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i R OPENING OF THE SESSION

The Workshop on the Global Runoff Data Set and Grid Estimation was
opened at 9:00 a.m. on 10 November 1988 at the Federal Institute of Hydrology
(Bundesanstalt fur Gewasserkunde) in Koblenz, Federal Republic of Germany.
Dr. H.-J. Liebscher, Director of the WMO Global Runoff Data Centre (GRDC) was
elected to chair the meeting.

The purpose of the meeting was to review the work of the GRDC, in
producing data sets required by the climate research and hydrological
communities, and to discuss the possibilities for the gridding of hydrological
data for use in validating climate model outputs.

The names and addresses of the participants are given in Appendix A.
The agenda, as approved, is given in Appendix B.

24 NEED FOR GLOBAL WATER RUNOFF INFORMATION
2.1 General

Knowledge of the water discharge at various points within a river
catchment is the basic information requirement for all kinds of hydrological
investigations and/or applications. Such applications would normally require
long time series of river gauge measurements with fairly high spatial and
temporal resolutions and are, therefore, primarily focussed on specific river
basins within a geographic region. Climate research, on the other hand,
requires runoff information to close the groundwater budget over continental
areas, placing emphasis on large-scale averages (of the order of the
resolution of climate models, e.g. 100 x 100 km® and larger), mean monthly
values and global coverage. The main climatological applications of global
river discharge information are, together with global precipitation data,
diagnostic and modelling studies of the global hydrological cycle, assessment
of existing water resources in relation to climate events, and assessments of
future climate trends with respect to global water balance.

2.2 Climate Research Requirements

2.2.1 First GARP Global Experiment (FGGE)

The initial requirement for the construction of a global runoff
observational data set came from the WMO/ICSU Global Atmospheric Research
Programme's (GARP) FGGE, whose primary purpose was to collect a unique set of
global data to study those physical processes in the troposphere and
stratosphere that are essential for a better understanding of the transient
behaviour of the atmosphere as manifested in the large-scale fluctuations
which control changes in the weather. This would lead to increasing the
accuracy of forecasts over periods of one day to several weeks. It was
quickly apparent to the planners of the experiment that the FGGE presented an
unprecedented opportunity to assemble additional information, such as runoff
data, which in conjunction with the atmospheric data could be used to study
those factors that determine the statistical properties of the general
circulation of the atmosphere, which in turn would lead to a better
understanding of the physical basis of climate.
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This then led to the formulation of the plan to collect runoff data in
the form of discharges from selected river gauging stations and the boundaries
of the catchment areas for the water years 1978-1980. The planning and actual
collection of data were undertaken by the Hydrology and Water Resources (HWR)
Programme of WMO.

2.2.2 World Climate Research Programme (WCRP)

The World Climate Programme (WCP) was formally established in 1979.
The research component of the WCP, called the World Climate Research Programme
(WCRP), was seen to include many research activities related to the second
objective of GARP. The general goals of the WCRP have been formulated in
terms of three specific objectives or streams of climate research, each
corresponding to different kinds of climate predictability on different time
scales, as follows:

(i) First Stream: to establish the physical basis for and

feasibility of predicting large-scale weather patterns, on time
scales of one to two months.

(ii) Second Stream: to understand and, eventually, to predict the
variations in the heat transport by ocean currents and the
corresponding variations of the atmospheric general

circulation, over periods from several months to several years.

(iii) Third Stream: to understand the causes of long-term climate

trends and to assess the potential response of climate to
natural or human influences, over periods of several decades.

The development of climate models, in which the elements of the climate system
are coupled together, is an essential component of all three streams of
climate research. One of the highest scientific priorities of WCRP is to
improve the parameterization of processes that control the fluxes of momentum,
water, energy and gases between the atmosphere and the ocean and land sur-
face. For this, global climatological data sets are essential not only for
the development and testing of parameterization schemes but also for the
validation of outputs of climate models.

Thus, there is an on-going need to continue the collection and
processing of information on the hydrological cycle, begun during the FGGE.
The recent endorsement by WMO and ICSU of the proposal to undertake the
preparation of a Global Energy and Water Cycle Experiment (GEWEX) as one of
the major projects of the WCRP, beginning in the 1995-2000 time period, is a
further clear indication of the need to continue the collection and processing
of runoff data.

2.3 Needs of Climate Modellers

P. Rowntree of the U.K. Meteorological Office described the needs of
climate modellers for water runoff data. Basically, runoff enters into
climate models at two points: first, in the land model which must estimate
the amount of runoff for given fluxes between the atmosphere and the land
surface, and second, in the ocean component of the model, where the runoff
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enters the ocean and modifies the water properties. These require different
types of runoff data for validation. In the land context, the need is for
local grid scale data derivable from observations for small catchments,
although integrated data for larger catchments would also be of value. In the
ocean context, the need is for data on the input to the oceans, both at major
river outlets and from groundwater and small streams, if they are of
comparable size.

A brief review of the structure of climate models was presented. A
description of the major terms of the land surface water budget was provided.
These included the inputs (precipitation and snow melt), infiltration and
surface runoff, percolation and deep runoff, and evapotranspiration. It was
clear that the role of runoff in the system is a significant one and it is
important that the runoff processes are adequately represented in climate
models. If the precipitation is realistically simulated, it is possible that
observed data could be used to improve the simulations by using the informa-
tion they provide to adjust the model formulations of runoff on the soil
characteristics. First, the hydrological parameterizations would be improved
using runoff data for areas where the soil characteristics are relatively well
known. Then, the validations would be employed to diagnose soil character-
istics in other regions. Given a sufficient quantity of data, for example a
multi-year runoff series and a limited number of parameters in the hydro-
logical system, an appropriate mathematical technique could perhaps be devised
to determine all parameters for a region or group of grid boxes.

Runoff is of considerable significance for the oceans through the
ocean salinity or freshwater budget equation. The importance of runoff to the
ocean would be expected to be a maximum in the proximity of major rivers and
where the ocean is particularly sensitive to the salinity. However, the
sensitivity of the ocean to runoff variations has not been assessed in a
systematic way, but some conclusions could be drawn from studies conducted in
the past. The runoff from rivers into the Arctic Ocean appears to have a
significant effect on the ocean circulation. In the tropics, the effects on
the circulation may be small or difficult to detect because of the generally
more intense currents, the more important roles of precipitation and
evaporation, and the inherently more stable vertical structure.

The needs of climate modellers for runoff data were summarized as
follows:

(i) Models could use local runoff data averaged over a gridbox to
validate and calibrate several aspects of land surface
parameterizations. However, to do this properly requires
extensive meteorological and hydrological observations. The
WCRP Hydrological-Atmospheric Pilot Experiments (HAPEX's) have
been designed to provide these observations. Good quality
runoff data sets for specific regions/groups of grid boxes
would also be useful for such validation exercises. Ideally, a
few regions representing different climates, e.qg. temperate
(some snow, unfrozen ground), continental (frozen soil in
winter), subtropical with dry season, tropical with large
runoff, should be analysed. Areas with minimal human
interference would be needed.
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(ii) Global runoff data sets (monthly/annual means and measures of
interannual variability), with indications of reliability, are
needed to provide global validation of climate models.

(iii) Monthly data on runoff into the oceans are needed for
validation of coupled ocean-atmosphere climate models. These
are also likely to be required by ocean modellers, in the
context of the World Ocean Circulation Experiment.

A complete text of P. Rowntree's presentation is included in Appendix C.

2.4 Hydrology Requirements

Although the requirements for the construction of global runoff data
sets were initially based on the needs of the meteorological and climatological
communities, many of those actually involved in the collection and processing
of the data recognized the considerable potential value of the information to
hydrologists. With time, this value had been recognized more widely and
growing interest in the work of the GRDC was shared by both climatologists and
hydrologists.

Hydrologists, in common with others working in the geophysical
sciences, have a substantial need for field data on which hypotheses could be
developed and tested. The Global Water Runoff Data Project was viewed as
being particularly valuable, in this regard, because the data being collected
came from every region of the world and this would encourage the development
of analytical and modelling techniques that would be applicable more widely
than those based on data from only a single country or region. This applied
to work being done on grid area estimation as well as on techniques for the
assessment of water resources or the forecasting of floods and droughts.

It was recognized that interest among hydrologists in the work of the
GRDC was also due in large measure to the significant increase in recent years
in large-scale, even global, studies of a hydrological nature. The occurrence
of widespread droughts and the need for a better understanding of the inter-
dependence of hydrological phenomena over comparatively large distances have
led to the undertaking of such studies, which in turn require data on surface
water and other hydrological elements on a continental or global scale. The
meeting noted that a proposal was made at the recent eighth session of the WMO
Commission for Hydrology (Geneva, 24 October-4 November 1988) for the quasi-
real-time monitoring of hydrological elements on a global extent, as a basis
for detecting variability and change. The GRDC could play a significant role
in such an activity.

For the above reasons, the meeting felt that the GRDC should see its
role as serving both the climatological and the hydrological communities.
Great benefit was seen, therefore, in the GRDC establishing contacts with a
broad range of similar institutions, at both national and international
levels, so as to ensure that maximum use is made of the facilities and
services it offers and to seek wide support for and recognition of the work
it has undertaken to do.



3. GLOBAL RUNOFF DATA CENTRE

o, Background and Arrangements

The WMO Hydrology and Water Resources Department was entrusted with
the task of organizing the collection and processing of surface water runoff
data for use in the validation of atmospheric general circulation models
(GCMs), as part of the FGGE. In addition, various other projects within the
World Climate Programme and the WMO Hydrology and Water Resources Programme
need surface water runoff data such as those originally collected for the
FGGE. For this reason, the collection and storage of these data are now being
continued on a long-term basis.

From 1983 to 1987, the Institute for Bioclimatology and Applied
Meteorology of the University of Munich, in the Federal Republic of Germany.
served as the WMO Global Runoff Data Centre. During this period, the centre
entered daily flow data for over 3,600 stations-years for the period 1978-
1980. The Institute also began the digitization of catchment boundaries,
which were planned to be archived with the runoff data.

On 1 May 1987, a permanent Global Runoff Data Centre (GRDC) was
established at the Federal Institute of Hydrology in Koblenz, Federal Republic
of Germany, under the auspices of the WMO. By early 1988, the GRDC had
entered data received from about 50 countries for the period 1981-1983. The
data processed by the University of Munich had been transferred to the GRDC in
Koblenz.

3.2 Responsibilities and Functions of the GRDC

The GRDC operates for the benefit of WMO Members and the international
scientific community. It provides a mechanism for the international exchange
of data pertaining to river flows and surface water runoff on a continuous
long-term basis. The GRDC receives data, through the WMO, from many sources.
While every attempt is made to assure reasonable standards for data quality
and related documentation, the ultimate responsibility for data reliability
lies with the data contributors and not with the GRDC. All data, archived at
the GRDC, are available to users upon written request or personal visit.

The GRDC has prepared documentation describing the data bank and
retrieval service. This information is being distributed to all countries.
Arrangements are being made through the WMO to collect new data from countries
which have supplied them in the past and data from 1978 from those countries
which did not respond to the original request. The GRDC collaborates with the
WMO in a number of projects related to runoff data, such as the development of
a methodology for transferring river flow data to grid values. The GRDC plans
to issue an annual global runoff monitoring report based on available river
flow data.

A detailed description of the responsibilities and functions of the
GRDC is provided in Appendix D.

3%3 Data Collection, Checking and Storage

The first request to countries for daily flow data for the FGGE
(1978-1980) was circulated in August 1982. The intent was to obtain a global
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set of flow data for use in validating GCM outputs on a reqular horizontal
grid (e.g. 2.5° latitude x 2.5° longitude). It was recognized that hydro-
metric networks were not consistent with a regular grid array. Since
interpolation techniques would be necessary, in most cases, to derive runoff
values for a regular grid array, hydrometric stations in each country had to
be selected according to the following criteria:

(i) Uniform distribution consistent with network conditions, with
higher densities in areas of rapid variations of flow.

(1i) Coverage, to the greatest extent possible, in each type of
hydrologically homogeneous region of each country.

(iii) Availability of good quality data.

To facilitate data interpolation and to obtain measurements which
directly reflect the variation in time of local meteorological conditions, the
following were observed in the selection of the river flow stations:

(1) Data should be obtained from relatively small river basins (up
to about 5,000 km®, and in exceptional cases, up to 10,000
km”®). Data from larger river basins would be obtained in
regions where the information from small river basins could not
be obtained.

(i1) Flow data should represent the natural river flow; i.e., they
should be corrected for diversions, abstractions and redistri-
butions by storage.

On the basis of limited information available to the WMO Secretariat
on the hydrological conditions in each country, a tentative number of hydro-
metric stations in each was suggested for consideration. The participating
countries revised the lists of stations, suggesting alternative ones in place
of those which had been discontinued, those for which measurements were not
available for the required period, those for which the data were of question-
able guality, and those for which the natural regimes of stream flow could not
be calculated.

Sixty-seven countries responded to the request and daily river flow
data for 1,200 stations were collected (see Table 3.1). The daily flow data
were submitted on magnetic tapes, diskettes or in documentation form (photo-
copies or printouts of yearbooks or observation forms). In addition, it was
required that the data be subjected to an adequate quality control. In most
cases, the quality of the data furnished for each station was indicated by
attaching one of the following flags to the reported values:

(i) Data considered to be of very good quality, i.e., accurate to
within 45%.

(ii) Data considered to be of good quality, i.e., accurate to within
+5 to +10%.

(iii) Data considered to be of moderate quality, i.e., accurate to
within +10 to +20%.

(iv) Data considered to be of poor quality, i.e., accurate to no
better than +20%.



(v) Data amended in light of quality control checks.
(vi) Data derived in order to complete a missing record.

The call for supply of daily flow measurements for the same stations
for the years 1981-1982 went out in June 1984. In addition, countries were
requested to provide maps of the catchment areas for each station, in order to
enable users to interpret the flow data in terms of grid values. About 50 of
the 67 participating countries supplied the data and maps for approximately
600 catchments.

Table 3.1. GRDC Summary Register of Hydrometric Stations

Country Number of stations with archived flow data

Daily Monthly
(WMO Collection) (Unesco Pub.)

Afghanistan 2 -
Albania - 9
Algeria - 12
Argentina 18 19
Australia 135 10
Austria 3 ak
Bangladesh - 3
Belgium 2 =
Bolivia - 6
Brazil 116 14
Bulgaria 6
Burkina Faso 7 =
Burma 4 =
Cameroon - 13
Canada 205 78
Central African Republic =
Chad -
Chile =
China -
China (Taiwan) -
Colombia =
Congo 11
Costa Rica =
Cuba 4

7

[y

Cyprus

Czechoslovakia

Denmark

Dominican Republic -
Ecuador -
Egypt =
El Salvador -

et
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Country Number of stations with archived flow data

Daily Monthly
(WMO Collection) (Unesco Pub.)

[
o

Ethiopia 21
Fiji 2
Finland 1L
France
France (Guadeloupe)
France (Martinique)
France (Reunion)
French Guyana
French Polynesia
Gabon
Germany, Federal Republic of
German Democratic Republic
Ghana
Greece
Guatemala
Guinea
Guyana
Honduras
Hongkong
Hungary
Iceland
India
Ireland
Iran
Irag
Israel
Italy
Jamaica
Japan
Jordan
Kenya
Korea, Democratic

People's Republic
Korea, Republic of
Lesotho
Liberia
Libya 4
Luxembourg
Madagascar
Malawi
Malaysia
Mali
Mauritania
Mauritius
Mexico
Mongolia
Morocco
Mozambique
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Country Number of stations with archived flow data
Daily Monthly
(WMO Collection) (Unesco Pub.)
Netherlands 2 |
New Caledonia 2 1
New Zealand 6 7
Nicaragua 5 14
Niger 5 4
Nigeria = 3
Norway 10 1
Pakistan 24 3
Panama 5 10
Papua New Guinea = 1
Paraguay - 1
Peru - 4
Philippines - 10
Poland 11 &
Portugal - 14
Romania = 4
Senegal 5 13
Sierra Leone - 7
Singapore 1 1
South Africa 26 -
Spain 14 5
Sri Lanka - 7
Sudan 3
Suriname 4 4
Sweden 12 3
Switzerland 3 2
Syria - 4
Tanzania 12 2
Thailand 11 5
Togo 2 1
Tunisia - 6
Turkey 13 5
Uganda - 7
United Kingdom 16 4
Uruguay 4 2
USSR 146 86
Usa 120 90
Venezuela - 12
Yugoslavia 5 4
Zambia 12 3

1200 864
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The GRDC data bank consists of daily flows for 1,200 stations from 67
countries. The first available year is 1978 and there are data for up to 1980
from nearly all of the stations. Data from 40 countries are also available up
to 1982-1983 and from Australia up to 1984-1985. In addition, monthly flows
for 864 stations in 106 countries, taken from the Unesco publication —
Discharge of Selected Rivers of the World (1965-1979) - have also been entered
into the GRDC data bank. It should be noted that the length of data records
varies from station to station. Finally, information on catchment areas and
geographical locations are also available.

3.4 Retrieval Service

The GRDC has developed a suite of programmes to provide users with a
selection of retrieval options to make the data and information readily
accessible. A list of the currently-available retrieval options is provided
in Table 3.2. Examples of typical outputs are provided in Appendix E.

Table 3.2. List of GRDC Retrieval Options

OPTION TITLE REMARKS

1 Table of daily mean flows Includes monthly and annual
(in m*/s) mean flows

2 Table of monthly mean flows Includes annual mean flows
(in m®/s)

3 Hydrograph of daily mean (Inclusion of mean of
flows period possible)

4 Hydrograph of monthly mean (Inclusion of mean of
flows period possible)

5 Flow duration curve (Inclusion of maximum and
minimum flow duration curve
possible)

6 Flow duration table

7 Station and catchment

information
8 Creations of data files

In response to user requirements, the GRDC data bank was being
continually extended in time and space. It was hoped that the data retrieval
facilities would also be upgraded, subject to the availability of resources.

Requests could be made in writing or by a personal visit to the GRDC.
The following information should be specified:
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(1) Name and address to which output should be sent (include
telephone and telex numbers if available).

(ii) Hydrometric stations for which data are required.
(iii) Title(s) of options requested.

Charges might be assessed to cover the costs of providing services to users
(e.g. cost of tapes or diskettes, mailing and handling charges). This charge
could be waived if the individual or institution was a contributor of data to
the GRDC.

Requests should be addressed to:

GRDC

Bundesanstalt fur Gewasserkunde
Kaiserin-Augusta-Anlagen 15-17
D-5400 KOBLENZ

Federal Republic of Germany

Telephone: 0261-1306-1
Telex: 08-62499

4. DIGITIZATION OF CATCHMENT BOUNDARIES

4.1 Background

In order to convert river flow measurements into runoff values from
catchments, it is necessary to know the areal extents of the catchments.
Thus, one of the requirements of the Global Water Runoff Data Project is to
obtain the necessary geographical information, which describes the catchment
boundaries, with the river—flow measurements. About 50 countries have already
supplied maps with the geographical co-ordinates of some 600 catchments, but
more maps are needed.

4.2 University of Munich Work

G. Schwartzmaier reviewed the work done so far by the University of
Munich. Software has been written to digitize the boundaries of catchments,
but the programme had not been applied to the map information which had been
received from participating countries. Difficulties had been encountered
because of the different sizes of the catchments (4 km® to 10,000 km®),
the map scales and the map projections.

It was stressed that the University of Munich had the resources (funds
and personnel) to take on this task, but needed help from the meeting on how
to proceed with the actual digitization.

4.3 Finnish Geographic Information System

Y. Sucksdorff informed the meeting on the Finnish Geographic
Information System (FINGIS), which is the main programme for a computer-based
hydrologic geographic information system, developed in the National Board of
Survey of Finland for managing numerical spatial data. FINGIS has been used
to digitize 74 main drainage basins and 7,700 sub-basins (each about 30 km?)
within the Finnish borders. In order to make the drainage basin register as
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compact as possible, extra digitized points of drainage divides have been
filtered. Two digital models have been used to calculate the average height
and average slope of river basins.

A complete text of his report is provided in Appendix F.

4.4 Recommendations

The meeting noted the various digitization projects, which have been
undertaken on global and regional scales. In particular, the UNEP Global
Resource Information Database (GRID) system and the FAO project for Africa
were cited as projects which could provide valuable information to the Global
Water Runoff Data Project. The meeting agreed that digitization of catchment
boundaries was essential and should be undertaken as soon as possible. It was
agreed that only catchment areas greater than 100 km® should be digitized.

Noting the willingness of the University of Munich to undertake the
work of digitizing the catchment boundaries, the meeting recommended the
following:

(i) WMO and FAO undertake to determine what information on
catchment boundaries was already available and to obtain such
information (WMO/HWR has overall responsibility).

(ii) WMO provide the above information to the GRDC.

(iii) GRDC determine what additional information are required and
take action, in co-operation with WMO, to obtain them.

(iv) GRDC supply maps and supporting information to the University
of Munich, which would then be responsible for accomplishing
the digitization.

(v) University of Munich provides digitized catchment boundary
data to the GRDC for archiving.

5. GRIDDING OF HYDROLOGICAL DATA

Sl Background

The stream flow data, being compiled by the GRDC, are for individual
river catchments, rather than for grid cells. The problem of transforming
catchment data into grid cell estimates of surface water runoff has been
discussed over a number of years, particularly within the context of the World
Climate Programme — Water (WCP-Water) Projects A.6 and B.3 (WMO, 1986).
Although some techniques have been proposed, no generally accepted method has
been established.

In areas of dense coverage of gauged catchments, on the order of a few
hundreds of square kilometers, estimates of surface water runoff for 0.5°
latitude x 0.5° longitude or 1.0° latitude x 1.0° longitude grid cells could
be obtained directly from monthly or daily catchment values by taking the
averages of those which are most representative of each grid cell. However,
the use of such a technique would not be applicable for most areas constituted
by developing countries and also many areas of developed countries. In addi-
tion, even if adequate data were available, the difficulties to be encountered
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in the data collection and analysis would make it highly unlikely that such a
straight-forward approach could be used on a global scale.

5.2 Consideration of Proposed Techniques

S. Solomon, G. Girard and G. Schwartzmaier informed the meeting of
various approaches which have been considered for the computation of grid
point and grid area estimates of hydrological wvariables. Traditionally,
hydrologists have performed the spatial interpolation of point or small area
values using techniques such as isoline interpolation, Thiessen polygons,
weighted averaging and Kriging, but all of these are applicable only when a
dense network of observations are available or where there is only a small
spatial variation in the parameter of interest. In the case of the GRDC data
set, the network of available observations, except in the case of a few
localized regions, is much too sparse to permit the use of any of these simple
techniques. Clearly, what is needed is information, in addition to stream
flow data, which could be used as a basis for the interpolation and spatial
distribution of the available data.

One alternative to the simple approaches referred to in the previous
paragraph is to use a multiple regression technique, which incorporates
additional parameters (e.g., topography, soil type, land use/land cover,
geology and estimates of areal precipitation). This approach has already been
studied by the Institute of Bioclimatology and Applied Meteorology at the
University of Munich. However, the limitations of this approach need to be
properly recognized and the independent variables should be properly selected.
The technique implies that these variables have a real physical relationship
with the dependent variable and are not affected by errors which would make
any reduction in estimating variance a practical impossibility. It is well
known, for example, that one of the basic assumptions of regression analyses
is that the independent variables are free of errors, but this is never
possible in practice.

Another alternative is to use the same or similar additional para-
meters in a water balance model, which could be applied to grid cells in such
a way as to obtain values for the balance components, which are internally and
hydrologically consistent, and at the same time matches the observed data.

S. Solomon has used such a technique in the past, but not on a sparsely-
populated global data set such as the one being constructed by the GRDC.

G. Girard described the application of a grid-based hydrological model
during the HAPEX-MOBILHY experiment, which took place over a 100 x 100 km?
region in Southwestern France from April 1985 - January 1987 (see Appendix
G). The model was applied on a time scale of 1-30 days for the purpose of
evaluating the transfer of water across the atmosphere-land surface inter-
face. This evaluation needed to maintain compatibility with observed values
of precipitation, runoff, groundwater levels and soil moisture. A spatially
distributed model was used, in order to take into account the spatial as well
as the temporal variability of the input information. The model coupled
surface and ground water and was based on a 5 x 5 km” grid, with 2.5 x 2.5
km®> or 1.25 x 1.25 km® grids where it was necessary to simulate the more
linear elements of the drainage basins.

The only inputs for the calibration of the model were daily precipi-
tation measurements from a network of 70-100 raingauge stations and estimates
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of potential evaporation from 7-8 stations. The output used for the calibra-
tion was the daily discharge for the gauged sub-basins, plus groundwater
levels for certain locations. The results were presented in the form of
estimates for each of the water balance terms for the 10 x 10 km” grid
squares, for the period 1974-1986. The estimates agreed well with those
obtained by other means, in particular those from the Systeme Automatique de
Mesure de 1'Evapotranspiration Réelle (SAMER) stations. This confirmed the
validity of the model and its results, in terms of the HAPEX-MOBILHY
experiment.

Recognizing the shortcomings of using any of the above-mentioned
techniques with the GRDC data set, the meeting concluded that what is needed
is a modelling technique, which incorporates additional types of information
with the available river flow measurements to "extrapolate" the coverage of
runoff information to adjacent areas. Some suggestions were offered on how
the analysis might be performed and what types of addition data might be
required. The use of a Geographic Information System (GIS), in conjunction
with the analysis model, was strongly advocated. It was recognized, however,
that it would be some time before a GIS, with the appropriate additional
information, could be established by the GRDC and an appropriate analysis
scheme could be tested for use in producing global gridded fields of runoff
data.

The meeting concluded that the Global Water Runoff Data Project should
not attempt, at this time, to produce an interim global data set, on the basis
of using presently-available simple analysis methods, because the resulting
data would, in all likelihood, not be accurate enough for climate research
purposes. Thus, it was recommended that in parallel with the development and
testing of generally applicable grid estimation techniques under WCP-Water,
WMO should undertake a project which would provide a preliminary data set, or
data sets, for limited areas of the Earth's land surface in as short a time
period as possible.

5.3 Pilot Project to Produce Gridded Estimates of Surface Runoff over
Limited Regions of the World

It was recognized that in certain regions of the world, there were
sufficiently dense networks of river flow stations which could permit the use
of presently-available techniques to produce gridded estimates of runoff over
limited areas for use in validating GCM outputs. The collection of high-
density measurements from these networks could be useful for this purpose.

A pilot project was proposed for the purpose of constructing data sets
over certain dense river flow networks, which could be used in currently-
available techniques for estimating runoff over grid cells. The areas under
consideration should be fairly homogeneous from both climatic and hydrologic
viewpoints. Daily river flow measurements for each catchment, for the
calendar years from 1978 to 1980, should be obtained. Where this is not
possible, then monthly values should be obtained.

The meeting recommended that the area should be confined initially to
latitudes 48°-55°N and longitudes 7°-15°E, and then later expanded to 45°-55°N
and 5°-25°E. It was suggested that the Federal Republic of Germany be
approached to consider taking the lead for this project by having the GRDC
collect and process the data set, with the assistance of WMO in requesting the
co-operation of participating countries. The GRDC would be responsible for
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the construction of the data set and the derivation of runoff estimates for
grid cells covering the project area. The data set would then be made avail-
able to GCM modellers for validating outputs over the European area. A
detailed project plan is given in Appendix H.

5.4 Intercomparison of Techniques for Computing Grid Point and Grid Area
Estimates

The river flow data sets to be collected in the pilot project would be
of significant value to the development of techniques for estimating grid cell
runoff values in areas of limited data coverage. Almost certainly, additional
data and information would be required, in conjunction with the river flow
data, to arrive at gridded estimates. A suitable model is needed which
incorporates all of these information in a hydrologically consistent way.

The meeting proposed that efforts should be made to obtain the
additional data and information from available sources, insofar as possible.
Certain information included in Geographical Information Systems, such as the
UNEP GRID system, would be most valuable for the construction of a GIS to
serve the purpose of running a model to produce gridded estimates of runoff
data. However, the meeting cautioned that the sources of the information
needed should be checked to ensure that the quality of the information is
acceptable.

Although no firm recommendations could be made regarding an inter-—
comparison project, the meeting suggested that the WMO Secretariat should
begin to initiate contacts with hydrological and meteorological groups, which
might be interested in participating in such a project. A pilot data set,
consisting of river flow observations plus the additional data and information
from a GIS, should be constructed and each participant provided with a copy of
the data set. The participants would be asked to apply their techniques/
models on the same data set (using only a limited number of actual river flow
observations to simulate data-sparse regions over most of the globe) and their
results would be presented at a workshop to evaluate the strengths and
weaknesses of each technique. It was hoped that by means of such an inter-
comparison, a practical technique for producing gridded runoff estimates could
be obtained for use by the GRDC.

6. ACTION PLAN

The meeting concluded that follow-on activities were essential for the
improvement of the completeness of the available data sets, for the collection
of geographical information on catchment areas and the digitization of
catchment boundaries, and for the development of models and a geographic
information system to provide the gridded information required by climate
modellers. An action plan was developed to continue the work which had
already been accomplished and is given in Appendix I.

The workshop suggested that the plan of activities of the GRDC might
be developed in three stages:

() First Stage: The finalization of the principal data base of
river flow measurements and the establishment of the routine
retrieval service to users, along the lines specified in the
responsibilities and functions of the GRDC. (This stage
should terminate in the first half of 1990.)
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Second Stage: The establishment, through WMO and independent-
ly, of contacts with other data centres and organizations with
data bases, which are relevant to the task of estimating and
validating river flow data, by use of basin information other
than actual measurements of river flow, and the inclusion of
such information in its own data base. In addition, the
establishment of an information base for advising users, upon
request, on where such data are archived and how they might be
obtained. (This stage should terminate in the second half of
1990 or the first half of 1991.)

Third Stage: The continuation of the study to provide runoff
data on a grid point basis and, in this connection, the
consideration of establishing a geographical information
system, which could ultimately provide, together with the use
of appropriate hydrological models, global data coverage on
the hydrology of the earth in a dynamic mode for the purpose
of modelling the impacts of climate change on the availability
of water resources. A small advisory board, consisting of
representatives of the SRDC, WMO and Unesco and possibly some
individual scientists, would be constituted for this purpose.
(This stage should begin in the second half of 1989 or the
first half of 1990.)

The workshop was closed at 12:00 p.m. on 15 November 1988.
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THE NEEDS OF CLIMATE MODELLERS FOR WATER RUNOFEF DATA

By

Peter Rowntree
U.K. Meteorological Office
Bracknell, U.K.

1. INTRODUCTION

The objective of this meeting is to discuss the Global Water Runoff
Data Project. I have been asked to provide guidance on the needs of numerical
modellers for the products of the project. This paper has been written in
response to that request.

Runoff enters into climate models at two points. The first is in the
land model, which must estimate the amount of runoff for given fluxes, past
and present, between the atmosphere and the land surface. The second is in
the ocean component of the model, where the runoff enters the ocean and
modifies the water properties.

I shall first summarize the structure of a climate model and then
describe in more detail the role of runoff in the land surface parameteriza-
tions and in ocean models. Finally, I shall present some results from
atmospheric models to allow you to assess their present capability for
simulating runoff and briefly discuss the inclusion of runoff in ocean models.

2. CLIMATE MODELS

A climate model, as is used at present, typically has 4 components -
atmosphere, land, ocean and sea-ice. The atmospheric model represents the two
horizontal wind components, temperature and humidity on a three-dimensional
array of points and the surface pressure or total mass for each vertical
column. In the horizontal, the surface of the globe is divided into a
latitude-longitude mesh with north-south gridlengths varying between models
from about 8° to 2° of latitude (e.g., the MO model has a 2.5° latitude x
3.75° longitude grid). In the vertical, models have from 2 (a rare exception)
to 12 layers. Each of the main variables is given an initial value, which may
be from real data or simply a windless isothermal state. The rates of change
are then calculated using the relevant physical equations and the state one
time step later (10 minutes for the MO model) is computed. This process can
be continued indefinitely. This is exactly the same as the method used for a
forecast. Even though the predictability of day-to-day features is limited to
a few days, a good model should be able to generate a realistic climatology.
By modifying aspects of the environment, such as CO: content, assessments of
expected climate change can then be made.

The model of the ocean is similar in structure, with salinity
replacing humidity as a variable. The sea-ice and land surface may be
represented with a range of complexities. I shall discuss the land hydrology
representations in detail, shortly.
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3. RUNOFF DATA REQUIREMENTS

There are two needs of GCMs for runoff data, one associated with each
of the contexts where runoff appears in the GCM formulations: surface
moisture budget and ocean freshwater input. These require different types of
runoff data for validation. In the land context, the need is for local grid
scale data derivable from observations for small catchments, though integrated
data for larger catchments is of value as will be indicated later. In the
ocean context, the need is for data on the input to the oceans, both at major
river outlets and also perhaps (if they are of comparable size) from
groundwater, and small streams.

3.1 Land Data Requirements

301G Introduction

Models represent the major terms of the land surface water budget as
in the equation:

dm/0t =P - E + Mg - Y (1)

where m is the total soil moisture, t is time, P is rainfall, E is
evaporation, M: is snow melt and Y is the total runoff. The processes
included in the runoff parameterization are typically the surface runoff and a
deeper runoff. These processes are familiar to hydrologists, but it may be
instructive to describe how one of the more sophisticated parameterization
schemes, the Biosphere-Atmosphere Transfer Scheme or BATS (Dickinson, 1984:;
Dickinson et al., 1986) represents them. Reference will also be made to
another sophisticated parameterization, the Simple Biosphere model or SiB
(Sellers et al., 1986), and to the Meteorological Office scheme (Warrilow

et al., 1986, Warrilow, 1986). Figure 1 shows the main components of BATS:;
the input terms, the transfers into the soil and runoff, and the return of
moisture to the atmosphere through evapotranspiration. Clearly, validation of
the model with runoff data is capable of providing information on each of
these processes and their parameterization. Precipitation is treated here as
an external input, but this is somewhat misleading. As has been shown in a
number of experiments, including several recently in which the evaporation was
reduced over land by allowing for plant stomatal resistances, reduction of
evaporation tends to decrease precipitation. A particularly striking
demonstration of this was provided by the experiment of Shukla and Mintz
(1982) in which the evaporation was eliminated over land (see Figure 2).
Precipitation was greatly reduced over land, showing how important local water
sources are to the atmospheric water budget.

3.1.2 Input of water to land surface

I consider first the inputs, the first and third terms on the right
side of equation (1). The rainfall is simulated by the atmospheric branch of
the model as based on the laws of physics; generally, the models separately
parameterize convective and large-scale precipitation. In the presence of
vegetation, allowance is made for interception of the rainfall by the foliage,
and for its evaporation at the potential rate (i.e., with zero surface
resistance). When the canopy capacity is reached, any surplus is assumed to
drip to the ground. Snow is similarly intercepted and may sublimate or
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Figure 1. Schematic diagram illustrating the features
included in a land-surface parameterization

scheme.

fall/blow from the vegetation when the capacity is exceeded. (For
calculation, it is effectively all assumed to blow off). Snowmelt
any rainfall occurring at the same time, and infiltrates into the
provided the input does not exceed the maximum infiltration rate.
tion of this involves the modelling of water in the soil, which is
of the next subsection.

3.L.3 Infiltration and surface runoff

the albedo
is added to
soil
Determina-
the subject

For many years, the standard GCM parameterization of soil moisture was
the simple "bucket'" model (Manabe 1969), based on equation (1). The bucket
was of finite depth (mmax) and the runoff (Y) was zero until the bucket was
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Figure 2. Precipitation (mm/day) in wet-soil case (top)
and dry-soil case (bottom), in experiment of
Shukla & Mintz (1982). (Precipitation greater
than 2 mm/day is shaded).

full, after which Y was sufficient to maintain m = mpax. More elaborate
treatments designed to allow some runoff for m < mmax were incorporated into
some models. A few models included no hydrology at all. The NCAR Community
Climate Model (CCM) simply assumed that evaporation over land was a fixed
fraction (0.25) of the potential wvalue. Hansen et al. (1983) relaxed some of
the constraints, allowing different field capacities (mmax) for different
vegetation types, and including two layers with upward diffusion between them,
which depended on vegetation and time of year, so effectively representing the
transfer of water from the lower layer by roots during the growing season.
Runoff from the upper layer was taken as being proportional to its water
content and to the rainfall, though with a sudden increase when m reached mpyay.
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The BATS formulation introduced a more physically-based approach to
the parameterization of soil moisture. The moisture flux in the soil at depth
Z can be described in terms of the soil water suction (¥ = Z - ¢,) and the
hydraulic conductivity (K):

M(z) = -K(z) 0d/0z (2)

K is expressed by Dickinson et al. (1986), after Clapp and Hornberger (1978),
in terms of the fractional soil water content, s, (ratio of soil water volume
to volume of wvoids in the soil) as

K = K;g2%*3 (3)
Similarly, Dickinson assumes
®, = - dos7" (4)

In these expressions, B is a nondimensional parameter which varies
with soil type, from about 3 for sand to 11 for clay, and ®, and K, are
values at saturation. ¢, does not vary with soil type in Dickinson's
parameterization, but K, is greater for sand by two orders of magnitude
relative to clay. Water is represented in two layers, the surface layer and
the total rooting layer, which includes the surface layer.

The SiB uses a similar parameterization in a 3-layer model. The
moisture in the upper layer is directly available for evaporation into the
atmosphere, while the second layer's water can be tapped only by roots.
Transfer of water in the third layer is by diffusion and gravitational
drainage only.

Surface runoff is parameterized in BATS in terms of the fractional
saturation b (soil water density/saturated soil water density), as b"F where
F is the net input of water (P+Ms-E), unless the second layer soil tempera-
ture is below freezing, in which case the larger quantity bF is used to allow
for blocking of infiltration by ice. The remainder of the water at the soil
surface infiltrates and is added to the upper soil water reservoir. Note that
this formulation takes no explicit account of the vegetation type, though the
interception of water by the canopy makes some allowance for this. In SiB,
the infiltration is zero if the top layer is saturated or the ground surface
temperature is below freezing, but otherwise is limited only by the saturated
hydraulic conductivity, K,.

In reality, rainfall is not distributed evenly over a grid square. In
the MO model (Warrilow, 1986), an exponential frequency distribution function
is assumed for the rainfall in determining the surface runoff caused by the
maximum infiltration rate being exceeded, so that:

Y(0) = P exp (-eF/P) (5)
where F is the maximum infiltration rate, ¥(O) is the surface runoff, and e
is 1 for large scale rainfall and 0.3 for convective rainfall. The maximum

infiltration rate is also a function of vegetation and soil types, with:

F =Fs (v, + 0.5 (1-v)). (6)
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Here, v is the vegetated fraction, F. is the bare soil infiltration capacity,
dependent on soil type, and B, is the vegetation infiltration enhancement
factor, which varies from 2 for crops to 6 for forest. This allows for the
effect of vegetation on ground permeability, e.g. through decayed roots and
litter. The factor 0.5 in (6) allows for crusting of bare soil.

3.1.4 Percolation and deep runoff

In the "bucket" formulations, surface and deep runoff were not
separated, while in Hansen et al.'s scheme, the lower soil layer could not
reach saturation because it received water only when the upper layer was
wetter than the lower layer in terms of fractional saturation. Both BATS and
SiB parameterize percolation between the layers in terms of the gradient of
the soil water potential ®, defined earlier. Deep runoff is the gravita-
tional drainage term which in BATS is K.s’®"?®, giving a large sensitivity
to s. For example, for a loam with B=5 and K, of 1.3 x 10°° m/s, deep
runoff with s=0.5 is about 0.2 mm/day, while with s=0.6 and the same soil,
runoff is ten times greater. The SiB formulation is similar to BATS but
allowance is made for a mean slope. The drainage is dependent on the water
content of the third layer rather than that of the whole soil represented in
the model as it is in BATS.

3.1.5 Evapotranspiration

Finally, the evapotranspiration is parameterized in terms of a Penman-
Monteith approach with dependence on two resistances; one, the stomatal
resistance (rs) representing the resistance to transfer between the interior
and the exterior of the leaf, and the other, the aerodynamic resistance (ra).
the resistance to transfer between the leaf surface and the canopy air space.
Here, one is mainly interested in rs, because it is dependent on the soil
moisture. Other dependences are included in the BATS formulation for rs,
for example on temperature, solar radiation and vapour pressure deficit below
saturation. The dependence on soil moisture has two components. Firstly, the
limit to uptake of water by roots is represented by restricting transpiration
to about 0.5 mm/hour. Secondly, this limit is further reduced as the soil
moisture approaches the wilting point, E being reduced by multiplication by a
term (1 — W.r), dependent on soil water potential for each model layer.
where:

Wer = (7% = 1)/(s, "2 - 1) (7)

Here s, is the soil water content for which transpiration becomes zero -
some water being unavailable. The value of s, increases from near 0.1 for
sand to over 0.5 for clay. The dependence of W.r on s through (7) is illus-
trated by the values in Table 1 for a typical value B = 5 with the value of
sw (0.125) suggested by Dickinson (1984).

Table 1: Variation of Wyt with soil moisture s for B = 5, s, = 0.125

s 1 .8 .6 .4 ¢ 3 .2 178 &15 L4 +13 +125

Wer 0 .0001 .0004 .003 .013 .095 .19 .40 .57 .82 1
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Note the small effect of variations in s for s > 0.3. The abrupt decrease in
water availability over a small range of s is consistent with the observations
summarized by Priestley and Taylor (1972). However, it may not be appropriate
to apply such a sharp cutoff to a model grid box of scale 100 km or more with
considerable inhomogeneity in several respects (rainfall, soil and vegetation
type. slope, etc.).

3.1.6 Discussion

The role of runoff in this system is clearly a significant one and it
is important that the runoff processes are adequately represented. If the
precipitation is realistically simulated, it is possible that observed data
could be used to improve the simulations by using the information they provide
to adjust the model formulations of runoff or the soil characteristics. One
might envisage two stages in the use of such data. First, the hydrological
parameterizations would be improved using runoff data for areas where the soil
characteristics are relatively well known. Then the validations would be
employed to diagnose soil characteristics in other regions. This would be of
particular value because satellite data are likely to be of limited use in the
specification of soil characteristics. Given a sufficient quantity of data,
for example a multiyear runoff series and a limited number of parameters in
the hydrological system, an appropriate mathematical technique could perhaps
be devised to determine all the parameters for a region or group of grid
boxes. One problem with the above proposal is that the sum of surface runoff
and percolation to groundwater (the usual modelled quantities) approximates
river runoff (the observed quantity) only in a long period mean.

Jd Ocean Data Requirements

Runoff is of considerable significance for the oceans through the
ocean salinity or freshwater budget equation:

pwZdS/dt = S(E - P - I) (8)

where I is the input of water from the land per unit area of the ocean
surface, p, is the density of the seawater, Z is the ocean depth and S is

the salinity or salt content per unit mass. This is derived by defining S as
(mass of salt)/(mass of water) or Ws/W,, and differentiating it with

respect to time t, assuming W. fixed, to obtain:

ds/dt = —(We/W, %) dW,/dt = —(S/W,)dW,/dt (9)

The importance of runoff to the ocean would be expected to be a
maximum in the proximity of major rivers and where the ocean is particularly
sensitive to the salinity. Comparison of the runoff for each ocean as a
fraction of the total mass of the ocean (Table 2) is instructive in this
context. Points of interest in Table 2 include the large inflow of runoff
into the Atlantic, the much larger inflow for its size into the Arctic than
the other oceans, and the large imbalance between evaporation and precipita-
tion in the Atlantic. The first two points are a consequence of the geography
- the positions of watersheds well away from the Atlantic and Arctic, and
close to the Pacific and Indian Oceans. The last is probably mainly due to
the presence of the Sahara Desert upwind of the Atlantic, leading to advection
of dry air, with a large potential for evaporation across the subtropical
Atlantic. The greater observed salinity of the Atlantic compared with the
Pacific can be attributed to this.



