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PREFACE
Since its inception in 1981, WCP-Water has provided a framework for the international coordination of water-related activities associated with the World Climate Programme. These activities
are undertaken by various international organizations, and also by national agencies concerned with
the interaction between climate and water resources.
The present report is a contribution to the WCP-Water Project B.3 'Development of Gridrelated Estimates of Hydrological Variables". The past activities within this project include a
Workshop on Global Runoff Data Set and Grid Estimation held in Koblenz in 1988 and three
planning meetings, held in Laxenburg, 1990, Warsaw, 1992 and Bern, 1995. A component of the
project was computation of grid-based estimates of runoff for Central Europe.
Beside reviewing the work carried out within the WCP-Water Project B.3, the present report
contains background information on gridding hydrological signals, including own research results of
the authors and extensive literature review.
At the time when there is an increasing interest for gridding hydrological data for a variety of
purposes, including climate studies, we are confident that this report will be of interest to a wide
audience.

1. INTRODUCTION
Maps of the amount of water discharged by rivers have three main uses. Firstly,
geographers, ecologists, foresters, land-managers, spatial planners, lawyers and politicians
need to have summarized data presenting the natural environment in space, and water is an
important part of this environment. Secondly, river runoff maps, when combined with maps of
precipitation, can be used to determine water budgets at different spatial and temporal scales
across drainage basins, countries or continents. They thus contribute to the understanding of
regional and global water fluxes and are useful for planning and management of water
resources. Thirdly, mapped runoff provides validation data for atmospheric simulation models
and macro-scale hydrological models.
UNESCO/WMO (1977) provide an excellent description of the manifold of different
hydrological maps that are produced for different purposes. These maps show usually longterm means, while seasonal variations are specified in terms of classifications of climate and
river flow regimes. Such maps are of great importance in water resources planning at a
comprehensive level. Traditionally, they have been produced manually and the material has
been presented in the form of isopleths, choropleths (fundamental units, like river basins,
geographical or administrative regions) or bands (bands of linear symbols along the trace of a
river).
The development of new techniques in geo-sciences, like raster-based Geographical
Information Systems (GIS), mathematical models using finite differences or finite elements
and automatic interpolation techniques, demanded a new type of map representation, based on
a regular grid network. Such maps quickly became frequently used in a wide spectrum of
problems. A grid map can be interpreted as a special type of a choropleth map where the
fundamental unit is a regular square grid.
Also the traditional maps based on classifications of climate and flow regimes have got
a new role serving as ground truth information for validation of large scale climatic and
hydrological models. It is difficult to extract information from regional or global contour maps
that is comparable to the gridded output results from climate model experiments with the
General Circulation Models (GCMs). Also in this new field of application of hydrological
maps, grid maps are requested.
WCP-Water Project B.3 co-ordinated by WMO has as its specific purpose:
development of grid-related estimates of hydrological variables. One specific component of
this project was an international case study of gridding runoff data in Central Europe,
undertaken in response to common need for runoff grid maps. There have also been other
international initiatives of this kind, such as within the FRIEND Project of the International
Hydrological Programme (IHP) of UNESCO.
The present report starts with the introductory chapter where a short review of the
development of techniques for producing (runoff) maps is given. This review provides a

necessary background to the problem in the light of hydrological, but also meteorological,
climatological and geographical applications. The latter three fields have led the development
of mapping techniques while hydrology has rather followed after. As the interpolation
problem is fundamental for the development of maps, some basic concepts concerning
interpolation are presented. This background leads to the formulation of the purpose of the
gridded hydrological maps, which is discussed in Chapter 3, where the international initiatives
dealing with this problem are also described. Methodology of producing runoff maps is a
scientific topic that recently has regained actuality. Chapter 4 provides a short review of the
methodology. This report focuses on gridded runoff maps produced for Europe, especially
within the WCP-Water Project B4 and the FRIEND Project 3: Large Scale Variations of
Runoff. In Chapter 5, these activities are summarized and examples of produced gridded
maps are given. The application of gridded maps for different purposes brings forward the
topic of their accuracy and correct use. This topic is developed in Chapter 6. Finally some
general conclusions are given.

2. RUNOFF MAPS
Mapping large scale regional variations in components of the hydrological cycle has a
long tradition in hydrology as well as in other geosciences like meteorology, climatology and
geography. Until recently, when the gridding approach offered an attractive alternative, the
isopleth maps have played a dominant role. Choropleth maps and maps using bands along
rivers are also frequently used in large scale hydrological mapping.
2.1 Isopleth maps
The development and use of isopleth maps in geosciences date back to the beginning
of the 18-th century. An early and probably the first map of this kind was created by Edmund
Halley in 1701. This map showed isolines for equal declination (later called isogones) for the
Atlantic Ocean. Another early isopleth map with a direct climatological application field is the
global isotherm map created by Alexander von Humboldt in 1817. Since then the isopleth
maps have been frequently used in climatology and meteorology for mapping a manifold of
elements. Henrich Berghaus presented an isoline map of precipitation in Europe in 1841. He
used the word "isohyetosen" for the isolines that was later changed for isohyets (Arnberger,
1966). Already Berghaus was aware of the fact that it is real continua that are depicted on
maps and that special demands to the construction of an isopleth map arise from this fact. This
very cautious attitude, sometimes resulting in hesitation to create a map based on
climatological data, has been conserved for one and a half century. Stringer (1972) expressed
this attitude as follows: "Almost always, if the result of a climatological investigation must be
in the form of isopleth maps instead of statistical tables for the stations, one can produce some
conventional scheme for transforming the data into maps. However, it must be realised that
such schemes are mere conventions, and only represent the data in a logical manner. They

most certainly do not tell us any more about the observed element than the tabular data do,
although they must suggest lines for the further investigation. The geographer's immediate
reaction: "Let's map the data" is to be deprecated for many climatological investigations.
Mapping must be attempted only after very careful statistical analysis of the data". Anyhow,
climatological isopleth maps are widely used and are the standard form of representation in
national and global atlases. The principles for producing the isopleth maps, however, have
remained almost the same for 150 years.
The development of the mapping techniques and the attitude towards the use of maps
have been quite different in meteorology. Since the introduction of the synoptic charts in the
middle of the last century, isopleth maps have been the meteorologists' working tool in daily
use. Synoptic charts were prepared entirely by hand. The meteorological observations were
first plotted on the maps at the observation points. Then the meteorologist drew isopleths for a
variety of variables (isobars, isotherms, streamlines, isotachs etc.). Graphical techniques, that
allowed calculation and manipulation of the complex quantities directly from the charts, were
developed. Addition, subtraction, multiplication and division of scalars, addition of vectors,
differentiation and integration of vectors and scalars, divergence and curve operations and line
integration could all be done graphically (Bjerknes, 1911, Fj0rtoft, 1952 and Saucier, 1955).
Synoptic charts were prepared by analysts. These procedures are now called "subjective
analysis" as they rely upon the experience and judgements of involved meteorologists (Daley,
1991).
In geography, the application of isopleth maps is most frequent. Sometimes "the joy"
of showing scientific elements was so big that isoliné maps were overloaded by presenting
several topics at the same time to a degree that made them unreadable (Arnberger, 1966). The
contour lines on topographic maps (isohypses) are the isopleths used most commonly. The
technique is, however, used to represent "continua" in general. According to Imhof (1961), the
term "continua" is understood as a space or plane filling phenomenon, whose state, value or
intensity is varying from point to point. All points along the same isopleth have the same
values. Flow lines are perpendicular to isopleths. For many geophysical variables the concept
of continua has a more strict interpretation. It is not only the property of space filling; the
phenomena to be mapped should fulfil balancing constraints (in terms of a balance equation)
and other physical laws. This is the case in meteorology where this latter demand is used for
constructing and analyzing maps. In climatology, as was commented above, it is sometimes
used as an argument against mapping climatological properties, since it is difficult to make the
map consistent with these laws. In hydrology, the water balance equation is the basic
constraint to be satisfied when making a map.
For manual construction of isopleth maps linear interpolation between the observed
values is often recommended in textbooks. Linear interpolation between two points ui and U2
to a point uj on a line between them is expressed mathematically as (Fig 1):
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Figure 1. Linear interpolation between two observations.
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where b is a parameter. The expression gives now the general algorithm for inverse distance
weighted interpolation, which is widely applied. For b=l, we deal with the linear case. For
hand-made isopleth maps non-linear interpolation (given by eq. 3) is recommended only for
exceptional cases.
Although a basic principle behind a hand-drawn map can be easily formulated in
mathematical terms that can be used for automatic construction of isopleths, the resulting maps
differ. The manual procedure can benefit from the extra knowledge possessed by the individual
constructing the map. For example, personal experience may prompt to omit some
observations that are obviously of bad quality. In hydrology, a topographic contour map is
recommended as the basis for construction of an isopleth runoff map (Nordenson, 1968,
UNESCOAVMO, 1977, Krug et al. 1990). However, there is ariskwith this approach that the
dependencies not present in data and thus impossible to confirm objectively are inferred,
bringing subjectivity into the procedure. A hand-made isopleth map gives an impression of
being more detailed and thus more reliable than an automatically constructed one.

The development and use of hydrological maps date back to the end of the last and
beginning of the present century. The construction of such maps was often connected to
national inventories of hydropower potential. Many national maps of precipitation, drainage
basins and rivers' altitudinal profiles were prepared in different countries. Runoff maps
appeared later. A very early example of such a map referenced in the literature is the one by
Gannett (1912). Similarly to climatologists, many hydrologists felt uncertainty as to the
possibility to reproduce runoff consistently on a map and hesitated to produce and publish
such maps. For instance, the first runoff map of Sweden was published as late as in 1971
(Tryselius, 1971). However, though unpublished, runoff maps served as working tools.
Measured runoff is always related to a drainage basin. Runoff with the dimension of
flow per unit area [1/s/km2 or mm] is, as a rule, considered as a point process q(u) continuous
in space u. Intuitively we interpret the point runoff process as the contribution from an
arbitrary point in the basin with area A to the observed streamflow q(A) from the basin. In the
simplest way it is determined by dividing the observed streamflow by the corresponding
drainage area, creating a spatial step function constant over drainage basins. Another possible
way of defining runoff is to subtract the estimated point actual évapotranspiration from the
estimated point precipitation creating a continuos spatial process of precipitation excess q(u).
The integrated value of this spatial function over a basin area A should in principle coincide
with the observed streamflow q(A) for a given time period:
q{A)=\\\q(u)dvL
A A

(4)

A third possibility is to consider the lateral inflow to the river q(l), the derivative of
streamflow with respect to a length co-ordinate along the river 1. Streamflow q(LA) at the point
LA along a river, corresponding to a basin area A, is the integrated lateral inflow down to this
point:
q{LA) = — \q{l)dl

(5)

In the first and third cases only streamflow observations are used in the mapping
procedure. In the second approach, one actually only deals with point observations. If, on the
other hand, we want the map values of runoff to conform with observed streamflow in rivers,
a combination of data on precipitation excess with streamflow observation is needed.
Basically the runoff concept is interpreted in two different ways, on one hand as a vertical
process giving rise to a precipitation excess and on the other hand as a lateral one contributing
to runoff in rivers. A similar ambiguity is present when incorporating hydrology into climate
models where often the perspective is the vertical exchange only, while the lateral flow is
neglected. Nemec and Becker (1987) suggested how a grid approach may overcome this by
means of organisation into two levels: the first one accounting for vertical flux exchanges

with the atmosphere; and the second - for lateral river basin processes. This topic is further
discussed under 3.2.
In the general case when developing methods for mapping of seasonal and monthly
runoff values as well as annual ones, carry over effects from one time period to the other due
to storage in river channels, lakes and river sub-basins have to be taken into account.
However, for annual data these effects are usually negligible.
Until now we have looked at the problem from a theoretical point of view, considering
our phenomena q(u) or q(A) as continuous in space u or for the area A increasing downstream
along a river net, respectively. In the applied situation, however, one deals with discrete
elements which, in case of a spatial process, consist of grids or sub-basins with discrete areas,
and in case of a line process along river channels - of river sections. The use of grids and
rivers as a base for making maps will be further discussed in 2.2 and 2.3, respectively.
Approaches for making isopleth maps will be reviewed below.
The practical question is how to account for the fact that runoff measurements
represent areas. The easiest way is to consider runoff measurements to represent points in
space. If the drainage basins used for mapping runoff are small compared to the area to be
mapped, this can be a good approximation. If not, the way to come across this problem is to
anyhow relate the observed runoff to a point in space, that can be the point of the gauging
station but more often is the centre of gravity of a drainage basin (UNESCO/WMO, 1977).
Woodruff and Hewlett (1970), for example, used this approach and dependency on
precipitation for contour mapping of the average hydrological response in eastern United
States. Graczyk et al. (1987), Krug et al. (1990) constructed manually runoff contours using
measured runoff data and subjective interpretation of local precipitation patterns and other
geographic considerations. A similar method involving subjective construction of isopleths
has been applied by McMahon (1969) who mapped runoff of the Hunter Valley, New South
Wales. Water balance mapping has been actualised in some countries during the last years due
to the new standard normal period 1961-90. The runoff map of Norway for the period 1930-60
(NVE, 1987), for example, was constructed manually using precipitation stations and
topography as guidelines.
When the density of runoff measurements available is not sufficient, the contour maps
are drawn utilising the gauged values together with the supplementary estimates at other
points, usually at locations of precipitation stations. These estimates are obtained by means of
regression formulae (e.g. Langbein et al., 1949, Liebscher, 1972) or by estimation of runoff
(or rather rainfall excess) from a water balance relation (Thorathwaite et al., 1958, Gamier
1960, Korzun, 1978). If it is the precipitation excess that is mapped then the observations
already represent points. In this case observed runoff data are only used for development of
the procedure (model) for calculating the precipitation excess, and eventually to control later
that the water balance relation eq. (4) is satisfied. There are also examples combining the use
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of runoff measurements and water balance estimates to map runoff. For example, Korzun
(1978) used runoff estimates obtained as a term in the water balance equation as
supplementary point data to the measured runoff values for contour mapping of runoff over
continents.
In a micro scale it is advisable and to perform field inventories and to use very detailed
field information to make runoff maps. For example, Goczan (1972) suggested extrapolation
and mapping of runoff information basing on comparison of detailed slope maps and maps of
physical soil properties. Digital terrain models (DTM) are of vital importance for such
detailed mapping. The full potential of DTMs for hydrological mapping purposes is not yet
fully explored.
With time, automated procedures for interpolation of contour runoff maps have been
developed but these have not yet gained a general acceptance for a wide practical use.
Isopleth maps of runoff represent a standard element in national atlases. Maps by
Baumgartner and Reichel (1975), Korzun (1978), Keller (1979), NVE (1987), Stancik et al.
(1988), Domokos and S ass (1990) might serve as examples.
2.2 Grid maps
A square grid is an artificial form chosen for representation of landscape information.
Though it is not directly found in nature, this form has some methodological advantages. As it
was already noted, data points in a regular grid often serve as an intermediate step when
constructing isopleth maps from an irregular network of observation points. The "square grid
method" (Arnberger, 1966), i.e. calculating a map characteristic across a square grid as an
average, a median, a maximum range, difference etc., has been widely used to map certain
types of variables, like relief and other morphological features since the beginning of this
century. This method is essential also for mapping some hydrological variables, like, for
example, drainage density (Gônnewein, 1961). Utilisation of square grids in map construction
has thus a long tradition in physiography and other scientific disciplines close to hydrology.
Different square grid techniques have been also in wide use since the 1960s for
mapping of water balance elements in hydrology. The arguments for the choice of grid surface
elements are all of a methodological character. Golf (1960) simply overlaid the isopleth maps
of precipitation and evaporation by a grid net. A representative value of precipitation and
evaporation was then estimated for each grid cell and runoff was calculated as the difference
between them. The runoff values calculated in this way were used for the construction of an
isopleth runoff map. As such, this approach does not differ in principle from using auxiliary
points when drawing isopleth maps, irregular or regular, as commented upon above. A further
step is to bring in automatic procedures for calculation of runoff for each grid cell. Methods
for grid runoff mapping are further treated in Chapter 4.

The development of modern technology, provided geography with tools that favour the
square grid technique even more. Geographical Information Systems (GIS) are either vectoror raster- (i.e. grid-) based, while some GIS include options for both. Most maps produced
today are more or less directly related to a GIS system. If a map does not show explicitly
information in a grid form, gridded numerical maps have been often used as intermediate tools
for its production. A new powerful scientific tool called "map algebra" has evolved, making
utilisation of gridded maps still more attractive. Broad application of data obtained by means
of remote sensing (satellite, airborne, self-recorders etc.) in physical geography and
cartography further emphasised the importance of grid maps. It must be admitted, however,
that GIS do not yet contain the tools necessary for mapping and interpolation of continua,
fulfilling continuity constraints and other physical laws, in a consistent manner, neither
accounting the hierarchical structure of river networks. GIS are most often used for
preparation and administration of input data and the final presentation of the maps, while
separate procedures outside the GIS are used for estimation of the background runoff data to
be mapped.
It is in order to refer briefly to strong development of interpolation methods in
meteorology in connection to preparation of input data for numerical models. The graphical
techniques applied to maps used in the beginning of this century have been replaced by the use
of numerical models. Automatic interpolation of observations from an irregular observation
network to a regular grid net, a so-called "objective analysis", as well as procedures for
balancing or initialising the data so that stable numerical solutions are obtained, represent the
parts of what is generally called in meteorology "data assimilation". The objective analysis
replaced the subjective one used before for construction of synoptic charts. The first serious
attempt in the field was due to Panofsky (1949). The progress in the development was
accelerated with the introduction of stochastic interpolation techniques (Eliasson, 1954,
Gandin, 1963, Gandin & Kagan, 1967). These are at present standard methods applied for
deriving data at regular grids for continua, allowing construction of flow lines, isopleths of
states etc. It is surprising how little these powerful techniques, provided by data assimilation,
have been utilised in hydrology. Large scale hydrological modelling actualises these methods
also for hydrologists. The need to adapt the representation of hydrological variables to the grid
net used in large scale models in meteorology is further discussed in Chapter 3.
2.3 Other types of hydrological maps
Choropleth maps where drainage basins define the fundamental units offer an
alternative for mapping runoff. Gottschalk et al. (1982) suggested a Hydrological Information
System based on this principle. Bands along rivers, with thickness or colour, proportional to
runoff intensity is a further alternative for showing runoff variation on a map. Such maps are
typical for representation of water quality in rivers. Weingartner (1996) shows an interesting
example of how to map runoff and runoff characteristics in a very consequent and illustrative
manner with this latter principle. It can be noted that the use of drainage basins and rivers for
10

depicting runoff variations on a map is preferred from a theoretical point of view, as
contradictions concerning the interpretation of runoff as a space filling phenomena and water
balance constraints are avoided.
2.4 Interpolation
Interpolation methods are central for the construction of maps. Following the
introduction of GIS techniques and numerical models, the procedures of manual contouring
are more and more replaced by automatic interpolation. The problem of automatic
interpolation of spatial data can be formulated as follows (Fig 2):

("VM)

Figure 2. Interpolation from M adjacent point observations.

Point of departure:
Observations

X(UJ),

i=l,...,M of a geophysical process taken at (irregular) points in space uj.

Problem:
(a) to define a continuous function of spatial co-ordinates, which takes the values of the
observations at their (irregular) positions;
(b) to define a set of values at the points of a regular grid, so that a grid point value tends to
an observational value if the position of the observation tends to the grid point;
(c) to draw a contour map in accordance with the observations.
A solution to the problem (a) gives a solution to (b), and (c), while the solution of (b),
or (c), may not give a solution to problem (a). In most applications the solution of the problem
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b) is sufficient and allows a continued numerical treatment of the data. The problem (c) is
considered for the final presentation of data on a map.
Basically, one can distinguish deterministic and stochastic interpolation methods. The
formulae for linear interpolation (eq. 2) and for inverse distance weighted interpolation (eq. 3)
both belong to the first category. Another example of this group of methods is fitting the trend
surfaces (polynomials) or orthogonal functions (e.g. double Fourier series) to the observed
data. This is actually an attempt to solve the problem (a) above. A strong and widely applied
deterministic method today is the fitting of piece-wise polynomials (splines) to the observed
data. The general formula is in this case:
M

s

^) X/i(«/Mni

<6>

where / . (u,. ), j = 1,..., M are the so called basic functions.

Figure 3. Examples of piece-wise polynomials (Thiessen polygons, triangular elements and
cubic splines)

The Thiessen polygon method (Thiessen, 1911) is the most simple example of this
category of methods, where the polynomial (basic function) is reduced to a constant equal to
the observed value in the neighbourhood of the observation point (Fig. 3). Other alternatives
are triangular elements (often referred as TIN, Triangular Irregular Network methods) and
cubic splines as basic functions. The methods of piece-wise polynomials all satisfy the so
called canonical property i.e. the fact that the interpolated surface exactly coincides with
observed values in points of observations. Mathematically, this is expressed by:

fjM

= *ji

(7)

where 6S! is the Kronecker delta.
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The theoretical background to the stochastic interpolation methods was introduced in
the works by Kolmogorov (1941) and Wiener (1949). These methods have been developed
further rather independently in several disciplines. We already referred to the basic pioneering
works in meteorology by Eliassen and Gandin. A modern presentation of the topic "objective
analysis" can be found in Daley (1991). These methods are very little referred to in hydrologie
literature except for Russian works. On the other hand, geostatistics or kriging, developed in
geology, have been used frequently in hydrology and especially geohydrology. The basic
works in this field are those by Krige (1951) and Matheron (1965). A third field that ought to
be mentioned is forest taxonomy, with the fundamental contribution by Matérn (1960). More
recent books on geostatistics are those by Journel & Huijbregts (1989), Isaaks and Shrivastava
(1989), and Christakos (1992).
The basic interpolation equation for stochastic interpolation is identical in structure
with the general formula developed for linear interpolation eq.(2), i.e.:
M

4 ) =IV(ui)

(8)

The weights Aqj are, however, determined differently, namely in such a way that the
interpolation error is minimised. This calls for the construction of a special covariance
function or semivariogram from the observed data. For further details see for instance Daley
(1991) and Isaaks and Shrivastava (1989).
The differences in interpolation procedures between different disciplines stem from the
type of available observations and the formulation of the interpolation problem. In
meteorology, usually there are time series for many points in space. This allows
determination of means and variances for each of them, as well as covariances between all
possible pairs of observation stations. In geology, on the other hand, the typical situation is to
have data for only one realisation of the phenomena studied, and the spatial statistical
properties are determined on this base in terms of a semivariogram. Thus, in meteorology the
interpretation concerns variations relative to a background field (a climatological mean or a
previous forecast), while in geology, the interpolation concerns the direct observations. The
differences are rather of a practical nature and are not related to the basic theoretic concepts
which are identical.
What are the differences between stochastic and deterministic interpolation methods?
Stochastic interpolation also fulfils the canonical condition, that can be written as:

and states that the interpolated value turns exactly to the observed value in the observation
points. A simple linear interpolation, inverse distance interpolation and interpolation with
piece-wise polynomials have the same property. The structure of formulae is basically the
same. The difference is in the way the weights are calculated. In the case of stochastic
interpolation, the weights are determined on the basis of analysis of covariance between
13

observations.

In the case of deterministic interpolation, they are determined from pure

geometrical consideration of the observation points.
An interesting feature of the stochastic interpolation is that the weights can obtain
negative values and thereby also values bigger than one. Thus, the interpolated value can be
bigger (or smaller) than the biggest (smallest) observed value. Interpolated global maxima and
minima do not necessarily coincide with points of observation. Deterministic interpolation
methods always preserve interpolated maxima and minima at points of observation. The
concrete problem and application determine whether this is an advantage or a drawback.
The fitting of trend surfaces and orthogonal functions is usually based on a statistical
principle like the method of mean squares, which resembles the principle of determination of
weights in stochastic interpolation. These methods do not possess the canonical property and
thus do not give back the observed values in the points of observation (if not all degrees of
freedom are used). The same can be achieved by introducing measurement errors in the
stochastic interpolation procedure, which results in a smoothed interpolated surface.

3. WHY GRIDDED RUNOFF MAPS ?
In the introduction, it was already stated that maps of the amount of water discharged
by rivers have three main uses. The first group of users consists of geographers, ecologists,
foresters, land-managers, spatial planners, lawyers and politicians. This group needs to have
summarised data presenting the natural environment in space, and water is an important part
of this environment A constitutive map of the water environment, in this respect, is a model
of the status of this environment. Maps are the well-established instruments of planning
nowadays and that is why there is an apparent need of maps of "water" as a part of the natural
environment. Environmental monitoring requires map data over all elements of the
hydrological budget, for example, to evaluate the effects of human activities.
Experts dealing with planning and management of water resources are the second
group of users. River runoff maps, when combined with maps of precipitation, can be used to
determine water budgets at different spatial and temporal scales across drainage basins, or
administrative units, like counties or countries, or geographical units up to continents, and
thus contribute to the understanding of regional and global water fluxes. Such maps of water
resources show the potential for use for many water planning purposes, such as design and
control of hydroelectric power, irrigation, navigation and flood control, where it is essential to
have knowledge about the volume of available water, i.e. runoff. In the domains of irrigation
and reservoir construction, especially in semi-arid and arid areas, spatial data on
évapotranspiration losses are needed. Hydrological components of water budgets are
determined from the observed streamflow data, while the évapotranspiration term, for which
data are often not readily available, is usually derived from the precipitation and runoff terms.
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Traditionally, contour maps indicating runoff variations across space present the results of
such studies. Water balance maps provide a compatible information about the elements of the
water budget that can be readily used for the purposes named above.
A third group of users are scientists working with development of atmospheric
simulation models and macro-scale hydrological models. Mapped runoff provides validation
data for such large scale models. Runoff gives information on water fluxes integrated over
both space and time and, similarly to precipitation, it can be measured in a relatively easy way,
as compared to, for example, areal actual evaporation or storage elements. The water fluxes
described by runoff provide a valuable empirical test of the ability of the climate models to
simulate a correct partitioning of energy into latent and sensible heat fluxes. Tasks, like
coupling climatological and hydrological models, investigation of regional and global trends
in hydrological time series, estimation of inputs of water and matter into the oceans as a stage
in the study of land-ocean interaction, are dependent on the availability of adequate
background information in a grid-map form. The resolution of regional-scale and continentalscale water resources forecasts and many issues of global change depend on a detailed
understanding of the state and variability of the water balance, and runoff in particular.
This third application field of the grid map representation of runoff variation is
relatively recent compared to the two first, more traditional application fields, and will be
discussed below in more detail.
3.1. Validation of the climate models using gridded runoff data
Runoff is an important component of the Earth's hydrological cycle. About 40% of the
total global precipitation returns as runoff (Russell & Miller, 1990). Climate modellers obtain
a better understanding of the parameterisation which affects the hydrological cycle in their
models by a comparison of grid-generated runoff and model-generated runoff from General
Circulation Models (GCMs). The latter category of models currently work at a horizontal
resolution of 300 to 1000 km; at a vertical extraction of up to 20 layers (stratosphere, about
30-50 km); vertical water and energy balances at 20 or 30 minutes time interval for grid points
2°x4°. The grid map representation of runoff, in order to be an attractive diagnostic tool for
climate modellers, should match the spatial resolution of GCMs.
The process of validation of climate models using runoff data usually follows two
main paths. The first one concentrates on validation of the land-surface parameterisation to
ensure that the model adequately represents the basic climate processes, while the other
focuses on the output obtained by the climate model. The latter procedure is performed by
comparison of gridded values of runoff observations with runoff estimates in each grid, or
likewise, one can compare the accumulated value of simulated runoff from all model grid
areas within a very large river basin with measured runoff near the outlet of the river basin.
Rusell and Miller (1990) state that "The comparison of model river runoff with observations is
a good diagnostic for atmospheric models. Since the ratio of observed precipitation to
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observed river runoff varies from «1.5 to 40, there is a considerable variation in the amount of
evaporation from different regions of the Earth's land surface".
At present General Circulation Models do not resolve several physical processes of
importance to climate, but despite their shortcomings, they still provide a powerful facility for
studies of climate change. However, the parameterisation of GCMs has to be improved and in
the past few years global modellers have begun to examine the effects of more complex
parameterisation of land-atmosphere-biosphere interactions.
Generally GCMs contain no information on the land-phase transfers of water between
grid points or within river basins. Especially the land-phase parameterisation does not agree
on predictions of energy fluxes or water excesses. First attempts to implement procedures that
consider the lateral flow into GCMs were undertaken rather recently (Dumenil and Todini,
1992, Sausen et al. 1994). Though runoff is evaluated, it is not used in subsequent calculations
related to the hydrological cycle. As a result, GCMs operate on an incomplete hydrological
cycle as no lateral transfer of water within the land phase is considered (Kite et al., 1994).
An example of the validation of GCM outputs related to river runoff was shown by
Kite et al. (1994). In this study, utilising data of the Mackenzie river basin, the climatological
outputs from the GCM (precipitation, temperature and evaporation) were used as inputs to a
hydrological model. The results show that, by combining the hydrological model with the
GCM data, a better representation of the recorded flow regime can be achieved.
The runoff data from large river basins have been used to assess the performance of
GCMs by Russell and Miller (1990), who first generalized 33 basins onto 2° x 2.5° grid and
then compared the observed annual runoff with the one simulated by GISS GCM. Later Kuhl
and Miller (1992) used monthly runoff for a subset of these basins for the purpose of
validation. Sausen et al. (1994) generalized 17 basins on a coarser grid (5.625° x 5.625°) and
then compared the simulated and observed runoff for the grids on the annual and seasonal
basis. Rowntree and Lean (1994) made a similar study. Arnell (1995) suggested an approach
for validation, using data for small and medium sized basins, by means of superimposing a
grid within GIS on the maps of basin runoff and then comparing the " grid " runoff to the
output of the GCMs.
Atmospheric GCMs are crucial to the studies of climate variability and the possible
impacts of climate change. The ability of these models to produce realistic forecasts of the
future climate depends not only on the availability of powerful supercomputers but also on the
proper formulation of important physical processes. One of the major efforts underway within
the World Climate Research Programme (WCRP) is the development of the parameterisation
of land surface processes in GCMs. Critical to this effort is the availability of reliable data
which can be used to describe the fluxes of sensible and latent heat between the land surface
and the atmosphere. A number of large scale hydrological-atmospheric pilot experiments have
been conducted over various land regions of the globe to improve techniques for
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parameterising land surface processes in models. In addition, however, there is a need for
reliable global estimates of surface runoff on a regular grid to validate the outputs of GCMs.
3.2. Validation of macro-scale hydrological models
Hydrological models account for the storage and flow of water on the continents,
including exchange of water and energy with the atmosphere and oceans. During the past
three decades, hydrologists developed a large number of models ranging in sophistication and
complexity. Essentially, all this work applies to geographical areas smaller than the area
represented by a typical GCM grid square, although some basin-scale hydrological models
have been applied to areas as large as 104 km 2 . "Macro-scale" hydrological models are
hydrological models that are compatible to the scale of a GCM grid square (e.g. 105 km 2 ) and
that could use atmospheric model data as input.
Preparing macro-scale hydrological models is a major undertaking that will require a
co-operative effort of hydrologists and other geo-scientists all over the world. The challenge is
to extend the existing knowledge of hydrological processes, as they occur at a point location
and on the scale of small basins, to the macro-scale. Macro-scale hydrological models must be
able to exchange information with atmospheric models. Processes that occur at the sub-grid
scale must be accounted for internally in the hydrological models. Ultimately, it must be
possible to apply the model globally. There are no data to calibrate macro-scale hydrological
models in the way in which hydrologists usually calibrate catchment models. Therefore, the
required macro-scale models must account for the water balance of "ungauged areas", and
model parameters must be estimated a priori using limited climate, soil and vegetation data.
Hydrological models should fulfil a number of requirements in order to be applicable for
assessing the sensitivity of water resources to climate processes (Klemes, 1985):
(i) They must be geographically transferable and this has to be validated in the real world;
(ii) Their structure must have a sound physical foundation and each of the structural
components must permit its separate validation.
These two requirements demand a validation basis in the form of grid maps of
compatible scales of different elements of the water budget and runoff in particular. Several
partly overlapping strategies for modelling water and energy transfers on scales ranging from
continental to global have been suggested. The approach taken seems to vary depending on
the objective of the investigator. In view of the complexity and limited understanding of water
and energy transfers over the continents, it is essential that the macro-scale modelling activity
has a clear focus on a few well-chosen, specific objectives and questions. A general theme to
be addressed is how to handle sub-scale spatial variability and heterogeneity. One approach is
to ignore it and represent aggregate behaviour directly. Another is to use distribution theory to
treat spatial distribution analytically. A third one, relevant in the context of this report, is to
use a grid approach to represent spatial variability explicitly. Several examples of grid square
approaches are presented in Chapter 4.
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3.3 International initiatives
What are the sources of runoff data that can be used for production of grid maps? Arnell
(1995) outlines the following main four of them:
(i) small research basins, operated by universities and research institutes. A review of
data over 57 European basins can be found in Robinson (1993);
(ii) national hydrometric archives. Availability and quality of these data (usually in the
form of yearbooks) vary considerably. Occasionally these data are available on magnetic
tapes, diskettes and recently - CD-ROMs, such as the one containing data for the USA
(Slack and Landwehr, 1992).
(iii) multi-national regional archives holding data from all or many countries in a region.
(iv) global data archives.
For the grid based maps of large scale runoff variations, the last two sources are
obviously of primary importance. Maps and tables of the average annual runoff for continents
have been produced by Baumgartner and Reichel (1975) and Korzun et al. (1978). Subsets of
monthly runoff data, mostly for large basins, have been prepared by UNESCO (1969, 1971a,
1971b, 1974). Some of these data in a table form have also been used for climate model
validation (Russell and Miller, 1990; Kuhl and Miller, 1992).
The Global Runoff Data Centre (GRDC)
Global co-operation is indispensable if producing runoff grid maps on the global level
is at stake. Such maps are necessary for the solution of many geopolitical and scientific
problems. The global exchange of data is a precondition for this co-operation. One of the most
essential global data bases for hydrological records is the data base created on the initiative of
the WMO's Global Runoff Data Centre (GRDC), operating since 1988 in the Federal Institute
of Hydrology, Koblenz, Germany. The activities of the Centre are guided by its international
Steering Committee. The principal objective of the Centre is to facilitate and optimise the
information exchange in surface water hydrology world-wide.
The data holdings of GRDC should hopefully be sufficient, when used with ancillary
information in new models, to produce the global gridded estimates needed for the GCMs and
for hydrological macro-models. However, the spatial coverage of GRDC data holdings is still
far from being satisfactory worldwide. This illustrates how difficult it is to collect data
worldwide; to encourage countries to send their records and to up-date their entries on a
regular base. An attempt to use the river flow data from the sparse network of stations
presently available to the GRDC, with presently-available grid-estimation techniques, would
most certainly result in values with gross errors. Clearly, what is needed is a major effort to
develop new analytical techniques, which take into account a substantial amount of ancillary
information, in addition to the limited number of river flow observations, to provide gridded
estimates of surface runoff.
18

WCP'-Water Project B.3 "Development of Grid-related Estimates of Hydrological Variables"
The WCP Water Project B.3 "Development of Grid-related Estimates of Hydrological
Variables" has among its specific purposes the development of grid-based estimates of runoff.
One specific international case study was undertaken for streamflow stations in Central
Europe. The pilot area covers the basins of the rivers Rhine, Weser, Elbe, Oder and Vistula.
Estimates are developed on monthly basis in a 0.5° x 0.5° grid for the period 1971-1980. The
following three approaches were agreed on the 2nd Planning Meeting on Grid Estimation of
Runoff Data, April 1992 (WMO, 1992):
(i) application of discharge values only;
(ii) application of empirical-statistical relationships between physiographic properties and
runoff in the catchment;
(iii) application of (ii) and hydrometeorological parameters.
The data and information collected for this project are useful for development of more
sophisticated analysis techniques, which could be used for the estimation of gridded runoff
values over the globe, even in areas of poor data coverage. What is needed is a modelling
technique which incorporates additional information, such as precipitation amounts,
topography, soil types and vegetation cover, with available river flow measurements to
estimate the runoff over data-sparse or data-void regions.
FRIEND Project 3. Large scale hydrological variation patterns
The FRIEND data base is another example of the regional data source for runoff
maps. The FRIEND - Flow Regimes from International Experimental and Network Data - is
an international research programme on regional hydrology, initially in western and northern
Europe, but now extended to several other regions, also overseas. It is a contribution to the
International Hydrological Programme (MP) of UNESCO. The main objective of the
FRIEND-Project is: " to improve understanding of hydrological variability and similarity
across time and space in order to develop hydrological science and practical design methods".
Project 3 in particular has the objective: "to define and map spatial and temporal
variation patterns in river flow regimes in northern and western Europe". There are three main
directions of research within this project. The two first concern definition of large-scale
hydrological regions and associated regime types and presentation of river runoff
characteristics on a grid basis across Europe. The third direction takes up variation of flow
regimes in time and spatial difference in these.
The aims of this project are somewhat different from those of WCP-Water Project B.3,
but the extensive practical work that has already been completed provides an example of the
sort of approach that might be useful for Project B.3 as well. FRIEND data have been gridded
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using the techniques currently considered also for Project B.3 and an attempt was made to
compare these results with the outputs of GCMs (Arnell, 1994).
GEWEX
In 1987 the Global Energy and Water Cycle Experiment (GEWEX) was launched in
the frame of the World Climate Research Programme (WCRP). The first major project under
GEWEX is the GEWEX Continental-scale International project (GCIP). Its objectives, as
formulated in 1990, include: the determination of the time/space variability of the
hydrological and energy budgets over a continental scale, and the development and validation
of macro-scale hydrological models, related high-resolution atmospheric models, and coupled
hydrological/atmospheric models. Gridded maps of runoff and other water budget elements to
depict the large scale variability as well as to validate macro-scale models, are also envisaged
in this project.
GCOS
The Global Climate Observing System (GCOS) was proposed by the Second World
Climate Conference in 1990 and implemented as a joint venture by WMO, UNESCO, UNEP
and ICSU. The GCOS attempts, inter alia, to improve the availability of data for use in
climate studies. Gridded maps of runoff and other water balance elements are of interest for
this study area.
Danube basin IHP working group
Gridded estimates of various water balance elements for the Danube basin are
expected to be produced within the frame of the project launched by the regional IHP
Working Group on the Hydrology of the Danube Countries. A series of maps of various
hydrological elements, including runoff were produced during the first phase of this project,
based on data for the period 1931-1970 (Stancik et al., 1988).

4. METHODS FOR PRODUCING GRIDDED MAPS
The overview of the literature on hydrological maps in Chapter 2 gives the impression
that the distinction between procedures for the constructing of an isopleth map and a grid map
is not that obvious. The methodology for drawing isopleths by hand only from a set of
observations at points in space, has become more and more sophisticated during this century.
Auxiliary points in more or less regular pattern are often used as a help in the construction of
isopleths. The runoff values at these points are estimated from regression equations related to
climatic and/or physiographic conditions, simplified water balance equations, conceptual
model calculations or some interpolation procedure. In principle the methods are the same as
those which form the background for constructing grid maps. The difference is only in the
way the final result is presented: as an isopleth map or as a grid map. A grid map could have
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been an intermediate product behind a final isopleth map, especially if modem GIS techniques
have been applied.
When presenting methods for the construction of runoff maps in general, the main
distinction to be made is how the interpolation problem is solved. This can either be done by
manual contouring (subjective methods in the meteorological terminology) or by automatic
interpolation (objective methods). The automatic interpolation can, in its turn, be divided into
deterministic and stochastic approaches. In both cases, a formula representing a weighted
average is applied (cf. formulae eqs. (2), (6) and (8)).
A second question, that is independent of. the interpolation problem, is whether
auxiliary runoff values to supplement or replace observed runoff values are calculated for
points in space in a regular, or irregular pattern. This step is not specifically related to grid
maps only, but it is a more general one for map construction endeavours. In the present report,
distinguishment will be made between the use of empirical relationships and water balance
models. It is worth noting that the interpolation problem remains, but it is now related to the
background variables used in the empirical relations and other (not runoff) variables in the
water balance equation, respectively.
A third aspect that also needs attention is the scale. In a macro-scale (say, grid cell
sizes in the order of l°xl°), drainage basins used for interpolation can become small in
comparison with the total area to be mapped, and can therefore be approximated by points in
space. This usually also implies that the simplified "vertical perspective" on runoff (or rather
rainfall excess) is accepted and runoff is mapped in the same way as, for instance,
precipitation. In a meso- and micro-scale (say, grid cell sizes in the range 10 km x 10 km to 1
km x 1 km and less than 1 km x 1 km, respectively), the area of drainage basins need to be
taken into account and the method should provide that the lateral contribution of runoff sums
up to that of larger basins.
4.1 Weighted averages
Weighted averages include a wide class of methods from a simple averaging of point
observations to stochastic interpolation with local support considering the extension of
drainage basins. The basic formula is written down as:

*M=2>w(u,-)

do)

in case of a point process, and when the drainage basin area is expressed as:

î(fl,)3lW

(11)

These formulae are direct parallels to those already referred to above, namely eqs.
(2),(6), and (8). The task is now to apply these formulae to estimate the runoff for a grid cell i
with an area aj. As already mentioned, the size of this area in relation to those of the drainage
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basins A:, j=l,...,N i , from which observations of runoff are available, is of fundamental
importance for choosing the approach to the problem of interpolation. If the focus is on the
scale, the problem can be also looked upon as that of aggregation/disaggregation. If aj is much
greater than the basins Aj, j=l,...,Nj it is a problem of aggregation, and in the other case, when
the size of each square grid ^ is much smaller than that of individual basins, we deal with a
problem of disaggregation.
4.1.1 Large scale
In the large scale drainage basins are small in comparison with the area to be mapped and
runoff observations can be considered to represent points in space.
/. Simple average
The simplest method is to use a simple average of the runoff from all the small basins
Aj, j=l,...,Nj which fall within a grid cell, and as points are considered, the formula is directly
applicable with all weights equal X. - X - \jNi. Arnell (1991, 1995), for example, has
applied this method across the study area of a FRIEND project. Drainage basins are allocated
to cells according to the location of the gauging station. The method is simple, but has a bias
to overestimation because the small drainage basins used in this approach are mainly situated
in headwaters and tend to have a rainfall total above the cell average, evaporation lower than
the cell average and the average elevation higher than the cell average. Arnell gives evidence
that the simple averaging method overestimates average annual runoff by between 25% and
67%. It might be possible to weight each basin value by rainfall, evaporation or altitude, but
there are rarely enough basins in each cell to make this practical and it may be difficult to
define appropriate weights. A problem that can arise is that of empty cells, when no drainage
basins with observations fall in a certain grid cell. The density of the observation stations in
relation to the size of grid cells is thus critical for the use of this method. It is therefore applied
to large areas and large grid cells, e.g. 0.5°x0.5°. A uniform density of stations is the optimal
background for this method so that the number of stations Nj is approximately the same for
each grid cell, and thereby so is also the accuracy of the weighted averages.
//. Deterministic interpolation ofpoint values
To overcome the problem of empty cells and to allow a more sophisticated
consideration of the difference in geographical location, a deterministic interpolation method
can be utilised. Bishop & Church (1992) and later Arnell (1995) have applied the TIN-method
with this purpose. The basic formula that is applied in this case is eq. (6) and the calculated
weights are entirely determined by the geometrical positions of the point observations. Arnell
derived a runoff grid map using the linear interpolation software within the ARC/INFO
Geographical Information System (ESRI, 1992), in the following stages:
(i) Define a Triangular Irregular Network (TIN) from the point locations of the
gauging stations (as done by Bishop & Church (1992) in their method GAGE_84). Co22

ordinates were expressed in geographic units (metres from the origin of a LambertAzimuthal map projection centred on 9°E, 48°N), and not latitude and longitude.
(ii) Interpolate onto a regular geographic lattice, using linear interpolation (ARC/INFO
command TINLATTICE). Two lattice resolutions were considered: 15 km x 15 km
and 25 km x 25 km.
(iii) Overlay a 0.5°x0.5° grid onto the geographic lattice, and calculate grid cell
average annual runoff as an area-weighted average.
The method gives a complete coverage across the domain and it also benefits from the fact
that the interpolation routines used are the standard ones available in GIS. An experience is
(Arnell, 1995) that the interpolation-based method also leads to overestimation (similar values
were found when interpolating to 15 km x 15 km or 25 km x 25 km).
///. Stochastic interpolation of point values
Stochastic interpolation would be appropriate, but no such applications related directly
to runoff gridding have been referenced in the literature surveyed. Stochastic interpolation
methods have already gained a broad application in geohydrology since the first introduction
of kriging (Delhomme, 1978). Kriging and Gandin interpolation are also of wide usé for
interpolation and integration of precipitation fields (Lenton and Rodriguez-Iturbe 1977,
Creutin and Obled 1982, Tabios and Salas, 1985, Dingman et al. 1988, Barancourt et al.
1992). There have been attempts to apply such methods on simplified assumptions and
directly interpolating, runoff as a point process (Villeneuve et al., 1979, Hjsdal and Tveito,
1993). If this approach is used properly, only data from small drainage basins can be applied
so that a "point" covariance model can be constructed. A runoff grid map can be interpolated
from such a data set by a direct application of eq. (8) above.
4.1.2 Meso-scale
In the meso-scale, drainage basins are of a medium size in comparison with the area to
be mapped and runoff observations represent areas in space. This approach has several
advantages compared to the "point" interpolation. As the basins are considered as "points" in a
continuos space in the latter approach, the lateral aspects of the runoff process are neglected.
We therefore cannot expect that runoff in this case, when integrated over a river basin,
coincides with measured streamflow in the main rivers. These observations in the main rivers
are not included in the data set. The information that they can add to the variation pattern of
runoff is thus lost. A further practical aspect is that small basins often are situated in the
headwaters to a river system leading to an overestimation of the total runoff (Arnell, 1991).
/. The catchment-based area-weighted average method ("The nested approach")
In a collaborative paper on grid estimation of runoff (HASA; 1990) a method is
proposed for the calculation of runoff for grid elements by means of weighted averages where
the drainage basin areas are taken into consideration. Two cases are distinguished. In the first
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case, at least one basin with observations is located within a grid cell (Fig. 4). The gridded
runoff estimate is calculated from all measured runoff values in the grid cell as a weighted
average (aggregation). The weighting factor, for a specific j , describes the influence of the j-th
basin with area Aj on the grid cell. For this case of scale aggregation the method is well
applicable for large scale problems as well. In the second case, one drainage basin with
observed runoff covers more than one grid cell (Fig. 5). A disaggregation of the observed
runoff for the basin has to be made. The runoff for each grid cell fully within the basin is
found by interpolation of runoff (disaggregation) utilising the relationship between the area of
the whole basin and that of a grid cell and eventually other factors.
For the first case the estimation of runoff q(a,) for a grid is based on the following
formula:

$M--J-£JJAAJ*(A,)
>i M

(12)

where AA'j ,j = \,...,Nl is the area of basin j that is common with grid cell i. The value of the
weighting factor depends on the influence which the area of basin j has in relation to that of
the grid. The following constraint must be satisfied:

fl,-£^AAj

(13)

7=1

It is noted that the calculation of the weights is entirely determined by the geometrical
extension of drainage basins and grid cells, and the method is therefore to be considered as
purely deterministic.

Figure 4. Calculating grid runoff by weighted averages for cases when river basins are inside
the grid (HASA, 1990).
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For the estimation of runoff for a grid i in the second case, the following equation is
suggested:
(14)

4)=4TA)

The weighting factor X, is in this case considered to be a function of the physiographic and
climatic characteristics of a cell i, i.e. X, = f(elevation, slope, soil, vegetation,...). In
homogeneous flatland regions it can be assumed that A'=l. In mountainous regions it is
suggested to estimate the weights from complementary runoff studies of small drainage areas
in comparison to downstream measurements on larger water courses. It is suggested to use
empirical relations (multiple regression), between runoff and physiographic variables for
grids, to allow a more detailed disaggregation of the runoff (DAS A, 1990).

Figure 5. Calculating grid runoff by weighted average for cases when river basins overlap the
grid(HASA, 1990).
In both principal cases above, as represented by Figs. 4 and 5, a check on the estimates
of the weights X, needs to be undertaken by aggregating the individual values for grids to
larger basins for which observations are available and comparing the aggregated runoff value
to the observed one. Let the large basin j contain Mj grid cells. The estimated aggregated
runoff from the basin is then:
(15)
This estimate is now to be compared to the observed runoff q\AjJ from basin j to derive a
correction for each cell i:

àq{a) = %-{q{A)-q{A)

(16)
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The correction can eventually also be disaggregated in relation to physiographic factors.
It is noted, that this is also the common procedure for validation of runoff estimates from
climate models, where now qyAj J represents the calculated runoff from the climate model for
a grid cell.
Predeek & Isele (1992) calculated runoff for the Aller river (tributary of the Weser
river) applying this method. The drainage basin area was subdivided into grid cells of
0.5°x0.5°. For each of these cells gridded runoff was computed as described above. A
comparison of the sum of all gridded runoff values belonging to the same catchment with
measurements at each river's mouth showed that calculations underestimated measurements.
For the Aller river annual differences deviated by less then 7% (see also Wollenweber, 1992).
Helbig and Liillwitz (1994) extended the study to the whole of the Weser basin. Both these
studies are contributions to the WCP-Water B.3 project. The method has also been applied to
the FRIEND data base (Arnell, 1995) (for further results see Chapter 5). It is a general opinion
that the catchment-based area-weighted average method gives in most cases the closest
estimate to observed runoff in comparison with the methods referred to above.
//. Stochastic interpolation (Gandin interpolation with local support)
The formula for a weighted average with account for the drainage basin area (the local
support) is the point of departure for stochastic interpolation (eq. 8). The formula is
transferred into a matrix notation:
Ni

(17)
7=1

where A^ is the transposed column vector of lambdas and Q the column vector of
observations. The weights A^y=l,...,Nj ,related to each of the grid cells i, are evaluated from:
A; = C ' C

(18)

where
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The elements in the matrix C represent covariances between runoff at the N. observation
station in the search neighbourhood of grid i, while the elements of the column vector C^ are
the covariances between runoff at these observation stations and runoff at grid cell i. These
covariances are evaluated from a river covariance model (for details see Gottschalk, 1993a).
We note that we can easily replace all or some of the covariances in the matrix so that they
instead represent points, thus combining information from streamflow measurements with
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data on precipitation excess. A constraint is imposed on the lambdas so that they add up to
one: -

Ë4 = 1

(19)

7=1

The Lagrange multiplier, fl', is introduced in the matrix system.
The streamflow at a downstream point for a drainage basin, say A t is calculated from:

?(A,) = I[f X ^ K )
1=1

(20)

A /;=

where Mj is the number of grid cells that approximate the drainage basin area A r This sum of
interpolated runoff for grids, calculated from equation (20), does not necessarily add up to the
observed runoff in the downstream point. A further step is to include a constraint so that the
interpolated runoff for grids is balanced with the observed runoff in the river system. Let us
consider a drainage basin where runoff q(Aj) is observed at the outlet point. Other observation
stations of streamflow q(A;) (or precipitation excess q(Uj)) i=2,...,N are situated in a search
neighbourhood in and around this main basin. The basin is divided into Mj grid cells a;,
i=l,...,M!.The interpolation equation (17) remains the same for this case but the weights fy;
j=l,...,N ,i=l,...,Mj have to be calculated simultaneously for all M{ sections from a matrix
equation of the same principal form as eq. (18), i.e. (Gottschalk, 1993b):
A A / =C M " 1 C 0 M

(21)

with the following matrix elements:

C l =(Cov(A],ai)y---,Cov(AN,ai),Cov(Al,a2),---,Cov(AN,a2),--•••,Cov(A1,aM),"-,Cov(AA,,aw),l,0,-",0)
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Figure 6. Interpolated runoff to grid cells (5km x 5km) for the Laagen drainage basin in
Norway (Gottschalk and Tveito, 1997).
An example that illustrates the application of this latter interpolation approach in a
meso-scale with a basic grid net 5km x 5km is shown in Fig. 6. Data from the Laagen
drainage basin in Norway have been used. These data consisted of 20 years of annual runoff
28

observations from totally 12 sites and a digital map information on topography, river
networks, drainage basin boundaries and gauge locations. The total river system was divided
into 32 sub basins, and the interpolation was performed in two steps: first for these sub-basins
and then for grids within each sub-basin. Covariances were calculated with a spatial scale
coefficient k=80 km. Eq. (21) was solved numerically applying the conjugate gradient method
for a sparse system (Press et. al., 1992). The method adjusts for the non-representativenes of
observations, mainly placed in headwaters by including downstream stations and by a
"correction" to satisfy the water balance. From a theoretical point of view, this must be a
strength of the method. On the other hand, it heavily relies on the accuracy of the observed
values, especially in the downstream region of the basin. Manually made isopleth maps show
usually smooth variations. With the method applied here, variation patterns have a tendency to
follow drainage boundaries. It can, for instance, be noted in Fig. 6 that in the upstream part of
Laagen there is a rather sharp delineation between relatively low runoff in the eastern part and
higher values in the western part, following water divides.
4.2 Estimation of grid cell runoff using an empirical relationship
This approach determines spatial runoff patterns from spatial physiographic and/or
climatic data. It gives complete coverage across the domain of interest, but the estimated
runoff may be quite dependent on the form and parameterisation of the empirical relationship
applied. Solomon et al. (1968) is the earliest reference of the published results of such an
automatic approach of obtaining co-ordinated maps of precipitation, evaporation and runoff
on a long term mean annual basis. Multiple linear regression was used to produce estimates of
precipitation, temperature and runoff from physiographic parameters in a grid cell. The
following regression equation exemplifies the approach used by Solomon et al. (1968) for the
province of Newfoundland and Labrador, Canada, where the size of grid cells were 10 km x
10 km:
Q = -0.003383Z, - 2.6050.4L - 0.05 ISDSE(\ - 0.0027DSE)
- 02569DSW(1 - 0.0007DSW) +110.1479S + 0.0192#(1 + 0.00008#)

(22)

- 0.0103BSE + 0.004BSW(l + 0.0004BSW) - 0.0083Z)2 + 57.8
where Q is the runoff for a grid cell, L latitude index, AL - ratio of the area of lakes, DSE distance to sea in the SE direction, DSW - distance to sea in the SW direction, S - average
slope of the grid cell, H - mean elevation of the grid cell, BSE - barrier height in the SE
direction, BSW - barrier height in the SW direction and D - shortest distance to sea. There are,
of course, many uncertainties involved in the application of an empirical relationship like the
one of eq. (22). Pentland and Cuthbert (1971) introduced a second step to this approach so
that a correction of the estimates is performed, closing the water balance with a certain
predetermined tolerance in an iterative procedure.
When empirical relationships are used to map runoff for larger grid cells, climatic
variables usually replace the physiographic ones. Liebscher (1972), for example, developed a
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regression relationship for mapping purposes, predicting average annual runoff Q in Germany
from annual temperature T, annual precipitation P and the ratio of summer PSu to winter P Wi
precipitation on the following form:
<2 = _454 + 0.93 J P-24.0r+151P 5 „/P H ,

(23)

Gustard et al (1989) developed a similar regression relationship including annual precipitation
P and évapotranspiration PE for a small subset of the FRIEND flow data:
Q = 0.9 IP - 0.80PE + 84

(24)

Arnell (1995) used this latter expression in a comparative study to map runoff of north-west
Europe. Bishop & Church (1992) used a similar approach in the north-eastern United States to
predict annual runoff and also developed regression relationships to predict annual
evaporation. In a slight variation to the approach, Bishop & Church (1992) also considered
several estimation procedures which interpolated either the ratio of runoff to precipitation or
the difference between precipitation and runoff.
A general experience is that the empirical equations calculating runoff from gridded
climate data can produce very bad estimates (Arnell 1995). Procedures of control and
correction, like those suggested by Pentland and Cuthbert (1971), are therefore strongly
recommended.
4.3 Estimation of grid cell runoff from grid cell precipitation and potential evaporation
using a water balance model
The classical methods for water balance calculations have been introduced by Penman
(1950), Budyko (1956) and Thornthwaite (cf. Thornthwaite and Mather, 1957). These similar
methods allow calculation of precipitation excess on a monthly basis using precipitation
observations and potential évapotranspiration, E0 (estimated for example, with the help of the
Penman formula). The actual evaporation is then related to the soil moisture deficit. In the
latter two cases, the actual evaporation, Ea, is determined from:
Ea = EQ*f(W/W0)

(25)

where f(W/Wo) is a function of the actual soil moisture content W, and W 0 is the critical value
of available soil moisture above which actual evaporation is equal to potential evaporation,
obtained on the basis of analysis of soil water balance.
Thornthwaite's method utilises empirical relationships for f(W/W0), presented on
diagrams. Budyko assumes that this function is linear and uses an experimentally established
dependence of evaporation rate on soil moisture content (Korzun, 1978):
E = E0

ifW>W 0 ,

(26)
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E =E

°W

ifW<W

o

(27)

where W = — - — - is the mean monthly amount of available moisture at the beginning and
the end of the month, respectively.
Combining equations (26) and (27) with the water balance equation, one obtains:
P = E + Q + AW

(28)

where P is precipitation, Q is runoff (or rather rainfall excess) and AW = W 2 -W,, yields the
following equations for soil moisture:
For months when W<W0:
(

Wt

W =
1+

^
2W0

E

\

2WJ

(29)

+ P-Q

and for months W>W0:
W2=W, + P-Q-E0

(30)

Annual evaporation is obtained as the sum of monthly values.
There are some difficulties in calculating water balance even on a monthly basis. The
simplistic approach for estimation of actual évapotranspiration is already a rather drastic
approximation but handling of runoff and snowmelt is still more problematic. Thornthwaite
noted that in the case of the quick runoff component generated by individual rainfall events, it
is necessary to estimate this part from daily data. The same is valid for the estimation of
snowmelt, which necessitates the use of daily observations of temperature. An approximate
method based on monthly temperature data has been suggested by Xu et al. (1994).
The simplest way to overcome the difficulties in estimation of runoff is to apply the
so-called "Budyko bucket" approach. This approach assumes that as long as the soil moisture
level W is less than the critical level W0, the runoff ,Q, is set to zero (Q=0 in eq. 29). In the
other case, when W is larger than W 0 , the runoff is calculated as a rest term in eq. (30), when
the other terms are known. This is an example of the "vertical" perspective of runoff, setting it
equal to the rainfall excess. The "Budyko bucket" has been a dominating approach for
calculating runoff in GCMs and it has also been the basic idea behind runoff mapping based
on the water balance. Foyster (1975), for example, interpolated first precipitation and
evaporation on a grid base of size 2 km x 2 km and then calculated runoff, applying the water
balance approach suggested by Penman (1950) in each grid cell. Vôrôsmarty et al. (1989) used
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the Thorntwaite approach to map water balance elements in a drastically different scale for the
whole of South America with 5700 0.5°x0.5° grid cells. Arnell (1995) in a comparison of
runoff mapping methods for a 0.5°x0.5° grid net over the FRIEND area of Europe followed
the same principle. He used the Turc-Pike formula (Dooge, 1989) to calculate actual
évapotranspiration E and derived annual runoff Q from:

Q=P-E

(28')

To determine runoff, when it was not available from observations, Budyko proposed to use a
formula based on general physical notions of moisture exchange on the earth's surface:
W
Q = yP—

(31)

ifP<E 0

£0V

V

+ l-fj

(32)

ifP>E r

where Wk is available field moisture capacity; 7 is a dimensionless coefficient of
proportionality depending on precipitation rate and increasing with it.
If runoff is calculated from eq.(31), the soil moisture content, W2, is determined as:
f

P-W

w2=-

0

[2W0

+^r-l

2Wk

7

ifO<W<W r

(33)

ifW>W f

(34)

y?
TT7T+1
[2W—0 + 2W
k
Q

and
P-E0-Wx
W2 =

( yP
2W„

-1

yP

^
1
+
1
[2Wk

If runoff is determined from eq.(32) then:
^2

P-Wl

2W0 2Wk
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+
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In a methodological study for Sweden, Gottschalk and Krasovskaia (1980) interpolated
precipitation and temperature to grid squares (10 km x 10 km) and then calculated runoff there
applying the Budyko's water balance model. There are examples also of a direct use of
conceptual runoff models to calculate runoff for grid cells. In Sweden, a regionalised HBVmodel (Jutman, 1992) was used for calculation of the runoff for the period 1961-90 for grid
cells. Precipitation is mapped manually and evaporation is calculated as the difference. This
ensures the fulfilment of the water balance equation locally for grids, but not globally for
drainage basins.
The water balance method also gives complete spatial coverage, but predicted runoff is
dependent on model parameterisation (rather than form) and on the gridded input data. The
application of simple water balance models across a large spatial domain also requires that
model parameters can be readily estimated from gridded soil and vegetation data. The
demands here are exactly the same as for a regional hydrological model, as quoted in section
3.2. The step is not far to a distributed hydrological model with square grids as fundamental
units. In runoff mapping, the focus has been put on the estimation of precipitation excess and
the lateral aspects have been neglected. A step further would be an introduction of procedures
for lateral flow between grids. Girard (1984), for example, has suggested such an approach
and applied it to the HAPEX-MOBILHY study area. The idea is being used for hydrological
components in GCM, one example being the application of the so-called Arno-scheme in the
Hamburg GCM describing the hydrological processes at the land surface. After the
computation of gridded values of infiltration, drainage and runoff, the water in this scheme is
subjected to a linear advection scheme, which collects the runoff in large river basins and
transfers it to the ocean (Diimenil and Todini, 1992, Sausen et al., 1994).
4.4 Application of GIS
By the use of the GIS, it is generally possible to combine computerised mapping and
image processing with database management and statistical analysis to create a powerful tool
that can be used for spatial data analysis within the framework of gridding runoff data. On the
other hand, using a GIS allows the user to implement remotely sensed data and to add these
data to the database, if needed. Map query analysis allows the interactive control and check of
these data. The selection of analysis functions as re-classification schemes, within the GIS,
allows the user to extend and set up new databases for further analysis. Several levels of
hydrologie modelling in association with GIS can be identified, such as modelling inside the
GIS and parameter estimation (Maidment, 1993).
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The stochastic interpolation method described above under 4.1.2:11, needs a well
defined hierarchical structure of the river network. This network consists of links with defined
hierarchical code, river length, drainage basin area and sub-basin areas. Information about the
observation stations should also be linked to the river network. The required information can
be obtained by using the knowledge about the existing river nets and the national digital data
on topography with a fine resolution. In the GIS Arc/ESfFO (ESRI, 1992), for example, there
are procedures for generation of river nets from a digital raster elevation model, defining the
flow direction.

5. EXAMPLES OF GRIDDED MAPS FOR EUROPE
This chapter offers a number of examples of gridded runoff maps produced as
national, or multinational, contributions to the WCP-Water Project B.3 and to other
international projects.

5.1 Contribution to WCP-Water Project B.3 by GRDC (Lullwitz and Daamen, 1994)
Runoff has been calculated on a grid basis for the Weser river basin, Germany. The
basin can be approximated by a rectangle with the boundaries 54.0°N/8.0°E (NW corner) and
50.0° N/11.5°E (SE corner). The grid consists of 56 cells in a 0.5°x0.5° resolution for which
the monthly runoff values in the calendar years 1971 to 1980 are determined. Fig. 7 shows the
Weser basin with location of stream gauges, the grid network and the average monthly runoff
for each grid cell.
The Weser river features strong variations in the water level. The streamflow data
came from the HYDABA-database at the Federal Institute of Hydrology and the Federal State
Departments. The related information for each stream gauge was extracted from the
Hydrological Yearbooks (Gewàsserkundliche Jahrbucher). The original discharge data are
mean daily discharge rates (m3/s). These data were converted into runoff rates related to
different river basins and the runoff depths were calculated in mm/month. For the calculation
of the areal weighted averages for each grid cell, the nesting of the different river basins with
their respective stream gauges was considered (method 4.1.2:1). The runoff values were
obtained by consideration of the differences of the discharge values due to the nesting of the
river systems. Fig. 8 illustrates the calculation of areal weighted runoff for one of the grid
cells (marked grey in Fig. 7). In order to assist this process special flow charts for individual
basins were created. They give a better overview of the nesting and the relative positions of
the different stream gauges. When the runoff values were calculated using this approach,
human impacts on the river system like water use as well as errors in the data could be
detected and analyzed. Fig. 9 shows the resulting grid map for the Weser basin of annual
mean runoff for the period 1971-1980.
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Figure 7. Grid network 0.5°x0.5° of the Weser drainage basin, location of stream gauges and
histograms of mean monthly runoff for each grid cell for the period 1971-1980. Grid cell 33 is
marked in grey, (from Lullwitz and Daamen, 1994).
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5.2 Contribution to the WCP-Water Project B. 3 by Schâdler and Biirgi (1994)
Monthly and annual runoff values have been calculated on a grid basis (0.5°x0.5° grid
cells). The area considered extends over a large part of Switzerland covering the basin of the
river Rhine upstream from Basel and the river Inn upstream from the Austrian border. Two
different methods have been applied; one working on monthly mean values and the other - on
annual values. The area covered by the first method includes 14 grid cells and by the second
method - 9 grid cells. The observation period used in both cases is 1961-1990.
In the first method only the observed runoff data, as measured in a nested set of basins,
were utilized. Basin runoff is expressed in milimetres depth across a chosen sub-basin
("zone"), which is either the uppermost headwaters of a basin or the additional area gauged by
a downstream gauging station. It was assumed that the runoff depth is constant across the
whole zone. The sub-basins were chosen so that their areas and the lengths of the observation
periods available are of a compatible size. Data from 45 sub-basins, of which three are in
Austria, were used. The share of the area of each sub-catchment in the different grid cells was
used as the weighting factor in the computation of the runoff depth. As nearly all rivers were
influenced by regulation, the measured values were corrected to obtain the natural monthly
values of the discharge and the runoff depth. The runoff depth in each cell has been calculated
as a sum of all natural runoff values for the sub-basins within this cell multiplied by their
corresponding weighting factors (method 4.1.2.1).
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Figure 10. Statistical parameters of an exemplary grid cell.
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In the second method, climatic characteristics were used to calculate runoff of a large
basin as gridded values (method 4.3). The estimated runoff in each cell was obtained from the
gridded rainfall and evaporation by means of a water balance equation. The runoff values for
individual cells were then summed up and compared with the measured ones in order to
determine the correction factor based on the error distribution. A correct application of this
method requires precipitation, evaporation and storage data. As only precipitation data were
available at monthly resolution, values of annual runoff depth were calculated. The
evaporation volume was estimated, while the storage changes were yet not considered. The
results of estimation turned to be dependent on the accuracy of estimation of the gridded
precipitation and evaporation values in each grid cell. This is an extremely difficult task in
mountainous region and the reported error in precipitation estimation could be as high as 30%.
Insufficient accuracy in these estimations results in discrepancies between the measured
runoff and the one obtained as a sum of estimates for each grid cell. Therefore, a special
correction factor was introduced distributing the total error among the cells.
The runoff estimations obtained by the first approach have been checked by comparing
the annual evaporation estimated by the long term water budget in each cell with the
evaporation estimated by method 4.3. Taking in account the uncertainties connected to the
estimation of climatic characteristics for each cell, the results of estimates of runoff by the
first method were rather good. The aggregated estimations of grid cell runoff were also
compared with the measured runoff at the gauging station. The mean difference between the
grid estimation (method 4.1.1:1) and the measurement was 4 % for monthly runoff values and
3 % for yearly values.
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Figure 11. Seasonal coefficients of variation.
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Fig. 10 shows a sample of the results obtained by the "nested approach" (method 1) of
seasonal runoff regimes for an examplary grid cell. The seasonal runoff variation is changing from
year to year. Therefore, a statistical characterization is offered for the 30-year period of study
corresponding to the climate normals: 1961-1990. The family of curves in Fig. 10 represent the
mean, the maximum and the minimum flow values for particular months, as well as ranges delimited
by a mean plus or minus one standard deviation for each month.
The study by Schàdler and Biirgi (1994) also includes an analysis of the seasonal behaviour of
the coefficient of variation of runoff for particular months as a function of the numbers of basins
considered. As one might expect intuitively, the more basins included in a grid cell, the higher the
coefficient of variation. However, a kind of saturation effect has been observed for the coefficient of
variation as the number of basins becomes large. The issue considered by Schàdler and Biirgi (1994)
was: to find the number of basins for which the incremental increase of c.v. is negligibly small. The
number of basins found in this way can be treated as a surrogate of minimum acceptable density of
analysis (Fig. 11).
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Finally, Schâdler and Biirgi studied measures of the error made by calculating grid
runoff for different numbers of basins. Their findings for annual values and monthly values
for February and July are presented in Fig. 12.

5.3 Gridding in the FRIEND-Project 3
Arnell (1994) has carried out a project on gridding data in the framework of the FRIENDProject 3 arriving at a set of gridded maps of runoff of Europe. The runoff values for each
grid cell in the study area on a monthly basis for the period 1971-1980 were calculated using
the following methods:
1.

Simple averaging of runoff of all the basins lying within a grid cell (method 4.1.1:1).
This has an inherent bias, as small basins tend to be wetter than the cell average.
Runoff is therefore higher. There is also the problem of "empty" grid cells.

2.

Deterministic interpolation (method 4.1.1:11). This is only appropriate if the drainage
basins are small relative to the domain of interpolation, and can therefore be treated as
points. ARC/INFO interpolation routines were used to interpolate between the
FRIEND small catchment runoff estimates.

3.

Estimation of runoff from gridded climate data, using an empirical relationship
(method 4.2). The estimated runoff is only as good as the gridded climate data and the
relationship adopted; values may be very dependent on the model form and
parameterisation. The method was applied using two empirical formulae (the TurcPike formula and a FRIEND regression equation) and two climate data bases (DASA
and Legates). The resulting runoff map is not independent of the gridded climate data.

4.

Area-weighted average gridded maps derived from catchment maps (method 4.1.2:1).
This essentially involves superimposing a grid on a choropleth map of catchment
runoff, and calculating the area-weighted average for each grid cell. The coarser the
grid, the larger the drainage basins that can be used. Basins lying within a catchment
that is entirely contained within a grid cell are superfluous.

The gridded runoff estimates were validated using average annual runoff from seven
large European drainage basins (the Weser, Rhine, Maas, Seine, Danube, Loire and Rhone).
The validation exercise assessed the total volume of runoff estimated within a large
catchment, not the spatial pattern of runoff. Of the methods considered, the fourth - areaweighted averaging - had the least bias; the others tended to overestimate runoff.
An example of results of gridding runoff within the framework of FRIEND is presented in Fig.
13, excerpted from Rees (1997).
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Figure 13. Gridded annual runoff for European Community - a contribution to FRIEND (from Rees, 1997, with permission).
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6. ACCURACY IN GRIDDED MAPS
The accuracy in gridded maps is, of course, highly related to the scale of the map. In
this report, examples of gridded runoff maps with different grid cell sizes, varying from
0.5°x0.5° to 5 km x 5 km, were given. In the first case, the cell, as a rule, contains several
runoff gauging stations, while in the second case, the number of cells is one or two order of
magnitude larger than the number of available gauging stations, and the accuracy is reduced
accordingly. Heterogeneity of conditions within a grid cell and human influence on runoff
estimations within a grid cell are examples of other problems that should be considered.
The estimation errors put the limits on the utilisation of interpolated data on a map to a
scale defined by the existing observation network. In the presentation of a grid map a
reasonable rule would be to use the estimation error as a base for defining class intervals for
the runoff map. Increasing the scale of basic units without extending the amount of observed
data would result only in increased estimation errors and make a map less informative.
Existing, manually constructed, contour maps of runoff contain more or less subjective details
not provided by the observations themselves. When maps are produced automatically and
related to estimation errors, there is a risk that these maps are considered less reliable by users
as they do not contain such details. For refinements of the spatial resolution of interpolated
data, other type of observations with denser observation networks and/or deductive relations
to landscape elements have to be introduced.
There are very few examples of studies of the accuracy of runoff maps referenced in
literature. Rochelle et al. (1989) analyzed the uncertainty in runoff estimates from a runoff
contour map for the north-eastern, south-eastern and mid-Atlantic United States. Three
different methods for interpolation of runoff from the map were applied and compared to the
actual gauged values at 93 sites. A conclusion from that study is that runoff (annual 30-year
means) could be estimated within approximately 15% of the measured value using the three
methods. Bias in the estimated runoff can be avoided by a proper choice of the interpolation
method.
In the study by Rochelle et al. (1989), the comparisons were made between estimated
and measured runoff annual average values for the same reference period of 30 years. From
statistical theory it is known that the expected standard error in the mean value in relation to
the mean for a sampling period of say n years is:

where Vq is the coefficient of variation of annual runoff. If there exists an autocorrelation r
between years in the annual runoff values then eq. 37 is replaced by:
V
<X,=^Wl-r

(38)
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Typical values for the coefficient of variation for annual values in temperate climates are in
the range 0.2 to 0.4 which, in the case of 30 years of data, results in errors in the range of four
to eight per cent. This error, in the general case, has to be added to the interpolation error. The
measurement error is also to be accounted for but in case of annual values that are derived as
sums of daily estimates, such errors may be evened out if they are not of a systematic
character. In the following, a statistical error d5(a(.) as related to the eqs. (37) and (38), and an
interpolation error 0)(a,) for a grid cell % will be distinguished. The total error <JT(a,) can be
derived from:

OrfahtâM+oîM

(39)

6.1. Statistical error
In the large scale, each grid cell contains one or more observed values. The gridded
value is estimated as a weighted mean over these observations. If, for simplicity, it is assumed
that the coefficient of variation is constant over a grid cell and all the weights are equal, that is
A^l/M,, where M, is the number of observations in the cell, the estimated relative statistical
error for a grid cell i of size aj is reduced in accordance with the following expression:

If 1

f

l)_

(40)

where p(a-) is the mean correlation coefficient between all possible pairs of observations
within the cell a,. The limiting cases are found when this mean correlation coefficient takes
the values p(<z()=0 and p(a;)=l, respectively. In the first case, the statistical error for each
observation site within the cell is reduced as the square root of the number of observations
within the cell M,, while in the other case no reduction is achieved and the cell statistical error
is equal to the site statistical errors. When the weights Xj are not equal, the general expression
corresponding to eq. (40) becomes more complicated. However, the results for the limiting
cases remain the same, as long as the constraint that the weights sum up to one is kept.
6.2 Interpolation error
In the meso- and micro-scale it is assumed that very few of the grid cells contain
observation points. Interpolation, or eventually disaggregation, is performed that differs from
the aggregation in case of a large scale problem. The statistical error is not simply reduced as
in the latter case but an interpolation error is added. To determine errors it is necessary to
know the covariance between observation values, and between observations and grid cell
values. Error estimates can, in principle, be determined from the same basic formulae for all
the weighted average methods, deterministic as well as stochastic. However, the estimation of
covariances is not a general part of deterministic methods. Furthermore, it is worth noting that
the stochastic interpolation methods are based on the minimization of the interpolation error.
An advantage of these methods is thus the possibility to derive directly estimates of
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interpolation errors. At the same time, it must be noted that these estimates are very sensitive
to underlying assumptions about homogeneity in the studied stochastic process. Stochastic
interpolation methods are mainly to be seen as inductive methods and as such they can be of
use for validation of results of, for example, macro-scale deductive models. In such
applications, it is central that the method allows estimation of errors in interpolated values.
The estimation variance of the runoff interpolated from eq. (17), for a certain river
section, is:
<yl(a.) = Var{a.)-KTCQi

(41)

where Var\ai) is the spatial variance of runoff for the grid cell %. The estimation variance of
the streamflow for a drainage basin A,, is found comparable to that expressed by eq. (20), as a
weighted average of the estimation variance for all M, grids of the area A, (independence is
assumed):

""fa Y
° v M = X i- <x,2M
2

(42)

i=i

If the continuity constraint is added, the estimation variance for a river section, eq. (41), is
replaced by (Gottschalk, 1993b):
N f(

.

.

_

^

0?(«,) = M«/)-Z 4 Cov{Apa)+^X^

(43)

Rather few streamflow stations (12 only) have been used in the example shown in Fig.
6. The stations are furthermore very unevenly distributed over the main basin. On the average,
the estimation standard error is 8.1 1/s/km2, which is exactly half of the point spatial standard
deviation. Variations in the estimation error mainly reflect the eventual nearness in a
correlation space between the point of interpolation and observation sites. The correlation of
runoff is very complex. High correlation is caused by nearness in space but also by common
area.
6.3 Influence of heterogeneity and human activities on grid cell runoff estimation
The heterogeneity problem may arise, for example, when estimating runoff in grid cells shared
by a number of countries with different density of observations or in mountainous regions
where this density might be insufficient. A preliminary study devoted to the influence of the
observation network density on the grid estimations of runoff was carried out in the Elbe river
basin as a joint project of the national agencies in the Federal Republic of Germany and the
Czech Republic (Hladny, 1994). The total area studied is 13111 km2 and covers 14 grid cells
of 2000 km2 each (some of them only partly). Mean monthly records from 43 gauging stations
for the period 1971-1980 and data on their basin areas have been used. The partial areas of the
individual cells occupied by each basin were measured. A computer algorithm for estimation
of grid runoff applying classical weighted area method has been developed and applied to the
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data above, yielding mean monthly runoff depth in mm for each grid cell. Then, the number of
grid cells was gradually reduced from 43 to 16 and then to 7, so that they were as uniformly
distributed as possible in the area. A preliminary comparison of the runoff depth values for
grid cells, obtained with the use of different number of series, showed that the influence of the
withdrawal was dependent on the regime of the stations (whether mountainous, lowland etc.).
The influence of the human effect has also been studied within the same project. The
statistical analyses performed showed that human activities significantly influence the
estimated runoff values. Human activities might cause irregularity in space and time of the
runoff process and their influence on the runoff estimation depends on the size of the grid cell,
time step used and the character of activities.

7. DISCUSSION AND CONCLUSIONS
Runoff maps, both isopleth maps and grid maps, are widely used for environmental
planning, water resources management and planning, and as a background for validation of
outputs from global climate models and macro-scale hydrological models (cf. Chapter 3).
There exists a variety of methods for the construction of runoff maps, some of which have
been described in Chapter 4. The choice of the method should be guided by the purpose for
the development of the map.
Maps of runoff that are to be used for planning and management should be based on
the synthesis of all the available information. This is done best by combining methods for
solving the interpolation problem, the weighted average method, with a water balance
approach, i.e. a joint utilisation of runoff and climate observations. It is natural that then the
problem can be seen as that of producing consistent water balance maps. That is, the maps of
runoff, precipitation and actual évapotranspiration should balance to zero over each of the
fundamental units used. In the case of isopleth maps, such fundamental unit is a point, for
gridded maps - a grid cell, and for choropleth maps - a drainage basin. From a methodological
point of view the two latter alternatives are preferable, especially if the mapping is performed
within a GIS-framework. Dependent on the scale, the final product can be presented in the
form of isopleths in any way, if necessary.
Data assimilation is a widely used concept in meteorology for producing estimates of
meteorological variables for grid cells, that are physically consistent with meteorological
models and observations and that can be used as input to such models. A question that has
been raised is: how can hydrological models be formulated as a part of a data assimilation
system to produce 'improved' estimates of precipitation, storage terms and actual
évapotranspiration for model grid cells? Such a model formulation is required for both macroscale hydrological modelling and climate modelling. This problem can be seen as an extension
of the problem of finding consistent water balance estimates for grids.
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For validation purposes, it is of importance that a map is determined from runoff data
only. Meteorological and climatological data that at the same time are used to formulate the
external forcing and/or boundary conditions for the model to be validated, should of course not
be used to determine runoff. The message here must be: let the runoff data speak for
themselves. The methods that are feasible in this case are the weighted average methods. In the
large scale, the 'nested method' (aggregation), as well as deterministic and stochastic
interpolation of point values, are recommended while in the meso-scale the 'nested method'
(disaggregation) together with stochastic interpolation with basin support are to prefer.
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