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Abstract. In this study two approaches are used to predictl Introduction
winter storm flow coefficients in meso-scale basins (18 km

to 1000kn?) with a view to regionalization. The winter Regionalization is a widely used procedure in hydrology
storm flow coefficient corresponds to the ratio between direct(Bum, 1997; Post and Jakeman, 1999; Kokkonen et al., 2003;
discharge and rainfall. It is basin specific and supposed tQcroke and Norton, 2004: Merz and @ichl, 2004; Parajka
give an integrated response to rainfall. The two approachesst a|., 2005; Merz et al., 2006), regionalization being de-
which used the permeability of the substratum and dom-ined as the transfer of information from one basin to an-
inating runoff generation processes as basin attributes argther (Bpschl and Sivapalan, 1995). Regression analysis is
compared. The study area is the Rhineland Palatinate anghe most widely used regionalization technique, although al-
the Grand Duchy of Luxembourg and the study focuses onernative techniques are also used (Kokkonen et al., 2003).
the Nahe basin and its 16 sub-basins (Rhineland Palatinategince a regression needs a dependent and at |east one in_
For the Comparison, three statistical models were derived bwependent Variab|e’ the choice of the variables is usua”y
means of regression analysis. The models used the winte§ hydrological variable as dependent and one or several
storm flow coefficient as the dependent variable; the indephysiographic basin characteristics as independent variables.
pendent variables were the permeability of the substratump)zzvimavi (2003) listed the most commonly used physio-
preliminary derived dominating runoff generation processesyraphic basin characteristics in regression analyses, which
and a combination of both. It is demonstrated that the permeare: land use, geology, drainage density and basin area. Pfis-
ability and the preliminary derived processes carry differentter et al. (2002) developed a methodology that determines
layers of information. Cross-validation and statistical teststhe qualitative behavior of gauged basins with short histor-
were used to determine and evaluate model differences. ThRga| data series with a view to regionalization, using the
cross-validation resulted in a best model performance for thQNinter storm flow Coefﬁcient’ or C_Va|ue, as the dependent
model that used both parameters, followed by the model thaharameter in a regression analysis. The previously named
used the dominant runoff generation processes. From th@asin characteristics served as independent parameters. The
statistical tests it was concluded that the models come fron_yaye is defined as the ratio between storm flow and rain-
different populations, carrying different information layers. fa| s supposed to be basin specific and to have a strong
Analysis of the residuals of the models indicated that the perseasonal variability, and should be more or less constant dur-
meability and runoff generation processes did provide com+ng winter, expressing the saturated state of the basin (Pfister
plementary information. Simple linear models appeared togt a|., 2002). Uhlenbrook et al. (2004) pointed out that in
perform well in describing the winter storm flow coefficient meso-scale basins processes combine into a more complex
at the meso-scale when a combination of the permeability ofyay, producing an integrated runoff response to rainfall. In
the substratum and dominating runoff generation processegjs study, the C-value is supposed to represent this response
served as independent parameters. of meso-scale basins (i.e. basins ranging in size from 20 km
to 10°km?; Bloschl, 1996) to rainfall during winter. The
permeability of the substratum was found to be an impor-
tant basin characteristic in describing the C-value of basins
Correspondence ta4d. Hellebrand in the Grand Duchy of Luxembourg (Pfister et al., 2002) and
(hellebra@lippmann.lu) it will serve in this study as a single independent parameter
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in a first model, which is based on linear regression, to de-action. The “detailedness” of these processes is supposed
scribe the C-value with. Since soils form the first medium to be larger compared to the permeability assessment of the
between precipitation and runoff generating processes aftesubstratum due to a larger scale. Furthermore the dominat-
the vegetation cover, they will serve in this study as indepen-ing runoff generation processes are more heterogeneously
dent parameters for a second model. distributed compared to the permeability of the substratum.

The impermeability of the substratum, which is used Both the permeability of the substratum and the dominating
in this study, is based on a methodology of Zumstein etrunoff generation processes will be derived as percentages of
al. (1989), who classified the infiltration permeability of the total basin areas in a GIS.
substratum with respect to its lithology and geohydrologi- The objective of the study is to compare the information
cal characteristics such as fractures and porosity, obtainingarried by the simplified permeability of the substratum, the
eight different permeability classes. This classification wasdominating runoff generating processes and a combination
adapted and simplified into only three classes: permeablepf both with respect to the winter storm flow coefficient. For
semi-permeable and impermeable. The determination of théhis purpose three models that are based on regression anal-
three classes in this study was based on the available digysis will be used. Model results will be assessed with cross-
itized geological map (GeologiscHabersichtskarte, scale validation, two non-parametric statistical tests and a compar-
1:300000 (@WK 300)). Due to this simplification and due ison of their residuals. The use of the permeability of the
to the coarse scale of the geological map, the thus assessgdbstratum as a parameter in a regression model may open
permeability should be regarded as an indicator for runoffpossibilities for predictions in un-gauged basins concerning
production only. their runoff coefficient.

Scherrer and Naef (2003) developed an approach to deter-
mine runoff processes at the plot scale. It uses soil data, geol-
ogy, topography and vegetation for the process identification2 Study area
Scherrer (1997) and Faeh (1997) conducted sprinkling exper-
iments in Switzerland on grassland hill slopes with varying The study area comprises 71 basins located throughout the
slopes, geology and soils and recorded the soil-water levelsGrand Duchy of Luxembourg and the Rhineland Palatinate
soil-water content and soil-water tension. The outcome of(Germany) and it focuses on the Nahe basin (4014, kon
this research formed the basis for developing process decieated in the Rhineland Palatinate) and its 16 sub-basins,
sion schemes, which reflect the complex nature of runoff for-which are listed in Table 1. The study focuses on the Nahe
mation to eventually determine the dominating runoff gen-basin and its sub-basins, which were chosen for the avail-
eration process on a soil profile (Scherrer and Naef, 2003)ability of a preliminary GIS-based map that provided domi-
Since several runoff processes can occur at the same site, tlmating runoff generating processes as derived by Sieken
one process that contributes most is called the dominatinget al. (2006). All basins have daily discharge measure-
runoff generation process. Schmocker-Fackel et al. (2007)nents for a period of 30 years (1972-2002). Altitudes
used this approach for identifying runoff processes at the plotange from 84 ma.s.l. at the lowest point of the Rhine val-
as well as at catchment scale and illustrated the potential ofey to 817 ma.s.l. on the Huriggk middle mountain re-
the use of dominating runoff generation processes for defingion. The study area has an oceanic temperate climate in
ing the infiltration parameters used in rainfall-runoff mod- the West transforming to a semi-oceanic climate to the East.
els. However, the approach of Scherrer and Naef (2003) iSThe temperate humid climate is influenced by the Atlantic
time consuming and often, detailed soil data is lacking to ap-Ocean. The macro relief influences rainfall patterns as well.
ply it on a smaller scale. The approach has been up-scale@ihe average annual precipitation ranges from approximately
using an artificial neural network (ANN) model developed 540 mm/y in the middle part of the study area (Rhine val-
by Steiniicken et al. (2006). This model was applied to the ley) to approximately 1100 mm/y on the higher ridges, with
Nahe basin, resulting in a digitized map that provides the prean average annual precipitation of 820 mm/y for the entire
liminary modelled dominating runoff generation processesstudy area. The study area is located mainly in the Rhen-
for this basin. The results of Steirgken et al. (2006) formed ish Massif and consists largely of schist, siltstone, sandstone
the basis for the derivation of the processes that are used iand quartzite of Devonian age. The northeastern part is char-
this study. acterized by tectonic dissections of geological strata, hence

The dominating runoff generation processes obtained frondisplaying a heterogeneous geology in comparison to the re-
Steinficken et al. (2006) are: Saturated Overland Flowmainder of the study area (Sauer et al., 2002). The southeast-
(Dsop), SubSurface Flow Ifssp and Deep Percolation ern part of the study area (Pfalz and Rhine valley) consists
(Dpp). The SOF and SSF processes are subdivided intmf an alternation of sandstone, conglomerates and clay of
Dsor1, Dsorz2and Dsorzand Dssgg, Dsspzand Dssez The Buntsandstein and of Tertiary sandy, silty deposits and Qua-
numbers refer to the intensity of which the processes reacternary Rhine terraces. The overall land use of the study area
to rainfall, where 1 has relatively the most abruptly chang-is 4% urban area, 28% cropland, 22% grassland and 46% for-
ing flow reaction and 3 the most gradually changing flow re- est. However, land use percentages vary between the meso-
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Table 1. The percentages of the permeability of the substratum and of the dominant runoff-producing processes of the Nahe basin (outlet at

Grolsheim) and its 16 sub-basins.

Parameters
Basin name Lp[%] Lsp[%] Limp[%] Dsori1[%] Dsor2[%] Dsors[%] Dssri[%] Dssr2[%]  Dssps[%]  Dpp [%]
Altenbamberg 68 0 32 9 5 26 0 14 16 31
Boos 48 2 50 8 6 21 5 12 16 31
Enzweiler 32 0 68 7 4 19 4 18 31 19
Eschenau 47 6 47 9 7 21 6 10 14 34
Gensingen 61 0 39 12 3 18 0 6 10 51
Grolsheim 52 2 46 9 5 21 5 11 15 33
Heddesheim 40 0 60 6 5 12 16 7 20 34
Imsweiler 66 0 34 8 6 19 1 10 15 40
Kallenfels 26 0 74 6 5 20 11 10 13 35
Kellenbach 38 0 62 7 5 21 15 6 9 38
Kronweiler 28 0 72 7 3 20 1 15 29 25
Nanzdietschweiler 53 6 41 8 7 18 11 4 10 42
Obermoschel a7 0 53 7 5 34 0 17 13 25
Odenbach 35 0 65 7 5 40 0 19 10 19
Odenbach Glan 52 5 43 9 7 21 3 11 14 35
Steinbach 68 0 32 5 6 15 19 3 9 43
Untersulzbach 83 0 17 9 10 10 1 4 12 55

* Lp: permeable substratumgp: semi-permeable substratuiyip: impermeable substratumdsory2,3: Saturated Overland Flowl, 2, 3;

DssF12,3: SubSurface Flowl, 2, )pp: Deep Percolation

scale basins. For the 71 basins, daily discharge series wemominating runoff generation processes on the other hand.
available from 1972 until 2002. Rainfall for the same pe- The derivation and comparison of the models can be de-
riod was obtained from 54 meteorological stations locatedscribed as follows:

throughout the study area. In Fig. 1 the permeability of the

study area is given. In Fig. 2 the permeability and the domi- 1. Derivation of three regression models: 1, Il and Ill. The

nating runoff generation processes of the Nahe basin and its
16 sub-basins are given. In Table 1 the percentages of these
parameters of the Nahe basins are given.

3 Methodology

As dependent variable in the regression models, the winter
storm flow coefficient or C-value will be used. The calcula-
tion of the C-values can be summarized as follows: firstly,
calculate the storm flow of basins by using a base flow sepa-
ration technique; secondly, build double mass curves of win-
ter storm flow and winter rainfall for each basin and thirdly,
calculate the slope in the double mass curve, which denotes
the basin specific winter runoff coefficient C. An extensive
description of the derivation of the C-value can be found in
Pfister et al. (2002), who used the Grand Duchy of Luxem-
bourg as study area. As stated in the introduction, the C-
value is supposed to be basin specific, have a strong seasonal
variability and should be more or less constant during win-
ter, expressing the saturated state of the basin (Pfister et al.,
2002). Since measured discharge during winter is used to
calculate the C-values during winter, snowmelt is indirectly
taken into account as well in the C-value.

The current study focuses on relationships between C-
values and permeability on the one hand and C-values and

www.hydrol-earth-syst-sci.net/11/1673/2007/

models take the C-values of the Nahe basin and its 16
sub-basins as a dependent variable and:

(a) Model | takes the percentage of the impermeabil-

ity of the substratum of the Nahe basins as an in-
dependent variable. To underpin this relationship,
71 basins located throughout the Grand Duchy of
Luxembourg and Rhineland Palatinate, including
the Nahe basin and its sub-basins, will be used in
a linear regression with their C-values as depen-
dent and permeability of their substrata as inde-
pendent variables. Since other basin descriptors
could also serve as possible regressors (Merz et
al. (2006) studied the spatio-temporal variability of
event runoff coefficients in Austria and observed a
high correlation between values of the runoff coef-
ficient and mean annual precipitation), mean annual
precipitation Map), mean basin altitudeH,) and
basin area4p) are included as well in the regres-
sion analysis.

Model Il takes the percentage of one dominating
runoff generation process or the percentage of a
combination of dominating runoff generation pro-
cesses of the Nahe basins as an independent vari-
able. A Principal Component Analysis (PCA) will

be used to determine the process or combination

Hydrol. Earth Syst. Sci., 11, 16822007
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Fig. 2. The preliminary defined dominating runoff production pro-

Fig. 1. Permeability map of the Rhineland Palatinate and the Grand~©SSes Of the Nahe basin and its 16 sub-basins (after tke et
Duchy of Luxembourg, based on théJ& 300. al., 2006). For the basin numbers see Table 1.

in the regression if they appear to be significant in
model | and/or model Il. In order to obtain the most
relevant combination, the five best corresponding
combinations of dominating runoff generation pro-
cesses as derived in step 2, will each be used in a
separate multiple regression. The significance of
the two parameters, which will be finally used in
model IlI, will be tested with the non-parametric
Mann-Whitney U test.

of processes that bears the highest correlation with
the C-value. A PCA is a multivariate technique
that produces a set of components (variables) called
principal components, which are weighted linear
contributions of the original variables (Chatfield
and Collins, 1980; James and McCulloch, 1990). In
this case the original variables are the C-value and
126 of the possible 127 combinations of the seven
dominating runoff generation processes (1 combi-
nation combines all seven processes and is there- 2. Comparing model performances
fore redundant). Since the sum of the processes
is necessarily 1, only 63 out of the 126 processes
are independent. In this study only the positively

(a) The performance of the models will be determined
with cross-validation, using the RMSE as a com-

correlated combinations will be used in the model parator value.

exercise. However, all 126 combinations have to (b) The non-parametric Kruskal-Wallis H test (Kruskal

be used in the PCA. Therefore, it has to be noticed and Wallis, 1952) will be used to decide if there is

that this renders the negatively correlated combina- a significant difference between the derived regres-

tions as dependentdap, Hm and Ap are included sion models.

as well in the regression analysis. (c) The residuals of the models will be compared in
(c) Model Il takes the dominating runoff producing order to determine internal mutual differences.

processes and the impermeability of the substra-
tum as independent parameters and is based on a
multiple regressionMap, Hn andAp are included €y =a x Limp+b x O +11 Q)

The preliminary models I-Ill are given in Egs. (1-3):
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Fig. 3. Box plots of the C-values of the 17 basins (numbers refer toFig. 4. Correlation between winter storm flow coefficient and per-

Table 2). centage of impermeable substratum of Rhineland Palatinate and
Luxembourg basins.
Ci=cxDy+dxO0+r (2)
Cin =eX Limp+ f XDy +8gx 0 +r3 (3)  of 0.79 (Fig. 4). The residuals did not indicate a bias, thus
justifying the relationship. These results were in agreement
Where: with the findings of Pfister et al. (2002) for basins located in
— C;, Cyi, Cyi are the modeled runoff coefficients of a the Grand Duchy of Luxembourg concerning basin-specific,
basin [] more or less stable winter storm flow coefficients. Pfister et
al. (2002) also found a strong relationship between winter
—a,b,c,d,e, f, g andry 2 3 are constants [-] storm flow coefficients and the permeability of the substra-

tum. Apparently, the winter storm flow coefficient appeared
ato be a good general descriptor of the saturated state of meso-

scale basins and well suited to act as a hydrological variable
— D, is the percentage of the dominating runoff genera-to be used in regionalization procedures.

tion process or combination of dominating runoff gen-  Table 3 lists the p-values of the multiple regressions with

eration processes mostly linked to the C-value of a basinLimID and Hm, Limp and Ap and Limp and Map as indepen-

-] dent variables. OnlyHy, provided a significant result at the
5% significance level and a non-significant result at the 1%
significance level (Table 3) when used as a regressor in a mul-
tiple regression withLjmp. Although the RMSE was 0.100
when Limp and Hy, were used in comparison to a RMSE of
4 Results and discussion 0.114 (see Table 4) when onlyimp was used, the RMSEs

of the cross-validation were 0.128 whégnp and Hy were
The calculated C-values of the basins with their standard deused and 0.132 (see also Table 4) when dny, was used.
viation are listed in Table 2 together with their mean annualThis latter difference was considered as marginal. The RM-
precipitation, mean altitude and basin area. In Fig. 3, the boXSEs of the cross-validation, whety, and Map were used in
plots of the C-values are given and as can be seen from thisombination withLimp in @ multiple regression, turned out to
figure the annual variability of the C-value was for most of be higher than 0.132. Since, as mentioned before, the study
the basins small. The relation between C-values and the pefocuses on the interaction between the C-value g on
centage ofLimp in the 71 basins of the Rhineland Palatinate the one hand and the C-value and the dominating runoff pro-
and the Grand Duchy of Luxembourg showed a good corre-cesses on the other hand and considering the above-described
lation. It could very well be described as linear with RA results it was decided to leav;, out of the regression.

— Limp is the percentage of impermeable substratum of
basin [-]

— O are other basin descriptor®fp, Hmn andAp) [mmly,

m, kn?]
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Table 2. C-values and their standard deviations of the Nahe basin (outlet at Grolsheim) and its 16 sub-basins for a period from 1972 until

2002 and basin area, mean annual precipitation and mean altitude.

Basin name Basin number C-value Stdev Mean annual precipitation Mean basin altitude Basin area
(-] -] (-] [mmiy] [m] [km?]
Altenbamberg 4 0.29 0.09 681 340 318
Boos 16 0.50 0.12 773 471 2833
Enzweiler 13 0.74 0.14 870 493 22.7
Eschenau 10 0.51 0.10 801 397 605
Gensingen 17 0.16 0.06 592 291 197
Grolsheim 14 0.50 0.14 714 449 4011
Heddesheim 3 0.68 0.15 628 395 166
Imsweiler 8 0.37 0.11 676 378 172
Kallenfels 12 0.46 0.11 846 488 253
Kellenbach 2 0.52 0.16 704 439 362
Kronweiler 15 0.86 0.10 790 516 65
Nanzdietschweiler 11 0.47 0.12 976 361 195
Obermoschel 5 0.37 0.11 659 327 62
Odenbach 7 0.5 0.11 841 310 85
Odenbach Glan 6 0.44 0.11 780 380 1069
Steinbach 1 0.3 0.16 685 474 46
Untersulzbach 9 0.21 0.06 736 329 217

Table 3. p-values of the regressors mean basin altitugg) basin 1.00 = 0.865x + 0.043
area p) and mean annual precipitatioWap) when used in a mul- yz_ ) X )
tiple regression with the permeability of the substraturjf) and R"=0.58 o
dominating runoff production processes (Output 1) respectively. 0.80
€ )
Regressor p-value Regressor p-value 2
combinations combinations E
Q 0.60
Limp 0.007 Output 1 <0.001 >
Hm 0.053 Hm 0.637 =
Limp <0.001 Output 1 <0.001 £
Ap 0.407 Ap 0.818 § o040 o
Limp 0.002 Outputl <0.001 g
Mpap 0.352 Map 0.226 E
0.20 <
* Output 1 is:DsoFrt+Dsorzt Dssrit Dssrat-DssF3 °
The correlation between C-values abghp was less clear 0.00 ‘ ‘ ‘ ‘
0.00 0.20 0.40 0.60 0.80 1.00

for the Nahe basin and its 16 sub-basins than that for the
entire study area: aR? of only 0.58 was obtained (Fig. 5).
The linear regression between the C-values of the Nahe basin . .
and its 16 sub-basins and the percentagg;@j resulted in Fig. 5. Correlation between the percen_tage of !mpermeable s_ubstra-
modelCy, which is given in Eq. (4). The residuals of model tum and the C-value for the Nahe basins and its 16 sub-basins.

C| did not indicate a bias.

% of Limp

C) = 0.865x Limp + 0.043 (4)  strongest correlation with the C-value out of the 63 combi-
nations. Table 3 lists the p-values of the multiple regres-

Where: Limp is the percentage of impermeable substratum ofsions with Output 1 and{y,, Output 1 andAp and Output
a basin []. 1 andMpap as independent variables. No significant results
According to the PCA, the combination of the sum of at the 5% significance level were obtained. Table 4 lists
Dsor1, Dsorz Dssr1, Dssr2and Dssrgz(Output 1) had the  this combination together with four more combinations that
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Table 4. The RMSEs of the performance and cross-validation of the regressidig,@fwith Hm, Ap and Map and Output 1 withHm,
Ap andMap, the performance and cross-validation of the five combinations of dominating runoff generation processes (drp) that correspond
most with the C-value according to the PCA and the performance and cross-validation of the @GodglandCy; .

Best correlatedto  Model performance  Cross-validation  Cross-validation

C-value according (drpHimp)
to PCA
Limp and Output 1 in combination RMSE RMSE RMSE
with other basin descriptors
Limp and Hm - 0.100 0.128 -
Limp andAy, - 0.111 0.133 -
Limp andMap - 0.111 0.139 -
Output 1 andHm - 0.086 0.112 -
Output 1 anddy, - 0.086 0.106 -
Output 1 andVap - 0.082 0.163 -
Combination of drp Output
Dsor1+ Dsor2+ Dssp1+ Dsspa+ Dsspz 1 0.086 0.103 0.094
DsofF1+ Dssri1+ Dsspao+ Dssi3 2 0.088 0.105 0.100
Dssg1+ Dssp2+ Dssig3 3 0.102 0.101 0.101
Dsof2+ DssfF1+ Dssp2+ Dssi3 4 0.090 0.103 0.105
DsofF1+ Dssri1+ Dssr2 5 0.141 0.155 0.156
Model
C - 0.114 0.132 -
) - 0.086 0.103 -
i - 0.071 0.094 -

corresponded best. As can be observed from Table 4 the suwf modelC), is given in Eq. (5):

of Dsor1, Dsora Dssk1, DssF2and Dssrz performed best

when it was used as a parameter to model the C-value. AcCl = 2.145x [Dsor1+ Dsorz2+ Dssri+ Dssra+ Dssrd — 0.485
cording to the cross-validation, the combination of the sum (5)

of Dssr1, Dssrz Dssr3(Output 3), was best. The difference

between the RMSE of the model performance of Output 1Where: Dsor1, Dsor2 Dssri Dssr2 and Dssrarepresent
against Output 3 was markedly larger than the difference beth€ area percentages of the respective dominating runoff gen-
tween the RMSE of the cross-validation, therefore, in gen-ération processes ofabasin[-]. _ _

eral, Output 1 gave the best performance. Wiigg, and The residuals of modef), d|d not indicate a bias. Since
the separate previously determined five most important domthe C-value can take per definition only values between 0 and
inating hydrological runoff producing processes were used inl, extrapolating the winter storm flow coefficient of model

a multiple regression, Output 1 performed best in the cross€il When the surface area of the dominating runoff-producing
validation (see Table 4). Therefore, Output 1 was choserProcesses becomes larger than 60%, becomes problematic
as a parameter for the modely and C;. RMSEs of the (Fig. 6), while this is not the case for mod€|. A mul-
cross-validation whelm, Ap andMap in combination with  tiple regression between the C-value as dependenfaql
Output 1 were used in a multiple regression were higher tharfnd Output 1 as independent variables resulted in mogel

the RMSE of the cross-validation when only Output 1 was The equation of modefy, is given in Eq. (6):

used (see Table 4Hn, Ap andMap were therefore not used
in the model.

The correlation between Output 1 and the C-value had an
R? 0f 0.76 and was remarkably better than that betwagg  \where:
and the C-value (Fig. 6). A linear regression between these
variables resulted in modéT);, which had the C-value as — Dsor1, Dsorz Dssr1, Dsskz and Dssez are the area
dependent variable and the sum B§or1, Dsor2 Dsski percentages of the respective dominating runoff genera-
Dssr2and Dsspzas an independent variable. The equation tion processes of a basin [-]

Cini = 0.408x Limp + 1.559
x [Dsor1+ Dsor2+ Dssri+ Dssro+ Dssed — 0427 (6)
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Fig. 6. Correlation between the percentagesi®¥or;, Dsora Fig. 7. Correlation between the C-values and madgl.

Dssrk1, Dssp2and Dsgepzand C-value for the Nahe basin and its

16 sub-basins.

the regression analysis for obtaining modi| came from
different populations, hence carrying different information.
Model Cy did capture the calculation of the C-value best

(R? of 0.83) in comparison to modél, (R?2 of 0.58) andCy,

Figure 7 depicts the correlation between the modeled win{R” of 0.76) and showed that the combination/af, and
ter storm flow coefficients by model, and the calculated the dommatmg runoff prodgcnor_l_processes as derived from
winter storm flow coefficients. The residuals of modg ~ the PCA improved the predictability of the C-value.

did not indicate a bias. In order to see if the three models, C), andCy; differed

It should be noticed that four of the five best combina- substantially from each other ¢Hhypothesis: they are from
tions (listed in Table 4) all carry the sum of thRssF12.3 the same population), the nonparametric Kruskal-Wallis H
processes in combination with eithBsor: and/or Dsor2 test (Kruskal and Wallis, 1952) was applied. The test clearly
The fifth combination, which is the sum &fsors, Dsserand indicated an acceptance of the Hypothesis, with a confi-
Dsse2(Output 5 in Table 3), performs considerably less for dence level of 95%. This means that it can safely be assumed
all performances than the other ones. This indicated that théhat there is no real difference between the samples (i.e. the
DssF12.3 processes played an important role in determiningmodeled values of each model), thus indicating that the three
the C-value during winter. The more or less constant C-valugnodels did possess the same type of information and could
during winter indicated a saturated state of the basins; therebe regarded as complementary. In Table 5, the residuals for
fore, presumably a large amount of the soils of the basingll three models are given to compare internal mutual differ-
should be saturated. The good correlation between the Cences.
values and Output 1, as derived from the PCA, indicated that Table 4 lists the RMSEs of the cross-validation. Model
these processes reflected this saturated state of the basins.C), performed best and mod€| performed worst. The dif-

To test the significance of the independent parameters usef@érences between the performances were considerable, espe-
in modelCy;;, the non-parametric Mann-Whitney U test was cially between modeC; and the model€’;, andCy,. The
applied, which tests the significance of a difference betweenrdifference between modél, and C) could be attributed to
two samples. The null hypothesis is that the two samplesa lack of basins to establish a good correlation between the
(Limp and sum ofDsoF1, DsorFa Dssri Dssk2and Dssea C-value and the permeability of the substratum, since this
are taken from a common population, so that there should beorrelation when the 71 basins were used was rather good.
no consistent difference between the two sets of values. IiMoreover, the question remains whether with a better assess-
this case the null hypothesis was rejected with a confidencenent of the permeability by using more detailed geological
level of 95%. This means that both parametdig,g and maps a much better performance of modeglcould have
the sum ofDsory, Dsora Dssk1, Dssp2and Dssga used in been achieved, rendering the use of the dominating runoff

— Limp is the percentage of impermeable substratum of
basin [-]
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generation processes at this scale as redundant. The gain 13ble 5. Residuals of the three Nahe models: the five worst per-
forming basins of each model are given in bold.

model performance for modél};, compared to model),
indicated that the parameters of the modgjsand C), did

possess some complementary information. It therefore can

be argued for that the effort to obtain extra information on Basin name Residuals model  Residuals model  Residuals model
the dominating runoff generation processes pays off against ar G- Cun [H]
a considerable increase in model performance (i.e. perfor- Altenbamberg —0.030 —0.164 —0.096
; Boos 0.025 -0.037 -0.020
mance of model”; against the performance of modg)|, ) Eraweiler 0.100 o1y 0086
It turned out that for the model€§, and C), the five Eschenau 0.080 0.049 0.063
worst performing basins were in four cases not the same. Gensingen -0.220 —0.020 —0.055
This indicated that for these basins the information level be- Croisheim 0.109 0.052 0.075
. . . Heddesheim 0.118 0.017 0.028
tween the lithology assessment and the dominating runoff Imsweiler 0.033 —0.009 0.030
generation processes assessment was apparent. The litholKallenfels -0.223 -0.027 -0.121
ogy of the Kallenfels basin, the worst performing basin of ifgﬁ\;‘vgﬁg? *8-‘1’23 %110685 060‘1‘56
m_ode_IC|, c_onsists of predominantly C_Iaystone ar_ld siltstone  \anzdietschweiler 0.072 0.097 0106
with inclusion of sandstone (geological formation of the Obermoschel -0.131 -0.038 —0.069
Hunstickschiefer). In this analysis it was classified as im- ©denbach —0.105 0.106 0.023
ble bedrock (based on the assumption that schist is al pdenbach Glan 0025 —o.010 0.012
permeable umption th; ISUIS @Ngyeinpach ~0.020 -0.116 ~0.058
impermeable bedrock). Nevertheless, the inclusions of sand- untersultzbach 0.020 —0.055 0.022

stone, which support sandy soils, allow for deep percolation
and were not exactly known in this study. Also, a weath-
ered zone or saprolite could have developed at the surface,
just beneath the soil, making storage of water possible. The

dominating runoff generation processes indicaash and pendent parameter in a'regression ar)alysis. Model perfor—
Dssrfor large areas of the asmp classified substratum of mance using a cross-validated RMSE indicated that the sim-

the Kallenfels basin. Therefore, this area was probably asp_leSt model with only one simplified independent parameter

sessed wrongly in the permeability assessment. The sam%e' the permeability of the_\ substratum) performed less vv_eII
was the case for the Obermoschel basin. In this basin, varnan ﬂ:je model that togk mrt]o account a more complex in-
ious areas consisted of the lower Glan-subgroup, which iflependent parameter (i.e. the sum¥ory, Dsorz Dssri,

an alternation of predominantly grey, partly red clay with in- DISSFZand DssF3. Howeverr{ when a model b:sed on multi- o
clusions of silt- and sandstone. In the permeability assessP'€ regression was used that combined both parameters, the

ment these areas have been classifiebiag, but could well performance of this model was best. The Mann-Whitney U

have been assessed as permeable due to their sandstone {7t that was gpplled to test if the parameters came from.dlf—
clusions. Large areas ddpp and Dssrs indicated by the ferent populations and therefore could be used in a multiple

dominating runoff generation processes again reflected thig €9r€Ssion, gave a negative result.

A rise of their percentage of permeable area could therefore The non-parametric Kruskal and Wallis H test (Kruskal
well be argued for. For the least performing basins of modeland Wallis, 1952) that was applied to test if the models agree
Cy, similar explanations for the assessment of the dominatsubstantially resulted in an acceptance of the null hypothesis,
ing runoff generation processes as for the assessment of thehich proved that the models came form the same popula-
permeability could be found, which means that the dominat-tion, thus carrying the same type of information. This leads
ing runoff generation processes were assessed as being tdéothe conclusion that the permeability of the substratum and
large or too small. Since the assessment of the dominatinghe dominating runoff generation processes are complemen-
runoff generation processes stops at maximum 2 meters bdary bearers of information. Furthermore, comparison of the
low surface level, deeper lying impermeable substrata are natesiduals of the models indicated that badly modeled basins
always taken into account when assessing them. This meary using the permeability of the substratum as an indepen-
that a permeable soil on top of deeper lying impermeabledent parameter were explained by a lack of information in the
bedrock could still result in subsurface flow as defined bypermeability of those basins, which could be provided by the
Scherrer and Naef (Scherrer and Naef, 2003). preliminary determined dominating runoff generation pro-
cesses. Badly modeled basins by using a linear combination
of these latter processes as an independent parameter were
partly explained by a lack of information in the assessment
of the processes. This information could be provided by the
Simple linear models performed rather well to describepermeability. As a consequence, the third model that com-
runoff-producing processes during winter at the meso-scalebined both permeability and the dominating runoff genera-
The winter storm flow coefficient could be used as a de-tion processes performed better than the other models. To ob-

5 Conclusions
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tain extra information on dominating runoff generation pro- Gaddas, F.. Proposition d’une &ode de cartographie des
cesses paid off against a considerable increase in model per- pédopaysages. Applicatiénla Moyenne Vake du Riéne, Ph.D.
formance. However, with a better assessment of the perme- thesis, Institut National Agronomique Paris-Grinon, France,
ability by using more detailed geological maps, a much bet- 195 pp., 2001. o o

ter performance of the model that used only the permeability?@mes. F. C. and MFC“”c’Ch' C.E.: M“'“""’}”ate analysis in ecology
of the substratum might have been achieved. Using the per- gnd Syzsierln;é'cimpalngzcc?a or Pandora’s box?, Annu. Rev. Ecol.
r‘_neabi]ity as e.l Iingar estimator for t_he C-value in combina- Kokli/cs):ién, T S.,_Jakéman,.J., Young, P. C., and Koivusalo, H. J.:
tion with dominating runoff generation processes could de-

: . - Predicting daily flows in ungauged catchments: model region-
termine the winter storm flow coefficient and thereby runoff  jization from catchment descriptors at the Coweeta Hydrologic

production areas very well. The impermeability of the sub- | aporatory, North Carolina, Hydrol. Process., 17, 2219-2238,
stratum may perhaps be used as a parameter for predictions 2003.

in un-gauged basins. The use of the dominating runoff genKruskal, W. and Wallis, A.: Use of ranks in one-criterion variance
eration processes though, is due to its modeled nature, still analysis, J. Am. Statist. Assoc., 47, 583-621, 1952.

limited to areas with sufficient information on the soils. With Mazvimavi, D.: Estimation of Flow Characteristics of Ungauged
the use of GIS-based methods to determine soils (Dobos et Catchments: a case study in Zimbabwe, Ph.D. thesis, Wagenin-
al., 2000; Gaddas, 2001) the dominating runoff generation 9€n University, The Netherlands, 176 pp., 2003.

processes could possibly be derived from GIS-based data erz, R. and Bbschl, G.: Regionalisation of catchment model pa-

. L. . rameters, J. Hydrol., 287, 95-123, 2004.
well and thereby included for the prediction in un-gauged Merz, R., Bbschl, G., and Parajka, J.: Spatio-temporal variability

basins. Testing this assumption with better geological maps ¢ avent runoff coefficients, J. Hydrol., 331, 591-604, 2006.
and for other regions with a different climate and landscapeparajka, J., Merz, R., and @chl, G.: A comparison of regional-

remains the objective of further study. ization methods for catchment model parameters, Hydrol. Earth

_ _ _ Syst. Sci., 10, 353-368, 20086,
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