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Abstract: Distributed physically based river basin models are receiving increasing importance for integrated
water resources management (IWRM) in Germany and in Burope especially after the release of the new
Eurcpean Water Framework Directive (WFD). Applications in mesoscale catchments require an appropriate
approach for representing the spatial distribution of related catchment properties such as land use and topog-
raphy by utilizing techniques of remote sensing and GIS analyses. The challenge is to delineate scale inde-
pendent homogeneous modelling entities which on the one hand represent the dominant hydrological process
dynamics and on the other side can be derived from spatiaily distributed physiographical catchment proper-
ties. This challenge is met in this regional modelling study by applying the concept of Hydrological Response
Units (HRUg). In a nested catchment approach three different modelling conceptualisations are used to de-
scribe the runoff processes. Using different conceptualisations to link the HRUs these approaches model
consider lateral flows in various ways. Simulations show that the physiographic based concept was found to
be a reliable method for modelling basin dynamics in carchments up to 200km” whereas in bigger sized
catchments where lateral processes are dominating both other concepts have advantages.
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1. INTRODUCTION roscale, their origin physical basis would be re-

stricted by the fact, that model parameters are not
Hydrological Model Development in the past has measured but estimated. However, large scale
led to a great variety of different Models and Mod- modelling requires a more flexible approach for

~gltihg Systems differing conceptuatly depending on - carchmentdistributionsuch-as~the-HR U-coneept- -

the purpose they had been developed for. Singh [Fliigel 1995] applicable within the scope of a
[1993] gives an overview about hydrologic models nested catchment approach. HRU are scale inde-
frequently applied in meso- and macroscale river pendent modelling entities cause they are based on
basins. Models such as TOPMODEL [Beven et al. physiographic parameters. Models such as PRMS
1995], SHE [Abbott 1986] and the THDM [Beven {Leavesley et al. 1983}, SWAT [Srinisavan &
et al. 1987] are physically based, use grids, Repre- Arnold 19931 and J2000 [Krause 2001] meet the
sentative elementary areas and subbasins as mod- criteria of being distributed, physically based and
etling entities and therefore are applicable on the process oriented. The recent release of the Euro-
micro- and lower mesoscale scale. There is the pean Water Framework Directive (WFD) receatly
problem of transferring microscale approaches to has reinitiated this discussion for benchmark mod-
meso- or makroscale because the relevance of hy- elling of large scale river basins. Models such as
drologic processes may change at scale transition WaSiM-ETH [Schulla 1998}, HBV [Bergstrom
and thus implies that modelling concepts which 19921 and J2000 [Krause 2001] can be hsted in
have been developed for the microscale can not be that conext However, the distribution concepts of
used on larger scales offhand [Peschke =t al these models differ quite substantially ranging
(1998)]. Besides that microscale Models needs from simple semi-distributive approaches (HBV)
data which in larger basins are often not available to explicit, process oriented  approaches (WaSiM-
in the postulated level of detail. Even if microscaie ETH, J2000). Different model concepis have (o

concepts do not exclude the use on meso- or mac-
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be tested on various catchments to get an idea
which concept is the best for which catchment size.

2, OBJECTIVES

The objective of the study is the test of different
distribution concepts representing the catchment’s
physiographic heterogeneity and hydrological dy-
namics best, The distribution concept of Hydro-
fogical Response Units (HRUs) as presented by
Fliigel {19957 and Leavesley et al. {1983] is ap-
plied and furthermore relined by integrating the
topology of the HRU-subareas for flow routing
thereby Integrating vertical and lateral transport
processes of the hydrological cyele. HRU are de-
lineated within a GIS by means of criteria defining
a minimum set of required input information. The
HRU concepts described later in this paper were
tested applying an integrated approach of empirical
field studies, GIS analyses and remote sensing
data. The scale oriented objectives were to (i) in-
vestigate pros and cons of the different HR1J con-
cepts, {(H) test the transter of model parameter, and
{ifi) check in how far process dynamics change
during upscaling. The study was part of the RIVER
project carried out by the Thuringian Environ-
mental Agency and the Department of Geoinfor-
matics, exploring the operational use of remote
sepsing techmiques for natwre conservation, re-
gional planning and water resources management.

3. STUDY AREA

The Itm catchment is located in the middle part of
the state of Thuningia, Germany.

It stretches from its headwater located in the mid-
dle mountain range of the Thuringian Forest to the
Thuringian lowlands. The river drains a basin of
1025 km? of which 895 kmZ are measured by the
gauge located in Niedertrebra (Figure 1).The cfi-
mate is characterized as the transition zone be-
tween wet oceanic and dry continental climate.
Spatial rainfall variation ranges from 1200 nun in
the Thuringian Forest to only 300 mm in the flat
lowlands, The mean annual river discharge is 6,3
m3/s. After 135 km flowing towards northeast the
llm drains into the Saale river. The land use is very
heterogeneous, but mirrors somehow the geologi-
cal and landscape structure. Coniferous forests
dominates the headwaters of the Thuringian Forest,
and changes towards intensive agriculture in the
Thuringian lowlands. Three dominant sciltypes can
be differentiated: (i) Brown Soils, sometimes hy-
dromorphic, in the Thuringian Forest, {ii) Rendzina
Soils on limestone, and (it} Gley Soils in the val-
ley floors,

4. METHODOLOGY

A GIS database including all physiographic catch-
ment properties such as land use classified from
IRS-1C Data, soils, geology, and topography was

established for the HRU delineation.
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Figure 1. Location of the Ilm catchment in Thuringia.
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Precipitation data from sixteen rain gauges, tem-
perature, snow and radiation data from two mete-
orological stations and altogether three gauging
stations along the Hm river were available for the
hydrological modelling.

4.1 Hydrological System Analyses and HRU

An integrated systems approach is essential for
analysing and modeiling the hydrological dynamics
of such heterogeneous structured river basins. Es-
pecially the process interactions within  the Soil-
Vegetation-Atmosphere (SVA) interface are very
complex and important for runoif generation of the
entire basin system. They are schematically shown
in Figure 2 and are accounted for by PRMS within
the SV A-interface.
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consequently were parameterised in PRMS. Re-
sults were evaluated according to their ability for
representing the hydrelogical dynamics in the three
subcatchments and for parameter transfer between
them.

4,2 HRU Delineation Using GIS-Anpalyses

HRU were delineated within the GIS according to
three different concepts:

{i} For the delineation of process oriented
HRU according to Flilgel [1995] GIS data layers
representing the three dimensional heterogeneity of
the System were overlayed by means of a GIS
(Figure 3). A threshold value of 2 % of the torad
catchment area was used to limit the number of
HRU classes obtained to a reasonable size. All
classes smaller than the threshold were merged
with larger, simifar ones. Finally 36 HRU were
delineated for the whole catchment (Figure3).
Advantage:

- scale independent and process oriented parame-
terisation of modelling entities

Disadvantage:

- modelling of lateral flows is not conceptualised

(1)  The delineation of fopographic based
HRU according to Leavesley et al. [1983] was
done using the GIS-Toolbox Weasel. Based on a
DEM the flow direction is computed with a conse-
quent delineation of a stream network. The seg-
ments of the latter are used for the delineation of
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The concept of Hydrological Response Units
(HR1J} is based on the hydrological system analy-
ses. The latter provides process oriented criteria to
delineate themn as distributed land units, which
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acterizing the catchments natural and human envi-
ronment [Fliigel 1995]. Ag these components, such
as the pedo-topo-geological-sequence control the
dominant hydrological and solute transport proc-
esses HRU can be applied as distributed model
entities. They conserve and represent the complex
and distributed three-dimensional environmental
basin heterogeneity and are characterized by the
fact, that the variation of the hydrological dynam-
ics within each HRU subarea is small if compared
o neighbouring ones. According to the location of
the gauging stations located at the Ilm river the
catchment was divided into three nested subcatch-
ments each having a drainage size of 154 km®, 627
kin®, and 895 km” respectivety, HRU were deline-
ated for each subcatchment with the same proce-
dure so that only the number of HRU differ cause
of changing catchment characteristics. Using
three different approaches these maodeliing entities

left and right flowplanes along the different tribu-
taries. Finally 54 flowplanes were delineated as
HRU (Figure 3). As this delineation is based only
o the ~topographical - systemy characteristics all
HRU are linked hierarchically.

Advantage:

- lateral processes could be taken mto account

Disadvantage:

- physiographic properties are parameterised inac-
curate, only one to one routing is possible

(iif) The HRU approach presented in (i) was
extended by a topological component developed by
Staudenrausch [2000]. It integrates the topological
flow routing between HRU subareas into this proc-
ess based distribution concept {Figure 3. The first
step in deriving the topology was the generation of
the reach-to-reach-connectivity within the stream
network using the GIS-internal arc-node topology
information. In 2 second step the connectivity be-
tween the HRU subareas and the stream network
was generated. This condition is fulfilled if a HRU-
subarea polygon is intersected by a stream network
segment. All other polygons not adjacent fo a
stream had to be associated with their downslope
neighbouring HRU-polygons they are draining
into. In the final topological assembly all HRU-
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subarea polygons either drain  downslope in
neighbouring polygons or directly into their adja-
cent river segment. The topological HRU-concept
thereby permits the simulation of vertical fluxes
into the soil and lateral fluxes within the hillslope.

5 MODEL APPLICATION

The modelling system MMS/PRMS a determinis-
tic, distributed and continuous water balance model
was applied for the simulagion of the hydrological

catchmen: dynamics. The different modules of

PRMS are physically based and simulate the verti-
cal and lateral processes present in the various
HRU. The parameterisation for ali modelling enti-
ties was derived from the GIS layers used to de-
fineate the different HRU described above, and
was kept constant for all of them. Al! three HRU
approaches were used in the two subcatchments of
the Tim river: (1) the headwater basin up to gauge
Grifinau- Angstedt, and {ii) the whole catchment up
to the gauging station Niedertrebra.
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¥ipure 3. Different HRU-delineation approaches

5.1 Modelling Results Obtained by Applying

the Physicgraphic Based HRU Approach

As shown in Figure 4 for the hydrological year
1981 the visual inspection of the simulated and
observed discharge time series for the 22-year
daily simulation period shows a reasonable good fit
most of the time.

The fit was described for the different vears by
correiation  coefficients ranging between 0.78
(zauge: Miederrebra) and 0.90 (gauge: Grifinau-
Angstedt). In general the resulis obtained by using
the physiographic HRU seems somehow to be de-
pendent on the catchment size as the correlation as
well as the model efficiency and the log. efficiency
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tend to be less good with increasing catchment
size.

The climatic conditions obviously have major in-
fluence on the simulation results as i.e. the hydro-
logical year 1988 in both catchments shows good
fits and seems to have the optimal climatic condi-
tions for the selecied model parameterisation. In
general PRMS/MMS tends to (i} underestimaie
advective storm hydrographs caused by rainfal} on
snow covered areas, (i) precipitation mixtures of
rain and snow during the winter, and (i) base flow
in summer during long dry weather periods. Inter-
flow was simulated as the dominant runoff compo-
nent from the forested slopes in the headwater
catchment till the gauging station Grifinau, and



also on the agricultural used gentle slopes down-
stream til] the gauging station Niedertrebra,
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Figure 4. PRMS simuiation using the physically
hased HRU approach for the upper Iim Catchment
till gauge Griifinau for the hydrological year 1981,

5.2 Modelling Results Obtained by Applying
the Topogralic HRU Approach

The topographic based HRU approach is consider-
ing lateral overland flows but is neglecting the real
distribution of physicgraphic properties controlling
the hydrological dynamics within the flow planes.
The fit between simulated and observed discharge

if one looks at the total time span modelled for the
catchment up to the gauging station Niederirebra
(A = 895 km®) the model efficiencies of 0.72 are
clearly lower than obtained with the physiographic
HRU approach. Obviously Jateral flow is not com-
pensating the deficiencies resulting from neglecting
the influence of land use pattern.

5.3 Topologic Based Modelling Approach

For the topological based modeliing approach the
paramelerisation work is still in progress and only
first results can be presented. They mndicate that
simulation resulis will become better than the
physiographic based approach. The comparison of
the simulated and observed discharge for this pe-
riod shows a pretty good fit most of the time. As an
example the runoff of the water year 1979 is
shown in Figure 6.
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for the 22-year daily simulation period produced
similar resuits as the physically based HRU ap-
proach. Such a fit is shown in Figure 5 for the
hydrological year 1979,
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Figure 5. PRMS simulation using the topographic
based HRU approach for the Ilm catchment up to
gauge Niedertrebra in the hydrojogical year 1979

Simulation of the complete data set in the whole
catchment resuits in correlation coefficients rang-
ing from 0.64 {1987) up to 0.93 (1989}, However,

VR unof (sim) = v v v < runolf { obs.)

Figure 6, PRMS simulation using the topologic
approach for the Ilm catchment up to gauge Nied-
..entrebra in the hydrological year 1979

Simulation of the 5-years calibration period
showed correlation coefficients ranging between
.76 and 0.87 in Niedertrebra. They prove the ad-
vantage of linking vertical and lateral flows in hei-
erogeneous mesoscale catchments. However, it
also became clear from the modelling resuits, that
the new approach requires improved parameterisa-
tion and probably improved process modules, This
was interpreted from the facts, that years with low
flow periods had good fits, meanwhile years with
frequent hydrographs showed bad fits between the
simulated and observed discharges.

6. CONCLUSIONS

The results obtained from the modelling exercises
must be interpreted referring to the hydrological
dynamics of the catchment on the one hand and the
distributed approaches applied on the other.
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The upper headwaler catchment of the Ilm river
down to the gauging station Griifinau is underlying
by almost impermeable bedrock, meanwhile the
hunestone in the middie part of the catchment is
characterized by a distinct Karst dynamics. As a
result the middle part of the catchment experiences
considerable water losses cut of the river bed into
the Karst system. Such water losses have shown o
be diverted into neighbouring catchments, but very
little is known about the total daily water losses.
Consequently PRMS is not able to handie these
dynamic losses and this fact is influencing the
simulation accuracy of all HRU trials.

The distribution of daity precipitation within the
calchment is quite variable and is mainly con-
trolled by the topography and the prevailing wind
direction. The Thiessen polygons used as a region-
alisation method are not accounting for these ef-
fects and probably supply unprecise daily rainfall
input vaiues. All modelling entities have been pa-
rameterised according to their physiographic prop-
erties and the parameters have kept constant so that
we assume that parameter transfer from one catch-
ment to another within the mesoscale is possible
The three applied HRU-approaches differ in terms
of accounting for vertical and lateral tlow proc-
gsses. The most efficient concept in this respect is
the topological-physiographic HRU approach.

The modelling exercises revealed that model
parameterisation is strongly dependent on the
physiographic variability within and between the
three nested sub-basins. However, each HRU con-
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