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Abstract For the application of water balance and precipitation-runoff
models in large river basins, like the Rhine basin, a regionalization of model
parameters using GIS-facilities is necessary. For the Moselle, which is the
main tributary of the Rhine, a distributed parameter estimation technique for
the recession constant based on a multivariate regression between
physiographic drainage basin characteristics and conventional analysis of
recession curves is tested. The use of the regionalized recession constant in a
monthly water balance model based on the well-known Thornthwaite-Mather
method is shown. It can be concluded that despite of the uncertainty of the
proposed method due to the use of small-scale hydrogeological and
geological maps the “regionalized recession constant” can be used for
baseflow simulation in water balance and precipitation-runoff models. The
method described is also a helpful tool for testing the reliability of daily
discharge data and the results of hydrograph analyses in large river basins.

INTRODUCTION

The extreme floods in 1993/1994 and 1995 as well as some dry years in the last
decade have caused large economical damage in the highly urbanized and
industrialized Rhine basin. To mitigate this damage one of the strategies that is under
discussion is the improvement of existing warning and forecasting systems. Several
studies have been initiated by the public water authorities of the riparian countries
along the Rhine to provide necessary hydrological foundations. Of special interest
are anthropogenic flood causes and the impact of possible climate change on the
discharge of the Rhine and its main tributaries. Some of the themes mentioned above
are elaborated under the auspices of the International Commission for the Hydrology
of the River Rhine (CHR/KHR). It was decided to build a common GIS database
covering the whole Rhine basin, especially for the application of the water balance
models in climate impact studies and precipitation-runoff models to supplement
existing forecasting systems.

A general problem besides the selection of the hydrological model is the
estimation of the model parameters in large river basins. Different parameter
estimation techniques are presently in use taking GIS facilities into account. As an
example for distributed parameter estimation the use of a multivariate regression
technique using basin characteristics and results of conventional hydrograph analysis
is tested. Therefore, the recession constant as a key parameter for simulating
baseflow in water balance and precipitation-runoff models is selected.
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It will be shown that the recession constant can be linked to a simple monthly
water balance model which is presently in use for the Rhine basin to carry out
several detailed studies concerning the selection of spatial computation units or
interpolation methods of hydrometeorological variables.

GIS AND HYDROMETEOROLOGICAL DATABASE

For the international Rhine basin (185 000 km”) shown in Fig. 1, a digital database
of physiographic and hydrometeorological data, the RHINE-GIS, was built up
(Table 1) in collaboration with the public water authorities of the riparian countries
Switzerland, France, Germany, Luxembourg and The Netherlands. The projected
scale of the digital maps within the RHINE-GIS is 1:500 000 for vector data and
1 km X 1 km for grid (raster) data. As shown in Table 1, this scale could not yet be
realized for all data because of a lack of analogue maps. The high costs for some
datasets, especially for the Digital Elevation Model and for landuse data with higher
resolution, are a further obstacle. On the other hand, for the Moselle basin with an
area of 28 152 km’ a database with higher resolution and scales ranging from
1:20 000 to 1:50 000 and 50 m X 50 m grid is in preparation. This database can be
used to carry out several sensitivity analyses concerning e.g. the selection of the
required spatial resolution with respect to predefined model applications.
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Fig. 1 Location map of Rhine basin and the study area of the Moselle basin.
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Table 1 GIS database of the River Rhine basin.

Map attribute Data type
Point Grid Vector
Digital Elevation Model - 1 km -
Landuse classification in 13 classes - 1 km -
30 m*

Digital Elevation Model and derived geomorphologic parameters - 1 km -
Soil map and soil physical properties - 1 km 1:1 000 000
Hydrogeological map - 1 km 1:1 500 000
Hydrogeological units - 1 km 1:1 500 000
Basin areas - - 1:500 000

1:200 000*

1:50 000*
River network - - s.a. and

1:1 000 000
Location and storage capacities of large reservoirs X - -
Location and properties of gauging and meteorological stations X -
Long-term mean monthly climatological maps X 1 km -

* Only available for the Moselle.

The soil layer (Commission of the European Communities, 1985) and the hydro-
geological layer (CHR/KHR, 1978) as well as sub-basin boundaries and the river
network have been digitized from analogue maps by different national and
international authorities. The sub-basin boundaries are classified with an hierarchical
system which allows for aggregation of sub-basins to larger computation units using
GIS facilities. Digital Elevation Models were prepared by the public authorities of
the riparian countries and compiled for storing in the GIS. For all countries except
Switzerland landuse data are derived by classification of Landsat-TM data. In regard
of the high costs for the satellite derived landuse classification for the German,
French, and Luxembourg parts of the Rhine basin the classified high resolution
landuse dataset was aggregated on a 1 km X 1 km grid using a filter technique
(Krahe & Mendel, 1993). The selected landuse classes are urbanized, densely
urbanized, lakes, grassland, agricultural land, coniferous forest, deciduous forest,
mixed forest, perennial planting, sands or dunes, moorland and heath, specially used
areas, and rocks or boulders.

All data are stored in the RHINE-GIS using ARC/INFO, while in this study the
SPATIAL ANALYSIS SYSTEM (SPANS) software is employed.

The hydrometeorological database is still in preparation and includes
meteorological and climatological data such as monthly mean, monthly, daily, and 3
to 6 hourly values of precipitation, temperature, relative humidity, wind speed, and
duration of sunshine as well as output from the weather forecast model
“DEUTSCHLAND-MODELL” of the German Weather Service (DWD). A system
for storing and retrieving meteorological data based on a relational database
management system is in preparation. Daily and hourly discharge data are also
collected. For the German part of the Rhine basin, daily discharge data of about 500
gauging stations for the time period from 1961 to 1990 have been prepared. For the
international Moselle basin discussed in this study a dataset of 80 gauging stations
with daily discharge data for the time period 1971-1980 has been processed.
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WATER BALANCE MODEL

The water balance model used in the Rhine basin (Krahe ef al., 1996) is a variation
of a scheme that was first proposed by Thornthwaite & Mather (1957) and
subsequently transposed in today's notation with slight modification by Willmot ez
al. (1985) and Vorosmarty & Moore (1991). Runoff can only occur if precipitation
(P) exceeds the potential evapotranspiration (PE) plus the moisture deficit between
actual moisture content and water holding capacity (WHC). In this case actual
evapotranspiration (£) equals PE and the surplus water fills the runoff storage (SR).
The computation of the monthly runoff (R) in the original scheme follows the
equation:

R, =KR,, +(1-K)SR, )

where i = number of the month, K = runoff coefficient.

The production of both direct and delayed runoff is not separately considered in
the previous schemes.

The model assumptions do not allow for direct runoff during summer months. In
the Rhine basin, except for the higher mountainous regions, this restriction leads to
an overestimation of E. First applications of the model in the Moselle basin (Krahe ef
al., 1996) have shown this effect and did also indicate that urban areas produce a
certain amount of direct flow resulting in an underestimation of runoff, especially
during the summer months. Further improvements of the original scheme were
obtained by:

(a) Introducing direct runoff, produced by urban areas, by removing a fraction IM of
the rainfall incident at the surface (/M = fraction of urban area to spatial
computation unit).

(b) Considering infiltration excess runoff, occurring if precipitation intensity exceeds
the local infiltration capacity. This process is dominant especially in the case of
convective rainfall during summer months. Additional to /M the parameter FR
reflecting this process is introduced to remove a portion of monthly rainfall
amount. Presently this parameter is determined by calibration.

Considering (a) and (b), R; of equation (1) can be interpreted as baseflow and the
runoff coefficient K as a recession constant. Interflow is not taken into account at this
time.

DISTRIBUTED PARAMETER ESTIMATION

Different approaches of parameter estimation techniques considering so-called
distributed or semidistributed water balance and precipitation-runoff models are in
use. A common strategy is to link model parameters and physiographic
characteristics of the basin. Therefore, the application of GIS becomes a central part
in parameter estimation.

Today's efforts in developing physically-based hydrological models are to define
model parameters directly from basin characteristics. Opposite to this, the present
practice is relate model parameters to physiographic characteristics and calibrate the
whole set of parameters by optimization techniques. This procedure often leads to
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unrealistic values of the parameters.

To model large river systems like the River Rhine, parameter estimation for
ungauged areas is required. Some parameters like WHC or impervious areas can be
calculated directly by GIS application. Other parameters have to be regionalized by
regression analysis. Therefore estimated parameters and physiographic characteristics
are considered in gauged sub-basins. The size and number of sub-basins depend on
the spatial and temporal variability of the hydrological processes. The calculated
empirical relationships are used to obtain spatially distributed parameters and can be
applied to the whole basin, i.e. also in ungauged areas. In the following, this
methodology is tested for deriving the recession constant as a key parameter for
simulating baseflow in water balance and precipitation-runoff models.

Estimation of recession constant

In the original scheme of the water balance model, Thornthwaite & Mather (1957)
used a constant value of 0.5 for K. Interpreting R; as baseflow, K is a recession
constant valid for monthly discharge data that can be estimated by

K —_ k30.42 (2)

where k is the recession constant obtained by analysing recession curves of daily
discharge data (Q) using the Boussinesq equation

Q=0 3

with # = number of day and @, as discharge at n = 0.

Demuth (1993) developed two methods DEREC1 and DEREC?2 for estimation of
the recession constant k& based on this procedure. Furthermore, Demuth examined
several regression equations between k and basin characteristics for regionalization of
this parameter. In one of these equations the areas of hydrogeological units
(HGI...HG14) are used as independent variables

k = by HGI" HG2” HG3" ...HG14""* @)

where b0 ... bl4 are regression coefficients. Demuth (1993) found a seasonal
dependency of the parameter k, resulting in one set of regression coefficients for the
summer (April to September, £,) and another for the winter (October to March, k).

This method is well-suited for GIS application. The 14 HGs are determined from
an overlay of a hydrogeological map (layer) containing information on the capacity
of groundwater extraction as well as depths of the aquifer and a geological map
(layer). For example, the dominant hydrogeological units in the Moselle basin are
HGS5 and HGI13. HGS5 means that the capacity of groundwater extraction is less than
1000 m® daily extractable water and the depth of the aquifer is deep. The geological
formation consists of the Triassic series Muschelkalk and Bunter Sandstone. For
HGI3 the capacity of groundwater extraction per day is less than 100 m’ and the
geological formation is crystalline basement. The depths of groundwater aquifers can
be shallow as well as deep.






