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Abstract. Hydrological models are the decisive tools to model. The groundwater flow model uses the Boussinesq
evaluate the effect of global change upon the water cycleequation to compute the groundwater level and groundwa-
But the applied hydrological models have to be a trade-offter flow rates for each cell of a given grid. It is a signifi-
between their degree of complexity and manageable struceant qualitative and quantitative improvement to the storage-
tures and data requirements. This paper compares the advabased conceptual models (e.g. Singh, 1995), since it offers a
tages and disadvantages of integrating a spatially-distributetdetter representation of the physical processes and it yields
process-based groundwater flow model in the context of thenore computed variables. On the other hand it is not ob-
calibration of a catchment runoff concentration model. Thevious whether the inclusion of the distributed groundwater
multi-objective optimisation and the GLUE method are usedflow model would improve the performance of the catch-
to analyse the performance and the parameter identifiabilityment model or the identifiability of its parameters. Moreover
of both model structures. it is questioned whether the results of the sectoral calibra-
tion and validation of the groundwater flow model with mea-
sured groundwater level time series can be directly applied
on the hydrological model, which concentrates more on dis-
charge time series. An additional issue tackled in this study
is the comparison between two state-of-the-art methodolo-
gies in hydrological modelling: multi-objective optimisation

1 Introduction

Different motivations and goals can be the reason for build-

ing a hydrological model. They play also an essential role . X

or?the cyhoicegof the modelling s){rsctli/re and of the modellingand GLUE. C‘?‘SE study for this wor'k IS thg Ammer catch—
strategy. One main dilemma concerns the degree of complexr-nem’ chated in the Southern Bavarian alpine and pre-alpine
ity to be chosen, or the degree of conceptuality of the model“°"€ (Fig. 1).
It is widely accepted that a simple and efficient conceptual
structure with very few parameters is the logical choice if
the task to be solved is the correct reproduction of river dis-
charge time series, for example for flood protection studies L . ) . . )
or for the evaluation of the hydropower potential of a certain | "€ Main idea behind this study is to build and parameterise
river reach. For other tasks the answer to the above dilemmi€ two models (for groundwa-ter flow and for catchment
is less clear. Especially in the context of Global Change, infldrology) independently from each other so that they both
which a comprehensive description of the effects of possibléuwm the standard sectoral goals set for the ver|f|cat|o_n _of
future climate and socio-economical changes on the watefUCh models. Afterwards the groundwater flow model is in-

cycle is required, the determination of the appropriate modefluded in.the hydrological catchment model and the resulting
structure is a challenging research topic. changes in the performance of the catchment model are eval-

The present paper reports on a study about the advariated: . .
tages and disadvantages of including a distributed physically- The structure of the used hydrological catchment model is

based groundwater flow model into a hydrological catchmentPresented in Fig. 2 (see also Ro-janschi et al., 2005). The
runoff formation is computed by the grid based SVAT-model
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Fig. 1. The Ammer catchment in Southern Bavaria, Germany.

and melting, water consumption by vegetation and soil water The idea behind the multi-objective optimisation is that
balance. For the last module a development of the Richard'several quite different solutions can have the same value of a
equation (Eagleson, 1978) is applied on a two meter thickparticular objective function when they are compared to mea-
soil layer to compute a surface runoff and a percolation ratesured data. As a consequence one should use multiple ob-
out of the soil zone. For the purpose of this study the soil perjective functions in the optimisation process to better charac-
colation of the PROMET model, computed and made avail-terise a solution (also a set of parameter values). The solution
able by Prof. R. Ludwig, Kiel University, were used subse- of such an approach is the Pareto set: the group of solutions,
quently for the simulations with both model versions. The optimising as a group the chosen objective functions.

runoff concentration is represented by means of four concep- The GLUE-Analysis rejects the concept of an optimal pa-

tual modules, for the implementation of which linear storage .
rameter set altogether. After generating a large sample of pa-

cascades (Nash, 1959) were used. One additional storage . . :
. . . ameter sets, one differentiates between the sets which lead
cascade for every river stretch routes the total river discharg

from one gauge to the next one (Unit E5). The integration of?0 good mo'del results (the so called bghawoural sets) ffom
N ; . the ones with poor results (non-behaviour). The statistical
the distributed groundwater flow model is done by replacing . . .
: . : nalysis of the behavioural values is then a measure for the
the storage cascade (hydrological model case 1) in Unit E

with a MODFLOW (McDonald and Harbough, 2000) model senS|t|y|ty of the parameters and for the uncertainty in the
(case 2) modelling process.

The multi-objective optimisation consists in computing
For the calibration and the validation of hydrological multiple solutions optimising as a group the chosen math-
model and the quantification of the parameter indentifiabil-ematical objective functions. A combination of the global
ity, several methods coexist without having one that is clearlySimulated-Annealing and the local Downhill-Simplex algo-
better in all aspects. Two of them were selected for therithms (Press et al., 1992) and a linear weighting system were
present study: the multi-objective optimisation (Gupta et al.,used for the determination of the group of solutions, termed
1998) and the generalised sensitivity based GLUE techniquéareto set. Six functions were chosen for the analysis with
(Beven and Binley, 1992). the aim of quantifying the quality of the model results for the
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Fig. 2. The structure of the hydrological model in the Ammer catchment.

different significant parts of the discharge hydrographs (thegroundwater flow is part of the short term hydrological cycle
entire time series, the ascending and the descending parts, saad takes place almost only in the alluvial aquifers. All other
also Freer, 2003): the Nash-Sutcliffe efficien®yy), Nash-  geological layers have negligible influence. The rocks of the
Sutcliffe efficiencies computed for the increasing and the de-Calcerous Alps show only a minor degree of karstification in
creasing part of the hydrograph® §;, N S,.4r), SAE1-S, this area (Doben, 1976). Therefore a one-layered groundwa-
wheresS is the sum of the absolute differences betwéas ter model of the alluvial aquifers was built (the extent of the
and Qsim normalised by the sum a@dyes the Nash-Sutcliffe  aquifer is added in Fig. 1). The aquifer was assumed to be un-
efficiency computed betwee@mes and Qsim after apply-  confined, but for reasons of the model’s stability a minimum
ing a Box-Cox transformationNS;, — the transformation saturated thickness of 5 meters was chosen in order to avoid
changes the discharge values such that they become approxdry cells. The discretisation of the model is 100& 000 m
matively normally distributed, thus avoiding the overweight- in order to keep calculation times of the overall model cali-
ing of the high values, Box and Cox, 1964) and the averagebration and the storage demand of the output data manage-
linear correlationkK - between the measured and the com- able. Since the geometry of the alluvial aquifer is very com-
puted groundwater level timeseries. The last functign plicated and the extent is very small for a square kilometre
could be used only in the version with the integrated MOD- discretisation, a new approach had to be developed to imple-
FLOW model. ment the aquifer geometry into a numerical model. This ap-
The same objective functions were used as likelihood meaproach expands the concept of hydrological drainage analy-
sures for the GLUE analysis to-gether with a direct-samplingsis (Fairfield and Leymarie, 1991) to the groundwater runoff.
generation of parameter sets. To differentiate between befhe geometry of the alluvial aquifers is adjusted in a way that
havioural and non-behavioural sets the value of each objecgroundwater runoff can be accumulated to the catchments
tive function was compared to the corresponding local op-gauge and guarantees continues groundwater flow (Wolf et
tima computed during the multi-objective optimisation. If al., 2004).
for a parameter set the difference between the two values was The recharge in the Ammer catchment that percolates from
smaller than a chosen limit (0.1) for all the considered objec-the soil outside the alluvial aquifers is transferred to the
tive functions and for both the calibration and the validation groundwater model by using the calculated flow direction of
time series, the set was classified as behavioural. the drainage analysis model TOPAZ (Garbrecht and Martz,
1995). Losses due to carstification are less important. But
the subsurface groundwater flow to the neighbouring Loisach
valley (this flows outcrops in the Maulenbach spring with a
nearly constant outflow of 1%s, see Fig. 1), has to be taken

The Ammer catchment with a total surface of 70%kim  into account by the groundwater model.

located in the transition zone between the Calcareous Alps First a stationary model was built and analysed. During
and their foreland (molasse). In this mountainous area thealibration the model’'s parameters were estimated with an

3 Finite-difference groundwater flow model in the Am-
mer catchment
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Fig. 3. Computed (black line) vs. observed (gray line) groundwater levels (in masl) in nine observation wells in the Ammer catchment
(location see Fig. 1). The simulation period contained 1000 days from 01.01.95 to 26.09.1997.

trial and error approach based on 20 different zones. Thel Hydrological model: performance and parameter
allowed parameter values were bounded by measured data identifiability
(mean values for permeability 1.480-3m/s and 0.16 for

the storage yield). The result of this stationary model wasthe model structure in Fig. 2 and the methodology described
then used as starting heads for the transient model rungy sect. 2 were applied for the seven subcatchments delimited
which were analysed and compared to observed data. Fqf, the study area. For the purpose of this paper the presen-

nine observation wells daily time series for the period from 1_tation of the results is concentrated on the subcatchment up-
January 1995 to 16 September 1997 (1000 days) were avaikyream of gauge Peissenberg, to which the ID 3 was given
able. The first 500 days were used for calibration, the secong,gre (Fig. 1).

500 days for validation.

The results are very satisfying for a coarse grid ground-
water model: The mean average error is 1.95m, the avera
correlation coefficient between computed and observed ti
series is 0.52 (Fig. 3).

Table 1 presents the optimal values for all used objective
functions of the multi objective optimisation during the cali-
mggration (1 November 1993-1 January 2000) and validation

?1 November 1990-31 October 1993) periods and for the
two model versions (Case 1 with a storage cascade for the
groundwater module and Case 2 with the integrated MOD-
FLOW model). For Case 1 the different indicators of the
model performance are all above 0.83 indicating that the
model reproduces very well all elements of the measured
discharge time series. Figure 4 confirms this observation,
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Table 1. The optimal values for the applied objective functions of the multi objective function in subcatchment 3 (gauge Peissenberg).

Subcatchment 3 Calibration Validation
NS NSdr NSndr SAE NStr KGr NS NSdr NSndr SAE NStr KGr
Case 1 092 089 0.83 0.85 0.89 090 086 089 0.85 0.89
Case 2 (MODFLOW) 0.88 0.85 0.81 083 085 064 | 087 083 089 084 085 0.62
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Fig. 4. Computed (grey lines represents the different Pareto sets) vs observed (black line) discharge time series for the hydrological year
1998 in subcatchment 3 for both model structures.

although the model shows weaknesses when it comes tmterval and fon2-k2 they are grouped at the two interval ex-
modelling the winter events (which might be connected totremities. However, the possibility to visually identify “con-
the special difficulty of correctly estimating winter precipita- centration” zones in which the density of optimal values is
tion in alpine regions). clearly larger than elsewhere could entitle a modeller to qual-

Estimations of the uncertainty in the determination of the ify the results as only moderately uncertain.

parameter values are given in Fig. 5 (multi-objective opti- The GLUE analysis in Fig. 6 contradicts strongly this de-
misation) and Fig. 6 (GLUE). Beside the separation param-scription. Whiles stays well determined (less clear though
eter s be-tween vertical and horizontal flow component in than in Fig. 5) the other three appear almost perfectly unde-
the percolation zone the parameters of the storage cascadésrmined suggesting a strong over-parameterisation and in-
are analysed for the percolation zone (Unit E2 and E3) anderactions between the model parameters. The difference be-
groundwater (Unit E4). For a storage cascade the product ofiveen the two sets of results, which were obtained for the
its two parameters; andk, which is the time interval with  same model with the same data and the same objective func-
which the centre of gravity of the input signal is shifted for- tions, are a very good indications for the difference between
ward into the output signal, was chosen for the analysis. the two modelling approaches. GLUE has less strict accep-
andk can compensate each other in a relatively large amountance criteria than the multi-objective optimisation and this
so an individual calibration is not meaningful, if an uncer- leads also to a more negative estimation of the parameter
tainty analysis is planed. identifiability.

For Case 1 the results of the multi-objective optimisation For the integration of the MODFLOW model in Case
show thats is the only parameter, whose values are clearly2 the parameters of the groundwater flow model, which
concentrated in one specific region of the interval. #dk3 were determined during the stand-alone calibration (Sect. 3),
andn4-k4 optimal values were found throughout the whole were kept fixed for both the multi-objective and the GLUE

www.adv-geosci.net/9/101/2006/ Adv. Geosci., 9, 11118-2006
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Fig. 6. Parameter uncertainty of the GLUE method for subcatchment 3. Each point represents a generated parameter set which lead to mode
results characterised by a performance values shown on the y-axis. Very different parameter values leading to the same quality of the result:

is a sign of a high non-identifiability of the parameters.
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Fig. 7. Comparison of the groundwater flow from the MODFLOW model (Case 2) and out of the storage cascade (Case 1) for the whole
Ammer catchment.

analysis, which lead to a reduction of the number of varyingfree parameters lead to a clear improvement during the multi-
parameters. The implications for the model performance carobjective optimisation the GLUE distributions stay almost
be observed in Table 1 and Fig. 4. Although the values forequally uniform over the whole interval, a sign that adding
the objective functions can be still qualified as very good, athe groundwater level to the river discharge for calibrating
slight deterioration is to be noticed, proving that the param-parameters of hydrological model is a step in the right direc-
eters from the stand-alone calibration of one model part ardion, but not the solution to the problem of parameter uncer-
not the optimal values for the hydrological model as a whole.tainty.

An interesting comparison is however the one between the
groundwater flow out of the linear storage cascade and out
of the MODFLOW model (Fig. 7, the 50% quantiles of the 5 Conclusions
GLUE solutions are plotted). Their performance, measured

to the total river discharge, was almos_t the same with a lightyy,o hydrological models were applied for the Ammer catch-
advantage for the cascade. The fraction of the groundwatément |ocated in Southern Bavaria. A conceptual hydrologi-
flow to the total discharge was also almost identical (61%¢4| model and a physically-based groundwater flow model.
in Case 1 and 63% in Case 2) As no direct measurement$ne groundwater flow model was parameterised as a stand-
for the groundwater exfiltration are available the evaluationyjone model and then integrated in the conceptual hydrologi-
must remain qualitative and therefore subject to disputabley) structure. The performance of the latter one in its two ver-
interpretation. The authors of this paper think, however, thatjons, with a linear storage cascade or with the MODFLOW
the dynamics of the MODFLOW curve is much more real- yogel for the groundwater module, was then analysed from

istic than for the storage cascade. The simple two paramne point of view of model performance and of the parameter
eter function of the cascade is by far not able to reDrOdUCq‘dentifiabiIity.

the complexity of a physically based flow model. Addition-
ally, a_systematic shift forward with a_bout two r_no_nthg can ver discharge time series (Fig. 3). Reducing the number
be noticed on the casca_de Curve. Durlng the optimisation th%f degrees of freedom by integrating the MODFLOW model
groundwater flow curve is dampeq, which can k_)e achieved Myith fixed parameter values lead to slight deterioration, com-
Imge}r st.orage cascade only by S|mult_aneous increase of th ensated, however, by the fact that the model output was sig-
shifting interval. As a result the dynamics of the groundWaternificantly increased with calculated values for groundwater

gmlhles ;?DI;ﬁcl;rl;ti'llitl}?giS(r:?]emsggéelss’f(t)?'guhez\;i'ggs'%@LCS?EST;Ievels and g_rogndwater flow field. Th_e main improvement
groundwater resources management was .of qualitative nature: the dyngmlcs of baseflow curve
' was judged to be much more realistic when the MODFLOW
Regarding the uncertainty in the parameter determinatiormodel was used, so that the corresponding model version
(Figs. 5 and 6) the differences between the two applied methis more appropriate for studies in which the evaluation of
ods are noticeable also for Case 2. While the reduction ofgroundwater resources is needed.

Both model versions were able to reproduce very well the
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The interpretation of the results for the parameter inter-Freer, J., Beven, K., and Peters, N.: Multivariate Seasonal Period
pretability is less clear, as the two used methods lead to Model Rejection within the Generalised Likelihood Uncertainty
different conclusions. According to the multi-objective op-  Estimation Procedure, Water Sci. Appl., 6, 9-29, 2003.
timisation reducing the number of free parameters and adHarbaugh, A. W., Banta, E. R., Hill, M. C., and McDonald, M.
ditionally conditioning the model to the groundwater ley- G- MODFLOW-2000, The U.S. Geological Survey Modular
els did have a significant reduction of the parameter uncer- Cound-Water Model - User Guide to Modularization Concepts
tainty. This statement was contradicted by the GLUE results and the Ground-Water Flow Process, U.S. Geological Survey,

. . .~ Open-File Report 00-92, 2000.
which showed for both model versions almost perfectly UNi- Garbrecht, J. and Martz, L. W. TOPAZ: An automated

dentifiable parameters. o digital landscape analysis tool for topographic evaluation,
The less strict acceptance criteria in GLUE leads system- yrainage identification, watershed segmentation and subcatch-

atically to a larger estimated uncertainty. When this issue ment parametrization - TOPAZ User Manual, USDA-ARS Pub-
is not of concern, it is obvious that the model output after jication No. NAWQL 95-3, USDA-ARS, Durant, Oklahoma,
a multi-objective optimisation fits mathematically better

_ a : 995.
the measured data. When it comes to giving a phys'cabupta, V. H., Sorooshian, S., and Yapo, P. O.: Towards improved
interpretation to the calibrated parameter values, GLUE'S c4jipration of hydrologic models: Multiple and noncommensu-

conservatory view seems more appropriate than the over- rapje measures of information, Water Resour. Res., 34, 4, 751—
confident multi-objective optimisation. 763, 1998.
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