a
comparatively simple type of integration shown on maps is
potential evaporation. A more complex approach to
mapping water balances on global and continental scales
is presented by Lvovitch (1971).
The growing demand by planners and managers for
maps showing water information in terms related to
their requirements is forcing hydrologists to re-evaluate
many of their map presentations. The standard hydrological presentations are still useful as far as they go, but
they rarely present the manager, his associates and the lay
public with the information they want and need. In particular, they rarely present the information in terms that are
useful to, or can be understood by, the lay personnel ultimately responsible for managing water resources.
The challenge of devising new map forms to meet new
demands is one that will have to be met in all parts of the
world. It opens up a period of experimentation, and hydrologists should welcome the opportunity to contribute
new advances to the old, respectable, and still vital craft
and science of preparing hydrological maps.
1.6
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Hydrological data as a basis for mapping

2.1

Introduction

Maps should convey desired information as clearly,
concisely and precisely as possible. On the other hand,
they should not imply more than can be correctly deduced
for the available data and supporting knowledge. A basic
understanding of data, techniques of data analysis and
estimation are necessary if these objectives are to be met.
National and international standardization programmes
have done much to ensure that data are of high quality and
that they are consistent with regard to quality, character
and units. However, many other problems remain to
complicate the preparation of maps. All data networks
and data have imperfections because of space and time
variabilities of elements as well as instrumental and procedural inadequacies. The analyst must, therefore, resort to
statistical procedures and conceptual models to overcome
data deficiencies. Frequently the paucity of data relative
to the complexity of the problem prevents the preparation
of statistically significant maps, and makes necessary the
use of conceptual models whose accuracy is difficult to
assess. Changes in policies and techniques are rapid and
continuous; therefore the concepts of data analysis presented here represent only a status quo. However, basic
scientific methodology is relatively constant and the analytical approach to hydrology is a continuing necessity.
Most commonly mapped are instantaneous values,
sums, means, medians, ratios and values estimated to
have a given probability of occurrence. The data may be
used to describe simple, fixed features, as well as features
which vary with differing degrees of complexity in time,
space or both time and space. Statistical methods are
available which are well suited to the evaluation and interpretation of data for these purposes and reference should
be made to the many handbooks and textbooks on the
subject.

2.2

Hydrological data

2.2.1

Data categories

Field-data maps usually employ directly observed or
measured values for specific points such as the values of the
chemical content of water or of the measured discharge,
rather then deduced values calculated from relation·
ships. These data include actual measures of borders
of flooded areas at different stages, and measured site
elevations, i.e. values which are not interpolated from
measurements.
Derived-data maps are based on calculated or inferred
figures obtained from field data by the use of processes
such as averaging, interpolation, extrapolation or through
the application of empirical formulae. Such data manipulations may be simple (averages, interpolations, etc.) or complex. Perhaps the most common types of derived maps
show interpolations (such as water-table elevation contours)
and averages of many elements. It is important to remember
that averages are not field data and that they are a sta·
tistical presentation. None the less, averages are a valuable
and widely used analytical tool.
Interpretive maps might be considered a variation of
derived-data maps. On these maps, field data have been
generalized and often simplified to show broad interrela·
tionships. For example, a map showing the availability of
ground water by categories is, in effect, obtained by interpolating more or less horizontally between transmissivities
within an aquifer, and combining the effects of transmissivities of overlying aquifers, vertically. Interpretive
maps are particularly useful to hydrologists because they
can be used to present generalizations to planners, managers,
administrators and other non-hydrologists who need
information in order to make their managerial decisions.
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2.2.2

Data sources

Typical data sources are:
1. National and regional archives or libraries of agencies
responsible for the data acquisition and publication of
hydrological, hydrometeorological, hydrogeological and
related factors, as well as their publications which
usually take the form of annual or monthly compilations
and summaries. Original records are sometimes available
at these sources or in field offices; these records include
aerial photographs and information received via
satellites.
2. Private organizations such as power authorities or
companies having an interest in hydrological measurements, e.g. agricultural produce marketing companies
and oil drilling companies.
3. Research papers and project reports.
4. Survey reports of research and development agencies.
5. Archives of established newspapers. (These are often
available on microfilm in governmental as well as in
company archives.)
6. Field data.
7. Surveys of popular knowledge.
8. Maps on related topics.
It is often advantageous and necessary to use unconven·
tional data. Newspaper reports of floods, personal diaries,
records kept by industries, project and research reports,
analyses of water-related resources such as forest cover and
similar information can often be used directly or deductively
as valuable supplementary information. The opportunities
provided by new technology must also be considered.
For example, the observing systems carried by aircraft
and satellites have overcome the limitations of access to a
site and are capable of providing enormous quantities of
data for remote areas.
2.2.3

Data quality

A knowledge of data, the completeness of records, inherent
errors, the variability in space and time, or other characteristics of the element to be mapped, including external
physical restraints, are requisites to mapping. The number
and quality of data as well as their statistical nature impose
limitations as to what can be usefully mapped, the map
scale, the precision of boundaries, the placing of isolines
and the significance of estimates obtained from the completed map. It is, therefore, most important that all aspects
of the data, the supply, its quality and statistical character
be thoroughly understood before mapping proceeds.
Furthermore, the resulting map or supporting text should
clearly identify the nature of the data base, its quality
and the period of record, so that the user will not assign
greater accuracy to his interpretation than is warranted.
All measurements are inaccurate to some degree. The
observer, observational procedures, the instrument or its
maintenance, data transmission and data transcription
may each contribute individually or coJlectively to data
inaccuracies. Unfortunately, the analyst is frequently not
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in the position to investigate adequately the defects in
hydrological records or to evaluate the performance of
an individual instrument. This makes an awareness of
the limitations of hydrological data in general essential.
Standardized observational procedures tend to minimize
errors to the point that many data can be used directly
without major concern as to quality. They also tend to
ensure that whatever biases the data may contain are
similar from one location or time to another so that the
data, if not accurate, are at least comparable.
2.2.4

Data consistency

One of the basic necessities of a good map is that the data
be as consistent as possible. The determination of this
consistency in some instances goes back to the basic planning of the project. In other cases, it goes back even further,
to the imperfections of our instruments and their measuring
capabilities, and to our concepts and their influence on
the measurements we make. Furthermore, there are the
limitations emanating from the differences between the
actual physical differences involved in the hydrological
phenomena and our ability either to measure them or to
depict them by word, graph, formula or map symbol.
In hydrological mapping the portrayal of information
must be consistent, not only in terms of data standardization but also in terms of the water balance on other physical
processes and controls that influence the balance. These
processes and controls are, after all, the bases of data
reconstruction and synthesis. The physical controls are
basically the same in all parts . of the world, but it should
be kept in mind that they may operate with different
intensity and cycling as well as in different combination
from one area or season to another.
A change in consistency during a measuring programme
may pose a major problem in statistical analysis and
prediction. Such changes may occur in the measurements
made at a streamflow gauging station because of the
development of water storage or extensive exploitation of
ground water upstream. The change may be temporary, as
when caused by ice formation, or relatively permanent
such as when streamflow is diverted upstream to other
channels. Sudden large changes can usually be detected by
a review of station records; however, it is difficult to
identify gradual changes such as those produced by
alterations in land use.
Although not always possible, consistency with respect
to time and analytical intervals or lags which give due
regard to residence time is highly desirable when samples
are being compared. This need is as equally great in the
analysis of a single element as it is in comparing elements
of the water balance. Such time considerations are essential
in the preparation of maps depicting instantaneous values
or averages integrated over short periods, for example the
water year.
Time consistency is usually possible for precipitation or
run-off alone, but frequently the two sets of information
have not been collected on an integrated basis. Ground-
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water data may pose particularly great difficulties. Although
weJI levels may be recorded continously, other basic data
needed for scientific evaluation of yields, flows and storage
changes tend to be obtained on an irregular basis which
may span periods of years and have little regard for the
season. Data selection is such that the networks are different
at each season, e.g. spring and autumn, so that even the
estimations of seasonal changes based on observations
taken over a period of years may not be completely valid
because of the lack of consistency in data.
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Tests of data consistency
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There are several procedures available to the analyst to
aid him in evaluating data consistency. One of the simplest
is graphical regression such as the comparison of streamflows at two sites (Fig. 5). Changes in consistency will be
apparent in tendency for data in one time interval to group
in a manner which is at variance with that for the remaining
periods. Regression lines fitted to the two data sets facilitate
the reconstruction of data as may be deemed necessary to
achieve consistency.
Changes in regression equations relating precipitation
and run-off may be used to evaluate the effects of altered
land use, cloud seeding or other factors influencing run-off.
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FIG. 6. Example of a double-mass analysis. (WMO Guide to
Hydrometeorological Practices, 2nd ed., Geneva, WMO, 1970).

This procedure also demands that precautions be taken to
ensure that all other possible causes of change such as
alterations in ground-water storage, adjustments made to
run-off data to compensate for reservoir construction, etc.,
are adequately considered.
2.3.2

Double-mass analysis

50

Double-mass analysis is commonly used in hydrology to
detect breaks in the homogeneity of data. For example, for
precipitation data this is done by comparing the accumulated sums of the measured element for one station with
those for a group, or a high-quality station within the same
region (Fig. 6). Significant changes in the slope of the
resulting line should be investigated as possible homogeneity breaks. The curve in Figure 6 shows a probable
break about the year 1945.
Since the natural variability of an element may cause
changes in slope of the same order of magnitude as those
due to changes in landuse, etc., double-mass curves must
be used with caution. The homogeneity breaks should
preferably be substantiated by historical evidence of change
before they are accepted, and only sustained changes
should be considered.
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FIG. 5. Example of a simple regression relating streamflows at
two sites (after Thomas, personal communication).

Errors fall basically into two categories, accidental and
systematic. Accidental errors include the errors of transmittal, and the mistakes and misinterpretations by an
observer apart from the bias which is due to his personal
error. They also include natural variations such as those due
to seiche in the study of monthly water levels and the effect
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of atmospheric pressure on water levels in wells. Systematic
errors include the personal error of the observer, and biases
such as those resulting from the nature of the measuring
instrument, its exposure, observation procedures, etc.
2.4.1

Accidental errors

Accidental errors tend to cluster around the mean value,
and although they may occasionally act in the same direction, generally they are both positive and negative. Included
among them are occasional major discrepancies or mistakes,
such as due to a faulty scale reading, that are outstanding.
The first error evaluation in data handling usually concerns
these large anomalies. If, under review, they are found to
defy physical explanation, they are rejected, but not abandoned since later evidence may explain them. Obvious
mistakes in scale reading, on the other hand, are frequently
easy to correct. Other approaches must be used in evaluating and correcting errors which are not obvious since the
values lie within the realm of possibility.
Accidental or random errors can be corrected to some
extent by averaging a larger number of measurements
since being both positive and negative, the errors tend to
cancel out. The arithmetic mean of a large number of
observations is, therefore, a good estimate of the true value,
providing systematic errors are negligible.
2.4.2

Systematic errors

Systematic errors are readily corrected when known, and in
the more obvious instances this is done at the time of
measurement. They can be insidious in that they often
escape detection, or are sufficiently complex to defy a
straightforward adjustment. The error they introduce may
be constant, proportional to the measurement, variable, or
appear only under specific conditions.
Typical of the hazard are the problems posed by the
use of standard meteorological instrument exposures and
the placement of gauges along routes having easy access.
Were the measurements used without further consideration
to estimate the areal precipitation, the result could be
grossly in error. Adjustments can be made to the data to
allow for the differing amounts of precipitation falling at
the unmonitored high elevations. However, these adjustments are often highly empirical, and since the physical
processes which influence precipitation vary with season,
time and location, the adjustment factors cannot be liberally
transposed and must be used with caution.
In the case of streamflow, data errors due to gauge siting
are usually very small; however changing conditions
upstream may be a matter of concern. The change in land
use from forests to agricultural to urban areas may drastically alter run-off timing and quantity, at least over smaller
watersheds. The construction of reservoirs or of diversion
structures makes necessary the reconstruction of records so
that homogeneity in time is obtained. Floods may not only
drastically alter the river course or channel, but also result
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in the loss of valuable information, through the destruction
or inaccessibility of gauges. Needless to say, in some
instances the high-volume flood flow may account for an
appreciable fraction of the total yield.

2.5

Statistical methods

Statistical methods are highly recommended in the evaluation of observational data.
2.5.1

The frequency distribution of observations

Statistical methods are used extensively in hydrological
mapping and it is therefore necessary that the characteristics of the frequency distribution of observational data
be understood. Reference should be made to handbooks on
statistical methods, particularly those relating to hydroclimatic data some of which are listed in the Bibliography,
to obtain detailed information on statistics and statistical
analysis. Another useful reference is the WMO Guide to
Hydrometeoro/ogical Practices which contains valuable
information on network densities required to obtain
meaningful results.
Some statistical methods require that the data be independent and randomly distributed. Such procedures are
only approximately applicable to most hydrological data
fields since these tend to be continuous in space and time.
This tendency is fortunate in mapping, otherwise we would
be lost in a morass of detail in attempting to prepare
representations of the phenomena under study. However,
the stated tendency is not a generality, for rather discrete
changes do occur, such as the change in transmissivities
within ground-water regimes, and the change in evaporation
across a shore line. Such discrete changes make necessary
the stratification of data according to the zones of relative
homogeneous characteristics. Care must be taken near
physical discontinuities, for averages, in such cases, would
obscure the true character of the related hydrological
processes.
The natural variation of hydrological elements, i.e. their
dispersion in nature about the mean value, is analogous to
that of errors of measurement. As previously noted, a
better estimate of the mean is obtained from a long series of
measurements. Frequently, however, a design or probability
value other than the mean is desired for mapping natural
phenomena. An adequately long data series is then required
to estimate these values with confidence; extrapolation
beyond the probability levels described by the series is
frequently necessary but hazardous. Reference to related
long-term series may provide useful guidance in such
extrapolations.
There are several important reasons for appraising the
frequency distribution of the data which is to be mapped.
This is desirable in the decision as to whether the mean or
median value should be used, as well as in the preparation
of risk-type maps. Frequency plots may show several modes
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and indicate thereby the need to group the data into
stratified subsets. The plots may show the undesirability of
using conventional normal-curve approaches and should
help to determine what frequency distribution is to be used
in the estimation of return-period values. Assumptions as to
the nature of the distribution should be made warily. The
need for this caution is demonstrated by means of daily
precipitation which tend to be normally distributed when
considering annual means, skewed for monthly means, and
highly skewed for daily values.
The purpose of mapping is to show specific or representative values. The mean provides a suitable representation in some instances, but it is limited in the amount of
information it portrays. With skewed distributions the
median is more commonly employed since it is relatively
unaffected by unusual extremes and is easily computed and
understood. The modal value is also unaffected by extremes
but is not employed extensively.
The resolution of many problems requires that additional
information be given on the variability about the above
central measures. Measures of dispersion are frequently
mapped to indicate the degree of confidence which may be
placed in the sample mean, or to enable statistical estimation of return-period values. Alternatively, a series of maps
may be dedicated to the description of one or more quantiles
or sets of values for a stated probability.
2.5.2

log-normal and Gumbel Type 1 on which the plotted data
form a straight line. Such papers are usually graduated in
the recurrence interval or probability values which are
commonly employed in mapping so that abstraction of
needed estimates is a simple matter.
When plotted values array to form a straight line on
normal probability paper, a normal distribution is assumed.
If the array forms a curved line, the data are skewed and
should be treated accordingly. Many extreme value samples
include one or two apparent anamalous values which do not
align with the remaining data. Weight is given to the main
body of the data in fitting lines to these distributions-in
computer analysis the one or two top extremes are sometimes dropped-so that the values do not unduly influence
the variables which will be used for prediction.
As with all data, the developed graphs must be consistent
with reality and with one another. Particular attention
should be given to the extreme high and low segments of
the lines to ensure that they do not lead to absurdities or
induce unreasonable predictions, for example estimates of
monthly values which collectively exceed the annual values
having identical recurrence intervals. The goodness-of-fit of
the chosen distribution can be established with the classical
chi-square test and the Kolmogorov-Smirnov test.

2.6

Variability of data

2.6.1

Spatial variability

Extreme value distributions

The need to understand the frequency distribution is
abundantly clear in the mapping of values having very low
or very high probabilities of occurrence. The use of
quantiles has considerable merit in that they do not require
an understanding of the frequency distribution and furthermore the values can be easily obtained by computer
tabulation. With rare events the use of quantiles becomes
questionable, and there is a need for equations or graphical
procedures which can be used for prediction, confidence
being provided by their goodness of fit to the entire
sample.
Graphical fitting of frequency distribution curves is often
preferred since no assumptions are made as to the type and
characteristics of the distribution (Riggs, 1968). This
procedure requires, of course, the plotting of data and the
use of plotting-position formulae. A number of plottingposition formulae are available (Benson, 1962). Benson
demonstrated that the Weibull formula F = m/(n + 1) was
best of several commonly used equations when used to
estimate long-term probability. In this formula F is the
cumulative frequency, or probability of a value being
equalled or exceeded, m is the rank and n the number of
observations in the sample. The expression F = (m-0.3)/
(n + 0.4) is recommended when n is small since it causes a
smaller systematic error. If statistical parameters are,
however, derived by the maximum likelihood technique
there is no need to use arbitrary plotting positions.
Fitting curves is an arduous task, and it is therefore
customary to use prepared graph papers such as the normal,

Certain elements are easier to map than others because of
their conservative nature. For example, water surface temperatures on a cloudy day show little horizontal variability
and few measurements are needed for a meaningful map.
Hydrogeological parameters are also generally conservative.
Depth of snow cover, on the other hand, can be extremely
variable from place to place and many observations may
be required to adequately identify its nature.
For the quantitative evaluation of spatial variations of
hydrological elements, it is expedient to use space correlation functions which provide a means of evaluating the
spatial interpolation errors. These errors should be considered in the interpretation of data during the mapping
process.
Spatial variability is highly controlled by topography and
subsurface structures as well as the nature of atmospheric
phenomena. The analyst must, therefore, consider the
benefits of analysing samples obtained from locations
having relatively similar physical controls such as vegetation, soils, slopes, climate, transmissivities, etc., i.e. by
stratifying the data. The use of topographic or geological
maps as overlays or underlays is beneficial in this approach.
In fact, geological maps should logically be available
before the mapping of ground water is attempted so that
the boundaries of zones or volumes of relative homogeneity may be specified. The lack of coincidence of surface
and ground-water basins must also be recognized when
considering spatial variations.
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2.6.2

Variability in time

The hydrological cycle is dynamic and its components
fluctuate in time scales which range from seconds to hundreds of years. For most purposes, mapping of instantaneous
events or return-period values of a matter of several tens
of years is adequate for operational purposes; nevertheless
there is a need to know the relevance of the described event
in the over-all time scale if it is to be used as a basis for
prediction. There is usually a need to know also whether
the sample is biased, belonging to an interval which was
excessively dry, wet or otherwise unrepresentative.
Furthermore, the time and space variations are interrelated, such that the data networks required to describe
short-duration events are usually much more intensive and
much less extensive than those needed to describe longduration and broad-scale phenomena. Operational networks and observing systems such as recommended in the
WMO Guide to Hydrometeorological Practices provide the
time and space detail for the mapping of standard operationally important factors; special phenomena may,
however, require more specialized networks and not be
adequately definable from conventional data networks.
The statistically desirable period varies according to
physiography, climate and also according to the element
and statistic being considered. Landsberg and Jacobs (1951)
found that estimates of mean annual precipitation can be
obtained with acceptable certainty with period samples of
twenty-five to fifty years. This interval is probably acceptable
for surface run-off and evaporation from land in all but
arid areas. The standard deviation of annual twenty-fourhour precipitation extremes tends to stabilize with samples
of fifty years, compared to thirty years for the mean (Hershfield, 1961). Short-duration records can, in many instances,
be normalized by simple ratio techniques; and the analyst
can thereby take advantage of the additional detail so
provided.
On the other hand, Court (1967) considers the thirtyyear normals to be extremely inefficient for prediction
purposes. While at some locations the mean based on
forty to fifty years of data may provide the best estimate
of precipitation, in many cases means or medians based
on records for the last fifteen years or less are the best
predictors. He recommends the use of fifteen-year median
values computed every five years as a reasonable compromise and notes that the length of the averaging period for
an optimum predictor varies widely from month to month
at a given station but is similar at adjacent stations.
At times it is desirable to depart from conventional time
intervals which are fixed astronomically, or by convention,
rather than by the hydrological nature of a region. An
example is the water year, which can differ substantially
from the calendar year. The water year and its components
are dependent on the cyclical nature of run-off derived from
seasonal storms and snow melt, and also of water use.
Important cause-and-effect relationships may be obscured
by the blind use of the calendar year.
Hydrological observations are not independent of
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preceding conditions, but have a decreasing dependence
with the length of time between successive measurements.
This tendency is referred to as persistence. Thus, highwater levels or drought conditions tend to persist from one
day to another rather then occur as random scatter. The
coefficient of autocorrelation provides a measure of such
persistence in data.
Regional-scale droughts or wet periods may show
persistence over long periods. The possibility therefore
exists that a sample which is to be used in prediction relates
to a drought period, wet period, or a mix of the two
(Fig. 7). A review of long-duration time series is warranted to avoid the risk of unrepresentative time samples
for prediction purposes.
The temporal variability of hydrological data is of
increasing importance in view of the changes brought
about in climate and hydrological elements by man's
activities.
2.1

Data reconstruction and
estimation

Since hydrologists rarely have sufficient data for mapping
it is often essential to use what knowledge exists about the
available data to synthesize the values needed. The need
for synthesized data for mapping also arises when records
are broken or need extrapolation, and for the use in
techniques such as grid-point mapping, so as to obtain
continuity in areas of sparse data. In some instances the
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procedure is simple, such as through interpolation. Regression techniques are most frequently used for data
estimation; however, with the advent of the electronic
computer more complex relationships can be usefully
employed. Most methods require the existence of at least
some basic data but, even in the absence of such data
useful qualitative estimates may be obtained by indirect
methods such as by the estimation of peak discharges
using high-water marks and estimates of channel roughness.
Some of the more common reconstruction procedures are
mentioned here briefly; the reader should refer to pertinent
texts and manuals for a better appreciation of their application.
2. 7.1

Interpolation and extrapolation

Useful preliminary estimates of hydrological elements can
sometimes be made by simple interpolation between
neighbouring stations, provided that areal variability of the
element is small. For example, a few days of missing
precipitation records may be satisfactorily estimated by
interpolation between records for surrounding locations.
Extrapolation is more prone to error since it involves
extending a derived relationship between variables beyond
the values for which the relationship was established.
Even if the relationship (for example a bivariate regression
line) is a strong one it cannot be established that the same
will hold at very high or very low values of the independent
variable if these were not used in analysis. Neither can we
be sure that the relationship will be the same in other
geographical locations or with time.
2. 7.2

Ratios

Ratios are used in making a variety of estimates which are
employed in mapping. Typical examples are the adjustment
of short-duration statistics to normal period equivalence,
in estimating duration-frequency characteristics of shortduration data, and also for data which have been measured
extensively but for a single duration only. The shortduration data can often be grouped into specific periods.
The ratios obtained between the statistics for these periods
and normal-period series are then used to normalize the
short-duration v~lues.
Ratios are similarly used to estimate one-hour, six-hour
and other duration values from commonly available
twenty-fo ur-hour mean values. The ratios are developed
from the sparse network of stations where automated
gauges are available. The use of the ratios between different
recurrence periods is similarly employed. For example,
the ratio of the l-to-50-per-cent values of a well-defined
frequency distribution can usually be transposed over a
large area and be used to estimate I-per-cent values at
other locations where the 50-per-cent values are reasonably
well known, but the available data are insufficient to
estimate the 1-per-cent value with confidence.
Perhaps the most common ratio mapped is the ratio of
run-off to rainfall (Fig. 8). The values of this parameter

are much more easily mapped then those of either rainfall
or runoff alone.
Simple interpolation and ratio techniques are not in
themselves sufficient when the variability of the hydrological
element is great, such as in mountainous terrain. Heightdependency regression curves and other relationships must
generally be used when obtaining estimates.
2.7.3

Use of the water balance equation

The use of the water-balance equation Q = P - E in
estimation also poses major problems. The equation is
usually employed for annual averages on the assumption
that there is no net change in catchment and groundwater storage over this interval. Depending on the climate,
and those factors within the area and adjacent basins which
control surface ground-water storage, this assumption
could lead to appreciable errors. Even if the storage change
is zero, it is essential that two of the terms be accurately
known for the estimation of the third term. Unfortunately
precipitation and evaporation measurements must, with
rare exceptions, be considered as indices rather then true
values. Errors of up to 40 per cent precipitation measurement are quite conceivable in many instances, this
error. ranging regionally. Furthermore, the accuracy of
± 5 per cent claimed for run-off measurements may be
misleading at times, because the margin of error refers to
the reproducibility of measurement rather than to total
outflow of a system. Massive volumes of water may enter
or leave a basin unmonitored via ground-water aquifers,
which often do not conform to the surface drainage system
(see 4.3.2). For these many reasons the errors in estimation
are speculative in many cases where the balance is used. On
the other hand, the usefulness of the balance in achieving
consistency cannot be overstressed. Also for long periods
and large areas the integrated effects of some of these
errors tend to balance out.
The use of the water balance in mapping, along with the
availability of the electronic computer, has made grid
mapping attractive to many hydrologists. The computer
allows the integrated use of the equation along with other
relationships which express landform, soils, land use, etc.,
for the rational synthesis of data on an orderly basis.
Estimates of many of these values can be obtained, with
acceptable accuracy, from conventional maps through
the use of a grid overlay. Others can be synthesized as
needed by using the water balance or regression procedures.
Isolines of space-average values can be fitted to the gridsquare averages if desired.
The spacing or mesh used in the grid is of paramount
importance. A wide spacing between grid points yields
averages for a very large area. Caution must be taken to
ensure the mesh is sufficiently fine to show the desired
detail, having in mind the scale and size of the map.
Compromise may also be necessary if the amount of data
and computations are to be kept manageable. The grid
should also consider the data network density; in practice
the interval usually should not exceed one-half the average
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FIG. 8. Mean annual run-off over Great Britain 1955-60. A. Run-off expressed as depth equivalent over the area. B. Run-off expressed
as a percentage of precipitation. (From R. C. Ward, Principles of Hydrology McGraw-Hill, New York, N.Y., 1967.)

distance between data points. This may require that mapping for some areas be done by zones to allow for regional
differences in network densities.
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Maps of atmospheric waters

3.1

General considerations

Two of the four major phases of the hydrological cycle are
atmospheric. These are precipitation and evaporation.
Precipitation is the primary source of the earth's water
supplies, while evaporation is the major consumer. Evaporation replenishes the atmosphere's water vapour resources
which in turn are depleted by the precipitation process.
It is hardly surprising then that maps of atmospheric
factors play an integral role in hydrology, particularly in
those areas which lack long and comprehensive records of
streamflow. Maps of precipitation are extremely useful in
evaluating the magnitude of a water resource as we11 as its
variability. Along with estimates of evaporation they are
useful in the design of many water supply systems. They
are essential in evaluating flood hazards and characteristics and, therefore, in the design and operation of spillways and flood-control systems. The evaluation of irrigation
needs and the design of irrigation supply systems rely
heavily on precipitation and evaporation information.
Other common uses for atmospheric water maps are in the
operation of reservoirs, the design of drainage systems, the
evaluation of and design against erosion, and the evaluation
of ground-water recharge. Used as components of the
water balance, they provide a valuable input for the
determination of the dependent variable.
Most precipitation and evaporation maps fa11 within one
of the foJlowing categories: (a) networks; (b) means,
normals (percentage of or departure from normal and
variability about the mean); (c) totals or absolute values;
(d) days with occurrences; (e) frequency-intensity; (f)
extremes, mean and variation of extremes; (g) days with
specified conditions; (h) duration; (i) day of beginning and
end of a phenomenon; (j) graphs of regime, mean directional
array, array, variability, intensity-duration-frequency; (k)
ratios and statistical values; (1) relationships; (m) combinations of elements, components.
The major objective in preparing these maps is to depict

accurately characteristics such as the extent, intensity or
frequency of occurence of an element. This requires skills
beyond the fitting of data to an array of numbers; it
demands an understanding of physical processes which cause
and affect precipitation and evaporation. The general
nature of these elements and their variations in space and
time are therefore a prime concern of this chapter.
Other significant obstacles to achieving the above objective are data deficiencies, inaccurate measurements and
unrepresentative measurements as described in Chapter 2.
Where only comparability is desired, these problems may
not be critical, but they are serious when accuracy is
demanded, such as in estimating water yields or in the
computation of the dependent terms of the water balance.
For example, it is a we11-known fact that precipitation
measurements are highly influenced by the wind and other
factors such as to frequently require adjustments of 10 to
20 per cent for rain and 40 to 60 per cent snow when computing areal averages. Such corrections are, of course,
approximate and storm dependent. Nevertheless, they
indicate the dilemma which confronts the hydroclimatic
mapper. Precipitation is one of the most commonly measured and mapped hydrological elements. As a result, it is
usua1ly accepted as one of the known quantities when
resolving the water-balance equation. Traditionally the
climatologist has mapped measured values. There is great
merit in such maps since they provide measured rather
than estimated values. Yet the hazard of their unquestioned
acceptance in hydrology is obvious. The preparation of
more accurate precipitation maps remains an essential
need and challenge.

3.2

Precipitation

Precipitation includes a11 forms of water particles, liquid
and frozen. It is usually distinguished from dew and hoarfrost whose deposition is the result of vapour transport
39

Hydrological maps

followed by condensation. For most mapping purposes
precipitation is accepted as the sum of rainfall and snowfall and therefore has characteristics of both.
3.2.1

Variability

The distribution of precipitation across an area can be
very complex. The magnitude of this complexity is not
likely to be revealed through the simple fitting of isolines to
observed values. In fact, this procedure can lead to gross
inaccuracies because of the inadequacies of data networks;
for example the analyses of precipitation data for mountainous areas would depict only the va1ley climate, missing other
important features because of the lack of observation stations at high elevations. An understanding of the mechanisms that produce precipitation and the influence of local
topography on precipitation can help the analyst to avoid
such major interpretative errors. Not only does it enhance
his skill in placing isolines, but it also assists him in
judging the reliability of his data.
The variability of precipitation across an area depends on
both atmospheric processes and the way in which these are
affected by topography. The precipitation-producing mechanisms at work within the atmosphere include: horizontal

convergence such as found in a low-pressure area; orographic lifting where air is forced to ascend topographic
features, such as a mountain range; convection, which
gives rise to thunderstorms, and the precipitation which
occurs when cold winds traverse a relatively warm body of
water; and finally, weather fronts along which air is forced
to ascend over colder air as a result of winds and density
differences.
The precipitation intensity and amounts depend on the
vigour of the weather system, and also the moisture content
and instability of the lifted air. Convective rainfall occurs
within but is not confined to large weather systems. Thunderstorms and other convective showers leave swaths of
precipitation, somewhat as shown in Figure 9, as they pass
across the countryside. They tend to occur in a more or
less random fashion but, if the precipitation is accumulated
over a sufficiently long period of time, the broadscale
patterns of precipitation become apparent. These generally
disclose that the storms are less frequent or less active over
valleys than over adjacent hills. Where instability showers
are caused by the passage of air over a water surface, the
resulting precipitation is confined to the downwind areas,
and the intensity is a function of fetch as well as the differences in water and ambient air temperature.

2Km

FIG. 9. Isohyets of a three-hour thunderstorm rainfall (mm) (McKay, 1964).
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Wherever orographic precipitation is dominant, mapping
is frequently simplified. Under these circumstances the
precipitation patterns tend to be similar from storm to
storm and from year to year, since they are strongly influenced by the moisture supply and the rate of ascent which is
related to wind speed. Physical factors such as elevation,
aspect, the local and general slope, the distance from the
moisture source, and the presence of intervening topographical barriers are then major determinants in explaining the average precipitation patterns and can be used
accordingly to aid in mapping.
When the precipitation is produced principally by storms
of a varied character, the analytical problem can be very
complex. For example, a cold low-pressure area may
produce precipitation at low but not at high elevations.
Also with moving, cyclonic storms, slopes may become
alternately lee and windward, and rates of lift as well as
moisture supply within the atmosphere change during and
with each storm.
Other topographic features may be of importance. Trees,
for example, may influence the amount of precipitation ,
intercept droplets, and act as a sediment trap for falling
snow. Large bodies of water act as precipitation sources
when the air is cold relative to the water, and as depressants
when the air is warm relative to the water. Open water also
traps snowfall whereas over land the snow may be blown
along over great distances. Physical barriers cause precipitation maxima to occur along their windward flanks and
create rain shadows in their lee. Some of the precipitation
is carried great distances beyond the barrier crest by the
wind, but in general this process is accounted for in the
construction of elevation-dependency curves (Fig. 10).
These various topographical effects may not be important in
continental maps but can be very significant in the preparation of local- and regional-scale maps.
Snowfall merits special consideration because of the
way it is so readily transported by the wind. As a result of
this characteristic, its ultimate deposition patterns are
highly dictated by topography, much more so than rain.
In many instances the apparent snowfall is not the result of
conventional precipitation processes but is redeposited
snow from other locations.
3.2.2

Estimation

The review of precipitation records is usually limited to
estimating missing data. It is impossible to evaluate all of
the individual gauge biases such as those caused by wind,
splash and evaporation. Standard data must be taken as
being relatively consistent from the point of instrumental
bias. The analyst should keep in mind that measurements
from lysimeters and pit-gauges approach true values,
however, conventional gauges exposed to the wind may
experience large catch deficiencies, and that shields reduce
the deficiencies substantially. For further information on
the performance of instruments, the reader is referred to
the WMO Guide to Hydrometeorological Practices.
Although precipitation is the most commonly measured

hydrological element, nevertheless the number of measurements is rarely sufficient from the mapper's viewpoint.
The deficiencies for remote or inaccessible areas pose a
major problem. Under these circumstances the use of
both data and physical relationships enables the production
of a map which is quite superior to that obtained mechanically from the data alone.
Topographical relationships are of great utility, and
elevation-dependency curves (Fig. 10) are among the
easiest ways of expressing them. These are extremely valuable in the placement of isolines in mountainous regions;
however their limitations must not be overlooked. They
are useful in estimation only over areas which are relatively
conservative from the viewpoint of landform and climate.
Furthermore, the estimation accuracy usually is very
limited at high elevations because of the paucity of data
used to draw the curve at these heights.
Elevation-dependency curves usually show an increase
of precipitation with height. An increase with height is not,
however, a universal rule. Decreases occur at high elevations
on mountains in tropical areas; also the aridity of highlevel plateaux is well documented. Furthermore, the cloud
systems in some types of storms may not extend to very
high levels.
Multiple regression techniques employing slope, aspect
and other topographical characteristics have been used
(Spreen, 1947; Solomon, Denouvilliez et al, 1968). The
procedure is generally applicable, but the equations are
not likely to be transposable to areas which are topographically and climatological1y dissimilar to that described by
the initial set of data.
The use of the water balance for estimation purposes is
highly recommended. There are several ways in which it
may be used. For example, the total precipitation computed
by the balance for a basin may be apportioned over the
basin on the basis of elevation relationships and in a manner
which is consistent with measured precipitation. Where
there is sufficient evidence, the water balance may be
used to adjust observed values of precipitation. Another
common approach is that of grid-mapping. In this
case, area-average values are obtained rather than point
values, and the analysis shows only the influence of
topographical features which are substantially larger than
the grid-square.
3.3

Evaporation

Evaporation is one of the most poorly known, and also one
of the most controversial elements, of the water balance.
For this report, evaporation is considered to be the amount
of water in the liquid or solid phase which is returned to the
atmosphere in the form of vapour, regardless of the processes involved. The term 'evaporation' thereby includes
both water which evaporates from surfaces, and water
which is transpired by plants. The combination of these two
processes is often called 'evapotranspiration'. Since this
expression is solidly entrenched in literature and mapping,
41

Hydrological maps

of surface-water supplies. It removes water directly from
the storage reservoirs and therefore limits the usable
supply. Furthermore, it forms a major part of the user
demand such as in agriculture, domestic water use, and
cooling water losses by thermal power plants. Because of
this importance, evaporation maps play a major role, not

its usage is continued here as necessary for consistency
with published documents and convention.
The importance of evaporation maps is manifested by
their variety and varied usage. They are needed for the
sound planning and use of water resources as well as for
scientific understanding. Evaporation is the major consumer
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only in assessing the magnitude of water resources but also
in the planning and management of all activities which are
dependent on water.
There are many ways of measuring and estimating
evaporation (E).The map utility is increased if the estimation methods are comparable with those used for mapping
in other regions and countries. The more commonly
accepted methods for measuring and estimating evaporation
are described in WMO (1966, 1970) and Hounam (1971).
A very complete discussion of the theory of evaporation, its
measurement and estimation is contained in Konstantinov
(1963).
3.3.1

Variability and estimation

Evaporation is dependent on the availability of moisture,
energy, and on moisture transfer processes within the
atmosphere. Since each factor may vary widely over the
earth's surface, estimation can be very complex. The
problem is usually simplified by assuming an ideal surface
or an unlimited water supply. This has resulted in three
basic types of evaporation maps: (a) evaporation from freewater surfaces such as lakes and reservoirs; (b) potential
evapotranspiration (PE), which is approximately equivalent
to the water lost to the atmosphere from an irrigated
field of leafy, mature plants; (c) actual evapotranspiration
(AE) which is the water lost to the atmosphere from any
surface regardless of the limitations of soil moisture, or the
nature of the vegetative surface.
Evaporation from water surfaces and potential evapotranspiration are relatively conservative across an area
because they are mainly functions of large-scale climatic
processes, water supply not being a factor. On the other
hand, actual evapotranspiration can be highly varied since
many surfaces, and differences in moisture supply, must be
considered. Since there is a relative abundance of moisture
in humid areas, AE-+ PE, and it is therefore relatively
conservative. But in arid areas AE -+ P (precipitation),
and AE then is equally or more variable than P. These
relationships have important bearing on other problems
such as the suitability of areas for the disposal of waste
water, and the migration of salts within soils.
Most measurements of evaporation are so influenced by
the characteristics of the instrument that they are generally
accepted as indices which must be further processed to
obtain free water evaporation. Evaporation pans are the
most commonly used instrument. For some areas the pan
data are sufficient for mapping purposes, but for others
they are inadequate.
Whereas precipitation and run-off require long data series
for estimation of a stable mean (approximately thirty
years), lake evaporation and potential evapotranspiration
may be estimated with reasonable stability from shorterperiod data. Humidity and air temperature, which are
important factors in determining potential evapotranspiration, may, according to Landsberg and Jacobs (1951),
require one to ten years and five to twenty-five years of
observation respectively to obtain stability.

Because of the paucity of useful measurements it is
usually necessary to estimate evaporation from other
highly correlated values such as measurements of radiation,
temperature, humidity, wind and sunshine. These estimates
can be used either as a basis for mapping or to supplement
other values. Alternatively, evaporation can be estimated
using accounting techniques. Water budgets such as used
in reservoir accounting can be also employed for land areas
using climatological measurements and taking the moistureholding characteristics of the soil into consideration
(Thornthwaite and Mather, 1955). The accounting is
usually done on a monthly basis because of the availability
of monthly climatological values. However, monthly
analysis may not disclose important short-duration surpluses
and deficiencies. Computations based on daily, or at least
weekly values are considered preferable for this reason.
Changes in soil moisture, which are of great importance in
accounting, are discussed in Chapter 5.
3.3.2

Evaporation from water surfaces

Maps of evaporation from water surfaces are of value in
determining the volume of usable water supplies, in the
selection of sites for reservoirs and deciding on dam
heights. They can also be used in estimating the demand
for water and, therefore, are of value in the planning and
management of supply systems serving single or multiple
uses such as irrigation, navigation, power production,
recreation, conservation, the maintenance of water levels,
etc. Since evaporation removes pure water, the maps of
evaporation also have implications in water-quality
problems.
For most practical purposes, the areal variation in
evaporation from a water surface can be assumed to be
uniform. However, there can be significant variations in
large water bodies such as those due to advected energy,
the presence of ice cover, differing optical properties, and
varied stratification due to wind action, etc. Generally,
however, maps are used to show regional variations in the
response of average water surfaces leaving these other
aspects for special investigation.
Within a region there can be notable differences from
lake to lake, principally because of differences in energy
storage and energy transported into or out of a lake by
its river system. The temperature regime of the Great
Lakes, for example, lags behind that of small lakes nearby,
and the open waters that of the sheltered bays. Because of
their low temperatures in spring due to energy storage,
the Great Lakes have a net gain of moisture due to the
excess of condensation over evaporation, when near-by small
lakes experience a net loss due to evaporation. Deep lakes
such as Lake Ontario continue to evaporate at high rates
in early winter when other lakes nearby are covered with
ice. Most monthly maps of evaporation based on empirical
formulae portray the characteristics of an ideal lake; these
different behaviours, which are of great importance in
water management, ought to be identified as well.
The nature of the variation of free-water evaporation
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with elevation is not well understood and this poses an
extrapolation problem. The decrease in air pressure with
elevation, along with the increase in solar radiation and
wind speed, favour an increase in evaporation, but these
factors may be offset by an increase in cloudiness and
altered conductive and turbulent energy exchanges.
The effect of moisture evaporated from a lake both
downwind and on adjacent land areas is worthy of note.
As air passes over a lake, a vapour blanket is formed which
affects evaporation downwind. The effects of this blanket
are noticeable in pan evaporation measurements taken
near the windward shores of lakes. With strong turbulent
mixing over the land the blanket is quickly destroyed inland
usually within a few miles of the shoreline.
The moisture may reappear downwind in the form of
showers. With very large water bodies and favourable
weather conditions, the added moisture may also cause
extensive cloudiness, rain and fog, thereby influencing the
hydrology of very large areas. The magnitude of this
influence can usually be identified from weather records,
and estimates of evaporation which are based on these
data should reflect the modifying influence.
Lake evaporation, for mapping purposes, is usually
estimated from pan evaporation, or by the use of empirical
equations which employ several climatological elements
related to evaporation such as air temperature, solar
radiation, vapour pressure gradients and wind speed. The
water budgets of lakes whose inflow and outflow are
known with high accuracy have been used to determine
pan coefficients and to evaluate the energy balance, energy
advection, and also empirical or theoretically developed
equations.
It is common practice to multiply pan measurements by
a pan coefficient to estimate lake evaporation. While in
some areas pan measurements have been standardized,
this is not universally true, and it is also tempting to use
non-standard pan and atmometer measurements to supplement other values. Each of the many types of instruments
available may respond differently to the same atmospheric
situation and therefore each set of measurements may
require different adjustments prior to mapping. An excellent
comparison of many of these instruments is contained in
WMO (1966).
Equations by Penman (1963), Kohler et al. (1955),
Christiansen and Patil (1966) and Konstantinov (1963) are
among those commonly used for estimation. Water
temperatures are needed for many of the aerodynamic
equations, yet they are often difficult to obtain. Few of the
formulae provide satisfactory estimates except for the area
for which they were developed. Their transposability is
usually poorly known.
The equations can be used to show relative differences
or patterns; however, caution must always be used not to
employ empirical equations for areas where climatic and
physical conditions are quite dissimilar to those in the
area for which it was developed.
There have been relatively few attempts to measure
evaporation from snow. Because of the physical state of the
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surface, the amount of evaporation is small relative to that
from water surfaces with similar exposure. More energy is
required for evaporation because of the solid state and low
temperature, yet less is available because the snow reflects
much of the incoming solar radiation back into space.
Furthermore, the low vapour pressure of the snow surfaces
reduces the opportunity for net vapour transport away
from the surface by the atmosphere. As the reflectivity
decreases during the snow-melt period, the energy retained
by the surface increases dramatically and evaporative losses
from the melting snow may become significant. Aerodynamic-type equations appear to give adequate estimates
of evaporation from snow under most circumstances
(Diamond, 1953; Kuzmin, 1960; Williams, 1961).
3.3.3

Potential evaporation

When there is no limit to the water supply, evaporation
proceeds at a rate dictated by the amount of energy which
is made available for the process, and the ability of the
atmosphere to disperse the vapour, that is at its potential
rate.
Maps of potential evaporation (PE) have been used
extensively in assessing the requirements for irrigation.
The maps provide an estimate of how much water is needed
to bring an optimal crop to maturity. One attractive feature
of PE mapping is that the values can be computed from
conventional climatic data. Another is that once estimates
of PE are available it is a relatively simple matter to
prepare related maps of water surplus and deficit. The
difference between PE and precipitation, if positive,
indicates the irrigation requirement or deficit, and, if
negative, the amount of water available for surface runoff
or water surplus. All three factors can be expressed as
percentiles which can be readily understood by the planner.
Despite their limitations, they have provided useful guidance, particularly in agriculturally oriented water development programmes.
Potential evaporation can be measured using tanks or
lysimeters which are irrigated. Green (1970) has prepared
maps based on lysimeter data for the British Isles. Networks
elsewhere are generally too sparse for mapping, and PE
is therefore more commonly estimated from climatological
data using formulae such as those of Thornthwaite (1948)
and Penman (1948).
Where energy storage is negligible, PE is essentially
equivalent to free-water evaporation. The energy storage is
significant in most lakes, but over an interval of twelve
months the change is usually negligible. Estimates of freewater evaporation obtained accordingly by the water
budget or energy balance have been used by Bultot (1971)
to prepare PE maps of the Congo Basin. Pan and atmometer measurements, suitably adjusted, can also be used
for mapping since these provide a measure of the evaporative
power of the air. However, the observed values must be
adjusted since each instrument responds differently according to its physical characteristics and exposure to the
atmosphere.
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Since PE is controlled by climate, and local climate is in
turn highly influenced by physiography, these two factors
provide very useful guidance in its mapping. Maps of
climatic elements which are used in estimation formulae
should be consulted along with topographic and land-use
maps to ensure consistency. Furthermore, regression
analyses should be undertaken and elevation-dependency
curves prepared to be used along with elevation contours in
the placing of isolines over rugged terrain.
Energy is consumed in evaporation, so it is logical that
evaporation correlates with other factors which influence
the energy balance. The orientation of the land, shadows
caused by landforms, clouds and other factors which alter
the energy exchange with the evaporating surface, are of
importance, and a knowledge thereof can aid the mapper
when interpreting data. Because of topography, evaporation
may be negligible or overbalanced by condensation on
poleward-facing slopes which receive no solar radiation at
low solar angles. On the other hand, slopes facing the sun
may receive the maximum possible intensity of the solar
radiation and thereby have relatively high potential
evaporation rates even in midwinter. Consideration should
also be given to the fact that energy may be advected to an
area, such as to a marsh when winds arrive from off hot,
dry, unirrigated fields, resulting in high rates of evaporation.
3.3.4

Actual evaporation

Actual evaporation maps depict the amount of moisture
actually returning to the atmosphere from all surfaces.
These maps are necessary for the understanding of the
water balance of heterogeneous areas and therefore they
can be used to prepare consistent maps of the other components. Where the actual evaporation (AE) is known, it
can also be used in water apportionment problems concerning irrigation losses to ground water.
The mapping difficulties for AE are somewhat similar to
those for PE. When considered in detail, AE is highly
complex. This complexity cannot be considered in mapping
on a continental scale, but it may be very important when
considering a small watershed.
Over land surfaces, the moisture available for evaporation can be just as variable as the energy supply. The
availability of moisture depends on preceding rainfall, runoff and water use, and also on the soil type, the presence of
aquifers, permafrost and the variability of the vegetation.
Over very fiat, dry areas with clay soils, rainfall tends to be
evaporated where it falls and very little percolates down
to the water table. In these locations AE has the spatial
characteristics of precipitation. The small depressions in
these areas may accumulate snow and run-off from heavier
rainfall. During dry spells the surface water may quickly
disappear into large cracks which develop in soils, with the
result that, even in these seemingly homogeneous areas, the
evaporation is heterogeneous. With topography of greater
relief, run-off coefficients are highly variable, and the
residual moisture left for evaporation after each storm is
similarly highly varied.

The alpine zones in mountainous country usually have
large amounts of precipitation. However, their steep slopes
and high run-off coefficients result in a large moisture
supply being concentrated in the zones of much reduced
gradient near the base of mountains. The lower elevations
experience higher temperatures and lower humidities as
well, and in view of the abundant water supply, they experience relatively high values of evaporation. On the other
hand, mountain tops, being continuously in cloud on
precipitation days, and dry and well drained on the remaining days, have low values.
The use of moisture by plants is also highly varied, and
the reader is referred to reports such as the WMO/IHD
Problems of Evaporation Assessment in the Water Balance
by Hounam (1971), and Konstantinov (1963), for further
guidance on this subject. The variations in plant type,
maturity, rooting systems, and the thickness of planting,
are among the factors which complicate the mapping of
actual evaporation. In Arctic areas, the root systems are
confined to the active layer of the soil, and lichen which
abound in the Arctic are non-vascular plants which do not
transpire. These unusual states are not considered in empirical formulae which are used to estimate the consumptive
use of water by vegetation.
Actual evaporation can be measured by lysimeters, but
suitable installation are rare. On the other hand, a large
number of techniques have been developed for its estimation.
The estimation techniques include:
The use of empirical formulae such as those developed by
Turc (1955) for river basins, and those of Blaney and
Criddle (1950), Thornthwaite and Mather (1955), Penman (1963) and the many equations discussed by
Konstantinov (1963). The analyst will want to evaluate
carefully these equations in the light of the data which
are available to him for mapping as well as the applicability of the method to the region under consideration.
Pan and atmometer measurements, suitably adjusted,
using coefficients which relate to season, climate and
land-use or cropping practices.
Soil moisture accounting in which AE is assumed to be
some modulated value of PE, the use of soil moisture
being dependent on availability, and the nature and
maturity of the vegetative cover. For further details on
these methods the reader is referred to Linsley et al.
(1958), Grindley (1971), Robertson and Holmes (1959),
and Baier (1967).
The water balance which in very generalized form is
E = P - R ± changes in storage terms where P is
precipitation and R run-off. The storage changes are,
unfortunately, difficult to measure. Consequently, the
balance is used mainly on an annual basis on the assumption that annual changes are negligible. This assumption
is not necessarily true, particularly in arid areas, and the
errors it introduces are incorporated in the evaporation
estimates.
Conceptual models such as the procedures proposed by
Lettau (1969) and Budyko (1958). These provide estimates
which are consistent with both the water and the energy
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balance, and are particularly useful in the mapping of
regions for which evaporation data are deficient.
The isolines obtained in all cases should be treated as
being very approximate. Nevertheless, they provide useful
guidance as to regional variations.
Elevation-dependency curves and other physical relationships should be developed as aids to mapping, as in the
mapping of PE. Estimates of the variations of AE and PE
with height based on Thornthwaite procedures are shown
in Figure 11. In this case the analyst observed the elevational
gradient of the line PE = AE duplicated that of the edge of
the white spruce forest. There is much evidence of the
association of vegetation with AE, and mappers are well
advised to consider this association when positioning
isopleths.
Empirical estimation techniques must be used with great
caution for their accuracy may be limited to the area for
which they were developed. For example, Darlot and Lecarpentier (1963) found the Turc method excellent for mapping. An unpublished Canadian study found the Thornthwaite procedure superior to that of Turc, possibly for
climatic reasons. Stephens and Stewart (1963) found the
Thornthwaite method unsuitable in Florida, while both the
modified Blaney-Criddle and Penman formulae gave good
results. Similarly, formulae using solar radiation appear to
fare better at low than at high latitudes. These different
findings indicate the hazard of using a single empirical
formula as though it had universal applicability.

Preparation

3.4

Mapping should proceed only after all accumulated data
have been evaluated, and adjusted as necessary, with regard
to quality, consistency and statistical characteristics. Furthermore, supporting graphs, equations or models which are
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needed to estimate, extrapolate and interpolate should
also have been developed and tested as discussed in
Chapter 2. At this stage it is usually necessary also to make a
final decision on the choice of a base map, the choice of
symbols and of supporting diagrams, etc. Guidance for
these and for other stages of mapping are presented in
Section 3 of the Appendix.
Frequently the need to correct data and data voids
becomes apparent only during the preparation of the
working map, and this necessitates last-minute data
manipulation. Spurious values become quite apparent at
this time. Their correction is often simplified by reference
to the original record which may contain valuable field
notes as well as the comments of previous reviewers.
Another common problem that arises is a shortage of
data for remote areas, particularly those at high elevation.
To overcome this difficulty, it may be necessary to develop
elevation-dependency curves or regression equations
which can be used in conjunction with other data for
extrapolation.
Non-standard or unofficial data may also be used to
fill the information gaps. Their use requires further consistency checks and possibly the adjustment of observations; for example, short-term values may have to be
adjusted to be compatible with the longer-term values upon
which the map is to be based.
It should always be remembered that the use of standard
measurements only reduces errors, and does not eliminate
them. The quality of the data must be kept in mind and
identified on the working chart so that the analyst is
properly alerted and thereby able to accord each value an
appropriate weight.
The working map should also contain data for areas
which are contiguous to that which is to be depicted by the
final map. By incorporating these data in his analysis, the
map maker avoids the risk of having unreasonable isolines
along the edges of the final map. If isolines maps of the
contiguous areas are available, these may be used to obtain
a consistent analysis in the fringe areas.
Uniform isoline intervals should normally be used;
however, the emphasis of particular features may require a
departure from this practice. Geometrically increased spacing is often necessary over mountainous areas and over
zones displaying great differences in precipitation or
evaporation amounts.
The meaningful analysis of highly variable fields such as
thunderstorm rainfall, because of their complexity, requires
supporting information from intensive networks, radar,
etc. Isolines fitted to highly variable fields on the basis of
conventional measuring networks are invariably oversimplified.
The analyst of atmospheric elements must pay particular
attention that the isolines are consistent with topography.
There should be good physical reasons to explain all
wriggles and bends in the isolines, and those drawn smoothly
across ridges and valleys should be treated as suspect.
The simple smoothing of isolines over mountainous
areas is not uncommon, the degree of smoothing depending
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on the purpose of the map and data availability. Most map
compilers use very simple isohyetal patterns which indicate
the influence of the mountains in a general way, but
which do not convey a false sense of precision. If the other
terms of the water balance are known, the isoline patterns
should identify amounts of precipitation which are consistent with the balance from the viewpoint of volume and
location. When grid-squares or zones have been used in
solving the water balance, the isolines are fitted to the
computed areal averages, thereby obtaining spatiallysmoothed isolines as shown in Figure 20.
3.5

Presentation

The World Meteorological Organization's recommendations for its climatic atlas programme (WMO, 1960) are
worthy of attention in the interests of standardization.
The use of its recommendations whenever possible helps to
ensure comparability and facilitates the use of other maps
as overlays or in the abstraction of grid-point values, etc.
Procedures recommended by WMO for placing isolines
for precipitation maps of 1 : 5,000,000 and 1 : 10,000,000
scale are presented in Table 2. These are based on general
practice and do not imply any particular requirements of
data density. The selection of scale and isoline interval
TABLE

depends in the final analysis on the judgement and experience of the map compiler.
3.6

Typical maps

Apart from differences introduced by the physical nature of
the elements, the mapping of precipitation and of evaporation are achieved in virtually identical manners. Precipitation maps dominate the examples provided here because
they offer the greater selection. The most common maps are
those portraying annual or seasonal accumulations and
their variability. There are a large number of maps which
provide amounts for specified durations on a probability
basis as required principally for planning and design. Maps
of drought and moisture excess are worthy of attention
because of their importance in the planning of water use
and in related activities such as land use and agriculture.
3.6.1

Maps of precipitation

3.6.1.1

Mean value maps

Annual or seasonal mean value maps of precipitation are
used in evaluating actual or potential water resources.
They provide a first estimate of yield for areas where

2. Mapping of rainfall elements

Rainfall element

Map scale

Standard isoline intervals 1

Heavier isolines 1

Mean annual amount

1 : 5,000,000

100, 200, 300, 400, 500,
600, 700, 800, 1,000,
1,200, 1,400, 1,600
2,000, 2,400, 2,800,
3,200, 4,000 mm

400, 800, 1,600
3,200 mm

Yes

Group 1 (i.e. suitable for
preparation on a world
scale in the fairly near
future)

Mean monthly amount 1 : 10,000,000

10, 25, 50, 75, 100, 150,
200, 300, 400, 600 mm

10, 50, 100, 300,
600mm

Yes

Group 1

Mean annual number
of days with
rainfall 2 > 1 mm

1 : 10,000,000

10, 20, 50, 100, 150, 200,
250, 300 days

None

No

Mean annual number
of days with
rainfall2 > 10 mm

1 : 10,000,000

10, 20, 50, 100, 150,
200 days

None

No

Group 2 (i.e. suitable for
preparation in the
fairly near future in
certain areas but not
feasible for immediate
world action)

Mean monthly number 1 : 10,000,000
of days with
rainfall3 > 1 mm

1, 2, 5, 10, 15, 20, 25 days None

No

Group 2

Mean monthly number 1 : 10,000,000
of days with
rainfall 3 > 10 mm

1, 2, 5, 10, 15, 20, 25 days None

No

Group 2

Layer tints

Preparation suitability

1. Equivalent English units acceptable.
2. Histograms of the month-by-month distribution for characteristic stations to be included.
3. For regionally significant months.
Source: Guide to Climatological Practices, Geneva, WMO, 1960.
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stream gauge records may be non-existent. They also
indicate the probable irrigation requirement and thereby
the viability of irrigation systems. In addition they are
useful in determining run-off coefficients which are of
value in the design of water projects. Finally, they
provide values needed for the resolution of the water
balance equation.
Figure 12 provides an example of a macro-scale, meanannual-precipitation map. Isolines on the map are smoothed
to eliminate unnecessary detail, thereby making continentalscale features stand out clearly.
The supporting histograms illustrate the annual regime of
precipitation and its regional variation. The histograms
could also have been used to show percentile values of
annual precipitation. In polar latitudes it is common
practice to show the fraction of precipitation which falls as
snow, either by the use of different shading or colours.
The variability of the precipitation or the percentage of
snowfall may also be shown as isolines superimposed on the
portrayed isohyets.
Where warranted by purpose and data, the isolines may
be drawn to show the detailed nature of the spatial variability which occurs in nature. In such instances physical
associations between precipitation and topography are
important factors in placing isolines. Figure 13 is a good
example of a detailed analysis of precipitation amounts
which was prepared in that manner.
The effects of topography can be so complex that a
general description of precipitation is often all that is
possible or warranted by the data wherever the terrain is
rugged or mountainous. Several procedures are used in
mapping precipitation in such instances. The mapper may
use only point values and append an explanatory note on
the map, stating that knowledge is inadequate or the variability too great to permit the placing of isolines. This procedure tends to reduce the risk of erroneous interpretation
but it may not make best use of all available knowledge.
Where there is sufficient data, interpolation from elevationprecipitation curves (Fig. 10) should be considered. A superior map should result from using measured values in conjunction with established physical relationships between
precipitation and topography such as obtained by elevationdependency curves and regression.
3.6.1.2

Departures, deviations, isanomals

Detailed precipitation maps can be complex, and for some
purposes, such as when making comparisons, it is more
convenient to use the simpler maps of the departures or
deviations from normal values. The departure maps are
complementary to the maps of mean or normal values and
do not replace them. The departures are usually depicted
as isolines, percentages being employed when the range is
large.
Maps can be prepared of departures from any reference
value, selected to suit the purpose of the map. By obtaining
differences between the precipitation at network stations
and the average amount found regionally for the same
48

elevation, it is possible to prepare departure maps which
show the influence of local topography on precipitation.
Such departures are referred to as anomalies, and isolines
fitted to them as isanomals.
As previously noted, the patterns depicted by the isanomals are much simpler than those displayed by the parent
set of normals or mean values. Since the anomalies are
highly correlated with topography, elevation contours must
be considered when drawing isanomals.
An important aid in computing the anomalies is the
regional elevation-dependency curve which provides estimates of the average for each elevation. Where the elevationdependency curves vary from season to season, the annual
anomaly map should be constructed from a set of seasonal
maps. Furthermore, the regions for which curves are prepared should be kept small. The method may not be
suitable in the mapping of events which are relatively
unique, such as snowfall from an unusual storm.
The departure maps have much simpler patterns than
displayed in Figure 13. Apart from this difference, their
preparation and presentation are similar and therefore
examples are not provided here. A detailed description of
the preparation of maps depicting isolines of anomalies is
provided by Peck and Brown (1962).
3.6.1.3.

Probability

Quantile, recurrence-interval or other types of probability
maps are essential for planning and engineering design.
The ten percentile map shown in Figure 14 is useful in the
evaluation of water yields in dry years and also provides a
basis for the analysis of the spatial characteristics of
drought. A ninety percentile map is useful in the understanding of the hazards of excess moisture, such as posed
by a heavy accumulation of snowfall.
The durations selected for mapping are primarily dependent on purpose, but they may also be dependent on the
nature of climatological data. Daily, monthly and annual
values of atmospheric elements are published by most
weather services. Synoptic weather information may also
be available, and this provides six-hourly amounts of precipitation. Where there are recording precipitation gauges,
it is possible to get time definitions of five minutes or less.
Since a very large number of combinations of probability,
depth and duration are possible, the use of alpha-numeric
maps prepared using a computer may be appealing for
some applications.
3.6.1.4

Depth-duration-frequency

Estimates of storm- or short-duration extremes of precipitation are useful in the design of spillways and flood-control
systems as well as in the flood-routing aspects of the design
of drainage and sewage systems. Two approaches used in
their estimation are: first, the use of climatological statistics
which yield estimates of intensities that are likely to be
encountered for specific durations and frequencies of recurrence and, secondly, the analyses of major storms which
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FIG. 20. Spatially smoothed field
of evaporation of small lakes in
centimetres. Base evaporation
pan data and radiation distribution (after Ferguson et al., 1970).

Fm. 21. Average annual potential evaporation in millimetres
for a surface with an albedo
of 0.25. Isopleths at 350, 400,
460, 500, 530 and 560 intervals
(after Grindley, 1971-reproduced with the permission of
the Controller of Her Majesty's
Stationery Office, London).

(BRITISH CROWN COPYRIGHT)

Fm. 19. Dry-period precipitation. Less than the stated amount
of precipitation can be expected to fall one year in twenty,
during the 100-day interval beginning May 1. Millimetres based
on point value (McKay and Chaine, unpublished).
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FIG. 17. Most severe storm in 50 years near Paddle River,
Alberta, occurred in 1953.
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drought occurs when precipitation amounts are within the
first decile (after Gibbs and Maher, 1967).
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FIG. 16. Means and coefficients of variation of annual twenty-
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_______ _

I
\

,1'

LEGEND
Mean - - - Coefficient of
variat i on _ _ _ %

\
A~

40 35
80

0

80

160

240

320 Km

FIG. 14. Annual ten-percentile precipitation, Australia, and
monthly rainfall graph for Sydney, showing various percentile
values (after Australia, Department of National Development,
1970).

ANNUAL RAINFALL
(millimeters)
100
150
200
300
400
500
600
800
1200

1600
2400

MONTHLY RAINFALL
GRAPHS
SYDNEY
1840-'1964
125Years
millimetres
300

200
90 percentile median
(50 percentile)750

0

750

1500 Km

10

100

percentile-~...·-~-- 0
M J

S D

Monthly percentile amounts may not
properly be added to obtain percentile
amounts for longer periods.

0

10 KM

l!!!!!!!!!!!!!liiiiiiiiiiiiil!!!'!'!ll!!'!!iiiiiiiiiiil

FIG. 13. Mean annual precipitation 1901-60 Lausanne area,
Switzerland (after Primault, 1972).

• Martigny Ville
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representative stations (after F. K. Hare, 1971).
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have occurred in the vicinity of, or can be transposed to,
the area of interest. These approaches have produced a
variety of maps, some of which are shown in Figures 15,
16 and 17.
Depth-duration-frequency maps as shown in Figure 15
are based on the statistical analysis of daily and hourly
climatological data. The isolines are fitted to estimates
which are obtained using statistical procedures. Recording
rain-gauge records are the basis for the computation of
most short-duration values, but frequently six-hourly conventional rain-gauge observations are employed. In addition,
it is possible to obtain useful relationships between shortduration and twenty-four-hour precipitation records and
thereby to exploit the greater network density of climatological stations for interpolation purposes.
Since there are many more climatological stations reporting twenty-four-hour precipitation than shorter-duration amounts, these records provide a superior basis for
many mapping purposes. In addition the records for a
large number of the stations are sufficiently long for the
meaningful application of extreme value statistics. Good
estimates of extreme values having a specified return period
can be obtained by using the mean value, a frequency
factor, and a measure of variability such as the standard
deviation or the coefficient of variation. Maps of means and
the variability of precipitation as portrayed in Figure 16
therefore provide a very useful way of obtaining design
values.
The usefulness of such maps may be increased by appending graphs which provide point-area- and time-conversion
factors.
3.6.1.5

Storm rainfall

Maps of storm rainfall amounts are used in the evaluation
of floods, in the preparation of depth-area duration curves,
and generalized maps of precipitation depth-area duration
are used in the rational approach to design floods. The
quality of the results is often highly dependent on detail,
particularly in the area of intense precipitation. Supporting
data obtained by field surveys, radar or other sources are
therefore usually a requisite to the preparation of good
detailed maps.
The finished map should identify the network upon which
the analysis was based and, in particular, the recording raingauge network. Mass curves of rainfall for key locations
within the .storm, when appended to the map, provide the
user with a much better understanding of the storm's
character (Fig. 17).
3.6.1.6

Drought

Drought merits special attention because of its great social
and economic importance. Needless to say, an understanding of drought is essential in the design of water supply
systems, in the allocation of water, and in establishing water
management and control procedures. The occurrence of
drought is also pertinent in decisions concerning land use,

hydro-power production, conservation and other aspects of
policy, planning and development.
Drought is a period of abnormally dry weather which is
sufficiently prolonged or intense to cause a serious hydrological imbalance, and thereby water shortages, and attendant crop and other damage (Huschke, 1959). The evaluation of and defence against drought can therefore benefit
from appropriate maps of climate, water resources and soil
moisture deficiencies.
Opinions are varied as to what hydrological conditions
actually constitute a drought, each specialist seeing them
from a different vantage point. Palmer (1965) and Subrahmanyam (1967) have documented many of the proposed
specifications, but for the climatologist drought is considered
mainly as a period of precipitation deficiency. The deficiencies may be described from many aspects, e.g. intensity,
duration, date of start and ending, and area affected. They
may be expressed as total precipitation amounts, departures
from normals, or as probabilities; in other words, in the
same manner as many other precipitation maps. The use of
precipitation statistics alone has merit in that they have
fairly general application and are not prone to artificial
biases which may result from empirical or accounting procedures.
A first view of drought is given by a map of extreme low
precipitation amounts for different durations as obtained
from long climatological records. The resulting map has
limited value because it depicts point values whose return
periods are unknown or vague and which may not be quite
comparable one to another. Mappings of values ·having a
specific probability of occurrence is preferred. These too
provide point values, but they can also provide a basis for
spatial analysis. For example, maps of the lower decile
(10 per cent) of annual precipitation have been used by
Gibbs and Maher (1967) to determine the spatial characteristics of annual drought in Australia (Figs. 14 and 18). Other
approaches to analysing the spatial characteristics of drought
are also discussed by Yevjevich (1967), and Huff and
Changnon (1963).
Droughts do not necessarily coincide with the calendar
year or month. Since they relate to water use, they · are
usually identified with critical periods such as development
stages of agricultural crops. The rates of rainfall, the timing,
and attendant weather are also of great importance when
considering agricultural droughts. Duration analyses of horain days (i.e. the sequence, or runs, of days on ·which
measurable rainfall, or rainfall in excess of a certain value
did not fall) provide useful comparisons of such risks, i.e.
at a specific time or season. However, the computational
threshold used to define a no-rain day is fairly arbitrary,
and very small amounts of precipitation falling from time
to time may prevent a major drought from being identified
by this method.
Some of the limitations of the above procedures are
avoided in Figure 19. The isolines are based on probabilities
of precipitation amounts for specified durations. The question of a threshold is avoided and, by using duration
analysis based on daily data, the risk of having the intensity
57
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Fm. 23. January rainfall variability. The area contained under a fitted gamma curve between one standard deviation taken on both
sides of the mean has been used as a measure of variability in preparing this map. The map was produced from the SYMAP programme developed by Harvard University (Eagleman, 1968).

of short-duration droughts obscured by the use of monthly
or annual totals of precipitation is eliminated. The analytical
period starts on a date which relates to an applied problem
such as the time of peak water demand. On the other hand,
the isolines are fitted to point values and do not provide
information on the areal extent of droughts.
There is generaIIy a significant time lag from the start of
a drought, as observed climatologicaIIy, until there is a
marked impact on water supplies or crops because of the
effects of stored water. The water balance must therefore be
considered if the maps are to have greater pertinence to a
specific use. Palmer (1965) has used soil moisture accounting
to evaluate agricultural droughts and as a basis for the
preparation of an operational drought-index map. Guidance
on the selection of factors which can express the variations
in a hydrological drought, and on methods of analysing
these variations with respect to space and time are given
by Yevjevich (1967).

As noted previously, evaporation maps are very similar
to those for precipitation from the viewpoint of preparation,
the usage of isolines and the use of supporting symbols and
diagrams to show statistical and other characteristics.
3.6.2.1

Since each water body has its unique characteristics which
control the evaporation regime, regional maps which show
how an ideal reservoir would respond to changes in geography and climate are usually prepared. Maps of annual
evaporation have the greatest utility; next are those for
seasons and months respectively. A typical map is presented
as Figure 20. Isolines were not fitted over rugged, mountainous areas of this map because meaningful interpolation
was not possible.
3.6.2.2

3.6.2

Potential and actual evaporation

Maps of evaporation

Maps of evaporation from water surfaces are used extensively in both planning and engineering design to assess the
natural demand for water imposed on lakes, rivers and
reservoirs. They are also required in scientific study and
the evaluation of the water balance.
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Evaporation from water surfaces

Maps of potential and actual evaporation are commonly
used in assessing irrigation need and, therefore, in land-use
planning as weII as the design of irrigation water supply
systems including distribution canals. They have a large
number of related applications such as determining the
suitability of an area for waste water disposal, evaluating
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the aridity or wetness of an area, and estimating soil
moisture deficits.
Figure 21 shows isolines of potential evaporation. These
were fitted to estimates obtained by the Penman method
and regression analysis. To compensate for network inadequacies, simple elevation relationships were used along
with multiple regression equations which related evapotranspiration to elevation and other factors. Estimates
were obtained from these equations for grid points at 10 km
separation. Combining these estimates with those obtained
for 150 climatological stations, it was possible to depict
patterns with meaningful detail (Grindley, 1971).
Maps of actual evaporation can be even more complex
since they reflect land use as well as topography, climate
and geography. As their use is highly related to land-use
decisions, every attempt should be made to relate the maps
to types of surfaces, vegetation and land-use practices.
Figure 22 shows isolines of actual evaporation which
were fitted to estimates obtained by the water balance.
Maximum values are found where there is both a good
moisture supply and demand. This occurs on plateaux .or
hills within or adjacent to the plain. Lowest values occur
where precipitation and/or the energy for evaporation are
low. Grid points were used to obtain detail, and topography
·60

was used extensively in interpolation in the preparation of
the map.
3.6.3

Computer mapping

Computer mapping has broad application in the preparation of both precipitation and evaporation maps and is
practical without synthesized data whenever there is an
adequate data network. Graphic maps where different
degrees of shading can be produced to indicate ranges of
values (Fig. 23) are effective in showing different percentiles
and other characteristics of atmospheric data.
When using grid-square averages, numerical values or
indices printed by the computer provide simple, useful maps
(Fig. 24). Alternatively, a curve plotter may be used to
obtain isolines, or isolines may be fitted to the numerical
field by hand. Alpha-numerical printouts are a solution to
the large numbers of depth-duration-frequency maps that
can be prepared since one data set and one computer
programme may suffice. The analyst should give careful
attention to distortions which may occur in the map's grid
as a result of the characteristics of the computer's printout
facility.
As in all mapping, the data supplied to the computer

Maps of atmospheric waters

must be adequate to describe the important regional variations due to climate and topography. Dependence on programmes which blindly extrapolate or interpolate information is dangerous. Departures from normal values are
effectively free of topographical influences and, therefore,
may be mapped by computer without the use of additional
estimation routines.
3.7

Diagrams

The diagram most commonly used in the mapping of
atmospheric elements is the histogram (Fig. 25). On some
maps it is the main feature, and isolines may be omitted.
On others the diagrams are strictly subordinate, but they
provide useful additional detail on variability and other
physical characteristics.
3.8
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Maps of surface water

4.1

Introduction

....
Will
:::::
:::::

Maps of surface water can be classified as follows: (a) maps
of the total run-off (run-off = precipitation minus evaporation); (b) maps of streams, rivers and rivulets and their
drainage area; (c) maps of the run-off in streams, rivers and
rivulets; (d) limnological maps; (e) snow cover maps;
(f) glacier maps.
The total run-off is an areal phenomenon which may be
illustrated by methods showing areal distribution. Rivers,
however, are linear phenomena, or are restricted to narrow
areas, a fact which calls for different methods of illustration.
Conditions at a lake surface and different depth zones
call for a three-dimensional illustration which is difficult to
show on a limnological map.
Maps of glaciers are generally depicted in two dimensions,
but here too three-dimensional conditions are of interest,
for instance with regard to variation of the glacier budget.
Many mapping examples are accompanied by legends
made up of various categories based on some arbitrary
system suitable to the needs of the particular map, for
example Figure 26 shows drainage densities divided into
categories ranging from 0.50-0.01 km/km 2 to 2.50-2 km/
km 2 • The reader is reminded that such categories are simply
examples; they are not meant to provide standards for the
various hydrological parameters. The reader is urged to
use the illustrations as a guide, but when working with his
own data on his own environment he must decide for himself the categories that are best suited to his purpose.

o·...· o·....·.. o.. ..
::::

.

4.2

General maps of surface
drainage

4.2.1

Maps of drainage systems and watersheds

4.2.1.1

Maps of drainage density

2.50-2.00km 2.00-1.50km 1.50 -1.00km 1.00- 0.SQkm 0 .50-0.01 km
for 1 km2
the sidelength of the quadrats

is 3 km

FIG. 26. Drainage density map of northern Upper Swabia (after
M. L. Gonnewein, in Gewasser und Wasserhaushalt des Festlands,
Berlin, 1961).

A drainage density map presents an index showing the
length of all channels above those of a specified stream
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order per unit of drainage area or the total channel-segment
length, cumulated for all orders within a drainage area,
divided by the area and makes it possible to differentiate
quantitatively similar areas on the basis of the drainage
density.
The map of drainage density indicates run-off conditions
depending on geomorphological conditions and on differences of soil and underlying rocks. A low drainage density
may be a measure of the amount of evaporation. In areas
with similar hydrological regime and amount of precipitation, drainage density may serve as an index of permeability
of the soil.
A good drainage network map is required for the purpose
of calculating drainage density, and for some methods of
computation and illustration a divide-map is needed. The
first decision the map compiler must make is to define his
criteria for the stream order. The method of representation

is made more difficult by the fact that the term 'river' is
not defined exactly, for example, should a rivulet of
100 metres length be included in a drainage density map?
In some countries, a river or rivulet is recorded on an
official topographical map if it borders at least upon two
plots of land. Maps of different countries vary considerably
in whether or not a water course is represented as a river.
It is important to note that some rivers flow perennially,
whereas others flow periodically or episodically and the
validity of such maps is questionable in arid and semi-arid
countries. In humid climates some valleys are dry for various
periods and may be supplied with water artificially. An
example of a detailed map of such conditions is given in
Figure 27. Aerial photographs can be very useful in the
preparation of both drainage-network and drainage-density
maps, but the interpretation of air photographs must be
combined with field studies.

rivers flowing perennially
(artificial supply)
MM

dry up to 1 month

2 months
dry for 2-3 months
dry up to 3
4

'""

6
flowing only in winter
dry
I

I

I

I

I

I

Ii

escarpments
district boundary

FIG. 27. Duration of river run-off (after G. Dahmen, in Westfalische Forschungen,
Vol. 5, 1942).
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Drainage-density maps should be constructed on the
basis of large-scale maps. Starting with small-scale maps,
the selection of the stream orders raises difficulties, as the
drainage networks are considerably generalized on smallscale maps.
Drainage density may be illustrated in two ways:
1. Drainage density related to area units which may be:
(a) Geometrical area as reference area. A square or
rectangular grid, or a grid adapted to the grid of a
topographical map is laid over the drainage network
map, and the length of the selected stream orders
is measured in each geometrical area (km/km 2).
The size of the grid should be such as to provide a
meaningful ratio between channel length and area
unit.
This method of calculating drainage density has
the advantage that all areas used for the calculation
are equal and the drainage-density values may be

2.

compared directly. The width and the position of
the grid may influence the density value.
Only the larger rivers are shown in Figure 26.
The values of the drainage density were computed
from large-scale maps, which showed the smaller
rivers.
(b) Catchment area as the reference area. Here also
the length of the river in the catchment area is
measured. However, because the respective drainage
basins are of a different size, the values determined
in this way cannot be compared with each other
directly. The map itself, however, looks less schematical than that of method (a) (Fig. 28).
Drainage density based on distance from a river. Lines
of equal distance from a river course are drawn on the
drainage network map; for example on maps of a
scale of 1 : 100,000, lines 0.5 km apart are useful
(Fig. 29) .
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Fm. 28. Drainage density and run-off (after V. Paschinger, in Kiirtner Heimatatlas
A. Klagenfurt, 1951).

67

Hydrological maps

(a)

km

2,5....---------------------

(bi

Fm. 29. Drainage density based on distance from a river: (a) lines
of equidistance to water courses (0.5 km); (b) areal summation
curve of the distance from water courses in percentage of total
area (after I. and J. Dynowsky, in Cwiezenia z Hydrograffi,
Krak6w, 1971).

4.2.1.2

Maps of drainage divides (watershed maps)

Maps showing drainage divides, particularly when they show
also a simplified version of the drainage network, are generally useful in showing geographical-hydrological regions, for
example karst regions with little water, moraine landscapes
of the last glaciation with plenty of water, and ecological
regional units which are important for developing the water
budgets and for use in water management.
The nature of drainage-divide maps should be determined
by their intended use. Drainage-divide maps intended to
be the basis of run-off studies should be highly generalized.
The degree of generalization depends on the scale. The
generalization should take into account hydrological requirements, i.e. the density of the drainage network on the
generalized map must accord with the drainage network in
nature. In a karst region fewer rivers would appear than in
lowland areas with plenty of water, and for mountainous
regions with high precipitations more rivers would be shown
than for dry continental lowlands. The divides for the
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separate drainage basins are drawn after the drainagedensity network has been generalized.
For use on watershed maps, the areas of river drainage
basins and of those above gauging stations are determined.
Watershed maps can be used to derive the morphometric
form of a drainage area, which may be of extreme importance for studies of run-off conditions, particularly those
responsible for floods. They can also be used to determine
the areas of river basins, and local inflow areas between the
gauging stations and the mouths of rivers.
Divides should be located on large-scale maps and
transferred to maps of smaller scale. In many cases the
divides must be determined on maps 1 : 25,000 or located
by field investigations. In mountainous areas the course of
the divides is easily determined from a contour map. In
lowlands, swampy regions or moraine regions of the last
glaciation, the boundaries between two drainage basins
must be determined by the observation of run-off in rivulets,
brooks or channels.
Occasionally the course of the divide depends on the
water level of a river, lake or ground water, which changes
from time to time. In this case, the signs for uncertain or
undetermined divides should be employed. In both high
and low moors the course of the divides can change quickly,
according to precipitation and growth of water weeds. Some
lakes in young glacial regions discharge to different river
basins and seas at different times. However, the degree of
accuracy required must be considered; sometimes the construction of divide-maps on small scales may be sufficient.
Depressions without surface run-off, and endorheic areas
have to be marked, the scale of the cartographical representation permitting. Two kinds of watersheds may be
distinguished: (a) geomorphological divide, which follow
the surface boundaries of the drainage area ( = surface
divide), and (b) hydrological divide, which represent the
actual drainage basin including subterranean run-off ( = subsurface ground-water divide). Geomorphological divides
mark the limit between surface drainage areas. The boundaries and areas of the surface drainage areas may be
determined from good topographical maps. Hydrological
(subsurface or ground-water) divides must be provided
through special field investigations. Differences between
these two kinds of divide nearly always exist in limestone
areas and occasionally in regions with stratigraphical unconformities and tectonic disturbances.
It must be made clear on a watershed map where the
divide can be determined and where it is uncertain. The
maps must also show the subsurface divides where these
are known and where they diverge from the geomorphological divides.
The distinction between subsurface and surface divides
is important for small river areas. However, in large drainage basins the difference between subsurface and surface
divides is usually insignificant and less important for runoff and water-budget calculations.
Whether or not all suggested differentiations of divides
can be drawn in one colour on a map depends on the scale
of the map. If a polochromatic watershed map is planned,
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it is recommended to use a special colour to show where i
the subsurface divide diverges from the morphological ;
divide, and where the surface divide is offset artificially as
the result of water engineering works.
The classification and the systematization of cartogra- :
phical representation of drainage areas and divides may be .
carried out in two ways:
The basis is a detailed drainage network map, which records '
perennially and temporarily flowing waters. The smallest
rivulets get the ordinal number 1 in this system. Where
two rivulets of first order flow together, a channel segment of second order is formed; where two water courses
of second order meet an area a third order is formed, etc.
Thus the largest rivers get the highest numbers: in other
words, the higher the ordinal number, the larger the
drainage area (Fig. 30). The run-off and size of a river
bed is also higher in humid climates. (See Stohler and.
Horton for detailed information.) A disadvantage of this
method is that the confluence of a tributary of lower
order does not always increase the order of the main
stream.
This method is to be recommended if no detailed drainage:
network map is available. Large river basins are subdivided into smaller units on the basis of internal divides.
The large rivers are rivers of first order; their tributaries
are rivers of second order, etc. Contrary to the Horton
method in this system the smallest rivulets have the
highest ordinal number. This classification has the advantage of being open ended since no final definition of
the term smallest rivulet is possible regardless of what
the map shows. The limits of the large river basins usually
are drawn as continuous lines, and the limits of successively smaller basins of tributary as dashed and dotted
lines.

Figure 31 is only one example of many possibilities for
cartographical representation. If this system is employed,
a coastal stream which flows directly into the sea appears
equivalent to a major river basin. Therefore it is advisable to vary line width according to the size of the
river basin to emphasize the more important basins.
The course of divides is sometimes changed, when rivers
are conducted from one river basin into another, or when
water from lakes is led into a different river basin
through man-made works. In this case the geomorphological divide is still of some importance for hydrology,
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FIG. 30. Designation of stream orders (after Strahler and Horton,
in Handbook of Applied Hydrology, New York).
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FIG. 31. Different symbols for divides for a map on the scale
1: 300,000.
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but it is no longer important for investigation of surface
run-off. Whether the natural boundary of a river basin,
or the artificially changed boundaries, are shown in a map
depends on the purpose of the hydrological study. Both
may be shown.
4.2.2

Morphometric maps of surface water

Morphometric maps give information about the shape of a
river bed, its cross-sections and stream profiles, and changes
of the profiles. They show the meandering of the river bed
and the flood plain of the river.
Morphometric maps relate to hydrological fundamentals.
Whereas for run-off models, as a rule, only the mean gradient
of the main river is taken into account, the changes of the
gradient from the source to the mouth of a river and the
gradient of short reaches play an essential role for investigations concerning solid matter transport.
Changes in cross-sections have to be observed carefully,
since they are fundamentally important for the installation
of gauges. The knowledge about profiles and their changes
is also of importance for navigation, particularly when those
changes essentially influence depth and current of the river.
Special bathigraphic maps are constructed for navigable
rivers and lakes. As is well known, the depths of rivers and
lakes are altered by the movement of sediment and bed load,
thus it is also important to observe and illustrate the changes
of depth.
Changes of profile not only influence the processes of erosion and accumulation, but if the depth and breadth of a
river are altered, also affect the ground water near the banks,
thereby influencing the water budget of the area near a river.
A meandering river causes extreme changes (Fig. 32). In
climates with dry and wet seasons the meandering of a river
bed may represent an important problem for bridge construction.
The depth of a river or a lake is measured by using sonic
depth finders or mechanical devices. The measurements are
plotted on a large-scale map. Mapping of rivers may be
referred to the ground level of the valley or to the water level
(of low, mean or high-water). A geodetical survey provides
the data needed. Large-scale maps (about 1 : 25,000 to
1 : 50,000) constitute simple auxiliary means of determining
the gradient of a river.
Morphometric maps can be developed only at a large
scale. If a generalized map suffices, the normally available
maps with contours can be used. The degree of accuracy
increases with the scale of the contour map. If a contour map
is used as basis, it should be supported by field surveys or
aerial photographs, in order to find nickpoints in the profile,
the throw of which is smaller than the contour interval on
the map would reveal. Linear interpolation is usually assumed; the conditions in a stream profile, however, are not
always linear. The evaluation of aerial photographs may
facilitate mapping of slope conditions.
The gradient of a river is a linear phenomenon and, therefore, permits representation by cartographical lines and
symbols. The determination of suitable intervals may cause
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FIG. 32. Diversion of a river. The old bends of the Neckar at
Kirchheim and Lauffen (after P. Vollrath, Atlasblatt Besigheim,
Stuttgart, 1929).

difficulties. Lowland rivers are characterized by a gradient
of less than 0.01 per mille, mountain rivers, however, by
gradients of far more than 200 per mi/le.
Maps which show the travel time of flood peaks give basic
information. They are easy to prepare. The average distance
per time unit can be shown on a map of the river system, as
an aid for forecasting the progress of the flood wave.
Isochronal maps are used in flood-routing techniques for
estimating the travel time of storm-produced rainfall to the
basin outlet (Fig. 33). The isolines depend to a large degree
on the physiographic conditions.

FIG. 33. Isochronal map of a watershed.

Maps of surface water

4.2.3

Maps of flooded areas

Flood maps which display the extent of areas endangered
by floods are a necessary basis for flood management and
control. Detail maps of selected flooded areas also constitute
a means for planning traffic routes, city planning and land
use. Finally these maps indicate natural retention basins and
where it would be advisable to protect areas by dams.
Long-term observations of water stage offer the best basic
data as the probability that extreme high flow may occur
during a short period of observation is very small; extreme
floods may be extrapolated by statistical methods. Further
information concerning time and extent of floods may be
obtained by studying archives and historical records, occasionally also by questioning old residents. Aerial photographs are helpful for mapping flooded areas. Flooded areas
may be mapped either during a flood or immediately afterwards when traces of the flood are still recognizable (see
Symposium on Floods and Their Computation, Leningrad,
1967).
Flood maps may refer to frequency of flooding and to the
season in which flooding happens most frequently. The map
may indicate the area which is flooded annually. Additional
isolines may show the area which is flooded every 10, 25 or
100 years (Fig. 34). A different type of map may illustrate
which area would be flooded at various stages (Fig. 35).
In Europe, flood maps are generally constructed on a large
scale (1 : 25,000 and larger) because of the small extent of the
flooded areas, the extreme high-water and the economical
importance of the flooded areas. On the other hand, the fiat
lake basins and the comparatively fiat rivers sometimes permit small-scale maps, because the flooded areas are more
extensive in these regions.
4.2.4

------------------------------------·-·---·-·-··------··-····--.-·........-..--···-·····-···--·-...--..----··--···-·-........__
- - - 10 years
- - 25yeats
- - 1 0 0 years

FIG. 34. Flooded areas for recurrence intervals of 10, 25 and
100 years.

Maps of physical characteristics of waters

These maps refer to solid matter in water and to its
thermal condition.
4.2.4.1

Erosion-sedimentation

Substances of different origin and properties are transported
in flowing water. Transported substances consist of bed
load, suspended load and dissolved matter. This transported matter originates from the erosion of the banks
and bed of a river by flowing water and from denudation
of the river basin. The quantity of the transported
matter is usually given in g/m3 or kg/m 3 • In certain instances it is useful to indicate the quantity transported
in a unit of time such as tons/sec or 106 tons/year. In the
English-American literature the term 'suspended load'
usually refers to 1 m 3 water, and not to 1 m 3 water plus
suspension. Therefore the English-American data are
somewhat lower than the corresponding values per m 3
water plus suspension.
The bed load in a river varies according to the quantity of
water and the velocity of current. Knowledge about bed load
is relevant for navigation and water engineering, since

FIG. 35. Flooded areas at different water levels (after A. Fuchs,
in Forsch. dt. Landeskunde, Vol. 124, 1960).

reaches with bed-load transport may be followed by reaches
with sedimentation. Bed-load transport causes shoals in a
river, which hinder navigation. In detailed maps these river
reaches may be illustrated with high precision. Utilization of
hydraulic structures, such as reservoirs, is hampered by
extensive bed-load transport since it reduces the usuable
storage capacity. Hydroelectric plants may also be endangered by extensive bed loads.
The suspended load rarely hinders navigation or utilization of structures. The utilization of hydraulic structures is
only reduced in river reaches with a low gradient and in
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reservoirs, where the suspended load would be trapped to a
greater extent. The suspended load presents a special danger
for rivers with natural levees, since it steadily raises the river
bottom in the reaches with sedimentation and thus enhances
the danger of flooding. The maps at present available usually show the grain size and the thickness of sedimentation
layers.
Sedimentation maps may be important for reservoirs and
flood retention basins. The thickness of the sedimentation
layer either of a single flood or of a longer period of time in a
reservoir or flood-retention basin may be mapped. For
reservoirs it is advisable to draw such a map for different
periods of time. A comparison of these maps would indicate
the reduction of volume of the reservoir as a result of sedimentation.
Data for maps of sedimentation and erosion are generally
gained by sonic depth finders, mechanical depth measuring,
borings and by submersible cameras. Sonic depth finders

and submersible cameras are especially helpful in investigating the bed-load transport at the river bottom. It is difficult
to determine the amount of bed load or its weight.
The amount and type of suspended matter must be determined by samples taken from the river. When evaluating
measurements of suspended load, it must be taken into account that the suspended load consists of organic and inorganic matters. If the maps are designed to indicate soil
erosion, it is customary to restrict the mapping to the inorganic components of the suspended load. The legend should
show which components of the suspended load have been
considered.
On the basis of the measured transported matter, an
estimate may be made of the denudation for selected parts
of a river system. A calculation may be made of how many
tons are being carried annually per square kilometre of the
drainage basin. The amount of erosion and denudation,
however, can only be calculated from the tons/year if the
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Fm. 36. Map of the mean suspended load in the rivers of the U.S.S.R. (after G. I. Shamov, in Gidrografia
USSR, Leningrad, 1964).
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density of the suspended matter is known. Approximately
2.5 g/cm 3 may be assumed. Exact local determinations of
density would be useful.
Due to lack of data, maps on bed-load transport, suspended load and dissolved matter are relatively rare
(Fig. 36). It is more usual to map the variations in the sedimentation of bed-load material on the bottom of rivers or
lakes, or the thickness of the sedimentation layer. In the
presence of a sufficient amount of data, isarithm maps are
drawn. Maps published so far refer only to the depth of sedimentation (Fig. 37) and grain size (Fig. 38).

Ice and thermal regimes of rivers, lakes and
reservoirs

4.2.4.2

The oxygen content of water depends on its temperature
and thus thermal conditions influence the biology of rivers,

Tiefenund Bodenkarte
des
Afritzer Sees
N

t
100

200

300m

blocks and
gravel

·::: coarse sand

\\\\\

~

fine sand and
mineral sludge

sludge with a
higher content
of phytogen
detritus

.::::= suspended

matter

FIG. 37. Depth and sedimentation of the Afrizer Lake (after

I. Findenegg, in Landeskunde von Kiirnten und Osttirol, 2 Aufl.,
Klagenfurt, 1949).

lakes and other water bodies. The ice regime is also subject
to the temperature of the water which in turn depends on the
depth of rivers and lakes (heat storage), the chemical properties of the water and the flow conditions.
Sometimes the temperature of rivers is affected by local
conditions, for example turbulence caused by the inflow of
water into the river, warming of upstream lakes and reservoirs or inflow of sewage. The temperature is also influenced
by the vegetative cover on both sides of the river and by the
morphology of the river bed and the valley (shadowing
effect). Because of the rapidly changing conditions temperature maps exist only for individual river reaches, drawn for
very special, local problems.
Ice-cover maps are utilized for the prediction of the
development of ice. It may be of special interest for
navigation to know the approximate dates of the formation
and break-up of ice.
The determination of the temperature at the water surface
is quite difficult. The measurement methods do not satisfy
the demand for synoptical data, particularly on larger lakes
where great effort and cost may be involved in measuring
the temperatures in different cross-sections and at different
depths simultaneously. More reliable data are provided by
infra-red aerial photography (Fig. 39).
Maps showing ice phenomena in rivers are usually drawn
at large scales for the purpose of providing detailed information on particularly important reaches of the stream.
Duration, thickness, ice quality and extent of freezing constitute elements mapped most frequently. The main data for
ice maps are obtained from direct point observation (thickness, quality) and from aerial reconnaissance along the
rivers. Aerial and terrestrial photographic surveys and
recently also photographs taken from satellites (remote
sensing) may offer valuable information for the construction
of a map.
The most difficult cartographical problem for the construction of temperature maps of lakes and reservoirs consists in the demand for a three-dimensional representation.
A general knowledge of the temperature regime is necessary
at alJ points of the water at different depths in order to
establish the heat balance of the lake and to recognize the
connexion between biology and chemical properties of the
water. This is not possible in a two-dimensional cartographical representation. Therefore, thermal profiles are applied
in which the altitude of individual isotherm levels is illustrated. The position of each profile must be delineated
in a topographical sketch.
When the ice cover of a river is of importance, special
maps are compiled. Line symbols are used to distinguish
areas free of ice (for example with an ice cover of less than
10 per cent), areas partly covered by ice (for example ice at
the bank of rivers or lakes) and areas of rivers and lakes
with a complete ice cover of more than 90 per cent (Fig. 40).
In contrast to these maps where line symbols are used, it
is advisable to use areal symbols such as colouring and
patterns for lakes. The extent of the ice cover and the different kinds of ice may also be illustrated, for example fast
ice, drift ice and pack ice. The areas of ice having relatively
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FIG. 38. Types of sedimentary deposit in Lake Constance according to the percentage of grain size fractions smaller than 2 microns
(after G. Miiller, in Das Gas- und Wasserfach; Wasser, Abwasser, 107, 1966).

FIG. 39. Lake Erie: surface water temperature (°C), 2 July 1968, mean temperature, 17.10°, after ART Survey, in Climatological
Studies, No. 19, 1972).

uniform character can be depicted by various types of
stipling or hatching. Symbols, words and numbers and
other signs can be employed to denote other pertinent
features (Fig. 41).
Maps can also be drawn to illustrate the mean ice cover of
a decade, starting with the first formation of ice at the
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beginning of the winter, extending over the time of the
maximum spread of the ice cover towards the end of winter,
until the last remaining ice melts. It is useful to distinguish
between the extent of the ice cover in mild, moderate, hard
and very hard winters. Regular or intermittently frozen
rivers and lakes should be clearly distinguished. This dif-
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Fm. 40. Ice-cover of Bavarian waters in the winter of 1962-63 (after J. Volk, in Deutsche Gewiisserkundliche Mitteilungen,
Sonderheft, 1967).

ference is caused by different salinity and depths of rivers
and lakes. An example of an areal representation of the mean
period of ice forming on the rivers is given in Figures 42
and 43.
Maps showing long-term characteristics of ice cover
usually involve minimum, mean and maximum duration of
the ice cover, together with the first, mean (or median) and
latest date of ice formation and ice break-ups, or value in a
specific year for a given event and type of water surface.
Maps of the recorded maximum ice thickness should be
mapped when there is an adequately long period of record
( > 10 years) (Fig. 44).
The different variability of the annual formation of ice
cover on the rivers is illustrated in Figure 45. The more
continental and the colder the climate, the less the duration
of ice cover in single years is liable to variation.
Since ice conditions depend essentially on the properties
of the water, especially on depth and flow, areal representation of ice conditions is hardly meaningful, as shallow and
deep rivers, rapid and slow flowing, large and small rivers
alternate in an area. Regional maps of ice conditions must
be used with great caution. Ice amounts and thicknesses may
vary markedly over distances of even a few metres because
of variations in currents, and their heterogeneity is not
evident on regionalized maps. A river's character may vary
considerably along its length, and rivers of highly divergent

character may be found in close proximity. For these reasons
cautionary notes should be included on or in the text accompanying these maps.
4.3

Streamflow, stage and floods

4.3.1

General considerations

4.3.1.1

Purpose, scope and scientific background

Run-off maps are essentially based on the representation of
discharge, and a large amount of data is suitable for such
use. Maps showing the height of the water level are valuable
for the investigation of lakes, but are of occasional importance for rivers such as in depth of inundation. Maps illustrating the average run-off, however, are of high hydrological
priority. Beyond that, there exists a large number of special
cartographical representations of run-off, each of which
satisfies certain practical and scientific needs.
The amount of run-off calculated on the basis of channel
flow without regard to ground-water flow may differ from
the amount calculated on the basis of the water budget
(precipitation less evaporation).
Run-off maps can show the planner and manager the
amount of water that will flow into a projected reservoir, how
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Fm. 42. Average starting date of ice formation on the rivers ot the U.S.S.R. (long-term average date) (B. M. Ginzburg, Characteristics of the Probability of Ice-co~·er Duration and Ice-flow on Rivers and Reservoirs of the U.S.S.R., Leningrad, 1973).

much water may be taken out for water supply and irrigation and, in special instances, the variability of discharge
which may cause difficulties for navigation, water supply
and hydro-electric power plants.
Data obtained at gauging stations are the basis for making maps of the run-off regime of rivers. These run-off values
may be smaller than those given in the water budget; they
can be equal but never higher, assuming the water budget
values are valid. The two run-off values should be the same
at gauging stations which measure the total surface and
subsurface run-off, i.e. at which no ground water leaves
the drainage area outside the gauging section.
In karst regions and where grave] is abundant, only a part
of the discharge runs off in river channels; large amounts of
water infiltrate the ground and run off through the subsoil,
without being measured at stream gauging stations. Nevertheless it is important for navigation, and hydro-power
plants to know how much water is in the river and the
variability of this run-off.
Maps showing low-water flow are of importance also for
sewage treatment and for the ecology of a river. The pol1ution load increases heavily because of higher concentrations
during low-water periods, and this adversely affects the
oxygen content.
Large-scale maps are generally used for water-resources
planning, sma11-scale maps for relationship between dif-

ferent regions. The scale of a map, however, should not only
be determined by the purpose in view, but also by the existing data. One should not endeavour to simulate a greater
exactness of run-off maps than is warranted by the data; a
large-scale map cannot be drawn with the data from only a
few gauging stations. Estimates of run-off can be made
using climatological observations and calculations (Wundt,
1937; Langbein, 1949).
4.3.1.2

Data quality

The reader is referred to Chapter 2 for discussion of data
quality.
4.3.1.3

Main hydrological values as a basis of run-off
maps

Maps of long-term mean run-off are among the most important hydrological maps, because they make possible
large-scale, country and even world-wide comparisons and
make clearer the interrelationship between different regions.
However, with mean values of only 5-10 years, a dry or wet
year gains too much importance, and longer base periods
are preferred. On the other hand, the mean value of a 100year period may be biased by changes of climate and land
use. Mean values hardly ever occur in reality. Nevertheless,
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Fm. 43. Average termination date of ice-cover on the rivers of the U.S.S.R. (Ginzburg, op. cit.).
mean values are necessary devices to make various geographical comparisons.
Acceptable comparisons can only be made if the periods
of observation coincide. The observation period should
comprise at least 10 years, and preferably 30 years or
more.
Mean flow can be calculated for different periods, years,
and months. It is the arithmetical mean of all values for the
period selected (Table 3).

greater, but not absolute. It is extremely difficult to measure
run-off during very high flow. For these reasons, maps of
extreme run-off conditions cannot be completely reliable.
In any case, maps of extreme flows should be shown on
comparatively small-scale maps. Mathematical-statistical
methods can be used to approximate extreme discharges
for periods of one hundred, two-hundred or longer periods
of years, from shorter periods of discharge observations.
4.3.1.5

4.3.1.4

Information about occurrences of high flow is of practical
importance for road building and bridge construction, for
the establishment of settlements near a river, for the prevention of flood damages, etc. Information on low flow is
of value for determination of reliability of water supplies
for all types of uses.
The extreme run-off values are represented by the lowest
low flow and the highest high flow, experienced within the
selected period (Table 3).
The lowest low flow and highest high flow may have
occurred outside the period of observation on which an
investigation is based. Where run-off has been observed for
only a short time, it is improbable that the lowest or highest
flows have been registered. Where the period of observation
is long the probability of having registered these data is
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Run-off during selected periods or seasons

Extreme run-off values

For certain problems, it may be useful to develop run-off
maps for special selected periods. For example, it may be
expedient to prepare a run-off map for a dry period or a
particularly wet one, especially since conclusions can be
drawn from the differences between these maps, regarding
variabilities which might have been smoothed out in the
computation of mean values. Sometimes maps are drawn
to depict long dry periods of different length. The run-off
during that period indicates to the hydrologist the retention
and storage capacity of the soil.
Similarly one may take the high-flow run-off of a highflow period, regardless of length, as the basis for a map.
If a precipitation map covering the same period exists, a
comparison of these two maps may assist the analysis of
high flows. A map showing periods of high flow is also
useful for water engineering and flood control.
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FIG. 45. Amplitude of variability (in days) of ice-forming on the rivers of the U.S.S.R.

(in Sokolov, op. cit.).

4.3.2

Preparation of run-off maps

4.3.2.1

Specific methods

Use of point data (gauging stations)
Run-off conditions may be illustrated on a map by using
points representing single gauges along a river. Data shown
may be in the form of numbers, signs or diagrams. This
method is satisfactory because it is factual, presenting
information only for the points at which the data have been
measured. The disadvantage of the method is that it does
not provide any interpretation of the areal distribution of
run-off.
Rivers as linear elements
Streams and rivers are linear phenomena and bands
or linear symbols along the trace of the river can be
used to depict conditions along the length or a segment
of a river.
Band-signs are differentiated by width and colour. The
maximum and minimum bandwidth mainly depends on the
scale of the planned map. The minimum clearly discernible
bandwidth is about 0.5 mm wide and 0. 7 mm if additional
colours are added to make the map legible. For large-scale
maps the minimum bandwidth should be appropriately
wider so that the bands are clearly in contrast with the riverlines. The maximum bandwidth also is influenced by the
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drainage density shown and by the density of further
information on the map. Experience suggests that bandwidth should not exceed 10 mm on maps of I : 3,000,000
showing only band symbols.
After the minimum and maximum bandwidths have been
selected it is necessary to determine whether a linear or
non-linear scale is to be used. The non-linear scale permits
the use of a wider range of values than the linear. Furthermore, one must decide whether the variable bandwidths
are to be continuous or discontinuous. The number of
gradations is limited by the fact that the bandwidths must
differ from each other by at least 0.5 mm in order to make
the map legibile (see Fig. 46).
If two similar values, which differ only in order of magnitude, are to be illustrated, it is advisable to employ double
bands (Fig. 47). Use of double bands includes:
The two bandwidths are related to their respective values
and are shown by contrasting colours. The bands may
be adjacent (Fig. 47(a)) or they may overlap (Fig. 47(b)):
the second alternative is preferable because it saves space
and retains symmetry.
The bands are equally wide and remain constant, the values
are illustrated by the colour of the band (Fig. 47(c)).
This method is especially suitable for the representation
of two qualitative and relative values.
If three values or more are to be illustrated, the value of
principal interest should be optically emphasized by the
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TABLE

Year

1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1961
1970

3. Mean monthly, half yearly and annual discharges (10 m3 /s) of the Rhine drainage basin, 1961-70 1
Flow•

HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MQ
NQ
HQ
MHQ
MQ
MNQ
NQ

Novem- December
ber

361
292
240
195
136
110
79
74
72
550
238
99
310
159
88
452
188
120
261
179
141
235
178
145
217
177
157
165
126
90
550
283
175
126
72

403
267
193
481
258
143
229
115
68
253
143
101
202
154
109
749
574
411
737
453
248
674
260
145
243
157
115
165
137
115
749
414
252
165
68

January

February

March

April

May

June

July

August

Sep ternber

October

Winter

Summer

Year

380
242
166
472
277
154
130
92
74
108
90
81
409
248
124
709
370
212
603
351
236
723
412
244
274
197
144
392
186
109
723
420
247
154
74

527
393
227
496
336
240
95
75
68
190
132
87
383
213
131
659
390
287
410
271
189
427
298
252
379
232
160
972
579
255
972
454
292
190
68

248
185
148
320
210
160
355
231
69
316
165
108
618

222
193
174
546
371
249
305

267
222
196
310
246
210
216
190
164
251
202
166
459
362
287
327
279
248
292
215
179
348
281
220
402
306
230
772
461
318
772
364
276
222
164

414
305
222
252
206
185
261
216
164
190
149
123
512
403
326
302
241
214
280
257
228
239
217
199
355
269
220
338
305
282
512
314
257
217
123

244
216
194
186
162
136
232
190
151
121
99
82
368
315
280
359
300
265
244
220
182
203
188
170
343
229
181
337
284
248
368
264
220
189
82

251
207
174
154
136
121
243
165
132
99
89
79
296
230
184
339
274
222
201
180
158
333
264
162
392
195
137
283
242
211
392
259
198
158
79

175
135
109
125
108
96
217
166
136
102
92
85
302
250
207
248
193
143
317
183
139
523
325
239
375
192
124
248
192
141
523
263
184
142
85

170
110
91
96
82
75
243
153
110
123
105
82
244
166
123
229
141
115
207
160
137
537
329
192
122
104
94
233
183
144
537
220
153
116
75

527
262
148
546
265
110
355
136
68
550
160
81
618
228
88
749
357
120
737
303
141
723
280
145
531
229
115
972
303
90
972
631
252
111
68

414
199
91
310
157
75
261
180
110
251
123
79
512
288
123
359
238
115
317
203
137
537
267
162
402
216
94
772
278
141
772
414
215
113
75

527
231
91
546
211
75
365
158
68
550
141
79
618
258
88
749
297
115
737
253
137
723
274
145
531
222
94
972
290
90
972
631
233
98
68

277

119
435
269
231
379
308
261
344
274
232
531
316
205
817
389
259
817
436
262
179
69

227

196
294
189
141
475
317
232
440
350
283
347
253
207
334
259
215
469
295
207
467
398
331
546
390
285
224
141

I. Gauging station, Cologne; catchment area, 144,602 km•.
2. HQ, high flow; MQ, mean flow; NQ, low flow; MHQ, mean high flow; MNQ, mean low flow.

colour (Fig. 47(d)); for example, mean-flow could be illustrated by the colouring on the band, whereas additional
statements about mean low flow and mean high flow could
be given by variation of bandwidth.
If two primary values (e.g. variability-coefficient) and a
complementary value (e.g. mean-flow) are to be illustrated,
it is advisable to use double bands with variable bandwidth
as in Figure 47(e).
Run-off related to drainage-basin area
The run-off measured at a point on a river reflects the
accumulated effect of preceding precipitation over the whole
catchment area above the gauge. Therefore areal symbols
(shading, colour, pattern, or use of isolines) suggest themselves for the illustration of areal phenomena.
The areal illustration of run-off is the most difficult and

all the difficulties have not yet been overcome. As a result
different methods have been used to deal with this problem,
and their advantages and disadvantages will be described.
It must be emphasized that none of the methods is cornpletely valid.
The simplest method of showing these run-off values, in
mm or in 1/sec/km2 , is by means of a diagram placed at its
appropriate position on a map. As the run-off measured at
the gauge is that of the entire catchment area, this whole
area may be coloured or covered by suitable colour or
pattern.
The advantage of this method is that it clearly shows
the areas of different values of run-off. Further advantages
of the diagram are ease of construction, the boundaries of
the respective areas are precise, and it avoids a certain subjectivity which occurs if isolines are used.
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FIG. 46. Different possibilities of relating run-off values and bandwidths.
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a

b

d

c

e

a) double-band with variable bandwidths with or without constant colouring,
(illustration of two similar values) contiguous bands
b) double-band with variable bandwidths with or without colouring
(illustration of two similar values}, bands overlapping
c) double-band with constant bandwidth and variable colouring
(illustration of two similar values)
d) double-band with variable, overlapping bandwidths and variable colouring
of the inner band (illustration of 3 values)
e) double-band with varaible total bandwidth and variable colouring
of both bands (illustration of 3 values)
meaning of:
b) - constant bandwidth
b 1)

-

variable bandwidth of the 1 st value

b2 - varaible bandwidth of the 2nd value
b3

-

variable bandwidth of the 3rd value

f1

-

variable colouring of the 1 st value

f1

-

variable colouring of the 2nd value

Pm. 47. Possibilities of illustration by employing double-bands.

The use of diagrams for run-off maps has some disadvantages. For example, the run-off value measured at a
cross-section is visually applied to the entire drainage area
giving a false impression of the conditions of run-off within
the drainage area. Moreover, the use of diagrams permits
deductions only on the basis of the whole area and not of
its parts. In such a map continuous transitions do not exist.
A second disadvantage is that the use of single values for
basins suggests that the drainage divide represents a border
line between different run-off conditions, which is not always
the case.
Another commonly used method for presenting run-off
data is by isolines. lsolines have the advantage of approximating the differences between parts of a basin. However, they
can only be used where there are run-off or related data sup-

plementing the information from gauges on the main stream.
Use of isolines on small-scale maps for small areas is
difficult because local factors, many of which cannot be
accounted for, influence the distribution of run-off. In smallscale maps of larger areas, these local perturbations tend
to be smoothed out. It is particularly important to ensure
that extreme run-off values from small basins are not permitted to influence interpolations for isoline construction
to an undue extent.
Some authors (Woskrecjenski, 1959; Sokolov, 1968) recommended that run-off isolines be used only for rivers
with ecologically homogeneous drainage areas. They note
that run-off values vary greatly where adjoining drainage
areas have different conditions of topography, wind movement, infiltration and vegetation.
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4.3.2.2

Mapping of run-off isolines

Run-off may be mapped on the basis of (a) the waterbalance equation (run-off = precipitation minus evaporation), (b) the discharges measured at stream gauges, or
(c) a combination of these.
It is important to ensure that the basic data are homogeneous and that the period of observations is the same.
Construction of a run-off map from the differences between
precipitation and evaporation
The first step is to prepare isoline maps of mean precipitation and evaporation. The run-off map is developed by
superimposing the evaporation and precipitation maps and
plotting the difference in value at each point where the two
sets of isolines intersect. Isolines are then drawn on the
basis of the differences at each point, for a mean run-off
map (Fig. 48). This method has its limitations. It is not
recommended for arid regions, or where precipitation and
evaporation differ only very little. It is useful for regions
with high precipitation and low evaporation, where the
difference is large enough to accommodate a margin of error.
The difficult part of this procedure is the construction of
the evaporation map (see Chapter 3 for details). Care must
be taken to ensure that the run-off measurements represent
total run-off. If they do not, the run-off calculated from
the water budget and from gaugings may differ considerably.

The difference may be proportionally greater in the smaller
drainage areas.
When the evaporation map has been drawn on the basis
of an evaporation formula, it can be checked in smaller
catchment areas from run-off and precipitation. Run-off
data of larger catchment areas are not so useful, because
larger areas are composed of heterogeneous regions which
may have very different evaporation values. The boundaries
of the catchment area above a gauging station are drawn
on the uncorrected evaporation map which has been developed with the help of formulae, then the areas enclosed
by the divides are measured by planimetry and the mean
evaporation value of this area is determined.
The gauge at the outlet of this catchment area provides
the run-off value and precipitation minus this measured
run-off shows the amount of evaporation. A comparison
of these two sets of data for evaporation, one calculated
and one measured, indicates the degree of reliability of
these two values and whether or not they must be corrected.
The construction of these maps is facilitated by the use
of a grid. The width of the grid meshes depends on the
scale. A run-off value is obtained from the grids of the
precipitation map and the evaporation map and is marked
on the map. Run-off isolines are constructed by interpolating the grid values.
Regional formulae may be derived on the basis of an
empirical relationship between run-off, precipitation and

divides

q gauging

station
150 runoff depth (mm)

FIG. 48. Construction of a run-off map on the basis of the difference between
precipitation and evaporation (after W. Golf, Das N-A-U-Kartenwerk der DDR
aus WWT 10 Jg. Heft 5, 1960).
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evaporation. These formulae may be employed for any
point. If precipitation and evaporation are known and if
these values are inserted in the formula, the run-off value
for any point can be obtained.
By this method the combined surface and subterranean
run-off is determined, and the map usable for water budget
calculations.

Construction of run-off maps on the basis of correlation in
precipitation, air temperature and elevation
Since precipitation and run-off began to be measured,
scientists have been attempting to find a correlation between
depth of precipitation and depth of run-off. Formulae, not
all comparable, have been developed in Europe by W. Ule,
K. Fischer, W. Wundt, H. Kern, H. Coutagne, Gudard
and others and recently by Liebscher (1970). These are
valid only for a limited area, some include only precipitation for the summer or winter half-year; and some oneyear values include the depth of precipitation of the preceding half-year. In northern America and central Europe,
it has proved useful to consider the mean air temperature
(Langbein, Wundt) when estimating run-off. These formulae
can be used to estimate run-off for ungauged areas and
thus facilitate preparation of run-off maps. In regions with
pluvial regime it is possible to deduce run-off from precipitation. In regions with different climates, however, the
correlation between precipitation and run-off is not so close.
Construction of run-off maps on the basis of gauging observations
When this method which relies exclusively on gauging
observations is used, only surface run-off maps can be
developed because the ground-water run-off is not always
included. As a result, the maps either cannot be used for
water-budget investigations, or can be used only with
extreme caution, because the measured run-off value may
be smaller than that obtained by the water-budget method.
Construction of isolines
It is methodologically difficult to construct the isolines for
run-off maps. The run-off measured at the gauges results
from the run-off above this gauge and depends on the geographical conditions of the catchment area. Relating the
observed run-off value to the geometrical centre of the
catchment area appears to provide a more realistic distribution of run-off values (Fig. 49).
Values of run-off computed for local inflow areas may
show considerable inconsistency since errors in observed
flows at both upstream and downstream stations are reflected in the residual local inflow volume. If a preliminary
run-off map is to be prepared directly from observed runoff values, some adjustment must be made to computed
local inflow values to achieve some degree of consistency
between adjacent basins. Greater weight should be assigned
to run-off for the tributary headwater watersheds than local
inflow values (Nordenson, 1968). A topographical contour
map may serve as the basis for an isoline map.
If the run-off is calculated from the difference between

wrong

right

b)

I
j

/

border of drainage basin

,

- - 9 - isoline
0

gauging station
centre of area

FIG. 49. On the problem of constructing run-off isolines: (a) the
gauged run-off is co-ordinated to the gauging station; (b) the
gauged run-off is co-ordinated to the centre of the area.

precipitation and evaporation, the general course of the
run-off isolines is similar to that of the isohyets. The contrary tends to happen if the gauging observations form the
basis for the mapping. In this case the isolines bend towards
the lower part of the valley (Fig. 50).
Neither method provides actual run-off conditions. Therefore, it is not expedient to compute the mean value from
isoline maps for small catchment areas. Such calculations
can only be worked out for areas of approximately the
same size as the catchment area on whose run-off value
the map was based.

-150

'

border of drainage basin
isoline
gauging station

FIG. 50. Different methods of producing run-off isolines: (a) differ-

ence method by which run-off includes the total surface and subsurface run-off; (b) if only gauging observations are used.
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Naturally the scale should be correlated with the available
data. The intervals of the isolines should be kept small
only if this is justified by a dense network of observation
stations or by theoretical investigations. Otherwise greater
intervals and a smaller scale should be used in order not
to infer an accuracy of the map that does not exist.
4.3.3

Mean annual, seasonal and monthly run-off,
mean highest and mean lowest run-off

4.3.3.1

Times of high flow and of low flow

Knowledge of the seasons during which frequently high
flows occur is essential for planning purposes. These periods
depend on meteorological and climatological conditions
and can be illustrated in an areal representation (Fig. 51).
Similar representations may be constructed for months with
most frequent low flow.

4.3.3.2

Run-off maps in m 3 /s

Figure 52 illustrates the mean and maximum run-off by
bandwidths. The gauges are represented by symbols. A
continuous increase of the water flow between the gauging
stations was assumed in order to avoid the impression of
an unsteady increase from gauge to gauge. This assumption
made for cartographical reasons may, however, contradict
natural conditions. The inflow of larger tributaries into the
main river results, of course, in a discontinuous increase of
flow.
4.3.3.3

Mapping of run-off depth (mm) and specific
yield (l/s.km 2 )

Run-off depth (mm) and yield (l/s.km2) can be represented
for mean flow, low flow and high flow, either by an areal
representation or by isolines. The representation of run-off
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FIG. 51. Months during which high flows are most frequent (after Zdzislaw Mikulski, in Zarys Hydrografii

Polski, Warszawa, 1963).
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FIG. 52. Mean and maximum run-off in bandwidths. Discharge of the principal rivers in
Sweden (in Atlas over Sverige, 37-8, 4).

depth and of yield is simply based on different dimensions.
In both cases the run-off refers to the area of the drainage
basin. An example of a mean yield map is given in Figure 53.
4.3.4

Extreme floods and extreme low water

Extreme low flows of large navigable rivers have been
recorded and described as remarkable occurrences. Drought
flow is significant for water supply, pollution and navigation. Small rivers may dry up completely. Maps dealing
exclusively with extreme low flow are scarce.
In karst regions, valleys with only occasional water flow
are specifically mapped. In areas of semi-humid, semi-arid
or arid climates even those rivers and lakes which dry up
periodicalJy or which flow intermittently can be shown
(Fig. 54). Low flow during a dry period largely depends on
the storage capacity of the soil, underlying rock formations,
and storage retention of lakes or glaciers.
Calculations of the highest floods resemble those concerning floods occurring once in 100 or 200 years or the
maximum melt-water flow in spring. The isoline map for
the unit maximum spring run-off rate (mm/hr) is shown in
Figure 55.

Analyses of floods and low flow aim at obtaining knowledge about magnitude, duration and frequency of extreme
cases of run-off. The values of extreme run-off of single years
are often used for investigations on frequency of floods and
low flow. Whereas the knowledge of magnitude and frequency of extreme run-off peaks may suffice for flood
investigations, this does not apply to the evaluation of
critical low flow events, since in this case the duration must
always be taken into account. Values of low run-off (minima
or daily means) may have been influenced by man's activities.
These interferences cannot always be eliminated, especially
not for the past.
Extreme run-offs of longer periods are usually determined
for the following periods: 1, 7, 15, 30, 60, 183 and 274 days.
Because of the inaccuracy mentioned previously the shortest
period for low-flow run-off should be 7 days.
After the highest or lowest mean run-off of these periods
of each year of the observation period has been determined,
the relative frequency may be computed by statistical
methods described in the literature. The results of a
drought-flow analysis can be represented by a diagram
(see Fig. 56).
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FIG. 53. Map of mean yields in Poland (after J. Stachy, in: Prace Panstowowego Instytut
Hydrologiczno-Meteorologicznego, Zesz. 88, 1966).

4.3.5

Ratio of run-off to precipitation, proportion
of ground water and snow melt water in the
total run-off

4.3.5.1

Ratio of run-off to precipitation

These maps clearly show areas characterized by abundance
of water (mountains) or by scarcity (e.g. areas with high
evaporation). Areas with small or great losses of water
because of geological relief conditions or because of other
influences can be distinguished.
If the ratio of precipitation to run-off is to be shown, it
needs to be noted distinctly whether these run-off values
relate to the surface water run-off or to the total run-off.
Run-off which includes both surface and sub-surface runoff, computed from the difference precipitation minus calculated evaporation, is to be distinguished from the ratio
of precipitation to the measured run-off at the gauging
stations. Both ratio values, however, may be the same if
the gauging station measures total run-off.
In Figure 57 all large rivers have been omitted; these
rivers are transit-rivers, the discharge of which is not determined by the immediately adjoining region, but by
distant, different climatic regions. The isolines are inter-
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rupted near the large transit rivers; only the headwaters
reflect the conditions of their surrounding areas. An analysis
of the regional changes and gauging observations allows
that point of the river where it becomes a transit river to
be identified.
This method permits the different morphological-pedological-geological units of the different run-off conditions
to be taken into account in cartographical representation.
Hence it happens that in Figure 57, the range 10-20 lies
immediately beside the range 30-40; there is no transition
range 20-30. The determination of these ranges follows the
boundaries of geographical units which differ hydrologically.
The ratio of run-off to precipitation of the transit rivers,
calculated from individual gauges, may be included additionally with the help of numerals or point symbols. This
emphasizes the azonal character. For rivers which are
omitted as transit rivers all calculated data of the gauges
refer to the given range of the adjoining region.
This method of mapping-a combination of the isarithm
method, the two-dimensional illustration and the regional
analysis-does not require a single isoline interval to follow
sequentionally.
This combined method can also be applied to run-off
values other than mean run-off.
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FIG. 54. Low-water flows in the catchment area of the Kinzig in 1959 (in Wasserwirtschaftlicher Rahmenplan Kinzig, Wiesbaden 1961, Kt. 29).

4.3.5.2

The proportion of ground water in the total
run-off

Maps of the ground-water contribution to total run-off
indicate where rivers are supplied by ground water. Where
rivers are supplied mainly by ground water, relatively high
water stages can be observed even during dry periods.
Where the ground-water contribution is moderate, the intake from precipitation, or the storage capacity of the soil
is small and rivers react to precipitation by rising rapidly:
they react to dry periods in an equally apposite way.

Rivers supplied by ground water differ, not only in their
run-off conditions, but also in their physical and chemical
properties; that in turn has effects on their economic
utilization.
Maps generally rely on data published in yearbooks,
which do not contain information suitable for recognizing
the ground-water contribution to total run-off; such data
have to be calculated from the daily discharge hydrograph.
A tangent connects the lower turning points of the daily
discharge hydrograph. This method, however, is very subjective, as it is hardly possible to connect each turning point
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FIG. 55. lsolines of unit maximum spring run-off rate mm/hr (mean values) (in
D. L. Sokolowsky, River Runoff, 3rd ed., Jerusalem, 1971).

by a tangent. Thus a selection has to be made by the map
maker. The reader is referred to hydrological textbooks for
techniques of calculating ground-water flow.
The supply of ground water may sometimes be estimated
by determining the mineralization of the water in rivers or
by measurements of the discharge of representative springs.
The separation of ground water is time consuming. An
estimate may be made by calculating the mean monthly

low-water flow which according to Wundt may be regarded
as a measure for ground-water supply.
On the basis of values thus determined, an isoline map of
the ground-water contribution can be prepared (Fig. 58).
Values of the ground-water contribution and thus the
ground-water supply may differ widely in adjoining regions.
In such instances a combined method may be used in conjunction with the ratio of run-off to precipitation.

w

~ 1~
u

(/)
0

Example: The average flow for 7
consecutive days will be less than
15 cfs at intervals averaging 7years

7

6

1.01

1.1

1.5
RECURRENCE

2

3

4

5 6 7 8910

20

30 40

INTERVAL, IN YEARS

FIG. 56. The magnitude and frequency of low flow of the Huron river at Milford (after
F. R. Twenter, R. L. Knutilla, in Water for a Rapidly Growing Urban Community
Oakland County, Michigan 1972).
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FIG. 57. Mean annual run-off coefficient for the years 1951-60 (after I. Dynowska, in Zesz.
Nauk. U. J. CCLXVIII. Prace Geograph., z. 28, 1971).

4.3.5.3

The proportion of snow-melt water in the total
run-off

In climates with considerable snow it is of great interest to
determine the area which contributes meltwater to the total
run-off. Such a survey would be useful for flood forecasting
and for water-resources management. Such maps, however,
are scarce because of the difficulties involved in their preparation.
The difficulties are due to an inadequate observation of
the depth and density of snow cover, which changes rapidly
from place to place. Moreover, snow density, and thus the
water content, differ widely in the same snow profile.
Furthermore, it is hardly possible to determine the amount
of the water stored in the snow cover actually melting.
4.3.6

Ratio of run-off of short periods to long-term
mean values

The divergencies from the mean annual run-off are expressed
as percentages. Two methods are employed: (a) the ratio of

the mean monthly run-off to the mean annual run-off
(according to Parde)-mean monthly run-off/mean annual
run-off; (b) the percentage of monthly run-off to the annual
run-off-monthly run-off/annual run-off x 100 per cent.
These ratios can be shown in bar diagrams.
Sometimes it is of interest to know whether the run-off of
a certain year is higher or lower than the long-term average.
In some instances the mean run-off of one year may be less
than 30 per cent of the long-term average, while relatively
near by the mean long-term annual run-off is exceeded
(Fig. 59). A corresponding illustration may be developed
for the ratio of the run-off of a single month to the longterm run-off of this particular month.
4.3.7

Variability and probability of run-off

Illustration of variability and probability of run-off are of
practical importance. River reaches which may show extreme low-water flow as well as extreme high-water flow
during one or several decades offer special problems for
water-resources management.
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Fm. 58. The contribution of ground-water run-off as a percentage of the total run-off in
Romania (after J. Ujvari, Beografia ape/or Romaniei, Bucharest, 1972).

4.3.7.1

Variability

Variability is understood to be the divergence of a single
value from the mean value. For two gauging stations the
mean values may be the same, whereas the single values
may differ widely. Variability gives information about the
degree of variation of the single years (or months) from the
long-term mean value.
This value is of practical importance, since rivers with a
small variability of water flow are more amenable to waterresources management than those with a great variability.
Variability of run-off depends on soil and underlying rock
formation and on their storage capacity. In areas with
oceanic climate and low relief intensity run-off shows a
-small variability.
Different methods are used to compute the variability
-coefficient and the reader is referred to textbooks on
statistical methods.
After the coefficients for individual gauges have been
calculated, an isoline map may be developed by interpolation. Such maps may be delineated with regard to the
mean annual run-off (Fig. 60), as well as with regard to
other seasons, for example spring. Variability can also be
·expressed in a different way, especially by simply dividing
·extreme values, as demonstrated below:
The ratio of the highest to the lowest mean monthly waterflow. According to Table 3 this results in the following
values: 292: 153 = 1.7.
The ratio of the highest mean water flow of a year to the
smallest mean water flow of a year. According to Table 3
this results in: 297: 141 = 2.12 (Fig. 61). This presentation
shows where the total run-off of a single year differs
considerably from the long-term value.
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The ratio of the highest high-flow to the lowest low-flow
of one observation period. That is, according to Table 3:
972:68 = 14.2.
In some climates the great part of the annual run-off is
concentrated in a short period of time. Knowledge about
this high run-off of short duration is relevant for planning
purposes. Figure 62 illustrates the run-off in spring as a
percentage of the total annual run-off in wet years. Since
large and small rivers differ in their run-off regimen, this
map has only taken into account areas < 10,000 km1•
Similarly, maps may be developed for dry years.
4.3.7.2

Probability

Probability statistics help to solve problems such as the
probable depth of run-off occurring once in one hundred
years (probability 1 per cent) or for any other period of
time (e.g. once in 10 years = 10 per cent probability)
(Fig. 63).
Probability maps may be constructed for different hydrological phenomena (intensity of snow-melt, etc.) and for
any percentage of probability. It is expedient, however, to
deal with only one single percentage-value of probability
in one isoline map.
4.4

Limnological maps

4.4.1

General considerations

In this report, limnological maps are treated only in the
narrower sense of the term limnology, thus comprising
maps of natural and artificial lakes.

Maps of surface water

150 km

MO

(1947) in% of MO

a
0

rz2Zl

WZJ

31 -

40%

41 -

50%

51 -

60%

61 -

70%

--ronn

rzZZZJ

71 -

80%

81 -

90%

81 - 100%
91 - 100%
101 - 120%

Fm. 59. The mean run-off of 1947 as a percentage of the long-term run-off (after H. Schulz,
in Dtsch. Gewasserkundliche Mitt., Sonderheft, 1958).

4.4.2

Morphometrical maps

Morphological data, concerning the exact shore line and
the depth of a lake, are the basis for morphometrical maps.
The shore line of the maximum, mean and minimum extension of the surface should be entered on maps of lakes in
arid zones, as they usually are characterized by low depth
and by frequent changes of their surface extension. Freshwater lakes need to be distinguished from salt-water lakes.
The map should be able to show, whether the lake is filled
with water periodically, intermittently or all the year round.
The maximum and minimum depth should be indicated.
The depth of a lake may be illustrated either by isolines
of the depth of the lake (isobaths) or by isolines of altitude
of the lake bottom above sea level. The maps may be
constructed using different colours or different hatchings.
4.4.3

Maps of principal characteristics of lakes

With regard to the rate of silting in a lake and to erosion
in the upper catchment area, it is useful to indicate morphological changes at the inflow of the river into the lake, i.e.

where deltas are formed. Such an illustration may compare
different stages of delta-forming at different times. The
amount of aggradation, or the amount of erosion at the
delta, may be illustrated by isolines or by areal layers.
4.5

Snow-cover maps

4.5.1

General considerations

Snow cover is the primary source of manageable surface
waters in many areas of the world. Melted, it is a major
cause of flooding in these areas. Mapping of snow cover,
therefore, has a significant role in water resource operations
and planning, as a basis for planning flood control measures,
and in evaluating potential soil moisture recharge. Maps of
snow cover should also be considered in the resolution of
the water balance because snow cover represents water
which is retained in storage, to be released, sometimes
rapidly, over a period of a few weeks and the melting process consumes thermal energy which is thereby unavailable
for evaporation.
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FIG. 60. Coefficient of variation of run-off in the United States of America.

Snow cover comprises the accumulation on the ground of
snowfall, ice pellets, frost, glaze, liquid water retained in the
snow and various pollutants. Its structure is often complex
and the presence of ice layers are of considerable importance
in snow hydrology and in certain snow-cover measuring
techniques. The natural variations in snow cover are caused
by the parent snow storms, wind and radiant energy exchanges. Wind transport can be particularly important in
open areas and may redistribute the snow so that the cover
bears little resemblance to the cover originally produced
by snowfall.
The nature of the snow cover varies from one climatic
region to another. Igloo snow of the Arctic bears little
resemblance to the wet snow cover near more temperate
coasts. Repeated thaws near the southern limit of snow
cover create structures, densities and other situations which
are quite different from those found in regions where snow
covers remain established firmly throughout the winter. This
relationship provides a valuable means of estimation of
snow-cover characteristics from climatic data.
Estimation techniques are needed because of the general
inadequacy of snow-cover measurement networks-an
inadequacy which results from the heterogeneous nature of
snow cover. Since snow cover is highly varied it is difficult
to interpolate between data points, particularly when they
are sparse. Even where there are extensive observations,
such as from satellites, these data usually have limitations
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which must be overcome. For example, the present-day
capability of satellite observations is limited basically to the
description of the areal extent of snow cover; the interpretation of other characteristics such as depth requires
other knowledge. Snow mapping, therefore, usually
demands considerable interpretive skill on the part of the
analyst.
A knowledge of the associations between climatic and
physical features, such as vegetative cover, provides valuable
assistance in the interpretation of the nature of snow cover
over an area. Within a climatic zone, local topography and
vegetative cover produce major local differences in the
snowpack mainly because of the wind and the variations in
catch and retention capabilities of the surface. Kuz'min
(1960) suggests snow-retention coefficients for different
surfaces as given in Table 4. The retention coefficient is the
ratio of the snow catch of a given surface to the catch by a
virgin soil.
Erosion of the snow cover occurs at crests of ridges and
in the upwind sections of large open areas which permit the
wind to accelerate. Deposition is most probable on the lee
sides of ridges, in depressions and along the windward
edges of forests and towns. Within grassland of flat tundra
areas, snow tends to accumulate in depressions and near
buildings or shelter belts. In some dry-land areas, depression storage is the major source of surface water supplies.
The density and shape of these depressions, relative to the
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TABLE 4. Snow-retention coefficients
Coefficient

Type of surface

Open ice surface of lakes
Arable land
Virgin soil
Hilly districts
Large forest tracts
River beds
Rush growth near lakes
Forest cuttings of a radius of about 100
to 200 m and edges of forests

0.4-0.5
0.9
1.0
1.2
1.3-1.4
3.0
3.0
3.2-3.3

prevailing wind, is therefore a valuable hydrological parameter in assessing accumulation and subsequent run-off.
The accumulation of snow within forests is dependent on
the type and spacing of trees, the number and size of forest
clearings, and the proximity of the forest area to upwind,
high-snow transport areas. A deciduous forest, lacking
leaves in winter, accumulates snow readily and relatively
uniformly. Evergreens intercept and shed falling snow,
reducing the net accumulation on the forest floor and
making it uneven.
The edge of forests (also tree belts, cities, farmyards, etc.)
is of particular interest since this is a zone of great accumulation, particularly where there is a large fetch of friable
snow upwind. The forest edge acts somewhat as a wall of

< 1,5
1,51 - 2,00
2,01 - 2,50
2.~1 - 3,00
3,01 -3,50

3.51 - 't,00

-

4,01-4,50

-

4,s1-;,oo

-

5,01-5,50
5,51-6,00
6,01-6,50

0

100 km

Fm. 61. The ratio of the highest to the lowest annual run-off in Poland, 1951-60 (after I. Dynowska: Typy rezimow
rzecznych w Po/see).
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varied permeability and as a result snow banks of appreciable size may form there, the banks tending to extend into
and out of the forest for a distance roughly equal to about
five times the height of the trees.
In mountainous areas avalanches further complicate the
heterogeneous snow cover, and snow blowing from mountain ridges is often observed to evaporate downwind in the
subsiding air.
These intricate associations of snow cover with climate
and topography pose many mapping problems. Looked at
on a broad scale, these can often be overcome by techniques
such as by zonation, but on a local scale a sound knowledge

of small-scale variations is essential. Reference should be
made to books such as those by Kuz'min (1960) and
Richter (1945) and later work by de Quervain for more
detailed information on this subject.
4.5.2

Data and its limitations

A large variety of data is used in the mapping of snow cover.
This includes field measurements of snow depth and water
equivalent obtained with snow tubes, the depth measurements obtained with snow stakes and rulers, aerial snow
markers, snow pits, radio-isotope gauges, natural back-

Fm. 62. Isolines of spring run-off in years with much water, as percentage of annual run-off
fors mailer rivers (area equal or smaller than 10,000 km 2) (after J. N. Stiezenskaja, in AN SSSR
Ser. Geogr. No. 5, 1966).
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FIG. 63. Recurrence interval of run-off-depth of 100-year spring-floods in the

Kama river basin.

ground y-radiation, pressure pillows, photography, photogrammetry, satellites and reconnaissance aircraft, as well
as visual ground transects.
The information contained in ground, aerial and satellite
photographs is probably far greater than all the other
recorded information on snow cover. As yet, however, the
use of photographs is limited mainly to the mapping of
extent. For most purposes today, climatological measurements of snow depth and field measurements of snow cover,
its depth and water equivalent continue to provide the data
base for mapping. An explanation of snow measurement,
including site selection, is given in WMO (1965 and 1969).
The proper interpretation of data, in terms of topography
and vegetative cover, is a major problem to be resolved by
the mapper. Most snow-cover data have a systematic bias
due to the instrument and the sampling site. The instrumental error varies according to the manufacture and the
condition of the cutter. Freeman (1965) found a positive
bias of about 8 per cent for snow tubes which are in common use in North America. The snow courses, on the other
hand, are often intentionally placed in locations which
experience above-normal accumulation so as to ensure that
snow is present in most years and also to obtain a high
correlation between the observations and run-off. In the
mountains there are good reasons for placing courses in
meadows, but this introduces bias. On plains or rolling
terrain it is common practice to apportion the sampling
according to typical landscapes, however in many instances a standard exposure is also used to obtain
comparability.
Snow cover is often used to illustrate how variable a
hydrological element can be. In snow surveying, six, ten
or more sample points per course are employed to reduce

the sampling errors; nevertheless, from a mapping standpoint, the errors in course-averages may be substantial.
Where single-point measurements are used, sampling errors
may be very large.
Depth measurements are far more numerous than those
of water equivalent, and it is often advantageous to convert
them for the preparation of water-equivalent maps. Conversion can be undertaken with some assurance using maps
and graphs which show the change of the average density
of the snow in time and space. The density of freshly fallen
snow has been observed to range from 0.004 to 0.34 (Church,
1941). Once on the ground, it may undergo rapid changes,
but generally by the time a substantial snow cover has
formed, the over-all density of the cover changes less
dramatically. In spring, the density of the melting snow
pack may exceed 0.5 when much free water is present, but
tends to revert to about 0.35 when the water has drained
away. At a specific time, particularly after the snow cover
is well established and before the spring thaw, the snowcover density is relatively conservative and estimates of
density may be used in converting depth data to water
equivalent.
Because of network deficiencies, mappers must often rely
on more than one set of data. This may pose major problems, such as in the case of deriving snow cover from snowfall information when there has been extensive horizontal
transport of snow or melting of the snow cover. An accounting approach can be used to estimate snow-cover water
equivalent during the period of relatively stable snow cover
and if allowances are made for biases due to site exposures
(McKay, 1963).
As previously noted, aerial photography and satellite
pictures are very useful in the mapping of the extent of
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snow cover. Using weather satellite information, a 16-km
resolution is possible on a fiat, accurately located watershed;
a 60-m resolution is possible with the Earth resources
technical satellite (Barnes and Bowley, 1969). Photographs
taken during the melt period in spring disclose the areas of
deep snow and the elevation to which mountains are
denuded of snow.
Photogrammetry is a powerful tool for computing the
depth and volume of the snow cover when there is good
ground control. The procedure requires that elevation contours be made with and without snow cover; the differences
give the depth of the snow cover. Difficulties arise over
forested areas when evergreens obscure the ground cover;
in obtaining suitable texture in the photographs; and over
regions of steep slope where small location errors may
result in a large depth error.
In many areas winter snow cover is unreliable. Depth
data for these areas may show a sizeable number of zero
values, and for this reason median values are usually used
in preference to mean values. The frequency characteristics
of snow-cover data should be explored before mapping
proceeds to ensure that improbable results are not obtained.
4.5.3

Mapping practices

With few exceptions the preparation of maps of snow
cover is identical to that of precipitation, and reference
should be made to Chapter 3 to obtain details on mapping
practices.
Among the exceptions is the need for maps of beginning,
ending and duration of snow cover. These values can be
shown numerically or by isolines.
Another difference is that, because of the great natural
variability of snow cover and the relative paucity of data,
emphasis must be placed on zonation as a useful mapping
practice. Areas which have relatively uniform climates and
vegetative cover can be selected as zones because they have
fairly consistent snow-cover characteristics. Elevationdependency relationships established for one location
within a zone should be readily transposable having due
regard to slope and aspect. Also within the zones, the variation of the density of snow cover with time is relatively
repetitive from year to year, and areally conservative. This
facilitates the conversion of snow-depth data to water equivalents and the standardizing of data with respect to time
which is often necessary because observations may not all
be made on the same day.
Care should be taken to minimize the risk of misinterpretation of maps by using a map scale commensurate with
the reliability of the data, and by using a meaningful isoline
interval (Espenshade et al., 1956). Generally the sampling
errors are poorly understood since areas of high variability
are ignored and snow measurements are made in areas of
uniform cover. The use of small-scale maps reduces the
risk of misinterpretation by effectively broadening the zone
covered by an isoline. Many users insist on larger maps in
which case the analyst must determine the sampling error
in the most convenient manner possible and select an
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interval or append a note which adequately conveys the
degree of reliability of the data. Physical relationships can
frequently be used to obtain further interpretative skill;
however the reliability of the product is usually difficult to
express.
The construction of elevation-dependency curves and the
use of multiple or simple regression techniques relating
physiographic and climatic factors to snow cover should be
undertaken as described in Chapter 2. Relationships have
been developed which aid in this regard, such as by Richter
(1945) and Kuz'min (1960) who provide comprehensive
reviews of the differences in snow accumulations over
different types of terrain. The transposability of such results
is valid only in a qualitative sense, and it is apparent that
much work remains to be done to establish similar relationships for other areas before snowfall maps of desired detail
can be made available.
4.5.4

Methods of presentation

Recommendations by the World Meteorological Organization pertaining to regional snow-cover mapping include the
following (maps recommended for regional analysis): duration, maximum depth, maximum water equivalent, mean
date of maximum snow depth, average density of the snow
cover at maximum depth.
With a scale of 1: 5,000,000, the isoline interval for snowcover depths should be 5, 10, 20, 30, 40, 50, 75, 100, 150
and 200 cm and more. For the same scale of map, isolines
for the number of days with snow cover should be drawn for
5, 10, 20, 30, 60, 90, 120, 150 and 180 days. Diagrams should
be placed on these maps to show the mean and extreme dates
of the start and end of the snow season. (Reference should
be made to the sections on isolines contained in Chapter 4
and the Appendix since isolines are used extensively.) As
noted, the above recommendations are for large-scale maps
and are not necessarily suitable for others. The analyst
should make a judicious decision concerning isoline intervals for other types of maps, in particular those for areas
which have marked relief such as is found in the mountains
of Central Europe.
Maps which show the probability of occurrence of
extremes are required for engineering design and planning.
The log-normal frequency distribution provides a suitable
means for estimating return-period values of the annual
and monthly extremes of the water equivalent of snow cover
(Thom, 1966). The frequent absence of snow cover in some
areas complicates statistical analysis, such that the median
is preferred for mapping purposes and the use of log-normal
distribution is restricted to the measurable values.
Most of the diagrams which are used for precipitation
and evaporation (Chapter 3) are also suitable for showing
the variability and other characteristics of snow cover.
Isolines of the coefficient of variation may be used along
with those of the median to indicate variability and provide
a basis for prediction. Percentage-frequency diagrams, such
as illustrated in Figure 64, have been frequently used to
show the variability of snow cover.
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Duration of snow cover

The duration of the snow cover is of interest in many
operational problems as well as in scientific understanding.
It can be determined directly from maps or statistics for
the first and last day of snow cover (Fig. 66). Similar maps
can be prepared using values determined as in the preparation of Figure 67. Such maps have value in that they depict
shifts in the time during which a snow cover is present.
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Fm. 64. Percentage frequency of occurrence of snow cover
over specified depths.

Symbols for the mapping of snow-cover features have
been recommended to the International Commission of
Snow and Ice (Fig. 65).
4.5.5

Typical maps

4.5.5.1

First and last day of snow cover

Several snow-cover maps can be readily produced from
standard climatological records (Fig. 66). Among these are
the first and last day of snow cover. Isolines are usually
used in their preparation. A date must be selected to establish
the snow year (for example 31 July for the northern hemisphere) so that a distinction can be made between extremely
late last snow covers and extremely early first snow covers.
The first and last days of snow cover, as given in Figure 66
may not be those preferred by the hydrologist since the
data base includes late spring and early autumn snow covers
which do not remain on the ground for more than a day
or so. A better solution is to define the snow-cover season
which is hydrologically important, i.e. from the point of
view of ice formation and permanency of the snow cover.
The first day of snow cover may be defined, for example,
as the first day of the first sequence of days in autumn
when the snow cover persisted for at least seven days, and
the date of loss as the last date of snow cover in spring
following which a snow cover of over six days' duration
did not occur. Days and periods, so defined, correlate well
with climatologically determined dates, and these latter may
be used to corroborate the results.
The above approach was used to obtain the isoline map
of the mean date of snow formation shown in Figure 67.
By assigning day-numbers it is also possible to compute
the standard deviation of the day on which the snow cover
started and terminated, as well as that for the duration of
the quasi-permanent snow cover. The standard deviation
was superimposed as a broken line in this series of maps.

Snow depth

Snow depth maps are perhaps the most common type. They
are used to depict mean and extreme values, values for a
specific day or period, probabilities, percentiles, etc.
The peak seasonal accumulation of snow cover is considered to be one of the better predictors of snow-melt runoff. As a consequence, maps of the peak amounts, their
variability and also the date on which the peak occurs are
of value in assessing regional variations in water yield.
Whenever daily observations are available it is a simple
matter to determine the peak amount and date. More often
the analyst is confronted with a variety of measurements
which may have preceded or followed the peak by weeks,
and the realization that peak values over an area may not
all occur on the same day. To obtain consistency, survey
values may be adjusted by accounting procedures; however,
the mapping of data for a specific day or period near the
time of the peaks is usually adequate. Identification or
grouping of the data according to the type of exposure of
the snow course, for example woods or grassland, is desirable for analysis (see Popkov, 1964). The depth of snow
measured at climatological stations near the date of peak
accumulation has the advantage of providing a synoptic
data set.
The fourth part of Figure 66 shows snow depth variations
across a large area. Detail may be obtained for depth maps
by using climatological measurements of snow depth along
with those obtained by snow surveys. The resulting depth
map can be converted to water equivalent by the use of
regional averages of snow density. Snow-survey data show
that, during the winter months, the standard deviations of
snow density range from 0.02 to 0.05 across most landscapes (for example the boreal forest, tundra, prairie, etc.
(McKay, 1968)). Time-density curves for these regions can
then be used to obtain fairly good estimates of mean-water
equivalents for climatological stations.
Even greater detail is possible where local intensive networks have been established. These maps can be used to
show the effects of variations in vegetation and also land
forms such as small hills or depressions as depicted in
Figure 68.
As with precipitation amounts, it is possible to construct
a large number of maps showing the probabilities of snowcover depths and water equivalents for a specific time.
Statistical estimation procedures can be used for this purpose. Data estimation can be facilitated by the use of a
probability-interpolation diagram, in conjunction with maps
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The International Snow Classification 1954 (ISC 1954) gives a number of graphic symbols for the representation of snow
profiles. They are only partly suited for areal mapping. A suggestion is presented herewith for symbols to be used with maps.

3. Form of snow surface

1. Material of surface layer

1--

• NewSnow

1-

* smooth (alternative : no symboi)

§

Old Snow

1~~""

• wavy (ripples)

§

Firn

1~'-Uv-J

• furrows concave (sun cups)

§

Ice

lm~m

• furrows convex (rain- or melt groves}

Bare Ground

11\A M

Iv vvl

• Surface Hoar, Rime

loO oQI

• Glaze, icy Surface

M

•

furrows randomly shaped

4. Special formations
oO

2. State of snow surface
dry (no symbol)

0
_L

<'.1

6

moist or wet

J_

_LI

soft (pedestrain penetrating
more than 20 cm)

-

hard (unbreakable to pedestrian)

...J_

...L.
_L

I

I

l~I
1~1

I~

co

I

Drift deposit, cornice (with prevailing
wind direction)

sastrugi

penitent

slab avalanche

loose snow avalanche
hard (breakable to pedestrian)

Avalanche path

§

identical with ISC 1954
derived from ISC 1954

Fm. 65. Symbols for snow-cover features (after de Quervain unpublished).
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Avalanche deposit

First snow cover

Last snow cover

Number of days with snow cover

Median
Depth of snow
cover (cm)
February 28
1 inch
2.54 cm

Months with continual
snow cover ( 1 0 years)
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(After Potter, 1965)
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FIG. 66. Snow-cover characteristics, 1941-60 (median values) (after Potter, 1965).
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FIG. 67. Date of snowpack formation using mean and standard deviation of the day-number
for the year.

of, for example, the 50-percentile and I-percentile values.
Grid point values abstracted from these maps were used in
an interpolation diagram to obtain Figure 69 (see United
States Weather Bureau, 1964).
4.5.5.4

Density maps

Maps of the density of the snow cover can be used to convert
snow depths to water equivalents, and thereby to obtain an
estimate of the potential surface run-off. The possibility of
applying density in this manner is, however, restricted to
those zones in which it tends to be relatively conservative,
such as over tundra areas. In other locations the spatial
variation of density may be so great as to invalidate this
approach.
The density of the snow is controlled mainly by climate
and is closely related to local physiographic features. The
use of maps which depict these factors is therefore to be
encouraged when drawing maps of snow-cover density.
Among the more important controls are vegetation, wind,
the occurrence of freezing rain and compaction.
Figure 70 shows density variations across a parkland
region. The highest densities occur on the wind-swept grasslands, the lowest in the forested areas. Measurement errors
are greatest in shallow snow cover; also there is often a
tendency for shallow snow to convert to ice in late winter.
For these reasons the density map is based on snow depths
in excess of 10 cm. Graphs which show how density changes
102

with time and its variability enhance the utility of density
maps.
4.5.5.5

The melting season

The temporal and spatial variability of the snow cover
cannot be overstressed. This is particularly true of the extent
of snow cover during the spring melting season. During
this period snow cover may form a mosaic across an area;
over a region of large climatic variation the mosaic occurs
between a snow-free zone and one which is still completely
covered with snow. Zonation is a desirable mapping procedure at this time; isoline construction over the mosaic
region being relatively meaningless for many purposes.
Figure 71 shows a watershed on which the zones of different
ranges of percentage of snow cover have been identified.
Elevation contours are superimposed to improve utility.
The melting season is usually brief, but can be highly
variable. Komarov and Popov (1970) claim a season length
of five to twenty days in open country and twenty to thirty
days in the forests of the U.S.S.R. The melting process is
controlled by insolation, the heat exchange with the atmosphere, condensation and the heat contributed by rainfall.
The heat exchange is largely controlled by local and seasonal
conditions. For example, in dense forests in mid-winter,
the melting process is mainly due to turbulent transfer
processes; in the open in late winter, energy received from
the sun is the dominant factor in snow melt. It is often
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Fm. 68. Snow-cover depth (cm) and vegetation (after McKay, Findlay and Thompson, 1970).

possible to determine local empirical snow-melt equations
from snow-cover data and air temperature measurements,
but great caution must be used in their transposition. More
versatile snow-melt equations which relate to vegetative
cover, relief, wind, albedo of the snow cover, etc. have been
determined, for example Kuz'min (1958) and the United
States Army Corps of Engineers (1956).
Among the maps of snow cover not shown are: (a) maximum (minimum) and average-maximum (minimum) snow
depth recorded for a specific month or season; (b) average
date of maximum snow depth; (c) average monthly snow
depth using depth-time curves for representative sites, rather
than isolines; (d) depth of snow in excess of 10 cm (in
changes with time); (e) maps of snow regions (boundaries
of zones of homogeneity).

These are similar in format to other maps presented in
this publication, and the methods of development are similar
to those described for other maps in this section. For these
reasons examples are not provided.

4.6

Maps of glaciers

For decades, cartographers have had a special preference
for constructing glacier maps, and, therefore, glacier maps
have been drawn of the high mountains in Central Asia,
Europe, North and South America, which may be called
works of art. While in former years terrestric photogrammatic records or field maps presented the primary
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basis for the construction of glacier maps, now aerial
photogrammetry provides the basic material.
Two basically different types of glacier maps exist:
Maps illustrating the surface extension of glaciers. As the
changes of the glacier tongue during different periods of
the years are especially informative, these maps not only
illustrate the stage at a particular moment, but attempt
to represent former stages, too.
Maps of the glacier-budget. As a glacier always flows, the
ice-thickness in the zone of accumulation and in the zone
of ablation tends to alter considerably in time. For hydrological investigations, the amount of ice in the glacier is
of interest. Therefore maps illustrating ice thickness, or
representing the changes of the ice masses (mass budget)
for a particular time interval, are especially important.
In certain cases these maps serve for predicting future
glacier movements.
Glacier maps are generally constructed at a scale larger
than 1 : 50,000 and, therefore, are not dealt with in detail
in this publication. Besides indicating ice thickness and ice
extension, maps on a large scale also display the morphological conditions of the glacier surface, the distribution of
crevasses, moraines or rock debris. Sometimes the maps

show the contour of the floor of the glacier, and the extension of the snow cover over the year, as this information
is important for the determination of the boundary between
the zone of accumulation and the zone of ablation.
The Unesco/IAHS publication Perennial Ice and Snow
Masses gives guidance for the compilation and presentation
of data for a world inventory of perennial ice and snow
masses. The book states that
In general, standard topographical maps will have to be the basis
from which most data are extracted. The minimum suitable scale
is probably 1 : 250,000, but wherever available larger scales
should be used. Unfortunately many topographical maps pay
scant heed to the exact shape and precise extent of glaciers and
perennial snowfields; consequently it is frequently necessary to
check the glaciological information depicted on the map. Anomalies must be corrected with the aid of photographs, etc., and
a note to this effect must be made on the Standard Data Sheet
together with the other required map information. 1

I. Perennial Ice and Snow Masses, p. 11, Unesco-IASH, Paris, 1970.
(Technical Papers in Hydrology, 1.)
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Fm. 71. Average snow cover for time when 70 per cent of the ground is covered. Visual estimates were
made for compartments, an recorded to the nearest 5 per cent. The compartmental values were then
used as a basis for mapping (after Garstka et al., 1958).

With respect to snow and ice boundaries it says:
Delineation of visible ice, firn and snow versus rock and debris
surfaces as well as delineation of active glacier versus inactive ice
(dead ice) ... can affect various inventory measurements, particularly for subtropical glaciers. Inactive ice must be included in the
inventory for hydrological purposes. Many marginal and terminal
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moraines of arctic glaciers should be included because the ice
content usually amounts to 80 per cent and more. The distinction
between "exposed" and "total" glacier area, as made in the Russian inventory of Franz Josef Land (Vinogradov and Psareva,
1965), is supported. Rock glaciers must be included if evidence
of large ice content has been or can be established. Glacierets and
snow patches of large enough size, as well as aufeis (nayled)-if

Maps of surface water

perennial-should also be included ... but must be clearly marked
as such. 1

For further details the reader is referred to the original
publication.
1. Perennial Ice and Snow Masses, op. cit., p. 13.
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Maps of water in the zone of aeration

5.1

Introduction

5.1.1

Definition

The zone of aeration which lies in the lithosphere at the
interface between the atmosphere and the zone of saturation
may be in a complex of rocks of different ages, genesis,
lithological composition, hydro-physical and filtration properties under various structural conditions. One of the
important roles of the zone is to distribute the atmospheric
water which reaches it. Some flows off over the surface,
some is absorbed and returned directly to the atmosphere
by evaporation, or indirectly through plants by transpiration, and some drains downwards to become ground water.
A common representation of the zone of aeration is shown
in Figure 72. This division although first proposed more
than fifty years ago, is still valid for most purposes.
The highest layer of the zone of aeration-the soil zoneis the focus of study by soil scientists or pedologists. The
main interests of hydrogeologists begin at the top of the
zone of saturation. Study of the intermediate or vadose
zone is relatively neglected by both soil scientists and hydrogeologists, despite the importance of the zone to the latter.
By pointing out this shortcoming it is hoped that this
publication will encourage research into this important part
of the hydrological framework leading to its improved
representation on maps.

2. Environmental relationships are important, not the least
because of the presence of flora and fauna in the upper
part of the zone. The zone is in a state of constant flux
and no aspect can be studied in a static state. The lower
part of the zone is dynamic and varies according to the
amplitude of natural ground-water-level fluctuations
which may be as much as 45 metres. This must be taken
into account when compiling maps of the zone of aeration.
3. Man's activities affect the environment of the zone. As
well as cultivating the soil, he uses the crust of the earth
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5.1.2

Features of the zone

The location of the zone of aeration in the earth's crust
between the atmosphere and the ground-water zone has
several corollaries:
1. Liquid, gaseous and solid phases coexist in the zone and
exchanges take place between them involving the movement of salts.

Fm. 72. Diagram showing divisions of subsurface water (after
Meinzer, 1923).
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for building and mining and for the unfortunate combination of disposing of his wastes and obtaining his
water supplies.
In permafrost areas, the zone of aeration is the layer between
the superpermafrost water level and the land surface. Due
to inadequate study, it is usually difficult to define the
thickness of the zone of aeration in such areas, but it is
conventionally assumed to equal two-thirds of the thickness of the active, or seasonal thawing, layer. During a
period of melting, pores and fissures in the lower part of
the active layer are occupied by water and this part can be
referred to as temporary aquifer. The upper part of the
active layer, particularly at the time of maximum melting,
is not saturated but characterized by all the normal features
of the zone of aeration.
5.1.3

Problems of the zone

The special position of the zone of aeration necessitates its
boundaries with the zones above and below it being considered as continually in flux. The continuity between the
atmosphere, surface, zone of aeration and ground water is
often lost sight of by the use of water-balance techniques.
The water year and the annual averages disregard the
fluctuations in the zone of aeration by assuming that these
variations reach an equilibrium over the course of a year.
Underlying the many difficulties of studying and formulating general ideas about the zone is the problem of collecting
data from it. The environmental relationships make the
introduction of measuring equipment difficult without upsetting the phenomena to be measured, even where installation is physically feasible.
Another difficulty arises from the different approaches
to studies of the soil profile by soil scientists and of the
vadose zone by hydrogeologists. Moisture in the soil moves
laterally as well as vertically: the major movements in the
remainder of the zone of aeration are vertical, both upward
and downward. The soil, as the zone of most biological
activity, has encouraged a concentration on special studies
of plant-soil-water interrelationships which are not always
related to the rest of the hydrological cycle and not always
taken into consideration by hydrologists.
5.1.4

Unity of the zone

One very good reason for a unified study of the zone is the
control it exerts on hydrological processes. For example,
new discoveries about soil-moisture movements quickly
affect conceptual modelling of both surface and groundwater basins.
More information about the zone is available in maps
than might be thought from cursory study. Geological,
geomorphological and soil maps which are available in
most countries are useful guides to the nature of the zone
of aeratfon but they must be interpreted to obtain the information. Maps of depth to water-table, salinity and engineering stability are also available. These maps are all directly
concerned with the zone of aeration, but present it in terms
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of special disciplinary requirements. Maps of the zone of
aeration depicting parameters relevant to studies of hydrological processes, geochemical (including pollution) research
and general-resource planning development are scarce and
it is this gap that is required to be filled.
The advantages to be gained by mapping the zone of
aeration may increasingly counterbalance the difficulties
mentioned. The environmental relationships of the zone,
once properly understood and calibrated can be used to
extrapolate point data. Soil data can be extrapolated by
use of a soundly based catena concept in which slope angles,
positions and aspects have a consistent relationship with
soil moisture. Similarly, geomorphological features, such
as those of glacial deposition, can be used as a guide to
depths of the zone.
The zone neither shows the rapid changes of the atmospheric zone, nor is it buried at great depth-advantages
which will attract the use of new aerial survey techniques
for detection of both physical and chemical aspects of the
zone and assist its representation on maps.

5.2

Maps of the zone of aeration

5.2.1

Purpose and scope of maps

In his use of the earth's crust for agriculture, forestry,

transport and civil and reclamation construction, man
encounters first the zone of aeration. Most important among
all factors determining the properties of the zone of aeration
is the water regime, which among other things determines
the presence of swamps, oases or deserts.
The importance of the zone of aeration in the hydrological
cycle is its position as a link between surface and ground
waters. The existence of ground-water resources and their
replenishment depends almost entirely on vertical water
exchanges in this zone of the earth's crust.
5.2.1.1

Factors and processes of mass-energy exchange

Accumulation and consumption of the substance and energy
of ground water is affected by such exogenetic factors as
climate, landscape and vegetation. This influence is exerted
through the zone of aeration, which determines the amount
of ground-water resources, their head, mineralization,
chemical and gas composition, pollution and temperature,
by processes of mass-energy exchange such as infiltration,
evapotransoiration and redistribution of water and salts.
A number of practical problems can be solved by studying
the mass-energy exchange factors and processes in the zone
of aeration. Among the problems which are of particular
concern to the hydrogeologists are the following: (a) estimation of the rate of ground-water recharge or depletion;
(b) estimation of the protective properties of the zone of
aeration when contaminated water enters from the land
surface; (c) quantification of the water regime in land
reclamation. Solution of all of these can be assisted by
maps which carry information about the mass-energy
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factors and processes in the zone and allow comparisons,
determination of the genetic links and relationships between
the processes and factors to be studied.
Maps of the zone of aeration can be divided into two
types: (a) containing initial information about the factors
of mass-energy exchanges in the zone of aeration and at its
boundaries (land surface and water table), and (b) showing
subdivisions of the zone of aeration according to the types
of genetic processes of water exchange and the direction in
which they take place.
Maps showing the factors of mass-energy can be used
to define: (a) regional characteristics or patterns of salt
migration, by comparing soil salinity and ground-water
mineralization; (b) the relationships between the elements
of ground-water regime and the elements of meteorology;
(c) determination of critical thicknesses of the zone of
aeration 1 for certain natural conditions; (d) areal extrapolation of the observation data.
To construct maps of the first type at small and medium
scales, data on the characteristics of the zone of aeration
can be obtained either by geophysical methods (electrical
or seismic prospecting) or by selecting and generalizing
information already obtained for the compilation of other
hydrogeological maps.
To compile maps of the second type at small and medium
scales, a quantitative estimation is made on the basis of
approximate information concerning field moisture and
regional characteristics taken from the first type of map
and from separate studies of the field moisture in the zone
of aeration.
For large-scale maps information is obtained from field
and laboratory investigations of field moisture both in plan
and in section. Both types of map, which supplement each
other and are closely related, feature prominantly among
the maps of the U.S.S.R.
5.2.1.2

Factors of mass-energy exchange in the zone of
aeration and at its boundaries

The factors of mass-energy exchange in the aeration zone
are related to its thickness, geological-lithological structure
and composition, and the hydrophysical properties of the
rocks, all of which influence the amount of atmospheric
water that infiltrates to the water table. The thickness of
the zone of aeration can be indicated by lines of equal depth
to water table which has the advantage that the thickness
can be related to geological and geomorphological boundaries.
When the intervals of the scale of thickness were selected
for Figure 73 which illustrates a model for a legend and map
of the zone of aeration for use on the scale of 1 : 5,000,000,
a thickness of 3 metres was taken as the average depth
of subsurface evaporation and 10 metres, as the average
depth of water consumption by plant roots. The subsequent
graduations of thickness correspond to technical requirements. They enable the possible depth of unconfined groundwater occurrence to be estimated. This is important for the

solution of problems in engineering geology, establishment
of aquifer storage, etc.
The factors of mass-energy exchange at the boundaries
of the zone of aeration are physio-geological phenomena,
meteorological conditions (precipitation and evaporation),
topography, soil salinity, vegetation, mineralization of unconfined ground water and character of their regime (level
dynamics and temperature).

5.2.1.3

Map of subdivision of the zone of aeration by
genetic types of water exchange

Chubarov (1972) has developed a universal graph-analytical
method of estimating water exchange through the zone of
aeration (method of moisture nomograms) based on studying the mechanism of water movement and the natural field
of soil-subsoils in the zone of aeration. The method is based
on the fact that the film and capillary water in porous medium is subject to the uniform thermodynamic laws (the zone
of aeration is regarded as a uniform hydrodynamic system).
With the proviso of a steady or slow variable process of
moisture movement, all possible cases of water exchange
may be depicted as a set of theoretical curves of moisture
(nomogram of moisture). Each curve of moisture corresponds with a defined direction and magnitude of moisture
flow through the zone of aeration. Nomograms of moisture
are drawn for the principal types of soils (sands, loamy
sands, loams, etc.).
Figure 74 shows the curve of moisture 'O' when there is
no flow through the zone of aeration. All curves of moisture
to the right of this equilibrium curve indicate a descending
moisture flow (ground-water recharge). Curves to the left
of the equilibrium curve are indicative of ground-water
discharge by evaporation or transpiration. Thus, to estimate
the value of water exchange through the zone of aeration,
the natural curve of moisture (as observed in sufficiently
deep-seated soils where the movement of moisture is steady)
is matched with a nomogram curve to determine the magnitude of ground-water recharge or discharge. Figure 74 also
shows an actual curve of moisture for the conditions of the
Karakum sands, which demonstrate atmospheric recharge
of fresh water at a rate of 7 mm per year on the average.
By using a nomogram of moisture and knowing the values
of soil-subsoil moisture for representative areas it is possible
to define the value of water exchange at each point and for
areas (in this case, type areas are selected on the basis of
the initial maps of the aeration zone and the conditions at
its boundaries).
On the basis of moisture nomograms and the study of
the natural moisture field in the zone of aeration over the
U.S.S.R. territory, Chubarov (1972) has suggested a genetic
classification of water-exchange types (recharge and
discharge) through the zone of aeration. The criteria for

1. Critical thickness of the zone of aeration is defined as maximum
thicknesses in excess of which plants cannot draw water.
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I. Factors of mass-energy exchange in the zone of aeration
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11. Factors of mass-energy exchange at the boundaries of the zone of aeration
5. Meteorological factors

f;;AOOj

Average annual precipitation (mm)

b;J'?j

Boundaries of climatic zones

t;fooj

Average annual evaporation (mm)

~

Southern boundary of continuous permafrost

I

Takyr formations

6. Physico-geological phenomena
Karst

l~I

I (Jff[!3
.. · . . · I
;:/·::-.:::·:·

o

I

Thermokarst

l<:·.·.·:·:::.:·::.; I

Swamps

1~ ~

Recent glaciers and perennial snow
Solonchaks (saline)

I ~I
l-v-1

Areas of possible temporary perched water
(verhovodka}
landslide
Mudflow
Subsidence

Fm. 73 (cont.).
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7. Mineralization {g/I) of unconfined ground water in a layer of seasonal water level fluctuation
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Chloride composition (g/I)
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Mixed composition (g/I)
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8. Unconfined ground-water regime
(a) Mostly short-term summer recharge
(b) Autumn recharge
(c) Mostly winter recharge

9. Additional symbols

f;;2~1
f,---~1

Boundary between areas of different geological
and lithological rock complexes
Boundary between areas of different soil
salinity

FIG. 73. (cont.).

selecting these types which introduce the concept of
critical thicknesses of the zone of aeration in evaporation
and transpiration, are as follows:
1. Infiltration (only positive ground-water recharge is possible).
2. Suction (transpiration) (mostly unconfined ground-water
discharge by plants).
3. Evaporation (mostly unconfined ground-water discharge
by physical evaporation).
4. Equilibrium (water exchange through the zone of aeration
is practically absent).
5. Permafrost (the zone of aeration is frozen for most of
the year). 1
Mixed types of water exchange are also possible. A definite
type of moisture curve corresponds to each type of water
exchange.
For small-scale maps quantitative estimation of water
recharge is given by a graph-analytical method with a set of
prepared nomograms of moisture for principal types of soils.
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Boundary between areas of unconfined ground
water with different degrees of mineralization

Boundary between areas of different thicknesses

l@:>I

Fresh water lake

l~I

Saline water lake

1~1

Reservoir

Sometimes it is sufficient to know the critical thickness and
the depth to the unconfined ground-water level. Table 5
lists the thickness of the zone of aeration and the conditions
of vegetation under which different types of unconfined
ground-water recharge take place in a sandy desert.
For large-scale maps it is essential to make a detailed
evaluation of the resources recharged and hence a precise
determination of soil-subsoil moisture and parameters of
moisture movement is required. Data are needed on the
relationship of the capillary-film potential '¥ and the coefficient of moisture conductivity k from the moisture W.
The methods for the determination of water-movement
parameters are not discussed in this publication. The reader
is referred to Chubarov (1972).
Using Chubarov's method, information about the critical
and actual thicknesses of the zone of aeration, vegetation
and topography can be used to predict the quality and
1. This type of water exchange is distinguished by the present author.

Maps of water in the zone of aeration

TABLE 5. Genetic types of water exchange of unconfined ground water with the atmosphere through the zone of aeration (in the arid
zones of the U.S.S.R.)

Relation between values of the elements
of unconfined ground-water recharge
Infiltration

Evaporation

Desuction

(I)

(E)

(D)

(evapotranspiration)
Infiltration (washed, periodically washed) 1
Evaporation (oozed out)
Desuction (unwashed)

Conditions under which the
selected type of recharge is
observed or supposed in sandy desert
Thickness
of the zone
of aeration
(m)

>0
0

0
0

0
0

0

0

>0

3-17
0-0.5

Infiltration-evaporation (periodically oozed out)

l<E

0

Evaporation-infiltration (periodically washed)

l>E

0

>3
0-3

0.5-3

lnfiltration-desuction (periodically desuction)

l<D

0

3-17

Desuction-infiltration (periodically washed)

I>D

0

3-17

Evaporation-desuction (periodically desuction)

0

E<D

0-3

Desuction-evaporation (periodically oozed out)

0

E>D

0-3

Equilibrium

0

0

Mixed types, for example desuction-infiltrationevaporation (periodically washed, periodically
oozed out, periodically desuction)

0
E>l>D

Nature
of topography

>17
0-3

Barkhan sands
Solonchaks and
Barkhan sands
Vegetation-covered
sands
Solonchaks and
Barkhan sands
Solonchaks and
Barkhan sands
Vegetation-covered
sands
Vegetation-covered
sands
Vegetation-covered
sands
Vegetation-covered
sands
Vegetation-covered
sands
Vegetation-covered
sands

1. Expressions in parentheses are after A. A. Rode.

quantity of ground water. For direct estimation of atmospheric recharge by the method of moisture nomograms it
is necessary to know: (a) the thickness of the zone of
aeration; (b) the lithological composition of the zone of
aeration; (c) the relationship of the capillary-film potential
to the coefficient of moisture conductivity if only for one
soil-subsoil type; (d) the field of moisture in section and
area, i.e. subdivision of a territory according to the types
of water recharge through the zone of aeration.
Another way of assessing the role of the zone of aeration
in the processes of water movement, is based on studying
the regional features of the natural ground-water regime
and balance. The relationship is established between the
values of infiltration, evaporation of unconfined ground
water and the amplitude of water-level fluctuations in the
zone of aeration. Such a relationship has been established
by many researchers (Lebedev, 1967; Kanoplyentsev, 1963;
Kovalevsky, 1973), and is described by a curve approximating to a parabola (Fig. 75).
Using these data, and data from the map showing the
water exchange factors, it is possible to predict the amplitudes of the fluctuations of unconfined ground-water level
and to extrapolate the results over an area. The predicted
properties of ground-water regime for an annual, or long-

term period, can be mapped and simultaneously the value
of infiltration recharge, portrayed.

5.3

Maps on soil water
in the zone of aeration

5 .3 .1

Introduction

This section on soil water refers to the near-surface zone
of aeration (in a strict sense to the soil zone itself) from
which vegetation extracts its water; in which influences of
soil water may create certain restrictions to the utilization
of the land for agriculture, forestry, construction sites or
for other purposes; and through which recharge of the
ground water, and its contamination, are effected.
5.3.2

Principles of soil-water relations

A basic knowledge of soil-water relations is essential for the
preparation of hydrological maps. Here only those aspects
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The capillary water movement, by matric suction forces,
ceases when the matric suction potential equals the suction
exerted by gravity.
Soil-water-retention forces depend on pore-size fractions
which are conventionally classified as follows in Table 6.

25

20

15

6. Classification of equivalant pore-size ranges and soilwater-retention values based on laboratory data (Scheffer and
Schachtschabel, 1966)

10

Equivalent
pore size

TABLE

Soil water retention
cm water
column

5

0 -1000

2

4

6

8

10 W 7. gravity

>50
50-10
10-0.2
<0.2

Natural curve of moisture content for
Barkhan sands.
Curve of moisture content in the
absence of flow through the zone of
aeration.

FIG. 74. Moisture nornogram (sandy soil).

pertaining to mappable physical properties of soil will be
mentioned. For more information, the reader should refer
to the extensive literature (e.g. Baver et al., 1972; Hille!,
1971; Nielsen et al., 1972; Rose, 1966).

0-60
60-300
300-15,000
>15,000

Annual amplitude

Function

pF
(loglO
cm water)

0-1.8
1.8-2.5
2.5-4.2
>4.2

}

Quickly draining
Slowly draining
Water retention
by suction forces

{ml

.s 2.0
~
~

4.0

'-

Q)

~

6:

0

~ 8.0
5.3.2.1

Soil-water retention

Soils tend to hold water by surface tension against
external forces such as gravity, pressure head and temperature, for prolonged periods. This property prevents
the complete percolation of water into deeper zones. The
same forces can cause an upward movement of moisture
into a dry soil from a ground-water body. The magnitude
of these suction forces depends on the size and shape of the
pores in the soil. Unsaturated soil pores develop concave
water surfaces and suction forces which tend to pull water
from points of high moisture content to points of lower
moisture content in the soil (Israelsen and Hansen, 1962).
The capillary potential (Baver, 1948; Rose, 1966), which is
identical with matric suction potential, is usually expressed
as height, in cm of the water column (ht) to which the water
will rise in a capillary tube of radius r as the result of the
surface tension of the water (T), he = 2T/r W, where W
represents the specific weight of water expressed as 980 dynes
per cubic centimetre. Since the surface tension of water is
75.6 dynes/cm it follows that:
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Fm. 75. Graph of amplitude relationship between fluctuations of
unconfined ground-water levels and the thickness of the zone of
aeration: (a) probability for 10 per cent; (b) probability for
50 per cent; (c) probability for 90 per cent.
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5.3.2.2

Soil-water movement

According to Gardner (1960) soil-water movement occurs
when there are potential differences between different points
in the system. The forces acting on soil water can be subdivided into: (a) gravitational forces and hydrostatic pressure represented as saturated flow; (b) matric forces, which
result from the presence of the solid phase represented as
unsaturated flow; and (c) osmotic forces which are caused
by dissolved solutes (Day et al., 1967).
Saturated flow
The principles of water flow through saturated soils are
based upon Darcy's law which states that the velocity of
flow through a column of soil is proportional to the hydraulic head gradient and inversely proportional to the
length of the column, V = k(h/ l), where V is the velocity
in cubic centimetres per unit time (cm3 /cm 2 /time), h is the
difference in pressure head in centimetres, / is the length of
the column in centimetres and k is the proportionality
constant or permeability constant (Baver, 1948). The
k-factor represents an important value to describe soilwater properties, since its magnitude can be directly related
to one or more of the following characteristics: (a) total
pore space of soil; (b) proportional size fractions of pore
space; (c) continuity of pores. In general, coarse textured
soils like sands have higher permeability than fine textured
soils such as loams and clays.
There remain some limitations in applying Darcy's law to
field conditions. One is the inclusion of air in soils which is
always present even under prolonged wetting periods. This
air may build up pressure forces which influence water
movement, sometimes against the gravity or hydrostatic
pressure potentials. Furthermore the porous spaces in soils
cannot be regarded as constants since changing moisture
contents may be accompanied by swelling and shrinking
processes which result in geometrical alterations of the
porous system. Thus, hysteresis effects are common.
These effects however should not be overemphasized since
the permeability of saturated soils is governed largely by
the presence of super capillary pores in which matric suction is practically negligible. The relative proportion of
these pores can differ substantially depending, for example,
on biological activity of the macro-fauna (worm-holes) and
flora (root-holes).
Unsaturated flow
Under average conditions the soil is not fully saturated.
Therefore, most of the movement of moisture in the soil
occurs vertically and horizontally under saturated conditions. At the same time, however, percolation of rain water
through the soil into deeper layers takes place through
spaces consisting of fissure networks, aggregate interstices
and air spaces resulting from biological action.
In unsaturated soils, the flow of moisture is governed
mainly by the gradients of matric suction potential between
different points in the soil and by the force of gravity which
is of constant magnitude and acts always in the downward

direction (Richards and Richards, 1957). The capillary
potential represents one major factor in evaluating flow
conditions. It does not represent a constant like a hydraulic
conductivity in Darcy's law, but must be treated as a function of the matric suction of the water content (Gardner,
1960). As the moisture content decreases, the cross-sectional
area through which flow occurs also decreases. This means
dry soils conduct comparatively small amounts of water
even under high suction potential gradients, while moist
soils tend to move substantial quantities of water from wet
to dry soil layers. This is important for the water requirements of plants, for water-balance studies involving replenishment of the root zone by ground water through
capillary action, and for water quality changes in the soil.
While the direction of flow is always from place of lower
suction to place of higher suction, the maximum distance of
flow is reached when the forces of matrix suction potential
are in equilibrium with the gravitational potential.
Finally, the osmotic forces become important under
saline conditions, particularly when taking the water-soilplant relationship into consideration. Plant cells contain
semipermeable membranes through which the exchange of
water and soil solution occurs. All plant physiological processes are governed by the relationship of osmotic pressures
between soils solution and cell sap. The solute concentrations in saline soils tend to reach high values which affect
this relationship adversely. Furthermore the exchange of
water between soil and atmosphere is reduced under saline
conditions; soil-water solutes concentrated near the evaporating surfaces result in a lowering of the vapour pressure.
Thus, soil moisture tension and vapour pressure of soil
water are determined by the combined matrix and osmotic
forces (Day et al., 1967).
Infiltration
The entry of water into the soil, during a single period of
rain, generally decrea3es with time and tends to approach
a constant value (Gardner, 1960). This final rate which is
obtained after prolonged wetting (several hours, Fig. 76)
can be regarded as a diagnostic soil index. Soil-water
distribution during infiltration has been investigated by
Bodman and Coleman (1944). The authors distinguished
four different wetting zones in the profile, beginning with
the saturated zone, followed downwards by a transition
zone, a transmission zone and finally a wetting zone which
ends at the wetting front (Fig. 77). With increasing infiltration time it has been found that the wetting front moves
in the direction of greatest suction gradient according to the
principle of unsaturated flow, while the zone of saturation
migrates slowly downward due to gravity potential differences. This is a simplified picture of what is naturally a
heterogeneous, non-steady distribution of moisture; the
infiltration processes show indistinct boundaries between
saturation and non-saturation. Infiltration is of utmost
important in agricultural irrigation, and infiltration measurements are in demand for the determination of water
intake-rates with increasing wetting time (Raise et al., 1965).
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5.3.3

Soil-water indices and class limits

Significant indices which characterize soil-water relations
and their class limits are an aid in the delineation of mappable soil properties. For methodology and technical details
the reader is referred to standard literature (Black et al.,
1965, Hartge, 1971).

5.3.3.1

Soil-water content

The range of soil-water content lies between complete
desiccation and complete saturation. Extreme values, however, are seldom achieved under field conditions unless
prolonged inundation occurs, but even then inclusions of
air usually remain in the soil. The maximum water content
is a function of total pore space and as such also a function
of apparent density. Total porosity is commonly found to
be about 50 per cent, varying with particle size and extent
of aggregation. (Baver et al., 1972). Porosity values for
sandy soils are nearer 40 per cent and for clay soils, nearer
to 55 per cent; loamy and silty soils lie between these
(Table 7).
Direct soil-water measurements can be made gravimetrically on either disturbed or undisturbed samples.
Recalculation of values of moisture content to volume may
be advantageous for use with common soil measurements
such as soil depth or soil volume. For conversion from dry
weight moisture percentage (Pw) to volume percentage
(Pv), using the apparent specific gravity values (A 8 ) of soils,
see Israelsen and Hansen (1962).
A dry soil (by feel) stilJ contains hygroscopic water adhering to the surface of soil particles. The amount of hygroscopic water is determined by differences in the weight of
the sample when air dried and oven dried at 105° C. Its
magnitude depends on properties of the internal soil sur-
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FIG. 77. Infiltration zones proposed by Bodman and Coleman
(1944).
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face and on hydration characteristics resulting from the
chemical and mineralogical composition of the soil. Pure
sands have a hygroscopic water content of less than 1 per
cent, medium textured soils between 2 and 4 per cent, clays
between 4 and 6 per cent. Exceptionally up to 8 per cent
may be found, for example in alkali soils.
Soil-water content may also be estimated by indirect
methods, for example by gamma-ray attenuation and neutron scatter techniques. They have the advantage, that the

FIG. 78. Relation between matrix suction and water content for
three soils, representing primary textural classes (from Scheffer
and Schachtschabel, 1966). (Standard units for matrix suction:
1 bar = 1,023 cm water column; 1 atm = 1,036 cm water column;
pF = log10 of cm water column.)

FIG. 79. Section of soils and land-use map for soi l resources
in ventory and land development planning. Examples of interpretation of this map in terms of soil-moisture storage capacity

and surface run-off are given in F igures 80 a nd 81 respectively.
(Taken from Li.iken, Richtscheid and Nitsch, 1972 (legend
abbreviated).)
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FIG. 80. Example of a soil-moisture storage capacity map based
on interpretation of the soils and land-use map shown in Figure 79.
The interpretation is made by evaluation of soil factors which

influence soil-moisture relations. For quantitative data see also
Tables 7 and 8.
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82. Section of a soil salinity map prepared for land development planning. The depth to ground-water contour lines give
information about simultaneous occurrences of soil sal inity and
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shallow water tables. (Taken from Kantor, 1973 (legend abbreviated).)
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FrG. 81. Example of a surface-run-off map based on the interpretation of the soils and land-use map shown in Figure 79. Main
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position), soil surface sealing (texture, structure, protection by

vegetation and stone cover), rates of flow (precipitation rate in
relation to infiltration rate, inflow from other areas) and manmade structures (terraces, border dykes, water-conveyance
systems).
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7. Soil textural classes and related indices for hydrological soil properties (after Israelsen and Hansen, 1962; data partly recalculated to different units)

TABLE

Soil texture

Sandy
Sandy loam
Loam
Clay loam
Silty clay
Clay

Permeability
(mm/hour)

Total pore
space
(%)

Apparent specific
gravity
(g/cm 3 )

50
(25-250)
25
(12-75)
12
(8-20)
8
(2-15)
2
(0.2-5)
5
(1-10)

38
(32-42)
43
(40-47)
47
(43-49)
49
(47-51)
51
(49-53)
53
(51-55)

1.65 2
(1.55-1.8)
1.50
(1.4-1.6)
1.40
(1.35-1.5)
1.35
(1.3-1.4)
1.30
(1.25-1.35)
1.25
(1.2-1.3)

1

Moisture at
field capacity
(FC)
(volume %)

Moisture at
permanent wilting
(PW)
(volume %)·

15
(9-22)
21
(14-29)
31
(24-39)
36
(30-43)
40
(34-47)
44
(37-51)

7
(3-11)
9
(6-13)
14
(11-18)
18
(14-21)
20
(16-23)
21
(18-25)

Total available
moisture
FC-PW
(volume %)
8
(6-11)
12
(8-16)
17
(13-21)
18
(16-22)
20
(18-24)
23
(19-26)

1. Normal ranges are shown in parentheses; for scope of applicability of data, the reader is referred to the text.
2. Apparent specific gravity values can vary even beyond the normal ranges shown above.

in situ moisture content can be estimated at different depths
and times without soil disturbance. However, calibrations
with gravimetric moisture determinations are necessary.
With the advent of remote-sensing techniques (in this case
dominantly infra-red photography and multispectral imagery), widespread soil-moisture survey may become a
possibility, provided that experiments are confirmed by
ground control.

5.3.3.2

Soil indices with respect to water availability to
plants

Although this topic may have more direct bearing on
agronomical problems than on hydrological ones, it cannot
be ignored because of the interrelation between plant growth
and water use in the zone of aeration. The fluctuation of
water content in the rooted soil layer is to a large extent
governed by two soil indices: field capacity and wilting
point. Water content above field capacity is subject to
gravity drainage and below wilting point cannot be absorbed
by most plants because of the greater suction forces of the
soil matrix. The relationship is graphically illustrated in
Figure 78, which shows that the available soil-moisture
content of sandy soils is low compared with that of silty (or
loamy) soils and clays.
For practical application, the following values, based
mainly on laboratory determination, can be used as indices
tl, u ....scribe soil-water relations: (a) soil saturation, calculated
from total porosity n(%) which is given by the equation
n = 100 (1 - apparent density/real density) where real density can be assumed as 2.65 for most soils; (b) field capacity;
and (c) wilting point, both determined by the use of a pressure apparatus for controlled drainage of saturated soil
cores; (d) available moisture, calculated by difference between (b) and (c) (for methodology see Black et al., 1965).

In the field, soil water tensions can be measured with
tensiometers in the range 0 to 0.8 bar. Recently designed
tensiometers allow automatic recording of values (Strebel
et al., 1970). Thermocouple psychrometers have also been
used to measure vapour pressure of water in soil (Richards
et al., 1958). Gypsum, nylon and fibre-glass blocks with
embedded electrodes have been developed to estimate soil
moisture tensions by electrical properties of resistance. They
operate between 1 and 15 bar (for methodology see Black
et al., 1965).
Soil-moisture indices, useful in mapping hydrological
soil properties since they depict features directly related to
the dynamics of the soil-water-air system, are contained
in Tables 7 and 8. These features play a .m ajor role not only
for the water and aeration needs of plants but also in providing hydrological information relating to filter functions and
water absorption by the upper zone of aeration. The application of these data for mapping can be seen in Figures 79,
80 and 81. Since the data presented in Table 7 are based on
textural classes, a sufficiently wide applicability for different
soil conditions can be assumed. But, the data ranges
TABLE 8. Classification of soil-water storage capacity per 1 m
soil-depth and air-capacity of soil (W. Millier, 1970)

Classification

Moisture at
field capacity
(mm or 1/m3 )

Very low
Low
Medium
High
Very high

>120
120-240
240-360
360-480
>480

Total available
Air capacity
(equivalent pore
moisture
capacity
size> 50 µ)
(mm or 1/m 3 )
(volume %)
<50
50-100
100-150
150-200
>200

>4
4-8
8-12
12-16
>16

125

Hydrological maps

indicated have to be considered according to the environmental factors for each area (see also Table 12).
Comparison with similar data from other regions shows
good agreement. This is recognizable, for example, by
comparing data from Tables 7 and 8, the latter presenting
5 class-groupings of field capacity values which correspond
to the textural classes of Table 7. The importance of soil
texture for mapping and its value for assessment of hydrological conditions is emphasized.
The air capacity in Table 8 can be regarded as an indicator
both for the air requirements of plants-it was found, for
example, that values of less than 2 per cent air capacity did
not provide sufficient aeration for normal citrus growth
(Luken and Nitsch, 1969) and for the drainage capacity of
the soil for excess water. This soil property is referred to as
internal drainage (see also Table 12, with three categories
of internal drainage impediment).
5.3.3.3

Capillary rise from the ground water

Capillary rise is the upward movement of water through
unsaturated strata. It is particularly relevant where ground
water affects soils. Water transport from the ground water
into the soil and rooting zone gains importance with decreasing depth of the water table below the surface. A
shallow body of ground water may contribute to the water
supply of the plants by capillary rise, although the roots
do not enter the saturated zone itself. Since ground water is
never pure and the capillary forces transport chemical constituents at the same time as they move the water, transport
of salt may give rise to salinization in dry climates (Felitsiant, 1961). The process in the field is complicated by
differences in pore size and exchange reactions. An example
of a map to show the relationship between soil salinity
concentration, salt composition and depth of ground water
below surface is given in Figure 82.
The rate of capillary flow is a function of soil permeability
under unsaturated flow conditions (see Section 6.3.2.2).
Capillary flow rates decrease with lower soil moisture contents because of reduced cross-sectional area through which
flow occurs and vice versa. Giesel et al. (1972) have computed heights of capillary rise for different capillary flow
rates through various types of soil (Table 9).
The data are valuable for the description of the capillary
flow process and for assessment of amounts of water
transport by capillary rise from ground water. Although
the values shown are in sufficient agreement with measured
data of capillarity (Giesel et al., 1973), they cannot as yet
be fully used for mapping, unless detailed investigations
are carried out over an area. Factors to be considered for
mapping are: depth of ground water below surface, textura
composition of soil, soil structure and density of layers-;
5.3.3.4

Soil indices for permeability and infiltration

The permeability of soils to water is characterized by the
permeability coefficient K (K8 = saturated, Ku = un126

saturated coefficient of permeability; Todd, 1959) which is
experimentally determined on undisturbed soil samples and
calculated on the basis of Darcy's law under saturated
conditions. The terms permeability and hydraulic conductivity are interchangeable. K 8 may be expressed as
cm/day, mm/hour or cm/second (Table 10).
Permeability of soils ranges within wide limits, depending
mainly on physical properties such as soil structure, texture
and horizon. Since the water-conducting system of saturated
soils through supercapillary pores is usually better developed
vertically than horizontally, different Ks-values can be
expected from the same soil, depending on the direction of
sampling. For the assessment of drainage problems, horizontal sampling is preferred. In ground-water affected soils
the auger-hole method of Hooghoudt-Ernst (van Beers,
1958) is most widely used. In some areas of northern
Germany, field methods which allow estimation of K 8 values from evidence of soil profile features have been
developed (Renger and Henseler, 1972).
Permeability values included in Table 7 for a series of
soil textural classes indicate the wide variation in flow
velocity between and within textural classes. A classification
of K8 -values, obtained in northern Germany, is given in
Table 10 (Arbeitsgemeinschaft Bodenkunde, 1971).

9. Heights of capillary rise from ground water in relation
to rates of rise for differently textured soils (after Giesel et al.
1972)

TABLE

Soil textural
class (clay) 1

Medium sand (1.6)
Silt loam (20)
Clay loam (37)
Clay (46)

Capillary rise (cm) at rates of (cm/day): 2
0.05

0.1

0.5

2.0

73
185
56
74

64
147
41
47

44
85
20
16

30
5
10
8

1. Textural classes are recorded to correspond with the definitions
of the Soil Survey Staff (1962).
2. Assumed matrix suction potential of 1 bar at indicated heights of
capillary rise at the lower side of the effective root zone.

TABLE

10. Classification of water-permeability of saturated soils
Mean Ks-values stated in different units

Classification

Very low
Low
Medium
High
Very high

cm/day

mm/hour

<6
6-16
16-40
40-100
>100

<2.5
2.5-7
7-17
17-42
>42

cm/second

<7X10- 5
0.7-2x10- 4
,__,2-4.5 x 10-4
4.5-12x10- 4
>1.2X10-3

Maps of water in the zone of aeration
Hartge and Bailly (1967) have defined a K 8 classification
system with a wider range comprising seven classes from
extremely low (l0- 7-10- 6 cm/sec) to extremely high
(l0-1-10- 0) permeability rates.
Rates of infiltration evaluated according to methods
developed by Musgrave (Table 11) have been adopted for
use by the Soil Conservation Service in watershed engineering operations (United States Department of Agriculture,
1972). According to information given by C. B. England,
the rates shown in Table 11 are obtained from rainfall-runoff analyses from small gauged watersheds and large infiltrometers after a period of wetting (usually three hours).
A map of infiltration classes based on Musgrave's and
England's calibration of the great soil groups has been
prepared for England and Wales by Painter (1971)
(Fig. 83).

5.3 .4

TABLE 11. Hydrological soil groups used to interpret infiltration
data (after United States Department of Agriculture, 1972)

5.3.5

Hydrological
soil group
according to
infiltration
rate

High

Moderate

Slow

Very slow

Soils included 1

Final
constant
infiltration
rate
(mm/hour)

(Low run-off potential.) Soils having
high infiltration rates even when
thoroughly wetted, consisting chiefly
of sands or gravel that are deep and
well to excessively drained. These
soils have a high rate of water transmission.
Soils having moderate infiltration rates
when thoroughly wetted, chiefly
moderately deep to deep, moderately
well to well drained, with moderately
fine to moderately coarse textures.
These soils have a moderate rate of
water transmission.
Soils having slow infiltration rates when
thoroughly wetted, chiefly with a
layer that impedes the downward
movement of water or of moderately
fine to fine texture and a slow infiltration rate. These soils have a slow
rate of water transmission. (High
run-off potential.)
Soils having very slow infiltration rates
when thoroughly wetted, chiefly clay
soils with a high swelling potential;
soils with a high permanent water
table; soils with a clay pan or clay
layer at or near the surface; and shallow soils over nearly impervious
materials. These soils have a very
slow rate of water transmission.

8-12

4-8

As maps representing measurements of soil moisture are
scarce, the hydrologist has to resort to interpretation of
basic soil surveys (see Figs. 79, 80 and 81). It is important
therefore for the producer and user of soil-water maps to
have some knowledge of the factors which have contributed
to the landscape and also of those which are active at
present.
Soils exhibit certain morphological features such as
horizons which are of diagnostic value for the surveyor.
Soil mapping may make use of accepted systems of soil
classification or, in special cases, of schemes which fit the
survey purpose, as for example land-capability classification
for certain uses.

0-1

1. Soils are classed in the next lower category when a high percentage
of stone (> 2 mm) is present.

Procedures for the preparation of soil-water
maps

The procedure used to prepare soil-water maps depends
mainly on the purpose and aim of the map, soil conditions
and environment and state of knowledge and experience.
Where general soil maps exist, the hydrologist can use them
to facilitate and improve his mapping (Figs. 79, 80 and 81).
Where soil maps are not available and specialized information is needed, hydrological properties of soil should be
investigated before the survey proceeds.
In order to keep down the cost of a survey, the maximum
amount of information should be derived from the minimum
number of field measurements. Sampling and test sites
should be representative of larger areas and efforts directed
to finding correlations between observable features and
measurements. The surveyor should strive for a close
integration between field, laboratory and experimental work.
5.3.5.1

1-4

Fundamentals for the preparation
of soil-water maps

Preparation of soil-water maps from soil maps

The following factors, based on the content of Table 12,
are relevant for studies of the soil-water relations:
1. Both parent material and geomorphology of the site
are significant for soil-moisture storage, percolation, and
infiltration-run-off characteristics.
2. The stage of weathering of geological deposits and the
extent of decay of organic matter help to determine basic
soil features such as clay content, humus content, clay
mineralogical composition and depth of soil formation.
All of these influence the soil-moisture content.
The increase of plant-available water from coarse to fine
textured soils is shown in Table 7. By converting the average
figures to 1 m soil depth (column value x 10) values of 80,
120, 170, 180, 200 and 230 mm storage capacity of plantavailable water are obtained for sandy, sandy loam, loam,
clay loam silty clay and clay soils respectively. This illustrates how information from soil maps can be used for
the preparation of soil-water maps. Soil textural classes also
affect the height of capillary rises from groundwater and
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Range of I values
mm/h

~

>9.7

m

7.9-9.6

ITilIIJ]

5.8-7.8

E3

4.1-5.7

~
~

D-

2.8-4.0
1.5-2.7
0.8-1.4
0-0.7

Minimum infiltration
capacity of bare soil

FIG. 83. A hydrological classification of soils (based on minimum intiltration rate) for England and Wales. (From Proceedings of the
Institution of Civil Engineers, Technical Note 29, January 1971, and reproduced with the permission of the council of the institution.)
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rates of permeability as indicated by the data given in
Tables 13 and 14 respectively.
The formation of soil pans and impermeable layers has
a bearing on water movement in soil. Pans are horizons or
layers which are strongly compacted, indurated, or have a
high clay content (Soil Survey Staff, 1962). Pans may be
cemented by iron (sometimes together with organic or
silicic substances) or lime (also in combination with other
substances). Iron pans are typical of ground-water-laterite
soils and some podzols and may be impermeable to water.
In arid and semi-arid regions, lime pans (caliche or croute
calcaire) are widely distributed. The uncertain permeability
of pans presents a problem to the surveyor, and since
representative sampling is difficult, if not impossible, in
many situations, field experiments may be necessary. Nonindurated pans are sometimes sufficiently compact and
TABLE 12. Selected characteristics of soils and environment that
affect soil-water relations (applicable as elements of the legend)

External 1
soil factors

1. Geology

2. Climate,
vegetation,
age of soil
formation

3. Topography
and
hydrology

4. Human
influence

Internal soil factors
Complex factors

1

Single factors

Parent material

Rock composition,
grain size,
depth to bedrock,
mineralogical composition
Weathering and
Clay content, textural
decomposition
clay,
(formation or
humus content,
zonal soils)
clay-mineralogical
composition,
depth ofsoil formation
Profile development Soil type,
horizon formation,
soil structure,
pan formation,
impermeable layers
Drainage pattern
Soil hydrology (natural),
depth of ground
internal drainage,
water
impeded drainage
Slope position of
Transport of soil
soils (soil catena
material,
sequence)
erosion and
deposition,
catena profile
Land use: grassland, Soil hydrology
(influenced by man),
forest, arable
farming
dryland soils,
irrigated soils
Land reclamation
Drainage,
and improvement
irrigation,
salt leaching,
deep ploughing,
terracing

1. The separation into external and internal factors and further into
complex and single factors is in some cases arbitrary and not
necessarily systematic. More details are given in the text.

have low enough permeability to interfere seriously with
root and moisture penetration (Soil Survey Staff, 1962).
Clay pans can be differentiated from fragipans, the latter
being compact, rich in silt or sand, or both, with a low clay
content.
General soil maps usually indicate occurrences of pans,
but the compiler of soil-water maps should, if possible,
determine the effect of pans on soil hydrology by initiating
infiltration experiments (Luken and Nitsch, 1970).
3. Topographic features of a landscape are usually indicated on general soil maps by contour lines. From this
and the system of surface-water flow, the drainage pattern
and slope position of soils can be interpreted. It is normally
safe to conclude that soils on hillslopes are less deeply
developed and contain less fine material than those in lowlying land, and any drainage impediment is more likely to
occur in the lowland area. Where a repeating pattern of
soil-landform units exists, a soil-catena sequence may be
expected. This gives rise to the assumption that hydromorphical influences are most pronounced in the low-slope
position due to seepage (lateral subsurface moisture flow)
or in the valley bottom because of impediment to drainage
or limited water outflow. Soils in medium or upper slope
position, in contrast to this, are generally well drained,
although they receive less run-off. Upland soils have sometimes the least run-off, and infiltration is related to the
amount of rainfall (for other interpretations of landscape
features see Table 13).
4. Finally, the effects of land use and land improvement
by man have to be considered. England (1973) showed,
from a watershed model study, that the hydrological performance was determined not only by differences in infiltration, slope, and water-storage capacity but also by
land use. Surface streamflow and subsurface water movement were affected by man-made terraces and also by
cultivation. Land-use maps combined with soil maps
(Fig. 79) provide a workable basis for estimating the
influence by agriculture and urbanization on soil-water
relations.
Soil-water relations are of particular interest to farmers
who practise irrigation or systematic soil-moisture conservation. The information necessary for this includes some
physical properties of the soil, which can be estimated
from soil maps. Where more precise data are required,
special surveys have to be carried out.
Soil salinization may have a natural origin influenced by
high ground-water tables (Fig. 82), but it can also be produced artificially by irrigation (secondary salinization).
These adverse effects have to be guarded against, first by
studies of the causes factors and then by control measures.
This usually requires special investigations, but general soil
maps may provide provisional information. In this connexion, permeability, drainage, quality of irrigation water and
methods of salt leaching need special consideration (Fig. 82).
Land reclamation by ploughing, or breaking up of pans
and impermeable layers, can completely change the hydrological features of some soils and should be taken into consideration in general soil surveys. Information on cultivation
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TABLE

13. Preparation of a soil-water map by interpretation of a soils map (schematized example for an assumed semi-arid climate)
Selected information from soil map

General
landscape
features

Soil-profile
features
and texture

Soil
structure

Interpretation for soil-water map
Soil chemistry
and clay
mineralogy

A,B, CA-horizon
A, B-horizons
Upland
profile
friable,
carbonateplateau
(1-3 per cent loam with
porous;
free, med. cat.
exch. cap.
slope),
illuvial
B-horizon
80 per cent
prismatic,
clay-loam B,
residual
moderately
moderately
base sat.,
soils on
predomideep
porous;
limestone
(0.5-1 m)
C-horizon
nantly illite
parent
material
fissured
limestone
(A)-horizon
(A), C-profile (A)-horizon
Hillslope
granular,
calcareous,
(2-6 per cent gravelly
partly
low cat. exch.
slope)
loam,
cap.,
colluvial
shallow
absent;
(0.1-0.3 m),
100 per cent
C-horizon
soils and
strongly
limestone
base sat.,
rock
partly
very low
outcrops
eroded
clay mineral
with pan
on limestone
content
banks
formation
'caliche'
A-horizon calA-horizon
Bottomland
A,C1 C2 ...
crumbly;
(0-1 per cent profile
careous, high
slope)
clay loam
C, ... -horicat. exch. cap.,
recent soils
with clay
zon layers of 100 per cent
on fiuvial
layers, deep
clay loam
base sat., pre(1.0-1.5 m),
and clay,
dominantly
deposits of
ground water clayey C
illite, montmaterial
2-4 m below
massive,
morillonite;
from above
only slightly
C-horizon
types of
surface
landscape
porous
varying salts
throughout

should be used when estimates of soil-water relations
are made for areas where the existence of pans has been
indicated by a survey.
A procedural example, showing the preparation of a soilwater map by interpretation of a soils map, is given in
Table 13. Certain soil-map criteria such as landscape, soil
profile, soil structure and chemistry are selected and interpreted in terms of hydrological features, such as run-off,
infiltration, natural drainage, salinization hazard, moisture
storage and suitability for land use.
Tables 12 and 13 indicate the linkage between basic soil
information (e.g. Tables 7-11) and the preparation of soilwater maps (Figs. 79-82).
5.3.5.2

Preparation of special soil-water maps

Discussion of this wide field of application is restricted to a
few topics which in turn may suggest other suitable subjects
for mapping.
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General soil
hydrology
features

Internal
drainage and
ground-water
conditions

Soil-moisture
storage
capacity

Hydrological
factors for
land use

Predominantly Good internal Medium due Dryland only
infiltration
drainage due to favourable in favourable
of rainfall,
to prismatic
texture but
rainfall areas,
little run-off
B-horizon
limited by
for irrigation
(no erosion), and rock
moderate
no limitation
percolation
fissures, no
depth of soil
through rock waterlogging,
fissures
no ground
water
Predominantly Poor internal Low, limited No agricultural
run-off of
drainage due by shallowpotential,
rainfall
to 'caliche',
ness of soils
except
(severe
waterlogging and
with high
erosion),
at low slope
impermeable expenditure
no water
position due
'caliche'
for terracing
percolation
to seepage
and
into deeper
irrigation
layers
High infiltra- Moderate
High due to
tion from
internal
fine texture
drainage,
rainfall and
and deep
from hilllimited by
soil, still
slope run-off, clay layers,
limited by
seasonal high control of
compact
salinity only
clay layers
water tables
by artificial
causing
salinity
drainage
possible
hazard

Suitable for
dryland and
irrigation,
salinity
control
necessary

Map to evaluate hydrological soil properties for irrigated
land use
The application of irrigation water to a non-irrigated soil
involves a complete change of the soil-water regime which
may include a change of soil properties. This applies
particularly to dry regions where large quantities of water
have seldom or never affected the soil. Soils of dry areas
usually have poorly developed natural drainage system for
both water carried on the surface and for water conducted
through the soil. The evaluation of hydrological soil properties in dry areas therefore resembles a prognosis of
expected changes with an uncertainty factor of varying
magnitude depending on knowledge and experience. Soil
maps for irrigation capability should contain limiting productivity factors, using all sources of available information,
in particular soil-water studies of the area (e.g. data from
pilot stations). The following data are relevant in a survey:
Extent of soil layers (pans) which restrict root penetration
and water conductance and affect the water balance in
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TABLE

14. Soil index values to classify conditions for saline, saline-alkali, and alkali soils 1 (after Israelsen and Hansen, 1962)

Salt condition

Common term

Saline
Saline-alkali

White alkali

Alkali (sodic)

Black alkali

2

Salt index
Conductivity of
saturation extract
in millimhos
per cm

Sodium index
Exchangeable
sodium
percentage

>4
>4

<15
>15

<8.5
Generally about 8.5

<4

>15

Generally between
8.5-10.0

Hydrogen ion index
(pH)

Reclamation

Leaching
Leaching necessary and
possible, but as salts are
removed the sodium must
be replaced to prevent
dispersion of soil particles
and reduction of
permeability
Low permeability due to
dispersion of soil by the
sodium requires replacing
the sodium to improve the
permeability so that
leaching can proceed

t. The terminology used to describe salt conditions such as saline, saline-alkali and alkali (or sodic) can be included in the legend of soilsalinity maps.
2. A black crust forms on the surface of an alkali soil only if organic matter is present. Hence, the term may be misleading in soils of low
organic matter.

the zone of aeration. Such soils may develop perched
water near the surface resulting in waterlogging and
salinization (Fig. 82). In order to indicate boundaries of
pan-affected soils on the map, a dense network of borings
may be necessary.
Depth to ground water below surface, presence of perched
water and seepage on slopes. Prolonged saturation of soils
is detrimental to plant growth because of lack of aeration.
Perched water or high water-tables may result from
excess irrigation and this possibility should be predicted
in surveys to assist in preventing the adverse effects of
salinization and waterlogging. Rising water tables in
irrigated areas must be controlled by artificial drainage.
Suitability of soils for drainage should be investigated
(see Edminster and Reeve (1957); Israelsen and Hansen
(1962)).
Topographic features in relation to natural drainage pattern
of the area. These have to be evaluated in conjunction
with soil texture and structure in the light of water
application and irrigation techniques. Classes of soil
suitability can be shown on the map.
Available soil-moisture storage-capacity (Table 8) and
infiltration capacity (Table 11) of soils related to environment and land use. In this connexion, the soil-waterplant relationship has to be studied and the information
integrated into the legend of the map (Figs. 79 and 80).
Map to evaluate hydrological soil properties for control of
salinity
Salinity control, discussed in previous sections, cannot be
achieved unless the factors of salinization are understood
and methods of prevention or reclamation successfully
devised.

Environmental factors are of primary importance to
salinity studies. Highly evaporative climates, shallow
water tables and a high degree of mineralization of the
water (ground water or irrigation water) are all conducive
to soil salinization. Salt-affected soils may occur in association with normal zonal soils (Kanwar, 1969), sometimesespecially alkali soils-among highly fertile humid soils on
plains where they form an irregular pattern with fertile land
(Kovda and Samoilova, 1969). But, as well as being variable
in area, salt-affected soils vary in profile due to changes in
salt concentration and composition, influenced by hydrological or topographical features and seasonal phenomena.
This may explain some of the difficulties encountered in
mapping and classifying saline soils. Several classification
systems have been developed for different areas (e.g. Bazilevich and Pankova, 1969; Blaskovic, 1969; Buringh, 1960;
Cheverry, 1969; Elgabaly, 1969; Florea and Munteanu, 1969;
Husz, 1969; Janitsky, 1957; Kelley, 1951; Kovda, 1961;
Petrosian and Tchitchian, 1961; Richards, 1954; Skene,
1969; Szabolcs and Jasso, 1961). A world map of salt
affected soils in preparation (Subcommission on Salt
Affected Soils of the ISSS, 1969), will be of considerable
value for hydrological mapping and soil-salinity mapping.
A widely used procedural manual for the identification,
classification and reclamation of saline and alkali soils is
that edited by Richards (1954). Table 14 shows index values
based on this classification which are useful for mapping
purposes, as the properties of these categories are welldefined and correlated with the yields of agricultural crops.
Although salt tolerances vary between different kinds of
plants, the 8 mmhos/cm conductivity value of saturatedsoil extracts represents a marginal value above which most
crop yields are seriously restricted. This applies to saline
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and saline-alkali soils. Alkali (or sodic) soils are characterized by high exchangeable sodium content which results
in humus and clay-particle dispersion, and impermeability.
Amelioration is possible by applying chemicals (e.g. gypsum)
and using leaching methods, with artificial drainage if
necessary, in order to leach excess sodium out of the soil
profile.
The mapping of saline soils has to rely to a great extent on
chemical analyses, because the type and degree of salinization are not morphologically distinguishable in the field. A
grid pattern of sampling may be used in areas where no
definite landscape features are observable, for example in
lowland areas of uniform flat topography. If chemicals are
to be used, a close sampling net is necessary in order to
obtain a sufficient number of index values on which to base
the required quantity of chemicals. Data such as depth to
ground water and permeability coefficient (see Table 10)
are also needed for assessing salinity problems.
Salinity concentrations of the soil can be shown by
colours, and salt composition indicated by symbols (see
Fig. 82). Isolines of depth to ground water below surface
are included in order to emphasize the relationship with
soil salinization.
A method of predicting salinization resulting from irrigation is described by Szabolcs et al. (1969). For mapping,
the authors recommend evaluation of the following factors:
Horizontal ground-water flow and stagnancy of ground
water.
Capillary rise (capillary conductivity and the suction profile
and factors influencing them, especially salinity).
Effect of salt composition on the water and salt regimes of
the soil.
Concentration and salt composition of the soil solution in
soils of different texture and soil-water properties.
Harmful limit of salts for different plants on different soils
(salt tolerance).
For the determination of these relevant factors, experimental
and analytical data are required. The authors present maps
of, for example, soil texture and water properties, salinity,
.critical depth of the water table.
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Preparation of ground-water maps

6.1

Introduction

Ground-water mapping is a method of recording the results
of investigations of the subsurface part of the hydrosphere.
Ground-water maps provide a bank of information on
gravitational water in the upper part of the lithosphere and
also provide the basis for learning about and understanding
the relationship between ground water and its geological
and hydrological environment.
6.1.1

State of mapping

Ground-water maps are probably the most common and
diverse of all hydrological maps because ground-water
work is mainly undertaken by geologists who are maporiented by training and practice. A review of about
100 ground-water maps in the Unesco map collection
showed that they were divisible into four broad categories,
depending on their basic content or principal purpose:
(a) relating ground water to the classical geological framework without detailed regard for hydraulic continuity;
(b) relating ground-water occurrence to the hydraulic
properties within the classical geological framework;
(c) showing ground water as a resource; and (d) showing
the relationships of ground water . to the water-bearing
characteristics of the rocks and to the dynamics of the
hydrological regime.
First, the geological ground-water map was probably
the earliest to be used to depict ground-water information.
The distribution of rock types, by geological formations
dominates and the ground-water conditions are implied
from the geological framework. The geology may be supplemented, either directly on the map or in the explanatory
notes, by information such as areas of recharge and discharge, the configuration of the water table or the piezometric surface, the thickness of the zone of aeration and
distribution of water quality characteristics. The principal
advantage of this type of map is that it shows the extent to

which the geology of an area may provide clues to the
occurrence, distribution, and movement of ground water.
The principal shortcoming of this type of map is that it
presents an essentially static picture of what in nature are
essentially dynamic phenomena. Moreover, it implies a
closer relationship between geological formations and
ground-water occurrence than actually exists.
Second, the hydraulic type is one in which the elements on
the map are based on the classification of rocks and formations according to the conditions under which water occurs
within them. The geological formations are shown as such
but are described in terms of their hydraulic and closely
related characteristics, such as porosity, permeability,
degree of fracture, and shape of aquifer. Hydraulic groundwater maps show limits of artesian and water-table conditions, ground-water divides, distribution of hydraulic
characteristics, and elements of geological structure which
influence ground-water occurrence. Hydraulic-type maps
may be supplemented with information about the groundwater situation indicated by isolines or other symbols.
Third, the resource type of map is widely utilized to
indicate ground-water yield and characteristics of water
quality affecting use. The most common factor shown is
availability, usually by scales dividing the range of yield
into arbitrary units. Resource maps may also show yields
of water of quality suitable for specific purposes, such as
domestic, municipal, agricultural (including animal husbandry), industrial, medical and recreational use. As a rule,
resource maps do not show ground-water hydraulics and
dynamics.
Finally, this approach, employing modern concepts of
ground-water hydrology, differs from the others in that it
is based on the mapping of hydrological properties and the
classical geological framework supplements and supports
the hydrological information. The information on the map
is in terms of the ability of the subsurface rocks to transmit
and store water, including their permeabilities, transmissivities, storage coefficients, hydrochemical characteristics,
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and the characteristics of the water table or the piezometric
surface. The principal difference between this category and
the hydraulic type is that the ground-water hydrology map
shows aquifers as units, whereas the hydraulic map relates
the water-bearing characters to specific geological units.
Any of these types of maps may carry supplementary
information in the form of small-scale maps, diagrams,
charts and text.
The utilization of water resources, particularly groundwater resources, raises numerous problems. Rational use
of water resources, control of ground-water contamination,
control of salt-water intrusion into fresh-water aquifers,
control of secondary soil salinity over irrigated plains,
selection of recharge areas to augment supplies in aquifers
and finding places into which harmful industrial wastes
may be discharged are among the many everyday problems.
In some areas, the problems may be solved only at international level with the help of international ground-water
maps. This emphasizes the need, not only for a unified
international legend for hydrological maps, which has been
published (1970), but also for a uniform set of guidelines,
or principles, for the preparation of ground-water maps
which cover parts of two or more countries and extensive
natural or administrative regions.
In this respect, the science of ground water has failed to
keep pace with practical needs. Large territories and entire
continents are covered by maps which show the distribution
of geological, tectonic, geomorphological, geobotanical, soil
or other features on scales ranging from 1 : 5,000,000 or
smaller (mainly of educational value) to 1: 500,000 (adequate for many practical purposes). As yet there are no
such maps defining the factors controlling the occurrence
and movement of ground water within entire continents or
large basins.
Although there were earlier examples of international
co-operation in mapping of ground-water conditions, two
extensive programmes of mapping are currently being
undertaken on the scale of 1 : 1,500,000-the international
hydrogeological map of Europe and the map of groundwater flow of central and eastern Europe. Efforts are also
being made to prepare an international hydrochemical map.
A review of the ground-water maps in the Unesco collection also revealed the difficulties of attempting to compile a single set of guidelines for all situations. The systems
of map elements and symbols already in use vary considerably, although many symbols are virtually self-explanatory if they are studied carefully, and maps showing
essentially identical information are drawn in many different
ways. These variations occur not only between maps from
different countries but also between maps from the same
country. Although the content of map explanations for
similar types of maps may be remarkably alike, the lack of
agreement on the use of symbols adds to the difficulty of
understanding the map without a knowledge of the language
in which the explanation is given.
The International Legend/or Hydrogeological Maps (1970)
has been widely distributed, but the extent to which it has
been accepted and applied is not known. Its acceptance
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does not signify the acceptance of mapping principles. As
yet there are no commonly acceptable systems of map
classification or even definitions of basic terms (vide hydrogeology). Therefore the information in this chapter can
provide only a general guide. The reader must depend on
his initiative and local practices to determine how local
needs and constraints can best be met to produce a map to
be understood as widely as possible.

6.2

Ground-water mapping

6.2.1

Theoretical fundamentals of ground-water
mapping

The water that constitutes the ground-water resources of
the world is temporarily diverted from the more rapidly
recycling elements of the hydrological cycle; nevertheless,
it remains an essential part of that cycle. Moreover, once
below the surface, it becomes part of the structure of the
earth, affecting rock strength and earth movements. In
addition, because ground water moves through rocks whose
interstitial and solubility characteristics change in space
and time, it is subject to changes in temperature, composition and other characteristics. Simultaneous consideration
must therefore be given to the roles of ground water as part
of the hydrological cycle, as one of the earth's structural
elements, and as a continuously changing fluid whose
changes affect its own characteristics and those of its surrounding environment. The interactions of ground water
with its environment must be considered not only while it
moves through the subsurface, but also as it discharges,
naturally or artificially, at the surface of the land or into
fresh and saline waters.
It follows that ground water must be depicted in several
different ways to show its diverse aspects. Where it is related
to the geology, ground water is shown as essentially static,
presented either in terms of average conditions, or the condition at a particular moment or within an arbitrary period.
Regardless of how slowly, it moves continuously, and the
characteristics of its movement must be depicted on the
same map or on a supplementary map. This aspect of
virtually continuous movement on a time scale sensible to
man emphasizes the fundamental difference between the
mapping of ground water and of geology.
Because of man's increasing demands on available water
resources hydrologists must predict the state and properties
of ground water as it moves in space and time. Maps showing relationships between ground water and other elements
of the water regime, such as atmospheric and surface water,
must be drawn, or explained, so that there is no confusion
over the significant differences in their respective residence
times.
To predict future ground-water conditions, it is sometimes necessary to reconstruct natural ground-water conditions, even though they may no longer exist. This must
be done in order to understand the influence of the stresses
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imposed by man. The palaeohydrology of an area, or the
events that shaped the existing or recent natural situation,
can only be reconstructed by representing the information
available on sedimentation, uplift, deformation, and erosion, and relating this to a logical sequence of hydrological
events.
Mathematical approaches, based on theoretical considerations of data density and the spread of numerical values,
may be useful in selecting the values to be assigned to
various cartographic features, such as isolines, when the
volume of data is large. Where the amount of data is more
readily manageable, the map compiler may be able to obtain
equally useful values by applying common sense, trial-anderror, and simple arithmetic to the problem. The commonsense process takes only minutes and adjustments may be
made equally rapidly. The more cumbersome theoretical
methods remain useful or essential where a great deal of
data and large areas are involved.
To summarize, ground-water maps should represent the
existing conditions of ground-water dynamics and physicalchemical properties, the palaeohydrology or historical
development, and the forecasting of the effects of existing
and future stresses imposed by man. Ground-water mapping
is intimately related to the mapping of other parts of the
hydrological cycle, and the information shown on groundwater maps should be consistent with that on atmospheric
maps, surface-water maps, and maps of the aeration zone,
particularly where any attempt is made to assess future
conditions.
Between the atmospheric, surface and near-surface aspects
of the hydrological cycle and those below the surface, there
is a sharp change in both the physical environment of water
and the methodologies available for their study. Above the
surface, hydrology is studied primarily in the context of
surface phenomena, whereas below the surface it is studied
in the context of geology. In nature, waters are generally in
continuity and any assessment or forecast of conditions in
the subsurface part of the hydrosphere is practically impossible without analysing the interrelationships between
ground and surface waters.
6.2.2

Classification of ground-water maps and
priorities

Classification of ground-water maps can be made on the
basis of any one of a wide choice of criteria, such as purpose, content, degree of generalization, territory or scale.
They can also be classified according to time: current
situations, reconstructions of past conditions (paiaeohydrological maps) and forecasts of future conditions. The
sections which follow are organized on the basis of two
broad categories, general-purpose maps (Section 6.3) and
special-purpose or applied maps (Section 6.4).
Some hydrologists consider that a set, or atlas, of groundwater maps each showing an individual feature of a territory, constitute a single multisheet ground-water map.
Continuation of this practice will depend on local custom,
but the more common course is to consider each sheet as

a map. If several sheets are used to depict the full spectrum
of ground-water conditions and the individual sheets have
compatible format, scale, time of study, etc., they can be
regarded as forming a set or atlas, the individual sheets of
which may or may not be issued simultaneously.
Ground-water maps may show both qualitative and
quantitative information. In addition, they may carry an
evaluation of the practical usefulness of the features which
they depict. Such a map is known as an assessment map.
The most common ground-water assessment maps are those
of ground-water use (Section 6.5).
Most, if not all, ground-water maps may be used for
scientific purposes; many are also suitable for educational
purposes.
The experience of ground-water hydrologists in some
areas is that assessment is difficult without having available
general-purpose ground-water maps on both small and
large scales. This is equally true of arid areas, regions
subject to monsoon rainfall, cold regions, and the tropics.
Consequently, the first priority of a new mapping programme is to find out what maps are available, and the
second is to prepare general-purpose maps on the basis of
available information. The adequacy of these in relation
to the purpose of the investigation will set the pattern for
the subsequent mapping programme.
6.2.3

Types of information or data required

The material required for the compilation of ground-water
maps includes all relevant pre-existing information as well
as what can be collected during the investigation and any
that will provide the basis for regional extrapolation. All
available information should be collected and studied
before proceeding to collect new field data and make maps
based on new data. The quality of pre-existing information
may vary greatly and its value to the new study have to be
weighted on the basis of its reliability. Where maps include
areas virtually without data, the map-compiler may be
forced to present approximations on the basis of extrapolations from similar near-by areas, regional generalizations and such other information as he may have at his
disposal.
The following list tabulates items useful in the preparation of maps, although they are not all needed for every
map. Particular attention should be given to sources with
long periods of records. The items are not listed in any
order of priority.
1. References to published and unpublished records and
other material regardless of archival sources.
2. Geological maps showing the stratigraphy of both bedrock and superficial deposits, structure, geomorphology
and rock characteristics.
3. Results of various types of geophysical surveys.
4. Local details about special terrains, such as karst, arid
zones and areas of permafrost.
5. Aerial photographs, supplemented by ground photographs to show surface conditions of earlier times.
6. Remote-sensing imagery from aircraft and satellites.
137

Hydrological maps

7. Location and altitude of point sources of ground-water
information.
8. Analyses (including isotopic) of chemical content and
characteristics of waters and with information about
their distribution.
9. Well logs, including data on temperature, chemical
quality, inflow, natural gamma ray and resistivity
measurements.
10. Data on discharge from wells, springs, line springs, and
seeps; rates of evaporation and water-level fluctuations
of lakes in hydraulic continuity with ground-water
bodies; and variations in the amounts and chemical
characteristics of discharge and lake waters.
11. Precipitation and related meteorological data such as
evaporation.
12. Stream discharge records, hydrographs and related
data.
13. Permeability, transmissivity and storage coefficients,
and calculated estimates of ground water availability
and water flow.
14. Standard, or locally accepted, cartographic symbols,
legends and practices, including the process by which
the map will eventually be printed.
In using similar data from different sources, it is important
to establish their relative validities and identify the most
appropriate information.
6.2.4

Methods of presentation

Every ground-water map should have a title, scale, directional line of orientation, e.g. arrow to show north, and
legend to explain the colours, patterns, symbols and other
ways of depicting the substantive matter being presented.
The title should be explicit and specific; a short title is
preferable but a long accurate title is better than a short
confusing one. The title should be supplemented by information about the origins of the map-map compiler, responsible institution, sources of information, availability,
related maps, data, etc. A bar scale is preferable because it
retains accuracy when the map is photographically reduced
or enlarged. Numerical ratios are adequate only if the paper
is scale-stable and no reduction or enlargement process is
used for reproduction. The orientational line should be
clearly shown whether or not a grid is given on the map.
Where a part of a map is used for a special purpose, care
must be taken to add a supplementary title and to include
a bar scale and directional line if appropriate.
A rational selection of cartographic ornaments-colour,
background hatching or dots, isolines, etc.-makes it possible to show all or a considerable part of the information
intended for display on the map, particularly where only
one aquifer is involved. Where the occurrence of ground
water is more complex, the map-maker has several options.
One way is to show the information about the principal
aquifer in plan and to outline the characteristics of other
aquifers and confining beds in cross-sections. Another is to
show information for all aquifers on one map by assigning
separate colours and sets of patterns to the individual aqui138

fers. A third way is to show generalized information for all
the aquifers on one map, and present details for each
individual aquifer on separate maps. Other variations are
possible and may be more appropriate for local requirements.
Regardless of the method adopted, it is important to
show the principal objective of the map by the most prominent cartographic means available. Thus, where only
one colour is available, in addition to black, the most
important information should be shown by washes and
patterns of the colour and secondary or supporting information shown, for example, by stippled patterns, isolines, etc.
Where more colours are available, the layout of colours and
patterns requires careful judgement to ensure that the main
purpose of the map stands out.
A ground-water map is usually accompanied by one or
more cross-sections drawn, preferably at right angles to the
strike of the water-bearing formations, from their areas of
recharge, or minimum depth of occurrence, to the area of
discharge, or maximum depth within the mapped area.
Such cross-sections should show the occurrence of aquifers
and their relationships with regional confining beds, lithology and thickness, the quality and zoning of ground water,
and the relationship between the levels of waters in key
wells.
The symbols used in the cross-section should be the same
as those shown on the map. Cross-sections may show:
(a) aquifers and confining beds; (b) types and values of
porosity, permeability coefficients and other lithological
characters; (c) total dissolved-solids content, chemical composition and other quality characters; (d) boundaries of
zones of fresh and salt water, brines and thermal water;
(e) boundaries of continuous and discontinuous permafrost.
Key wells on the line of section may be shown by one
solid or two broken vertical lines. There are other possible
variations, and the map-maker should be guided by available standard practices, local custom, and clear appearance.
Usually the amount of data decreases with depth. In
such cases details for the principal aquifer may be shown at
the full scale of the main map, and supplementary maps of
smaller-scale used to show the less-detailed information for
deeper aquifers. Supplementary maps at the same or
different scales may be prepared for other purposes to
augment the information shown on the basic map.
6.2.5

Relationship of maps to legends and text

Maps, legends and the text accompanying them are closely
related in the presentation of information about a groundwater situation but each has its own special role.
The role of the map, or series of related maps, is to
present the geographical and temporal distribution of the
hydrological regime and to indicate its space, time, cause,
and effect relationships. The role of the legend is to explain
the symbols on the map. A legend should not carry information that can be shown on the map, and the map should
not repeat information which can be more effectively presented in the legend. The text should explain the map,
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particularly those aspects that are not immediately apparent. All three should be consistent and supplement one
another to fulfil the purpose of the map and the investigation.
The preparation of a legend for special-purpose groundwater maps is essentially no different from that of a legend
for general-purpose ground-water maps. The text for the
legend of assessment maps has to be supplemented with
various quantitative estimates and recommendations.

6.3

General-purpose
ground-water maps

General-purpose ground-water maps are the most difficult
to compile because the amount of information that can be
presented on them is limited by their scale.
General-purpose ground-water maps represent the state
of ground-water knowledge of the territory, the current
scientific ideas of occurrence of ground water and the solutions of scientific and applied problems related to ground
water. They may be useful also for educational purposes.
Their scientific significance is to further a better understanding of the natural laws of ground-water movement,
establish the patterns of distribution and quality of ground
water, depict areas of recharge and discharge of various
aquifers, and indicate the direction of ground-water movement. The maps facilitate the efficient use of ground water
for various economic needs and assist the taking of protective measures to safeguard resources.
The principles of general-purpose map-making can be
applied to territories with widely different natural conditions and levels of economic development, although areas
of tundra, tropical forests, deserts and coastal lowlands
may need special treatment.
The information which can be depicted on generalpurpose ground-water maps can be divided into two groups:
1. Related to water-bearing rocks: (a) facies-lithological
characteristics; (b) information on elevation, depth and
thickness; (c) characteristics such as coefficients of permeability, transmissivity and storage.
2. Related to ground water: (a) the hydraulic levels or
heads; (b) total dissolved solids and characteristics of
separate chemicals in solution (or their ratios); (c) physical characters such as temperature, density, electrical
conductivity; (d) static and dynamic ground-water
availability.
A map showing all this information would make it possible to compare the characteristics and ascertain the interrelations between them simultaneously. However, such a
map is not practicable because in showing so much information it would become overloaded and difficult to read and
interpret. Usually each element is mapped separately, or
two or three of them combined on one sheet, with appropriate titles. A set of these maps will then give all the
information available for interpretation of general groundwater conditions.

6.3.1

Location maps

Location maps should have a topographic base or a coordinate grid. The topographical base should include standard
(local, national or international) symbols for positions and
numbers of routes, points of geomorphological observations, wells, springs, boreholes, pits, trenches and other
openings, sampling points of water and rocks collected for
laboratory analyses, sites of stream gauges and sites for
meteorological observations.
6.3.2

Maps of water-bearing rocks

Ground-water mapping is a record of the distribution and
properties of gravitational ground water but a primary
problem is to identify the strata which contain ground
water. This task is carried out by field and office studies of
the facies and lithological characteristics of rocks in terms
of their hydrophysical properties of permeability, transmissivity and storage.
6.3.2.1

Lithofacies maps

The main elements of ground-water mapping are aquifers,
aquifer complexes, aquitards, local water-bearing layers,
fractured water-bearing zones of both regional weathering
and local tectonic origin, and ground-water levels (both
water table and artesian).
The pore-size distribution of rocks, which determines
many characteristics of ground-water occurrence, movement and chemical composition, should be taken as a basis
for the delineation of aquifers and aquifer complexes from
aquitards.
Water-storage properties of geological formations can be
separated into two groups: one containing gravitational
water throughout or absent only locally; the other either
permeable as in the zone of aeration or so compact that it is
impermeable to gravitational water at the gradients found
in nature, e.g. clay or unweathered granite.
The aquifer, or aquifer complex, nearest to the surface
can be shown by a coloured background corresponding
with the geological age of water-bearing rocks. Distribution
of underlying aquifers can be shown by lines of the same
colours as those used to identify them in the stratigraphical
column.
Important areas of ground-water storage in various
geological formations or structures can be shown by hatching on the coloured background. The lithological composition can be indicated in the legend (see the legend of
Fig. 103).
6.3.2.2

Maps of parameters of water-bearing and nonwater-bearing rocks

Mapping of geometrical parameters related to waterbearing and non-water-bearing strata, for example,
thickness of sedimentary cover, thickness of regional aquiclude, depth to unconfined ground-water body or depth to
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the first aquifer complex with confined water is of considerable practical value. These elements are usually shown by
isolines or coloured areas to denote thickness or depth.
The hydro-physical parameters which characterize the
movement of ground water are connected with the distribution and intensity of mass-transport processes. These parameters include the coefficients of permeability, or hydraulic
conductivity and transmissivity. They are also design parameters and are used in the solution of many practical problems of ground-water dynamics. Their value is derived from
data obtained by test pumping wells. Areal interpolation
and extrapolation of the data from test pumping are possible if the strata are known to maintain a constant composition.
Permeability or transmissivity may be portrayed cartographically for any part of an aquifer or for an entire
artesian basin. The distribution of permeability and transmissivity over part of an artesian basin is illustrated by
Figure 84 which was used on a scale of 1 : 1,200,000.
Permeability can be represented on a map by colour, or
hatching, with an increase of colour, or hatching intensity,
from impermeable to very highly permeable rocks. Different
combinations of colour and hatching can be used to show
the features of the permeable rock sequence, for example,
gradual change of permeability, and its change in section
or area. A background of permeable rocks can have superimposed on it, isolines of thickness of non-water-bearing
strata and the lines ornamented to indicate the lithological
composition and age of rocks. To the permeability characteristics may be added characteristics of porosity, the evaluation of which is of particular concern in folded mountain
regions. Three main genetic types of porosity can be
distinguished: lithological, exogenic (including cryogenic)
and endogenic. The porosity types also exist in various
combinations. Maps of this complexity are rare and
difficult to read and interpret. A more common practice is
to separate the information into closely related categories
each of which is shown on a separate map of identical scale.
6.3.2.3

Maps of depth-to-water, water-table and piezometric surfaces

A great deal of information, both qualitative and quantitative, can be obtained from maps which show depths to
ground water, and related data such as elevation of the
water table or piezometric surface. Such information is
usually presented on maps showing lines of equal depth to
water, contours of equal elevation of water table, or piezometric surface, above a datum plane, or lines of equal
change in depth to water over a given period of time. The
water table or piezometric surface could also be shown in a
block or fence diagram, although these modes of display
might be difficult to apply to a quantitative analysis.
Depth-to-water maps
In order to prepare maps involving the positions of water
levels, two items of information must be obtained at each
point from which the depth to the water level is measured:
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(a) elevation of the measuring point above some datum
plane, usually mean sea level but may be some other datum
plane such as the elevation of the bottom or top of the
aquifer; (b) depth from the measuring point to the water
level in the borehole.
It is important to stress that the accuracy, precision and
reliability of these two measurements is fundamental to the
usefulness of much of the other ground-water information
acquired in the course of an investigation.
Other information needed to make a proper interpretation of water-level data are driller's or geologist's logs for
each borehole, or geological sections of the area. These are
needed to determine whether to expect artesian or watertable conditions and the possibility of leakage into the
aquifer from underlying or overlying formations. The
information will indicate whether or not individual wells
are open to multiple aquifers, the possibility of natural
hydraulic connexion between the aquifers, and whether or
not the measured water levels are compatible.
Water level and other information can be obtained by
well-logging geophysical techniques. These include electric
logs (spontaneous potential and resistivity), radiation logs
(natural gamma, neutron and gamma-gamma), caliper logs,
sonic logs, and fluid logs (temperature and fluid resistivity).
A review of these techniques and their uses is given by
Keys (1969).
The simplest type of water-level map to construct is the
contour map, showing lines of equal value. (Because these
values are either directly or indirectly referable to elevations above or below an arbitrary datum or mean sea-level,
they are commonly referred to as contour lines, although
that term should be restricted to lines defining land surface
configurations.) Points on a given contour line can be
determined by linear interpolation between pairs of data
points (see Fig. 85); the actual location of the point being
adjusted to take into account other information, such as
the location of buried bedrock mounds or hills. A curve is
then drawn through the contour points, making use of all
available hydrological and geological data as well as the
experience of the person drawing the map.
The lines could also be drawn by digital computer. A
contouring programme usually generates data values at
points of a regular grid by calculating appropriate averages
of measured data points, and then contours the gridded
data. Contouring by computer has the advantage that more
sophisticated interpolation than simple linear interpolation
is possible but it has the disadvantage of not allowing for
the judgement of the map compiler.
Depth-to-water and related data can also be presented in
fence and block diagrams. Fence diagrams are useful for
displaying water levels in multiple aquifers, and showing
the relationships between water level, piezometric, land and
aquifer surfaces. A fence diagram showing ground-water
features related to chemical constituents is shown in
Figure 86. Block diagrams can be used to display the shape
of a single water table or piezometric surface. A type of
block diagram can be drawn by computer in the form of a
perspective view of a surface. Such a computer plot requires
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1. Transmissivities and permeabilities
Transmissivity
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of pressure)
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2. Change in filtration properties with depth
Permeability changes from top to bottom.
Gradually: the wide band corresponds to rock permeability of upper part.
Sharply and not uniformly, alternation of rocks in section with different permeability-the wide band corresponds
to the greater value, the narrow band to the smaller value.
11 I II II 111

Sharply and uniformly; the upper band corresponds to the upper formation and the lower band to the lower one.

3. Boundaries

1·····...... ····j

Boundaries of areas with different permeabilities.

p~:;1

Distribution and thickness of regional aquicludes: the sign refers to the age of the formation and the figure to its
thickness.

FIG. 84. Map of transmissivity and permeability of rocks.
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Ground-water
contours
FIG. 85. Schematic diagram showing method of interpolating

between water levels to generate water-table contours (after
de Wiest, 1965).

gridded data as in the case of a computer-drawn contour
map.
The configuration of the water table can be mapped as a
single surface above a datum plane, using a contour map or
block diagram, or as a simple contour map of measured
depth to water.
A map of depth to water has a number of applications.
In general, such a map defines the dimensions of the unsaturated zone. Knowledge of regions in which the water
table is near the surface, as well as information about the
height of the capillary fringe (from grain-size distribution or
borehole geophysics), can be useful in hydrological studies
such as infiltration and run-off rates, soil-moisture distribution, and artificial recharge projects. The information may
also be applied in agricultural studies, such as the need for
soil drainage, phreatophyte eradication, or cultivation and
various engineering projects requiring either drainage or
stabilization of saturated soils.
Water-table maps
A contour map of the water table is useful for determining the direction and rate of ground-water movement.
If the aquifer is isotropic, sectionally homogeneous, and
relatively thin (such that the flow can be assumed to be
essentially horizontal), then flow lines can be drawn normal
to the water-table contour lines. The rate of flow between
two such flow lines is proportional to the distance between
them. Convergence or divergence of flow lines can be
interpreted as being due to pumping, recharge or leakage
(Walton, 1962).
Where the aquifer is relatively thick, vertical flow components must also be considered. In such cases, curves
drawn normal to the water-table contours indicate only the
horizontal components of flow vectors; vertical flow components can be shown in vertical sections of the aquifer
(Fig. 87) or possibly in fence (Fig. 86) or block (Fig. 88)
diagrams. Even with these diagrams, a contour map of the
water table would still be useful to show areas of recharge
and discharge, and possible hydraulic connexion with sur142

face water bodies. Knowledge of the location of recharge
and discharge areas can be applied in general hydrogeological investigations, as well as in studies of various
surface hydrogeological features, pollution problems,
occurrence of saline soils and other geochemical problems
(Domenico, 1972; Toth, 1972).
A few limitations on the construction and use of watertable maps must be considered. Depth to water can be
measured accurately to the nearest 0.5 cm but land-surface
elevation as a rule has to be estimated from topographical
maps. In this event maps of depth to water, or changes in
water-table position, will be more accurate than maps of
water-table elevation. However, they are not as widely
applicable.
Another limitation is that the observed water level may
not be the true position of the water table but that of the
head averaged vertically over the length of screen or open
hole. In many cases, the difference will be negligible but if
the well is in a recharge or discharge area, or if the water
table is rising or falling, then there may be significant vertical flow components. In such cases, an accurate interpretation of the hydrological situation may require data
from piezometers open at different elevations in the aquifer.
As noted above, contour maps can be produced by computer plotting. While such maps may be mathematically
correct they lack the refinement that can be given by an
experienced map-compiler making use of all available
hydrological and geological data information.
Maps of water-table fluctuations
Another type of map dealing with the water table is a map
of changes in its position which can be used to calculate
changes in the quantity of ground water in storage, as well
as to determine recharge of the aquifer or leakage from it to
underlying aquifers.
Water-table fluctuations are normally shown by contour
maps or their derivatives. The simplest way is to show the
water-table position at two or more different times on
separate maps. This is an effective method, particularly
when the maps can be shown on the same page or sheet.
A : second method is to show contours of the water table
at two or more different times by different line patterns, or
by lines of different colour, on the same map.
The extent of the fluctuations can be shown by isolines
derived from two or more sets of water-table elevations.
Such maps are particularly useful in areas where lowering
of water tables is excessive or is considered to be potentially
so. The extent or amplitude of the fluctuations can be
· derived either from the elevations themselves or from contour maps showing the water-table configuration at different
times (see Fig. 89).
Using the elevations themselves, the change in water level
can be determined by substracting the water level at each
data point at the end of the time period from the water
level at the beginning of the time period. The resultant
changes in water-table position can then be contoured. The
same approach can be used to map the amplitudes of
seasonal or other periodical water-table fluctuations.
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FIG. 86. Fence diagram with geological units and boundaries by age, sites of key wells and chloride content in mg/I. Index map shows
surface location of key wells and lines of sections (after Back, Hanshaw and Rubin, 1970).

Maps drawn on the same scale for two separate times can
be placed on top of each other on a tracing table, or drawn
on the same sheet, and the algebraic differences between the
elevations at their intersections plotted. Isolines representing
the amplitude of the fluctuation can then be drawn on the
basis of algebraic difference.
Maps of amplitudes of water-table fluctuations are useful
as a basis for computing average values of specific yields
and changes in ground-water storage. The same types of
maps can be used to show water-table fluctuations, regardless of whether they are seasonal, annual or long-term, as
well as fluctuations of the piezometric surface.

Piezometric maps
The configuration of the piezometric surface is usually
shown by contours of equal piezometric head above mean
sea level, less frequently, it is referred to the base of the
aquifer. Occasionally, it may be useful to contour the
difference between the piezometric surface and the top of
the aquifer. In the case of a multiple-aquifer system, the
piezometric water level for each aquifer may be contoured
on the same map, using standard cartographical methods
(line widths, patterns or colours) to differentiate the water
levels from the various aquifers.
Maps of the piezometric surface can be used to determine
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Explanation
Fine-grained terrace
deposits

Coarse-grained terrace
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Sandstone

Shale
Arrows indicate direction
of water movement

FIG. 88. Block diagram showing terrace deposits and underlying south-westward-dipping bedrock. Arrows indicate direction of groundwater movement (after da Costa, 1960).

the direction and rate of ground-water flow. Except in the
cases of high rates of vertical leakage, from overlying or
underlying formations, or in the vicinity of a partially
penetrating recharging or discharging well, the flow is
generally horizontal (or at least parallel to the bedding of
the aquifer), and flow lines showing direction of flow can
be drawn normal to the head contours (Fig. 90).
Maps of the piezometric surface can be used to calculate
the total amount pumped from a centre (Walton, 1962).
Convergence or divergence of flow lines can be interpreted
as being due either to the radial flow to or from a well, or to

144

leakage or release of water from storage. Such maps can be
used also to calculate the amount of leakage or changes in
the amount of water in storage (Walton, 1962).
Contour maps showing the difference between the piezometric surface and the top of the artesian aquifer can be
used to delineate areas where the water level could fall
below the top of the aquifer. In such areas, analyses of
future conditions may have to take into account conversion
from artesian to water-table conditions (Moench and
Prickett, 1972).
Contours showing the elevations of multiple piezometric

Preparation of ground-water maps

difficult to interpret, because the head is influenced by the
density, viscosity and temperature of the water (Lusczynski,
1961). Furthermore, fluid motion is no longer governed by
the head gradient, but by pressure, density and viscosity
gradients (de Josselin de Jong, 1969). In such circumstances,
data are difficult to present by traditional maps and diagrams because the data are basically four-dimensional (i.e.
a value, such as pressure, is added at each point in a threedimensional space). The addition of time makes the problem one of producing two-dimensional representations of
five-dimensional data. Probably the best that can be done
is to present a collection of contour maps, sections and
block and fence diagrams; even then, visualization and
interpretation will be difficult.
Configuration of given hydrological characteristics
The various types of maps and diagrams discussed above
can be used for other data capable of being represented as
subterranean surfaces, for example, surfaces of constant
pressure, temperature, density, viscosity and water quality.
6.3.2.4
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FIG. 89. Lines of equal decline of artesian pressure in the

Cambrian-Ordovician aquifer between 1864 and 1958 (Illinois
State Water Survey).

surfaces above a common datum plane can be drawn on the
same base. The resultant map can be used to determine
areas where upward or downward leakage between aquifers
is possible. Such maps could be used in conjunction with
block or fence diagrams, or vertical sections, to give a more
graphic illustration of the relationship between the various
piezometric surfaces.
Maps of the change in piezometric surface over a period
of time (Fig. 89) can be used to show the effects of discharge
from, or recharge to, the aquifer and to calculate these
quantities. Such maps can also be used to calculate changes
in ground-water storage within the aquifer.
Limitations on the use of piezometric maps are generally
the same as those for water-table maps. However, piezometric maps are usually drawn for deeper and thicker formations than are water-table maps, and variations in the
physical properties of the water are more likely to occur.
In such cases, maps of the piezometric surface may be

Maps of thicknesses of water-bearing bodies

The three basic types of ground-water information obtained
from thickness maps refer to potential and effective availability of water, potential and actual transmissivity of the
aquifer, and the potential and actual time response or
sensitivity of the aquifer system to natural or man-made
stresses.
In the basic ground-water flow equations, the thickness
of the water-bearing system, d, enters into the determination
of the total pore volume, Vp, available for storage or production when the total volume is expressed in terms of the
areal extent of the aquifer, A, an average thickness, dave•
and the porosity, n, in fractions by:
Vp =A·

dave •

n

It further enters in the determination of the storage coefficient, S, for confined elastic aquifers. More directly
related to the productivity of an aquifer is its transmissivity, T, at which water is transmitted through a unit
width of the aquifer under a hydraulic gradient of unity
at prevailing viscosity conditions. Thickness enters into the
definition by:
T=K·d
where K is the hydraulic conductivity.
It is clear that thickness will have some influence on the
relative sensitivity of the aquifer to extraneous stresses,
either by determining the total volume involved in the
reaction or dilution as indicated above or as a mixing length
dimension where dispersion occurs after introduction of
contaminants from the surface.
The basic data needed to construct thickness maps are:
1. Elevations above a common datum and a co-ordinate
system for points. Some information is usually contained
on topographical maps, from which interpolation can be
made for any point with an accuracy dependent on the
145

Hydrological maps

81°15 1

81°00 1

80°45 1

/

/
~,c

'.\'-~~x/

--r
I
/

I

/

~/

LINES OF EQUAL HEAD,
IN FEET
1880
5
I

I

I

I

I

5
I

31°45 1

10 MILES

0

0
11 I I

I

10 KM
I

FROM COUNTS AND DONSKY, 1963
81°15 1

81°00'

80°45 1

80°30 1

FIG. 90. Map of Savannah area, Georgia, United States, showing approximate altitude of the artesian head in 1880 and the general
pattern of ground-water flow-lines (after Counts and Donsky, 1963, as shown in Back, Hanshaw and Rubin, 1970).

scale. Only in special cases is it necessary to take length
and elevation measurements for each individual point.
2. Direct or indirect information about the horizontal
limits of the particular ground-water units.
The main objective in the construction of thickness maps is
to determine the geometrical configuration of the upper and
lower confining beds of a water-bearing unit and to trans-
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late the difference between the two as thickness for use on
maps in the form of isopachs, or in cross-sections or block
diagrams. For free-surface conditions the topographic surface is the upper limit and for water-table conditions the
water table itself designates the upper limit of the saturated
thickness.
A significant part of a thickness mapping project is to
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define the lateral extent of areas to be mapped. Ideally, the
lateral boundaries would be geological-such as those of
facies change or impermeable fault planes-or hydrological-such as ground-water divides. Usually, surface
circumstances dictate the area to be mapped, e.g. surface
watersheds or simply political boundaries.
Geophysical surveys by electrical resistivity, seismic refraction and reflection, and gravity methods are indirect
aids to determination of thicknesses of geological units.
The applicability of these procedures depends on the
material contrasts of the units whose thickness is being
measured, and compliance with certain simplified conditions both for number and position of layers as well as for
the application of background corrections.
Geophysical measurements in boreholes can be used for
the precise location of boundaries of formations or aquifers
in an existing well where original geological sampling was
either not carried out or lacked precision. The techniques
used are resistivity and self potential measurements, sonic
logging and various natural and induced radio-activity
recordings.
The reliability of estimates made in this way varies from
method to method depending on how closely field conditions
conform with the assumed ideal conditions. The mapcompiler should indicate the degree of reliability of these
measurements for the benefit of the user. Incomplete data
may be used for what they are worth but should be identified. For example, wells that do not reach bedrock give at
least an indication of the lower limits of depth of the superficial material.
Thickness maps can be made either by the point method
or by the method of overlying contoured maps of the top
and bottom. The finished product should indicate which
method was used.
For the sake of clarity, only one unit should be shown on
a single thickness map. If two units have to be shown on one
sheet, different colours or patterns should be used for the
contour lines. The thickness of the lower unit should
preferably be indicated and differentiated by colouring
regions between isopach lines in different shades of the
same basic colour.
The distance between two isopach lines is usually dictated
by the amount of detailed information available for the
construction of the map. Rarely wi11 the detail for generalized maps aJlow a closer spacing than 5 to 10 m.
Point sources of subsurface information, such as wells
and geophysical depth soundings, should be indicated on
the map.
Useful information supplementary to thickness maps can
be provided in appropriately placed and constructed crosssections. Thickness relationships are obvious from a crosssection. Point sources of information should be marked on
the section and where information from wells not in the
line of section is projected on to it, the distance of the wells
from the line of section should be indicated.
The cross-section should be along either the strike or the
dip of the lower confining surface which in most cases
influences the flow direction of ground water in the unit.

Block diagrams of units convey a better picture of spatial
thickness distribution but are of less analytical value.
Where unconsolidated material overlies competent
bedrock, drillers' logs are likely to be reliable if the reduction of drilling speed when the bit entered the consolidated
material and the characteristic reaction of the drilling
equipment when harder beds were encountered have been
recorded. A seismic survey in which an abrupt change of
rock density and degree of consolidation has been indicated
is also likely to be reliable. Problems of interpretation may
arise when the lower confining layer is a till or clay in glacial
deposits. The distinction between the two can rarely be
made satisfactorily in normal drilling logs. Very dense clay
and till can be easily identified by geoelectric methods at
depths not exceeding 60 m. Another difficult situation is
that in which the unconsolidated material is derived directly
from the bedrock by weathering. In this case it is almost
impossible to detect the transition to bedrock by inspection
of drill cuttings. Coring or geophysical well logging may
provide the answer. It is advisable to be informed about the
geological and lithological conditions of the region in order
to anticipate difficulties which may be encountered in
the production of a map of the thickness of weathered
material.
Problems may be created also by features which cannot
be easily detected by looking at general trends. Among
them are buried valleys. These are old drainage networks
cut into the bedrock, filled and effectively obliterated before
the deposition of the unconsolidated material. These valleys
are significant hydrological features which should be
located and shown on thickness maps. Buried valleys should
be expected in areas of glaciation and where base levels
have fluctuated widely. Their position, as a rule, is not
evident at the surface. The correct delineation of these old
buried river-networks usually necessitates a much higher
density of point information than does the valley of present
drainage systems. Other features which influence the
thickness of the overlying material are faults and fault
escarpments in the bedrock: they should be indicated on
the map if at all possible.
In glacial areas, distinction should be made between the
true lower confining layer and intercalated lenses of impermeable materials such as clays and tills. Usually a
decision on this cannot be made until all the hydrological
information about interconnexion of units is available.
Thicknesses of consolidated units
In the determination of thickness of consolidated units
three different situations are distinguished with respect to
the nature of the confining layers:
1. Near surface unit where the topographic surface is the
upper boundary (ignoring a thin veneer of unconsolidated material of insignificance as an aquifer) and consolidated rocks forms the lower confining bed. If the
unit is saturated, water occurs under water-table conditions.
2. Intermediate unit, where an unconsolidated material,
such as clay or very dense till, forms the upper confining
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surface and impermeable consolidated material forms
the lower confining layer.
3. Consolidated unit intercalated between upper and lower
consolidated confining beds.
In the last two situations some degree of artesian conditions
usually exists.
The main task again is to recognize the lithological transition from the water-bearing unit to its confining beds.
The methods used in the first situation are the same as
those outlined for unconsolidated water-table conditions.
For the two confined situations, contour maps of the top
of the water-bearing unit and the top of the lower confining
unit have to be constructed. The thickness map is then
constructed by the overlay method.
The transition from impermeable beds to permeable
beds, e.g. from shales to sandstone, is generally easily
recognized and presents little difficulty when drill cores or
cuttings are available. Problems may arise when units of
similar lithology act both as confining beds and aquifers.
This situation is found in limestone and dolomite aquifers
and in aquifers within a volcanic series, especially lava flows.
Sedimentary rocks, as a rule, have a higher degree of
uniformity and for this reason structural inferences can be
applied to them to a greater degree than to superficial,
particularly glacial, deposits which are usually of irregular
thickness, because they were deposited on an uneven bedrock surface. This implies that strike and dip measurements
of sedimentary rocks from outcrops or boreholes can be
used more readily for projecting trends and the position of
boundary surfaces. Irregularities such as faults, local facies
changes and pinching out of units have to be taken into
account in making generalizations.
The main problem of establishing thicknesses of con·solidated units arises from the fact that they usually lie well
below the surface. The only certain method of identifying
.strata is by inspection of drill cores, which are costly to
obtain, or drill cuttings. The accurate use of the latter to
define the position of boundaries decreases with depth and
increasing time lag for cuttings to rise to the surface. As
depth increases geophysical surveys become more costly,
Jess reliable and more difficult to interpret because of the
obscuring effect of overlaying layers with different characters.
Thickness of aquifers
Where water-table or unconfined conditions occur, the
upper limiting surface is the water table. Its position can be
measured in observation wells, and contour maps of the
free-water surface can be constructed. The thickness of the
saturated part of unconfined aquifers can be determined by
the overlay method using water-table maps in conjunction
with maps of the lower confining bed.
One difficulty in constructing thickness maps in watertable areas is the fact that the free water surface changes
position with time in response to natural events such as
precipitation and evaporation, or to man-made stresses
such as large-scale pumping. It is therefore necessary to
take water-level readings of all observation wells in the
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mapping area over a short period of time. Ideally all measurements should be taken within a day or so, but the time
during which this can be done depends on the extent of the
area, number of observation points, regime of the aquifer
and available manpower. It is not recommended to continue measurements after heavy rainstorms which may have
induced considerable infiltration. During dry periods, however, the period of measurement may be extended to several
days.
For special purposes, such as dynamic analysis, it may be
desirable to construct an instantaneous representation of
the water table. For a general aquifer-thickness map, however, it is usually adequate to use the average position of the
water table for a given period, year or decade. Well hydrographs must be established for at least one water year to
obtain an average value.
Small local and transient depressions in the water table
due to pumping need not be represented on an aquiferthickness map. On the other hand where heavy municipal
or industrial abstraction has effectively lowered the water
table this situation should be reflected on the map.
6.3.3

Maps of ground-water characteristics

6.3.3.1

Hydraulic and dynamic characteristics

Maps showing dynamic characteristics should depict the
space-time patterns of ground-water movement in the upper
parts of the hydrosphere. The sources of energy for groundwater movement vary. Unconfined ground-water movement is controlled by gravity. At greater depths ground
waters move under the influence of both gravity and geostatic pressure. Maps on which isolines are drawn show
differences in the elevation of the water table from which
the direction of ground-water flow can be inferred in unconfined conditions in strata which drain to a surface
outlet. Similarly the potential movement can be inferred
from isopiestic lines in confined conditions.
A regional aquiclude, or a stratum of permafrost, may
determine the lower boundary of the regional run-off zone
in artesian basins and in intermontane areas. Where the
regional aquiclude is absent, the value of transmissivity
may be used to indicate the boundary of the zone of regional
ground-water flow.
As aquifers of confined water can be distinguished in the
geological column, the important element to map is the
change in the value of head in vertical sections. Each basin
can be divided into separate parts with a different vertical
head gradient. Regions can be distinguished where descending or ascending movement of ground water is potentially
possible or where hydrodynamic anomalies exist.
In areas of mountain folding where ground waters are
related to the zone of exogeneous fracturing the intensity of
ground-water flow can be depicted on the map by contours.
Dynamic maps show quantitative characteristics of
ground water that vary with time. These maps should either
be synchronized or expressed in terms of probability. These
observations can be extrapolated in space, and areas with
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unconfined water of different types distinguished in terms
of amplitudes of ground-water-level fluctuations (which
characterize the changes in water resources for annual or
long-term periods and the value of infiltration), spring
yields, temperature, mineralization of ground water, etc.
Maps showing the ground-water regime can be compared
with maps of meteorological factors and those of the hydrosphere for annual or long-term periods.
Dynamic maps showing the ground-water balance with
values of infiltration, evaporation and ground-water flow
can be compiled to predict future water levels. Depending
on the scale, such maps can be compiled using either
relative or absolute values of the predicted water levels.
6.3.3.2

Maps showing movement of water

Movement of ground water is shown on maps primarily
by two methods, used separately or together: the first by
arrows, and the second by water-table or piezometricsurface contours. Arrows show the movement directly and
specifically whereas the direction of movement is inferred
as being at right angles to the water-table or piezometricsurface contours. A map showing the directions of movement inferred from contours is called a flow net (Fig. 90).
Arrows can also be used either to emphasize the information presented by the contours or to show the general
direction of ground-water movement where data are insufficient for construction of contours (Fig. 118).
Maps to show movement by means of contours are the
same as maps to show the elevation of the water table or
piezometric surface and constructed in an identical way.
Areas of recharge, discharge, and movement of water between
them
The elevation of water-table contours on a map will rise
towards areas of recharge and fall towards areas of discharge. The distance between contours decreases as the
water table steepens towards the area of recharge, giving
the water table the configuration of a steepening surface or a
mound. A mound is usually an indication of recharge. The
presence of a steepened slope always indicates some change
in the hydrological parameters which control ground-water
movement. Their significance must be analysed on the basis
of local changes in the permeability of the routes through
which the ground water is moving.
Steepening of water-table gradients towards some point
or line, forming depressions in the surface of the water
table generally indicates discharge or withdrawal of ground
water. When expressed by isolines, these depressions often
give the appearance of inverted cones, especially around a
well.
Where the isolines trend upstream before they cross a
stream or ditch discharge is taking place from it; where they
trend downstream before they cross the stream it is a
source of recharge.
Water-table and piezometric surface contours are not
drawn as a rule to show actual contact with major geological

boundaries, such as faults and contacts between alluvium
and bedrock. Where contours must be drawn close to such
boundaries, they should be at, or approaching, right angles
to the junction. Wherever possible water-table contours
should be drawn on maps which show the bedrock geology
and supplemented by cross-sections to show the relationship
of the water table or piezometric surface to rock types,
stratigraphy, structure and buried as well as superficial
landforms.
Ground-water movement related to buried landforms
The permeability and transmissivity of successive stratigraphical sequences may vary considerably laterally or
vertically. Such variations are probably due to differences
in local environments at the time of deposition. Quantitative
hydrological characteristics, such as well yields, specific
capacities, and transmissivities, can be used as clues to the
environments of deposition and to the resulting morphology of buried landforms. Vice versa, it is possible to use
information from sources describing irregularities in buried
erosion surfaces, i.e. buried landforms, to provide clues to
the distribution of aquifer characteristics. Such analyses
should be made where changes in aquifer characteristics
are marked, particularly within short distances. Even where
the geological and hydrological data are limited, synthesis
of depositional environments may be useful indications of
the local distribution of areas of greater and lesser permeability.
Maps showing relationships between the distribution of
bedrock and the water-bearing characteristics of the overlying deposits can be constructed on the basis of data from
either well logs and descriptions of cuttings or flow characteristics such as specific capacities and transmissivities;
or from combinations of both.
The well logs and cuttings should be examined by the
map-compiler, wherever possible, to assure consistency in
interpretation, particularly where thick sequences of similar
materials, such as glacial and alluvial deposits, are involved.
Where possible, the aquifer data should come from wells of
comparable depths and similar construction. Data provided
in the form of different coefficients representing volume of
water moved should be put into terms of a common hydrological parameter. The map explanation should note when
other people's interpretations of well logs and well cuttings,
or a mixture of hydrological information from different
sources, have been used.
The geological and hydrological data may be plotted
separately or together, depending on the purpose of the
map, and appropriate isolines drawn. Maps intended to
show the influence of bedrock configuration on hydrological
characteristics, or to present variations in distribution of
hydrological characteristics as a means for analysing the
palaeohydrological history of an area, should show both
geological and hydrological data. (Fig. 91.)
Movement of ground water by evaporation through
phreatophytes
Near-surface fluctuations of ground-water bodies caused by
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Fm. 91. Generalized geological map along the Santa Cruz river near Tucson, Arizona, showing the approximate configuration of
buried bedrock and areas of high and low yields from surrounding alluvium (Heindl, 1962).
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evaporation through phreatophytes occur in arid and semiarid areas, particularly in the vicinity of intermittent playa
lakes and large intermittent streams. Methods for depicting
these fluctuations are the same as those described in 6.3.2.3.
6.3.3.3

Physical-chemical characteristics

Physical-chemical characteristics of ground water include
its chemical and gas composition and temperature.
A number of hydrochemical classifications have been
developed (Alekin, 1953) based generally upon the predominance of particular anions and cations or groups of
them. Usually chloride, sulphate and bicarbonate/carbonate
are distinguished and their association with calcium, magnesium and sodium/potassium. Further distinctions are made
in regard to concentration. Figure 92 is an example of a
hydrogeochemical map, suitable for a scale of 1 : 500,000,
in which the classification of Alekin is applied. The reader
is referred to Legends for Geohydrochemical Maps (1975)
which gives detailed advice for mapping individual hydrochemical properties (total dissolved solids, hardness, contents of chlorides, etc.) or types of ground water.
The value of mineralization (total dissolved solids) gives
a clue to the macrocomponent composition of the water
because the differential solubility of various mineral salts in
water are known to cause a definite sequence of their precipitation. Mineralization also determines the hardness of
water to some extent. Hence, the value and type of mineralization is one of the important characteristics to be
mapped.
Hydrogeochemical maps are widely used to show in plan
or section the pattern of distribution of various values and
types of mineralization in ground water. One method for
showing the hydrogeochemical characteristics is to divide
them into groups which depict: (a) distribution in area of
maximum ground-water mineralization (by hatching)~
(b) distribution in area and in depth of the principal chemical groups of brackish waters, salt waters and brines; (c)
depth to brackish water, salt water and brines (by isolines).
The maps which may reveal a distinct separation into
regional (continuous), or local, differences in mineralization
and chemical type, are a basic way of showing the hydrogeochemical characteristics of large areas. Special maps and
evaluation of detailed hydrogeochemical factors can be
made subsequently.
While comparing vertical hydrogeochemical and hydrodynamical zones there are good grounds for believing that
the zone of intensive water exchange corresponds with the
zone of fresh water, the zone of slower water exchange with
the zone of brackish water and salt water and the zone of
very slow water exchange with the zone of brines.
In hydrogeological mapping importance is attached to the
collection and systematic arrangement of data on groundwater temperature. Ground waters have been divided
according to temperature into the following categories
(Alekin, 1953): super-cooled water (within permafrost
areas), 0° C; very cold, 0-4° C; cold, 4-20° C; warm,
20-37° C; hot, 37-42° C; very hot, 42-100° C; super-

heated, >100° C. An example of a hydrothermal map is
given in Figure 93 suitable for a scale of 1 : 200,000.
A hydrogeothermal map can be drawn to depict those
indices which characterize the distribution of thermal flows
in the interior part of the earth. The flows originate from
different sources (endogenetic and exogenetic), and influence the hydrogeological features.
Such indices may be used to represent the temperature at
the roof of the rock basement, distribution of temperatures
throughout the depth of the sedimentary cover, or distribution of permafrost (continuous, interrupted or insular
perennially frozen strata). Distribution of temperature with
depth can be shown by the value of the geothermal gradient,
isolines of depth to the temperature of 0° and 20° C or
isolines of temperatures measured at the depth at which the
annual variation of temperature is zero.
Such a representation enables the degree of rock cooling
below the freezing point to be determined. Fresh water
turns into ice, and forms a continuous or interrupted cryogeneous aquiclude. Where salt ground water is present,
rock cooling below 0° C does not lead to the formation of
ice. A map can be used to distinguish by coloured contours
the distribution of brines cooled below 0° C and areas over
which rocks are cooled below 0° C but whose drainage
pores and fissures do not contain either ice or brines.
6.3.3.4

Maps showing quality of ground water

Maps showing quality of ground water may be required to
satisfy three needs: (a) guidance in development, management and protection of the resource; (b) documentation or
assessment of the resource at a point in time (actual or
estimated); and (c) display of information for research on
some facet of the ground water or the ground-water basin.
The types of maps include time-related (historical, present
day or future conditions); aquifer quality (for model construction and problem solution) related to the quality of
ground water for use or potential development; and general
assessment of quality, such as electrical conductivity, total
dissolved solids, or specific display of one facet of the
quality, such as nitrate content or temperature.
The method of display on the map may be by point values
with no implied continuity (Fig. 94), contoured values,
or values averaged by grid, basin or arbitrary areal block
coverage with implied continuity (Fig. 95). The maps may
show also various combinations of information on quality
related to a specific use of the water. These include rating
of quality for specific uses: agricultural, domestic, industrial, medical, geothermal or environmental. A general map
of salinity may be useful for general purpose planning and
as a guide to sources of water for desalinization.
Agricultural-water quality is usually shown by units of
electrical conductivity. The Sodium Adsorption Ratio
(SAR) and Total Dissolved Solids (TDS) may provide supplementary information. Specific elements, such as boron,
should be mapped if their presence could limit the usefulness of the water. The scale, values for contouring, and areal
blocks, should be related to the agricultural setting. In one
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FIG. 92 (cont.).

region and for one type of agriculture, electrical conductivity might be indicated by isolines at each 100 micromhos,
SAR at 4 units, and boron at 0.5 mg/I. For other requirements the values might be different.
Domestic-water quality is shown usually by TDS and
hardness. In addition, information about specific trace
metals such as arsenic, mercury, iron or manganese, should
be displayed if they occur at or near significant levels. For
reason of public health, the distribution of chemical ions,
such as fluoride or nitrate, should be plotted in some areas.
If taste and odour are likely to affect use they should be

shown by a cross-hatching or differences in colour intensity.
Industrial-water quality can also be shown by TDS and
hardness. However, some industries have highly specialized
requirements and maps should be prepared to show the
specific elements significant to those industries. Brewing, for
example, requires water with a pH of 6.5 to 7 and a CaC0 3
content less than 150 mg/I. Pulp and paper processing
requires water with less than 25 mg/I of C0 2 and less than
4 mg/I of manganese. (See McKee and Wolf (1963) for
industrial water quality criteria.)
Medicinal waters are defined by the specific components
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FIG. 94. Point value depiction of a single dissolved chemical constituent of ground water by concentration at site of observation (from

California Department of Water Resources, 1968).

of ion-salt and gas composition or by the specific content
of bicarbonate, magnesium, chloride, sodium, iodine, bromine, or iodine-bromine which have a beneficial effect on
man. The standards of water for bathing or medicinal use
in a particular country should be adopted for the chemicals
and ranges of values to be mapped.
Ecologically important waters may originate as ground
water and become significant as springs. A spring of major
ecological interest should have all aspects of its water
chemistry recorded and mapped, including its biological,
chemical and radiological characteristics. Nutrient values,
especially of nitrogen in its several forms, phosphates, and
organic constituents, as well as seasonal and long-term
changes should also be recorded.
Geothermal waters are characterized by hotter than
normal temperatures and by extractable chemicals. For
reference on maps, temperatures might begin at 100° Celsius, and be shown in descending 10° Celsius intervals
because of the importance of these temperature changes in
determining the method of extraction to be used. Significant
chemicals that might be mapped are lithium, arsenic, boron,
fluoride and sulphur.
General salinity maps to show Total Dissolved Solids
(TDS) are prepared for broad classification of ground
water and to indicate areas which should be studied for
other purposes. Various scales have been developed for
such maps. A U.S.S.R. proposal starts at 1 g/l (fresh water);

1 to 10 g/l (brackish water); 10 to 35 g/1 (salt water); 35 to
150 g/l; (brines); and> 150 g/l (very salty brines). A powers
of ten scale maps has been proposed in the United States:
< 1 g/l (fresh water), 1 to 10 g/1 (brackish water); 10 to
100 g/l (salty water); and> 100 g/l (brine). If the emphasis
is on agricultural and domestic use, smaller intervals in the
fresh-brackish water range of values would be appropriate.
When desalination is being considered, smaller intervals
should be used in the brackish and salty-water range.
Point data maps can be prepared to show any facet of
ground-water quality and are used when a display of data is
needed without interpretation. Point data maps may also
be used when data are insufficient for contouring or for
assuming continuity of the parameter being mapped. Another common use is to show planners or researchers the
availability and distribution of data.
The size of the point may be used to indicate either a
single observation station, or a selected value representing
a small area.
Sufficient synoptic data on water quality are only rarely
collected from a large number of points because of cost.
Therefore it is usually necessary to use data accumulated
over a period of time ranging from a few years to one or
more decades. The longer time ranges do not necessarily
detract from the usefulness of the map because groundwater quality rarely changes rapidly. Maps drawn for intervals of five or ten years usually look very much alike and
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An excellent way of maintaining an up-to-date picture
during an investigation is to prepare working maps on
which new information can be plotted as it is received and
block values or contours adjusted accordingly. Anomalies
and areas of consistent information soon become evident
and indicate either where extra data are required or where
sufficient data for the purposes of the investigation have
already been collected.
Final checking of blocked-area and contour maps should
ensure that they are consistent with other maps for the area.
For example, if a long narrow tongue of poor quality water
is revealed, the map of ground-water movement should
indicate flow in that direction and the permeability or transmissivity map should also show higher values along the
axis of the tongue.
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FIG. 95. Use of patterned contours to show two characteristics
of the chemical quality of water. Sampling points marked by x

(from Davis and Hall, 1959).

only if the maps are overlain will changes be apparent.
Some spring to autumn variations, or changes due to seawater intrusion or pollution are exceptions to this generalization.
Preparation of contoured or blocked-area maps
Blocked-area or contour maps can be made to display any
parameters of ground-water quality. Usually a greater
density of data points is required for these maps than for
point-data maps. In addition, the ground-water movement,
geology and sources of salts must be sufficiently well understood to support assumption of continuity. Such maps are
prepared usually by planners or researchers who not only
make use of available data but incorporate their knowledge
or theories to produce hypotheses about the distribution of
specific chemical characteristics or constituents.
The point at which data have been obtained should be
shown on blocked area or contour maps.
Contours of values for different years, or time periods,
can be included on a single map, and more than one constituent can be presented on a single map. Contour maps of
electrical conductivity or Cl-ion are especially useful because
anomalies can be readily located. Even when the data
represent a mixture of water from several aquifers or horizons such maps may indicate problem areas for further
study. If sources of salts are shown on the maps it may be
possible to relate the anomalies to their sources.
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Use of standard methods to show water quality
Perhaps in no other area of ground-water mapping is there
so much variety and so little standardization in the use of
symbols, colours, patterns. Local standards have been
developed in some countries, but even in a single country
the standards may vary from one institution to another. The
only internationally accepted standards at present are in the
International Legend for Hydrogeological Maps (1970) and
the Legends for Geohydrochemical Maps (1975). They offer
excellent suggestions for showing both point- and contourdata of physico-chemical constituents and characteristics.
Use of both legends is recommended especially for maps
covering basins, or areas, common to two or more countries.
Diagrams for showing chemical characteristics on maps
Diagrams are expansions of the symbols used in plotting
data. There are many types of diagrams but only a few are
described here. Their principal uses are to illustrate the
relative proportions of constituents in a single water and to
compare two or more chemical types of water. When placed
on a map, they illustrate the spatial distribution of differences in constituents or in their proportions. Some diagrams are so complex that they are difficult to read and
interpret. The map-compiler is strongly advised to maintain
legibility.
The circular, or pie, diagram is the most flexible way of
showing analytical results from several different waters.
The scale relates · radius and size of circle, or pie, to total
concentration, (in Fig. 96, logarithmically) and the percentage of equivalents of each constituent is shown by the
proportional angle of the segment. Many variations are
possible but attempts to use the areas of the circles or their
segments to indicate quantitative information usually end
in needless complexity for the map-compiler and frustration
for the user, regardless of how elegant the scheme may be.
The map-compiler should always keep in mind the visual
impact of his diagram.
The Stiff diagram relates mineral constituents to each of
eight plotting points, as shown in Figure 97. The resultant
plot produces a distinctive shape which is readily recognized with practice. The scale should be selected to fit into
whatever space is available and be consistent on any one
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show a variety of parameters of quality. Each investigator
should be encouraged to develop a symbol system which is
consistent with local practices and yet clearly shows the
characteristics which are of most significance in the basin
being mapped.
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FIG. 97. Analyses represented by Stiff diagrams based on equivalents per million. Same data are used as in Figure 96 (after
Hem, 1959).

map or set of maps. When used as point data on a map,
subtle changes in quality over an area can be readily
detected by eye. Some difficulty may be experienced in
placing the Stiff-and many similar-diagrams on the map
so that they can be readily related to their point source.
Consistent positioning is advisable when other hydrological
features permit.
A system of plotting analyses by using radiating vectors
was proposed by Rezso Maucha in Hungary in 1949.
Figure 98 illustrates the system in which the length of each
of six vectors represents the concentration of a specific ion
in equivalents per million.
Bar diagrams are also widely used and may be adapted to

Salt-water and fresh-water interrelationships
The boundary between fresh and salt water should be
shown to warn of the risk of saline infiltration that might
result from development of resources, or to define the limit
of a resource which is to be quantified.
Intrusion of saline water from the ocean, or other surface
or ground body, into a fresh-water aquifer may be demonstrated in plan, as shown in Figure 99 where the concentration of chlorine ion is used to show sea-water intrusion.
Any significant value may be used to define successive
increases in Cl-ion concentration, such as 100 mg/I used in
Figure 99. In addition, the history or change with time
can be added to the map by showing the position of the
isochlors at different times. Because intrusion of saline
water may occur differentially in aquifers, the plan view is
usually complemented by cross-sections to show the variation of quality with depth, as in Figure 100. Available data
and knowledge of the hydraulics of the intruding wedge
must be taken into account in selecting the best lines of
cross-sections to present as complete a picture as possible.
Changes of chemical character with time
Any of the types of maps discussed in this section can be
prepared by using differences in values over a selected period
of time, or from one time period to another, to demonstrate
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the magnitude or rate of change. Care must be taken that
the values are significant. A change of 10 mg/I of chloride
over a year in a fresh-water body might indicate a significant
source of contamination but in a brackish water body this
range would not be significant. Statistical techniques should
be used to test the significance of the change, otherwise the
accuracy of the values used to compute the change should
be stated; these will depend on laboratory accuracies.
Presentation by contours for different years, as described
for salt-water and fresh-water interrelationships, can be
used for any chemical constituent.
6.3.3.5

Quantitative characteristics

Mapping of quantitative characteristics can be based on
classifications of ground-water resources and storage.
According to these classifications natural ground-water
resources are divided into geological storage (resources in
pores and fissures of rocks both static and elastic) and
dynamic resources or ground-water flow (in the zone of
intensive water exchange, flow is into streams; in the zone
of deep infiltration it is represented by deep run-off). Storage
resources and dynamic resources should be shown separately

on a map because of their different conceptual and numerical derivation.
The characteristics of natural ground-water resources are
more objectively expressed by the value of recharge. For an
average long-term period the value of ground-water recharge
is equivalent to ground-water flow. This enables values of
ground-water flow into streams to be used to estimate the
natural ground-water resources in the zone of intensive
water exchange.
The magnitude of ground-water flow into streams is
defined by the separation of stream hydrographs, into
ground-water flow and total stream run-off, over a sufficiently long period.
Natural ground-water resources may be expressed quantitatively as millimetres of depth of the layer of ground-water
flow, as units of quantity and coefficients of ground-water
flow or as the percentage of ground-water flow in the total
river discharge. The values of the average annual and
minimum units of quantity of ground-water flow are expressed in litres per second per square kilometre of the
basin; i.e. they give absolute values of ground-water discharge. The depth of the annual layer of ground-water
flow is described as the average long-term value of aquifer

Note:
The geological formations
indicated by the· symbols
Qal, as. and TQvw. are
explained in an appendix
in the oFiginal report
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FIG. 99. One method ofrepresenting successive increments of salt-water intrusion (after California Department of Water Resources, 1958).
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aquifer at depth he might fail to anticipate the migration of
saline water into the aquifer as development progresses.
Basically, ground-water availability maps should be constructed so as to be easily read, interpreted, and understood
by people who have not been trained as ground-water
hydrologists.
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Fm. 100. Use of cross-section to supplement plan view of saltwater intrusion (Figure 99) (after California Department of
Water Resources, 1958).

recharge at the expense of infiltration (after deduction of
evaporation). The average annual coefficients of groundwater flow show what proportion of precipitation becomes
ground-water recharge in the zone of intensive water
exchange, i.e. they reflect the water balance characteristics
of ground water.
This regional method for estimating natural groundwater resources which is more exact than lysimetric or
infiltration methods has been used for the compilation of
the international map of ground-water flow for central and
eastern Europe at a scale of 1 : 1,500,000.
Larger scale maps may also be constructed by this
method taking into account specific regional or local conditions of ground-water flow (Fig. 101 suitable for a scale
of 1 : 200,000).
6.3.3.6

Maps showing availability of ground water

Ground-water availability maps are difficult to standardize,
because of the diversity of geological terrains and the variability of hydrological factors. Only where geological and
hydrological conditions are similar, as in the same groundwater province, can ground-water availability maps possess
some degree of similarity.
The ground-water hydrologist can select his criteria for
ground-water availability only when his knowledge of the
geology and hydrodynamics of the water contained in the
ground-water basin are reasonably complete. For example,
if he overlooks leakage from an adjacent aquifer his estimates of recharge may be too large, and if he is not aware
of an interconnexion between a saline water body and an

Areal interpretation of known and potential ground-water
development
Meinzer (1923) was the first to define and describe the
twenty-one ground-water provinces in the United States of
America. As criteria, he used the areal extent of important
superficial water-bearing formations or bedrock formations,
or both. Such an approach, based on the geology and a
rudimentary knowledge of existing aquifers, is a desirable
first step towards defining a nation's ground-water resources.
Later, Thomas (1951) compiled a map of the United
States in which he identified areas capable of yielding at
least 50 g/m (United States gallons per minute, approximately 3 l/s) from properly developed wells. The areas were
related to the type of aquifer such as watercourses, buried
valleys, unconsolidated and consolidated aquifers. Areas
where the quality of water was poor (TDS more than
2,000 mg/I) were not shown. This map, at a scale of
1: 15,000,000, did not show much detail, but it was a guide.
The purpose of such maps is to convey the knowledge, both
real and inferred, from the ground-water hydrologist to the
planner, developer project manager, or well driller. Although
the final map may appear to be simple, it usually derives its
simplicity from a generalization based on all the available
hydrological and related information.
An important principle to be kept in mind when preparing a ground-water availability map is that information
that is known should be clearly distinguished from that
which is inferred, probable, possible, or reported. This is
not to advocate extremely conservative estimates or measurements; rather, it is to advocate the use of factual estimates
and ranges of extremes in fluctuations wherever known.
Where the margin of error, or standard deviation, is
known, it should be indicated. Where calculated parameters are presented, great care should be taken to indicate
their margin of error, and to present them only to the nearest
significant figure. A calculated parameter is no more reliable
than the weakest factor used in its computation. Strict
honesty in presenting the reliability of the information is
essential in the preparation of ground-water availability
maps, which may be the basis for extensive, and expensive,
long-term development.
The availability of ground water from an aquifer is
usually expressed in terms of net recharge or natural discharge, total water in storage, or both. Only water free to
move under the force of gravity or piezometric head is
considered. Availability may also be shown in terms of well
yields or specific capacity (well yield per unit of drawdown).
Where test data are available, the availability may be given
in terms of permeability, transmissivity, or storage coefficients. All information should be converted to common
units for each point-data source. When this has been done

159

Hydrological maps

I. Mean annual ground-water flow (mm)
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FIG. 101. Map of basic elements of the water balance.

it can be plotted by block-areas or suitable isolines. The
successive steps or intervals should be selected in order to
show significant changes according to local conditions.
Availability maps are constructed in a similar manner to
those discussed in the text (see Sections 6.3.2 and 6.3.3).
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6.3 .4

Example of compilation of general-purpose
hydrogeological maps

The concept of a general ground-water map showing all the
information given in Section 6.3 can be depicted on two
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sheets, one for the unconfined aquifer, the other for the
confined aquifer. By comparing the relief of the water table
and piezometric surface the features of ground-water flow
in the zones of active water exchange and deep run-off can
be determined. The features of the chemical composition of
unconfined and confined ground waters can also be shown
on the sheets.
The principal hydrogeochemical zones, ground-water
temperature at the basement of sedimentary cover, thicknesses of the sedimentary cover and depths to the roof of
the first confined aquifer can all be included on the maps.
Of the dynamic elements, areas of unconfined water recharge from surface flows and deep confined waters, areas
of unconfined water discharge by evaporation, confined
water recharge at the expense of unconfined water, areas of
artesian water, and absolute water levels can also be shown.
An example of a general ground-water map is shown by
Figure 102. The Hydrogeological Map of Europe (1970) is
another example.

6.4

Special-purpose ground-water
maps

A wide range of questions related to the practical use of
ground water has led to the development of specialpurpose maps and methods for their construction. Unlike
general-purpose maps, each special-purpose map has a
specific application which is determined by the level of the
economic development and the natural condition of the
area under study.
In this work it is not possible to identify all the varieties
of special-purpose maps and their technical basis because
there are as many maps as there are projects.
Such maps should provide a basis for design and for
evaluating processes and phenomena over a comparatively
large territory. To fulfil these needs, the maps should be on
a scale of 1 : 500,000 or smaller. Experience in specific
mapping projects shows that these comparatively small
scales permit the inclusion of enough practical information
to form a basis for detailed investigations. At the same time
they provide insights into regional processes and phenomena. Maps on a scale of 1 : 200,000 to 1 : 50,000 and even
larger are used almost exclusively as a basis for engineering
design.
The need to forecast natural ground-water conditions and
their changes under the influence of man's activities are
typical reasons for the construction of special-purpose maps.
Such maps can differentiate natural conditions, groundwater quality and possibilities for practical use.
6.4.1

Maps for water supply

The terms exploitable resources, commonly used in regional
investigations, and exploitable reserves, used mainly in
local investigations, are applied to the quantity of ground
water obtainable by rational exploitation to meet the

requirements during an estimated period of water consumption, bearing in mind regime, quality and technical/
economic aspects.
In regional appraisals, the exploitable resources can be
expressed on the map in units of quantity such as I/sec
per km 2 of aquifer area, and regions distinguished on the
basis of exploitable resources expressed by these quantities.
The potential capacity of ground-water abstraction can also
be shown on the map.
A map of exploitable yield of fresh and brackish ground
waters from the principal aquifers within an artesian platform and folded region is shown in Figure 103. Assessment
of the importance of an aquifer is made on the basis of
quantitative or economic criteria such as the limit of
potential discharge of group wells. Water resources of
regions in which ground-water exploitation is possible only
from springs, are estimated from spring run-off and the
map shows regions distinguished by their spring yield.
The map of the exploitable resources should show the
main characteristics of the occurrence and distribution of
ground-water resources and outline areas of potential use.
To separate the regions where the principal aquifers
occur, a map of special ground-water subdivisions can be
compiled. The principal aquifers are characterized by their
lithological composition, water-bearing thickness, depth to
ground water, boundary conditions and recharge conditions, i.e. by all that defines the value and character of water
resources (at the expense of both diminution of resources
by an elastic regime and aquifer drainage). In each of the
regions the presence or absence of the principal aquifers is
taken into account.
At the second stage of mapping, the values of transmissivity and permissible falls of ground-water levels during
their exploitation are depicted. From these it is possible to
obtain approximate assessments of the available water
resources. Transmissivity of rocks is defined according to
discharges of single test wells or supply wells. The maximum
permissible fall will vary for different areas. In the author's
experience, a useful guide is that aquifers down to a depth
of 100 m below the surface should have a maximum permissible fall of half their thickness under unconfined conditions, and half of the piezometric head above the aquifer
under confined conditions.
6.4.2

Maps for medical purposes (mineral waters)

The relationship between the chemical content of water,
including ground water, and regional public health is
recognized in a few special instances, for example, the lack
of iodine in areas where goitre is prevalent, and the occurrence of excessive amounts of fluoride which causes mottled
teeth. Many such relationships probably exist and for this
reason the preparation of special maps to show the chemical
quality of ground water for use by public health and similar
bodies may be found useful. The hydrologist involved in
such investigations must work closely with medical advisers
and ensure that the map presents its information only
in terms of water constituents and characteristics. The map
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I. Characteristics of aquifers and aquifer complexes
1. The first aquifers and aquifer complex from surface
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Aquifer of recent and old alluvial deposits
non-equigranular sands with gravel and coarse
gravel
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Aquifer of submorainic fluvioglacial deposits.
Fluvioglacial (f0111): fine-grained sands with
gravel. Lacustrine-glacial (fQ111): fine-grained
sands with clays

gOm
Loam aquifer
1111111111111111

Aquifer of morainic deposits, kames, eskers.
Gravel deposits with clay and loam partings

FIG. 102. General hydrogeological map. Sheet A: unconfined water. Sheet B: confined water.

162

Preparation of ground-water maps
g0111
Complex of basal moraine rocks with sporadic
water distribution. Boulder loams with lenses
of sand
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Aquifer of Lower Permian deposits; dolomites,
limestones, gypsum, anhydrides

Aquifer of fluvioglacial deposits. Fluvioglacial
(fQ11 2 ): sands with gravel and coarse gravel

Aquifer complex of Upper Carboniferous
deposits; limestones with dolomites and clay
marls

Aquifer complex of the upper division of
Cretaceous system. Chalk, marls, sands

Aquifer complex of Middle Carboniferous
deposits; limestones, ma1is, dolomites

Aquifer complex of the lower division of
Cretaceous system, with waters of sporadic
distribution, sands non-equigranular sands in clay
formation

Aquifer complex of Lower Carboniferous
deposits; limestones, marls, dolomites, clays
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Aquifer of Upper Jurassic deposits; finegrained sands

Aquifer complex of Upper Devonian deposits:
dolomites, marls with sandstone and gypsum
intercalations

2. Aquifers and aquifer complexes underlying the first aquifer from the surface
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Aquifer complex of Middle Carboniferous
deposits
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Aquifer complex of Upper Carboniferous
deposits

II. Characteristics of ground water
3. Ground-water mineralization
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4. Depths of interface between vertical zones of different mineralization
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k-iso-j

lsoline of depth to brine top (m)

I~ I

Direction of ground-water movement

5. Ground-water dynamics
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6. Other symbols
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FIG. 102 (cont.).
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I. Yield of areas
1. Classification by yield of the principal aquifers (1 /sec. km2 )
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FIG. 103. Map of fresh and brackish ground water suitable for use.

164

Mountain karst areas

••••

Mountain lava areas

Preparation of ground-water maps

II. Yield of springs
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Low-yield springs(< 1 I/sec)

Ill. Areas where ground-water resources were not estimated
Areas of fresh water lenses in salty water
(a) lenses of atmospheric recharge
(b) lenses near rivers and canals

Permafrost areas where subfluvial and
sublacustrine taliks and zones of tectonic faults
are promisin~ for supplies

Areas of saline-dome structures

Areas of sporadic ground-water occurrence
in massifs of crystalline rocks, in regions of
hummocky topography; small artesian basins

Areas where ground-water levels for water
supply are at a depth of more than 100 m from
the surface
Platform areas where ground water does not
exist or exists unsatisfactorily for water supply
because of its high mineralization

Ii

III

Poorly surveyed areas but promising for fresh
and brackish ground-water supplies; in
permafrost areas subpermafrost water and
water of subfluvial and sublacustrine taliks are
promising

Boundary of principal aquifer
Boundary of different degrees of water
mineralization

'®'
f----3

Active layer above permafrost which shows
promise of fresh and brackish ground water
Southern boundary of permafrost

Fm. 103 (cont.).

shown in Figure 104, originally on the scale of 1 : 500,000,
was prepared with assistance from medical advisers but
still presents its data strictly in chemical and hydrological
rather than medical terms. Its legend reflects the experience
of the U.S.S.R. in the field.
Natural waters are referred to as mineral waters if they
exhibit properties that have a medicinal effect on man.
However, in the compilation of maps of mineral waters,
one should regard the waters as not yet having been studied
from the medical point of view and feature the chemical
properties of water which permit them to be considered as
medically active by analogy with the waters already used
for medical purposes. At present, balneologists make use
of the chemical indications mainly when comparing various
mineral waters, i.e. when they are classified. Therefore, the
map of mineral waters is basically a hydrogeochemical one.
The application of this map arises as a result of its portrayal
of water groups separated by comparison of the most
important features of their medical activity and use. Similarity of properties serve as a basis for classification into
groups and their differences for subdividing these groups.
For the purpose of mapping, mineral waters can be subdivided into three basic groups.
The first group includes sulphate and carbonate waters,
these containing radon, arsenic, ion, iodine and bromine
and poorly mineralized thermal and acid waters.
The second group includes waters whose medical properties and use are defined chiefly by the nature of the basic
ion composition. The waters of this group are subdivided
into hydrochemical types, according to the ion composition,

for instance, bicarbonate, magnesium, chloride, sodium, etc
The third group includes waters whose medical properties and use are defined mainly by their high mineralization. These waters are subdivided according to the total
mineralization into: weak brines (mineralization 35-150 g/l)
and strong brines (mineralization more than 150 g/1); each
of these subgroups containing large enough quantities of
salts to satisfy the balneological standards.
A map can show in plan and section the distribution of
the various groups and types of mineral waters by indicating those ground-water properties which are important for
balneology, the degree of mineralization, the basic ioncomposition and specific biologically active components of
the ion-salt and gas composition. It can also show the areas
of occurrence of some specific waters such as carbonate,
sulphate, poorly mineralized or thermal waters.
The magnitude of water mineralization can be shown by
different colours and intensities.
Depth to mineralized water can be shown by isolines; this
depth may be to either the upper surface of mineralization
of a specific value or the upper surface of brines.
The basic ion composition can be shown by coloured
horizontal hatching. The mineralization of specific hydrochemical groups of waters, the presence of biologically
active microcomponents, the gas composition and the
temperature of waters can all be shown by special symbols.
On the map the following can be distinguished:
1. Regions of widespread variously mineralized water and
territories where mineral water occurs only in isolated
localities.
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I. Mineral water types
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Chloride group
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Chloride-sulphate and chloride-sulphatebicarbonate group
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Mostly carbonate: (a) bicarbonate and
bicarbonate-sulphate (calcium and calciummagnesium); (b) more complicated composition
Mostly thermal: (a) poorly mineralized;
(b) different mineralization

Chloride-bicarbonate and bicarbonate group
Where different groups of mineral water
overlap in section

II. Location of different mineral water. types
Aquifers of sedimentary rocks in fold-mountain
regions (variable over small areas)

Aquifers and aquifer complexes over large
areas of platform regions 1

8S S

Belts of massive weathered rocks
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Potential of mineral water
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Resources of mineral water under exploitation
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Boundary of poorly mineralized water
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Boundary of hydrosulphuric water

IV

I

Boundary of hydrogeological areas and their
numbers

Boundary of areas of brine mineral water

Boundary of territories with different types of
mineral water
1. Hatching refers to mineral water type given in Section 1.

Pm. 104. Map of distribution and types of mineral water.
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2. Regions of mineral-water distribution in continuous
aquifers and aquifer complexes over large areas which
are characterized by well-defined hydrochemical stratification. Such mineral-water distribution is typical of
territories of relatively undisturbed sedimentary rock
complexes.
3. Regions with similar conditions of mineral-water occurrence but with varying hydrochemical stratification at
small intervals due to complex tectonic conditions
(intensive linear and intermittent folding, block structure,
etc.). Here, fissure-vein water and juvenile mineral water
may be developed.
4. Regions of fissure-vein and unconfined fissure mineral
ground water in massive rocks.
6.4.3

Hydrogeothermal maps

The compilation of general hydrogeothermal maps should
summarize all the data on the distribution, composition and
quantity of thermal water and define the boundaries of
poorly investigated regions. Many problems confront
makers of thermal-water maps and so all the data on
thermal water at depths reached by wells should be included
on the maps. Forecasts of hydrogeothermal conditions
should be given for depths not yet reached.
As the distribution of the thermal fields is associated with
certain geological structures, lithological compositions and
hydrogeological conditions, as well as permafrost, all of
these should be taken into account when mapping thermal
water.
The methods used to compile maps of thermal water
illustrates geothermal and hydrogeochemical subdivisions.
They show particularly the relationship of thermal water to
various aquifer complexes, depth of occurrence of these
complexes, temperature, head, mineralization, chemical
and gas composition, and discharge points. The crystalline
basement topography and isotherms along it are plotted on
the map as are contours of the distribution of thermal water
with a high content of iodine, bromine and other chemical
elements. The map can also display the contours of oil and
gas-bearing deposits of a given aquifer complex, lines of
large faults carrying thermal water and all springs or wells
with thermal water. Potential thermal water resources for
each aquifer complex can be shown separately in the most
thoroughly studied areas. In some areas the estimated welldischarges obtainable by rational exploitation of an aquifer
complex can be given at appropriate points.
A diagrammatic map of potential resources of thermal
water for practical use can be compiled (Fig. 105, originally
on the scale of 1: 500,000) in addition to a map of thermal
water distribution.
6.4.4

Maps for mineral exploration

Special hydrogeochemical maps can be compiled to assess
the prospects of oil and gas fields. On such a map it is
necessary to show the dynamics, the mineralization or

composition of ground water and the gases of deep-seated
aquifer complexes, i.e. the characteristics for ascertaining
the links between the processes of hydro-carbon formation,
fluid migration and accumulation of oil and gas deposits.
In this connexion, one should distinguish on the map
artesian basins of old and young platforms, folded areas
and massifs as well as their related piedmont and intermontane artesian basins.
Despite the variety of natural conditions, a thorough
analysis of the hydrogeological data may enable hydrogeological criteria which indicate the presence of oil and
gas to be defined. Directly or indirectly these reflect the
relationship between ground water and hydrocarbon location. This enables mapping of artesian basins and regions
where conditions are, or were, favourable, or otherwise,
for the accumulation of oil and gas deposits.
Three groups of waters associated with four hydrodynamic zones can be distinguished: oil water; water close
to the composition of oil water; and water not typical of
oil- or gas-bearing areas.
Hydrodynamic and gas-hydrochemical data, used as a
basis for hydrogeological assessments of oil and gas prospects, can be included on a map to show the regional
distribution of the above groups related to various aquifers.
The thickness of the zones of difficult or long delayed water
exchange can also be shown. Key hydrogeological sections,
related to the presence of oil and gas can also be shown on
the map.
These data allow one to distinguish promising, poorly
promising and non-promising areas (probably promising
and probably non-promising in basins which have not been
studied or have been inadequately studied).
In the search for ore deposits, hydrogeochemical maps
are employed to ascertain the main features of groundwater quality, to classify waters by their content of genetic
complexes of chemical elements, and to indicate promising
areas.
When constructing and interpreting these maps the main
consideration should be to depict complexes of microcomponents in anomalous quantities and paragenetic associations of ore elements. (See Fig. 106 originally on the scale
of 1 : 100,000.)
6.5

Assessment maps

For assessment maps which can be used to evaluate natural
ground-water conditions or resources for specific human
activities it is necessary to know the geology and groundwater conditions and the kind of economic or engineering
activities involved. Where sufficient natural contrasts exist
these purposes may be served by a map showing general
hydrogeological subdivisions accompanied by explanations
which take into account the various economic or engineering activities of the area. Assessments may be qualitative or
quantitative. The variety of practical needs makes it impossible to elaborate universal classifications, but the compilation of primary maps generally meets the requirements.
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I. Subdivision by prospects for utilization
1. Areas of platforms, foredeeps and intermountain areas
(a) Promising

11111111

Thermal water (fresh or salt) with temperature
of 40 to 120° Cat outflow, in Cenozoic
deposits

1111111111

The same in Mesozoic and Cenozoic deposits

w~

The same in Cretaceous deposits

(b) With limited prospects
Thermal water mostly in Mesozoic deposits,
brine with temperature of 20 to 120° Cat
outflow

Thermal water in Mesozoic deposits (fresh
or salt) with temperature of 20 to 40 °C at
outflow
The same in Mesozoic and Cenozoic deposits
The same in Cenozoic deposits

~

tixm

The same in Mesozoic and Cenozoic deposits
The same in Cenozoic deposits

(c) Unpromising
Thermal water in Palaeozoic deposits, stagnant
brine, with temperature of 20 to 40° C at
outflow

j: =: =~

(d) Thermal water is absent in the sedimentary
cover

2. Areas of folded regions
(a) Promising

I 11 111

Local discharges of thermal water and steam
vents in areas of recent volcanicity

Fm. 105. Map of potential thermal water resources.
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II I l

Local discharges of thermal water beyond areas
of recent volcanicity
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(b} With limited prospects
Local discharges of thermal water in areas
of Alpine tectogenesis
(c} Unpromising
Thermal water discharges are absent and there
is no likelihood of finding them
(d} Unsurveyed

1=-- =I

Areas unsurveyed or partially surveyed

11. Thermal water mineralization {g/I)

:

I::.:-_:_..:
...... · .·.:':I

<

10-35

10

Ill. Calorific value (109 cal/h)
I • • • •· 1

..

. . .I

I · · · · •

<5
5-20

I ' ' ••I .,'.'
., .•.

oooool

20-40

I

40-60

o. o. o

• 0. 0.

I

60-80
>80

IV. Typical water sampling points
1 Numeral characteristics
In an area with thermal formation water.
To the left of symbol, index of water-bearing
rock age; to the right, (numerator}-predicted
thermal water resources, I/sec, water temperature 0° C; (denominator}-mineralization, g/I.

KO 100;70
5

~

50; BO
!

0

500;150-200

3-5

In an area with vapour-water mixtures and
vapours. Numerator-predicted resources of
vapour-water mixture, kg/s.
Heat capacity, kcal/kg; denominatormineralization, g/I.

In an area with thermal water of the fissurevein type. Numerator predicted thermal water
resources, I/sec, water temperature 0
denominator-mineralization, g/I.

c;

2. Total discharge {l/sec)x/

~

<50

~

200-300

~

50-100

•

>300

~

100-200

Note: For formation systems a water intake

25 km 2 in area consisting of five wells is
taken as a standard. Discharge is computed
in case of drawdown at 100 m

V. Other symbols
Boundary between platform and folded
regions and areas
Boundary between areas

KTT1j

Boundary of artesian water

E·-·j

Boundary of permafrost

Fig. 105. (cont.).
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Fe Isites

~
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I
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lsolines of arsenic concentration (mg/I)
1, 1-20; + 2, 1 - 100

I•

+

b

~
I •
I ~

+

+

+

Granites

+

+

Mineralized haloes of silver and gold according
to sampling data: (a) trace of silver; (b)
increased presence of gold
Gold present in concentrates
Bismuth present in concentrates
Cinnabar present in concentrates

Arsenic concentration over 1 00 mg/I
Chalcopyrite present in concentrates

0

Bismuth present in water
Boundary of fault zone

Fm. 106. Hydrochemical map of useful minerals.

6.5.1

Ground-water maps for land reclamation

Hydrogeological investigations carried out in connexion
with land reclamation consist of the study of hydrogeological processes and the conditions which they determine. They are required for both qualitative and quantitative forecasts of the feasibility of changes in natural
processes under man's influence.
Regions which are subject to agricultural reclamation are
characterized, as a rule, by heterogeneity or morphological
features, thickness of the zone of aeration, mineralization
and chemical composition of the unconfined ground-water
body, lithology, permeability and salinity of rocks in the
zone of aeration, and the condition of ground-water
recharge and discharge. This makes it difficult to use the
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information for the purpose of assessing the suitability of
an area for agricultural development and of anticipating
changes in natural conditions under the influence of
irrigation.
Therefore the assessment of heterogeneity of the above
characteristics and understanding of natural conditions are
a prerequisite for the development of methods of groundwater regime control. This assessment is assisted by a
hydrogeological subdivision of the territory, as illustrated
by Figure 107 suitable for a scale of 1 : 200,000.
The boundaries of hydrogeological regions of different
taxonomic significance should correspond to the boundaries
of different unconfined-water flow parameters. Their
generalized characteristics given in the map legend enable
reclamation and other technical schemes to be planned.
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I. Units of subdivision and reclamation assessment
1. Regions (by morphogenetic type and characteristics of rock sequence to regional aquiclude)

A-I Flood plain and
first terrace above
the flood-plain

A-Ill Third terrace
above the
flood-plain

Irrigation causes
unconfined water
level rise and
swamping of low
areas, particularly
during floods

Irrigation with limited
standards of flooding
does not cause a
significant unconfined
water level rise
Small-scale irrigation
does not cause
significant changes
in hydrogeological
and soil conditions

B-1 Debris cone

A-11 Second terrace
above the
flood-plain

Irrigation leads to
sharp unconfined
water level rise in
places of verhovodka
and local aquicludes.
Deterioration of
reclamation conditions may occur on
the first terrace

2. Regions by depth to unconfined water level in metres (thickness of the zone of aeration)

I
I\I

I
l 11

a 0.6-1 .0 m

I

I

cs 1 - 3 m

~

83-5 m

r

111111111

1 15
II 0m

5-10 m

3. Areas of mineralization and the chemical composition of unconfined water
Bicarbonate-sulphate-calcium-magnesium

sulphate-chloride 5-7 g/I

sulphate-bicarbonate with mineralization
0.5-1.0 g/I

chloride-magnesium 10-15 g/I

sulphate-bicarbonate-sodium 1 -3 g/I
FIG. 107. Map of hydrogeological subdivisions for the purpose of land reclamation.

chloride-sodium 15-25 g/I
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4. Other symbols
F·12o·=i

lsoline of aquiclude roof

pso=-J

Contour of water level

E·-·-·i

Line of local base of ground-water flow

E-=J

Boundary of various aquifers. (Index is aquifer
age.)

100
--y-

Subsidence-figures denote predicted value of
subsidence
Boundary of local aquiclude
{figures denote aquiclude thickness, m)

I

j.. Pg -l

I

Figures in the margins denote: numerator,
coefficient of transmissivity (m 2 /day);
denominator, coefficient of permeability (m/day)

Boundary of areas with different structure of
stratum 0-5 m

F··-·-;J

ESd
F----4
1. . . . . . . .

J

Boundary of the first regional
aquiclude and its geological index

Lithological boundary

H

6n

Boundary of areas

Well. Above, well number. Below, level of
well head. Left: numerator, depth to aquiclude,
(m); denominator, aquifer thickness. Right:
numerator, depth to unconfined water;
·denominator, head value (m)

Boundary of plots

Typical salinity curve in the zone of aeration

Boundary of regions

120 218 40

Fm. 107 (cont.).

6.5.2

Maps of ground-water use

The methods of cartographical representation of information on the distribution and conditions of ground-water
occurrence of different types have been discussed in Sections 6.3 and 6.4. The resultant maps are used for development of schemes for water resources use and planning.
Accordingly, many questions arise: for example, what
regions are the most promising for water exploitation and
to what extent and where are the ground waters currently
being used? Compilation of maps of ground-water use
provide an answer to these questions.
Maps of ground-water use convey data of two types:
Data for assessment and forecast of resources, shown on
special-purpose ground-water maps and evaluated in
connexion with a definite problem of water use. This
commonly leads to a classification of regions: (a) promising and highly promising; (b) barely promising; and
(c) unpromising. In well-surveyed countries the classification may be based on a quantitative estimation of water
resources.
Quantitative data on well discharges, abstraction from
groups of sources, water consumption, mineralization
and chemical composition of ground water, heat capacity,
as well as on the geological-structural factors which
affect the exploitation of selected promising resources.
The scale on maps showing ground-water use may vary
from 1: 500,000 or smaller, depending upon the size of
territory, to 1 : 200,000, 1 : 50,000 and larger.
Small-scale maps which give an idea of the scope of
ground-water use within a whole country or within administrative or natural regions may be of two types.
Maps of the first type are compiled when potential
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ground-water resources can be predicted. The amounts
being abstracted and authorized for abstraction are shown
as percentages of predicted resources (Fig. 108, originally
on the scale of 1 : 500,000).
Maps of the second type show the total capacity of
abstraction works for a town or settlement. Gradations in
the capacity of abstraction works varies according to the
scope for use (Fig. 109, also on the scale of 1 : 50,000).
Large-scale maps are compiled for separate aquifers and
aquifer complexes. They have the same mapping requirements as the small-scale maps of the second type with a few
differences: the gradations of the capacity of abstraction
works vary and the symbol characterizing ground-water
use is excluded. The gradations of differences in water
abstraction are shown by colours and well location by
symbols (Fig. 110, originally on the scale of 1 : 50,000).
Maps of present-day ground-water use are also widely
applied to solve other problems, for example: (a) planning
the optimal use of water resources; (b) depicting regional
systems of disturbed ground-water regimes; (c) estimating
regional, or local, resources; (d) determining prospects for
ground-water use for difficult periods; (e) planning exploration and prospecting works for ground water; (f) depicting
use of ground water of different types.
When compiling maps of present-day use of ground water
for supply, account should be taken of the fact that pumping may be from either large well fields (urban water supply)
or scattered individual wells or small groups of wells (rural
water supply). In the first instance the capacity of the
individual well fields should be mapped, in the second
instance the quantity of water consumption should
be plotted in I/sec from each square kilometre of
the aquifer.
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I. Established potential useable resources (million/m3 /day)

CD

<1

0

1-3

@ 3-5
© 5-10

®

>10

II. Surveyed potential useable resources (exploitation resources approved by the
State commission of reserves) as percentage of potential useable resources

~~

<1

I

I

Fffl

1-10

11111 I 11

10-20

1111111

>

50

Not surveyed

20-50

111. Ground-water use (withdrawal as percentage of potential useable water resources)

I

I

........ :... ·1
I.:::. ·:~=:":::_

<1
1-10

1·.·.1

10-20

ITTTTI

>50

20-50

Other symbols
Boundary of area surveyed for potential
useable resources

Boundary of hydrogeological regions of the
first order and their numbers

FIG. 108. Schematic map of potentially usable resources of fresh and brackish ground water (first type).
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6.6

Maps showing environmental
relationship and special
ground-water conditions

6.6.1

Subsurface water related to subsoil movement

Two different types of subsoil movement can be distinguished in each, of which water, especially subsurface water,
plays a different role. One type of movement, with predominantly lateral components, takes place at the surface
of the earth and involves mainly unconsolidated materials.
The reaction to stresses, natural or man-made, is failure.
This phenomenon, associated generally with slope processes
such as land slides and mud flows, commonly involves water
in the zone of aeration. The role of water intermixed with
earth materials is that of a lubricating agent which tends to
weaken the strength and load-bearing capacities of the dry
material.
The other form of movement is basically in the vertical
direction and associated with the subsidence of land after
withdrawal of water from a deep aquifer. Vertical subsidence, a consequence of the elastic behaviour of the aquifer
and confining beds, is a function of internal pore pressure
which has been decreased due to abstraction of water.
The discussion of lateral subsoil movement is included
here, rather than in the chapter on the zone of aeration, so
as to bring together discussions of both types of sub-soil
movement for the convenience of the reader.
6.6.1.1

Lateral subsoil movement

Lateral soil movement is a complex phenomenon. Soil
properties, degree of saturation and external conditions all
contribute to the process. Ground-water conditions can
therefore be treated only as an integral part. The stability
criteria of earth materials are directly influenced by interstitial water. Theoretically, only subsurface water is of
importance, but as the whole process occurs over relatively
short distances, it is difficult to draw a clear distinction
between surface water, and its drainage, and water in the
unsaturated and saturated zones; all are involved in the
transient process of infiltration and reappearance at the
surface during failure.
Maps showing conditions related to subsoil movement
are of use for planning of construction projects, for general
classification for land use and as a basis for assessing the
effects of land use on the environment. Projected changes of
water-table elevations and their evaluation with respect to
pre-existing moisture conditions are especially critical.
The first step in preparing a map related to subsoil movement is to determine the types of hazards likely to be
encountered. The most common factor which requires to be
presented is the stability and competence of surface materials at a site and either their ability to support their own
natural load for given conditions, or their capacity to carry
additional weight in the form of man-made structures. In
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this category are determinations and observations of land
slides, slope failure, shrink-and-swell potential, piping,
quicksand and failure due to excessive seepage pressure.
Another hazard associated with subsoil movement is that
of flowing earth materials which obliterates desirable sites
and built-up areas. Included in this category are phenomena
such as rock falls, quick-clay movement and mud flows.
The last two are less frequent and differ in concept trom
the other phenomena in that they constitute rheological, or
flow, situations, rather than material failure. In the following, the main emphasis is on failure phenomena, but the
generalities which are derived can be applied to flow
problems.
The field criteria for subsoil stability, and the different
parameters that affect this phenomenon must be isolated
and plotted on a special-purpose map. These criteria may
be identified within the foJlowing frames of reference:
1. The mechanical and cohesive properties of both dry and
wetted earth materials can be expressed by international
units for bearing capacity, shear strength, soil plasticity,
Atterberg limits and shrink-and-swell potential. Hydrological properties such as porosity, permeability, specific
yield and retention, and infiltration capacity indicate the
degree and the time constant with which initially dry or
only partially saturated material can be saturated with
water. All parameters of strengths of materials and
characteristics of failure of porous media are highly
dependent on the degree of saturation. This relationship
can be expressed numerically and so form the basis of
map units and their distribution.
2. Site conditions which may indicate areas of potential
hazard are the degree of inclination of natural slopes;
the presence of planes of weakness, such as inactive
faults, or layers of incompetent or weathered materials;
and the presence of plastic layers, such as wet clays,
which may act as lubricated surfaces over which sliding
can take place. Furthermore, all surface and subsurface
drainage channels are possible sources of sudden increases of wetness in the area of potential hazard, and
should be shown on the map if at all feasible.
3. External impulses are those which may initiate movement, even if applied over a short period of time, when
conditions of material and site are subcritical. Among
the principal sources of impulse are changes in land use
in areas of high relief, earthquakes, erosion of toes of
otherwise stable slopes by natural or man-made processes, and man-made overloading.
Potential landslide and slope-failure hazards may be
assessed by mapping recent and ancient (if recognizable)
failures. A simple frequency analysis of events may include
the likelihood of future soil movements. This, combined
with information on basic materials, site situations, and
external inputs, will enable maps to be prepared as a basis
for preventative action at moderate costs.
The main objective of a map of potential soil movement
is to show zones of risk and their relative vulnerability to
external natural and man-made factors. Before such a map
can be constructed, it is necessary to develop criteria for

Preparation of ground-water maps

vulnerability and a scale of risks. These must be based on
the physical setting, local technological factors, and
alternate consequences of failure to the human as well as
the general environment. No general standardization, or
even agreement, on these factors has been established as yet.
However, the following general classification may be taken
as an example for use in the preparation of such maps:
Potential risk zone

Implication for engineering acti"vities

Negligible 0
(green)

No risk at all for soil movement, virtually irrespective of what activity is
planned
Risks manageable by using conventional practices if building is desired
If building is to take place some engineering methods of stabilization will
be necessary, still at moderate costs
Safe only with considerable stabilization and extensive preventative measures
No amount of engineering works will
reduce risks significantly

Low 1
(green-shaded)
Medium 2
(orangeyellow)
High 3
(red-shaded)
Extreme 4
(red)

The zones are colour-coded according to the normal traffic
warning system, as proposed by Quay (1966) and as used
by Hackett and McComas (1969) (Fig. 111).
Such maps can be prepared most readily by using overlays. Transparent base maps or overlays are prepared, each
showing the distribution of different risk zones for one of
the three hazard conditions, or a combination thereof. For
example, the low-bearing capacity of a given geological
unit may be shown as a single risk parameter of a single
hazard condition; however, a given risk parameter at subcritical dry angle of shear on a slope might have to be combined with the risk parameter of ground-water inflow and
provide a higher risk rating.
The overlays are superimposed and the areas of different
potential risk zones are outlined and transferred to a single
opaque sheet as appropriate. The identification of a given
category of zone depends on the number of hazard conditions overlying one area. Since no general work on
classifying these has been carried out, the interpretation
and implementation is left to the individual map compiler.
To give a detailed explanation of the procedures in the
legend, or in the text accompanying the map, is imperative.
The risk-hazard map should be accompanied wherever
possible by a map showing historical occurrence of landslides, and showing frequencies of soil failures for given
physiographical and superficial geological units. (Figs. 112
and 113.) The usual procedure is to plot slide areas, using a
stereoscope on matched pairs of aerial photographs. Soil
failures show on aerial photographs as: (a) dry or wet closed
depressions, indicated by small isolated ponds or lakes and
usually at the upper part of the slide; (b) numerous springs,
usually outlining the base of the slide area; (c) sudden
changes in slope and drainage pattern; (d) irregular surfaces
in an otherwise undisturbed or little-disturbed area;
(e) scarps on the upper edge of the deposits showing the
area from which the slide was derived; (f) disturbed vegeta-

tion; and (g) irregular soil patterns. Field inspection, or
additional low altitude photography, may be necessary to
verify the preliminary identification. When using aerial
photographs on which old slides are masked by vegetation,
it may be necessary to refer to photographs taken at
different periods, or do extensive checking in the field.
For complex situations, where an abundance of basic
data is available, or where the value of the project warrants
high expenditures for the collection of data, derivation of
maps by computerized methods may be justified, especially
where the data will be used for more than one evaluative
map. In those circumstances the versatility of programmed
analysis and plotting technique becomes apparent. For this
purpose the study area is divided into small block areas to
which appropriate representative values of the risk parameters are assigned, and this information is digitized in an
acceptable form. Different sets of basic data can then be
combined in any number of ways to give soil stability,
potential soil movement or any other kind of map that can
be programmed.
Whether the map is made manually, or with a computer,
the final step is to add ground-water information, such as
isolines of the water table.
6. 6.1.2

Vertical movement (subsidence)

Land subsidence (relative to other land areas and not to
changes in sea level) has taken place in many countries.
Historically, it has been the result of compaction of finegrained sediments, for example under Mexico City, or of
collapse, i.e. into caverns in karstic terrains as in Yugoslavia. Some of the recent instances have resulted from
withdrawal of ground water or other earth fluids such as
liquid or gaseous hydrocarbons. In a few places, for
example California, subsidence has been due to compaction
resulting from the application of water for irrigation.
Several types of land subsidence relate to natural geological processes or to man's activities:
Continuing geological processes: (a) geological loading;
(b) solution of limestone, gypsum and salt; (c) subsurface
mechanical erosion; (d) lateral subsurface flow of plastic
materials; (e) thawing of frozen ground; (f) tectonic
deformation; (g) volcanic activity.
Man's activities: (a) extraction of ground water; (b) withdrawal of oil, gas, and associated brackish and saline
waters; (c) application of water to unconsolidated
moisture-deficient deposits; (d) de-watering of shallow
peat soils or deeper peat deposits; (e) loads imposed by
engineering structures.
Only land subsidence caused by pumping ground water
from aquifers will be discussed in this section.
Basically, ground water acts as the medium through
which pore pressure is maintained either in the aquifer or
in the confining beds. The pore pressure has a tendency to
counteract the lithological compressive stresses. As soon as
water is withdrawn, pore pressure decreases, lithological
stress increases, and the rock matrix is compressed. In
effect, the porosity and specific yield are being reduced
where subsidence is taking place.
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1. Capacity of well fields (m3 x 103/day)
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0

100-51

0

50-10

0 <10

2. Water-supply from:

(!]]) Surface water

@Ground water

@ Ground and surface waters (a ratio of coloured
sections of the circle or rectangle corresponds
to percentage of ground and surface water use)

3. Ground-water mineralization (g/I)
( [ ) from 1 to 3

©

>3

4. Units of quantity of water consumption (l/sec/km2 )

11111111

I

I

<

0.01

0.01-0.1

11111111

WA

0.1-1

Boundary of areas with different units of
measurement of water consumption

>1

FIG. 109. Schematic map of potentially usable resources of fresh and brackish ground water (second type).

Although less catastrophic than land slides, subsidence is
of special importance in areas of flat topography where a
small change in gradient may cause extensive changes in the
pattern of surface drainage and result in flooding or formation of swamps and the possibility of having to change the
pattern of traffic movement around the flooded areas and in
harbours. Serious problems have arisen in levees and flood176

control structures near the ocean, and in canals systems
which have very low gradients, for example, the Californian
aqueduct. Structural damage may occur at the edges of
subsidence troughs. The release of pressure may reactivate
movement along dormant fault systems.
Subsidence maps are prepared for two purposes: (a) to
assess the sequences of historical subsidence, relate them to
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FIG. 110. Map of use of ground water in the Upper Cretaceous aquifer.

rates and periods of ground-water withdrawal, and provide
some basis for predicting future fluctuations in the rate,
depth, and extent of subsidence (see Fig. 114); and (b) to
estimate changes in ground-water storage and changes in
specific yield. Thus, subsidence data, correlated with the
piezometric surface and the clay content of the profile,
allow prediction to be made of future land subsidence
under conditions of additional conservation of pressure,

and provide a means of assessing local ground-water
resources.
Data required to construct various types of subsidence
maps include:
Extent and thickness of beds which could consolidate or
compact by withdrawal of water.
Coefficients of storage, or coefficients of consolidation, of
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GEOLOGIC CONDITIONS RELATING TO WASTE DISPOSAL

COLOR CODE SYSTEM FOR GRADING AREAS FOR
A LAND USE OR A MINERAL RESOURCE
Shades of colors indicate degree of limitations.
See explanations for definitions of color shades.

Red= R1, R2
Major problems, impractical to overcome.
Resource absent or impractical to develop.

Yellow= Y1, Y2,Y3
Major problems, controllable.
Some resource limitations.

liill

Area of thick clay-till overlying dense bedrock. Only very small
ground-water supplies available at depths of less than 500 feet.
Potential for pollution of water supplies is low.

~

Area of ground-water discharge in small basins containing peat.
Pollutants generally are confined in the area and unable to reach
usable ground-water sources. Locally, use of these areas may be
limited by periodic Aooding. Pollution potential is low.

~

Deposits of pebbly clay and silt of varying thickness and local
deposits of sand, which might overlie potential ground-water
sources. Potential for pollution is low to moderate.

II

Thick deposits of dry permeable materials more than 30 feet
above ground-water zone. Pos,sibly a good area for sanitary landfills and a poor area for lagoons. Pollution potential is moderately
low for landfills and moderate to high for lagoons.
Areas of mixed drift with extreme range in character of materials.
Materials range from clay to gravel. Individual site evaluation is
essential, as pollution potential ranges from low to high.
Areas where depth to ground-water saturation is shallow and
where permeable materials are present; widespread movement
af pollution at land surface into shallow water sources and surface water bodies creates a moderately high potential for pollution.

Green= G 2, G3
Minor problems.
Resource of high quality, accessible.

Area of thick sand ond gravel aquifers, at or very close to the
surface. Ground-water levels are high so that waste would be
disposed in the saturated :lone. Locally, this area is subject to
periodic Aooding. Potential for pollution on site is high, but pol·
lutants might be rapidly diluted.

FIG. 111. Map showing degree of potential risk for engineering activities by means of colour (red, major problems; orange-yellow,
controllable problems; green, negligible problems) and patterns which indicate local hydrological and geological conditions. A separate
map is made for each engineering activity; map shown relates conditions to waste disposal (from Hackett and McCombs, 1969).
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Landslide deposit larger than
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in longest dimension; arrows
indicate general direction
of downslope movement;
queried where identification
is uncertain.
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general direction of downslope movement, and is
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identification uncertain.
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alluvial fan deposits
Alluvial deposits
Alluvial terrace deposits
(boundaries dashed and
queried where uncertain)
Wind-blown sand deposits
Bedrock and associated soil
(queried where identification
uncertain)

Fm. 112. Preliminary photo-interpretation of landslides and other superficial deposits. Mount Diablo area, California (after Nilsen,
1971).

beds which could consolidate or compact by withdrawal
of water.
Depth to potentially compressible stratum and average
specific weight of overburden.

Pore pressure in the compressible material.
Measurements of the fall of water level as a function of time.
Measurements of the subsidence as a function of time.
The first four items can provide an estimate of potential
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(12 m) contours
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Isopleth, showing percentage
of area covered by landslide
deposits
(Isopleths drawn at 1, 10,
20, 30, 40, 50, 60, 70, 80,
and 90 per cent;
hatchings indicate closed
isopleth depression)
Maximum or minimum
determined percentage within
closed isopleth

Fm. 113. Use of isopleths to show percentage of area covered by landslide deposits, San Francisco Bay area, California (after Wright
and Nilsen, 1974).

subsidence areas before any subsidence occurs. They are
useful also in preparing maps for analysing actual subsid,ence. The last two items provide an historical perspective
after subsidence has occurred and are the basis of the common types of subsidence maps.
Contours of subsidence should be based on the best
possible land survey data, preferably first order levelling
(Fig. 114). Change in land level from an earlier survey can
be computed, either for a series of survey points, if they
,coincide, or on a selected grid from contour maps of the
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two surveys. The subsidence contours represent the change
in land evaluation due to subsidence from year W to year Y.
If other types of land subsidence are taking place during
the same time period, estimates of subsidence from the
other causes must be subtracted from actual land elevation
changes.
The contour interval should be selected according to the
accuracy required by the computed change-in-storage. Due
to the high cost of land surveys, each agency must make its
own decision about the frequency of surveys. Frequent
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depression around an area from which water has been withdrawn will also indicate where to expect subsidence.
Such maps should generally be accompanied by a diagram relating fluid production and withdrawal rates to
total subsidence and subsidence rates. From these, expected
values for further subsidence can be extrapolated if estimates
can be made of the value of further withdrawal.
After defining the basins and sub-basins for which
hydrological balances are to be made and in which subsidence is occurring, the areas between contours should be
measured by planimeter for each individual sub-basin. The
area, appropriately converted to land area units, is then
multiplied by the contour interval to obtain the volume of
water withdrawn during the interval of time.
The volume can be divided by the number of years
involved to obtain annual values on a straight-line proportional basis, or calculated on the basis of the point
measurements of rate of subsidence, to reflect differing
rates of subsidence for different years during the period.
For planning purposes it is useful to construct a map
which indicates the regions where varying degrees of subsidence have occurred and where they are to be expected for
different stresses on the aquifer systems.

15 km

6.6.2

Maps of special terrains

Basement complex

6.6.2.1

Permafrost

Edge of foothills

Permafrost is perennially frozen ground but generally
defined as ground that remains frozen for more than one
year. This definition, based on temperature alone, disregards other characteristics of the ground, such as water
content, lithology, texture and degree of compaction.
Permafrost can be considered as an impermeable lithological unit. Hydrologically, it usually acts as a confining
bed.
Maps portraying permafrost which are important in
Polar regions can be constructed using the same methods
as those used to show confining beds or lithological units.
For a ground-water study, the most important characteristics of permafrost are its areal extent, depths to top and
bottom, thickness, confining aspects, and seasonal fluctuations. In some situations, the permafrost degrades, usually
at its top surface, and the degree or pattern of degradation
can be shown by periodical mapping of the top of the
permafrost zone. The areal extent of permafrost determines
the recharge areas of the ground-water system and controls
the discharge points.
Data needed to prepare permafrost maps consist of
depths to top and bottom of the permafrost zone, depths
to top and bottom of any unfrozen layers (taliks), temperature profiles, and the types of material within the permafrost zone.
An areal map of the distribution of permafrost is usually
the first requirement because permafrost determines the
presence and controls the movement of ground water. Data
on the depth to the permafrost may be obtained from drilling logs and geophysical surveys, or estimated from the

Line of equal subsidence
Dashed where approximate.
Interval 2 ft, except for
1-ft line (1 ft equals
approx. 30 cm)

Obse~ation

well
Upper number-Well number
lower number-Subsidence /
head-decline ratio x 10+2
Reference bench mark and
number

FIG. 114. Use of lines of equal subsidence to show land sub-

sidence 1926-62 in the Tulare-Wasco area in California (after
Lofgren and Klansing 1969).

surveys give better definition of the variation of the storage
change, but an approximate value can be obtained by a few
continuous point-measurements of the rate-of-subsidence,
with less frequent maps.
Where possible, maps of subsidence and fall of water
table should be superimposed on a simplified geological
map which shows major tectonic and sedimentary features
and the contact between consolidated and unconsolidated
materials specially noted.
The fall of water-level and subsidence are generally congruent, and an estimate of the position of the cone of
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surface soils, types of vegetation, and distribution and
shape of small lakes. Data points are plotted and contour
maps made of depths to permafrost and altitude to the top
of the permafrost. The bottom of the permafrost is similarly
mapped. Thickness, or isopach, maps of the permafrost
should also be constructed. As ground water may occur
either on top of the permafrost or beneath it, the three
types of map are basic to ground-water studies in northern
regions.
Cross-sections and fence diagrams should be made to
portray the relation of the permafrost zones to ground
water. Preparation of the sections depends upon data on
the occurrence of permafrost, for which temperature logs
are especially useful. The sections should show the lateral
and vertical extents of permafrost, and may show areas of
recharge and discharge. When data on rock types are also
shown on the map, it is helpful to relate permafrost to
lithology. The top of the permafrost, when plotted on the
same map as soil and vegetation, usually shows a good
correlation with the thermal character of the surface material. Recent advances in remote sensing indicate that it may
be a method for obtaining data on near-surface permafrost.
Cross-sections are probably the best way to show the
presence and location of taliks. Examples of permafrost
maps are given in Figures 115, 116 and 117.
Permafrost maps present several problems. Permafrost
in bedrock cannot be determined without temperature
measurements and the construction of maps based on logs
of bedrock without temperature data may lead to invalid
assumptions. Another problem associated with the interpretation of temperature logs is that frozen material
reported from shallow test holes may be seasonal frost
which has not yet thawed and not permafrost.
In general, data on permafrost are sparse. In a zone
where permafrost is not present everywhere it is particularly
difficult to map its areal extent with confidence. In such
areas, it is usual to rely on vegetal and soil conditions and
topography for control. Maps of these are therefore useful
complements to subsurface information.
6.6.2.2

Karst terrains

In general, mapping of ground water in karst terrains
present enormous difficulties. The aquifers are rarely simple
or uniform, water levels are erratic and the water may
move across the grain and dip of the rocks. A large number
of geological and hydrological features may need to be
shown. Consequently, maps of ground water in karst areas
are either complex, overloaded with information and
difficult to read, or highly generalized.
Most of the ground water in carbonate rocks occurs in
openings which were originally joints, fractures, faults, or
bedding planes and have been enlarged by solution. Ground
water may occur also in primary and secondary interstitial
openings in the rock matrix, as in chalk and fragmenta]
Jimestone.
In some areas the water table is readily mappable. In
most areas, however, the water table may be so irregular
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as to defy plotting. Locally, in zones of steep gradients and
when the movement of water is rapid the water table is,
for all practical purposes, absent.
Water tables are reasonably well defined where the carbonate area is extensive and data are sufficiently abundant
to enable local anomalies to be ignored, for example a
water-level map has been drawn for the Tertiary limestone
of the south-eastern United States of America, one of the
largest single carbonate aquifers in the world. Another
extensive water-level map is that of the Barkly Table
Land in north-central Australia. In some areas with welldefined water tables, as in the Yucatan peninsula of
Mexico, the water table is so nearly flat that the advantages
of an accurate water-table map may not justify the high
cost of elevation control.
Where the water table is readily mappable, the methods
used for construction of other ground-water maps can be
applied. In such regions it is useful to plot depth to aquifer,
depth to base of aquifer, flow lines, ground-water divides
and other aquifer characteristics. All isolines should be
drawn so as to be readily distinguished from one another.
All karst features related to the hydrological regime should
also be plotted. These include sink holes, natural vertical
wells, caves, subterranean pools and springs, and surface
springs. The principal features are given in the International
Legend for Hydrogeological Maps (1970). An example of a
map of a karst area is given in Figure 118.
Where the water table is irregular, or difficult to define,
the general guidelines laid down elsewhere in this chapter
and in other chapters of this publication should be followed.
However, those guidelines should not be adopted where
they do not seem to be applicable. The scale of the map and
the density of available information will, in many instances,
determine the nature of the map. It is especially important
in complex areas to show topographical and land survey
control lines as well as any identifiable natural and manmade features.
Where water-table or piezometric surfaces cannot be
mapped or drawn, little other hydrological information is
likely to be available. Maps of such areas should be drawn
to present the best possible picture of the geological and
hydrological features controlling ground-water movement
and occurrence. Arrows can be used to indicate direction
of movement, and arrows of different design to show the
direction of movement at different levels. On some maps,
arrows with black outlines filled with colour or pattern have
been used to depict the aquifer or formation in which the
flow occurred.
Some mappers believe that the most important single
feature to show on karstic ground-water maps is the distribution of carbonate rocks, with heavy reliance on the use of
cross-sections. Others lay stress on the features that control
water movement, including major channels, sinks and
springs. Usually the availability of data and the scale
selected will determine which aspect can be emphasized.
In areas where the channel systems have been located
and traced, either by cave exploration, or by the aid of
dyes, spores and chemicals, single or double lines may be
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Modified from 'Permafrost in Canada' (Map 1246A, Geological Survey of
Canada, 1967) prepared by R.J.E. Brown, National Research Council of
Canada.
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Fm. 115. Regional permafrost relationships in west-central Canada (after Brown, 1967).
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surface
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FIG. 116. Hydrology of the Isabella Creek valley showing use of isolines combined with point data (Williams, 1970).
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Fm. 117. Sketch showing configuration of boundary between areas of permafrost and taliks: 1, isotherm; 2, ground surface elevation
contour (5 m intervals); 3, test holes; 4, permafrost areas; 5, area of discontinuous permafrost with taliks (after Belolerelov and Efimov,
1960).

used to connect an inlet with its outlet. Where channels do
not connect with one another, or follow regional dips, they
may cross one another. In this case, different colours can be
used to distinguish them.
6.6.2.3

Arid zones

The basic principles of ground-water mapping in arid zones
are the same as for other ground-water maps. However,
the relative importance of data and of different factors may
require special attention.
Stream deposits and drainage networks
Among the most productive aquifers in many semi-arid
and arid areas are recent stream deposits. Special attention
should therefore be given to mapping both permanent and
ephemeral drainage networks and showing the width and
depth of the channels when the scale permits. Wherever
possible, the map information should be supplemented by
cross-sections.
Soil
Rates of recharge may be locally more important than they
might seem to be in humid areas. Measurements of direct
infiltration are, however, infrequent. In many places, soil
types may be used as a guide to obtain crude estimates of
infiltration. The distribution of soil types may provide an
indication of the magnitude of evaporation. Argillaceous
soil, for example, would suggest low rates of infiltration,
longer residence times of water at or near the surface, and
so increased opportunity for evaporation.
Areas of hardpan and caliche, which act as barriers to
vertical movement, should be defined and shown. Where
hardpan and caliche layers are thick, their top and/or
bottom may be contoured or their thicknesses plotted. It is
especially important to identify places where streams have
broken through or eroded areas of hardplan and caliche

and created areas of recharge in otherwise vertically impermeable material.
Vegetation
Concentration of vegetation, around springs, along seeps
and channels, and bordering or filling ephemeral playa and
dry lakes, provide clues to discharge areas. Vegetation
should be mapped by type, density, and areal extent. Such
occurrences may provide information on depth to water,
total amount of discharge and estimates of rates.
Density of data
The scarcity of people in many arid areas results in a low
density of hydrological information, especially borehole
data. Until a high enough density of data becomes available,
generalized symbols and patterns should be used to show
the occurrences of water. This applies particularly in reconnaissance studies of extensive areas.
Vegetation-free rock exposures usually abound in such
areas and provide a high density of geological data. Aerial
photographs form excellent bases in themselves or when
used to supplement other maps. Aerial photographs are also
valuable when making a survey of hydrological information
such as drainage networks and channel widths, lakemargins and concentrations of vegetation.
Deep aquifers
Most of the present desert regions have been arid for
relatively short periods of geological time and, with some
major exceptions, their subsurface rocks were laid down in
a different environment. In the western desert of Egypt, for
example, sand dunes are moving across large areas of flatlying mudstone which were laid down in lakes that existed
about 3,000 years ago. Below the mudstones thick deposits
of much older marine sandstone form the main aquifer of
the region. Thus the surface deposits give no clue to subsurface water conditions. Sections and other devices have
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Fm. 118. Hydrology in karstic terrain of Licko Polje in north-western Yugoslavia (after Bahun and Fritz, 1972).
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to be used to show the three-dimensional relationships.
Where the superficial deposits are so extensive that they
must be shown on a map, some mappers subdivide the
deposits into (younger) superficial deposits, usually containing water under water-table conditions, and (older)
indurated deposits, commonly containing water under
confined conditions. Two sets of maps and charts may be
prepared to show the different conditions. The set of maps
showing the deeper, older deposits are generally drawn with
superficial deposits removed.
In some areas, arid conditions may have existed for a
long time, and because of concomitant tectonic movement, have been an environment for the deposition of thick
sequences of alluvial and associated fine-grained deposits.
These deposits may include silt, clay and various chemical
precipitates, such as salt, gypsum and nitre. Here again, the
value of a single map depends on the extent to which recent
superficial layers mask the older alluvial deposits. Only
field observation and good judgement on the basis of
individual sets of conditions will enable a decision to be
taken about the need for one or two sets of maps. As a
rule, two sets of maps should be made if the superficial
deposits are mappable over 30 per cent or more of the
area.
6.6.2.4

Wetlands (swamps)

Wetlands are areas where the water table is near the surface
of the main rooting medium and periodically or locally
above the topographical surface.
In order to map ground-water conditions in wetlands the
type and genesis of the wetland should first be studied.
Usually, these are the only sources of requisite hydrological
information. Location with respect to open water bodies
such as the sea, lakes or rivers may provide additional clues
to the hydrological regime.
Two fundamental types of wetland exist. One consists of
certain kinds of bogs and marshes which demonstrate a
late stage of drying up of a lake. Here a regime of groundwater flow similar to that found around open lakes can be
assumed and mapping techniques applied accordingly. The
other type of wetland is one that has not passed through the
drying-up stage of a lake but has formed directly on lowlands. Its hydrology may be controlled either by surface
drainage alone or by contribution of diffuse ground-water
seepage. Where ground-water seepage predominates and
where its chemistry is different from that of the surface
run-off, two different plant assemblages may exist side by
side. These should be mapped to assist in locating seepage
sources.
Ground-water maps of wetland areas are prepared mainly
to show regional flow patterns because the wetlands may
indicate regions of ground-water discharge. Mapping may
also be carried out locally to assist agricultural drainage
operations, or dewatering projects, and for ecological
reports, particularly where stresses on the ground-water
reservoir may be detrimental to the survival of wildlife
preserves and waterfowl breeding grounds.

Compilers of ground-water maps of wetlands should
assemble and show the following information either on the
map or in accompanying diagrams and descriptions: areal
extent, type of wetland with respect to hydrological regime,
position of water table, annual fluctuations of water table,
direction of ground-water flow especially for unconfined
water bodies, areas of active diffuse ground-water inflow or
outflow, a summary water balance, and the position of
artificial drainage networks or dewatering projects, with
records of volumes being withdrawn.
The extent of wetlands is usually best obtained from
up-to-date aerial photographs on which the distinctive
vegetation of wetlands can be seen. As a rule the water
table practically coincides with the topography. However,
most topographic maps do not show sufficient vertical
control and simple elevation measurements must be made.
These measurements will give an indication of flow regime
and directions of flow and provide vertical control for
fluctuations of the water table. The main difficulties encountered in obtaining these data are access to the points of
observation and the high cost of logistics.
A hydrological balance for a wetland area and its drainage basin will give an indication of whether ground water
contributes significantly to the wetland regime. This will be
the case when the difference between the evapotranspiration
and run-off from the basin cannot alone account for the
wetland vegetation.
6.6.3

Ground water related to ecological factors

As a rule, ground water contributes to the presence of surface waters, such as rivers, streams, lakes and ponds, and to
wetlands such as marshes and bogs, and hence to the ecosystems associated with them. However, with respect to
mapping relationships between ground water and the ecology of related surface phenomena, one major aspect must
be considered.
Water plays a diverse role in ecosystems and appears in
many different forms. It may be contained in the basic
structure of organisms, circulate as an agent of transport in
physiological and metabolic processes, and serve as a
habitat or sustain special forms of habitats. When water is
part of the structure or of the cycling process of an ecosystem, it is impossible to discover how much comes from
the ground-water reservoir. In many instances ground
water passes upward through a soil moisture phase before
entering an ecosystem, which further complicates the
situation. In general, it is better and more logical to look at
the integral water-ecosystem interaction than to single out
ground-water aspects.
A few instances of ground-water-ecosystem interaction
do exist. Among these are the occurrence of phreatophytes
in desert regions; the ecosystems found in caves including
special fish species such as the rare desert pupfish (cyprinodonts) in spring-fed pools; the build-up of spring mounds,
or special plant communities, around points of groundwater discharge; the ecological consequences of using highly
mineralized ground water; ecological changes induced by
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subsidence resulting from ground-water withdrawals; and
the general effects of using ground water for irrigation of
arid and semi-arid areas.
To map the relationship between ground water and an
ecosystem may involve two basically different situations.
One concerns resource aspects of ground water related
directly to an ecological factor; phreatophytes that compete
directly with irrigation requirements serve as an example.
The other situation is where drastic changes, both in
quantity and quality, within the ground-water reservoir
materially change or destroy existing habitats of diverse
life forms, such as breeding grounds, or areas of high
primary production.
In preparing a ground-water map to deal with ecological
factors, the following steps are suggested:
The general ground-water flow-pattern should be plotted
in so far as it is relevant to the ecosystems being examined;
especially critical are points of emergence, such as springs
and seeps.
Areas where typical and direct interaction takes place between the ground-water system and ecosystems occur
should be shown. This may be assisted by evaluation of
vegetation patterns from aerial photographs.
Areas and features in which a combined surface- and
ground-water influence on the ecosystems is suspected
should be indicated in a different way. These areas may
coincide with surface drainage networks and standing
waters in their vicinity.
Situations directly related to resource development and
competition by several ecosystems, or communities, for
the same ground water should be distinguished on the
map from those of importance to conservation or protection of given sites as habitat for special plant and wildlife communities. The degree of sensitivity of the latter
areas to changes should be indicated.
This general information should ideally be produced in
co-operation between hydrogeologists and ecologists. The
resultant map will then serve to indicate, to planners and
policy-makers, areas in which problems of ecological nature
could be encountered. This would serve as a base for more
detailed studies of small- or large-scale interference with the
natural system, by civil engineering or other construction
projects, and from part of reports on the more general
affect on the environment.

6.7

Further development of
ground-water mapping

Although many types of ground-water maps already exist,
ground-water hydrologists and map compilers will be
challenged for a long time to meet demands for new types
of maps to show hydrodynamic and physico-chemical
parameters as well as information in terms of planning and
engineering requirements. The difficulties of presenting
ground-water characteristics which have three or four
dimensions will also continue to challenge the map-makers.
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Future developments in the art of preparing ground-water
maps will be prescribed by advances in the science and
increasing demands for practical quantitative ground-water
information. New developments will be based upon further
refinements of currently available techniques, advances in
the science, changes in the nature of needs for information,
and improvement of cartographic concepts, methodology
and techniques.
What is being done today could be improved upon by
making fuller use of existing scientific information and
cartographical tools. Although mathematical and analogue
models are already popular in ground-water studies their
specific use as an aid to mapping could be increased and
result in new types of maps drawn with the help of the
computer. Techniques will be improved for presenting
hydrodynamical and physico-chemical parameters on maps
to be used to forecast changes in the qualitative and quantitative conditions imposed by certain types of stresses.
Maps synthesizing or regionalizing ground-water information are urgently needed in many places. Maps that interpolate and extrapolate data from studied to unstudied areas
would be scientifically interesting and practically useful.
At first such extensions could be made with similar geological and climatic regions and later the regional maps could
be integrated to show ground-water characteristics over
large areas and continents. Such maps, showing specific
quantitative characteristics, would be invaluable for largescale and regional analysis and planning purposes. They
would be analogous to physiographical and soil-classification maps, which have proved valuable in geological and
soils studies. The availability of such regionalized maps
would also assist mathematical modelling and large-scale
planning.
Although primarily concerned with ground-water parameters, the regional maps would define ground-water conditions on the basis of tectonic boundaries. They would
show ground-water conditions in relation to major areas
of folding and zones of faulting, sedimentary basins, areas
of older and younger intrusives, localities with anomalous
geothermal gradients and the like. Within the tectonic
basins it should be possible to make generalization about
the availability and range of ground-water storage capacities
and the location of empty subsurface stores capable of
being used to hold water. Thus, regionalized maps would
make it possible to relate hydrodynamic, hydrogeothermal
and hydrochemical changes to each other and to the basic
geological controls.
Inevitably, the need to map ground-water basins common
to two or more countries will lead to the development of
common cartographical standards and the use of common
scales to facilitate investigations, planning and management.
As co-operation and standardization extends, such projects
as the International Hydrogeological Map of Europe are
bound to extend the value of ground-water mapping and
encourage the development and expansion of mapping
programmes.
Ground-water characteristics tend to be controlled more
by local and regional factors than by continental and global
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factors. Ground water is, for example, more slowly affected
by variations in precipitation than is surface water, and
more restricted to basins with definite local or regional
boundaries than is armospheric water. Consequently, the
size of the area necessary to understand ground-water conditions tends to be more restricted than that necessary to
understand surface or atmospheric waters. It is more
important therefore to concentrate on maps which show
ground-water conditions in specific basins, especially those
common to two or more countries, than to use the limited
available resources on continental or global studies, as is
being done for surface and atmospheric waters, despite the
importance for scientific and educational purposes of the
global studies.
Little can be said here in anticipation of advances in
science, changes in requirements for information and developments in concepts, methodology and techniques, except
to encourage their use as they appear.
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Appendix

Basic cartographic
methods

1

Introduction

The purpose of this appendix is to provide guidelines on basic
cartographic methods for hydrologists and others who become
involved in the planning and preparation of hydrological maps.
It is not possible in the space available to provide a manual on
cartographic drafting; nor would it be appropriate to do so
because map-makers will need skilled cartographic staff to assist
them. The material which follows is intended primarily to help
map-compilers to specify their mapping requirements to the
cartographic staff.
The production methods followed by different cartographic
establishments vary considerably and each project has its special
requirements. The references to methods of map production
(compilation, fair drawing, printing, etc.) which follow should
therefore be taken as general guides only.
Preparation of a hydrological map may be subdivided into a
number of stages, the main ones usually being (a) preliminary
planning and formulation of aims; (b) collection and analysis of
information; (c) selection of information to be presented;
( d) provision of a base map; (e) preparation of compilation drawings; (f) preparation of fair drawings; (g) printing.
The map-maker has a part to play in each stage but is vitally
concerned with stages (a), (b) and (c).In practice, he may begin
planning his map before he starts to collect information or the
need for the map may arise from his analysis of information.
However the map originates, it calls for careful consideration of
objectives and planning of the ways in which they are to be
achieved. An early meeting with a cartographer is recommended,
to obtain the benefit of his experience in map planning.
Having formed fairly clear ideas on the information to be
represented, the map-maker is then involved in stages (d) and (e),
at least to the extent of taking part in the planning of the base
map and of the types of symbols to be used in the compilation.
If possible, decisions about the base map should be made before
compilation begins.
The compilation may be a single drawing or a set of drawings
(comprising one or more overlays held in register over a base
map). The single drawing may be a matte-finish stable plastic
film on the back of which the base map has been printed in a
colour which enables it to be eliminated when photographed.

Some organizations prefer to have the base map on a separate
sheet and to prepare overlays, so that the material may be readily
separated for fair drawing. In either case the compilation is
drawn to a high standard to show the information as it will be
represented on the printed map. Only with very simple maps is
it safe to combine this stage with fair drawing. In practice the
map-maker may prepare various preliminary drafts and guides,
each showing part of the information to be incorporated in the
compilation by the cartographic staff.
An important aspect of this stage is the final editing of the
compilation. This is the map-maker's main opportunity to ensure
that his material is correctly shown and that the map will achieve
its objectives. When all corrections and amendments have been
incorporated, the compilation is ready for fair drawing.
Fair drawing refers to the series of processes involved in
preparing the materials (ink drawings, scribe-sheets, negatives,
masks, etc.) to be used in making the printing plates. During
this stage the project will be in the hands of the cartographic
staff, who may need to refer to the map-maker on matters of
detail. Either towards the end of the fair drawing stage, or during
printing, or sometimes at both stages, a proof of the final map is
prepared. The first proof (usually a coloured dye-proof on plastic)
is relatively inexpensive to produce and is obtained mainly as
an aid in checking the work of the cartographic staff. A machineprinted proof in ink on paper is usually much more costly and
in general justified only in the production of high standard,
complex multi-coloured maps. Various partial proofs are also
possible.
The size of the area to be mapped, the density of the detail to
be shown, the nature of the symbolism to be used, the sheet
dimensions and the most suitable map scale, all need to be
considered together during map planning.
Some areas to be mapped pose problems because of their size
or shape. In some instances it may be desirable to divide the area
into several parts and make a separate map of each. Alternatively,
it may be preferable to omit some less important marginal
portions to ensure that the remainder of the area is treated
adequately.
Map size may be limited by the size of the printing press available. Other important restraints on sheet size arise from the
inconvenience of using and storing large maps (including sometimes the problem of incorporating them in a book or other
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publication) and from the greater costs and difficulties of production that are likely to be involved, for example, in colour
registration.
2

Selection criteria for base maps

The function of a base map is to provide a reference against
which the special (thematic) information which is the subject
matter of the map may be conveniently viewed. It is necessary to
include a map scale; as will be mentioned later, there are several
ways of doing this. It is usual to have a grid of lines of latitude
and longitude, but on simple maps a north point may be sufficient
to indicate their orientation. Other types of data usually shown
on base maps are the important towns and physical features,
the principal administrative boundaries and the major transport
routes. Some of these features will be shown by lines and others
by symbols at points; some may be named as well, and others,
such as mountain ranges, may be shown by name only. Stream
lines, which appear as base detail in many maps, become special
information on many hydrological maps.
If a map is being produced in one colour only, the base information must be very sparse if it is not to interfere with the
presentation of the hydrological information. In a multi-coloured
map, while it may be possible to show as base information all
the detail of a standard topographic sheet, it is more usual to
show only the main features-the selection depending on the
map-compiler's purposes and preferences. The base is normally
made less prominent than the hydrological information by printing the base in grey or sepia.
Sometimes it is possible to make use of a base map which has
been used for another purpose. Not only will this simplify production and reduce costs but it may aid comparability with other
related maps. Care should be taken that such use does not lead
to copyright difficulties.
2.1

Scale

The scale of a map is normally chosen to suit the density of
hydrological or other special information to be shown and the
nature of the symbolism to be employed, but there are exceptions.
For instance, if the map is to form part of a series dealing with
several related topics in a region, or of a series dealing sheetby-sheet with a single topic over a large area, it may be advisable
to maintain uniformity of scale throughout the series even if this
necessitates the omission of useful detail from some sheets.
Some maps may have to be at quite large scales in order to
accommodate information in graphs or diagrams for a relatively
few places, whereas other maps may be at smaller scales because
their symbols, although numerous, occupy little space. In general,
multi-coloured maps permit a greater density of information to
be shown legibly than maps printed in a single colour. Hence it
may be possible to use a smaller scale if the map is to be printed
in several colours or even in one colour with appropriate printing
screens.
There is little point in making a map larger in scale than is
necessary to convey its information readily and with the desired
precision. Furthermore, map users tend to relate map scale with
reliability of information so that a map which is unnecessarily
large in scale may give a misleading impression of its reliability.
This impression may be accentuated if the map-compiler has been
tempted by the large map scale to make the detail, such as
boundaries of areas, more complex than is warranted by the
information at his disposal.
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On the other hand, the use of a scale that is too small to suit
the map content may result in loss of locational precision, and
confusing complexity. These dangers arise particularly with maps
reduced to fit a particular book or report.
Because neither the map-maker nor the cartographer can
always foresee in the early stages of map planning the density of
information or the space requirements of symbols, it may not be
possible to specify the final map scale until the information has
been fully assembled and tests have been made of the more
complex areas.
Frequently, a scale larger than that of the final map is used
when map data are being prepared initially. This larger scale
makes it easier for the map-maker (who is not likely to have the
drawing skill of a cartographic draftsman) to indicate location
more precisely on the guides he prepares. It may also serve as a
stage in data generalization (see Section 5.1 below). However, final
compilation at the fair drawing scale (which is normally also the
publication scale) is recommended because this eliminates subsequent reductions by camera and should give a better mock-up
of the final map.
There are several ways of expressing the scale of a map:
Graphic scales. Subdivided bars or similar techniques-are common on large- and medium-scale maps, where they are directly
useful in measuring distances. They become less useful at
smaller scales because of increased projection errors (see
Section 2.2 below).
Representative fractions. These, such as 1 : 250,000, 1 : 100,000,
etc., are commonly used. A scale of 1 : 1,000,000 indicates
that one unit oflength on the map corresponds with 1,000,000
units on the ground and is valid no matter what unit of length
the reader uses.
Verbal statements compare one small unit of length on a map
with the equivalent distance on the ground. They have been
used commonly to relate inches to miles (e.g. 1 inch to 4 miles)
and occur much less frequently on maps using metric units.
It is common for maps to carry both a graphic scale and a
representative fraction or verbal statement. Graphic scales have
the advantage that they remain correct if the map is subsequently
reproduced at another scale. Representative fractions and verbal
statements of scale should be corrected when the scale of the map
is changed.
2.2

Map projections

No drawing on flat paper can be an entirely true representation
of even a part of the earth's surface. Adoption of a map projection means that the errors introduced are defined in advance. The
errors may be in the sizes of areas, in distances and directions,
and in the shapes of areas. Most projections have been designed
to minimize errors in one or two of these measures at the expense
of the remainder. Thus, there are equal area projections, which
give a true representation of the size of areas; equidistant projections, in which some (but never all) measurements of length
will be true to scale; and conformal projections, in which the
shapes of small areas are preserved.
A guide to the size of maximum errors possible in two groups
of projections---conic and cylindrical-is given in Table 1. It
shows, for example, that in a conformal conic or cylindrical projection with a north-south extent of 2,500 km, areal errors may
reach 2 per cent.
In maps of small areas, such as the area normally represented
on a single sheet at a scale of 1 : 100,000, projection errors will be
so small that they can be ignored as far as most hydrological
mapping is concerned.
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TABLE

l. Maximum errors for conic and cylindrical projections

Width of latitudinal band
Degrees
of arc

11.5
16
22.5
32

km

1,250
1,800
2,500
3,550

1

(after Salichtchev, 1960)
Conformal projections

Equal area projections
Lengths
as percentage, ±

0.25
0.5
1
2

Equidistant projections

Angles
in degrees

Lengths
as percentage, ±

Areas
as percentage

Lengths
and areas
as percentage, ±

Angles
in degrees

0.3
0.6
1.2
2.3

0.25
0.5

0.5
1
2
4

0.25
0.5
1
2

0.15
0.3
0.6
1.2

1

2

1. Assumes the projection is so constructed that the positive errors at the extremes of the band are equal to the negative errors in the centre.

For maps of continents or large countries, whether they are to
be covered by a single sheet or by many sheets, care is advisable
in the choice of a projection.
As the errors introduced by projection vary with latitude, the
choice of a projection will depend on the latitude of the area
depicted as well as its extent. Because of this problem, agreements
have been reached on the choice of a projection for a number of
international maps of great latitudinal and longitudinal extent.
For most operational and water-balance purposes, equal area
projections are desirable: for global and hemispheric maps, equal
area projections, such as the sinusoidal version of Goode's projection, are recommended. For regional maps a cylindrical projection is preferable near the equator, while a conic equal area
projection is best suited for regions in the middle latitudes, and a
polar projection for high latitudes. However, the International
Hydrogeological Map of Europe (1: 1,500,000) uses an equidistant
conic projection with two standard parallels and the Geological
Map of Africa (1 : 5,000,000) uses a transverse Mercator projection. This is also the projection commonly used for larger
scale maps, such as those of urban areas. (See also the WMO
Guide to Climatological Practices.)

2.3

Selection of background information

The prime purpose of the base map is to give the reader a reference to which he can relate the hydrological data which are the
subject-matter of the map. The types of base map detail required
-graticule, coastlines, streams, relief, towns, railways, roads,
administrative boundaries, etc.-and the amount of each will
depend on the purpose of the map, its scale, the nature and
density of the hydrological data to be shown, and whether the
map is to be printed in one or several colours.
The chief sources of data for base maps are the standard series
of topographic and other general reference maps. Such maps
commonly use several colours to distinguish clearly between
features. Therefore it is generally unsatisfactory to use a onecolour print of such a map as the base for a hydrological map.
Nor is there need for such a detailed base, except perhaps as an
aid in compilation. Its use may also increase the difficulties of
fitting the hydrological data to the base satisfactorily and imply
an order of accuracy for the hydrological data which may not be
warranted. Other possible sources are the base maps used for
existing series of thematic maps, such as those dealing with
geology and soils.
Various thematic maps may provide base detail for particular
hydrological maps. For example, on some maps it may be

appropriate to show the network of water measurement installations as base information and a subdued representation of lithology may be useful as part of the base for a map dealing with
ground water.
As a rule, the base map is prepared by the cartographic staff
from material carefully selected from one or more source maps.
It may be possible to do this by eliminating unwanted detail from
a positive or negative film-print of a selected source map, but
generally it is done by making a special compilation of the detail
required. In either case it will usually be helpful if the map compiler indicates his requirements.
2.3.l

Graticule

Most maps require as part of their base detail a graticule representing selected meridians of longitude and parallels of latitude.
The main purpose of such a graticule is to assist the map user in
determining positions and appreciating the map projection and
scale. It can be of special value when maps are being compared.
The graticule requires only fine lines, with values given at the
extremities of a sufficient number of them to enable determinations of all intersection values to be made rapidly. For smallscale thematic maps a graticule interval of one-half or one degree
for every million of the scale denominator has been advocated
(Salichtchev, 1960) but a smaller interval may be preferred, for
example, on small maps.
2.3.2

Streams and lakes

The selection of streams and lakes will depend on the type of
hydrological map being prepared and the map scale. Depending
on the problem in hand, it may be appropriate to delineate
streams and lakes on a base map in either more or less detail
than appears on the topographic or other source maps, even
when no change of scale is involved. Advice on methods of
generalization is given in Section 5.1 below.
However, if the surface water characteristics of the area are
significant for the purposes of the map, the streams and lakes may
cease to be regarded as part of the base map. They may be
shown in detail, possibly in a distinctive colour, or the lines
normally used may be modified to show various hydrological
characteristics such as discharge, variability, degree of regulation
and water quality.
It may be desirable, even on a base map, to distinguish between
perennial and non-perennial streams and lakes. This is generally
done by using interrupted lines for the streams and for the out-
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lines of the lakes that are non-perennial. Swamps, tidal limits,
and artificial storages and diversions are some of the other
features which may be indicated.
2.3.3

Relief

On base maps prepared at small scales for use in hydrological
maps very little indication of the relief can usually be given. The
stream pattern itself may convey a general impression of the
degree of dissection. This can be augmented by the names of the
principal mountain ranges or other terrain features, so placed
that they indicate the general location and extent of the features.
Obviously this method is better suited for indicating linear
features than for, say, broad plateaux. It may also be possible to
show the altitude of a few selected points (spot heights).
If the map scale is increased the amount of detail may also be
augmented but usually the methods of representation are changed
little except at large scales. Then, if the subject-matter warrants it,
a fuller representation of relief may be given by the use of contours from a topographic map of appropriate scale (or perhaps
by relief shading or hachures).
2.3.4

Towns

Symbols and names representing the location of important cities
and towns form an important part of most base maps. Depending
on the map scale, the extent of the urban area of larger cities may
be shown in outline or by a special symbol.
2.3.5

Railways and roads

An important group of features shown on most base maps are
the major transport routes (railways and/or roads). Especially if
the base map is to be printed in one colour only, the line styles
used must be distinctive. On the other hand, they must be kept
as simple as possible (usually much simpler than on standard
topographic maps) if they are not to interfere unduly with the
special hydrological information being shown.
2.3.6

Administrative boundaries

There is usually a need to show administrative boundaries of one
kind or another and this means yet another set of lines. They may
be international boundaries, local government boundaries,
boundaries of areas set up for the administration of water
legislation, etc.
3

Techniques of cartographic
representation

For convenience, all methods of representation used on maps are
here called map symbols, whether they are dots, circles, stars or
other shapes, lines, graphs, patterns, patches of colour, etc.
These various map symbols and the various ways in which they
are used have been developed over many years and in thematic
mapping in particular the process is still continuing. Therefore,
although there are some well-established conventions, it is usually
necessary to explain by means of a legend the meaning intended
for each map symbol.
The best map legends combine clarity with conciseness. For
example, it may be adequate to state that a certain symbol
represents the location of a stream gauging station. In another
case it may be advisable to add a short note, perhaps explaining
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that the symbols shown represent only selected occurrences. It is
reasonable for a map-compiler to expect map users to spend time
studying the map legend, but most users are not prepared to read
long explanations. Furthermore, simple legends are less likely to
present language barriers when the maps are used internationally,
however the importance of adequate explanation has already been
stressed. In hydrological mapping, which is still developing, it is
likely that map-compilers will want to devise new symbols and
experiment in the use of existing ones. In such cases considerable
care will be needed in the preparation of map legends.
Already some sets of symbols have been devised for use in
international hydrological maps. Notably, there is the International Legend for Hydrogeo/ogical Maps (Unesco, 1970). Such
efforts to standardize the use of symbols are highly commendable
in that standardization simplifies the design of individual sheets
in a series and reduces the amount of legend reading which the
map user must do to interpret the series. However, in particular
cases standardization may lead to the suppression of hydrological
information. On the other hand, even in the design of new types
of maps it is worth-while to consider the use of well-tried symbols
before designing new ones.
3.1

Point symbols

The simplest of point symbols merely show the location of some
usually small feature, the spatial extent of which is irrelevant for
the purposes of the map, for example, the site of a gauging station
or of a borehole may be shown by a small dot. Such symbols may
be varied so that several different kinds of sites are indicated on
the one map, by differences in shape, colour, infill or even size,
though differences in point symbols based solely on size are
usually reserved for quantitative differences in the characteristics
of places of the same kind.
If the map space permits the use of relatively large symbols,
the number of variations can be large. There can be, for example,
symbols in six or more colours, ten or so shapes (at least some
of which can be used in outline as well as partially or wholly
filled) and, say, three sizes of each. However, such a large number
of different symbols makes heavy demands on the patience of the
map user, who is unlikely to commit the meanings of all of them
to memory and must, therefore, refer frequently to the map
legend. In such cases he may prefer to be given less information
or to have it presented on several maps (see Fig. 1).
Other two-dimensional symbols which may be used to present
quantitative information by their areas (as well as indicating
location) include squares and rectangles, varying from nearsquares to attenuated columns or bars. Flannery (1971), in addition to giving further support to the use of apparent size for
scaling graduated symbols, reports tests which show that bars
and wedges (segments of circles) are less accurately judged than
circles. Rectangles made up of small uniform squares (with each
square representing a stated standard value) have the advantage
that it is possible to determine their value by counting the squares.
In selecting point symbols that differ in shape or will be shown
in different colours, attention should again be given to their visual
impact in relation to the significance of the data they will represent. For example, stars are more eye-catching than circles of
the same size and, in general, red and purple more so than blue
and brown.
More elaborate two-dimensional point symbols may be used
for showing quantitative information. Divided circles (pie graphs)
are a common example in which size of circle is taken to represent
a total quantity and the circle is divided into different segments
to indicate the relative proportions of its components. Such
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symbols should not be made too small if the reader is to distinguish one segment from another. Although the segments of
divided circles may be effective for showing relative proportions,
they are less suitable for representing absolute values because of
the difficulty in estimating whether, say, a segment of one circle
represents the same amount as a narrower segment of a larger
circle.
3.2

~

Line symbols

Line symbols, as their name suggests, are basically linear in
graphic form but, in addition to lines as such, they are here taken
to include bands and the various arrangements of point symbols
in lines or bands used to represent linear features or movements
or the boundaries of areas.
The main graphic variables which can be used to convey
information are linear form, width and colour. The simple continuous line, which is probably the most frequently used symbol
in thematic mapping, provides the basis for most of the variations. Apart from variations in width, it may be used in single or
multiple form; it may be interrupted in a variety of ways; it may
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be used in combination with a great variety of other symbols
placed beside it, across it or interpolated in the gaps if it is noncontinuous. Some examples of the many different line symbols
available are shown in Figure 2.
If the symbol is a narrow line only, variation in colour should
be limited to the use of a few strong and contrasting hues, remembering that the reader's ability to distinguish colours is related
directly to the size of the coloured area. With wide lines and with
bands and many other linear symbols there is scope for variation
of colour strength and a wider range of hues. Some use can also
be made of the difference between clear and dark colours,
especially between oranges and reds by contrast with browns; and
occasionally strength of colour may also be used, for instance a
very narrow strong line for streams and a wide pale blue line for
watersheds. This last kind of distinction is probably more significant for monochromatic maps, for example, narrow black lines
by contrast with wider grey (that is, screened black) lines.
If quantities are to be shown, several different widths of line
may be used. If length is not otherwise used (to show length of
feature as in the case of a stream) it also may be used to show
quantitative data; the symbol then takes the form of a greatly
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FIG. 2. A selection of line symbols.
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lengthened bar with a graduated infill. Where appropriate, arrowheads may be used to show direction of movement.
Usually it is unwise to use more than a few different line styles
on one map-the number depending on the differences that can
be achieved and the complexity of the map in general and of the
linework in particular.
3.3

Area symbols

The simplest representation of an area is given by its boundary
alone. Provided only a few areas are to be shown and they do
not have common boundaries, they may be distinguished by the
use of several different line styles. However, areas can usually
be indicated much more effectively if they are filled-in with symbols. Such symbols include a wide range of repetitive patterns, as
well as colours used alone or in combination with patterns. As
demonstrated by many geological maps, quite complex classifications can be represented by the use of patches of colour in combination with patterns and sometimes with supplementary
alpha-numeric or other identifying marks.
Even without resorting to colour, line and dot patterns offer
a great diversity of area symbols from which to choose. Hatching
(patterns of parallel lines) may be varied in thickness of line,
pattern of line, spacing apart of lines, orientation of lines, and
the lines may also be cross-hatched. Some examples of patterns
are shown in Figure 3.
Many line and dot patterns are available in printed form
for application directly to the drawings or for incorporation in drawings, negatives or printing plates by photographic
means.
The choice of suitable patterns requires considerable care.
Strong patterns may disrupt the legibility of other information,
especially names; and coarse patterns may make some very small
or attenuated areas difficult or impossible to identify. As an aid
to map readers, distinct but related patterns should be used for
closely related categories of information and contrasting patterns
for dissimilar categories.
Line and dot patterns in black or in colour may be superimposed on colours to extend the range of variations and, in
particular, to represent different sets of information. Thus within
a given set of areas it may be desirable to show differences in one
characteristic by a range of, say, five hues and differences in
another characteristic by four line patterns.
Care should be taken that overprinting of colours does not

give unwanted results. For example, a red line pattern and a blue
colour patch, each with a specific meaning which can be found
from the map legend, may remain legible if overprinted, provided the red is strong and the blue weak. If, however, the strength
of the red is decreased and the blue increased, a pattern of blue
and purple lines may appear (the latter being produced by subtractive colour mixing).
The most common use for the area symbols described so far
is as infill in areas which represent the extent of one or a group of
features or characteristics. The feature or characteristic is usually
two dimensional or notionally so, as for example a river basin,
ground-water aquifer, or water quality related thereto. The
boundaries, whether drawn or only apparent as edges of patterns
or colour patches, are often broad generalizations of reality.
Similarly, the areas themselves may not in reality be as homogeneous as their map representations imply.
On some maps showing statistical data the boundaries used to
make mapping units are ones that were established for other
purposes. For example, administrative boundaries are commonly
used to define statistical areas and, in the absence of other locational detail, may well be used as mapping units also. Such maps
are known as choropleth maps. One example would be a map
showing rate of water usage per hectare in a number of irrigation
areas. With such maps very different results may sometimes be
obtained by using different groupings of unit areas.
If sufficient local data are available special boundaries may be
drawn to indicate areas of like values. Maps so constructed are
known as dasymetric maps. The lines represent the limits of class
intervals and the areas may be regarded as a series of statistical
surfaces, with the possibility of abrupt change between adjoining
areas and also of areas of void.
Isolines

3.4

Isolines are so important as a method of symbolizing data on
maps that they are given a section to themselves; moreover, they
cannot be grouped conveniently with the other kinds of symbols
discussed although in appearance they may be identical with
other line boundaries and be similarly supplemented by infills of
area symbols.
The most familiar isolines used on maps are the contours of
topographic maps, where each contour line represents a specified
elevation and taken together the lines represent the land surface
as a whole. The technique is widely used to represent other
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FIG. 3. Line and dot patterns used as area symbols.
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physically continuous surfaces-such as depth to the top of an
aquifer-and also by analogy for statistical surfaces-such as
amount (that is, depth) of average annual precipitation. As the
examples suggest, isolines are frequently used in hydrology.
Contours and contour-like isolines are drawn from point
values in such a manner that each line has a definite value and
passes through each plotted or interpolated point having that
value. The construction of isolines is preceded by the drawing of
a map showing the actual position of points and their values
(Fig. 4(a)). Auxiliary points needed for drawing the isolines are
then added, generally by linear interpolation. Non-linear interpolation should be applied only if the reasons for irregularities are
known. The connexion of points having the same value results in
an isoline. In practice a map-compiler may decide to disregard
some plotted points on the basis of other information. When drawing isohyets, for example, he may know that some point values
are less reliable than others and that, as a whole, the data only
warrant generalized representation by smoothed lines. Each
isoline describes a complete loop which, of course, may be
interrupted at the edge of the mapped area. There may thus be a
number of loops representing the same value. Adjacent lines
must have the same value or the value which is next up or down
in the scale of values shown (Fig. 4(b)).
Although the construction of isolines may seem to be simple,
great care is needed to avoid errors such as the omission of an
isoline where a reverse in slope occurs. The accuracy of an
isoline map increases with the density of the measured points.
The scale of the map, therefore, should be related to the density
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of the points. Misinterpretation of the accuracy and true content
of the map can be minimized by indicating these points on it.
With practice, map-compilers can develop considerable skill
in isoline construction. Commonly, the interval between isolines
is kept the same throughout the whole range or else changed in
accordance with a fairly simple relationship (for example,
doubled at every fourth line, etc.). The choice of intervals will
depend on the quality of data and the natural gradients in relation to map space and scale. An excessive density of isolines
should be avoided as it diminishes the clarity of the map. Clarity
is increased if some lines (say, every fifth or tenth) are drawn
thicker. A common convention is to place the isoline value on the
side of the line where values are increasing. Another convention
is to use broken lines to indicate lower accuracy. Programmes
have been developed to enable the construction of isolines to be
carried out by an automatic plotter coupled to a computer.
Usually a degree of human intervention is needed to ensure a
satisfactory result.
Flat colours, hatching, etc., are often used as infill to reinforce
isoline patterns. Sometimes colour and/or patterns are changed
at every isoline, but sometimes less frequently to give a more
generalized impression of the distribution. Considerable care is
needed in the selection of colours and patterns to ensure that the
series chosen gives a visual impression that can be easily related
to the grading represented. Thus precipitation is frequently
indicated by colours that range in hue from yellow for dry to
green or blue for wet. The impression may sometimes be improved
by varying colour strength at the same time.
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3.5

Graphs and diagrams

The use of the various kinds of map symbols discussed above
involves many simplifications of reality. These simplifications are
worth while because they permit information in a spatial context
to be greatly reduced in bulk and freed from aspects which are
irrelevant for a particular purpose (and which would be distracting if retained).
All marks on a map must necessarily be perceived as two
dimensional but, as has been mentioned, the dimensional meaning ascribed to them may be dimensionless (point symbols, which
are locationally dimensionless but have a definite location), one
dimensional (line symbols used to represent the location of linear
features such as streams), two dimensional (area symbols used as
infills) or three dimensional (isolines representing the earth's
surface and so on). As has been indicated, map symbols may also
be used as analogues to represent quantities and so on. Thus a
circle may indicate the position of a stream-gauging station and
its (two-dimensional) size may represent average river flow at
that place; or a flow line may be locationally one dimensional,
indicating the position of a stream, and used as a two-dimensional
symbol the width of which is proportional to the flow.
There are occasions when it is desirable to represent together
a number of quantitative characteristics relating to a point,
occurring along a line, or spread through an area. The kinds of
symbols so far discussed cannot satisfy the requirement but a
diagram or graph will do so. On hydrological maps this method
of conveying information graphically most commonly arises
when there is a need to summarize change over time, although
other uses of graphs or diagrams on maps do occasionally arise,
for example, geological cross-sections on hydrogeological maps
or longitudinal profiles of streams.
The common time-graph is a histogram, with the passage of
time represented as proceeding from left to right. Cyclic changes
may be shown as averaged values, for example, histograms of
average monthly stream discharge at selected stream gauging
stations on a map of average annual run-off. An indication of
variability can be given by showing the values for selected percentiles (for example, the 10, 50 and 90 per cent values for monthly
precipitation). Alternatively, actual values over a specified period
may be shown, for example, a histogram of actual annual run-off
year-by-year for, say, thirty or more years (Fig. 5).
3.6

Map legends and titles

It is good practice to place all or most of the explanatory material

(key, legend or notes) together in one part of the map-sheet-for

the very simple reason that this arrangement is normally most
convenient for the users. The area chosen may be outside the
map area-usually below or to the left or right-or it may be
within the map frame (if one is used) in an area not essential to
the map.
As mentioned earlier, the best map legends combine clarity
with conciseness. Sometimes it will be sufficient to give only a
key to the map symbols used. In other cases it may be advisable
to give further brief explanations. Decisions on the amount of
detail to include in a legend may well be one of the map author's
most difficult tasks. For this reason he should not leave the
preparation of the legend to the cartographic staff, although they
should be able to provide useful advice on its graphic design.
Legends of hydrological maps may need to be more detailed
than, say, those of topographic maps, mainly because the !'~rmer
maps will more often contain items that will be unfam1har to
map users.
The more a legend can be reduced to essential explanation the
better. However, it should also be as self-contained as possible,
even for a map accompanying a book, monograph or journal
article. Some general explanations may be needed as well as a
statement of sources of information and acknowledgement of
help received. However, explanation of the significance of the
things shown on the map, such as the reasons for the class limits
of a classification of measurements, or the techniques of analysis
used, may be better given in an accompanying text, together
with, perhaps, an extended list of sources and acknowledgements.
The map title should represent the purpose and content of the
map specifically and explicitly. Since the main title will normally
be brief-not more than a few words-a short headnote may be
needed to state more fully the nature of the subject-matter covered
by the map, and subsidiary titles may be needed for each block
of legend material.
One of the difficulties in preparing the wording and design of
a map legend is that there is no predetermined, conventional
order in which it will be read, unlike a page of type in a book.
Hence each block of information should be not only concisely
expressed but as self-contained as practicable. If there are headings and subheadings, care is needed in choice of type and layout
to make these logical relationships as easily perceived as possible,
even sometimes to the extent of making a main heading longer .
than it need be in order to make it obviously apply to each of ·
several columns of items beneath it.
There are graphic details in map legends that also need attention. One is the order in which symbols and their definitions are
placed. It is common practice to set out legends in one or more
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columns and in each column to place the map symbols on the
left and their explanation on the right. However, map authors
may find that the reverse arrangements of symbols and explanations will be more suitable in some instances. Published maps and
works such as the International Legend/or Hydrogeological Maps
(Unesco, 1970) may provide useful guidelines for legend design.
It should not be necessary to explain the meaning of base
symbols in the legend of a hydrological map unless they differ
greatly from symbols commonly used on topographic and general
reference maps. However, there are occasions when some aspects
of the base map can usefully be defined in the map legend. For
example, a base map may show broadly (by size of location
symbol and type size and style) the population size of urban
centres; in a map about urban water supply systems it may be
worth defining these sizes.

4

Commonly used methods
of representation

4.1

Methods for showing networks

In this context, network maps are taken to include all maps
representing the location of installations of any kind for water
measurement. They may also show one or more characteristics of
the installations themselves or of the records obtained from them.
The data of network maps are normally shown by point
symbols placed at or near (with or without lead-lines) the position representing their true location. Therefore the scope for
presenting the data depends largely on their density in relation
to the map scale chosen and (if it is a multi-feature map) to the
remainder of the map content. The density of a network may
sometimes be shown satisfactorily by choropleths.
In addition to their intrinsic value, network data may sometimes be used to convey an indication of the reliability of other
data shown on the map. For example, it is helpful to have information on the stream gauging network when examining a map
of isopleths of run-off.
Network maps at large or medium scales may provide
specific information about the network for use in particular
studies, such as the study of the effectiveness of a network or the
design of improvements to a network. At these scales it may be
possible to show, in addition to the location of each station and
its identification (name or index number), the type of station,
or recorder (if more than one type is shown on the map), the
period of record, the avai1abi1ity and quality of the data, and the
name of the agency holding the data.
In general the above information is conveyed by the use of a
set of symbols, varying in shape, size, colour, proportion of
infill, etc. Resort may also be made to numbers, letters, and variations in type size and style. At large scales in particular, a set of
international symbols may be warranted, although it is likely that
modifications would still be needed to meet local variations. A
fairly comprehensive set of symbols for network maps is given in
'Gewasserkundliche Zeichen', Deutscher Normenausschuss, DIN
19 710, 1965.

4.2

Methods for showing totals, means and similar
statistical measures

Totals, means, medians and other similar values are statistical
measures which occur frequently in the analysis of hydrological
data, particularly in analyses concerned with atmospheric and
surface phenomena. These measures commonly have similar

statistical properties and can usually be represented by similar
cartographic symbols. They frequently refer to precipitation,
evaporation and run-off, which in mapping (except at very large
scales and for very short periods) can be regarded as continuous
surfaces.
The selection of the method of representation depends largely
on the nature of the data available, on the scale of the map, on
the nature and density of the other information being shown
and on the purpose of the map. Thus, if the amount of data
available is inadequate to warrant areal representation, the data
may be shown at points only. Similarly, point representation may
be used if the data are only supplementary and the map is well
filled with other information. Conversely, point or line symbols
and some form of areal representation may both be warranted if
the map is devoted solely or very largely to showing aspects of
one phenomenon.
For example, rainfall values, such as means of annual values,
may be shown by numbers at points representing the measuring
stations. If the number of data points is great enough isohyets
may be drawn to give an areal representation. This depiction may
be strengthened by the addition of background colours or patterns representing selected isohyetal class intervals. More rarely
the background colours or patterns are used to indicate a second
set of data. Additional statistically similar data, such as average
values for each month, or values of selected percentiles in each
month, may be represented at points by graphs of one kind or
another.
Thus totals, means and similar measures may be represented
in several ways and several different sets of such values may be
indicated on the same map. It is, however, usual to limit the use
of areal representation to only one or two sets of data and to use
point or, sometimes, line symbols for the remainder.
When resorting to representation at specific points, it may be
appropriate to use all points for which the data are available or
to show data for selected locations only. Selection should take
into account data reliability and representativeness and the
particular purposes of the map.
Numerical data can be converted into symbols with sizes proportional to the values represented. Alternatively the data may
be grouped into classes and each class represented by a symbol
of a particular size, shape and/or colour.
Of the various graphical methods, histograms are specially
suitable for presentation of time variable data. The data may be
arranged in chronological order to show values at specified times
and also to give an indication of variability with time.
Stream networks can be used to represent totals, means, etc.,
of stream flow. Data may be represented by the width of the
streamlines themselves, by variation in type or colour of line
symbol, by coloured verges, or by continuous lines drawn beside
the streamlines with their widths proportional to the values
represented. Such maps tend to be rather diagrammatic and
therefore their value for presentation of precise data is limited.
Areal methods of representation are appropriate when the
data refer to areas or may be considered to do so. Thus a simple
method of indicating total or mean stream flow for a series of
catchments from which the discharge has been measured is to
represent flow per unit area from each catchment. The result is a
choropleth map-which is suitable if the data permit delineation
of quite small areas.
4.3

Methods for showing temporal variability

General trends expressed as means, totals or absolute values give
only a very incomplete indication of the distribution of the various
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components of the hydrological cycle in time. In particular, they
do not indicate seasonal or annual variations.
In general, variability depicted by absolute values can be
expressed by methods of representation similar to those used for
means, totals and other absolute values, that is, by point or area
symbols. Discharge and its properties can be also represented by
line symbols.
It is relatively simple to show the variability at points where
measurements have been made. Variability over time can be
shown by histograms with the actual values arranged in chronological sequence or with processed data arranged accordingly
to probability of occurrence (Fig. 5).
Another graphical form of presentation, suitable mainly for
discharge at a point, is the flow duration curve; data here also are
processed, that is arranged in order of magnitude rather than
shown in chronological order, and related to time, which is
expressed as a percentage (Fig. 6).
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4.4

Maps of duration are mainly concerned with phenomena such
as snow and ice cover, frosts, growing season, droughts, streamflow, etc. They usually deal with average, or extreme periods, or
with dates of beginning and ending of these phenomena. The
periods may be continuous or non-continuous (that is, made up
of a number of shorter periods).
The continuous average or median duration of various phenomena (snow cover, growing season, frost-free period) is usually
represented by isolines, provided there is enough information
for their construction. If information is limited it may still be
presented as graphs, etc., for selected points. The areal and point
presentation methods are sometimes combined; for example, in
the Atlas of Switzerland the duration of snow cover is indicated
by background colours and by pie-graphs showing at points the
number of days with snow cover over a stated period.
A series of isoline maps showing occurrence at specific dates
can also be used to indicate duration. For example, a series of
maps showing the depth of snow cover at stated dates also
indicates the approximate duration of snow cover at any point
(see Atlas of Canada, 4th ed.).
Duration of phenomena relating to drainage networks, for
example, the duration of ice on streams, or the number of months
with no run-off, can be shown by line symbols or colours; if data
are limited, the information may be shown by numerals, symbols
or graphs at selected points only.
4.5
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For elements measured at a point, such as rainfall, the representation of temporal variability presents no particular cartographic problems. If data are shown at points by graphs, one
map may be sufficient to show data for several time units. If
isolines are used, a separate map will probably be needed for each
time unit (year, season, month, etc.). A warning may be needed
if isolines are used to show temporal variability in terms of
maxima, minima or percentiles. The values shown are comparable
only from point to point and would not occur simultaneously
over a large area.
For elements measured areally, such as run-off measured
within a catchment, representation of variability by isolines is
more complex, due mainly to the introduction of this new parameter, the area involved. In some maps variability has been
presented by isopleths in terms of maximum and minimum
annual (or seasonal) run-off, defined in terms of the period during
which they were recorded or the frequency of occurrence. It is
also possible to show the variability of run-off by the chroropleth
method of representation, with each catchment area being
coloured or hatched to indicate depth of run-off for the selected
probability of occurrence.
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Methods for showing ratios

Maps of ratios relate data of one phenomenon to some other
phenomenon or relate two statistical parameters of the one
phenomenon. Thus, on hydrological maps, run-off may be shown
as a percentage of precipitation or actual evaporation as a percentage of potential evaporation.
Ratios are used to relate values in one time period to those in
another. For example, ratios of monthly or seasonal values of
precipitation or streamflow to annual values.
There are also the various coefficients or indices used as
measures of variability. The range of maximum and minimum
values or between specified percentiles may be expressed as percentages of the mean or the median.
In dealing with water quality, various ratios may be needed
to relate one constituent to another, to the whole or to show
variability over time. A range of symbols may be used to show
ratios.
4.6

Methods for showing several characteristics

The main objective in producing maps of several characteristics
is to provide a consolidated presentation of the different sets of
information for ready reference or for further analysis.
There are three main ways of showing several characteristics.
The several sets of information may be shown together on a
composite map; the information may be shown on a series of
dimensionally stable transparent overlays; or it may be shown
on several maps placed on a single sheet, preferably using a common scale and projection.
4.6.1

Composite maps

The first method-showing several characteristics on one mapis most commonly used and very successful in many instances.
Many of the methods of representation already described are
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suitable for combined use. However, such composite maps are
likely to require careful design to avoid overemphasizing some
characteristics and underemphasizing others, or merely to avoid
general loss of legibility because of complexity. Thus, design
involves mainly the selection of the most suitable type of symbol
for each set of information, bearing in mind its nature, relevance
and quality. Reference to printed examples will indicate what
can be achieved, but some general guidelines may be helpful.
To avoid over-complexity a composite map may have to have
a simplified base and depend on the hydrological information to
provide part of its locational framework.
If areas do not overlap, a great range of area symbols may be
used successfully on a composite map. Overlapping of area
symbols, however, should be done with caution, especially if it
is not intended to include the resultant combinations as separate
legend items. For example, although a coarse pattern of black
dots over a flat colour may appear as two overlapping area
symbols, a finer pattern of dots may combine with the colour to
give the appearance of a darkened or a different colour.
4.7

Methods for showing three-dimensional information

Much hydrological information, particularly regarding lakes,
water in the zone of aeration, and ground water, relates to
characteristics which vary vertically as well as laterally. Maps,
which are essentially displays in two dimensions, are not ideal
for this purpose but several techniques developed for mapping
other topics (notably topography and geology) have been successfully adapted for some of these purposes and a more detailed
treatment is given in Chapters 5 and 6.
Outstanding among such techniques are isolines, which have
been referred to frequently already. By a set of isolines resembling
surface contours variations in the depth of a surface such as the
top or base of an aquifer may be indicated in relation to the
ground surface as shown by the base map.
Another common way of indicating a three-dimensional relationship is by sections or profiles at appropriate points. Examples
of sections may be seen on many geological maps, where they are
normally placed below or along one side of the map. Lines,
usually labelled A,B,C, etc., indicate their position on the map.
Sections of this nature may be appropriate on ground-water
maps, where hydrological characteristics are shown in relation
to lithology.
If the distributions are relatively simple, data relating to several
different surfaces may be shown satisfactorily on one map by
using colours and pattern symbols. Thus the nature of one surface may be indicated by a range of background colours and of
the other surface (which partially overlaps the first) by several
different patterns of dots. The impression of three dimensions
may be further augmented by special line symbols, indicating,
for instance, the location of a ground-water divide. Examples of
such symbols may be found in the International Legend for
Hydrogeological Maps (Unesco, 1970).

5

Other aspects

5.1

Generalization for small-scale maps

Generalization is an essential process in the preparation of all
maps, and particularly of maps with small scales. It is essential
not only because of the limitations of space on a map sheet but
because it is important not to confront the map user with unnecessary detail.

It is useful to distinguish between the graphic and conceptual
aspects of map generalization. The omission of certain streams
because they are insignificant in length at the reduced scale is
very largely a graphic operation. On the other hand, a decision
to combine two categories of information into a new broader
category involves initially a change of concept, followed by a
graphic change.
Generalization may be carried out by simplification of graphic
form, by selection or combination, and by displacement.

5.1.1

Simplification

A common example of graphic simplification is the smoothing
of an isoline by the removal of intricate bends. Streamlines and
the boundaries of areas on choropleth and similar maps are also
likely to need simplification when reduced in scale. As a general
guide, if the linework is suitably simple at the original scale, then
a similar degree of simplicity should be sought at the reduced
scale. Methods for achieving this simplification are described in
standard textbooks on cartography. One method involves tracing
over the larger scale linework with a thick pencil to give a coarse
line which, on reduction, will serve as a guide for the line required.
Increasingly, cartographic organizations are giving attention to
devising and improving methods for automating the processes
of graphic generalization.
5.1.2

Selection and combination

Selection of point symbols generally requires a knowledge of the
data involved. The map-compiler may elect to eliminate one or
more categories of information or to show only selected examples.
He may decide to go back to the original data and make changes
in the classification (altering the limits of statistical classes, etc.).
Stream selection provides examples of several ways in which
generalization of linework may be carried out by selection. Some
streams may be omitted because they almost disappear at the
smaller scale. If the pattern is still too dense, an arbitrary minimum
length may be adopted as the criterion for selection; the mapcompiler, or the cartographic draftsman, may make a selection
by attempting intuitively to maintain the general character of the
network; or a more objective method may be adopted, such as a
classification based on streamflow data or on stream order.
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