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Ia / S, initial abstraction / maximum soil potential        
retention, [-]

AMC Antecedent Moisture Conditions

ARC Antecedent Runoff Conditions

Arif Total basin area, >FHOOV@
B Width of surface water, >P@
b Index value, including characteristics of the catchment and 

the storm event, [inches �
�

]

C Cover practice index, [-]

Cf Fraction of a catchment which is assumed to be impervious

ck Celerity, >P�V@
CN Curve Number for λ = 0.2, (in case no indication on λ is 

given), [-]

CNx Curve Number for λ = x, [-]

CNI,II,III Curve Number for Antecedent Runoff Conditions I,II,III 
(ARCI,II,III), [-]

C1, C2, C3 Coefficients of the Muskingum-Cunge method, [-]

D Duration of storm, >KRXUV@
DEM Digital Elevation Model

Length of time step of simulation, >V@
Length of river segment, corresponds to cell size, >P@ 

F(t) Effective soil retention after runoff begins at time t,         
F(t) = P(t)-Q(t), >PP@

f(t) Infiltration rate, >PP�K@
Fred(t) Reduced effective soil retention at time t, >PP@
h Water depth on cell, >P@

λ

∆t

∆x



HSC Hydrologic Soil Complex

HSG Hydrologic Soil Group

HSRC Hydrologic Similar Reacting Cells

Ia Initial abstraction, corresponds to initial losses due to  
interception and surface retention, expressed as a fraction 
of the maximum soil potential retention, >PP@

i(t), Ir Rainfall intensity, >PP�K@ 
io inflow of river segment, >P � �V@
K (Muskingum-Cunge method): time of travel of the flood 

wave through the channel reach, >V@
Kper Permeability, >FP�V@
kstr Strickler’s roughness coefficient >P ��� � �V@
K1,K2 Storage constant, >V@
M 5-day antecedent rainfall, >LQFKHV@
m.a.s.l Meter above sea level

P Cumulated rainfall, >LQFKHV��PP@
p Inflow into reservoir, >P � �V@
Pe(t) Cumulated rainfall up to time t - initial losses, >PP@
Pred(t) Reduced cumulated rainfall at time t, >PP@
psub Sum of subsurface flow produced in all cells which drain 

into the outlet cell during one timestep,�>P � �V@
Q Cumulated direct runoff, >LQFKHV��PP��P � @
q Outflow from reservoir, >P � �V@
Qo (t) Cumulated overland flow up to time t, >PP@
Qo( ) Overland flow during timestep , >PP@
qo Outflow of river segment, >P � �V]
qrif Reference runoff at basin outlet, >P � �V@
qsub Subsurface flow, >P � �V@
R Hydraulic radius,�>P@
S Maximum soil potential retention after runoff begins, 

>PP@

∆t ∆t



�
Sli Storage volume of a linear reservoir, [P �

]

Slo Slope, [-]

Sto Total storage in a river channel, [P �

]

S0 Dimensionless transformation factor from inches to mm,  
S0 = 254

S1 Soil index, >LQFKHV�SHU�KRXU@
T Seasonal index which is a function of date and tempera-

ture, [-]

Tr Length of rainfall experiment, >K@
vm Average flow velocity in large rectangular channel, [P�V]
X (Muskingum-Cunge method): dimensionless factor 

expressing the relative influence of inflow on storage     
levels 

xllr, xllv Average channel width / water depth for overland flow 
(xllv) and channel flow cells (xllr), [-]

xQb Portion of the percolated rainfall which is assumed to turn 
into subsurface flow, [-]

x1 Time delay in timesteps between the beginning of the rain-
fall and the beginning of the overland flow, (Nitrex-plots), 
[-]
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Hochwasser verursachen weltweit und insbesondere auch in den Voralpen und Alpen
regelmässig hohe Sachschäden und fordern viele Todesopfer. Seit langem wird daher in-
tensiv an der Erforschung der auslösenden physikalischen Prozesse und der Entwicklung
von Modellen zur Nachbildung und Vorhersage von Hochwassern gearbeitet. Trotz
beachtlicher Fortschritte in beiden Bereichen bleiben jedoch weiterhin viele Fragen
unbeantwortet. Die aktuellen Probleme beim praktischen Hochwasserschutz sind jedoch
nur teilweise auf diesen Umstand zurückzuführen. Vielmehr gelangen neue Methoden zur
Hochwasserabschätzung erst gar nicht in die hydrologische Praxis, da sie zu wenig auf
deren Bedürfnisse und Einschränkungen insbesondere bezüglich Datenverfügbarkeit
zugeschnitten sind. Trotz ungenügender Genauigkeit und Zuverlässigkeit werden daher
oft empirische Schätzformeln verwendet. 
Im Rahmen dieser Arbeit wird nun versucht, einen Beitrag zur Lösung dieser Problematik
zu leisten. Es soll ein Ansatz zur Abschätzung des Oberflächenabflusses formuliert
werden, der an die spezifischen Verhältnisse des schweizerischen alpinen und voralpinen
Umfeldes angepasst ist. Dabei soll der Ansatz nur auf allgemein verfügbare geogra-
phische Informationen zurückgreifen müssen. Diesbezüglich wurde an die geographische
Datenbank GEOSTAT gedacht. GEOSTAT wird vom Schweizerischen Bundesamt für
Statistik betrieben, deckt das ganze Land ab und weist eine maximale räumliche Auf-
lösung von einer Hektare auf. Zur Abschätzung des Oberflächenabflusses wird von der
Curve Number Methode des US Natural Resources Conservation Service ausgegangen.
Diese Methode erlaubt eine Abschätzung des Direktabflusses zu einem gegebenen
Regenereignis einzig auf Grund von qualitativen Informationen zu Landnutzung und
Bodenbeschaffenheit. Da sie eine starke empirische Komponente enthält und mittels Da-
tensätzen aus den Vereinigten Staaten entwickelt wurde, ist die Methode streng ge-
nommen auch nur für diese Gegend gültig. Das Ziel der vorliegenden Arbeit besteht nun
darin, die Curve Number Methode so anzupassen, dass sie für alle hydrologisch ver-
schieden reagierenden Flächen, die sich mittels der Information aus den GEOSTAT
Karten ableiten lassen, eine korrekte Abschätzung des Oberflächenabflusses erlaubt. 

Das obengenannte Ziel wird über die Nachbildung historischer jährlicher Hochwasser-
ereignisse aus alpinen und voralpinen Einzugsgebieten angegangen. Dabei wird ein räum-
lich gegliedertes ereignisbasiertes Niederschlag-Abfluss-Modell verwendet, dessen
Zellengrösse sich nach der räumlichen Auflösung der GEOSTAT Karten richtet (1 Hek-
tare). Der Oberflächenabfluss wird für jede Gitterzelle einzeln mit der Curve Number
Methode bestimmt. Aus den Simulationen lassen sich dann Erkenntnisse über die
Eignung der Curve Number Methode zur Nachbildung des Oberflächenabflusses für
einzelne hydrologisch verschieden reagierende Flächen gewinnen. Jedoch sind diese Er-
kenntnisse mit grösseren Unsicherheiten verbunden. Dadurch dass der simulierte Abfluss
am Einzugsgebietsauslass von mehreren hydrologisch verschieden reagierenden Flächen
und Modulen des Modelles beeinflusst  wird (u.a. Zwischenabfluss-Modul), lässt sich der
Einfluss der einzelnen Fläche nur noch bedingt separat betrachten. Um diese Unsicher-



heiten ein wenig zu reduzieren wird die Curve Number Methode auch noch anhand von
Daten aus Beregnungsversuchen getestet. Diese Daten sind im Rahmen dieser Arbeit von
Interesse, da bei den Beregnungsstandorten sowohl die Abflussprozesse als auch die Bo-
deneigenschaften im Detail untersucht wurden. Somit erlauben die Daten eine Analyse
der Curve Number Methode für einzelne Bodentypen. Diese Analyse zeigt, dass die
Curve Number Methode eine gute Nachbildung des beobachteten Abflusses erlaubt, wenn
Hortonische Abflussprozesse dominieren und wenn die Beregnungsstandorte auf
Cambisols oder Gleysols liegen. Bei Rendzina, Ranker und Podsol Böden kann der Ab-
fluss mit der Methode nur teilweise oder unzureichend simuliert werden. Bezüglich einer
Neuparameterisierung der Curve Number Methode lassen sich aus der Analyse der Be-
regnungsversuche nur grobe Hinweise gewinnen, da die Zahl der Bergnungsstandorte be-
schränkt ist. Ferner ist das Abflussverhalten an verschiedenen Standorten durch lokale
Faktoren, wie Makroporen bestimmt. 
Auf der Ebene der Einzugsgebiete erlaubt das Niederschlag-Abfluss-Modell im Allge-
meinen und die Curve Number Methode im Speziellen eine annehmbare Nachbildung des
beobachteten Abflusses. Bei dem betrachteten alpinen Einzugsgebiet lässt sich der Ab-
fluss jedoch nicht nachbilden, da die räumliche Verteilung des Niederschlages sehr un-
sicher ist und die meisten der analysierten Hochwasserereignisse von Schnee beeinflusst
sind. Aus den Simulationen ergeben sich dann allgemeine Hinweise zu der Eignung der
Methode zur Nachbildung des Oberflächenabflusses für einige hydrologisch verschieden
reagierende Flächen und der entsprechenden Parameterisierung. Bei Niederschlagsereig-
nissen mit Intensitätsspitzen, die von Perioden geringer Niederschlagsintensität unter-
brochen werden, ist eine Anpassung der Curve Number Methode erforderlich und wird
vorgeschlagen. Ein Vergleich, der aus den Simulationen hervorgehenden Parameteri-
sierung der Methode mit den Merkmalen der Hochwasserereignisse zeigt dann, dass die
in der ursprünglichen Methode vorgestellte Beziehung zwischen Parameterisierung und
Vorregen in dem betrachteten Umfeld nicht angewendet werden kann. Ferner ist eine Ab-
nahme der Curve Number Werte mit zunehmenden Niederschlagsvolumen zu
beobachten. 
Die aus den Simulationen gewonnen Hinweise zur Parameterisierung der Curve Number
Methode für einige hydrologisch verschieden reagierende Flächen sind, wie bereits er-
wähnt, mit einer grossen Unsicherheit behaftet. Diese Unsicherheit lässt sich jedoch auch
mit den Erkenntnissen aus der Analyse der Beregnungsversuche nur begrenzt reduzieren. 

Die vorliegende Arbeit stellt einen ersten wichtigen Schritt in Richtung der Anpassung
der Curve Number Methode für die Abschätzung des Oberflächenabflusses im
Schweizerischen alpinen und voralpinen Umfeld dar. Nachfolgende Arbeiten sollten die
hier begonne Analyse / Anpassung der Curve Number Methode auf weitere mesoskalige
Einzugsgebiete des Schweizerischen Mittellandes und der Voralpen ausdehnen. Bei der
Wahl der Einzugsgebiete sollte dabei beachtet werden, dass dieselben hydrologisch ver-
schieden reagierenden Flächen in mehreren Einzugsgebieten vorkommen. Dadurch lässt
sich das Verhalten der Curve Number Method für einzelne hydrologisch verschieden
reagierende Flächen genauer betrachten. Die Simulation von Hochwasserereignissen aus
weiteren Einzugsgebieten soll auch dazu dienen, die im Rahmen dieser Arbeit eingeführte
Modifikation der Curve Number Methode zu verfeinern und das Verhältnis zwischen
Parameterisierung der Methode und dem Vorregen genauer zu untersuchen. 
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Severe floods regularly occur at different places all over the world including the European
Alps and Prealps. They are responsible for important damages and a large number of
fatalities. Consequently, research activities in physical and engineering sciences have
long focused on understanding the underlying physical processes and on developing
methods to reproduce and predict floods. Despite considerable progress in both fields
over the last few years, a number of questions still remain open. The frequent over- or
underestimation of both structural and non-structural measures for flood mitigation are,
however, only partially caused by this fact. Recent and more sophisticated methods of
flood estimation do not often penetrate to everyday hydrological practice in engineering
companies and federal agencies. These methods are abandoned in favour of simple
empirical methods, mainly due to their extended demand in input data. The reliability of
the results obtained by these simple methods is, however, often unsatisfactory and there
is a strong demand for better performing practice-oriented methods. 

This work intends to add a step towards the solution of this problem. The overall goal
consists in developing / adapting a methodology for the estimation of overland flow suited
to the Swiss alpine and prealpine context. The methodology should further exclusively
rely on widely available geographic information. It was decided in this respect to work
with the geographic database GEOSTAT. GEOSTAT is operated by the Swiss Federal
Statistical Office (Bundesamt für Statistik) and covers the whole country. The highest
spatial resolution of the maps is 1 hectare. For overland flow estimation the Curve
Number method is used. The Curve Number method was developed by the US Natural
Resources Conservation Service (formerly known as Soil Conservation Service) and
allows for the estimation of direct runoff for a given rainfall input based only on
qualitative information on soil type and land use. The goal then consists in adapting the
Curve Number method in order to allow for a correct reproduction of overland flow for
all types of hydrological different reacting areas which can be differentiated based on
information from the GEOSTAT maps. 

This goal is addressed by reproducing hydrographs of annual flood events observed in
four alpine and prealpine catchments by means of a spatially distributed Rainfall-Runoff
model. The spatial resolution of the model corresponds to the spatial resolution of the
information from the GEOSTAT maps (1ha). For each single grid cell, the overland flow
is further calculated separately by the Curve Number equation. The simulations then
allow for indications on the performance and the parameterisation of the Curve Number
equation for single hydrological different reacting areas. These indications are however
exposed to larger uncertainties. The simulated hydrograph is influenced by different
hydrological areas which react similarly and different modules of the model (e.g.
subsurface flow module). Therefore the single hydrological different reacting areas
cannot be analysed independently. In order to reduce the uncertainty, the performance of
the Curve Number equation was also analysed based on data from a number of small scale



rainfall experiments. These experiments are of interest in the context of the present study,
as the runoff processes and the soil characteristics at the plot sites were observed and
measured in detail. Consequently, the performance of the Curve Number equation can be
investigated separately for single soil types. The results from the analysis at this plot scale
show that the equation mainly performs well for rainfall plots in which Hortonian runoff
processes dominate and which are located on Cambisols and Gleysols. The equation
shows a lower performance for plots on soils such as Rendzina, Ranker and Podsol. In
terms of reparameterisation, only preliminary indications are gained from the analysis
mainly due to the limited number of experiments. For a number of plot sites the runoff
behaviour is furthermore dominated by local structures such as macropores. 

At basin scale the Rainfall-Runoff model in general and the Curve Number equation in
particular show a satisfactory performance in reproducing the flood runoff observed in the
prealpine catchments. In the alpine catchment considered a reproduction of the flood
events was however not successful due to the large uncertainty of the spatial rainfall
distribution and the influence of snow on the flood events. The simulations generally
result in rough indications on the performance and the parameterisation of the Curve
Number equation for a number of hydrological different reacting areas. For storm events
characterised by rainfall peaks interrupted by periods of rainfall of low intensity,
modification of the Curve Number method is further required and proposed. A
comparison of the resulting parameterisation with event characteristics then shows that
the relation of parameterisation and antecedent wetness conditions presented in the
original Curve Number method are not valid in the alpine and prealpine context. The
found Curve Number values further decline with increasing storm rainfall volume. 
The indications on the parameterisation of the Curve Number equation are however
exposed to larger uncertainties. The findings from the analysis at plot scale are partially
helpful in reducing these uncertainties. 

This study represents a first important step towards the modification of the Curve Number
method to a method for the estimation of the overland flow in the Swiss alpine and
prealpine environment. Further steps mainly consist in extending the analysis / adaptation
of the Curve Number method to a large number of additional mesoscale catchments of the
Swiss Plateau and the Prealps. When selecting the catchments, similar hydrological
different reacting areas should be present in several catchments. This permits a more
precise idea on the performance of the Curve Number equation for single hydrological
different reacting areas. The simulations of flood events from additional catchments may
also serve to refine the proposed modification of the Curve Number equation and gain
insight into how the parameterisation relates with the antecedent wetness conditions. 
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Severe floods regularly cause important damage to infrastructure and leave in their wake
a large number of casualties all over the world, including the European alpine and
prealpine regions. An overview of damages caused by major floods within the last decade
is presented in Figure I.1.

In order to predict and prevent flood hazard, physical and engineering sciences have made
considerable efforts in understanding flood triggering physical processes and in
developing methods which allow the reproduction of historical flood events and the
prediction of future flood events. Despite considerable progress made in both fields,
actual methods for the simulation of flood flows are not yet completely satisfactory. The
actual over- and underestimation of structural and non-structural measures for flood
mitigation are however not only the consequence of the lack of adequate methods for
flood estimation. The over- and underestimation is also influenced by the fact that recent
methods which account for the complexity of the physical processes mainly fail to gain
ground in the hydrologic practice of engineering companies and local authorities. The
methodologies often consist of computationally heavy model applications which were not
designed to consider the specific needs and limitations of the hydrologic practice in terms
of time, financial resources and, primarily, data availability. Subsequently, simple

)LJXUH�,��� &DVXDOWLHV�DQG�HFRQRPLF� ORVV�FDXVHG�E\�PDMRU� IORRG�HYHQWV�ZLWKLQ� WKH� ODVW�GHFDGH��VRXUFH�
6ZLVV5H��������SHUVRQDO�FRPPXQLFDWLRQ�
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empirical estimation methods dating back a long time and worked out on the basis of
limited data and knowledge are still frequently used. The performance of these methods
is, however, unsatisfactory and the demand for better performing methods adapted to
hydrologic practice is often requested. 
The present study is based on this demand. It aims at contributing to the development of
a methodological frame for the estimation of overland flow produced during storm events
adapted to the Swiss prealpine and alpine environment. Its parameterisation must be
exclusively based on generally available geographic information such as land cover and
soil type in digital or analogous format (map / geographic database). The method used as
a basis for this methodological frame is the Curve Number (CN) method developed by the
US Natural Resources Conservation Service (formerly: Soil Conservation Service, SCS).
It has been chosen since its parameterisation solely relies on quantitative information on
land use and soil type and is in line with the requirements of hydrologic practice. The main
goal then consists in adapting the SCS CN method so that it can be used as the central
element of the aforementioned methodological frame. 

This work was performed in the context of two international research projects. The
FRAMEWORK1 (2001) project sponsored by the European Union, mainly aimed at
formulating a unified approach to assess risk in European areas highly vulnerably to
floods. This goal was addressed by testing and developing a) physically based methods
for the regionalization of flood frequency estimates; b) derived distribution techniques;
and c) spatially distributed simulation techniques. The second project2 was initiated by the
“ Kommission für die Hydrologie des Rheins”  (The River Rhine Hydrology Commission).
In this project, methods for the estimation of extreme flood flows commonly used in
countries located in the catchment of the river Rhine are analysed and compared.   

� 67$7(�2)�7+(�$57
The Curve Number method plays a major role in this study as mentioned in the last
chapter (I.1). This chapter (I.2) consequently describes the motivation for its selection,
introduces the method in detail, shows its historical background and presents different
aspects of the method discussed in literature. The latter aspects are of interest since they
influence the methodology adopted in the present study as discussed in Chapter I.3.

��� )/22'�5,6.�$66(660(17
In flood risk assessment, a number of methods are currently in use ranging from simple
empirical formulas to sophisticated modeling techniques. Empirical formulas, dating
back to the beginning of the 20th century and worked out on the basis of limited data and
knowledge are still frequently used by practitioners due to their quick and straightforward
application. The accuracy of such methods is, however, often not fully satisfactory.
Statistical Hydrology can partially overcome the problem of limited representativeness of

1. FRAMEWORK: Flash-flood Risk Assessment under the iMpacts of land use changes and river
Engineering WORKs, EU contract ENV4-CT97-0529, Programme Environment and Climate
1994-1998, Topic 2.3.1. (Hydrologic and Hydrogeologic Risks).

2. project title: “ Beurteilung von Verfahren zur Abschätzung von seltenen und extremen Hochwasser-
abflüssen in mesoskaligen Einzugsgebieten”
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these formulas, but can account for explicit process dependence only to a very limited
extent. Consequently, process oriented modeling techniques should be the most
appropriate approach to obtain realistic flood estimates, particularly when the flood
generation is dominated by complex interactions among physical processes. 

Modeling techniques and, in particular, Rainfall-Runoff models (henceforth denoted as
R-R) reproduce the response of a catchment to an input by means of mathematical
models. In the case of the R-R models, the transformation of the rainfall (input) into
runoff (the output) is modeled as a function of the physical processes that take place
within the basin. These are essentially interception, evaporation and evapotranspiration,
runoff generation and its propagation over the hillslopes and throughout the river
network. It is frequently assumed for mesoscale basins that interception and evaporation
/ evapotranspiration play a minor role during the evolution of a flood event due to the
limited effectiveness of intercepted rainfall when compared to storm rainfall volumes and
to the longer characteristic time scales of evapotranspiration processes. A key role in
respect to flood runoff is consequently attributed to the runoff generation module which
must be able to discriminate between the generation of overland flow and infiltration and
also reproduce the correct evolution of the process in time. 

In this field, the scientific community has been developing over a number of years a large
number of methods and models, the suitability of which is, however, often controversially
discussed. This mainly stems from the fact that overland flow can be caused by two
different mechanisms. The first mechanism also known as Hortonian (Horton 1933) is
observed when rainfall intensity exceeds the infiltration capacity of the soil (infiltration
excess or saturated overland flow); the second, also denoted as Dunnian (Dunne 1978), is
observed when the first soil layers are saturated due to the rising of the water table. Soil
infiltration capacity can be limited by its texture, moisture content and structure, or by the
fact that the soil is already saturated. Other mechanisms can also be observed due to some
special conditions, such as in the case of return flows generated by infiltrated water that
returns to the soil surface when hillslopes are characterised by an impermeable layer close
to the surface inhibiting percolation (e.g., Faeh 1997).
On small scales, recent investigations were carried out by means of field experiments
(Scherrer 1997). These investigations tried to focus on exchange mechanisms between
different soil structures, e.g., between the soil matrix and the macropores, highlighting
how in some cases these exchange mechanisms can be the key to correct modeling (Faeh
1997). Other similar contributions can be found in the literature (e.g., Beven and Clarke,
1985, Germann, 1990, Bruggeman and Mostaghimi, 1991, Zuidema, 1995). Due to the
small scale of the analysis the requirements in terms of detailed information on soil
properties and computational efforts, it is pointed out that the application of these
methods is mainly restricted to the scientific environment. Models which combine both
the experimental evidence on small scales and are also operational at the catchment scale
require the formulation of compromise solutions. Such solutions are offered by many
models available: On the one hand there is the sophisticated and physically based
Richard’s equation (Richards 1931). Then there are solutions of the Richard’s equation
under simplified hypotheses (Philip 1957) and the Green and Ampt (1911) method, which
represents a more approximate physical theory. In addition, a number of conceptual
models including the Horton equation (Horton 1933) are available. The use of all these
models is, however, not straightforward. Conceptual models are, for instance, often
preferred to physically oriented models because of the high requirements of such models
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in terms of parameterisation. The conceptual models are, however, limited in their
capability to describe complex infiltration processes. Beven (2001a) furthermore points
out that even physically oriented infiltration models do not offer a scale consistent process
description. These models are often used at basin scale but were developed based on
observations at point scale. The same author (Beven 2001b) further speculates that due to
the difficulties of using models based on point scale process descriptions, more empirical
methods developed from small catchment measurements might become more frequently
used in the future. 
Considering this discussion and the motivation of the present study, it was decided to use
the Curve Number method (SCS 1985) as a starting point. This method developed by the
US Natural Resources Conservation Service (1985) (former Soil Conservation Service)
was formulated directly from small catchment measurements and determines watershed
loss rates (direct runoff). Due to the method’ s parameterisation scheme which can rely on
data normally available for most regions, there is a large number of applications of the
Curve Number method reported in the scientific and technical literature. The method is
also suited for the analysis of emerging problems such as the impact of land use changes.   

��� 7+(�&859(�180%(5�0(7+2'
The Runoff Curve Number (CN) method to estimate direct runoff from storm rainfall was
presented by the USDA Soil Conservation Service and first published in the National
Engineering Handbook Section 4: Hydrology (NEH-4) in 1954 (SCS 1985). Its
development is an immediate consequence of the “ Watershed Protection and Flood
Prevention Act”  from August 1954 and was driven by the need for a consistent basis for
the estimation of runoff for different land use and soil types. Since the CN method is an
agency method, the NEH-4 does not contain an exhaustive description of the origins of
the method and several aspects remain unknown to date. According to Rallison and Miller
(1982), who describe certain elements of the historical background of this empirical
method, it is based on the analysis of a large number of rainfall-runoff relationships
observed in small rural watersheds. In the 1930’ s and 1940’ s a large number of
infiltrometer tests on small plots of several square meters and rainfall-runoff
measurements in experimental watersheds covering areas of a few square kilometers were
carried out for the design of treatment and conservation measures in watersheds. Out of
this dataset, rainfall retention curves were determined which were then used in addition
to rainfall-excess and time-of-excess curves to calculate the volume of runoff for different
physical land units. In 1949 Sherman proposed to plot direct runoff against storm rainfall.
Mockus (1949) extended this concept and formulated a relationship between direct
runoff and both storm and basin characteristics:

(I_1)

with: 
3: rainfall depth, [inches]
4: direct runoff depth, [inches]
E: index value, includes characteristics of the catchment and the storm 

event, [inches �
�

] 

and:

Q P 1 10( ) b P⋅( )–
–( )⋅=
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(I_2)

with: 
0: 5-day antecedent rainfall, [inches]
&: cover practice index
7: seasonal index, i.e., function of date and temperature
': duration of storm, [hours]
61: soil index, [inches per hour]

Formula I_1 is, however, only valid within a certain range for the total rainfall depth P.
At P = 1/(b*ln(10)) the slope dQ/dP of the equation becomes unity. At greater values of
P the slope becomes greater than 1.0, and the inferred infiltration capacity becomes
negative. Thus for total rainfall depths exceeding 1/(b*ln(10)) equation I_1 is invalid. 

In 1954 Andrews developed an empirical graphical method to estimate runoff from rain-
fall based on a subset of the aforementioned infiltrometer data. He distinguished different
“ soil cover complexes”  which are supposed to show a distinct runoff behaviour. They
represent a certain combination of soil type, amount and type of soil cover and
conservation practices. This work and the equation developed by Mockus were then used
as a  starting point for the formulation of the SCS CN equation. No direct mathematical
derivation of the SCS CN equation (given below as (I_5)) from equation (I_1) is given in
agency publications. However, one such derivation is given by Mishra and Singh (1999).

The SCS CN method (SCS 1985) is based on the assumption that the relation of the actual
retention to the maximum soil potential retention at the beginning of the rainfall event
equals the relation of the actual cumulated direct runoff to the actual cumulated rainfall
as described by

(I_3)

where: 
)� effective soil retention after runoff begins, F = P-Q, [mm]
6� maximum soil potential retention after runoff begins, [mm] 
4� actual cumulated direct runoff1, [mm]
3� actual cumulated rainfall, [mm]
,a: initial abstraction which reflects initial losses due to e.g., interception 

and surface retention, Ia = *S (2), [mm]

1. According to SCS (1985), direct runoff consists of channel runoff, surface runoff and subsurface
flow. Surface runoff “ .. occurs only when the rainfall rate is greater than the infiltration rate. The
runoff flows on the watershed surface to the point of reference...” . Subsurface flow “ ... occurs when
infiltrated rainfall meets an underground zone of low transmission, travels above the zone to the
soil surface downhill and appears as a seep or spring....”  (quotations from SCS 1985).

b
0.0374 10

0.229 M⋅
C

1.061⋅ ⋅

T
1.990

D
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2.271
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D
------⋅

⋅ ⋅

------------------------------------------------------------------=
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-------------------=
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The combination of equation (I_3) with (I_4), the continuity equation

(I_4)

yields

(I_5)

if ; else Q = 0. 

The only unknown parameter in this equation is S, the maximum soil potential retention
which ranges from 0 to infinity. For convenience it is replaced by the dimensionless Curve
Number (CN) ranging from 0 to 100, where 0 is an unlimited storage capacity
corresponding to an infinite value of S and 100 a completely impermeable or fully
saturated soil with S = 0. The relationship between S and CN is expressed by:

(I_6)

or

(I_7)

with S in inches. When adapted to the metric system the latter equation becomes:

(I_8)

with S0 = 254 and S in mm.  

Indications on the value of the Curve Numbers are obtained from two entry tables which
provide the CN values on the basis of soil characteristics and land use type: 
The SCS CN method distinguishes Hydrologic Soil-Cover Complexes (HSC) which are
supposed to differ in their hydrologic behaviour and to which consequently different
values of CN are assigned1. Hydrologic Soil-Cover Complexes are determined based on
land use / treatment and Hydrologic Soil Groups. There are four Hydrologic Soil Groups
(HSG) to which soils are assigned based on their runoff potential. The specific description
of each HSG is presented in Table I.1.

2. For  a value of 0.2 was empirically determined based on rainfall-runoff datasets from agricultural

watersheds smaller than 0.5 km
�

. The uncertainty related to this values is however large as
emphasized in SCS (1985).

1. The corresponding tables are reported in SCS (1985).

λ

P Q F Ia+ +=

Q
P Ia–( )2
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For an extended number of US soil types, the corresponding Hydrologic Soil Group is
given in SCS (1985). The list of land use categories considered in the method covers
urban areas, cultivated agricultural lands, other agricultural lands and arid and semiarid
rangelands. For cultivated agricultural lands, different cover types, treatment methods and
hydrologic conditions (good / poor) are distinguished, whereas for rangeland only cover
types and hydrologic conditions are differentiated. 
According to the NEH-4 (SCS 1985), the two entry parameterisation tables were
established based on rainfall-runoff volumes from annual flood events measured in
agricultural catchments of less than 2 square kilometers in size. For these catchments
soils, land cover and hydrologic conditions were assumed homogeneous and daily rainfall
volumes were plotted versus daily runoff volumes on arithmetic cross-section paper. The
median CN value which separates the plotted data so that one half of the points lies above
the curve and the other half below was then reported in the parameterisation tables.

These CN values listed in the tables represent average wetness conditions of the
watershed (Mockus 1964). In order to account for the variability of CN values due to
different antecedent wetness conditions, the same author introduces the concept of the
“ Antecedent Runoff Condition”  (ARC), (former Antecedent Moisture Conditions,
AMC). Out of the range of observed CN values the highest, the lowest and the median CN
values are assumed to represent wet, dry and mean conditions (ARCIII,I,II). A conversion
table for the CN values belonging to these three ARC classes is given in (SCS 1985) based
on which Sobhani (1975) and Hawkins et al. (1985) derived analytical relations. The latter
relations (from Hawkins at al. 1985) are shown in equations (I_7) and (I_8). 

HSG Description

A

(Low runoff potential) Soils having high infiltration rates even when 
thoroughly wetted and consisting chiefly of deep, well to excessively 
drained sands or gravels. These soils have a high rate of water      
transmission.

B

Soils having moderate infiltration rates when thoroughly wetted and 
consisting chiefly of moderately deep to deep, moderately well to well 
drained soils with moderately fine to moderately coarse textures. 
These soils have a moderate rate of water transmission.

C

Soils having slow infiltration rates when thoroughly wetted and     
consisting chiefly of soils with a layer that impedes downward    
movement of water, or soils with moderately fine to fine texture. 
These soils have a slow rate of water transmission. 

D

(High runoff potential). Soils having very slow infiltration rates when 
thoroughly wetted and consisting chiefly of clay soils with a high 
swelling potential, soils with a permanent high water table, soils with 
a claypan or clay layer at or near the surface, and shallow soils over 
nearly impervious material. These soils have a very slow rate of water 
transmission.

7DEOH�,��: Description of Hydrologic Soil Groups in SCS (1985)
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(I_7)

 

(I_8)

 
where:

&1I� CN value corresponding to ARCI

&1II� CN value corresponding to ARCII

&1III� CN value corresponding to ARCIII 

For the discrimination of the different antecedent conditions, SCS (1985) introduces a
criterion relying on cumulated rainfall within five days before the event. This criterion
was, however, defined based on a limited number of observations made at one single
location (Miller 1989) and is therefore not referred to in the edition of the National
Engineering Handbook released in 1993. Consequently, there is no recommendation on
how to differentiate between the different antecedent runoff conditions. (Ponce and
Hawkins, 1996).   

The SCS CN method is, as already mentioned, an agency method and was mainly
developed for design purposes in hydrologic practice as pointed out by Mc Cuen (1983).
Many elements of the original development and the theoretical justification therefore
remained unpublished and are not further known. Mainly due to its straightforward
parameterisation, the method became, however, very popular and its range of application
was considerably extended. Subsequently several aspects of the method have been
analysed more in detail and discussed in scientific and technical literature. This discussion
focused on the parameterisation of the method, its physical background and possible
modifications and improvements. 

3DUDPHWHULVDWLRQ�RI�WKH�6&6�&1�PHWKRG

Many authors have tested the performance of the SCS CN method and the tables for the
assignment of CN values (parameterisation tables). These authors used datasets
origina-ting from regions which differ in soil, land use and climate as opposed to the
regions for which the method was developed. Hawkins (1984), Bales and Betson (1983),
Montgomery and Clopper (1983) and Hanson et al. (1981) analysed the method’ s ability
to reproduce observed runoff volumes from storm events in watersheds ranging from
around 1 km

�

 up to 500 km
�

 (1), whereas Wood and Blackburn (1984) and Steichen (1983)
worked with data from plots exposed to artificial rainfall smaller than 1m

�

. Auerswald and
Haider (1996) tested the SCS CN method by reproducing the observed runoff volumes
from 70 experimental rainfall plots at 8 locations in the German prealpine context, which
represent different crop stages. Their plots range from 10 to 40 m

�

 in size.
 

1. An average CN value was determined for each basin / plot.

CNI

CNII

2.281 0.01281 CNII⋅( )–
------------------------------------------------------------=

CNIII

CNII

0.427 0.00573 CNII⋅( )+
-------------------------------------------------------------=
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In all these studies the SCS CN method performs better in regions marked by a humid
climate if the amount of water retained during runoff is only a small fraction of rainfall as
also pointed out by Hjelmfelt (1980b). Wood and Blackburn (1984) explain the lower
performance in arid and semiarid areas by the fact that soil surface characteristics have an
important influence on the runoff behaviour in the arid and semiarid context. These
surface characteristics are, however, not adequately considered in the SCS CN method.
For all datasets analysed, major or minor modifications of the parameterisation tables
were necessary to allow for an acceptable reproduction of the observed cumulative runoff
volumes. This might be caused by the fact that the datasets analysed represent spatial
scales for which the method was not calibrated. Based on these studies, no clear
indications on scaling behaviour can, however, be gained as they do not consider datasets
from the same regions. Simanton et al. (1996), on the other hand, analysed the scaling
behaviour of CN based on a number of catchments ranging from 7m

�

 to 8km
�

 in
neighbouring semiarid areas. They found that the CN values decreased with increasing
drainage area. The authors explain this observation mainly by the transmission losses in
ephemeral channels where upstream runoff is absorbed in the porous channel. They also
mention the decrease of the average rainfall depth with drainage area being another
reason. 

Based on recent investigations Hawkins et al. (2002a, 2002b) further suggest to change
the value of  (Ia/S) from 0.2 to 0.05. The authors determined  by two methods for a
very large number of storms. More than 28’ 000 storms observed in 307 watersheds
located in 24 different eastern states of the United States were used for this purpose. In
over 80% of the cases, a value of 0.05 for  fits the observed rainfall-runoff data better
than the original value of 0.2. Changing  from 0.05 to 0.2 then implies a change of the
CN values used in the parameterisation tables, where a value of 0.2 is assumed for . By
determining for each storm event CN for  = 0.05 and CN for  = 0.2, the authors further
established a relationship for S (maximum soil potential retention) and CN for  = 0.05
and  = 0.2. These relations are shown in equations (I_9) and (I_10). 

 (I_9)

with S in inches.

(I_10)

Within a range of often used CN numbers and values of the rainfall volumes, these
conjugate curves are similar. They do nevertheless differ considerably for low rainfall
volumes and low values of CN1. 

1. 5HPDUN� In order to avoid any confusion the following convention is introduced: CN = 22 without
any indication on λ corresponds to a CN value of 22 for λ = 0.2, whereas CN0.1 = 22 corresponds to
a CN value of 22 for λ = 0.1.

λ λ

λ
λ

λ
λ λ

λ
λ

S0.05 1.33 S0.2
1.15⋅=

CN0.05
100

0.133
1000
CN0.2
-------------- 10– 

  1.15
1+⋅

--------------------------------------------------------------------=
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The debate on the physical background of the SCS CN method mainly concentrates on the
comparison of the SCS CN method with infiltration formulas and the definition and
determination of the parameter CN or S (maximum soil potential retention). The SCS CN
method is often compared to infiltration methods since both the Curve Number and the
infiltration rates separate rainfall into “ losses”  and “ rainfall excess”  (Hawkins 1980). The
derivation of the SCS CN equation (I_5)�further results in an equation which is similar to
an infiltration formula:

 (I_11)

where:

I�W�� infiltration rate at time t [mm/h]
L�W�� rainfall intensity at time t [mm/h]
3�W�� actual cumulated rainfall depth at time t [mm]
6� maximum soil potential retention [mm]

This equation corresponds to the Holtan-Overton infiltration equation under the
assumption of a uniform storm intensity and a final infiltration rate which is 0, as shown
by Hjelmfelt (1980a). Meadows and Chestnut (1983) conclude that the infiltration model
embedded in the SCS CN method performs well only when the rainfall events considered
are of short duration without interruptions or for longer lasting periods of rainfall where
the soil saturated hydraulic conductivity is not exceeded. In contrast to other infiltration
methods, the SCS CN method was, however, not developed to describe physical processes
at point scale. The Curve Numbers are moreover empirically determined watershed
indices integrating different runoff causing processes as mentioned by Hawkins (1980).
He further emphasizes that equation (I_11) “ ...is not necessarily a description of reality
but rather a functional specification of the runoff equation...” . Different authors link and
compare the SCS CN method to the Green-Ampt infiltration method. Morel-Seytoux and
Verdin (1983) establish a correspondence between CN values and the parameters of the
Green-Ampt method, whereas Nearing and Risse (1996) use runoff volumes estimated by
the SCS CN method to calibrate the Green-Ampt parameters. Rawls and Brakensiek
(1986) and King et al. (1999) compare the ability of the two methods to reproduce runoff
volumes of historical flood events. In both cases, the two methods show a similar
performance. 
The maximum soil potential retention (S) is no physical parameter. Consequently, Hjelm-
felt et al. (1983) propose to consider 6 as a random variable with a lognormal frequency
distribution. Based on historical datasets they then showed that the CN values correspon-
ding to the 10% and 90% quantiles of the distribution of 6 are similar to the corresponding
CN values for ARCI and ARCIII. In this respect Hawkins et al. (1985) suggest to determine
CN values by relying only on data from very large storm events where the probability of
runoff is over 90%. This suggestion is indirectly supported by a consecutive study from
the same author (Hawkins 1990) showing that CN values determined from rainfall-runoff

f t( ) i t( ) S
P t( ) 0.8 S⋅+
------------------------------- 

  2
⋅=
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data for a specific location only become constant when the storm rainfall exceeds a certain
threshold value. Other approaches to determine CN values from datasets differing from
the approach used for the establishment of the SCS CN method are discussed by Steenhuis
et al. (1995) and Hawkins (1979). They investigated the relation between CN values and
impervious source areas and saturated areas, respectively. Bonta (1997) and Mills et al.
(1992) show methods of determining CN values by means of derived distributions. 

0RGLILFDWLRQV�RI�WKH�6&6�&1�PHWKRG

The propositions concerning the modification of the SCS CN method mainly focus on
infiltration formulas based directly or indirectly on the Curve Number method as the
infiltration capacity formulas introduced by Aron et al. (1977) and Chen (1983) and
further focus on the integration of the antecedent climatic conditions. In this respect,
Hawkins (1978) suggests to start from a CN value corresponding to average watershed
conditions (ARCII) and to modify it based on rainfall, runoff and evapotranspiration
measured within some days before the storm event. Referring to this approach, Kleeberg
and Overland (1989) propose to replace rainfall, runoff and evapotranspiration by
antecedent rainfall indices which include site specific adjustment factors. The authors
also recommend to adjust the initial abstraction Ia by means of these empirical antecedent
rainfall    indices. 

Based on the arguments outlined above, it can then be concluded that the SCS-CN Curve
Number method is a good starting point for the present study. A number of uncertainties
do, however, arise when the method is applied in alpine and prealpine catchments due to
some peculiarities of the runoff generation mechanisms and the poor literature relevant to
the parameterisation of the method in this environment. The transfer of the method to the
alpine and prealpine context consequently requires detailed testing and (if necessary)
modification of the method and its parameterisation. The latter includes the original
parameterisation tables and the relation of the parameterisation to the antecedent runoff
condition (ARC-concept). 

� 0(7+2'2/2*<
The present study aims, as briefly mentioned, at establishing a methodology, which
allows to estimate overland flow based only on generally available geographic
information; information which consists of maps in analogous or digital format. The study
further concentrates on the Swiss alpine / prealpine environment and on overland flow
which is observed during important storm events. It concentrates on overland flow as it
starts from the assumption that flash flood runoff caused by important storm events is
significantly dominated by overland flow1. 

1. The study refers to Chow et al. (1988) which distinguish overland flow, subsurface flow and
groundwater flow. According to Chow et al (1988) overland flow represents the amount of rainfall
which flows on the ground surface whereas subsurface flow includes the rainfall which infiltrates
and flows through the soil. 
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For geographic information, the GEOSTAT (2001) database is used as a reference. The
database operated by the Swiss Federal Office of Statistics offers different thematic maps
(geology, land use, soil type,...) which have a spatial resolution of 1 hectare (ha, 100m x
100m). GEOSTAT further covers the whole area of Switzerland. The method taken as a
starting point for the estimation of the overland flow is the Curve Number method.
Consequently the overall goal consists in determining for all Hydrologic Soil Complexes1

whether the SCS CN equation allows for a correct modeling of the overland flow and
which is the corresponding parameterisation. The Hydrologic Soil Complexes are
delineated based on information from the soil map, the geotechnical map and land use
map of GEOSTAT. 
In the best case the aforementioned goal could be addressed on the basis of an extended
rainfall-runoff dataset2 from plots of 1 hectare in size. This size corresponds to the spatial
resolution of the GEOSTAT maps and consequently the spatial resolution of the Hydro-
logic Soil Complexes. For the Swiss prealpine and alpine environment an extended rain-
fall-runoff dataset at this spatial scale (1 hectare) does, however, not exist. There is,
nevertheless, in Switzerland, a network of around 190 stream gauging stations operated
by the Swiss Federal Office for Water and Geology (FOWG). The gauging stations are
located at river cross sections where the drainage area is at least 5 km

�

. In addition, around
150 meteorological stations with high temporal resolution are run by the Swiss Federal
Research Institute WSL and MeteoSwiss. Datasets from the river gauging stations and
meteorological stations are then used in the present study in order to test the SCS CN
equation for the single Hydrologic Soil Complexes. The runoff observed at stream
gauging stations during flood events is reproduced by means of a Rainfall-Runoff model.
In order to account for the higher spatial resolution of the geographic information in the
database, a distributed Rainfall-Runoff model is used. In the model the overland flow is
determined separately for each hectare (resolution of the GEOSTAT maps and the Hydro-
logic Soil Complexes) of the catchment considered. The runoff is then routed by the
model to the basin outlet where the simulated and the observed hydrograph (gauging
station) are compared. Based on this comparison, conclusions on the suitability and the
parameterisation of the Curve Number equation for the single hectare and Hydrologic Soil
Complex are then drawn. 
The resulting parameterisation of the Curve Number equation for the single Hydrologic
Soil Complex is however exposed to uncertainties. Due to the different Hydrologic Soil
Complexes present in one catchment, different parameter sets (CN values for the single
Hydrologic Soil Complexes) result in similar hydrographs. Consequently, a precise
analysis of the single Hydrologic Soil Complex in terms of performance and para-
meterisation of the Curve Number equation is not further possible. In order to overcome
this problem, additional information on the hydrologic behaviour of the single Hydrologic
Soil Complexes is required. The present study addresses this point by analysing a number
of artificial rainfall experiments performed by different authors3. The rainfall plots
considered were installed in order to better understand runoff processes during extreme
storm events. To this end water was sprinkled over areas on hillslopes ranging from 60 m

�

1. Definition according to SCS (1985): “ A combination of a hydrologic soil group...”  (one of four
groups soils are assigned to based on their runoff potential) “ ...and a land use and treatment class
(cover)” . 

2. Storm rainfall and corresponding flood runoff volumes.
3. Within this project no experiments were carried out. Experimental data were made available by the

authors of the studies (Dr. Scherrer and Dr. Kohl) from which they are both greatly acknowledged. 
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to 75m

�

 in size. The amount and intensity of water sprinkled correspond to storm events
with return periods of over 100 years. The runoff processes were then observed and
measured at a trench located at the bottom end of the plot. Soil characteristics of the plot
site were also analysed in detail. In the context of this study, the data from the experiments
are of interest as they allow to test the SCS CN equation under controlled conditions. The
findings on the performance of the SCS CN equation might then give some hints which
allow to reduce the aforementioned uncertainty in the parametersation of the SCS CN
equation for different Hydrologic Soil Complexes. 

The aforementioned methodological considerations resulted in a structure of the study
which is also reflected in this report: 

&KDSWHU�,, starts with the description of the analysis of the Curve Number equation based
on the data from the artificial rainfall experiments. The experiments considered were
performed at 50 different plot locations in northern alpine and prealpine regions of
Switzerland and in the Austrian Alps. At the single location up to six experiments were
run. For each experiment, the ability of the Curve Number equation to reproduce the
runoff characteristics is then tested and the best fitting parameterisation determined. The
performance of the Curve Number equation and the resulting parameterisation is further
compared to the runoff and soil characteristics of the specific plot in order to explore
possible correlations. The findings from the analysis of the Curve Number equation at
plot scale (artificial rainfall plots) are then implemented in Chapter III when the
performance and the parameterisation of the Curve Number equation is analysed for
single Hydrologic Soil Complexes. 

&KDSWHU�,,, reports on the testing and parameterisation of the SCS CN equation for single
Hydrologic Soil Complexes based on simulations of historical flood events. Annual flood
events observed in four small to medium scale prealpine and alpine catchments are
reproduced to this end by means of a distributed (grid) and event-based Rainfall-Runoff
model. In this model the overland flow is calculated by the SCS CN equation and the
spatial resolution corresponds to the resolution of the geographic information. Prior to the
simulations, the Hydrologic Soil Complexes are defined for the single catchments. In
order to consider all information from the different maps of GEOSTAT, the
determination1 of the Hydrologic Soil Complexes is slightly modified in respect to the
original definition presented in SCS (1985). The determination results for each catchment
in a number of different Hydrologic Soil Complexes for which the SCS CN equation must
be tested and parameterised separately. As the simulated runoff at the basin outlet is
influenced by different Hydrologic Soil Complexes a clear parameterisation of the single
Hydrologic Soil Complex is not further possible. Different parameter sets of CN for the
different Hydrologic Soil Complexes result in similar characteristics of the simulated
runoff. Therefore assumptions on the parameterisation of single Hydrologic Soil
Complexes (HSC) are made D� SULRUL. The assumptions refer to the relative
parameterisation of the Hydrologic Soil Complexes (e.g., S0.05HSC1 : S0.05HSC2 = 1: 1.5) and
are based on findings from the analysis of the rainfall experiments (chapter II) or on
theoretical considerations. The simulations then result in indications on the applicability
of the SCS CN equation for different Hydrologic Soil Complexes and the corresponding

1. Assignment of Hydrologic Soil Complexes based on the information from the different maps of
GEOSTAT. 
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parameterisation. The resulting parameterisation is further compared to the original
parameterisation of the SCS CN method as presented in SCS (1985)1. As the soil and land
cover descriptors used in SCS (1985) do not fit the categories of the GEOSTAT maps, a
correspondence is established. The correspondence then allows to use the original
assignment tables for CN values (SCS 1985) with the soil and land use descriptors used
in GEOSTAT maps. 

&KDSWHU�,9 summarizes and discusses the findings and achievements of this study. Based
on this discussion, lines for further research activities are defined. 

1. In its original form, the Curve Number method was however designed for the estimation of direct
runoff, and calibrated based on data from direct runoff, whereas in this study the runoff data used
for calibration describe overland flow. 
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This chapter (II) reports on the analysis of the Curve Number equation based on rainfall-
runoff data from artificial rainfall experiments. The analysis aims at insights into the
performance and the parameterisation of the Curve Number equation at the single rainfall
plot sites. Due to the controlled conditions during the experiments and at the plot sites, a
detailed testing of the Curve Number equation for single soil types and land covers
becomes possible. The findings of these tests lead then to preliminary indications on the
performance and the parameterisation of the Curve Number equation for different Hydro-
logic Soil Complexes.

� '$7$�$1'�0(7+2'2/2*,&$/�$63(&76
The datasets considered stem on the one hand from an extensive field campaign recently
carried out at the Laboratory of Hydraulics, Hydrology and Glaciology ETH Zürich. It
investigated the runoff generation mechanisms over homogeneous experimental plots by
means of a number of artificial storm rainfall sprinkler experiments (Scherrer 1997).
Eighteen locations in the northern alpine and prealpine area of Switzerland were chosen
for this purpose. The plots represented different soils and landuse categories, covered an
area of 60 m

�

 and were irrigated by a number of sprinklers. Overland flow and subsurface
flow were measured separately. For this purpose a trench was excavated at the bottom end
of the plot. Overland flow1 was measured in a gutter fixed at the edge of the trench and
subsurface flow in a gutter at the bottom of the trench. The intensity of the artificial rain-
fall was kept constant, ranged up to 110 mm/h and lasted for several hours2. In addition
to the data from these plots in Switzerland, data from plots located in three different alpine
study areas in Austria were also included in the analysis. The latter experiments were
conducted by the Austrian Federal Forest Research Centre and are detailed in Markart et
al. (1996b), Markart et al. (1996a) and Markart and Kohl (1995). The experimental setup
and the size of these plots is similar to the setup and the size of the plots installed by
Scherrer (1997). Additional experiments performed in prealpine and alpine regions of
Switzerland and Germany reported in the literature (Kölla 1989, DVWK 1985) were also
considered for further reference. 
Additional data from three larger experimental plots are also included in the present
study. The three plots cover an area of around 1500 m

�

 each and were not exposed to
artificial rainfall. Natural rainfall and the corresponding runoff (overland and subsurface
flow together) have, however, been measured continuously since 1995 at high temporal
resolution. All three plots are located in the same catchment. As historical flood events at

1. for definition: see note 1 on page 11. 
2. The amount of water sprayed over the plots by means of sprinklers is considerable. It often

exceeded the quantity of rainfall which corresponds to a storm event with a duration of 24h and a
return period of 100 years indicated in the Hydrologic Atlas of Switzerland (HADES 1992) for the
plot location considered. 



16

these catchments are simulated in this study, the plots are introduced together with the
catchment in the following chapter (chapter III). A short overview of the different
experimental rainfall plot is given in Table II.1

The evaluation of the Curve Number equation is performed based on the overland flow1

measured at the plot sites during the rainfall experiments. Thereby the ability of the Curve
Number equation to reproduce the observed overland flow is investigated. The
parameterisation of the Curve Number equation which results in the best reproduction of
the observed overland flow is also of interest. 
In the best case the evaluation of the Curve Number (CN) equation is based on a large set
of data. This set of data consists of naturally occurring rainfall-runoff data measured at an
extended number of plots which represent a variety of different soil and landuse-cover
types. For each soil type the total rainfall and total overland flow from different storm
events is plotted. As detailed in Chapter I.2 and shown in Figure II.1 (left panel), a median
curve is then fitted to the data. This curve is assumed to also yield at other plot sites with
similar geographic conditions the runoff under average wetness conditions2. In the
present study the number of experimental data directly made available by the authors is
however limited. Plotting the total rainfall versus the total overland flow and fitting a
median CN curve is not further possible due to the limited number of experiments per plot
type (soil type). Consequently, a different procedure is chosen for evaluation. The

3ORW�GHVFULSWLRQ ([SHULPHQWDO�VHWXS
6RXUFH ��RI�VLWHV /RFDWLRQ /DQG�FRYHU $UHD��P � � 5DLQIDOO

Scherrer (1997) 18 northern 
Switzerland

pasture  /
(forest)

60 sprinkler

40- 110
�

Markart et al. (1996b) 8 Austrian Alps pasture / 
(forest)

75 sprinkler

30 - 95
�

Markart et al. (1996a) 12 Austrian Alps pasture / 
forest

75 sprinkler

30 - 100
�

Markart and Kohl (1995) 8 Austrian Alps pasture / 
(forest)

75 sprinkler

30-100
�

Swiss Federal Research 
Institute (WSL)

3 Swiss Prealps forest  / 
(pasture)

1500-1700 natural

10 - 40
�

a) Rainfall intensity (mm/h) 

7DEOH�,,��Overview of experimental rainfall plots used in the present study

1. The Curve Number method in its original form with the original parameterisation is however, as
already mentioned in the previous chapter (I), designed for the estimation of direct runoff in small
rural watersheds. 

2. The aforementioned procedure was applied to determine the Curve Number values in the
parameterisation tables shown in (SCS 1985): For each Hydrologic Soil Complex, the volume of
total runoff and of direct runoff from different storm events were plotted on arithmetic cross section
paper and a median CN curve was fitted. 
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cumulated rainfall and the cumulated overland flow measured at small time intervals
during one rainfall experiment are plotted as shown in Figure II.1 (right picture). A CN
curve is then fitted to the observed data, and both the CN value and the share of the initial
abstraction ( ) are assumed variable. (i.e., the initial abstraction is not set a priori to 20%
of the maximum soil potential retention). This procedure allows to consider in more detail
the data from the single experiments and also to estimate . One must however keep in
mind that the left panel in Figure II.1 is more representative than the right picture, as is it
covers 13 different natural storm events whereas the right panel only covers a single
artificial storm event. In order to get a more representative indication on the behaviour of
the Curve Number equation by the procedure shown in the right panel of Figure II.1, a
number of additional experiments must be analysed. 

The evaluation of the correspondence between best fitting CN curves and the data sets is
done by a visual check. Not all data from the single experiments are however used for this
purpose. In order to guarantee the comparability of the single experiments, only the range
of the data is considered which lies between a total cumulated rainfall of 0 and Pd=24h,R=100yr.
The latter value corresponds to the rainfall volume of a storm event with a duration of 24
years and a return period of 100 years as indicated in the Hydrologic Atlas of Switzerland
(HADES 1992) for the specific plot location. In the case of the plot site Hospental (right
panel of Figure II.1), for instance, Pd=24h,R=100yr corresponds to 215 mm and consequently
the whole length of the curve is considered to evaluate the correspondence of the CN
curve and the data1 measured.
For the evaluation of the correspondence, the formulation of an error band was tested. An
error band with a fixed width (e.g. 10%) did however not serve the purpose. For low rain-
fall volumes the relative difference between simulated and observed overland flow
(expressed in %) is high, but the absolute difference (expressed in mm) is small. In Figure
II.1 right panel, for instance, at a rainfall volume P of 15 mm the absolute difference
between simulated and observed runoff is 1.2 mm which corresponds to a relative
difference of 50%! Consequently, a different criterion to judge the correspondence
between observed and simulated data must be introduced for small and high values of
rainfall volumes. In view of this consideration, evaluation by eye seems more
straightforward and discriminating despite its subjective component. 
 

1. Since Pd=24h,R=100yr lies beyond the range of rainfall considered, it is not shown in Figure II.1. In the
consecutive figures Pd=24h,R=100yr is marked by a black triangle. 

λ

λ
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The results of the evaluation of the Curve Number equation are discussed in Chapter II.2.
Chapter II.2 first presents a subset of the rainfall experiments. Based on this subset of
experiments, which includes the best documented experiments, general findings of the
evaluation are discussed and illustrated. An overview of the performance and the
parameterisation of the Curve Number equation in terms of runoff processes and soil
types is then given. For all soil types analysed it is discussed to which extent the Curve
Number equation can be used to simulate the overland flow. Chapter II.3 briefly
summarizes the findings of the evaluation of the Curve Number equation and draws
possible assumptions on the parameterisation of the Curve Number equation for single
Hydrologic Soil Complexes.

� 5(68/76�
*HQHUDO�DVSHFWV

The following discussion mainly relies on experiments performed by Scherrer (1997) due
to the detailed description available for these experiments and the corresponding plot
sites. It starts with an overview of the performance of the SCS CN equation at Scherrer’ s
plots shown in Table II.2.

)LJXUH�,,���Left panel: A number of flood events observed at Hydrologic Soil Complexes / plot sites with
similar geographic characteristics and the corresponding median CN curve (the initial
abstraction is a priori fixed to 0.2S). Right chart: CN curve fitted to the rainfall-runoff data set
measured during one single rainfall experiment (CN for λ = 0). The Figure also shows the
runoff coefficient (slope of the curve). (data source: Scherrer 1997)
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6,7( (;3(5,0(17
1DPH &KDUDFWHULVDWLRQ � � � � � � �

Hittnau meadow and pasture, Regosol/ Cambisol 
eutric, high sand content (Regosol-Braunerde, 
sandig), moraine, 670 m. a.s.l., 155 mm, 
��������� 	
������

(d)39,
0.0

Bauma pasture, Cambisol eutric with high loam con-
tent (Hanglehm-Braunerde), loam on      

Molasse
�
, 725 m. a.s.l., 165 mm, 

������������� ��

=== �

Bilten I loose wood, Gleysol (Hanggley), conglomer-
ate, 1180 m.a.s.l., 200 mm,
-

=== �

Bilten II loose wood, Cambisol gleyic (Hanglehm-
Pseudogley), conglomerate, 1180 m.a.s.l., 
200 mm, -

(f) 87, 
0.1

Schnebelhorn meadow and pasture, Cambisol eutric with 
high loam content (Lehm-Braunerde), con-
glomerate, 820 m.a.s.l., 170 mm, 
������������� ��

(d)19, 
0.0

Nenzlingen pasture, Cambisol eutric on scree (Gehänge-
schutt-Braunerde), talus material on limestone, 
400 m.a.s.l., 100 mm, 
��������� 	
������

22
0.05

56 
0.05

Blauen � pasture, Rendzina on limestone (Kalkschutt-
Rendzina), limestone, 530 m.a.s.l., 100 mm
-

(d)

Alpe S. Gottardo � pasture (extensive), Podsol / Cambisol (Pod-
sol-Braunerde), granite, 2020 m.a.s.l., 215 
mm, 
��������� 	�������� ��� � �  

(d) (d)

Gotthard-Pass pasture (extensive), army training area, Podsol 
/ Regosol (Podsol-Regosol), granite covered 
with small scree, 2100 m.a.s.l., 210 mm, 
��������� 	�������� ��� � �

Hospental meadow and pasture, Cambisol eutric with 
high sand content (sandige Braunerde), gneiss, 
1450 m.a.s.l., 210 mm, -

=== � 62, 
0.15

(d) 77, 
0.0

55,
 0.05

(d)75, 
0.1

St. Imier meadow and pasture, Cambisol eutric 
(Hanglehm-Braunerde), bog line, 770 m.a.s.l., 
110 mm, 
	����  �������!"� � ���  �� ����	��"� �

25, 
0.0

7DEOH�,,�� Summary of results from the analysis of the Curve Number equation based on data from
the rainfall experiments carried out by Scherrer (1997). Green cells indicate experiments
in which a parameter set can be found allowing reproduction of the observed overland
flow by means of the Curve Number equation. For red marked experiments, no such
parameter set exists. The numbers in the cells indicate the best fitting parameter set. There
is an accuracy of +/- 1 for the Curve Number values and of +/- 0.05 for . λ
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A first look at Table II.2 clearly shows that the Curve Number equation cannot be rejected
a priori. It allows for a reproduction of the observed overland flow in a number of
experiments. A closer look at the individual experiments reveals that a constant runoff
coefficient can be observed for nearly all experiments. Above a certain threshold for the
rainfall volume, the runoff coefficient becomes constant and remains constant (see
Figures II.2 - II.8). The threshold varies from experiment to experiment and mainly ranges
from 0 mm to 80 mm1. In some experiments an additional increase of the runoff
coefficient is further observed as shown in Figure II.2. In Figure II.2 a constant runoff is

Sonvilier � meadow, pasture, Cambisol with high loam 
content (Hanglehm-Braunerde), moraine, 830 
m.a.s.l, 110 mm, 
�� � ������� ��� 	 ��� � � ��! ��!�� ������ � !�� �  ��� �  ���� � .

(d) 93, 
0.1

Therwil meadow and pasture, Cambisol eutric with 
high sand content (sandige Braunerde), sand-
stone, 350 m.a.s.l., 100 mm, 
��������� 	 ������

62, 
0.15

Spreitenbach wood, good cover, Cambisol eutric 
(Braunerde), moraine, 500 m.a.s.l., 145 mm, 
-

(d) 59, 
0.1

57,
0.1

Heitersberg meadow and pasture, Cambisol with high loam 
content (lehmige Braunerde), moraine, 780 
m.a.s.l., 145 mm, -

 89, 
0.05

74, 
0.0

90,
 0.1

85,
 0.1

Ebersol meadow and pasture, Ranker / Cambisol 
(Ranker-Braunerde), conglomerate, 690 
m.a.s.l, 135 mm, -

=== �

Willerzell Hang meadow, Cambisol eutric with high sand con-
tent (sandige Braunerde), sandstone, 930 
m.a.s.l., 170 mm, -

25,
 0.0

44,
0.0

=== � 22,
 0.0

(d) 57, 
0.05

Willerzell Mulde � pasture / marshland, Gleysol eutric (kolluvialer 
Buntgley), colluvium, 925 m.a.s.l., 170 mm,
� ������� ��� � ! � ��� 	�������� ��!

(f) 94, 
0.3

(f) 98, 
0.25

(f) 91, 
0.3

(f) 93, 
0.3

a Landuse, soil, geology, elevation above sea level (a.s.l.), rainfall volume corresponding to a storm event with a
duration of 24 hours and a return period of 100 years at this location, local structures with a major or dominant
influence on the runoff behaviour (the latter in italics). Only rough indications are given, e.g., for soils, there is no
exact correspondence between the classification system used to describe the soil of the plots (FAP 1992) and the
FAO classification (FAO 1974). In contrast to the FAO system, the classification system used in Scherrer (1997),
(in brackets) is based on geomorphologic principles.

b This is a typical alpine deposit, mainly consisting of conglomerates, sandstone and marl
c Technical problems occurred during the experiments. Data from these experiments are therefore not considered. 
d Indicates a short experiment. The sprinkled amount of water is considerably less than the amount of water corres-

ponding to a rainfall event with a duration of 24 hours and a return period of 100 years at this location. 
e Experiments, during which a constant runoff coefficient is observed, started before the cumulative runoff depth

reached 10 mm 
f The corresponding CN curve almost becomes a straight line.

6,7( (;3(5,0(17
1DPH &KDUDFWHULVDWLRQ � � � � � � �

7DEOH�,,�� Summary of results from the analysis of the Curve Number equation based on data from
the rainfall experiments carried out by Scherrer (1997). Green cells indicate experiments
in which a parameter set can be found allowing reproduction of the observed overland
flow by means of the Curve Number equation. For red marked experiments, no such
parameter set exists. The numbers in the cells indicate the best fitting parameter set. There
is an accuracy of +/- 1 for the Curve Number values and of +/- 0.05 for . λ
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observed starting from a rainfall volume of 50 mm. At a rainfall volume of 140 mm, the
runoff coefficient changes from 0.5 to 0.65. 
At this point it must however be recalled that all the plots analysed represent a limited
sample of all possible soil types. The plots are furthermore not exposed to natural rain
storms but to artificial rainfall where the rainfall intensity is kept constant. Consequently,
the experiments may only give a limited insight into the runoff behaviour of different soil
types. 

In contrast to these observations on the runoff coefficient, the basic assumptions of the
Curve Number equation leads to a runoff coefficient close to 1.0 for extreme rainfall
volumes. Additional rainfall is then entirely transformed into overland flow.
Consequently, the Curve Number equation does not account for percolation to deeper soil
layers or groundwater. Despite this difference between physical evidence and the basic
assumption of the method1, the Curve Number equation allows for a correct reproduction
of the observed overland flow under specific conditions. The equation reproduces the
observed data, when the runoff coefficient only becomes constant above a rainfall volume
of 30 mm and the runoff coefficient exceeds 0.2. Examples of this fitting are illustrated
by Figure II.3 and II.4. The latter Figure shows the same experiment as in Figure II.2.

1. In the Hydrologic Atlas of Switzerland (HADES 1992) one map indicates the rainfall volumes
corresponding to storms with a duration of 24 hours and a return period of 100 years. For the plot
locations examined, these values range from 100 mm to 210 mm. 

)LJXUH�,,�� Experiment 39 at Hospental plot site; above a rainfall volume of 50 mm the runoff coefficient
is constant (∆Q = c * ∆P). It changes from 0.5 to 0.65 at a rainfall volume of 140mm; (data
source: Scherrer 1997).�

1. assuming that the runoff calculated by the Curve Number method is the overland flow. 
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)LJXUH�,,��Exp. 34 at Willerzell Hang plot site. The Curve number equation fits the observed data; a con-
stant runoff coefficient of 0.25 (∆Q = 0.25 * ∆P) is observed above a rainfall volume of 100mm
(data source: Scherrer 1997); a storm event with a duration of 24h and a return period of 100
years at this location corresponds to 170 mm of rainfall; (CN for λ = 0), (source: HADES 1992). 

)LJXUH�,,���Exp. 39 at Hospental plot site; The Curve number equation fits the observed data; (data source:
Scherrer 1997); A constant runoff coefficient of 0.64 (∆Q = 0.64 * ∆P) is observed   starting
from 45mm. It changes to 0.74 at 90 mm; black triangle: storm event with a duration of 24h and
a return period of 100 years at this location, (CN for λ = 0.05), (source: HADES 1992). 
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In the case of high runoff coefficients the Curve Number equation also performs well as
shown in Figure II.5. In Figure II.5 a runoff coefficient of 0.94 is observed above a rainfall
volume of 50 mm. This fitting is due to the fact that for high CN values the corresponding
curves nearly become straight lines.

In the experiments shown in Figures II.4 and II.6, the Curve Number equation allows for
a reproduction of the observed overland flow up to a threshold value. Above this threshold
value of rainfall, the Curve Number equation starts to overestimate the overland flow.
This overestimation results from the fact that the Curve Number equation does not
account for percolation, i.e., the basic assumption of the equation leads to a runoff
coefficient close to 1.0 for extreme rainfall volumes. Figures II.4 and II.6 further show
that overestimation only occurs for high runoff volumes. Consequently, the Curve
Number equation seems to overestimate the overland flow for storm events with high
return periods1. Considering the goal of this analysis, it is interesting to formulate a
correction term. This term allows to reduce the overland flow estimated by the Curve
Number equation. Based on the limited number of experiments considered, this is
however not possible. 

)LJXUH�,,���Experiment 24 at Heitersberg plot site; The Curve Number equation fits the observed data;
(data source: Scherrer 1997); black triangle: storm event with a duration of 24h and a return
period of 100 years at this location, (CN for λ = 0.1), (source: HADES 1992).�

1. In Figures II.4 and II.6 the threshold value of rainfall above which the Curve Number equation
overestimates the runoff is close to a storm event with a duration of 24hours and a return period of
100 years. 
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Table II.2 further shows that local structures can be observed at numerous plot sites. These
structures which consist, e.g., of macropores, compaction by cattle or hydrophobic grass
vegetation have a major or even dominant influence on the runoff behaviour at the plot
sites. The presence of some of these structures can be estimated based on more general
information1 of the plot site. Other local structures such as macropores cannot be easily
detected a priori. Plots where the latter structures dominate are of lesser interest in the
context of this study as the analysis at plot scale aims at indications on the runoff
behaviour which can be transferred to Hydrologic Soil Complexes. These Hydrologic Soil
Complexes are determined based on general geographic information in the form of
GEOSTAT database thematic maps. 

)LJXUH�,,��� Experiment 23 at Spreitenbach plot site. Above a cumulated rainfall volume of 120 mm the
runoff is clearly overestimated; (data source: Scherrer 1997); black triangle: storm event with
a duration of 24h and a return period of 100 years at this location, (CN for λ = 0.1), (source:
HADES 1992) 

1. This information may consists in GEOSTAT thematic maps. 
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5XQRII�SURFHVVHV�DQG�6RLO�W\SHV

After the discussion of some general aspects of the performance of the Curve Number
equation, these findings are now linked to runoff processes and soil types. 
Table II.3 summarizes the performance of the Curve Number equation in respect to
dominant runoff processes1. At plot sites where the runoff coefficient only becomes
constant above a rainfall volume of 30 mm, the Curve Number equation allows for a good
reproduction of the observed data. The dominant runoff process at these plot sites is
known as Delayed Hortonian Overland Flow2. These plots are further characterised either
by a permeable matrix or an effective system of macropores. At plot sites where Absolute
Hortonian Overland Flow dominates, runoff coefficients mainly higher than 0.7 were
observed. For plots with high runoff coefficients which only become constant above a
threshold value for rainfall, the Curve Number equation also performs well. Figures II.5
and II.7 show two examples of experiments performed at plot sites at which Absolute
Hortonian Overland Flow is the dominating runoff process. In Figure II.5 a constant
runoff coefficient of 0.94 is observed starting from 50 mm and in Figure II.7 a constant
runoff coefficient of 0.5 is registered from the beginning of the event. The first experiment
is well reproduced by the Curve Number equation, whereas this equation fails to
reproduce the second experiment. The plots at which Absolute Hortonian Overland Flow
plays a major role are mainly plots with compacted or sealed surfaces or plots covered
with organic material. At plot sites dominated by Subsurface Flow, the Curve Number
does not behave uniformly. The runoff coefficients lie between 0.35 and 0.05. Runoff
coefficients < 0.05 are registered at plots where Deep Percolation is the main runoff
process. For the latter plots the Curve Number equation cannot be used to reproduce the
overland flow as shown in Figure II.8. Table II.4 summarizes the performance of the
Curve Number equation in terms of soil types. It clearly shows that for plots on 5HQG]LQD�
soils the Curve Number equation does not allow for a correct reproduction of the overland
flow. At Rendzina on dolomite or Rendzina on limestone the overland flow is very small
or there is even no overland flow. In the case of the Rendzina with high loam content, a
small constant runoff coefficient is observed starting from the beginning of the event. As
shown earlier in this Chapter, this runoff behaviour cannot be reproduced by the Curve
Number equation. The runoff behaviour observed in plots on 3RGVRO�&DPELVRO�is also not
reproducible with the Curve Number equation. On this soil very small runoff coefficients
(< 0.15) are observed. Should the runoff coefficient lie below 0.1, the Curve Number
equation allows for an approximate reproduction of the observed data up to a rainfall
volume of 70 mm. 

1. Runoff processes were only analysed in detail for a subset of the experimental plot sites. Scherrer
(1997) performed the corresponding experiments. 

2. The definition of runoff processes are identical to that used by Scherrer (1997). 
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'RPLQDQW�UXQRII�SURFHVV � ��RI�VLWHV 3HUIRUPDQFH�RI�WKH�&XUYH�1XPEHU�HTXDWLRQ �
��������� 	�
 �������
 ����� ������������� �����

� � � �

(overland flow caused by a very 
limited infiltration capacity of 
the soil)

5 The experiments often show a constant runoff   
coefficient which is quite high. Should the runoff 
coefficient does not become immediately constant, 
CN performs well as for high values of CN the   
corresponding CN curve nearly becomes a straight 
line. 

! ��� ��"#���$�����
 ����� ������������� �����

� � � �

(overland flow which increases 
during the event due to the 
decreasing infiltration capacity)

6 The CN equation is capable of reproducing the 
observed runoff.

% ��&('��������)"*�����
 ����� ������������� �����
 

� � � �
 

(overland flow caused by tem-
porary limitations of the infil-
tration capacity)

1 ? one single experiment

+���
,	�����
 � ������������� ����� � � � �

(overland flow caused by    
complete saturation of the soil)

1 ? one single experiment

+�	�����	���- ��.�� � � � �

(flow partially through pores, 
pipes and high permeable      
layers)

3 A constant runoff coefficient (low value) can be 
observed over a threshold of cumulative rainfall 
larger than 30-60 mm. The CN equation does not 
perform in a unique way.

! ����'$/0����.���� ��
 � ���

 (infiltrated water percolates 
through the whole soil profile to 
the geologic underground)

2 A constant runoff coefficient from the beginning of 
the experiment; therefore, the CN equation does not 
show a good performance. 

a Definition according to Scherrer (1997)
b)Performance of the Curve Number equation in reproducing the overland flow observed at the individual 

experimental rainfall plots. 

7DEOH�,,�� Performance of the Curve Number (CN) equation in respect to dominant runoff processes
(light grey: CN shows a good performance, grey: CN in some cases shows a good, in other
cases, a bad performance, black: CN shows a bad performance)
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)LJXUH�,,���Experiment 2 at Alpe San Gottardo plot site; dominant runoff process: Absolute Hortonian
Overland Flow;(data source: Scherrer 1997); black triangle: storm event with a duration of 24h
and a return period of 100 years at this location, (CN for λ = 0.2), (source: HADES 1992) 

)LJXUH�,,�� Performance of the SCS CN equation in terms of runoff processes: Experiment10 at Blauen plot
site; dominant runoff process: Deep Percolation; data: Scherrer 1997; black triangle: storm
event with a duration of 24h and a return period of 100 years at this location, (CN for λ = 0.05),
(source: HADES 1992).�
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At plot sites located on &DPELVRO HXWULF which were not influenced by local structures, a
constant runoff coefficient was observed above a rainfall volume of 50 mm. The Curve
Number equation reproduces the measured overland flow and the corresponding
parameterisation ranges from 57 to 67 for CN and from 0 to 0.1 for . Out of four plot
sites at which the soil consists of &DPELVRO� ZLWK� KLJK� VDQG� FRQWHQW� two were not
influenced by local structures. At both plot sites several experiments were carried out and
a constant runoff coefficient was observed starting from rainfall volumes of 50-80 mm.
At one site the observed runoff coefficients lie between 0.2 and 0.3, at the other between
0.6 and 0.7. This difference cannot be explained by the texture of the corresponding soils
but may be caused by different soil structures at the plot sites. At both sites the Curve
Number then shows a good performance. The corresponding Curve Number values range
from 25 to 57 (first plot site) and from 69-75 (second plot site) whereas values of 0 and of
0.05 to 0.15 for  fit best.
For plot sites on &DPELVRO�ZLWK�KLJK�ORDP FRQWHQW high runoff coefficients (0.7 - 0.9) are
registered above a rainfall volume of 40 mm. These experiments are well reproduced by
the Curve Number equation and the corresponding parameter set is of 74-89 for CN and
0.1 for . The experiments performed on plots located on &DPELVRO�JOH\LF were too short
for a clear evaluation of the performance of the Curve Number equation. At *OH\VROV the
Curve Number allows for an approximate simulation of the observed overland flow. The
runoff coefficients are quite high (0.7 - 0.95) and start at less than 20 mm of rainfall
volume. The Curve number equation fits approximately when the Curve Number values
are > 90 and  > 0.25. At 5DQNHU soils the observed overland flow is very small and cannot
be simulated by the Curve Number equation. 

3ORW�'HVFULSWLRQ +\GURORJLF�%HKDYLRXU�DW�
3ORW�6LWHV

3HUIRUPDQFH�RI�&XUYH�
1XPEHU�(TXDWLRQ

6RLO�7\SH ��RI�VLWHV � 5XQRII�
&RHIILFLHQW �

5DLQIDOO�
,QWHQVLW\ � *HQHUDO � 3DUDPHWHUL�

VDWLRQ �

Dolomit- � ������� � ���
���	� ��
� ��!������ !�� ��! ����� ��� � � �

(2) 0.1 (20) 95 �

Kalkschutt- � ��������� ���
���	� 
�� ��!������ !�� ��! � � � ���� ��!�� 1 0 100 -

Braunlehm- � ������� � ���
���	� 
�� ��!������ !�� � � � � �"� ���

� ����� � ��!�� ��!"�

2 (1) 0.15-0.5
(5-15)

40-105 �

Podsol-Braunerde-Semi
'����������

���	� 
�� �������� � ����� ��� ������ � ����
����

5(3) 0 - 0.15
(0-25)

35-90 15 / 0
0.05-0.1

� ����	����������
���	� 
 � ��� � � ������ ��� ��� � 3(2) 0 / 0.25-0.5

(35-175)
50-90 67 / 0

Cr: 0.5
59 / 0.1
Cr: 0.3
57 / 0.1
Cr: 0.25/0.45
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λ

λ

λ

λ



29

�$1$/<6,6�$7�3/27�6&$/(

sandige 
� ����	����������

��� � 
 ����� ��� ���������� ��� ��� � � �
��� � � ���!�� � ��!�� ��!"�

2(2) 0.2-0.3
(50-80)
0.7-0.9
(50-80)

50-90 20-(57) / 0
Cr: 0.2-0.3
55-77 / 0.05-
0.15
Cr:0.7-0.9

Hanglehm / Lehm-
� ����	����������

��� � 
 � ����� � � ��� ��� ���������� ��� �
��� � � �"� ��� � ����� � ��!�� ��!"�

2(2) 0.5 / 0.7-0.9
(90/40-90)

40-90 74-89 / 0.1
Cr: 0.7-0.9
93 0.1 
Cr: 0.7

Hanglehm-
/0����	 ��� � � �)"

��� � 
�� � � ������
1 0.86

(35)

�����
87 / 0.1

Pseudogley-
� ����	����������

��� � 
 ����� ��� ������ � � � � � 3(2) 0.3-0.6 / 0.9?
(40-60)

??? -

	 ��
�&

� �����
1 1.0 �

��� �)"

��� � 
�� � � ������
3 0.7-0.9/ 1

(0-20)
60-95 90-98 / 0.3

Cr: 0.7 - 0.9
92 / 0.2
Cr: 0.9

� ��������
��� � 
�� ��!�� ��� 2(1) 0 / 0.05-0.2

(30-50)
70-95 �

Podsol �� � � � �������
��� � 
�� ���������� � � � � ����

(1) 0.82 (7) 80 �

a) Only rough indications are given here, as there is no exact correspondence between the classification system used
to describe the plots (FAP 1992) and the FAO classification system (FAO 1974). First line: soil description
according to Scherrer (1997). 

b) (): number of plots at which local structures such as macropores, compaction by cattle or hydrophobic grass
vegetation dominate the runoff behaviour.

c) (): rainfall volume above which a constant runoff coefficient is observed.
d) Water sprinkled (mm/h)
e) Light grey: for most of the experiments the Curve Number equation allows for a reproduction of the observed

overland flow; grey: some experiments can be reproduced with the Curve Number equation, others not; black: the
experiments cannot be reproduced with the Curve Number equation.

f) This column only indicates the parameterisation of experiments where the Curve Number equation allows for a
good reproduction of the overland flow, plots at which local structures dominate the runoff behaviour are

consequently not considered. first number: Curve Number, second number: , Cr: corresponding observed

runoff coefficient; 
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3ORW�6LWHV

3HUIRUPDQFH�RI�&XUYH�
1XPEHU�(TXDWLRQ

6RLO�7\SH ��RI�VLWHV � 5XQRII�
&RHIILFLHQW �

5DLQIDOO�
,QWHQVLW\ � *HQHUDO � 3DUDPHWHUL�

VDWLRQ �
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In this chapter (II.2) the findings from the analysis of the Curve Number equation based
on data from rainfall experiments are summarized. It is then discussed to which extent
these findings can lead to indications on the behaviour / parameterisation of the Curve
Number equation for different Hydrologic Soil Complexes.

The analysis of the Curve Number equation relies on data from artificial rainfall
experiments performed on small plots of a few m

�

 in size. At these plot sites long lasting
storm events with very high and constant rainfall intensities were simulated and the
corresponding overland flow was measured. For most of the experiments a constant
runoff coefficient was observed. The overland flow became constant starting from a
cumulated rainfall volume which ranged from 0 mm to 80 mm. This observation contra-
dicts the Curve Number equation. The basic assumption of the Curve Number equation
leads to a runoff coefficient close to 1.0 for high rainfall volumes. The Curve Number
does nevertheless allow for a correct reproduction of the overland flow observed in a
number of experiments. It mainly succeeds in reproducing the observed overland flow
when the runoff coefficient becomes constant starting from a rainfall volume of more than
30 mm and when the runoff coefficient exceeds 0.2. For high rainfall volumes the
equation does however overestimate the overland flow. This overestimation results from
the basic assumption of the Curve Number equation that the runoff coefficient tends
towards one for high volumes of rainfall. 
A constant runoff coefficient starting from a rainfall volume larger than 30 mm is mainly
observed at plot sites at which “ Delayed Hortonian Overland Flow”  and to a lesser degree,
at which “ Absolute Hortonian Overland Flow”  are the dominant runoff processes. In
terms of soil types the Curve Number equation performs well on plots located on
Cambisols and Gleysols. For eutric Cambisols and Cambisols with high sand content, the
best fitting Curve Number values ranged from 20 to 77 and values of 0 to 0.05 were
observed for . At plots on Cambisols with high loam content Curve Number values of
74 - 93 were measured whereas on Gleysols - plots the values for the best fitting Curve
Numbers ranged from 90 to 98.  was closer to 0.05 at Cambisols with high loam content
and lied above 0.2 for Gleysols. Based on these experiments it was further not possible to
formulate a correlation between the parameterisation of the Curve Number equation and
antecedent rainfall and / or soil texture. 

The aforementioned analysis results in general indications on the suitability of the Curve
Number equation to reproduce the overland flow observed on a number of plot sites
representing different soil types. Further, it gives an idea on the order of magnitude for the
parameterisation of the Curve Number equation. These general indications may now
serve as preliminary guidelines for the parameterisation of the Curve Number equation for
single Hydrologic Soil Complexes. It may then be assumed for example that Hydrologic
Soil Complexes, where Ranker is the dominating soil type, results in no overland flow or
that a Hydrologic Soil Complex where Gleysol dominates should be parameterised with
a CN value larger than 70. When formulating these assumptions one should however be
aware of the fact that the rainfall plots and the Hydrologic Soil Complexes do not
represent the same spatial scale. Processes dominating at the plot scale may be of minor
importance at the spatial scale of the Hydrologic Soil Complexes.

λ

λ
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Other findings of the aforementioned analysis which are of further interest for the
parameterisation and the performance of the Curve Number equation for Hydrologic Soil
Complexes are the overestimation of the Curve Number equation and the value , the
share of the initial abstraction. In a number of experiments where the Curve Number
allows for a correct reproduction of the observed data, the overland flow is overestimated
starting from a larger rainfall volume. It is shown that this overestimation mainly results
from the basic assumption of the Curve Number equation which does not account for
percolation. Since percolation is also expected to occur at the spatial scale of the Hydro-
logic Soil Complexes, an overestimation of the overland flow may be expected for larger
storm events.
In contrast to the indication in the original method, for most experiments values of  were
closer to 0.05 than to 0.2. This also corresponds to latest evidence in the literature
(Hawkins et al. 2002a and 2002b) In this analysis  was determined for more than 28’ 000
storms observed in 307 different catchments all over the United States. The analysis
showed that in 80% of the storms a value of 0.05 for  fits the observed rainfall-runoff
data better than the original value of 0.2. In the present study  is consequently set to 0.05
and kept fixed at this value when the Curve Number method is parameterised for single
Hydrologic Soil Complexes. 

In the next Chapter (III) the Curve Number method is tested and a best fitting
parameterisation of the method determined for single Hydrologic Soil Complexes based
on simulations of historical flood events. This resulting parameterisation is then
compared to the parameterisation found for single soil types at the experimental rainfall
plots presented in this Chapter (II). 

λ

λ

λ

λ
λ
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The previous Chapter (II) reported on the analysis of the Curve Number equation based
on runoff data observed at experimental rainfall plots. The runoff data allowed for an
investigation of the performance and the parameterisation of the Curve Number equation
for a number of well defined soil types at a small spatial scale. The meteorologic and
hydrologic conditions at the plot sites were also known in detail. 
The present study does however mainly aim at Hydrologic Soil Complexes. It intends to
adapt the Curve Number method in order to enable a correct reproduction of the observed
overland flow for a number of Hydrologic Soil Complexes. The number of Hydrologic
Soil Complexes should ideally encompass all Hydrologic Soil Complexes which can be
distinguished based on information from the GEOSTAT maps. In this Chapter (III) the
Curve Number equation is consequently analysed for different Hydrologic Soil
Complexes based on simulations of historical flood events. Annual flood events observed
in four prealpine and alpine catchments of different size and characteristics are simulated
by means of a distributed grid- and event based Rainfall-Runoff model. In this model the
overland flow is calculated by the Curve Number equation and the spatial resolution
corresponds to the resolution of the geographic information (GEOSTAT maps). The
simulations result in approximate indications of the performance and the parameterisation
of the Curve Number equation for the Hydrologic Soil Complexes present in the four
catchments considered. The findings gained in the previous Chapter (II) are then also
used, if possible, to refine the indications on the parameterisation and the performance of
the Curve Number equation for single Hydrologic Soil Complexes. 
This Chapter (III) first introduces some methodological aspects of the simulations
(Chapter III.1). It discusses the distinction of Hydrologic Soil Complexes based on
information from GEOSTAT maps and introduces the Rainfall-Runoff model. Different
aspect of the parametersation of the model and the calibration and validation procedure
are then presented. The following Chapter (III.2) describes simulation in the different
catchments. It introduces the geographic characteristics of the catchments and the
differentiation of the Hydrologic Soil Complexes. The calibration and the validation are
then presented. Chapter (III.3) discusses some general findings from all simulations. The
resulting parameterisation for the different Hydrologic Soil Complexes is first presented
and compared with the original parameterisation of the equation. In order to “ obtain”  the
original parameterisation of the equation, a correspondence between the soil and land
cover descriptors of the Curve Number method and the GEOSTAT maps is established.
This allows for a direct assignment of (original) CN values based on information from the
GEOSTAT maps1. The results of the simulations are further compared to the results of
the analysis presented in the previous chapter (Chapter II). 

1. The Curve Number method with its original parametersation is however intended for the simulation
of direct runoff. In this study the Curve Number equation is used to simulate the overland flow
observed at the individual Hydrologic Soil Complexes. 
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This chapter (III.1) mainly discusses questions related to the methodology of the
simulations. It starts by describing the distinction of Hydrologic Soil Complexes based on
information from the GEOSTAT maps (chapter III.1.1). The Rainfall-Runoff model used
for the simulations is then presented in chapter (III.1.2). In the last chapter (III.1.3) the
simulation procedure and the corresponding basic assumptions are introduced.

��� 7+(�+65&�&21&(37
The Curve Number method distinguishes Hydrologic Soil Complexes which are supposed
to show a particular hydrologic behaviour. Hydrologic Soil Complexes are defined based
on land cover and soil type. The GEOSTAT database contains both land use and a soil
map. There is, however, additional hydrological relevant information in other GEOSTAT
maps and in the digital elevation model1, also available for the whole territory of
Switzerland. This information may be used to refine the distinction of Hydrologic Soil
Complexes. Hydrological relevant information can be derived from the geotechnical map
of GEOSTAT and further consists in slope, aspect and elevation determined from the
digital elevation model. In this study the topographic information is however not further
taken into consideration as these characteristics are assumed to play a minor role in the
present context. The elevation plays a major role to estimate whether rainfall falls in the
form of snow or rain. Since snow is not considered in the current version of the model,
this point is of minor importance. Influences of elevation on vegetation and the soil are
already implicitly included in the land cover and soil map. The latter map does also
roughly consider the aspect2. The aspect is an important element for the determination of
the evapotranspiration which is however not considered in event-based simulation. The
slope, the last additional characteristic, is also included in the description of the soil types.
Consequently, all three characteristics are either of minor importance in the context of this
study or are implicitly considered in the description of the soil types. Information from
the geotechnical map of GEOSTAT is however used in the determination of the Hydro-
logic Soil Complexes. For shallow soils the permeability of the underlying geologic
formation is taken into consideration. The resulting procedure for the distinction of
Hydrological Soil Complexes3 is then shown in Figure III.1: Land cover is first
considered. When the land cover is glacier, rock, rock debris, marshland or residential
area, it is assumed that there is no soil or the soil properties have a minor influence on the
runoff behaviour. The corresponding areas are directly distinct as types of Hydrologic
Similar Reacting Cells. For all other land use categories, the soil characteristics are also
considered in the determination of the Hydrologic Similar Reacting Cells. In case the

1. The digital elevation model used for all catchments in this study is the DHM25 from the Swiss
Federal Office of Topography. It covers all Switzerland, has a spatial resolution of 25 m by 25 m
and an accuracy of around 1.5 m for the Swiss Plateau and of approx. 5m to 8m for the alpine area.
For the simulations a grid size of 25 m by 25 m is chosen for the small catchments and of 100m by
100m for the mesoscale catchments. In mesoscale catchments the altitude of one grid cell is
determined by averaging the altitude of 16 adjacent cells.

2. The soil map of GEOSTAT does e.g. distinguish between one soil type X oriented south- or north-
wards.

3. The Hydrologic Soil Complexes which are determined following the procedure described in this
chapter are denominated Hydrological Similar Reacting Cells (HSRCs). 
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depth of the soil does not exceed 60 cm, the permeability of the geologic underground is
also supposed to play a role. 

��� 5$,1)$//�5812))�02'(/
In this study no new model is developed, but rather an existing modeling frame is adapted
to the specific needs of the study. The prototype of the modeling frame, called “ FEST1” ,
was introduced by Mancini (1998). It basically consists of two modules, the overland flow
production module based on the Curve Number equation and the routing module for the
overland flow which uses the Muskingum-Cunge method to transport the overland flow
from cell to cell to the outlet of the catchment. It is therefore suited for catchments where,
during flood events, overland flow dominates and subsurface flow and baseflow play a
secondary or even insignificant role. The catchments considered in this project do
however not belong to this category and the contribution of subsurface flow during flood
events cannot be neglected. Applying the model in its original form in these catchments
would consequently require a separation of the different runoff components of the flood

)LJXUH�,,,�� Procedure to assign HSRCs (Hydrological Similar Reacting Cells)

1. Flood Event Simulation Tool

GEOSTAT maps (land use, geology, pedology)

Land use categories 
glacier, rock,

 marshland, residential 
area ?

���������
: glacier, rock, marshland,

residential area

no

yes

Soil depth ≥ 60 cm ?

���������
	 ������ �����������
� ������� ����������� : assignment
according to soil characteristics

yes

no

Permeable geologic 
underground ?

���������
	 ������� ��!�"#� �$������ ���%
& �������'����� & ����� : assignment
according to soil characteristics

���������
	 � � ������� ��!�"�� �$������ �(��%
& �������'����� & ����� : assignment
according to soil characteristics

yes

no

Do for each cell type

CONTINUE
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hydrograph in order to study the overland flow separately. As recently shown by Joerin
(2000), a reliable objective physical determination of the different components of the
flood hydrograph is possible but requires a certain experimental effort which cannot be
considered in the context of this study. Hence, a subsurface flow module is introduced in
the model. Physical processes of minor importance during the flood events, e.g.,
evapotranspiration are not considered in order not to add noise to the signals of the
simulations which could diminish the capability to analyse the performance of the runoff
generation module. The evapotranspiration is further neglected as it plays on a longer
characteristic time scale than the flood event. 
The modeling frame “ FEST”  consists of three subprograms, “ Rlago” , “ Reticolo”  and
“ FEST98” . “ Rlago”  and “ Reticolo”  are auxiliary programs which derive the digital river
network from the digital elevation model which is then used in the main program
“ FEST98” .   Modifications introduced to the original version of “ FEST”  only concern the
rainfall-runoff program. This modified version of “ FEST98”  is then called
“ FEST98mod” . All three programs are discussed more in detail in the following sections;
corresponding flowcharts are presented in Annex A. 

����� 5ODJR��5HWLFROR
The two programs generate the digital river network from the DEM. “ Rlago”  first fills the
sinks in the DEM up to a given threshold value for the depth of the sinks in order to avoid
artificial lakes being created. The resulting modified DEM is then used to calculate the
flow direction for each grid cell using the “ D8 method”  (Douglas, 1986 and Fairfield and
Leymarie, 1991). In this method the drainage and flow direction of a specific cell is
defined as the direction towards the lowest neighbouring cell which corresponds to the
steepest slope. Based on the resulting flow-direction grid, the coordinates of the outlet
“ Reticolo”  subsequently determine the shape of the catchment. The distinction of the cells
belonging to the river channels is performed with the main program “ FEST98mod” . It is
based on the “ critical source area concept”  (Mark, 1984 and Martz and Garbrecht, 1998),
where all those cells become river-channels whose drainage area exceeds a certain
threshold value. As the overland flow is routed in all cells by the same method, the
distinction of overland (flow) and channel (flow) cells is only expressed by a different
parameterisation of the surface roughness. Consequently, a threshold value for the drain-
age area can be fixed separately for each single simulation. In the context of this project,
a threshold value is however fixed once for each catchment based on the digital river
network of Switzerland1. 

����� )(67��PRG
FEST98mod is the Rainfall-Runoff model and consists, as briefly mentioned, of three
modules for overland flow production, overland flow routing and subsurface flow (see
Figure III.2). Due to the event-based structure of the model, evaporation,
evapotranspiration and baseflow are not implemented. 

1. Dataset available from Swiss Federal Office of Topography
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FEST98mod relies on the SCS CN equation for the calculation of the overland flow. The
overland flow for each time step is then calculated according to:

 (III_1)

with:
Qo(t):cumulated overland flow up to time t [mm]

One value of CN and  must then be estimated for each cell. (In contrast to the original
equation (SCS 1985) 1 is also supposed to be variable).
In addition to the SCS CN equation, another two methods to estimate the overland flow
are implemented in FEST98mod. The first method assumes a constant runoff coefficient
during the whole storm event, the second method calculates with the SCS CN method up
to a threshold value for the cumulated rainfall before changing to a constant runoff

)LJXUH�,,,��:FEST(98mod), schematic overview of the model structure, SDUDOOHORJUDP: input, output,
partially calculated with Rlago and Reticolo, UKRPEXV: decision, the upper rhombus decides
on the portion of the infiltrated precipitation which becomes baseflow, UHFWDQJOH: main
elements of the model.

1. Ia =  * S, Ia: initial abstraction, S: maximum soil potential retention

Qo ∆t( ) Qo t( ) Qo t 1–( )–=

�
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������� ��� ��� ��� ���	�	�

(Thiessen polygons or raster map)

��� 
���� ������ � ���������	� � ���

(Muskingum Cunge)

�  !#" $ % & '	% (�)+*,& (�-�" *." % '	% " /# 

0,'21 ( !#$ /�3
 (not further considered)

4 ����� ����� ��5�
6� � ���

(1 linear reservoir)
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coefficient. The latter methods are implemented based on observations made at the rain-
fall plots, but require the estimation of a runoff coefficient and of a threshold value for
each cell and are therefore not further considered in the study. 
The rainfall-input from which the overland flow production starts can either consist in a
raster map or a single value for the different gauging stations for each time step. In the
latter case, the model disaggregates the point values by the method of the Thiessen
polygons. 

2YHUODQG�IORZ�URXWLQJ
The overland flow routing component of the model is based on the method of Muskingum
Cunge. It is further assumed that each cell corresponds to a distinct river segment. As
shown by (Cunge 1968), this method represents a finite difference approximation of a
differential equation which is obtained from the Saint-Venant equation when omitting the
inertia term. The overland flow (qo) at location  and time

 is then determined according to: 

 (III_2)

The coefficients C1, C2, C3 are expressed by the Muskingum coefficients X,K:

 (III_3)

 (III_4)

 (III_5)

and

 (III_6)

 (III_7)

with:
cK: celerity [m/s]
qrif: reference overland flow at basin outlet [m

�

/s]
B: width of water surface [m]

x i 1+( ) ∆x⋅=
t j 1+( ) ∆t⋅=

qoi 1+
j 1+ C1 qo⋅

i
j 1+ C2 qo⋅

i
j C3 qo⋅

i 1+
j+ +=

C1
∆t 2 K X⋅ ⋅( )–

2 K 1 X–( )⋅ ⋅ ∆t+
----------------------------------------------=

C2
∆t 2 K X⋅ ⋅( )+

2 K 1 X–( )⋅ ⋅ ∆t+
----------------------------------------------=

C3
2 K 1 X–( )⋅ ⋅ ∆t–
2 K 1 X–( )⋅ ⋅ ∆t+
----------------------------------------------=

K
∆x
cK
-------=

X
1
2
--- 1

qrif

B cK Slo ∆x⋅ ⋅ ⋅--------------------------------------–
 
 
 

⋅=
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Slo: slope

: length of river segment [m]
: time step [s]

In FEST98(mod) the celerity is estimated by first assuming,

 (III_8)

with:
vm: average flow velocity in a large rectangular channel [m/s]

and estimating the average flow velocity by:

 (III_9)

kstr: Strickler’ s roughness coefficient [m
��� �

/s]
Slo: slope
R: hydraulic radius [m] 
h: water depth [m]

This structure of the overland flow routing model requires the following input parameters:

• qrif, reference overland flow at the outlet. The program assigns a discharge value
to each cell which is scaled by its drainage area. 

• h, water depth for channel cells and overland cells which corresponds to Q. The
width of the river segments (channel and overland cells) is assumed equal to the
cell width.

• kstr, Strickler’ s roughness coefficient, one value for each cell is required.
• Slo, slope for each cell is determined by the program from the DEM

The dampening effect of the method is, as pointed out by Cunge (1968), in principle based
on a difference “ ... introduced to the analytical solution of the original differential
equation in the form of an artificial attenuation of the rate of flow...”  It is however often
interpreted as the “ storage volume of flooding in a river channel by a combination of
wedge and prism storage”  (Chow et al. 1988). To this end (III_2) is written as:

 (III_10)

with:
qo: outflow of river segment [m

�

/s]
io: inflow of river segment [m

�

/s]

With some modification shown in Chow et al. (1988), one obtains the formulation of the
total storage in the river channel as:

 (III_11)

∆x
∆t

cK
5
3
--- vm⋅=

vm

qrif

B h⋅( )---------------- kstr Slo

1
2
---

R

2
3
---

⋅ ⋅= =

qo( )j 1+ C1 io⋅ j 1+ C2 io⋅ j C3 qo( )j⋅+ +=

Sto K qo⋅ K X io qo–( )⋅ ⋅+=
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with:
K,X: Muskingum coefficients which remain constant [K: s; X: dimension-

less]
Kqo: volume of prism storage [m

�

]
KX(io-qo): volume of wedge storage [m

�

]

Assuming a constant value of K and X = 0 in equation (III_11), this equation is similar to
the formulation of the linear reservoir (  with volume S [m

�

], outflow rate qo
[m

�

/s] and storage constant k1 [s]). Consequently the overland flow routing module
implemented in the model can be seen as a cascade of linear reservoirs with each cell
corresponding to one reservoir. 

6XEVXUIDFH�IORZ
The fraction of the rainfall which remains after the separation of the overland flow is split
into baseflow and subsurface flow. Baseflow is not further considered in the model as it
is assumed to have a minor influence on the flood hydrograph. The subsurface flow is
routed to the basin outlet.
Two routing routines for the subsurface flow are implemented in the model: one single
linear reservoir for the whole catchment and a cascade of linear reservoirs. In the second
routine, each cell is considered as a linear reservoir. In analogy to the routing routine of
the overland flow, the Muskingum Cunge method is applied to each single cell, assuming
a constant value of K and with X = 0 (see Formulas (III_6) and (III_7)). This routing
routine is, however, not further considered in the present work. It requires the estimation
of a parameterisation for each single cell and therefore contradicts the intention to keep
the subsurface flow module as simple as possible. By keeping the latter as simple as
possible, the introduction of further noise which could limit the capability to analyse the
performance of the overland flow generation module is avoided. The large number of
linear reservoirs leads, on the other hand, to an attenuation of the subsurface flow
hydrograph. This does not, however, correspond to the shape of the recession curves of
the observed flood hydrographs (total runoff). 
In the first routing routine, which consists of one single linear reservoir, the subsurface
flow [m

�

/s] at each river section is determined as follows:

 (III_12)

with:
psub: sum of subsurface flow produced in all cells which drain into the  

outlet cell(s) during the timestep  [m
�

/s]
K1: storage constant [s]

: time step [s]
subsurface flow during the time step  [m

�

/s]

Equation (III_12) represents a special solution of the differential equation of one linear
reservoir (equation (III_13)). 

S k1 qo⋅=

qsub t m ∆t⋅=( )

qsub m ∆t⋅( ) qsub m 1–( ) ∆t⋅( ) e

∆t
K1
-------–

psub 1 e

∆t
K1
-------–

–
 
 
 
 

⋅+⋅=

m ∆t⋅( )

∆t
qsub m ∆t⋅( ) m ∆t⋅( )
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  (III_13)

with:
p: inflow into reservoir [m

�

/s] 
K1: storage constant [s]
q: outflow from reservoir [m

�

/s] 

The latter equation can be obtained by combining the equation of a linear reservoir with
the continuity equation (equations (III_14) and (III_15)):

 (III_14)

 (III_15)

with:
Sli: Storage volume of a linear reservoir, [m3]

In this first routing routine, the parameters K1 and xQb must be estimated. K1 [s]
represents the constant of the linear reservoir and xQb the fraction of the infiltrated rain-
fall which becomes subsurface flow (upper rhombus in the flowchart of the model, Figure
III.2). 
The total runoff calculated by the model consists of the sum of overland flow and sub-
surface flow at the chosen outlet(s). The baseflow is not considered. 

��� 3$5$0(7(5,6$7,21�2)�7+(�02'(/���6,08/$7,21�352&('85(
The analysis reported in this chapter (Chapter III) aims at insights in the capability of the
Curve Number equation to reproduce overland flow for different types of Hydrological
Similar Reacting Cells. To this end, hydrographs of historical flood events are reproduced
by means of the aforementioned (see Chapter III.1.2) distributed (grid based) Rainfall-
Runoff model. In this model, each grid cell corresponds to a Hydrologic Similar Reacting
Cell. In contrast to the analysis of the plots, the simulations do not, however, allow for a
unique conclusion on the parameterisation and performance of the Curve Number    equa-
tion at the single Hydrologic Similar Reacting Cells. The simulated hydrograph at the out-
let of a catchment is furthermore influenced by a number of Hydrological Similar
Reacting Cells and by the different modules of the model. Different sets of parameter
values therefore result in similar hydrographs. This “ equifinality”  problem can be
addressed, on the one hand, by automatic calibration procedures as presented by Beven
(1992). In these procedures simulations are run with all possible combinations of
parameter values and the quality of fitting between observed and simulated hydrograph is
registered for each simulation run. The procedures do however require a considerable
computational effort and the physical interpretation of the numerous resulting “ optimum
parameter sets”  is not straightforward. Another way of addressing the “ equifinality”

p q K1
dq
dt
------⋅ 

 +=

q
1

K1
------- Sli⋅=

p q
dSli

dt
----------+=
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problem chosen in this study consists in fixing certain parameters a priori. The parameter
values are fixed based on additional information on the Hydrological Similar Reacting
Cells, indications in the literature or assumptions based on theoretical considerations. The
analysis reported in the previous chapter (Chapter II) aimed at gaining additional
information on single Hydrological Similar Reacting Cells. By gaining insights into the
performance of the Curve Number equation for soil types, conclusions may also be drawn
on the corresponding Hydrological Similar Reacting Cells. Fixing certain parameter
values a priori does however condition the findings of the simulations. The resulting
conclusions / parameterisations are only valid under the assumption made when fixing
certain parameter values. 
The parameters which must be estimated in the FEST98mod model are listed in Table
III.1. The list shows that there is a number of parameters influencing C1, C2 and C3 of the
overland flow routing method. With the exception of the roughness coefficient, these
parameters are fixed a priori. In addition  is set to 0.05 based on the findings of the
analysis at plot scale and the latest evidence in the literature (Hawkins et al. 2002a and
2002b). After fixing the values of the aforementioned parameters a priori, a subset
remains. It consists on the one hand of xQb and K, the parameters of the subsurface flow
module. For xQb and K one value must be estimated for the whole catchment. On the
other hand, there are CN0.05 and Kstr overland which must be estimated for all Hydrological
Similar Reacting Cells. As the influence of the single Hydrological Similar Reacting Cells
on the runoff production cannot be clearly differentiated, further assumptions become
necessary: a relationship of the values of the maximum soil potential retention for the
different HSRCs is fixed a priori, (S0.05HSRC1 : S0.05HSRC2 : S0.05HSRC3 is set to e.g. to 1: 1.2 :
1.5) based on additional information derived from the analysis of the experimental rainfall
plots, indications in the literature or assumptions relying on theoretical considerations as
further discussed in Chapters III.2.1.3 and III.2.2.2. Due to the uncertainties related to this
procedure, the number of Hydrological Similar Reacting Cells within a catchment is
reduced by “ grouping”  Hydrological Similar Reacting Cells with similar characteristics1. 

The simulation procedure starts with the delineation of the Hydrological Similar Reacting
Cells based on the GEOSTAT maps. Assumptions on the relative parameterisation of the
different Hydrological Similar Reacting Cells are then formulated. These assumptions are
based on theoretical considerations and on the findings from the analysis of experimental
plots. Best fitting values for CN and Kstr overland are then determined for all Hydrological
Similar Reacting Cells based on the flood events chosen for calibration. This step does
however not aim at one single best fitting parameter value but at a range within which the
best fitting parameter values lie. The limits of this range are fixed in correspondence with
the main goal of the simulations which consists in a correct reproduction of the flood peak
and the timing of the peak. Consequently, a simulation is accepted when it reproduces the
flood peak by % in size and timestep in position. For the volume of the flood
runoff % is set as a criterion. This procedure is chosen since it allows to better
account for the uncertainties related to parameterisation. From the range of best fitting
parameter values, one of the mean values2 is chosen to analyse the relation of the

1. HSRCs are groups of grid-cells of the distributed modeling frame which are identically
parameterised. For each grid-cell the model does nevertheless calculate the overland flow
separately. Grouping HSRCs with similar characteristics means that all cells belonging to these
HSRCs get the same parameterisation. In case there is additional information on the hydrologic
behaviour of single HSRCs, the grouped HSRCs can be split again. 

λ

10± 1±
10 15–( )±
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parameterisation to event characteristics. The concept of the “ Antecedent Runoff
Conditions”  (see Chapter I.2.2) which allows to adapt the parameterisation based on the
antecedent rainfall is also tested and modified if necessary. This relation then serves to
determine the parameterisation for the flood events chosen for validation. 

2. +/- 5% deviation of total runoff volume and peak runoff from observed values; timing: deviation of
+/- 1 timestep.

Module of FEST98mod Parameter

Name Description

Overland Flow Production

�VHH�)LJXUH�,,,���
CN Curve Number; must be determined 

for each HSRC (see equations I_5 and 
I_8)

coefficient of initial abstraction             
(Ia = *S); must be determined for 
each HSRC (see equation I_3)

Overland Flow Routing

�VHH�)LJXUH�,,,���DQG�HTXDWLRQV�
,,,B����,,,B��

kstr overland Strickler’s roughness coefficient for 
overland flow, must be determined for 
each HSRC �XVHG�WR�GHWHUPLQH�& � ��& � �& � �
RI�WKH�0XVNLQJXP�&XQJH�PHWKRG���>P

��� �

�V@
kstr channel Strickler’s roughness coefficient for 

the channel flow; two values for all 
channel cells, one for channel sections 
with steeper and one for channel     
sections with flatter slopes �XVHG�WR�
GHWHUPLQH�& � ��&� �& � �RI�WKH�0XVNLQJXP�
&XQJH�PHWKRG���>P

��� �

�V@
xllv, xllr average channel width / water depth 

for overland flow (xllv) and channel 
flow cells (xllr); �XVHG�WR�GHWHUPLQH�& � ��
& � �& � �RI�WKH�0XVNLQJXP�&XQJH�PHWKRG�

qrif reference runoff at basin outlet, �XVHG�WR�
GHWHUPLQH�& � ��&� �& � �RI�WKH�0XVNLQJXP�
&XQJH�PHWKRG��>P

�

�V@
Arif total basin area; �XVHG�WR�GHWHUPLQH�& � ��

& � �& � �RI�WKH�0XVNLQJXP�&XQJH�PHWKRG���
>FHOOV@

Subsurface Flow 

�VHH�)LJXUH�,,,���
xQb fraction of percolated rainfall which 

becomes subsurface flow; one value 
for the whole catchment / subcatch-
ment 

K1 constant of linear reservoir; one value 
for whole catchment / subcatchment, 
VHH�(TXDWLRQ��,,,B�����>V@

7DEOH�,,,�� Parameters of the FEST98mod model

λ
λ
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This chapter (III.2) reports on the simulations in the different catchments. The flood
events considered were observed in four catchments differing in size and character. The
first two catchments (the Erlenbach and the Vogelbach) are both located in the prealpine
valley of the Alp in the centre of Switzerland. They are neighbouring basins of small scale
with a drainage area of 0.75 km

�

 and 1.55 km
�

, respectively. The next catchment
considered is the Murg upstream of Wängi which represents a prealpine mesoscale catch-
ment (78 km

�

) and is located in the north-eastern part of Switzerland. The Reuss upstream
of Andermatt is the only alpine catchment included in this study. This mesoscale catch-
ment (192 km

�

) lies in the central part of the Alps. 
These catchments represent a small number of basins which differ considerably in size
and characteristics. The first two catchments are selected as they represent two small scale
test catchments of the Swiss Federal Research Institute (WSL) and are consequently well
instrumented and investigated. In addition, there are experimental plots with continuous
rainfall and runoff records within one of the catchments. The Murg catchment is a test
catchment of the Swiss Federal Office for Water and Geology (FOWG) and several
investigations were also conducted on this basin. The Reuss catchment, on the other hand,
is of interest for the present study as it was exposed to a severe flood event in 1987. 

��� $/37$/�
This chapter reports on the simulations performed in Erlenbach and Vogelbach. It starts
by introducing the characteristics of both catchments and the experimental plots located
in the Erlenbach catchment (Chapter III.2.1.1). It then describes in Chapter III.2.1.2 the
first step of the simulation procedure which consists in the delineation of the different
Hydrologic Similar Reacting Cells (HSRC). Since the same HSRCs can be distinguished
in both catchments, it was decided to analyse both catchments together and to use the data
from one catchment for calibration and the data from the other for validation. For the
parameterisation of the overland flow module, it then becomes necessary to introduce
assumptions on the relations of the soil potential retention of the different HSRCs as
shown in Chapter III.1.3. These assumptions may rely on additional information or on
theoretical considerations. In the present case the data from the experimental plots located
in the Erlenbach catchment are used for this purpose. As the plots are located on different
HSRCs, they allow for indications on the parameterisation of the HSRCs. The
corresponding investigations are described in Chapter III.2.1.3. The next Chapter
(III.2.1.4) reports on the calibration based on the data from the Erlenbach catchment. The
best fitting parameter values are also used to test the relation of the parameterisation to the
antecedent rainfall presented in the method (ARC concept) and to modify it. This
modified relation then allows to determine the parameterisation for validation events, the
performance of which is outlined in Chapter III.2.1.5. In the following Chapter (III.2.1.6),
the findings of the calibration and the validation are summarized and discussed. 
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����� 'HVFULSWLRQ�RI�WKH�%DVLQV��DQG�'DWD�$YDLODELOLW\
The Erlenbach and Vogelbach catchments are both located at the southern end of the Alp
valley in canton Schwyz and belong to a number of small size (< 1.5 km

�

) test catchments
operated by the Swiss Federal Research Institute WSL. 
The Alp valley extends from Einsiedeln over an area of 40 km

�

 to the Mythen, two
mountains of around 1900 m a.s.l. located at the southern border of the valley. The valley
itself has an average width of 3-4 km and ranges from 900 to 1100 m in altitude. Its eastern
and western limitations are formed by two hill chains with an average altitude of 1500 m
a.s.l. on the slopes of which both the Erlenbach and the Vogelbach catchments are located.
Due to the dam effect of the valley accentuated by the Mythen, there is a considerable
difference in the average annual rainfall in the southern and the northern part of the catch-
ment. It ranges from 1650 mm in Einsiedeln to 2200 mm in the Vogelbach and 2300 mm
in the Erlenbach catchment. The corresponding average annual rainfall is close to 2000
mm and an average value of 5°C is measured in the southern part of the catchment. Figure
III.3 shows the average monthly rainfall for this area. A small maximum can be observed
in the summer months for the mean value whereas the maxima and minima form a wide
range over the whole year.
The geology in the Vogelbach and the Erlenbach area is characterized by Flysch2, an
alpine deposit consisting of mixed layers of clay, sandstone, marl and conglomerates. Due
to the imperviousness of this geologic layer, high annual rainfall and its elevation, the
overlaying soils are mainly wet. The dominant soil types (Gleysols) express a significant
clay content and low permeability. Consequently, the runoff processes are mainly
Hortonian and the most important flood peaks are caused by convective storm events with
high rainfall intensity. Cambisols with a higher permeability are however present in the
Vogelbach catchment. In Erlenbach a network of drainage trenches has further been
excavated in order to avoid landslides from the wetland/pasture areas. 
Both catchments are free of settlements. The land use consists of forest, pasture and
marshland. In the Erlenbach catchment the proportion of forest to pasture / marshland is
of 1 : 2 whereas it is just the opposite in the Vogelbach catchment. An overview of both
catchments is given in Figures III.4 and III.5. They also show the instrumentation which
mainly consists of one gauging station at the outlet of each catchment and of one to two
rainfall recording stations with a high temporal resolution.

1. The description of the Alp valley is mainly based on Burch (1994) and to a lesser extent on IHW
(1998). 

2. According to Labhart (1987) ” Flysch”  consists of material eroded from islands formed by the com-
pression of the seafloor which was then deposited in the surrounding oceans. This happened during
the earlier stages of the formation of the Alps.
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)LJXUH�,,,�� Average monthly rainfall in the Vogelbach catchment for the period of 1968-1993 (Figure
taken from (Burch 1994) and slightly rearranged.

)LJXUH�,,,�� Land use maps of the Erlenbach and Vogelbach catchments; they correspond to the land use
map AK72 from GEOSTAT refined with information from the soil map of GEOSTAT
according to the method presented in Chapter III.3.2.1. 
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Rainfall-runoff data with a high temporal resolution are also available from three
experimental plots located within the Erlenbach catchment installed in the context of the
NITREX project1.
The Nitrex plots are located in the lower part of the Erlenbach catchment and cover an
area of 0.17 ha, 0.15 ha and 0.17 ha respectively. Two of them are in the forest, one on
pasture (in the meantime this plot is also partially covered by trees and bushes). The upper
boundary of the plots is formed by a drainage trench which inhibits the inflow of water
from uphill. Another drainage trench connected to a gauging station forms the bottom end
of the plot. The runoff measured at the gauging station corresponds to the total runoff

%DVLQ�$UHD

• 0.75 km
�

 (Erlenbach)
• 1.55 km

�

 (Vogelbach)

(OHYDWLRQ

• 1110 to 1650 m a.s.l.
• 1020 to 1550 m a.s.l.

*DXJLQJ�VWDWLRQV

• Erlenbach (outlet) 1978 - to date
• Vogelbach (outlet) 1975 - to date

5DLQIDOO�UHFRUGLQJ�VWDWLRQV

• Erlenhöhe, 10’ , 1981 - to date
• Erlen meteo tower 10’ , (not shown 

on the map)
• Vogelbach, 10’ , -to date

)LJXUH�,,,�� Characteristics of the Erlenbach and Vogelbach catchments (partially taken from Hürlimann
(2001)); maps reproduced with the permission of the Federal Office of Topography
(BA013752) from 25.9.01 (LK 1: 25’ 000 / Blatt 1152 / 1999)

1. The NITREX project (Nitrogen saturation experiments on forest ecosystems, Wrigth and van
Breemen, 1995) has been carried out within the environment program of the European Union with
the purpose of studying the effects of nitrogen depositions on spruce and fir forest ecosystems of
the Swiss prealpine environment.
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since percolation is limited to the first 10cm of the soil and the overland flow is not
collected separately as in the experimental rainfall plots. Rainfall is measured with a high
temporal resolution (10’ ) above the forest canopy. The NITREX plots are not shown in
Figure III.5 but located close to the signature for “ snow measurement forest”  in the lower
part of the catchment. 

����� (VWLPDWLRQ�RI�+65&V�LQ�WKH�(UOHQEDFK�DQG�9RJHOEDFK�&DWFKPHQWV
The estimation of HSRCs and eventual groups of HSRCs forms the first step of the
simulations. Since the types of cells in both the Erlenbach and Vogelbach catchment are
nearly the same, the catchments are analysed at the same time. The small number of
different cell types allows furthermore to explain the estimation of the HSRCs in detail. 

(UOHQEDFK

The following Table III.2 shows the different cell types which can be distinguished in the
Erlenbach catchment based on GEOSTAT maps of land use, pedology and geology. 

The cell types are then assigned to HSRCs according to the procedure presented in Figure
III.1. It starts by analysing the land use category of the cells. In case the actual land use
category belongs to these categories where the soil type is of minor importance for hydro-
logic behaviour, the cells are directly assigned to the corresponding HSRC. In the

&HOO�7\SH /DQGXVH 6RLO�7\SH � *HRORJ\ �

1 marshland Gleysol humic, Gleysol mollic talus material

2 marshland Gleysol humic, Gleysol mollic layers of marl schist and marl-
lime

3 wood good cover Gleysol humic, Gleysol mollic talus material

4 wood good cover Gleysol humic, Gleysol mollic layers of marl schist and marl-
lime

5 cattle and feed Gleysol humic, Gleysol mollic talus material

6 cattle and feed Gleysol humic, Gleysol mollic marl schist and limephyllite

7 cattle and feed Gleysol humic, Gleysol mollic layers of marl schist and marl-
lime

8 cattle Regosol eutric, Regosol cal-
caric

marl schist and limephyllite

9 cattle and feed Gleysol mollic, Gleysol humic layers of marl schist and marl-
lime

a Two soils with the highest probability of occurrence in the corresponding soil category of the GEOSTAT 
map. 

b Approximate personal translation

7DEOH�,,,�� Different cell types in the Erlenbach catchment. The information on land
use was refined based on indications from the GEOSTAT geological map
as outlined in chapter III.3.2.1.



49

�6,08/$7,216�$7�%$6,1���6&$/(
Erlenbach catchment, all cells with landuse marshland are consequently assigned to the
HSRC marshland. For all the other landuse categories present in the catchment,
information on soil and geology is also considered for the assignment. The next land use
categories analysed are “ cattle”  and “ cattle and feed” . These categories originally belong
to the same category of the GEOSTAT landuse map but were differentiated based on
additional information from the GEOSTAT soil map (see Chapter III.3.2.1). As this
information is also considered for the assignment of the HSRCs, these two landuse
categories have been merged into the “ pasture”  category. Among the cells belonging to
latter landuse category there are three different soil types (Gleysol humic, Gleysol mollic,
Regosol eutric). In accordance with the description in the GEOSTAT soil map these soils
do not differ significantly in their hydrologic behaviour and are merged into one group.
Consequently all cells with landuse “ cattle”  and “ cattle and feed”  are assigned to the
HSRC “ pasture” . The last of the three aforementioned soil types differs from the others
in respect to permeability and skeleton content. It is nevertheless grouped with the other
soils as its overall characterisation does not differ too much from the characterisation of
the other soils. The information on the underlying geologic layer is not considered for the
assignment due to the low permeability of the soil and despite its shallow depth. The
remaining cells are covered with forest. Since the dominant soil types are identical with
those on pasture covered cells, the same consideration applies and all cells of the landuse
category forest are assigned to the HSRC “ forest” . The resulting HSRCs are reported in
Table III.3.

Since the area covered by the HSRC marshland is very small, the HSRC marshland is
added to the HSRC pasture1. Figure III.6 shows the catchment with all cell types and the
grouped HSRCs.

+65& ��RI�FDWFKPHQW�DUHD
marshland (A1) 6.3

pasture (A1) 62.5

forest (A2) 31.2

7DEOH�,,,�� HSRCs in the Erlenbach catchment

1. Remark: Merging the different cell types into HSRCs and groups of HSRCs has no influence on the
structure of the distributed Rainfall-Runoff model. For each cell the overland flow is still calculated
and routed separately. The number of groups of cells, which differ in their parameterisation,
however changes.  
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Following this procedure the following parameters remain to be estimated for the Erlen-
bach catchment:
CNforest, CN pasture, Kstr forest, Kstr pasture and the parameters of the linear reservoir, xQb and K. 

9RJHOEDFK

The different cell types in the Vogelbach catchment are listed in Table III.4

  

)LJXUH�,,,�� Erlenbach catchment: All different cell types (left) and the groups of cell types (HSRCs) for
which the parameters will be separately calibrated (right).

&HOO�7\SH /DQGXVH 6RLO�7\SH *HRORJ\
1 wood good cover Gleysol humic, Gleysol mollic marl schist and limephyllite

2 wood good cover Regosol eutric, Regosol cal-
caric

sand and silt, often clay

3 wood good cover Regosol eutric, Regosol cal-
caric

marl schist and limephyllite

4 cattle and feed Gleysol humic, Gleysol mollic marl schist and limephyllite

5 cattle Regosol eutric, Regosol cal-
caric

sand and silt, often clay

6 cattle Regosol eutric, Regosol cal-
caric

marl schist and limephyllite

7DEOH�,,,�� Different cell types in the Vogelbach catchment. The information on land
use was refined based on indications from the GEOSTAT soil map as
shown in Chapter III.3.2.1. 
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The Vogelbach cell types do not differ significantly from those in the Erlenbach catch-
ment. The assignment to HSRCs and groups of HSRCs consequently results in the same
two HSRCs as shown in Table III.5. The assumptions on soil characteristics and land use
categories “ cattle”  and “ cattle and feed”  made for the assignment in the Erlenbach catch-
ment were also taken into consideration for the assignment in the Vogelbach catchment. 
Figure III.7 illustrates the catchment with all cell types and the resulting HSRCs.

The determination of HSRCs results in two groups of hydrological similar cell types
which are present in both catchments, the Erlenbach and the Vogelbach. For both groups,
one value of Kstr and CN must then be calibrated. Since Kstr and the CN values for the two
groups compensate each other to a certain extent, i.e. different sets of parameter values
for CNHSRC A1 and CNHSRC A2 result in similar simulated hydrographs, a relation must be
introduced between the values of S1 from both land use types as discussed in Chapter
III.1.3. This relation is based on additional information on the catchments or assumptions.
In the case of the Alptal basins, the analysis of the data from the NITREX plots mainly
serves this purpose. 

+65& ��RI�FDWFKPHQW�DUHD
pasture (A1) 31.2

forest (A2) 62.5

7DEOH�,,,�� HSRCs in the Vogelbach catchment

)LJXUH�,,,�� Vogelbach catchment. All different cell types (left) and groups of celltypes (HSRCs) for
which the parameters will be separately calibrated (right).

1. Maximum soil potential retention
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The NITREX plots are of interest as they permit a detailed observation of the hydrologic
behaviour at both HSRCs1. The data from these plots further allow for insights into the
parameterisation of the Curve Number equation for the HSRCs. The NITREX plots do
however differ in size and in the experimental setup from the experimental rainfall plots
ana-lysed in Chapter II. In contrast to the experimental rainfall plots, there is no artificial
rainfall in the NITREX plots2. Subsurface flow and overland flow are not measured
separately. Since the soil is nearly impermeable, in all the plots runoff, however, mainly
occurs in the form of overland flow. Out of the dataset (continuous rainfall and runoff
data) which starts in 1995, the eight largest flood events observed between 1995 and 1999
are considered for the analysis. The analysis is based on the same methodology as used
for the experimental rainfall plots (Chapter II). The cumulated overland flow observed
during the flood event is plotted vs. the cumulative rainfall and a CN curve is then fitted
to this dataset. A reproduction of the observed hydrographs by means of the infiltration
formula embedded in the Curve Number equation is not considered as the physical
background of this infiltration formula is not clear. 
In contrast to the experimental rainfall plots, the representation of the cumulated overland
flow versus the cumulated rainfall for the NITREX plots is however not so straightfor-
ward. Due to the size of the NITREX plots which considerably exceeds the size of the
other plots, the time delay between the beginning of rainfall and the beginning of runoff
cannot be further neglected. Especially for short events with high rainfall intensities this
effect is pronounced as illustrated by Figure III.8. The comparison of the hydrograph and
the corresponding hyetograph is presented in the left panel of Figure III.8. The panel
clearly indicates that the runoff volume which is registered after the end of the rainfall is
not negligible. The right panel of Figure III.8 then shows the corresponding cumulated
rainfall vs. the cumulated overland flow. It must be concluded that based on this dataset
no insight into the parameterisation of the Curve Number equation can be gained. For long
lasting frontal events with low rainfall intensities, the routing effects are of minor
importance as illustrated by Figure III.9. 
As a consequence of these considerations, only the total rainfall and the total overland
flow are considered for short events.  is fixed a priori at 0.05 and Curve Number is then
fitted to the data. For long lasting events the cumulated rainfall and the cumulated over-
land flow measured during the flood event are plotted. A Curve Number is fitted to the
data and the correspondence between the CN curve and the dataset is visually evaluated
(as in the case of the experimental rainfall plots). In addition, the total overland flow
volume is plotted versus the total rainfall volume for all events and a median, lower and
upper envelopping CN curve is determined as in the original Curve Number method3

outlined in Chapter II.1. The analysis then proceeds by investigating the relation of the
best fitting parameter sets to characteristics of the corresponding storm events. It starts
with the test of the “ Antecedent Rainfall Conditions concept” . This concept presents
equations which allow to calculate Curve Number values for dry and wet prestorm periods
out of a Curve Number value representing mean prestorm conditions. 

1. Out of the three NITREX plots, two are located on an area assigned to HSRC A2 (forest) and one
on an area assigned to the HSRC A1 (pasture).

2. During major storm events small amounts of water were sprinkled on one of the plots located in the
forest. 

3. The coefficient  of the initial abstraction is however set to 0.05. 

λ

λ



53

�6,08/$7,216�$7�%$6,1���6&$/(
   

)LJXUH�,,,�� Runoff measured at the Nitrex plots (1-3) during a convective storm event. The panel on the
left shows the hydrograph, whereas the right panel displays the event in terms of cumulated
rainfall vs. cumulated overland flow for a different time delay between the beginning of rain-
fall and the beginning of overland flow. (x = 0: delay is not considered, x = 5: time delay of 5
time steps. Pcumulative(t) is consequently assigned to Qcumulative(t+5)); data from Swiss Federal
Research Institute, WSL 

)LJXUH�,,,�� Runoff measured at the Nitrex plots (1-3) during a frontal storm event. The panel on the left
shows the hydrograph whereas the right panel displays the event in terms of cumulated rain-
fall vs. cumulated overland flow for a different time delay between the beginning of rainfall
and the beginning of runoff. (x = 0: delay not considered; x = 5: time delay of 5 time steps.
Pcumulative (t) is consequently assigned to Qcumulative(t+5)). It further shows the enveloping CN
curves (for a cumulated rainfall less than 120 mm); data from Swiss Federal Research
Institute, WSL. 



54

(see Chapter I.2.2). The prestorm period considered encompasses five days before the
storm event and different threshold values for the distinction of dry, mean and wet
conditions are given depending on the season1. In addition to the antecedent rainfall, the
relation of the best fitting parameter values to the storm rainfall volume is also analysed.
Hawkins (1990) distinguishes three different types of relationships between CN values
and the storm rainfall volumes: standard, violent and complacent. In the case of a standard
behaviour, the CN values decrease with increasing storm size and become near constant
with increasingly larger storms. When the CN values strongly increase and then
asymptotically approach a constant value they show a violent behaviour. A complacent
behaviour consists in CN values which decline steadily with increasing rainfall depth and
do not become constant. The latter behaviour may be interpreted as a partial source area
situation as shown by Hawkins (1979). The partial source area concept starts from the
assumption that there is an impervious contributing area “ a”  which is a fraction Cf of the
whole catchment area A (Cf = a/A). The storm runoff from the watershed is then simply
Q = Cf *P with P being the total rainfall volume. When plotting CN versus P, assuming
that Q = Cf * P, keeping Cf constant and varying P2, a curve is obtained where CN declines
steadily with increasing rainfall depth which corresponds to a complacent behaviour. 
The results of the analysis are shown in Table III.6 and Figure III.10. 

 

1. GU\ (ARCI): < 0.5 inches (dormant season), < 1.4 inches (growing season);�PHDQ (ARCII): 0.5 to 1.1
inches (dormant season), 1.4 to 2.1 inches (growing season); ZHW (ARCIII): over 1.1 (dormant
season), over 2.1 (growing season).

2. CN is determined based on P and Q, with Q = Cf *P. In order to obtain one CN-P curve, CN is
calculated for a range of different P values and a constant value of Cf. 

)LJXUH�,,,��� Total cumulated rainfall vs. total cumulated overland flow for all events and corresponding
enveloping and median CN0.05 values. A value of 0.05 for  is fixed a priori. λ
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1995 1995 1996 1997 1997 1997 1998 1999

VWRUP�FKDUDF�
WHULVWLFV

GDWH July August July July August September September May

YROXPH��PP� 41 48 120 18 35 50 46 180

LQWHQVLW\��PP�
��¶��PP�K�

25/41 3/15 2.7/10.8 5.7/12.5 17/34.5 8.5/34 3.4/11 2.6/13.7

GXUDWLRQ��K� 1 7 24 2 1 2 7 32

DQWHFHGHQW�
ZHWQHVV�FRQGL�
WLRQV� ��PP�

> 30 < 10 10 < x < 30 < 10 < 10 < 10 > 30 10 < x < 30

UHVXOW�RI�&1�
ILWWLQJ

EHVW�ILWWLQJ�
SDUDPHWHU���
YDOXHV

very short event 
only total rain-
fall vs. total sur-
face runoff 
considered

CN: 95 / 89

�

: 0.05 / 0.05

CN accepted

(short event)

CN: 91-93 / 90 - 
92

: 0 - 0.05 / 0 - 

0.05

constant runoff 
coefficient:

forest: 0.8 

(Pcum> 20 mm

�

)

pasture: 0.7 
(Pcum> 20 mm)

CN accepted

CN: 96 - 97 / 90 - 
93

: 0.2 - 0.3 / 

0.05 / 0.1

constant runoff 
coefficient:

forest: 0.95 
(Pcum> 10 mm)

pasture: 0.8 
(Pcum> 15 mm)

very short event 
only total rain-
fall vs. total sur-
face runoff 
considered

CN: 84 / 80

: 0.05 / 0.05

very short event 
only total rain-
fall vs. total sur-
face runoff 
considered

CN: 80 / 71

: 0.05 / 0.05

very short event 
only total rain-
fall vs. total sur-
face runoff 
considered

CN: 88 / 86

: 0.05 / 0.05

CN accepted

(short event)

CN: 90 - 92 / 90 - 
93

λ: 0 / 0 - 0.05

constant runoff 
coefficient:

both: 0.65 
(Pcum>15mm)

CN accepted

(Pcum< 120 mm)

CN: 89 - 91

λ: 0.05

constant runoff 
coefficient

of 0.9 and 0.7

for 40 mm < 
Pcum < 120mm 
and Pcum > 
120mm respec-
tively

a Rainfall within the last 48 hours before the event

b First number: forest plots; second number: plots on pasture

c Runoff coefficient becomes constant when the cumulative rainfall exceeds 20 mm 

7DEOH�,,,�� Overview of flood events observed at the NITREX plots used in the present study. The table shows the storm characteristics and the results of fitting CN
curves to the observed cumulated runoff volumes.

λ

λ λ

λ λ λ
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In general, with due respect for the aforementioned uncertainties and assumptions, a
parameter set for  and CN can be found for the long lasting events which allows for an
acceptable correspondence of observed and simulated curves. The dominating impervious
soils induce a high runoff coefficient which can be reproduced rather well by the SCS CN
equation, a finding which agrees with the conclusions from the other rainfall plots. The
best fitting CN values range from ~80 to 95 for the forest plots and from ~70 to 90 for the
plot located on pasture / marshland. Consequently the values are in the same order of
magnitude for both land use categories. The values for  are closer to 0.05 than to 0.2
with the exception of one event where the runoff coefficient is close to 1.0. 
Figure III.11 reflects the investigation on the relation of the best fitting parameter values
and the antecedent rainfall. When applying the concept of the Antecedent Runoff
Conditions and assuming that the median of the best fitting parameter values corresponds
to average wetness conditions, one obtains the dotted line in Figure III.11. A comparison
with the parameter values shows that for the flood events considered, the accuracy of the
Antecedent Rainfall Concept in its original version is limited. A description of the relation
of the CN values and the antecedent rainfall volumes by regression curves seems more
accurate. For the simulations in the catchments described in the following chapters, both
the accuracy of the ARC concept and the correlation between best fitting parameter sets
and the antecedent rainfall volumes registered over different time periods are therefore
analysed. 

)LJXUH�,,,��� Best fitting CN0.05 values vs. cumulated antecedent rainfall registered within the last 120
hours before the event. The plot further shows the CN values corresponding to the ARC
classes I-III according to the original definition and a regression curve fitted to the CN
values.

λ

λ
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The comparison of best fitting CN values with the rainfall volume of the corresponding
storm events is then shown in Figure III.12. Up to a rainfall volume of 60mm, the Curve
Number values seem to increase with the rainfall volume. Above this threshold the Curve
Number values are more or less constant. These characteristics correspond to a violent
basin response as described in Hawkins (1990). Due to the very restricted sample size,
these conclusions are however preliminary. 
In general the analysis of the data from the NITREX plots leads to the conclusion that the
plots in the forest and the plots on pasture exhibit a similar hydrologic behaviour and the
corresponding parameterisation does not differ much. This finding is not expected and the
representativity of the pasture plot for the pasture covered area of the catchment may be
further questioned. The pasture plot is at least recently partially covered by bushes. On
the other hand, the findings on the hydrologic behaviour of the NITREX plots on forest
and pasture correspond to the conclusions of Burch et al. (1996). They analysed a large
number of flood events observed in the WSL test catchments in the Alptal (including
Erlenbach and Vogelbach) and the NITREX plots. The study aimed at detecting
dependencies between the flood events1 and the plot / catchment characteristics. 

For the NITREX plots the study mainly concludes that an influence of the forest on the
runoff production cannot be detected. It primarily explains this observation by the fact
that forest and pasture only differ in their influence on the overland flow volumes in case
of deep soils whereas the soil at the plot sites is very shallow and the underground
impermeable. The comparison of the results from the NITREX plots with the results from
the Alptal catchments then showed that the runoff coefficient from the plots exceeded that
from the catchments by 20% and the specific peak discharge is 1.6 times higher for the

1. The flood events were characterised by the specific peak discharge and the runoff coefficient. 

)LJXUH�,,,��� Best fitting CN0.05 values vs. rainfall volume of the corresponding storm events observed at
the Nitrex plots
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plots. From these findings and the observations in this chapter one might conclude for the
parameterisation of the two groups of cells (HSRCs) that the CN value of both is in the
same order of magnitude but lower than the values calibrated based on the data from the
NITREX plots.
For the catchments the study also discovered a limited influence of forest coverage on the
runoff production. The influence of the drainage density is much more pronounced. The
network of drainage channels in the Erlenbach catchment has consequently a decisive
influence on the runoff production. Feyen (1998) analysed the runoff processes in the
Erlenbach catchment at different scales. He found that runoff is composed of a quick
component which consists of the runoff from the pasture covered area evacuated by the
drainage trenches and a slower component where water flows through macropores to the
natural river network. 
Based on additional information from the analysis of the NITREX datasets and the
indications found in the literature, the following assumptions on the parameterisation of
the HSRCs are then made: 
CN0.05,HSRC forest  = CN0.05,HSRC pasture + 31 and Kstr  HSRC pasture > Kstr  HSRC forest 

����� &DOLEUDWLRQ�DW�(UOHQEDFK�&DWFKPHQW
The next step in the simulation procedure consists in determining best fitting parameter
sets for both HSRCs. For Erlenbach and Vogelbach catchment eight events out of the
annual flood series are chosen for this purpose. The eight events observed at Erlenbach
catchment are used for calibration and those from Vogelbach for validation. This
procedure is applied as a larger number of events from the same catchment allows for a
more precise calibration of the parameter values and analysis of the relation between these
best fitting parameter values and the storm characteristics.
The calibration aims, as shown in Chapter III.1.3, at defining a range of possible values
for the parameters (Curve Number, roughness coefficient) which permits a reproduction
of the observed hydrographs within the error bands for peak runoff, its timing and the
runoff volume2. The annual flood event of 1986 (shown in Figure III.13) is now used to
illustrate the calibration procedure in more detail.
The calibration starts with the determination of xQb3 and K4, the parameters of the
subsurface flow module based on the recession limb of the observed hydrograph. In the
flood event of 1986 shown in Figure III.13, this part of the hydrograph is influenced by
the consecutive event and both parameters cannot be precisely estimated. Therefore, a
value determined from other calibration events is adopted for K. This value of K is then
kept constant during all simulations in the same catchment. xQb is roughly estimated
based on the short “ undisturbed”  part of the recession limb. In the event of 1986, the
undisturbed part of the recession limb ranges from 15:30 to 17:00. The evaluation of the
correspondence between simulated and observed recession limb is done by eye. In the
next step, the parameters of the other modules of the model, roughness coefficient (Kstr)
and CN are then calibrated for both groups of HSRCs under the assumption that

1. The median CN values for the NITREX plots on forest and pasture differ by 3.
2. A simulation is accepted when the difference between observed and simulated flood peak is less

than 10%, the difference between timing of observed and timing of simulated flood peak is not
more than one time step and the difference between observed and simulated runoff volume is less
than 10%. All three conditions must be fulfilled at the same time. 

3. Share of the infiltrated water which becomes subsurface flow (see Chapter III.1.3).
4. Constant of the linear reservoir
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CN0.05,forest = CN0.05,pasture + 3 and  as learned from the analysis of
the NITREX plots. 
The resulting best fitting parameter sets mainly cause an overestimation of the runoff
volume and underestimation of the runoff peak. For both groups of HSRCs, high values
of Kstr must therefore be assigned. The range of possible parameter sets, according to the
criteria outlined in Chapter III.1.3, then lies within 84/81 and 80/77 for CN0.05,forest /
CN0.05,pasture at 10/10 for Kstr. In the first case the runoff volume is overestimated by 10%
and the runoff peak underestimated by 5% whereas in the second case the volume is over-
estimated by 7% and the peak underestimated by 10%. As a conclusion of these results, a
value of 80 for CN0.05 and 10 for Kstr is then assigned to both groups of HSRCs1.

The result of applying the same calibration procedure to the other flood events is
presented in Table III.7. A detailed description of the single flood events is given in
Annex B, whereas in Annex C the hydrographs for all calibration events including the
best fitting   simulations are shown. For certain events (1984 and 1987) no
parameterisation can however be found which allows for an acceptable reproduction of
the observed hydrograph as shown in Figure III.14. In the case of the flood event of 1984,
the dynamic of the event is not reproduced and the runoff volume is considerably
overestimated. The flood volume of 1987 is overestimated. 

1. The values of Kstr also depend on the parameterisation of the other modules of the model as already
shown for CN. Consequently, a comparison with values determined in field experiments (e.g.
Engman (1986)) is not straightforward. 

)LJXUH�,,,��� Annual flood event of 1986 observed in the Erlenbach catchment with simulations
corresponding to the upper and the lower limit of the range of best fitting parameter values,
(λ = 0.05); data from Swiss Federal Research Institute WSL, 

Kstr forest, Kstr pasture,≤
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(YHQW�&KDUDFWHULVWLFV � %HVW�)LWWLQJ�3DUDPHWHU�6HW

'DWH
9ROXPH�
�PP��

3HDN�)ORZ�
�P ��V�

,QWHQVLW\��PP��
��¶��PP�K� 'XUDWLRQ�K�

$QWHFHGHQW�
:HWQHVV�

&RQGLWLRQV �

&1��
&1� �

Nstr2��Nstr1

�DW�OHDVW� [4% .1 &RPPHQW �

Aug. 82 20 / 1.7 10 / 20 1 < 10 / < 10 80 / 80 10 / 10 0.3 10000 timing (of peak runoff): one timestep too early, peak: 
underestimated, total runoff volume: overestimated

Jul. 84 105 / 12 15 / 60 6 10-30 / 10-30 volume cannot be reproduced, 

Aug. 86 40 / 3.6 15 / 35 2.5 10-30 / > 30 80 / 80 10  / 10 0.6 10000 timing: one timestep too late, peak: underestimated, 
volume: overestimated 

Jul. 87 50 / 3.4 10 / 30 4 >30 / > 30 peak cannot be reproduced, modification of the SCS 
CN equation improves the simulations

Aug. 92 35 / 3.4 20 / 35 3 10-30 / 10-30 73 / 73 5 / 3 0.5 10000 timing: one timestep too early, peak: underestimated, 
volume: ~OK

Jul. 93 40 / 2.9 5 / 30 2 < 10 / > 50 75 / 75 5 / 5 0.5 10000 timing: one timestep too early, peak: underestimated, 
volume: overestimated

Jul. 95 40 / 9 25 / 40 1 30 / > 50 85 / 85 5 / 5 0.7 10000 timing: one timestep too early, peak: underestimated, 
volume: ~OK

Sep. 97 50 / 9.3 10 / 35 2 <<10 / <<10 70 / 70 10 / 5 0.5 10000 timing: OK, peak: underestimated, volume:             
overestimated

a Volume = cumulated rainfall; volumes and intensity rounded to +/- 5
b Rainfall (mm) within the last 48 and 120 hours before the event
c CN1: CN forest; CN2: CN pasture; λ = 0.05
d Indicates general tendencies for the best fitting parameter set; over / underestimation: over 10 % deviation of simulated from observed volume / flood peak

7DEOH�,,,��: Flood events observed in Erlenbach catchment used for calibration: event characteristics and best fitting parameter values
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In the model the overland flow is calculated as follows:

 (III_16)

with:
4R� W� overland flow during one timestep t
4R�W�: cumulated overland flow up to time t
4R�W���: cumulated overland flow up to time t-1

and:

 (III_17)

 (III_18)

where: 

3�W�� cumulated rainfall up to time t [mm]
6� maximum soil potential retention [mm]
,a: initial abstraction which reflects initial losses due to e.g., interception 

and surface retention, Ia = 0.05*S (1)

)LJXUH�,,,��� Annual maximum flood events of 1984 and 1987 observed in the Erlenbach catchment; data
from Swiss Federal Research Institute WSL

Qo ∆t( ) Qo t( ) Qo t 1–( )–=

∆ ∆

Qo t( )
P t 1–( ) ∆P+( ) Ia–( )2

P t 1–( ) ∆P+( ) Ia S–( )–
--------------------------------------------------------------=

Qo t 1–( )
P t 1–( ) Ia–( )2

P t 1–( ) Ia S–( )–
-------------------------------------------=
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The runoff coefficient is supposed to increase steadily and the same additional rainfall
volume p produces more runoff with increasing rainfall volume as shown in Figure
III.15. In this form the module therefore does not consider the fact that the runoff capacity
reduces during periods within a storm with lower rainfall intensity. In both flood events
(1984 and 1987) the corresponding storm is however characterised by pulses of high rain-
fall intensity interrupted by short periods of no rainfall or rainfall with low intensity. In
order to overcome these limitations, a modification of the overland flow production
module was introduced. 
The analysis based on the data from rainfall experiments presented in the previous chapter
(chapter II) showed another limitation of the Curve Number equation: In contrast to the
basic assumption of the equation, the runoff coefficient observed in the different experi-
ments did not tend towards one but became constant, starting from 0 - 80 mm of rainfall
volume1. For high rainfall volumes this difference between basic assumption of the Curve
Number equation and physical evidence results in an overestimation of the overland flow. 
Despite the different spatial scales of rainfall plots and HSRCs, this effect is also assumed
to occur at the spatial scale of the HSRCs. The modification of the overland production
module introduced in the following section also allows to account for this overestimation
of the overland flow. 

0RGLILFDWLRQ�RI�WKH�RYHUODQG�IORZ�SURGXFWLRQ�PRGXOH

The Curve Number equation basically relies on the assumption that the direct runoff
produced during a storm event depends on the relation of the actual soil retention to the
maximum potential soil retention:

(III_19)

where: 
)� effective soil retention after runoff begins, F = P-Q, [mm]
6� maximum soil potential retention after runoff begins, [mm] 
4� actual cumulated direct runoff, [mm]
3H� actual cumulated rainfall- initial losses, [mm]

Introducing the percolation in the equation therefore consists in inhibiting the continuous
growth of the actual soil retention F with increasing rainfall volume. In analogy to the
mechanisms of the linear reservoir, an exponential law is assumed for the reduction of the
actual soil retention during one time step:

1. A value of 0.2 was empirically determined based on rainfall-runoff datasets from US agricultural
watersheds smaller than 0.5 km

�

. The uncertainty related to this value is however large as discussed

in SCS (1985).  is therefore set to 0.05 as discussed earlier. 
1. The experimental plot sites were exposed to a rainfall of constant intensity. The rainfall intensity

was however very high (up to 100mm/h) and the rainfall lasted for several hours. 

λ

∆

F
S
---

Q
Pe
------=
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  (III_20)

where:

)�W�� effective soil retention at time t [mm]
)red�W�� reduced effective soil retention at time t [mm]
.2� constant [s]

time step [s]

K2 is an empirical parameter and must be calibrated for each HSRC.

In order to integrate this reduction mechanism in the overland flow production module,
the relation between the cumulated rainfall P(t) and the effective soil retention F(t) must
be established:

(III_21)

where:

4R�W�� cumulated overland flow up to time t [mm]
3H�W�� cumulated rainfall up to time t - initial losses [mm]
6� maximum soil potential retention after runoff begins [mm]

and:

(III_22)

result in: 

 (III_23)

and 

 (III_24)

where:

,a� initial abstraction [mm]

Fred t( ) F t( ) e

∆t
K2
-------–

⋅=

∆t

Qo t( ) Pe t( )( )2

Pe t )( ) S+
-------------------------=

F t( ) Pe t( ) Qo t( )–=

F t )( ) Pe t( ) S⋅
Pe t( ) S+
----------------------=

Pe t( ) F t( ) S⋅
S F t( )–
-------------------=
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Combining equation (III_20), the reduction of the effective soil retention F, and equation
(III_24), which expresses Pe as function of F, with P = Pe + Ia, results in equation (III_25).
This equation describes the reduction mechanism in terms of the cumulated rainfall P:

 (III_25)

where:

3red�W� � reduced cumulated rainfall.

In the equations which describe the overland flow production ((III_17) and (III_18)),
P(t-1) is then replaced by Pred (t-1). 

The principle of this reduction mechanism is also illustrated by Figure III.15. At time-step
t the cumulated rainfall is P(t). In the original version of the overland flow production
module, Q( t) is calculated as Q(t+1) - Q(t) with Q(t+1) = f(P(t)+ P) and Q(t) = f(P(t)).
In the modified version of the module, P(t) is reduced at the end of the time step and
becomes P(t)red. Q( t) then becomes a function of P(t)red which results in a reduction of
the overland flow. 

)LJXUH�,,,��� Modification of the overland flow production module in order to include the possibility to
also account for periods within the storms with no rainfall or rainfall of low intensity. The
same amount of rainfall  then causes less runoff after these periods than before. 

Pred t( ) F t( ) e⋅

∆t
K2
-------–

S⋅

S F t( ) e⋅

∆t
K2
-------–

–

----------------------------------- Ia+=

∆ ∆

∆

∆P
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The reduction mechanism as presented in equation (III_25) requires the determination of
a value of K2 for each HSRC. Based on the limited number of flood events considered in
this study, the parameterisation of K2 is however exposed to large uncertainties and is
therefore not addressed. The flood events considered do nevertheless allow for a general
testing of the reduction mechanism which mainly consists in reducing the value of P(t-1)
in equation (III_17). For testing, a constant value of K2 is assumed in the basin. As the
testing does not aim at analysing equation (III_25) in detail but rather the general prin-
ciple, a simplified version of equation (III_25), (equation (III_26)), is used for the tests. 

 (III_26)

which corresponds to:

  (III_27)

After this insertion on the modification of the overland flow production module, the
relation of the best fitting parameter values to the antecedent rainfall volumes is further
discussed1 and shown in Figure III.16. 
The application of the procedure foreseen in the SCS CN method to account for the
antecedent conditions in the parameterisation (see Chapter I.2.2) results in the dotted line
in Figure III.16. A comparison with the best fitting parameter values does however show
that the result is not satisfactory and the relation between parameterisation and antecedent
conditions may better be reflected by a regression curve. This line is followed by
comparing the parameterisation with the antecedent rainfall observed during periods of
different length before the storm event and the maximum rainfall intensity during the
storm2.
This analysis then shows that for both, CN and xQb, a correlation to the antecedent rain-
fall cumulated over a period longer than 24 hours before the event can be observed with
a maximum correlation of 0.5 for 48 hours. The correlation with the maximum rainfall
intensity is worse in the case of the CN whereas it is better in the case of xQb as illustrated
by Figure III.16. The relations with the highest correlation are then used to determine the
parameterisation for the events in Vogelbach (validation events). 
Besides the antecedent rainfall the best fitting parameter set is also compared to the storm
volumes as shown in Figure III.17. In contrast to the NITREX plots (see Figure III.12)
which represent the same HSRCs, the values of CN seem to decrease with increasing rain-
fall volume. It must, however, be admitted that no long lasting storm events were
considered in the calibration of the model at Erlenbach catchment. The limited number of
events considered only allows for a rough indication. 

1. The events of 1984 and 1987 are not considered due to the uncertainties in the parameterisation. 
2. This analysis not only includes CN but also xQb, the share of the infiltrated rainfall which becomes

subsurface runoff. 

Pred t( ) F t( ) S⋅
S F t( )–
------------------- Ia+ 

  e

∆t
K2
-------–

⋅=

Pred t( ) P t( ) e

∆t
K2
-------–
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)LJXUH�,,,��� Left figure: Cumulated antecedent rainfall within the last 48 hours before the event versus
best fitting CN0.05 values; right figure: maximum hourly rainfall intensity during the storm
event vs. xQb (share of infiltrated rainfall which becomes subsurface flow). 

)LJXUH�,,,��� Best fitting CN0.05 values vs. rainfall volume of the corresponding storm events observed in
Erlenbach catchment
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����� 9DOLGDWLRQ�DW�9RJHOEDFK�&DWFKPHQW
Vogelbach and Erlenbach are neighbouring catchments and do not differ so much in their
characteristics. It is therefore assumed that the relations between best fitting parameter
sets and storm characteristics found in Erlenbach can be transferred to Vogelbach. The
values of CN and xQb for the flood events analysed in Vogelbach are then determined
using these relations. The values for Kstr, forest and Kstr, pasture are set a priori to 1 and 5 due to
the lower drainage network density. The constant of the linear reservoir (subsurface flow
module) on the other hand cannot be estimated a priori based only on the analysis of
Erlenbach catchment. It is estimated based on the recession limb of the hydrographs of
the flood events considered. Most of these recession limbs are influenced by consecutive
storms and K is consequently estimated from one single event where the hydrograph is
not influenced. The resulting validation parameter values are listed in Table III.8 and the
corresponding hydrographs are shown in Annex C. 
The validation parameter values mainly result in an overestimation of the observed
runoff. For three out of eight events considered the calibration and the validation
parameter set for CN are in the same order of magnitude. In one case the validation
parameter set is too low whereas in the remaining four events it considerably outweighs
the calibration parameter set. The values for xQb are also tendentially overestimated. The
overall performance of the validation parameter set is consequently only partially
satisfactory. One reason for this result may be found in the GEOSTAT soil map and the
determination of HSRCs. The same category in the GEOSTAT soil map may include soil
types with differing hydrologic characteristics. Consequently, the same soil category
(GEOSTAT map) in Erlenbach may contain different soils than in Vogelbach. The
calibration parameter set determined from the flood events observed in Erlenbach catch-
ment is therefore only partially representative. A best fitting parameter set is consequently
also determined for the flood events analysed in Vogelbach catchment.    
In general the best fitting parameter values obtained for the flood events observed in
Vogelbach differ from those estimated for Erlenbach. The differences mainly consist in a
broader range of values for CN and lower values for Kstr, forest 

1. The representation of
certain events could however be improved by the modification of the SCS CN equation
presented in the last chapter (III.2.1.4) (see Figure III.18). Due to difficulties in
establishing a general formulation for the parameterisation of this modified equation and
the acceptable performance of the original equation, the modified equation is however not
further considered for this catchment. When compared to the event characteristics, the
best fitting parameter sets for xQb and CN then show a correlation of less then 10%. In
case two out of eight events with the lowest parameterisation for CN are omitted, the
correlation goes up to 50% (best fitting CN values versus antecedent rainfall within 48
hours before the storm event). The corresponding trendline does not differ considerable
from the one found in Erlenbach catchment for the same storm characteristic. The
comparison of the best fitting CN values with the rainfall volume of the storm events is
then shown in Figure III.19. As in Erlenbach, the CN values decline with increasing rain-
fall volume. In Vogelbach the trend is however more pronounced. Hawkins (1990)
formulated, as already mentioned in chapter III.2.1.3, three different relationships
between CN an the storm rainfall volumes: complacent, standard and violent. In the case

1. The best fitting parameter sets where estimated by the same method and are based on the same
assumptions, i.e. S0.05,HSRC forest / S0.05,HSRC pasture and Kstr, forest/Kstr, pasture as in Erlenbach
catchment. 
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(YHQW�&KDUDFWHULVWLFV � %HVW�)LWWLQJ�3DUDPHWHU�6HW

'DWH
9ROXPH�

�PP���3HDN�
)ORZ��P ��V�

,QWHQVLW\��PP��
��¶��PP�K� 'XUDWLRQ�K�

$QWHFHGHQW�
:HWQHVV�

&RQGLWLRQV
&1��
&1� �

Nstr1��Nstr2

����RSWLRQ� [4% .1 &RPPHQW �

Oct. 85 50

1.5

2 / 7 15 10 - 30 / 50 78 / 78

�������
5 / 5 

(0.5 / 1)

0.4

���
25000 Last part of the event is not reproduced

YDOLGDWLRQ: vol.: 92%, peak: 97%

Jun. 86 45

4.7

10 / 25 3 0 / < 10 70 / 70

�������
0.5 / 5

(5 / 5)

0.6

���
25000 YDOLGDWLRQ: vol.: 85%, peak: 92%, timing: -1 time-step

Jul. 87 35

5

15 / 30 1.5 10 / 10 - 30 87 / 87

�������
0.5 / 5

(1 / 5)

0.3

���
25000 YDOLGDWLRQ� vol.: 80%, peak: 77%, timing: +2 time-

steps

Aug. 88 50

1.9

5 / 10 12 < 10 / < 10 68 / 68

�������
5 / 5 0.3

���
25000 Total runoff volume is overestimated.

YDOLGDWLRQ� vol.: 150%, peak: 190%, timing: OK

Jul. 89 40

3.7

5 / 15 5 40 / 70 84 / 84

�������
1 / 5 
(0.5 / 5)

0.6

���
25000 YDOLGDWLRQ� vol.: 105%, peak: 110%, timing: +1 

timestep

Aug. 90 90

3.7

5 / 25 16 0 / 0 40 / 40

�������
0.5 / 5

(5 / 5)

0.4

���
25000 Total runoff volume is overestimated.

YDOLGDWLRQ� vol.: considerable overestimation

Aug. 92 65

4.7

20 / 45 3.5 10 - 30 / 10 - 30 55 / 55

�������
0.5 / 5 0.5

���
25000 Total runoff volume is overestimated.

YDOLGDWLRQ� vol.: considerable overestimation

Jul. 93 55

3.8

10 / 35 2.5 < 10 / 50 64 / 64

�������
0.5 / 5

(1 / 5)

0.3

���
25000 First part of the event is not reproduced.

YDOLGDWLRQ� vol./peak: overestimation, timing: +1 

a Volume = cumulated rainfall; volumes and intensities rounded to +/- 5; antecedent wetness conditions: rainfall (mm) within 48 and 120 hours before the event
b CN1: CN forest; CN2: CN pasture; bold numbers: validation parameter set; λ = 0.05
c Indicates general tendencies for the best fitting parameter sets and the performance of the “ validation”  parameter set

7DEOH�,,,��: Flood events observed in Vogelbach catchment used for validation. Event characteristics and validation parameter values. 
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)LJXUH�,,,��� Original (simulation 1) vs. modified SCS CN equation (simulation 3). The parameters of the
modified SCS CN equation are: QGW� number of time-steps from the beginning of the simu-
lation before the mechanism starts (in the figure the location is marked with a triangle), WK�
threshold of rainfall intensity (mm/10’ ) below which the mechanism is activated, .� reces-
sion constant (sec) see formula (III_27) ; data from Swiss Federal Research Institute WSL

)LJXUH�,,,��� Best fitting CN0.05 values vs. rainfall volume of the corresponding storm events observed in
Vogelbach catchment 
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of standard and violent, a constant CN was observed with increasing rainfall volume
whereas in the complacent case CN does not become constant with increasing rainfall
volume. The behaviour observed in Erlenbach and Vogelbach for the HSRCs A1 and A2
would consequently correspond to the complacent case. This contrasts with the
observations at the NITREX plots where a violent response was assumed. Due to the
limited number of storm events considered, this discussion has however a more
speculative character. 

����� 'LVFXVVLRQ
The simulations in the Erlenbach and Vogelbach catchments unveil an acceptable
performance of the modeling frame chosen in this study. For both catchments a
parameterisation can be found which allows for a reproduction of the flood characteristics
within the tolerance range indicated in Chapter III.1.3. This does not, however,
automatically implement a correct presentation of the shape of the hydrograph. In the case
of storm events consisting of pulses of higher rainfall intensities interrupted by shorter
periods with no rainfall or rainfall of low intensity, a modification of the equation
presented in Chapter III.2.1.4 becomes necessary. 
The indications on the parameterisation of the HSRCs resulting from the simulations
differ in the two catchments. Based only on the analysis in Erlenbach, one may assume
that the CN0.05 values for both HSRC lie within a range of 70 to 90 and are positively
correlated to the event characteristics as antecedent rainfall and maximal rainfall intensity
during the event. The analysis at Vogelbach enlarges the range of possible values for
CN0.05

1 and reduces the correlation to event characteristics. This fact may partially be
caused by the definition of the HSRCs. When determining the groups of HSRCs, two soil
categories with different hydrologic behaviour (Gleysol and Regosol) were merged into
one group. In the case of Erlenbach, this is of minor importance as the less permeable soil
clearly dominates and the category “ Regosol”  which exhibits a higher permeability is not
widespread. In Vogelbach the “ Regosol”  is however much more frequent (close to 50%).
Consequently, the CN values determined based on the calibration data sets from the
Erlenbach catchment might cause a considerable overestimation of the runoff as observed
for four out of eight flood events. On the other hand, the same category in the soil map of
GEOSTAT might also include a range of soils which differ in their hydrologic behaviour.
The latter arguments clearly show the need for an analysis of a number of catchments with
similar conditions in terms of land use and soil in order to come to a reliable general
distinction of HSRCs and to define a corresponding parameterisation. 
The parameterisation of HSRCs in Erlenbach and the parameterisation of the NITREX
plots located in the same catchment do nevertheless allow for a preliminary glance at
possible scaling properties2. A comparison of the best fitting parameterisation of the
NITREX plots and the HSRCs in the catchment reflect the aforementioned findings of

1. A comparison of the parameterisation for CN in different catchments requires that the subsurface
flow module shows no random error (overestimation or underestimation) which changes from
catchment to catchment. Consequently, a systematic overestimation or underestimation of the
subsurface flow for all catchments still allows to compare the parameterisation of the overland flow
production module for different catchments. 

2. In this respect it must be recalled that the CN values determined by the simulations depend on the
parameterisation of the subsurface flow module. In this catchment the contribution of the
subsurface flow module to the total runoff is however not dominant. 
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Burch (1996) (Chapter III.2.1.3). In the NITREX plots the observed CN values range
from 70 (80) to 95 whereas the range of CN0.05 values observed for the HSRCs goes from
70-85, which corresponds to a reduction of the runoff coefficient. These findings also
confirm the statement of Bronstert (1999) who points out that a catchment is more than a
“ ...patchwork of hillslopes...”  (or in this context, a patchwork of NITREX plots) and the
interaction between the different hillslopes must be carefully considered. Further
considerations on the scaling properties of the parameterisation, including the results
from the rainfall plots and all the simulations are discussed in Chapter III.3.3.     

��� 085*�&$7&+0(17
This chapter presents the simulations performed in the Murg catchment. It starts by
introducing the characteristics of the catchment and the first step of the simulation which
consists in the delineation of the different HSRCs. As for the Alptal catchments, it then
becomes necessary for the parameterisation of the overland flow production module to
introduce assumptions on the relations of the maximum soil potential retention of the
different HSRCs (see Chapter III.1.3). In contrast to the Alptal catchments, there is,
however, no additional information on single HSRCs upon which the assumptions could
rely and hence, the latter are based on theoretical considerations. The model is then
calibrated with half of the flood events considered for the analysis and the resulting
parameterisation is used to test and adapt the relation of the parameterisation to the
antecedent rainfall (ARC concept). This modified relation then allows to determine the
parameter sets for the remaining flood events used for validation. The findings of the
calibration and the validation are summarized and discussed. 
 
����� 'HVFULSWLRQ�RI�WKH�%DVLQ��DQG�'DWD�$YDLODELOLW\
The next catchment considered is the Murg, upstream from Wängi. This catchment
represents, as briefly mentioned, a small mesoscale prealpine catchment and is located in
the north eastern part of Switzerland. It covers an area of 78 km

�

 and ranges from 400 m
to 1000 m in altitude with an average slope of around 10%. The average annual
temperature2 over the whole catchment is close to 8°C, the mean annual rainfall (LHG
1992) reaches 1320 mm. The variability of the rainfall is moderate and the highest rainfall
intensities are observed between April and September (see Figure III.20). Floods (Figure
III.21) are mainly rainfall dominated and caused either by short and intense summer storm
events or by long-lasting storm events with low rainfall intensity. 
The geology in the whole Murg catchment consists of Molasse layers3 which were formed
by erosion of rivers in the southern part and by erosion and accumulation of glaciers in
the northern part of the catchment. Due to the low permeability of the Molasse layers, a
dense river network and a system of steep valleys established in the southern hilly part of
the catchment. Soils are mainly of lower permeability and directly lying of the Molasse
rock. In the flatter northern part, glaciers eroded sinks and channels into the Molasse
layers and filled them with sediments. In addition, they created hilly moraine areas. The 

1. The description of the geology of the Murg catchment is partially based on Balderer, 1981.
2. Computed from the temperature records in the stations at Taenikon and Büel (Rietholzbach).
3. According to Labhart (1987) this is a typical still forming alpine deposit, mainly consisting of

conglomerates, sandstone and marl and therefore of moderately low permeability.
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)LJXUH�,,,��� Monthly variability of the precipitation in the Murg river basin. left panel: average monthly
rainfall observed in the northern (Taenikon) and the southern (Au Fischingen) part of the
catchment in the period of 1978-1996; right panel: maximum hourly rainfall observed at
Taenikon between 1978 and 1996; data from MeteoSwiss. 

)LJXUH�,,,��� Seasonal distribution of flood events in the Murg river basin (period: 1956 - 1996); data from
Swiss Federal Office for Water and Geology (FOWG).
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channels and sinks are located in the actual Murg river valley and serve as groundwater
bodies. An intense interaction between river and groundwater in the form of infiltration
and exfiltration can be observed in this area. The moraine hills form the borders of the
valley and are in general covered with deep soils of mean permeability. From the point of
view of landcover, the catchment is mainly of rural character, in particular in the southern
part. In this part forest and to a lesser extent pasture are the dominant landuses. In the
northern part, agriculturally used areas dominate and there are some larger villages. An
overview of the whole catchment is given in Figure III.22. Figure III.22 also shows the
gauging and rainfall recording stations in and around the catchment. There are two
discharge gauging stations with longer continuous records at Fischingen and Wängi
which represent two nested catchments of 8 and 78 km

�
 in size. Two meteorological

stations with a high temporal resolution are located in the vicinity of the northern and the
southern part of the catchment. In addition, a number of raingages register the daily rain-
fall all over the basin.    

%DVLQ�$UHD

• 78 km
�

(OHYDWLRQ

• ~400 to ~1000 m a.s.l.

*DXJLQJ�VWDWLRQV

• Wängi (outlet), 1922-35 and 1954- 
to date

• Fischingen (upstream, 8km
�
), 

1981-to date

5DLQIDOO�UHFRUGLQJ�VWDWLRQV

• Tänikon, 10’ , 1978-to date
• Büel, 5’ , 1976-to date
• additional daily raingages

)LJXUH�,,,��� Map of the Murg river basin indicating the locations of rain and streamflow gauging stations.
Certain gauging stations with a short length of records or which were abandoned are not
shown on the map. The map is reproduced with the permission of the Federal Office of To-
pography (BA013752) from 25.9.01 (LK 1: 100’ 000 / Blatt 103 / 1989).
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����� 'HWHUPLQDWLRQ�RI�+65&V�LQ�WKH�0XUJ�&DWFKPHQW�
Simulation in the Murg catchment starts with the determination of the different
Hydrologic Similar Reacting Cells (HSRC). Based on the maps from the geographic
database, types of cells are first distinguished which differ in terms of land use and soil
characteristics. These types of cells are then assigned to HSRCs according to hydrologic
criteria and the procedure introduced in Chapter III.1.1. Information on geology is
however not considered as all soils in the catchments are deep. The resulting HSRCs are
then listed in Table III.9 and shown in Figure III.23. 

In the subcatchment of Fischingen only two HSRCs are present which allow for separate
parameterisation of these two HSRCs. An additional assumption on the parameterisation
of the SCS CN equation for the different HSRCs in the form of a relation between the
values of the maximum soil potential retention S (S0.05HSRC1 : S0.05HSRC2) as discussed in
Chapter III.1.3 is, however, required. This assumption may rely on additional information
from the catchment as in Erlenbach, where the NITREX plots represent an important
source of information. In the case of Murg, no such information is available. None of the
rainfall plots analysed in the previous chapter (Chapter II) is located in the catchment.
There are nevertheless plot sites with similar soil characteristics as some of the HSRCs
present in the catchment. The analysis of the rainfall plots did, however, not allow for
clear indications on the parameterisation of the Curve Number equation. This is due to the
limited number of experiments per soil type. Consequently, the assumptions about
parameterisation in the Murg catchment rely on theoretical considerations.

+65& /DQGXVH 6RLO�7\SH
7\SH &KDUDFWHULVWLFV �

M1 pasture Cambisol (eutric, gleyic), 
Regosol (eutric), Gleysol

sd: mean, wsc:mean / high, p: hindered

M2 forest Cambisol (eutric, gleyic), 
Regosol (eutric), Gleysol

sd: mean, wsc:mean / high, p: hindered

M3 pasture Gleysol (humic, mollic, eutric), 
Cambisol (gleyic)

sd: mean, wsc: mean, p: hindered

M4 pasture Luvisol (orthic), Fluvisol (cal-
caric), Cambisol (eutric)

sd: mean / deep, wsc: mean, p: normal / 
extreme

M5 pasture Cambisol (eutric, gleyic) sd: mean / deep, wsc: mean / high, p: slightly 
hindered

M6 forest Cambisol (eutric, gleyic) sd: mean / deep, wsc: mean / high, p: slightly 
hindered

M7 settlement not considered

a sd: soil depth  / wsc: water storage capacity / p: permeability

7DEOH�,,,�� Different cell types in the Murg catchment. The information on soil characteristics is
taken from GEOSTAT. 
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The two HSRCs in the subcatchment of Fischingen mainly differ by their land use as do
the two HSRCs in the Alptal catchment. In contrast to the HSRCs in Erlenbach and
Vogelbach, the soil in the subcatchment of Fischingen is, however, deeper and its
permeability is higher and therefore a similar runoff behaviour of both HSRCs cannot be
further assumed. Moeschke (1998) concludes based on his overview of literature dealing
with the influence of forest on runoff production that forest may dampen the flood peaks
due to interception, increased permeability and increased water storage capacity for
events which follow dry periods. A clear numerical indication is, however, very difficult
and consequently S0.05,HSRC M1 (pasture) and S0.05,HSRC M2 (forest) are assumed to relate as
1 : 1.51. In the remaining part of the catchment, another 5 HSRCs must be calibrated (M3
- M7, see Table III.9). As there is no detailed additional information on these HSRCs, the
assumption on the relation of the values for the maximum soil potential retention for the
HSRCs (S0.05,M3: S0.05,M4: S0.05,M5: S0.05,M6: S0.05,M7) is based on theoretical considerations:
S0.05,M5 is set to 1. M4 is much more permeable than M5 and consequently, S0.05,M4 is set to
2. In the case of M3, the soil is less permeable than for M5. It is therefore assumed that
S0.05,M3 is 75% of S0.05,M5 and that settlement (M7) behaves as M3. S0.05,M6 is further set to
1.25. As in the case of M1 and M2, the HSRCs M5 and M6 just differ by their landuse.
Due to the higher permeability of the soils for HSRCs M5 and M6, it is assumed that the

)LJXUH�,,,��� HSRCs in the Murg catchment with subcatchment Fischingen

1. It is consequently assumed that the maximum soil potential retention in the forest is 1.5 times
higher than in the pasture covered area. 

0 3 6 9 1 2 K ilo m ete rs

+65&V�0XUJ�FDWFKPHQW
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HSRC  M2
HSRC  M3
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HSRC  M6
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effect of forest is less pronounced and S0.05,M5: S0.05,M6 is chosen as 1 : 1.25 instead of
1 :  1.5 as in the case of M1 and M2. In the end (S0.05,M3: S0.05,M4: S0.05,M5: S0.05,M6: S0.05,M7)
then become (0.75 : 2 : 1 : 1.25 : 0.75) as visualized in Figure III.24. 
 

����� &DOLEUDWLRQ���9DOLGDWLRQ
The annual flood events of 1981-1996 observed at the Wängi outlet are chosen for
simulation. Out of the 12 events for which a complete data record is available for both
outlets at Wängi and at Fischingen, 6 were chosen for calibration and 6 for validation. The
choice of the calibration events is mainly dictated by the years for which data are available
from the gauging station at Chräbsbach in the north-eastern part of the catchment. Due to
some uncertainties, the dataset from Chräbsbach is however not used for calibration but
for rough plausibility analyses of the calibration parameter sets.
The calibration starts at the subcatchment upstream of Fischingen and determines a range
of best fitting parameter sets for the two HSRCs concerned. Out of this range, a mean
parameter set1 is chosen and is maintained during the calibration of the parameters for the
other HSRCs at Wängi. The result of the calibration is summarised in Table III.10 and the
corresponding hydrographs shown in Annex C. In general, a range of best fitting
parameter sets can be found for all events considered which allows for simulations lying
within the acceptance range. Only in one case the modification of the equation as
presented in Chapter III.2.1.4 must be applied in order to get a simulation which fits into
the error band wherein simulations are accepted. 

)LJ��,,,��� Assumed relation of the maximum soil potential retention of the HSRCs in the Murg catchment.
(The HSRCs in the subcatchment of Fischingen are not shown). 

1. parameter set which allows for the reproduction of the observed hydrograph lying within a range of
+/- 5% of the volume and +/- 5% of the peak.
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(YHQW�&KDUDFWHULVWLFV � %HVW�)LWWLQJ�3DUDPHWHU�6HW

'DWH
9ROXPH�

�PP���3HDN�
)ORZ��P ��V�

,QWHQVLW\��PP�K� 'XUDWLRQ�K�
$QWHFHGHQW�
:HWQHVV�

&RQGLWLRQV �

&1��
&1� �

Nstr1��
Nstr2

� [4% � .1 &RPPHQW

Oct. 92 45 / 25 5 16 < 10 / 70 55 / 53 1 / 1 (5) 0.45 / 
0.4

100000 first part of event is underestimated, second part with 
main peak is reproduced (F/W)

Jul. 93 85 / 31 35 10 < 5 / < 5 - / 40 1 / 2 0.05 / 
0.15

100000 no subsurface flow (F) ?

Apr. 86 70 / 26 10 25 0  /  5 peak and volume cannot be reproduced, modification 
of the SCS CN method improves the simulations (F/W)

May. 94 90 / 32 10 25 < 5 / 5 38 / 30 5 / 5 
(10)

0.4 / 
0.35

100000

Jan. 95 35 / 41 5 18 30 / 50 77 / 75 5 / 5 1.0 / 
0.95

100000 peak runoff anticipated, volume underestimated (F)

Jul. 96 60 / 18.4 10 25 < 10 / 30 40 / 42 5 / 5 0.45 / 
0.3

100000 first part of event is underestimated, second part with 
main peak is reproduced (F/W)

a Volume = cumulated rainfall; volumes and intensity rounded to +/- 5
b Rainfall (mm) within the last 48 and 120 hours before the event (average of Taenikon and Büel according to distribution by Thiessen polygons)
c CN1: CN HSRC M1 (subcatchment Fischingen); CN2: CN HSRC M5 (remaining part of catchment, see Figure III.23), λ = 0.05
d Kstr1: forest; Kstr2: pasture 

e _/_: subcatchment upstream of Fischingen / catchment upstream Wängi
f Indicates general tendencies for the best fitting parameter sets, F: Fischingen, W: Wängi

7DEOH�,,,���: Flood events observed in the Murg catchment used for calibration: event characteristics and best fitting parameter values
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The calibration further reveals one important aspect: the structure of the flood events in
the Murg catchment differs from the structure of the flood events observed in the Alptal
catchments (Erlenbach and Vogelbach). In the Alptal catchments, the flood events are
dominated by overland flow whereas the flood events observed in the Murg catchment are
also considerably influenced by subsurface flow and baseflow. Figure III.25 illustrates
this fact and shows one flood event from the Erlenbach catchment and one flood event
from the Murg catchment. 
As a consequence, the subsurface flow production module plays a major or even dominant
role in the simulation of the flood events from the Murg catchment. For most of the events,
it is responsible for up to 80% of the simulated runoff volume and in the case of the
convective event of 1993 at Fischingen, even close to 100%. The model is therefore most
sensitive to changes in the parameterisation of the subsurface flow production module,
i.e., the linear reservoir. Sensitivity to the parameterisation of the overland flow
production module is limited. The best fitting parameter values determined for the HSRCs
are further exposed to larger uncertainties. 
In addition to the subsurface flow, the baseflow at the beginning of the event cannot be
neglected. 

The best fitting parameter sets for CN, xQb and the baseflow at the beginning of the event
are then related to the storm characteristics. The procedure foreseen in the SCS CN
method to account for the antecedent conditions in the parameterisation (see Chapter
I.2.2) is also tested and results in the dotted lines in Figure III.26. A comparison with the
best fitting parameter sets does however show that the result is not satisfactory and the
relation between parameterisation and antecedent conditions might be better reflected by
a regression curve. 
All three parameters (CN, xQb and the baseflow at the beginning of the event) best
correlate with the antecedent rainfall cumulated within 3 to 4 days before the event, for  

)LJXUH�,,,��� Flood events in the Erlenbach and Murg catchments. In the Murg catchment the influence of
the subsurface flow and the subsurface flow production module is more pronounced than in
the Erlenbach catchment.
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)LJXUH�,,,��� Best fitting xQb and CN0.05 values (for HSRC M5) vs. antecedent rainfall cumulated within
the last 72 and 120 hours before the storm event. 

)LJ��,,,��� Assumed relation of the maximum soil potential retention of the HSRCs in the Murg catchment.
(The HSRCs in the subcatchment of Fischingen are not shown), λ = 0.05. 
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both the whole catchment (HSRC M5) and the subcatchment upstream of Fischingen1

(HSRC M1). The observed correlation lies in all cases between 0.6 and 0.7 as illustrated
by Figure III.26. A higher correlation of over 0.9 exists between xQb, CN and the rainfall
intensity in the subcatchment upstream of Fischingen. The figure also indicates that the
ARC concept is not valid in this catchment. The relation between the best fitting
parameter set and the storm rainfall volumes is then exhibited in Figure III.27. As in the
Alptal catchments, a decline of the CN values with increasing storm rainfall volume is
observed. According to the terminology introduced by Hawkins (1990) and described in
chapter III.2.1.3, this may correspond to a complacent or standard behaviour.  
The relations between the cumulated antecedent rainfall and the best fitting parameter sets
are then used to determine the parameter sets for the validation events based on storm
characteristics2. For the surface roughness coefficient Kstr, a value of 1 is assumed for
forest and 5 for areas used for agricultural purposes. In settlement areas Kstr is set to 10. 
The parameterisation of the validation events is listed in Table III.11 and the
corresponding hydrographs exhibited in annex C. As the a priori estimation of the runoff
at the beginning of the event forms another source of uncertainty influencing the accuracy
of the estimation of the parameterisation of the single HSRCs, it is not further estimated
but     assumed to be known. With this assumption a deviation of 5 to 40% (average: 20%)
of the simulated from the observed runoff volume and peak is then observed for the
validation events.    
 
����� 'LVFXVVLRQ
In the Murg catchment the modeling frame chosen for this study also allows for an
accep-table reproduction of the flood events considered. For all calibration events with the
exception of one, a parameter set can be determined which permits the reproduction of the
observed hydrographs within the tolerance range (Chapter III.1.3). In contrast to the
Alptal catchments, the subsurface flow module and its parameterisation plays a key role.
A comparison of the parameterisation of this module for the subcatchment of Fischingen
and the whole catchment shows that they differ slightly, the parameter values in the
subcatchment being slightly higher. This consequently rises the question whether the
subsurface flow module should be modified. Instead of using one single linear reservoir
for the whole catchment / subcatchment or one linear reservoir per cell it might be
considered to model the subsurface flow by separately considering all parts of the catch-
ment with a different hydrogeologic structure.

1. As mentioned in the description of the catchment, there are two meteorological stations in the
southern and the northern vicinity of the catchment which measure rainfall at a high temporal
resolution. The subcatchment upstream of Fischingen lies entirely in the area “ influenced”  by the
southern station. Consequently, the parameter set calibrated based on the runoff data from
Fischingen are related to the rainfall data from the southern station. The remaining parameter sets
are compared to the average of the rainfall from both stations. (The Thiessen method separates the
catchment in two parts of nearly equal size). 

2. The relations between the rainfall intensity and the best fitting parameter sets are not further
considered as the validation parameter sets estimated based on these relations are much less
adequate than the parameter sets estimated based on the cumulated antecedent rainfall. 
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(YHQW�&KDUDFWHULVWLFV � %HVW�)LWWLQJ�3DUDPHWHU�6HW

'DWH
9ROXPH�

�PP���3HDN�
)ORZ��P ��V�

,QWHQVLW\��PP�K� 'XUDWLRQ�K�
$QWHFHGHQW�
:HWQHVV�

&RQGLWLRQV �

&1��
&1� �

Nstr1��
Nstr2

� [4% � .1 &RPPHQW �

Dec. 81 45 / 24 5 27 15  / 25 45 / 47 1 / 5 0.5 / 
0.5

100000  total runoff volume: overestimated (F/W)

Apr. 83 25 / 22 5 10 10 / 40 58 / 55 1 / 5 0.5 / 
0.5

100000 peak runoff: overestimated (F) / underestimated (W), 
total runoff volume: underestimated at the end of event 
(F) 

Nov. 85 55 / 18.2 10 20 5  /  40 38 / 38 1 / 5 0.5 / 
0.3

100000 peak runoff: overestimated (F) / underestimated (W) 
total runoff volume: overestimated (F),

Jun. 87 45 / 23 5 16 15 / 15 35 / 39 1 / 5 0.4 / 
0.4

100000 peak runoff: underestimated (F/W), total runoff        
volume: underestimated (F/W)

Dec. 88 55 / 31 10 50 10 / 15 43 / 48 1 / 5 0.5 / 
0.5

100000 peak runoff: overestimated (F)

Dec. 89 20 / 11.1 5 5 10 / 40 49 / 54 1 / 5 0.4 / 
0.4

100000 peak runoff: underestimated (F/W)

a Volume = rainfall volume; volumes and intensity rounded to +/- 5
b Rainfall (mm) within the last 48 and 120 hours before the event (average of Taenikon and Büel according to distribution by Thiessen polygons).
c CN1: CN HSRC M1(subcatchment Fischingen); CN2: CN HSRC M5 (remaining part of catchment, see Figure III.23), λ = 0.05
d Kstr1: forest; Kstr2: pasture 

e _/_: subcatchment upstream from Fischingen / catchment upstream from Wängi
f Only characteristics are mentioned which exceed the tolerance range

7DEOH�,,,���: Flood events observed in the Murg catchment used for validation: event characteristics and validation parameter values
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In the case of the Murg catchment, the northern and southern parts of the catchment could
consequently be modelled individually by two linear reservoirs. In the southern steeper
part, groundwater bodies are insignificant whereas they play a major role in the northern
flatter part of the catchment.
In addition to the modification of the subsurface flow module the integration of the
modeling frame in a continuous context may be considered in order to also reproduce the
runoff at the beginning of the event, which cannot be neglected in a large number of catch-
ments. 
The parameterisation of the HSRCs in the Murg catchment depends very much on the
parameterisation of the subsurface flow module. It is therefore exposed to a larger
uncertainty as in the case of the Alptal catchments where the role of the subsurface flow
is much less important. First indications on the range of the values for the parameters of
the single HSRCs are however gained. The refinement of these first indications will then
require that a number of catchment with similar dominant HSRCs are analysed. 

��� 5(866�&$7&+0(17
����� 'HVFULSWLRQ�RI�WKH�%DVLQ�DQG�'DWD�$YDLODELOLW\
The last basin considered, the Reuss upstream of Andermatt, represents a purely alpine
catchment. It is located in the centre of Switzerland and the Alps with its southern border
facing the divide between the northern and southern part of the Alps. The catchment
covers an area of 192 km

�
 and ranges from 1400 m a.s.l to 3600 m a.s.l. in altitude, the

average altitude being at 2300 m a.s.l. At this altitude the average annual temperature lies
close to 0°C whereas it climbs to 4.5 °C at 1400 m a.s.l. The average annual rainfall
measure at 2300m a.s.l. in the northern part of the catchment consists in 1420 mm1. In the
southern vicinity of the catchment at 1000 m a.s.l., it increases by 100 mm. The variability
of the rainfall in the southern station is higher than in the northern station both in terms of
average monthly rainfall and maximum hourly rainfall as shown in Figures III.28 and
III.29, respectively.
The figures further show that the highest mean rainfall intensity in the northern station
(Guetsch) are observed between June and September whereas this period is one month
longer in the southern station. The runoff regime is “ glacio-nival” (LHG 1995) with floods
mainly occurring between July and October (Figure III.30). The major floods are mostly
observed in the second half of this period.

1. time period considered: 1981-1996
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)LJXUH�,,,��� Monthly variability of the precipitation in the Reuss river basin (period considered: 1981-
1996), Guetsch: northern station, Piotta: southern station; data from MeteoSwiss

)LJXUH�,,,��� Maximum hourly precipitation in the north and the southern vicinity of the Reuss river basin
(period considered: 1981-1986); data from MeteoSwiss
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At that time of the year it is then assumed that floods are mainly rainfall driven and not
influenced by snowmelt. Consequently, these floods may also be reproduced by a
modeling frame without a snowmelt component as FEST.
The geology of the Reuss catchment is characterised by the Aare massive, the Gotthard
massive and the “ Urserenzone” . The Urserenzone which runs through the catchment from
SW to NE following the Urseren valley consists of mesozoic sediments and separates the
Aarmassive (in the north) from the Gotthardmassive (in the south). According to Labhard
(1987) the latter massives are crystalline basements formed in permian time which were
uplifted and bent during the building of the Alps. They consist of metamorphic rock with
intrusions of granite. The landuse is strongly dictated by this geology and rock debris1,
rock and glaciers cover large areas. In total they cover 40% of the catchment of which half
consists of rock debris. The remaining part of the catchment is mainly used as pasture.
Forest and bushes are only found on the lower slopes of the Useren valley and settlement
is restricted to a small number of villages. The soils in the areas used for pasture is mainly
high permeable and shallow with the exception of the bottom of the Urseren valley where
they reach a mean depth. An overview of the catchment showing also the rainfall
recording and runoff gauging stations is then illustrated by Figure III.31. 
Meteorological stations with a high temporal resolution are located in the north eastern
part of the catchment at 2300 m a.s.l., in the southern vicinity and close to the western
border of the catchment. Four gauging stations are / were present in the catchment. The
two stations located in the eastern part of the catchment were destroyed by the flood event
of 1987.

)LJXUH�,,,��� Seasonal distribution of flood events in the Reuss river basin (Andermatt station); data from
Swiss Federal Office for Water and Geology (FOWG).

1. Scree areas covered with products from the erosion of the rock formations. 
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����� 'HWHUPLQDWLRQ�RI�+65&V�LQ�WKH�5HXVV�&DWFKPHQW
The determination of the HSRCs follows the procedure introduced in Chapter III.1.1 and
is based on the information from the maps of the GEOSTAT geographical database. It
starts with information on land use. For glacier, rock, rock debris and settlement, no
further information on geology and soil is considered but the cells are directly assigned to
the corresponding HSRCs. Within the land use pasture category, three different HSRCs
are distinguished corresponding to three groups of soil types with similar hydrologic
characteristics. No further splitting based on information relating to geology is done as
the geological formations are mainly impermeable. The resulting set of HSRCs is shown
in Table III.12 and Figure III.32. 

%DVLQ�$UHD

• 191 km
�

(OHYDWLRQ

• ~1400 to ~3600 m a.s.l.

*DXJLQJ�VWDWLRQV

• Andermatt (outlet),  1904 - to date
• Wittenwasserenreuss, Realp (up-

stream, 30 km
�
), 1956- 1987

5DLQIDOO�UHFRUGLQJ�VWDWLRQV

• Guetsch, 10’ , 1980 - to date
• Piotta, 10’ , 1979 - to date
• additional daily raingages

)LJXUH�,,,��� Map of the Reuss river basin and location of rain and streamflow gauging stations. The map
is reproduced with the permission of the Federal Office of Topography (BA013752) from
25.9.01 (LK 1: 200’ 000 / Blatt 4 / 1991).
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A region of 12 km
�
 located in the southern part of the catchment is not considered in the

HSRC assignment and consequently, in the simulations1. It drains naturally or is drained
into the reservoir of Lucendro. The water in the reservoir flows into the adjacent southern
catchment. 

����� &DOLEUDWLRQ�DQG�'LVFXVVLRQ
The annual flood events registered at the Andermatt outlet in the period 1981-1996 were
chosen for simulation. From the three additional gauging stations located in the catch-
ment, only one is considered in the simulations. The other two stations are not included
due to uncertainties in their datasets. The remaining stations at Andermatt and Realp
(Wittenwasserenreuss) drain two nested catchments of 30 km

�
 and 192 km

�
 in size in

which the same HSRCs dominate. The rainfall input consists of the rainfall data with high
temporal resolution registered at Piotta and Guetsch stations and is assigned to the
different cells according to the Thiessen method. A third meteorologic station close to the
eastern border of the catchment is not considered as it only became operational in 1989
and the gauging station for the Wittenwasserenreuss in Realp was destroyed by the flood
event of 1987 and has not been rebuilt. 

The analysis of the flood events and the first attempts to determine corresponding best
fitting parameter sets rapidly illustrates that in the alpine context special aspects need to

+65& /DQGXVH 6RLO�7\SH *HRORJ\

�&KDUDFWHULVWLFV � &KDUDFWHULVWLFV
R1 glacier not considered not considered

R2 rock not considered not considered

R3 rock debris not considered not considered

R4 settlement not considered not considered

R5 pasture Ranker, Lithosol, Regosol (dystric/ eutric), Podzol
sd: flat / very flat, wsc: low, p: extreme

mainly impermeable

R6 pasture Regosol (dystric, eutric)
sd: flat, wsc: low, p: mean

mainly impermeable

R7 pasture Cambisol (eutric), Regosol (eutric)
sd: mean, wsc: mean, p: mean

not considered

R8 forest Ranker, Lithosol, Regosol (dystric/ eutric), Podzol
sd: flat / very flat, wsc: slow, p: extreme

mainly impermeable

a sd: soil depth / wsc: water storage capacity / p: permeability

7DEOH�,,,��� Different HSRCs in the Reuss catchment. Information on soil and geology is taken
from GEOSTAT. 

1. An option has been introduced in FEST98mod which allows not to consider the runoff from single
cells within the catchment. 
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be considered and the modeling frame reaches its limits. Only a limited selection of catch-
ments is suited for the parameterisation of “ alpine”  HSRCs with the actual modeling
frame. 
 

One special aspect in alpine catchments is represented by snow. As most of the flood
events, especially those with higher return periods, were observed in late summer, it was
primarily assumed that the influence of snow might not be dominant. A detailed analysis
of the seventeen annual maximum flood events however shows that most of the events are
influenced to a major or minor degree by snowfall or snowmelt. Only two events are not
influenced by snow. The remaining events are either snowmelt driven, occurred when the
catchment was mainly covered by snow or the temperature at the end of the event dropped
below 0°C1. The latter effect is mainly observed for events which occurred in late
September or October. Limiting the simulations to extreme events which are not
influenced by snow is no solution as the beginning of the period for which rainfall data
with a high temporal resolution are available does not date back more than twenty years.

)LJXUH�,,,��� HSRCs in the Reuss catchment with the Wittenwasserenreuss catchment

1. The snow height and temperature are measured at the Guetsch meteorological station located at
2300 m a.s.l., which corresponds to the average height of the whole catchment. The average
elevation of the catchment drained by Wittenwasserenreuss is 100m higher than the average
elevation of the whole catchment.  
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Consequently, events must be considered where snow plays a (minor) role. Out of the
seventeen events, four then remain for which runoff data are available for both stations.
In the first event considered shown in Figure III.33, the influence of the snow is however
detectable. 

)LJXUH�,,,��� Historical flood event in the Reuss catchment. The undulation of the hydrograph is caused
by snowmelt; data from Swiss Federal Office of Water and Geology (FOWG) / MeteoSwiss. 

)LJXUH�,,,��� Historical flood event in the Reuss catchment. In the second half of the event the temperature
at Guetsch, which is located at the mean elevation of the catchment, drops below 0°C; data
from Swiss Federal Office of Water and Geology (FOWG) / MeteoSwiss. 
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The undulation of the hydrograph which stops at the end of the event is snowmelt driven.
Its effect on the peak of the flood event is not decisive but it allows no clear assumption
on the separation of the antecedent baseflow from the subsurface flow and consequently,
a parameterisation of the subsurface flow module of the modeling frame. In this particular
case, a rough on sight separation of the overland flow from the total runoff seems however
possible and allows at least for a analysis of the overland flow. Another aspect of the
influence by snow is shown in Figure III.34. In the second half of the event the
temperature at Guetsch1 falls close to 0°C and snow falls. The overestimation of the
volume at the end of the event by simulation (not using the modification of the equation
introduced in Chapter III.2.1.4) may consequently not only be caused by the structure of
the model but also by the storage of rainfall in form of snow. 
Another question which becomes more difficult in the alpine environment is a correct
spatial representation of the rainfall. For two out of four flood events, a parameterisation
can be found which allows for an acceptable reproduction of the hydrograph in the
subcatchment and the catchment when rainfall is distributed according to the Thiessen
method. For the remaining two events, the same effects are only obtained when assuming
that the whole subcatchment of the Wittenwasserenreuss is exposed to the rainfall
measured in the southern station. The reason for this behaviour may not only be related
to uncertainties in the spatial representation of the rainfall but also in a wrong assumption
concerning the runoff production module in the model. The grouping of cells into HSRCs
may be too coarse and a HSRC in the Wittenwasserenreuss subcatchment could include
certain cell types which are not present in the same HSRC in the rest of the catchment and
consequently, show a different hydrologic behaviour. Further due to uncertainty relating
to rainfall input, the analysis of the distinction of the HSRCs and their corresponding
parameterisation becomes difficult.
The parameterisation of the HSRCs further requires additional assumptions relating to
parameterisation (S0.05,HSRC1 : S0.05,HSRC2) as already shown in the Alptal and Murg catch-
ments. In the Alptal and Murg catchments these assumptions were based on observed or
supposed hydrologic properties of the soil types. For the HSRCs R1-R3 (glacier, rock,
rock debris) this procedure is however not possible and additional information on these
HSRCs is required. With respect to glaciers one may also think of replacing the SCS CN
equation by a more physically oriented method.

In general, the investigations in this catchment exhibit the limits of application for the
modeling frame in the alpine environment due to its inability to reproduce snow and
glacier related runoff processes. They further show that the parameterisation of alpine
HSRCs by the chosen modeling frame should only rely on data from small catchments
where a reliable estimation of the spatial distribution of rainfall is possible. 

1. The altitude of Guetsch only corresponds to the average elevation of the catchment. The average
elevation of the subcatchment is even 100 m higher than the average elevation of the entire catch-
ment. 
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The previous chapter (III.2) reported on the reproduction of flood hydrographs observed
in four different catchments by means of a distributed Rainfall-Runoff model. The
simulations aim at insights into the ability of the Curve Number equation to reproduce the
overland flow observed at the HSRCs. This chapter discusses the findings and insights
into the performance and parameterisation of the Curve Number equation gained by the
simulations. Chapter III.3.1 introduces general findings from the simulations. It starts
with an overview of the best fitting parameterisation for different HSRCs. It further shows
the relation of the parameter values to storm characteristics and debates some peculiarities
of the model which influence the results of the parameterisation. The next chapter (III.3.2)
then compares the best fitting parameterisation with the original parametersation of the
equation presented in SCS 1985 for different HSRCs. As the soil and land cover
categories used in the GEOSTAT maps and those used in the original Curve Number
method are not identical, a correspondence is preliminarily established. Only by this
correspondence an assignment of original Cn values to HSRCs delineated based on
information from GEOSTAT becomes possible. The last chapter (III.3.3) then compares
the results of the simulations with the results from the analysis of the rainfall plots
(Chapter II). 

��� *(1(5$/�$63(&76�
The simulations aim, as already mentioned, at investigating to which extent the Curve
Number equation allows for a correct reproduction of the overland flow observed at
different HSRCs. In the Erlenbach, Vogelbach, Murg and Reuss catchment, seventeen
different HSRCs were distinguished. For eight out of these seventeen HSRCs, a statement
on the performance of the Curve Number equation is however not possible. They are all
located in the alpine catchment of the Reuss. In this catchment no clear indications on the
suitability of the Curve Number equation could be gained mainly due to the uncertainties
related to the spatial distribution of the rainfall. The remaining nine HSRCs are located in
the three prealpine catchments and the range of best fitting parameter values for each
HSRC is shown in Figure III.35. 

For most HSRCs the range of best fitting parameter values is very large. It exceeds the
variability of the Curve Number values which might be expected due to different
antecedent wetness conditions. This large range expresses the uncertainty related to the
determination of Curve Number values for single HSRCs. It is caused on the one hand by
the limited number of flood events considered. A larger number of flood events would
have allowed to better determine a median CN value and the distribution of the other best
fitting CN values around this median CN value. On the other hand, the uncertainty also
comes from the method used to determine the parameterisation of the HSRCs: Rainfall-
runoff data from storm events observed at plots with the same resolution as the HSRCs
(1ha) are scarce. Consequently, hydrographs registered at catchment outlets are used. The
corresponding catchments do however represent a different spatial scale than the HSRCs
and only total runoff is measured. In order to determine a parameterisation of the Curve
Number equation for single HSRCs based on these data, a distributed Rainfall-Runoff
model is introduced. In this Rainfall-Runoff model the overland flow is calculated
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separately by the Curve Number equation for each HSRC and there is also a subsurface
flow simulation module. The simulation of historical flood events then allows for
indications on the parameterisation of the model. 

It does however not permit to consider each HSRC separately. The parameterisation of
the single HSRC furthermore depends on the parameterisation of the other HSRCs1 and
the subsurface flow module. Replacing the subsurface flow method in the model and
repeating the calibration of the Curve Number equation for the HSRC would therefore
result in different CN values. Consequently, the data shown in Figure III.35 must be seen
in the context of the parameterisation of the subsurface flow module and the preliminary
assumptions on the parameterisation (SHSRC1 : SHSRC2:...). 
The whole model generally shows a good performance. For most of the flood events con-
sidered for calibration, a parameter set could be found which allows for an acceptable2

reproduction of the observed flood hydrograph. When the storm rainfall is characterised
by peaks interrupted by periods of no rainfall or rainfall of low intensity, a considerable
overestimation of the simulated runoff volume is however observed. The overestimation
results from the fact that the overland flow module assumes that the runoff coefficient
increases steadily at each time-step according to the CN curve:

)LJXUH�,,,���Range of best fitting CN0.05 values (min, max, median) observed for the different HSRCs in
the simulations. The soils are listed according to the permeability of the corresponding soils
as indicated in GEOSTAT (Permeability Kper [cm / s]: strongly hindered: 1.0E-0.6 < K <
1.0E-05; hindered: 1.0E-05 < K < 1.0E-04; slightly hindered: 1.0E-04 < K < 1.0E-03;
normal-excessive: 1.0E-03 < K < 1.0E-01.) 

1. Before starting the simulations, assumptions on the relative parameterisation of the Curve Number
equation for the single HSRCs were made: SHSRC1: SHSRC2:..., with S representing the maximum
soil potential retention [mm]. This aspect is discussed in more detail in Chapters III.1.3, III.2.1.3
and III.2.2.2. 

2. Criteria: less than 10% deviation from the observed total runoff volume and the peak runoff. Hence,
the simulated runoff peak must not differ more than one timestep from the observed runoff peak. 
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 (III_28)

where: 
Qo overland flow produced during one timestep [m

�

/s]
4R�W� cumulated overland flow up to time t [m

�

/s]

and: 

 (III_29)

where: 

)�W�� effective soil retention after runoff begins, F(t) = P(t)-Qo(t), [mm]
6� maximum soil potential retention after runoff begins, [mm] 
3�W�� actual cumulated rainfall including the initial abstraction, [mm]

This assumption does however not completely correspond to the physical reality as shown
by the rainfall experiments. The plots sites were exposed to long lasting rainfall of very
high constant intensity. Below a threshold of the rainfall volume which ranged from 0 to
80 mm, the runoff coefficient became constant and remained constant. In order to account
for these observations, a modification of the overland flow module is introduced: During
each timestep where the rainfall intensity lies below a threshold value, the value of F(t) is
reduced according to equation (III_20).

This conceptual approach does however require the estimation of K2, which must be done
for each soil type and consequently each HSRC separately. A more physically oriented
approach to this problem may therefore be desirable, i.e. if the reduction could be
expressed in terms of characteristics of the soil considered, e.g. as a function of the
saturated hydraulic conductivity. No precise indication in this direction could however be
gained from the analysis of the rainfall experiments. An overestimation of the runoff
volume by the Curve Number equation was also observed during the rainfall experiments.
The overestimation was however only observed starting from rainfall volumes exceeding
the total rainfall volumes of the storm events considered for simulation. Furthermore
during the rainfall experiments, the rainfall intensity was constant. 

The best fitting parameter sets for the HSRCs (Figure III.35) were related to the
antecedent rainfall volumes and the storm rainfall volumes. In the original Curve Number
method (SCS 1985) dry, mean and wet antecedent runoff conditions are distinguished
based on the rainfall volume registered within five days preceding the storm event. The
Curve Number values listed in the original parameterisation tables represent mean
wetness conditions. In the case of dry and wet antecedent conditions, the CN values
corresponding to mean wetness conditions are adjusted according to Formulas (I_7),(I_8)
introduced in Chapter I.2.2. This scheme was tested with the best fitting parameterisation
and the antecedent rainfall volume observed for each flood event used for calibration. As
a result of this test, the scheme cannot be used to describe the relation of best fitting Curve
Number values and the antecedent rainfall observed in the three prealpine catchments.
The best fitting parameter values were then compared to antecedent rainfall volumes

∆Qo Qo t( ) Qo t 1–( )–=

∆

Qo t( ) F t( ) P t( )⋅
S

------------------------=
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observed during periods of different length prior to the storm event. A maximum
correlation (linear) of 0.5 - 0.6 was observed. In the smaller Erlenbach and Vogelbach
catchments the correlation is best when the best fitting parametersation is related to the
rainfall registered two days before the event. In the mesoscale Murg catchment, the rain-
fall volume registered within three days before the event correlates best with the best
fitting parameterisation. 
For all catchments a decrease of the CN values with increasing storm rainfall volume is
further observed. In the Vogelbach catchment, a linear trendline fits the data best
whereas in the Murg catchment the data can be fit by a power low or a linear trendline.
In the Erlenbach catchment the trend is much less pronounced. Considering the definition
presented in Hawkins (1990), the Vogelbach catchment then shows a complacent, and the
Murg, a standard or complacent response. In the case of a standard response, a constant
Curve Number is observed with increasing rainfall volume whereas in the complacent
case, the Curve Number does not become constant with increasing rainfall volume. 
Due to the limited dataset, the latter statement is however rather speculative.

��� &203$5,621�72�25,*,1$/�3$5$0(7(5,6$7,21
This section mainly addresses the comparison of the original parameterisation of the
Curve Number method as presented in SCS (1985) with the parameterisation determined
based on simulations and shown in Figure III.35 for single HSRCs. In order to allow for
this comparison, the original assignment tables are adapted to the GEOSTAT database.
To this end, a correspondence between land use and soil categories used in the original
assignment tables and the GEOSTAT maps is established. This correspondence then
allows to determine Hydrologic Soil Complexes and the corresponding original
parameterisation based on information from GEOSTAT. Chapter III.3.2.1 reports on the
adaptation of the original parameterisation tables to the GEOSTAT database. In the next
chapter (III.3.2.2) the original parameterisation and the parameterisation determined
based on simulations are compared. The original Curve Number method aims at the
reproduction of the direct runoff. In the context of this study, the Curve Number equation
is however calibrated in order to simulate the overland flow. Consequently, the original
parameterisation and the parameterisation determined in this study (new
parameterisation) are not in the same order of magnitude. Both parameterisations are
compared and analysed in respect to regularities which could allow to determine the
“ new”  parameterisation from the original parameterisation. One should observe in this
respect that the original parameterisation refers to a λ value of 0.2 whereas the new
parameterisation is based on a λ value of 0.05. The comparison between the new
parameterisation obtained from the simulation fitting and the original CN table (Table
III.15) accounts for this, in that the original CN0.2 values have been converted prior to the
comparison to CN0.05 values according to equation (I_10). 
In addition, the Curve Number equation is also calibrated based on the direct runoff for
both HSRCs in the Fischingen subcatchment.

����� $GDSWDWLRQ�RI�RULJLQDO�&1�DVVLJQPHQW�WDEOHV�WR�*(267$7
In the original parameterisation tables (SCS 1985), the CN values are given for
Hydrologic Soil Complexes. Hydrologic Soil Complexes are defined based on
information on land cover and soil type. 
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The corresponding maps of GEOSTAT (1997) are: 

• Land use raster maps with a grid size of 100 m by 100 m derived on the basis of
two different principles for the assignment of land use categories to the single
grid elements. The $UHDOVWDWLVWLN� �� (12 landuse categories derived from
topographic maps, henceforth referred to as AK72) is digitised based on the
criterion of the  "prevailing use" in the element whereas the $UHDOVWDWLVWLN������
and� �����, (24 land use categories derived from aerial pictures, henceforth
referred to as AK85, AK97) are derived using the "sample point principle";

• Soil type raster map (Bodeneignungskarte, henceforth referred to as BEK,
based on a 1:200’ 000 soil map of Switzerland), also characterised by a grid size
of 100 m by 100 m (original data set in vector format), containing 144 soil
classification units derived from the combination of typical landscape units and

soil characteristics;1 

• A simplified geotechnical raster map2 (Vereinfachte Geotechnische Karte,
henceforth referred to as VGK, based on a 1:200'000 geotechnical map of
Switzerland in vector format), which contains 30 classes characterising the first
geological layer under the soil.

The modifications required to match the SCS CN soil and land use classification with the
GEOSTAT maps are outlined in the following sections: 

6RLO�0DSV

The assignment of soil types from the GEOSTAT map to Hydrologic Soil Groups is based
on the depth and the permeability of the soils. It is reported in Table III.13 and is largely
based on the underlying assumption that soils with high permeability and extreme
thickness show a high infiltration capacity and therefore correspond to the Hydrologic
Soil Group A, whereas shallow soils with an extreme low permeability correspond to the
Hydrologic Soil Group D. Other combinations of permeability and soil thickness are
distributed linearly in between these two extremes. In order to profit from the more
extended information from GEOSTAT, the number of Hydrologic Soil Groups is
enlarged from 4 to 7 by introducing the intermediate categories “ AB” , “ BC”  and “ CD” .
This splitting is already foreseen in the original method and further detailed in Ott (1997),
who established a correspondence between Bavarian soil maps and the Hydrologic Soil
Groups. 

1. According to the latest update of the user’s manual (GEOSTAT 2001) in the issue of the
“ Bodeneignungskarte”  used in this project, the information in the map deviates in position from
physical reality by up to 300 m. The corrected version was published recently but could not be
considered in this study. The use of this map for detailed hydrologic or pedologic analyses, even in
its corrected version, is not encouraged in the user’s manual due to the limited accuracy of the soil
characteristics. - All these uncertainties relating to the soil map increase the incertitude of the
parameterisation of the SCS CN equation addressed in this step, but do not, however, hide the major
trends. On the other hand, since the demand for a flood estimation tool based on generally easily
available information for its parameterisation is very pronounced, it is worthwhile exploring the
procedure addressed in this study despite the aforementioned difficulties. 

2. The original pedologic and geotechnical maps of GEOSTAT are in vector format; for
methodological reasons raster maps were used in this study. 
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When the soil is shallow (depth categories from < 10 cm to 30-60 cm) information on the
first geological layer below the soil is primarily considered to assign the Hydrologic Soil
Group. This assignment is then modified based on the permeability of the shallow soil
layer as shown in Table III.14. In case of soils with high permeability the Hydrologic Soil
Group is not changed, whereas it is set to “ D”  if the soil is nearly impermeable. For soils
with intermediate permeability, the Hydrologic Soil Groups are distributed linearly
between the two extremes. 

Two examples may clarify this assignment procedure:
In the first example the GEOSTAT soil category U6 (Cambisol eutric) was chosen. The
depth of this soil lies between 60cm and 90cm and the permeability ranges from 1.0E-03

GHSWK�>FP@ SHUPHDELOLW\�.>FP�V@
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� ���

� �.����

� ���

� �.����

� ���

� �.����

� �� �

� �.��� �

� ���

� �.��� �

� .!���

�

>150 D C-D C B-C B A A

120-150 D C-D C C B-C A-B A

90-120 D C-D C C B-C B A-B

60-90 D C-D C-D C-D C B-C B

30-60 information on the first geologic layer is considered to assign the Hydrologic Soil Groups

10-30 information on the first geologic layer is considered to assign the Hydrologic Soil Groups

<10 information on the first geologic layer is considered to assign the Hydrologic Soil Groups

7DEOH�,,,��� Equivalence between Hydrologic Soil Groups and the permeability and soil depth
characteristics of the soils used in the GEOSTAT database

SHUPHDELOLW\�.per�>FP�V@ +\GURORJLF�6RLO�*URXSV�DVVLJQHG�IURP�LQIRUPDWLRQ�
RQ�*HRORJ\

$ $% % %& & &' '
k>1.0E-01 A A AB B BC C CD

1.0E-02 <K<1.0E-01 A A AB B BC C CD

1.0E-03 <k<1.0E-02 B B B BC C C CD

1.0E-04<K<1.0E-03 BC BC BC BC C C CD

1.0E-05<K<1.0E-04 C C C C C CD D

1.0E-06<K<1.0E-05 CD D D D D D D

k < 1.0E-06 D D D D D D D

no soil A AB B BC C CD D

7DEOH�,,,��� Modification of the Hydrologic Soil Groups assigned in a first step based on the
geological map with information on the permeability of the overlaying shallow soil. 
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cm/s to 1.0E-04 cm/s. As the soil exceeds a depth of 30cm to 60cm, information on the
underlaying first geologic layer has not been considered. A HSG of C-D is then assigned
to this soil type following Table III.13.
The second soil is S6, (Gleysol humic). The corresponding soil depth ranges from 30cm
to 60cm and the permeability is strongly hindered (1.0E-05 cm/s to 1.0E-06 cm/s). Due
to the limited depth, the first geologic layer below the soil was also considered for the
assignment of the Hydrologic Soil Complex. The assignment of the HSG for the location
starts with geologic information. It is assumed that the geologic layer is quite permeable
and therefore corresponds to HSG B. Due to the low permeability of the overlaying
shallow soil, the HSG of the location is however changed from B to D according to Table
III.14. 

/DQG�8VH�0DSV

The land use map used in this work is the AK72. The other land use maps offer a larger
number of land use categories, but do not contain much additional hydrological relevant
information. The distinction of categories is not based on hydrologic criteria and classes
like meadow / arable land, which can exhibit a large variety of different hydrologic
behaviours, are not further split. Furthermore, the AK72 is based on the dominance
classification principle (the dominating landuse in the single raster cell is considered)
where assignment errors on small areas are better compensated than by the sample point
procedure used to produce the AK85 and the AK97. It therefore corresponds more to the
target of describing the hydrologic properties of each cell1. 
The original categories of the AK 72 are:

• waste land / non-cultivated area
• rivers
• lakes
• pasture
• meadow, arable land, horticulture
• vineyards
• residential area (low, medium, high density)
• traffic infrastructure
• industrial area

In order to allow for a better correspondence with the categories used in the SCS CN
method, some of the aforementioned classes are further split based on additional
information from the soil map of GEOSTAT, relating to its suitability for agricultural and
silvicultural use. The refinement concerned the categories bareland, meadow and pasture
and wood. Assuming that the soil is cultivated according to the crop / practice for which
it is best suited, a more detailed specification of landuse categories becomes possible. The
following modifications are accordingly introduced:

1. In a follow-up study, one may also consider the CORINE land cover map (CEC 1994). It has a
coarser resolution than the GEOSTAT maps (500m x 500m vs. 100m x 100m), but covers large
parts of Europe. 
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• The category “ waste land / non cultivated area”  is split into “ rock” , “ rock
debris”  and “ marshland” . The first and the last category are categories of the
geologic and the pedologic map, respectively, whereas the other two categories
were obtained by aggregating categories of the geotechnical map. 

QXPEHU �FDWHJRU\�RI�$.���
PRGLILHG +6* 6&6�FDWHJRU\

$ $% % %& & &' '
102 rock 90 90 90 90 90 90 90 no corresponding category

103 rock debris 74 79 84 86 88 89 90 streets and roads: mean of gravel and dirt

104 marshland 44 55 65 71 77 80 82 open spaces etc: mean of good and fair conditions

201 water 99 99 99 99 99 99 99 No corresponding category

401 wood good cover 30 43 55 63 70 74 77 woods good condition

402 loose wood and shrubs 36 51 65 71 76 79 82 wood grass combination fair

403 wood thin stand 32 45 58 60 72 76 79 wood grass combination good

602 cereals and root crops 
(summer)

62 68 73 77 81 83 84 0.5 * row crops + 0.5* small grain C (contoured) 
and CR (crop residue cover) good

cereals and root crops 
(winter)

74 79 83 86 88 89 90 crop residue cover good

603 feed (summer) 30 44 58 65 71 75 78 meadow

feed (winter) 41 51 60 68 75 78 81 0.75*meadow + 0.25*crop residue good

604 cattle (summer) 49 59 69 74 79 82 84 pasture fair

cattle (winter) 49 59 69 74 79 82 84 pasture fair

605 cattle and feed (summer) 39 50 61 68 74 77 80 pasture good

cattle and feed (winter) 44 52 59 66 72 76 79 pasture good - fair

606 rotation (summer) 51 60 68 73 77 80 82 2/3*(602) + 1/3 *(603)

rotation (winter) 63 69 75 79 83 85 87 2/3*(602) + 1/3 *(603)

701 viticulture 64 69 73 76 79 81 82 row crops, mean of poor and good, contoured and 
terraced

801 residential area (high 
density)

89 91 92 93 94 95 95 commercial areas (85% impervious)

901 residential area (mean 
density)

77 81 85 88 90 91 92 residential areas (65% impervious)

1001 residential area (low 
density)

54 62 70 75 80 83 85 residential areas (25% impervious)

1101 traffic infrastructure 98 98 98 98 98 98 98 paved parking lots, roofs, driveways, etc...

1201 industrial area 81 85 88 90 91 92 93 industrial district (72% impervious)

7DEOH�,,,��� A priori parameterisation scheme for CN0.2 values based on information from the
GEOSTAT database. Each field in this table corresponds to a Hydrologic Soil
Complex. 
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• The categories “ pasture”  and “ meadow, arable land and horticulture”  are
replaced by “ cereals and root crop” , “ feed” , “ cattle” , “ cattle and feed”  and
“ rotation” . This splitting is based on information from the pedologic map of
GEOSTAT regarding the suitability of the soils for different agricultural use.
Rotation (annual change of crops with a return period of ~3 years for the single
crop type) is assigned to those soils which show a good suitability for different
agricultural activities.

• The category “ wood”  is split into the categories “ wood good cover” , “ loose
wood and shrubs”  and “ wood thin stand” . The determination of the first two
categories is also based on the information on the GEOSTAT pedologic map
since it indicates the suitability of the soils for agricultural and silvicultural use.
The discrimination of the third category requires information from detailed
topographic maps. 

• The categories “ rivers”  and “ lakes”  are merged into the category “ water” .

The landuse categories of the modified AK72 are then linked to the landuse categories
used in the original SCS CN method. Should there be no corresponding category, the most
similar categories are defined. 

The RULJLQDO�CN0.2 values (SCS 1985) are then assigned based on the correspondence of
the land use categories. Should there be no category in the SCS CN method which
corresponds exactly to a category of the modified AK72, the mean of the CN0.2 values
from the two most similar land use classes are assigned. For those land use types with no
correspondence in the SCS CN method such as “ glacier”  and “ rock” , Curve Number
values are assigned based on very rough empirical considerations. Consequently, a CN
value of 90 is assigned to “ rock”  assuming a nearly impervious surface. 
The resulting parameterisation scheme which allows the determination of Hydrologic Soil
Complexes and CN0.2 values solely from GEOSTAT information is shown in Table III.15.

����� 2ULJLQDO�YHUVXV�³PRGLILHG´�SDUDPHWHULVDWLRQ
The parameterisation table presented in the previous chapter (III.3.2.1) is now
compared to the results of the simulations (Chapter III.2). The table introduces a
parameterisation of the Curve Number equation for Hydrologic Soil Complexes (HSC)
which are distinguished based on the land cover and soil maps from the GEOSTAT
database. The Curve Number values listed in the table thereby represent average
wetness conditions (at the beginning of the storm event). In the simulations best fitting
Curve Number values were determined for a limited Number of Hydrologic Similar
Reacting Cells (HSRC). These values represent different antecedent wetness conditions.
In order to compare both parameterisations, the Curve Number values for wet and dry
antecedent wetness conditions (Antecedent Runoff Condition I and III) are first
calculated for the HSCs. For these CN0.2 values the corresponding conjugate CN0.05 values
are determined according to equation (I_10) which was found empirically by analysing a
large US dataset. For all HSRCs and the corresponding HSCs the range and the median
of the CN0.05 values are then compared and shown in Table III.16 and Figure III.36. Due
to the fact that the definition of the HSRCs and the HSCs differs slightly, there are several
HSCs corresponding to the same HSRC. 
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The table and the figure clearly show that the original parameterisation is higher than the
parameterisation obtained by the simulations. This is not astonishing as the Curve
Number method is originally designed to reproduce the direct runoff. In this study it is
however calibrated in order to reproduce the overland flow. The difference of the median
CN values for the single HSRCs (original method - simulations) is then further analysed
and related to the permeability of the corresponding soils1. For the HSRCs where the soils
are nearly impermeable the median values are more or less in the same order of
magnitude. For soils where the permeability is normal to hindered, the median values
differ considerably: The median of the maximum soil potential retention differs by a
factor of two (slightly hindered permeability) to three (hindered permeability). This
observation is exposed to a large uncertainty due to the limited number of HSRCs
considered. It may however give a preliminary indication. 

VLPXODWLRQV 2ULJLQDO�PHWKRG

+65&V � EHVW�ILWWLQJ�SDUDPHWHU�VHW
�&10.05�

FRUUHVSRQGLQJ�ODQGXVH�DQG��
VRLO�W\SH

SDUDPHWHULVDWLRQ �
�&10.05�

A1 median: ���
range: 70 - 85

landuse categories: 602 - 606
HSG: D

median: ���
range: 47 - 95

A2 median: ���
range: 70 - 85

landuse categories: 401 - 403
HSG: D

median: ���
range: 45 - 89

M1 median: ���
range: 38 - 77

landuse categories: 602 - 606
HSG: C, CD

median: ���
range: 37 - 94

M2 median: 	
�
range: 29 - 69

landuse categories: 401 - 403
HSG: C, CD

median: ���
range: 35 - 87

M3 median: ��
range: 36 - 80

landuse categories: 602 -606
HSG: CD, D

median: ���
range: 42 - 95

M4 median: �
�
range: 17 - 60

landuse categories: 602 - 606
HSG:A, AB

median: 	�
range: 7 - 87

M5 median: ���
range: 30 - 75

landuse categories: 602 - 606
HSG: B, BC

median: ���
range: 23 - 92

M6 median: 	
�
range: 27 - 71

landuse categories: 401 - 403
HSG: B, BC

median: ���
range: 21 - 80

M7 median: ��
range: 36 - 80

landuse categories: 801 - 1001, 
1201
HSG: A - D

median: ���
range: 20 - 98

a See Chapter III.2.1.2 and Chapter III.2.2.2, A: Alptal, M: Murg
b Conjugate CN0.05 values to the CN0.2 values presented in Table III.15; calculated based on equation (I_10) which was 

empirically determined from US datasets.

7DEOH�,,,���:HSRCs with corresponding HSCs. The parameterisation indicated for the HSRCs
corresponds to the best fitting parameter set obtained by the simulations. The
parameterisation for the HSCs stems from the modified original assignment table;
median: median CN values for all HSCs for ARCII, range: lowest and highest ARCI
and ARCIII values of all HSCs considered. 

1. In this context the Curve Number is expressed in terms of the maximum soil potential retention
S (mm). 
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The suitability of the original parameterisation for the reproduction of the direct runoff in
the alpine and prealpine context is then tested. To this end the Curve Number equation is
also calibrated for two HSRCs based on the direct runoff. The resulting best fitting
parameterisation is then compared to the original parameterisation. The Curve Number
equation is calibrated for the HSRCs M1 and M2 based on the runoff registered at the
outlet of the Fischingen subcatchment (Murg catchment). For the flood events considered
for calibration, the direct runoff is separated and the overland flow production and routing
module of the Rainfall-Runoff model is fitted to the direct runoff. The separation of the
direct runoff is done according to the constant slope method as described in Mc Cuen
(1998, 482). The inflection point on the recession limb of the storm hydrograph is thereby
connected to the beginning of the storm hydrograph as shown in Figure III.37. The result
of the calibration is then presented in Figure III.38 and the hydrographs of all events
considered for simulation are outlined in Annex C. Figure III.38 further compares the
different parameterisations for the HSRCs. It shows the parameterisation when the Curve
Number is calibrated in order to reproduce the overland flow (HSRC overland flow), and
the direct runoff (HSRC direct runoff) and it also shows the “ original parameterisation”
(original) as listed in Table III.16. The latter two parameter sets cover a similar range of
values and the median value is in the same order of magnitude. The analysis further
uncovers some uncertainties related to the determination of the direct runoff. The method
used to separate the direct runoff from the baseflow is one of several methods. Applying
another method of baseflow separation would have resulted in a different volume for
direct runoff and consequently, a different parameterisation of the Curve Number
equation for the HSRCs M1 and M2. Simulating the total runoff as done in the context of
this study allows to circumvent this problem. 

)LJXUH�,,,���Comparison of parameterisation obtained for the HSRCs (e.g. M1 sim) and the corresponding
HSCs (e.g. M1 org) as shown in the previous tables. The HSRCs are grouped according to
land use and ordered following the permeability of the corresponding soils. (The permeability
of the soils decreases from left to right). 
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)LJXUH�,,,��� Separation of direct runoff from baseflow (left panel) and fitting of the overland flow
production and overland flow routing module of FEST98mod to the observed direct runoff

)LJXUH�,,,��� Comparison of best fitting parameterisation for two HSRCs. In the first case (overland flow)
the Curve Number is calibrated in order to reproduce the overland flow. In the second case
(direct runoff) the Curve Number equation is calibrated in order to reproduce the direct
runoff. The original parameterisation represents the CN0.05 values shown in Table III.16.



102

��� &203$5,621�72�7+(�$1$/<6,6�2)�7+(�5$,1)$//�3/276
In this chapter the findings on the performance of the Curve Number equation at plot scale
and the performance of the Curve Number equation for single HSRCs are compared. 
At the single plot sites the soil and land cover characteristics and the hydrologic
conditions are well known and can be measured in detail. Consequently, the ability of the
Curve Number equation to reproduce the observed overland flow can be tested for single
soil types. A testing of the Curve Number equation for single HSRCs is limited to a very
small number of HSRCs due to the very restricted hydrologic data at this spatial scale. In
order to overcome this limitation, flood hydrographs observed at catchments of different
size are reproduced by a distributed Rainfall-Runoff model. The spatial resolution of the
model corresponds to the size of the HSRCs and the overland flow is calculated for each
HSRC with the Curve Number equation. The comparison of the simulated and observed
hydrographs then allows for conclusions on the performance and parameterisation of the
model in general and the Curve Number equation in particular. The indications on the
performance of the Curve Number equation for single HSRCs is however exposed to a
large uncertainty. The results must be seen in the context of the whole model, i.e. in
relation to the parameterisation of the other modules of the Rainfall-Runoff model. Due
to these circumstances a comparison with the performance of the Curve Number equation
at plot scale is not straightforward. The soil descriptors used to characterise the rainfall
plots1 furthermore differ from the soil classification system used in the GEOSTAT soil
map2 and none of the rainfall plots is located in one of the three prealpine catchments
considered. 
 To allow nevertheless for a comparison, plots3 with similar characteristics in terms of soil
type and land cover are assigned to each of the (HSRCs) delineated in the different catch-
ments. It is then assumed that the HSRC and the plots assigned represent the hydrologic
behaviour of the same hillslope at two different spatial scales. The result of this
assignment is then shown in Table III.17, in which for each HSRC the parameterisation
from the simulations and the corresponding plots is listed. Table III.17 further shows that
only to half of the HSRCs a certain number of plots can be assigned. No HSRC is further
present which represents the same characteristics as rainfall plots for which the SCS CN
equation does not allow for a correct reproduction of the overland flow. Despite these
restrictions, the remaining four HSRCs (A1, A2, M1, M5) do however allow to formulate
a preliminary hypothesis on the changes of the parameterisation when moving from the
plot to the basin scale. For all four HSRCs the median CN value obtained by the
simulations is lower than the median value observed for the plots. With the exception of
the HSRC M1, the differences are then in the same order of magnitude as shown in Table
III.18. The table further lists the differences expressed in terms of maximum soil potential
retention. When compared to the permeability of the corresponding soils a relation can be
seen. The HSRCs with soils of hindered and slightly hindered permeability show a
difference in the same order of magnitude whereas for the remaining two HSRCs

1. Local classification system documented in FAP (1992).
2. FAO soil classification system: FAO (1974); the HSRCs are distinguished based on the

GEOSTAT soil map. 
3. For this correspondence only plots are considered in which runoff behaviour is not dominated by

local structures such as macropores and preferential flow path. 
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(strongly hindered permeability) the difference in the maximum soil potential retention is
3 times lower.  

+65&V 3DUDPHWHULVDWLRQ�

QDPH � VRLOV���ODQGXVH � IURP�VLPXODWLRQV � IURP�SORW�DQDO\VLV �

A1 Gleysol (humic, mollic), Regosol (eutric, calcaric) / pasture range: (70 - 85)
�

median: 78

range: (71-91)
median: 90

A2 Gleysol (humic, mollic), Regosol (eutric, calcaric) / forest range: (70 - 85)
�

median: 78

range: (80-96)
median: 91

M1 Cambisol (eutric, gleyic), Regosol (eutric), Gleysol / 
pasture

range: (38-77)
median: 48

range: (60-89), 95/97
�

median: 70

M2 Cambisol (eutric, gleyic), Regosol (eutric), Gleysol / forest range: (29-69)
median: 38

 - 

M3 Gleysol (humic, mollic, eutric), Cambisol (gleyic) / pasture 
sinks 

range: (36-80)
median: 49

91-98
�

M4 Luvisol (orthic), Fluvisol (calcaric), Cambisol (eutric) / pas-
ture 

range: (17-60)
median: 27

 -

M5 Cambisol (eutric, gleyic) / pasture range: (30-75)
median: 42

range: (22-75)
median: 56

M6 Cambisol (eutric, gleyic) / forest range: (26-71)
median: 37

57-59
�

M7 not considered  / settlement range: (36-80)
median: 49

 -

a See Chapter III.2.1.2 and Chapter III.2.2.2, A: Alptal, M: Murg
b The soils are listed according to their probability of occurrence in the HSRCs.
c Results from Vogelbach not considered
d Special conditions: layer of hydrophobic vegetation
e Limited number of experiments
f CN for λ = 0.05
g CN for different λ values which are however mainly close to 0.05

7DEOH�,,,��� Comparison of CN values for HSRCs estimated based on simulations and the analysis       
of the corresponding experimental rainfall plots.

+65&V 3DUDPHWHULVDWLRQ
QDPH VRLOV � � GLIIHUHQFH��SORW���VLPXODWLRQ

A1 / A2 soil types: Gleysol, Regosol

permeability: ��� �
	����� ����� �����
�
���
�
 

S: �������

M1 soil types: Cambisol, Regosol, Gleysol 
permeability: ��� �������
���

S: � �������

M5 soil types: Cambisol
permeability: ��� � ���� � ����� �������
���

S: � �������

a) Description based on the information from the corresponding map of the GEOSTAT database. Permeability K [cm / s]: 
strongly hindered: 1.0E-0.6 < K < 1.0E-05; hindered: 1.0E-05 < K < 1.0E-04; slightly hindered: 1.0E-04 < K < 1.0E-03 

7DEOH�,,,��� Difference in parameterisation from plot analysis and simulations for selected HSRCs. 

∆

∆

∆
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The prediction and the prevention of flood hazard has been a major field of research in
physical and engineering sciences. During this research a number of distributed Rainfall-
Runoff Models have been developed. The present study addresses the runoff generation
which forms a major element of the aforementioned Rainfall-Runoff Models. The overall
goal of this study then consists in developing a methodology for the estimation of
overland flow during storm events suited to the Swiss prealpine and alpine environment
which can also be integrated as a runoff production module in a distributed Rainfall-
Runoff modeling frame. In Contrast to other approaches, the methodology should
however only rely on generally available geographic information about the catchments
considered. It was decided to work with the geographic database GEOSTAT and to use
the Curve Number method for the overland flow estimation. Based on the GEOSTAT soil
and land cover maps, Hydrological Similar Reacting Cells1(HSRCs) are defined. The
goal then consists in adapting the Curve Number equation (the parameterisation and if
necessary the structure of the equation) to the single HSRCs. The modified equation
should allow for a correct reproduction of the observed overland flow for all existing
HSRCs. 

In this study the Curve Number equation was analysed for nine different HSRCs and a
number of small-scale experimental rainfall plots. The analysis of the Curve Number for
the HSRCs was however not straightforward. Due to the insufficient number of rainfall-
runoff data at the spatial scale of the HSRCs, rainfall-runoff data from catchments were
used. Observed flood hydrographs were reproduced by a distributed grid based Rainfall-
Runoff model. The grid size corresponds to the spatial resolution of the HSRCs and for
each grid cell the overland flow is calculated separately with the Curve Number equation.
The simulations then allowed for indications on the parameterisation of the Curve
Number equation for single HSRCs. Due to the fact that the simulated hydrograph is
influenced by the parameterisation of different HSRCs and other modules of the model,
indications on the performance of the Curve Number equation for single HSRCs are
however exposed to uncertainties. In order to reduce these uncertainties, the Curve
Number equation was also analysed based on data from rainfall plots where soil type and
land cover are known in detail.
At the plot scale the Curve Number equation mainly allows for a correct reproduction of
the overland flow for soils with slightly hindered to hindered permeability (Cambisols  /
Gleysols). For these soils the overland flow is however overestimated for very large storm
rainfall volumes. Due to the limited number of experiments, only rough indications were

1. Hydrological Similar Reacting Cells (HSRC) are similar to the Hydrologic Soil Complexes (HSC)
as used in the original Curve Number method. HSRCs and HSCs are both distinguished based on
the hydrologic properties of the soil type and land cover. In the case of the HSRCs, the distinction is
additionally based on information relating to geology. 
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gained on the parameterisation of the Curve Number equation for single soil types. For 
(initial abstraction) a value closer to 0.05 than to 0.2 was further observed. Based on these
findings and indications in the literature,  was then set a priori to 0.05 for all HSRCs.
 
At basin scale the Rainfall-Runoff model in general and the Curve Number equation in
particular show an satisfactory performance. For most of the flood events chosen for
calibration a parameterset could be found which allows for a reproduction of the flood
hydrograph within an a priori fixed tolerance range. For flood events in which a the
corresponding storm rainfall is characterised by rainfall peaks interrupted by rainfall of
small intensity or no rainfall the runoff volume is however overestimated. In order to
overcome this problem a modification of the Curve Number procedure was introduced. It
accounts for the fact that the runoff capacity does not steadily increase during storm
periods with no rainfall or rainfall of low intensity. This modified overland flow module
requires the estimation of an additional empirical parameter for each HSRC.
Based on the simulations, preliminary indications on the performance of the Curve
Number equation and on its parameterisation were gained for nine HSRCs. The “ ARC-
concept” 1, introduced in the original method, is not further valid for these HSRCs. The
parameterisation correlates best with the antecedent rainfall observed over different
periods prior to the event depending on the catchment. For all HSRCs, a decrease of the
CN value with increasing storm rainfall volume was further observed.

In general the aforementioned results of the analyses performed in this study lead to the
conclusion that the Curve Number equation can be adapted to the Swiss prealpine context.
In a modified form the Curve Number equation should consequently allow for a correct
reproduction of observed overland flow at most HSRCs in the Swiss Prealps.
At plot scale insights were gained into the ability of the Curve Number equation to
reproduce the overland flow observed at plots which differ in soil type and dominant
runoff processes. Preliminary indications on the parameterisation of HSRCs were then
derived. Open questions remain on the one hand in respect to the parameterisation of the
Curve Number equation for single soil types and the correlation of the parameterisation
with soil characteristics. To this end further rainfall experiments should be analysed
which were performed on plots similar to the plots considered in this study in terms of plot
characteristics and mainly soil types. This should then allow to refine the preliminary
indications on the parameterisation of the Curve Number method for specific soils
presented in this study. On the other hand, questions also remain open in relation to the
storm events. All storm events analysed in this study were artificial and the rainfall
intensity was kept constant. It would therefore be interesting to extend the analysis on
natural events and examine whether the findings from the analysis at plot-scale performed
in this study can also be transferred to natural rainfall events. 
At basin scale indications on the performance and the parameterisation of the distributed
rainfall runoff model in general and the Curve Number equation in particular were gained
for different HSRCs in three prealpine catchments. Questions remain concerning the
parameterisation of the Curve Number equation as it needs further refinement. It thus may
be interesting to analyse additional catchments where the same HSRCs dominate as in the

1. “ ARC concept” : Methodology to account for the wetness conditions in the catchment at the
beginning of the storm event (Antecedent Runoff Conditions, ARC). The Curve Number method
distinguishes dry, median and wet ARC depending on the cumulative rainfall within five days prior
to a storm event. 

λ

λ
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aforementioned three catchments. In addition to the parameterisation, the relation of the
parameterisation to the antecedent runoff conditions may also be further analysed. The
study showed that the parameterisation correlates with the cumulated antecedent rainfall.
The best correlation was, however, not observed for a five day antecedent period as
proposed in the original Curve Number method. The need for additional research also
exists in respect to the modification of the Curve Number equation previously mentioned.
A simplified version was successfully tested in the study. Further efforts should
consequently be spent on testing and parameterising the original modification. 
After refining the parameterisation for the HSRCs in the three test catchments concerned
in the present work, further research may also address different HSRCs. In this respect
HSRCs may be considered which correspond to soil types for which the Curve Number
equation performed less than at plot scale. It is interesting to understand how the model
in general and the Curve Number in particular perform in catchments where such soil
types dominate. 
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The modeling frame (“ FEST” ), applied in this study, is briefly introduced in Chapter
III.1.2. As its structure has a major influence on the results of the reparameterisation of
the SCS CN equation, it is further detailed on the following pages by a number of
flowcharts representing the sub programs and most important subroutines.
The “ FEST”  modeling frame consists of three programs. Prior to the hydrologic
computations performed by “ FEST98mod” , the digital river network is extracted from the
Digital Elevation Model (DEM) by “ Rlago”  and “ Reticolo” . “ Rlago”  starts from the
original DEM, fills the sinks and calculates the flow direction in each grid cell. Based on
this information “ Reticolo”  delineates the catchment and determines the different
segments of the river network. 

The symbols used in the flowcharts are:

process, step of calculation

data (input)

decision, alternative

predefined process; subroutine

subroutine further discussed
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)LJXUH�$�� Program “ Rlago” , subroutine “ PUNT” . The main program only consists of the call for this
subroutine. 

Reads original DEM

Writes modified DEM on file

Do for all cells

A1 A2

A8

A3

�
A4

A7 A6 A5
Cells on horizontal
or diagonal axis?

Elevation surrounding cell -
elevation central cell

Elevation in diagonal cell >
Elevation in surrounding

horizontal, verticals cells?
A3 > A2 or A3 > A4 ?

CONTINUE

Difference in altitude = (A3- B)/1.44 or (0.25*(B+A2+A3+A4)-
B)/1.44

START

LAGO

Do for all surrounding cells (A1 - A8 )

CONTINUE

Determine direction of maximal difference in altitude
(flowdirection)

Write flowdirection on file

STOP

��� � � ����� �
	���� �� ������� ���  ���
��� ������ � �������������! �����#"

yes

horizontal
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)LJXUH�$�� Program “ Rlago” , subroutine “ LAGO” . 

- Dz: altitude to add  when filling sinks
- cells with fixed altitude

Do for  all cells, except the cells at the border of the grid

Is elevation of current cell
higher than elevation of one of

the 8 surrounding cells ?

Determination of surrounding cell with lowest elevation

New elevation of current cell = altitude of lowest surrounding cell
+ Dz

CONTINUE

Cells of  fixed altitude ?

START

STOP

yes

yes
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)LJXUH�$�� Program “ Reticolo”  overview

PUNTA

INTE

PERT

ORDINE

PERT

PARAM

GRAFORD

��� �������
	�� �� � �
���� � � ��� � � 	 ����� � � �  � 	 � �
�
� 	 ��� � � �����  �� ���
�
� 	 ��� ���! ��� � ��	�"

#��  � � �$� ��� �%� � � � �%&�� � 	 � ��� � �� 	����� � � � ��� �

' ��� � � � �� � �%� � ( � �%� � ����� �� �
��� � 	�� ��� � �) 	� ���%*�	��  	 ��+
,  � ����� � �-�  � � ���.	�� ��� � � � ��� /��  � �0���  ��� 	�	�� ��� ���� � �-	 �
�  ���  � � �$������� ����� � ���%	 � ���	 ��� ��� ��� � ( � �%� � ���$� �� 1��  �
� � � �� �$� ���� ������� � ���  ��� ��� ���

Other outlet

START

STOP

' ��� � � � �� � � ��� 	 ����� � � �$� � �� � 	 �$���� � � � 1 �
� � ��� � �%� � 2
3 ��� ��� � � � �%��� ��� � � 	�4
3 � � � ��( ��� � � �%��� ��� ����� �5� 	�� � 	 ��� � �� ��� � � 	 ����� � � �  � 	 �� 6 ��6 2

1 2

3 4 5

6 7 8

7��� � � � ��� �$� 	 ��� � �  � � ��	 �$8�� � � � � 1
� � � ��8�� �- ����	��� � �  2
� � � � 4�9:4 ;<� � � � =<9>4 ;5� � � � ?�9@� � � � 4
A 4 ;<� � � � B59%4 ;5� � � � C@9@� � � � = A 4 ;
� � � � D�9:4 ;<� � � � E�9@� � � � D A � � � � ?
A 4 ;<� � � � 8@9@� � � � B A � � � � C A � � � � E
A 4

Outlet coordinates

Coordinates of other outlets

, �����5�%� 	 � � � � � �
���-� ��F%�
#�G H�I�6 J�	 ��F%�
#�G H�I0 ���
� 	�	�� ��� ���� � �%	 �$ ����	��� � � �� ��	�� � ��& ��� ��	�� � �$��� 3 4 1 3 4 1�� �	 � ��� �- 	�� 	 ��� � ��� �%��� ��� � � � �%	 �$ ���-��� � ��;�G ��K5L-�5L
MN	 ��� /
 ���-���� � � � ��� ��	��
�-�
��� �	 �� ���%���� � � � ��� ��� �-� 	 ��� � ��� � � ��6
O ��� �%� � &�� 	��  � ��� ��� �  ��� �%� ��� � � � �� � �-� ����� ���  � � � �  � � �P	 �$ ���
�  � � ���Q� � ����� �� �-	 ��� ��� ��	�� ��� �
��� � 	�� ��� � �) 	� ���%*�	��  	 ��+
,  � ����� � �-�  � � ���.	�� ��� � � � ��� /��  � �R� ��&�25& � ��� � � �� � 	 ��� �� � 	 ;
��� 25� � � �� �$� �� � 	 ;��-��;���� � ��� �� � 	 �

S � � �
��� � ����� � �%� � � � �� �� � 	 �)� 	 �% � 	 ����� �

T�U�V



v

�$11(;�$��)/2:&+$57�352*5$0

)LJXUH�$�� Program “ Reticolo”  subroutine “ PERT”

Do for each cell which has a flowaccumulation value of 1 
(i.e. cell is at catchment divide)

Does the flowpath starting
from the current cell

pass trough the outlet of the
basin, or joins with other
flowpath which do so?

All cells of the flowpath are
outside the watershed

All cells of the flowpath
upstream the outlet or the
cofluence with
the other flowpath are inside
the watershed

CONTINUE

1 2

3 4 5

6 7 8

One flowpath

STOP

START

Write “ in basin / not in basin”  on file

yes



vi

)LJXUH�$�� Program “ Reticolo”  subroutine “ ORDINE”

Set all starting cells of river segments with order 1 to 1
(all cells where flowaccumulation = 1)

Write header in output file

Do for all cells

Horton order ratio of cell = 
current order of river segment 

considered

Determine following cell in flowpath

For following cell: # of cells draining in this cell
= # of cells draining in previous cells +1 

CONTINUE

����� ��� ��� 	�
 � ���� � � � ��� 	������ ��� � � � � � � �� ��� � ��� 	
� 
 � � � � � � ��
 ��� ��� ��� ����� � � ��� � ��
 � � �

CONTINUE

START

STOP

Do for all cells of river segment

CONTINUE
Write river segment with

starting point, ending point,
length and area it drains on file

yes

yes

Do for all orders of river segments

The cells following the last cell of the river segment of order n
on flowpath is given the order n+1

� ��� ������� ����� ��� ��� ������� � � � ��! � � 
 � ����� 	 � 	
� ��� 	 ��
 � � � 	 � 	�	 � � � � � � ��
 � � � 	"� ��� ����� � # � �
	 � � ! � � � 	
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)LJXUH�$�� Program “ FEST98mod”  first part, (split only for reasons of representation)

��� � � �����	��
 ��� � ��� ���� ��� ��� ��� � � ������� ��
 ��� � � ��� ��� � ������ ������
� � �  
 � ���� � � � ��� ����� ��� ���  ��� � � ������� � � � � �  

! � � � �	���" 
 � #�� ����$ ��� � � ��� � ���  � ���������  
 ���  � � �&% �('(�*) +�, +"-
��� # � ��� �.� ��� � �	�� � �" � ����
 �  � �" � � �   

DEFZ

! � � � �	��� � � ��� � ��/�0*1 �	
 � � � � � � ���  �� ���
�	
 � �"
 � �32 ! � � �"�54

PUNT

KSTRICKLER
! � � � ��$ ��� � �5� �� ���5
 ��� ������� � ��� ��� � � � � � � ��*� 6��  
 � � 7 � � 
  �� ��

� � 
 � ��� ��
 � ��� � ��� ��� ��� ��� � � �

GAUGING
! � � � � � �" �*� 
 � �8����� �"� � �9�  �" � � ���:���  ��� �9 ����� �" � ����� ��
� � � � ���	� ��� 
 � �

KLINRESA
! � � � ��$ ��� � � ����
� ����� � ���  ���"�� �� ���5� � ��� ��
�
 � � � 
 $ ��� 
 � ��

� ��� ��� � � �

KLINRESB
! � � � ��$ ��� � �5� ��# ;���� <=� �����" � 
���� 
 � ��� �" � � ������� � �
��� � � ��� ��� � ��� � 
 � ��� � � � � �* �� ��
	� ��� ��� � � �

KSTRICKLER2
! � � � ��$ ��� � �5� �� ���5
 ��� ������� � ��� ��� � � � � � � ��*� 6��  
 � � 7 � � 
  �� ��

 ����� � ��� � 
 � ��� � � � � �8��� � � ��� ��� � � �*� � �� ����� � � ��� �  ���"� ���
�	
 � ��� ���� � � ��� �� ����� � ��� � 
 � ��� � � � � �&� ������� � ��������� � � � � �
� >���� � ����� �� ��� 1 � � 7 � � �*� ��? @5� � �"�5���  ��� �  

PQrelation
! � � � �	���" 
 � #�� � � � � �" � � �*��� 
�� ��� ��� � � � ����� � �����  ��� �  �
 ��7 �� ��� ��� � � � �" �� ����� � 
 � ��� �5
 � ��� � ���	
 � � � �  � � �9-:A  �@5� 
 $ �
B � ����� 
5� @ B  �C:D  �� � ���  ���"�
 � ��� � ��� ��� � � � � � � �� C:E  �@5� 
 $ �
B � ����� 
� � � ����� � 
  ��� �9 ��
 � � ����� �  ��� ��� � ���  � �"�
 � ��� � �
� ��� � � � � � � ��

RCcoeff
! � � � ��
 � ��� � ��� ��� � ��� � � � �" ��� 
�� ��� ��� � � �

THvalue
! � � � � � ��
�� ��� ��� � � �" ��
 � � ����� � $ ��� � � ����
	� � ��� � �" � �

 ��� � � ��� ���" ����� � ��
 � ��� � ���	
 � � � �  � � �����  ��� � � ����� ��� � � 
 � �
@ B  ��� � ���  ���"�
 � ��� � ��� � � � � � � � � �"

AREE
! � � � ��� � � ����� � � ��� � �" � � �����" 
 � #

PENDE
@	��� � � � �" � ��� � � �	�5��� � � ��� � � � � � � �" ��� �= ��� 1 � � 7 � � �*� ��?
@5� � ���5���  ��� � � ��
	� ��� ��� � � � � ��
�� � 
 � ��� �5
 � ��� � �&��� �
� � ��� � 
 � ��� � � � � �

RAINR

CN ! � � � �	���" 
 � #�� ��@ B $ ��� � � �

inab

AVERAGEK @	��� � � � �" � � � ��
	� ��� ��� � � �" ���5��$ � 
 � ����� � ���  ���"�� �� ���
� � ��� ��
�
 � � � 
 $ ��� 
	� � � #�;���� �� ����� � � � � � 
 ��� ��� � �9� �" �� ���
� � � ��� � ��� � � � 
 � �

! � � � � � � � � � � 
 � �  � � �����" 
 � #:�	
 � � � � � � ���  �9 ���*��
 � �"
 ���
2 ! � � �"�54

Initialisation

START
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)LJXUH�$�� Program “ FEST98mod”  second part

������� � � ��� � 	 � � � � 
 ��� � ��� � � � ���	 � ��	 � � � � 
 � � � � �

PIOGGIA
� � � � � 
 ��� � ��� � ����� �  � 
 � � � � � ��� � 
 ��
 � � �

SERB

CONTINUE

Do for all calculation steps

Read rainfall input in case the
rainfall input is distributed

Write output of corresponding
time step for each outlet in

output file

STOP
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)LJXUH�$�� Program “ FEST98mod”  subroutine “ PENDE”

Do for all river segments in watershed

Read coordinates of starting
/ending point, length

and Horton order ratio of
current river segment

Slope = (altitude starting point - altitude ending point)/ length

Assign slope to current cell

DETC � � � 
 � � � � � 	�� � 	 � � � ��� !�� � � � � ��
 ��� � � � 
 � � ��� 	�� �	� 
 ��� 
 �� �� ���"	 � � � � 
 ��� � ��� � � � ���	 � � 	 � � � � 
 � ��� � � � ���� � � � # � � ��
 � � �
� ���"
 � � � � � ��
 � � � �
��� � ��
 � ��� � �
�	� 
���� 
����� ��� � 
 ��� ��� � �
��� ����
 � � � ��� � ����� � ��� � �  !� 
 ��� � � � �
 � � � �  # ! � � ������� ���� � 
 � � � � � � � �"
 � � ����� � 	 � � 	
 � � 
 � � � � �  � � 	 � �� �

� � # ! �"� 	 � � � 
 � � � �#� ��$ � � ��� � $ � � �  � 

� � # ! � � � � �  � � � 	 � 	 	 � ! �  � �  ��!�� � � � � # � � � �
�#��� � � � � ��� ��
 � � ����� ��� 
 � � � 	 � % � �
 � � 
 � � � � � � �
 	�����  � ��� ��� � � � ��	 � � � � 
 �
����� � � � ���� �"� �
� � 	 � � ���

�	��� ���� � � � � 
�� � �� � 	
� ����� ����� ����� � � ��� ��� ����	 � ��	 � � � � 
 � � � � � � ����� � 	 � � � ��� !
� � � ��� � ��� ! � � � � � � ��
 � � � ��� � ��� � 
 �  ��� � � � � � ��� � �
� � 	 � � # ��� �	� ������� � 
 ��
 � � � � � ��	 � � � � � �	� ���

Write flow velocity for each cell on file

START

Do for all cells in river segment

Slope is assumed constant within river segment

CONTINUE

CONTINUE

STOP
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)LJXUH�$�� Program “ FEST98mod”  subroutine “ RAINR”

Read coordinates of rainfall stations and
rainfall input for each station

THISSEN
� � � 
 � � � � � 	 � ����� � 
 ��
 � � ��� ��� ���"� � � � � 	 ��� �� ������ 	 � � ��
 ��� �� ������ � � � � � � ��� � � � � � � � 	 � � � � � ��	 � �� � 	 	 � ����	"� ����
 � ��	 � 	 �
� � � � � � � � 	 � � � � � ���

��� � � � ! � ��� 	�� ������� � 
 � � � � � ��� ��� ���"� � � � � 	 ��� �� � ��� � � ��
 � 
� ��� � 
 ��� � � � � � � ��	 � � � � � �

Calculate average rainfall over the whole watershed for each time
step and accumulate it for the entire storm event

START

Write output of subroutine THISSEN on file

STOP
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)LJXUH�$��� Program “ FEST98mod”  subroutine “ PIOGGIA”

Do for each cell

- Determination of surface runoff according to SCS CN method:
 Pe = Pe (t) - Pe(t-1) = (P(t)-Ia)^2/(P(t)-Ia+S)-
(P(t-1))^2/(P(t-1)-Ia+S)

- (A1): Calculate runoff coefficient per cell
- (A2): Calculate effective soil retention / maximum soil potential

retention per cell
- (A3): Calculate cumulated baseflow per cell
- (A4): Calculate cumulated effective precipitation per cell

Select case

Decrease Pcum

End select

Case 1

Case 2

Case 3

CONTINUE

P(t) = P(t) * exp (- t /K)

Pe =  P * c (cellspecific runoff coefficient), A1-A4

Pcum > threshold

Pe =  P * c (cellspecific runoff coefficient), A1-A4

START

STOP

yes

yes

����� � � !�!��
�	� 
 � ! � � � � � "��� � 
 � ��� � � � � � ��� ��
 � ! �� � � � ��� � � � � � ��	 � � � 
 � � � �

� � !�� � � ! � ! 	 ��� � ����� � � � � � � � � � � � � � � �
��� � 
 � ! � � � � � �� � � � 
 � � # ����� � 
 � ��� � � � � � �

�	��� � � � � � � � � � �



xii

)LJXUH�$��� Program “ FEST98mod”  subroutine “ SERB” , first part

Do for each cell

Current cell = cell where
measured runoff is

entered as source (optional)

Surface runoff current cell =  surface runoff current cell + measured runoff

Infiltration = rainfall - surface runoff (effective precipitation)

CN = 299 ?

Subsurface flow  = 0

��� � � ��� ! � � ��	�� � � ��� ����
 ��� � � 	 ��� ���� � ��
 � � � � 	
 � ��	 � �� � � �������� ��
 � ��� � � ����� ��� � � � ��� � ����� �  � 
 � � � ��� � ��� ���
	 � ��� ����� � ����� ��� �����"� 	�
	� � � ��� � ����� �  � 
 � � � � � 
���� � ������ 	"	 � ��� � ��� � �

CONTINUE

Write for each cell:
- (A1): runoff coefficient
- (A2): effective soil retention / maximum soil

potential retention
- (A3): cumulated baseflow
- (A4): cumulated effective precipitation

START

� ��� ��� 	�	 � � � � ����� � � � 
 � � # ����� � 
 � ��� � � � � � ��� !�! � ��� 
 � ! � 	
	 � � � � 
 ��� � ��� � �"� !  � 	 �

yes

yes

� � !�!��
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)LJXUH�$��� Program “ FEST98mod”  subroutine “ SERB” , second part

Do for all river segments

Do for all cells of river segment

Dam ?

VASCA � � � 
 � � � � � 	������ ��� � ��� � � !  � !

Routing of surface runoff from previous cell on flowpath to
current cell (method of Muskingum-Cunge) and adding of surface

runoff produced in current cell

CONTINUE

Subsurface flow (t) = subsurface flow (t-1) *
exp (- t / K) + Sumsubf(t) * (1-exp(- t / K))

Do for each cell

Total runoff (t) = subsurface flow (t) + surface runoff (t)

CONTINUE

Routing of subsurface runoff
with Muskingum-Cunge or 1

linear reservoir ?

Routing of subsurface flow from previous
cell on flowpath to current cell and adding
subsurface flow produced in current cell

Summed subsurface flow in this time step for
all cells draining into current cell (Sumsubf)

CONTINUE

STOP

yes

1 linear reservoir

Muskingum - Cunge
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xv
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The main characteristics of the flood and corresponding storm events observed at the
NITREX plots, the Erlenbach, the Vogelbach, the Murg and the Reuss catchment1 and
considered for simulation, are presented on the following pages. The hydrographs
(observed and simulated) belonging to these events are shown in Annex C. 

1. Data for these catchments were kindly made available by the Swiss Federal Research Institute
(WSL), Swiss Federal Office for Water and Geology (FOWG) and MeteoSwiss. 
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(YHQW�&KDUDFWHULVDWLRQ���1,75(;�3/276
���� ���� ���� ���� ���� ���� ���� ����

�� �� �� July (14.7) August (28.8) July (8.7) July (17/18.7) August (25.8) Sept. (12/13.9) September (5.9) May (22.5)

� � � � � � 	� � �
 � �� � �   � �� � �

0 0 0 5.1 1 0 2.3 0.3

� � � ��

0 0 0 1.5 0 0 0.2 0

� � � � ��

0 0 0 0 0 0 0 1.1

� � � �� �

29.6 0 0.3 0 0 0 0 0

�� � � � �

0 0 6 0 0 0 8.7 10.2

� � � � ��

0 7.4 5.6 0 0 0 12.1 0

� �� � ��

0 1.2 17 0.2 0 0 0.8 0.1

� �� � ��

30.2 7.6 1.7 4.4 0 0 0 0

� �� �� �

0 9.4 0.3 7.8 0 0 1.1 0

�� � � � �

0 2.8 0 2.2 0 0 0 0.3

� � � � � � �

0 4.6 0 0.9 0 0 no data no data

� � � � � � � �

0 0 3.2 0 0 0 no data no data

	� � �
 �� �

� � �� � 2 events 
(1d,2h,<11mm/10’  
and 3d,3h,4mm/
10’ )

single small peaks 
of short duration (2-
3d, < 2.5 mm/10’ ) 

several very small 
events (<4mm/10’ )

short events (1mm/
10’ )

- - 1 event 
(5d,12h,<3.5mm/
10’ )

1 event (1.5d, 
2h,<1.8mm/10’ )

�� � � � � � �� � �   � � !  "

41 (47) 48 120 (140) 18(25) 35 (40) 50 40 (46) 180

 �#$   %

� � &'   % � 25/41 3/15 2.7/10.8 5.7/12.5 17/34.5 8.5/34 3.4/11 2.6/13.7

	 �
 � � � �� 40’ /3h 7h >24h/35h 2h/34h 1h (4h) 2h 7h (12h) 32h

� �  � � 
 � �

� �
 �

not considered not considered not considered not considered not considered not considered not considered positive

� � �
 � � � � 
 1 peak 1 peak several peaks, one 
plateau

several peaks 1 peak 2 peaks 2 peaks plateau, peak at the 
end

�( � � convective convective in fron-
tal system

frontal convective in fron-
tal system

convective convective convective in fron-
tal system?

frontal

7DEOH�%�� Main characteristics of flood and corresponding storm events observed at the NITREX plot sites and included in this study.
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Event Runoff character 1peak 1peak several peaks, one 
plateau

1 peak? 1 peak 1 peak 1 peak plateau, peak at the 
end

peak (l/s) 
Nitrex 
1,2,3

44.4/41.5/20.6 4.7/4.9/5.6 4.4/3.9/3.8 4.2/2.9/2.3 8.7/9.1/5.8 14.4/12.6/15.1 4.3/3.9/4.2 5.4/4.7/4.9

runoff 
coefficient 
(order of 
magnitude)

0.7/0.7/0.5 0.7/0.75/0.65 0.85/0.85/0.75, (1/
0.95/0.85)

0.25/0.2/0.15 (first 
peak)

0.35/0.35/0.2 0.55/0.55/0.5 0.6/0.6/0.6 0.85/0.8/0.8

a h0-6: rainfall (mm), registered within the last 6 hours before the flood causing storm event
b 1d/2h/11mm/10’  or 1/2/11: 1 day before the event with a duration of 2 hours and a maximum rainfall intensity of 11mm/10’

(YHQW�&KDUDFWHULVDWLRQ���1,75(;�3/276
���� ���� ���� ���� ���� ���� ���� ����

7DEOH�%�� Main characteristics of flood and corresponding storm events observed at the NITREX plot sites and included in this study.
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(YHQW�&KDUDFWHULVDWLRQ���(5/(1%$&+
���� ���� ���� ���� ���� ���� ���� ����

�� �� �� August (15.8) July (25.7) August (18.8) July (9.7) August (21.8) July (17.7) July (14.7) September (12.9)

� � � � � � 	� � �
 � �� � �   � �� � �

5.6 12.6 0 1.5 0 0 0 0

� � � ��

0 0 21.3 7.5 0 1.7 0 0

� � � � ��

0 1.5 0 0.1 7.2 1.3 0 0

� � � �� �

0 0.4 0 1.2 11.8 0 29.6 0

�� � � ��

1 2.6 4.8 26.9 0 6.6 0 0.2

� �� � ��

2 0 9.1 8.3 0 22.8 30.2 0

� �� � � �

0 2.4 0 0 0 6.4 0 0.1

� � � � �� �

0 0 0 0 0 13 0 0.1

	� � �
 �� �

� � �� � 1event (4h/1h/
<3mm/10’ )

3 events (0.5d/2h/
7.6 mm/10’  and 2/1/
1.7 and 3/1/3.7)

1 event (1.5d/1h/
10.5mm/10’ )

1 event (1d/5h/4.8  
mm/10’ )

several long lasting 
events (20-30h, < 
3mm/10’ )

2 events (1d/2h/11.5 
mm/10’  and 3/4/7)

�� � � � � � �� � �   � � !  "

18.3 106 (117) 40 50 35 38.5 41 (47) 50

 �#$   %

� � &'   % � 7.6/18 16.4 (61.3) 14/34.4 7.8/29.2 17.8/33.5 7.4/27.8 25/40.4 8.5/35.3

	 �
 � � � �� 70’ / 6h -9h ? 2.5h 4h 3h 2h 1h (3h) 2h

� �  � � 
 � �

� �
 �

not considered not considered not considered not considered not considered not considered not considered not considered

� � �
 � � � � 
 1 peak several peaks 2 peaks 3 peaks 1 peak 2 peaks 1 peak 2 peaks

�( � � convective convective convective convective convective convective convective convective

�� � � � � �� � � � � � �
 � � � � 
 1peak 1peak 2 peaks 2 peaks 1 peak 1 peak 1 peak 1 peak

� � � �
! � %� " 1.7 11.9 3.6 3.4 3.4 2.9 9 4.3


 �� � � �

� � � � � � � � � � �

! �
 	� 
 � �

 �� � � � � 	� "

0.3 0.4 0.45 0.55 0.35 0.25 0.5 0.4

a h0-6: rainfall (mm) registered within the last 6 hours before the flood causing storm event
b 4h/1h/ < 3mm/ 10’  or 4/1/3: 4 h before the event with a duration of 1 hour and a maximum rainfall intensity of 3 mm/ 10’

7DEOH�%�� Main characteristics of flood and corresponding storm events observed in the Erlenbach catchment and included in this study 
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(YHQW�FKDUDFWHULVDWLRQ���92*(/%$&+
���� ���� ���� ���� ���� ���� ���� ����

�� �� �� November (10.11) June (23.6) July (7.7) August (20.8) July (2.7) August (6.8) August (21.8) July (17.7)

� � � � � � 	� � � � � �� � �   �� � �

0.1 0 0 2.4 0.8 0 0 0

� � � ��

0 0 0 0.1 5.2 0 0 1.3

� � � � ��

0 0 0 0 17.6 0 0.1 0.2

� � � �� �

0 0 11.7 0 12.5 0 23.2 0

�� � � ��

15.7 0 0 0 1.1 0 0 6.3

� �� � ��

0 0.7 0 0 6.7 0 0 21.9

� �� � � �

1 5.7 0 3.6 1.9 0 0 4.6

� � � � �� �

31.9 0 8.1 0 27 0 0 15

	� � �
 �� �

� � �� � 2 small events 
(1.5d, 7h, <0.7 mm / 
10’  and 4.5/7/2.3)

2 events 
(3.5d,9h,<1mm/10’  
and 5/2/4.6) 

1 events (1d,1h, <6 
mm/ 10’ )

1 long lasting event 
(1d,21h, < 3mm / 
10’ ) 

- 1 short event 
(1d,4h, < 4 mm / 
10’ )

days 3/4 and 6-8 
before event: long 
lasting rainfall with 
low intensity, inter-
ruptions

�� � � � � � �� � �   � � !  "

53 43 34 30 (50) 39 88 65 53

 �#   %

� � &'   % � 1.5/7.4 8/26 17/31.7 3.1/12.3 4.8 /16.8 6.6/23.1 22/45.1 11/34.1

	 �
 � � � �� 15h 3h 1.5h 12h ? 5h 16h 3.5h 2.5h

� �  � � 
 � �

� �
 �

>5 °C in Einsiedeln not considered not considered not considered not considered not considered not considered not considered

� � �
 � � � � 
 flat several peaks 1 peak 1 peak 1 peak several peaks 1 peak 2 peaks

�( � � frontal convective convective convective convective in fron-
tal system

convective in fron-
tal system

convective convective

�� � � � � �� � � � � � �
 � � � � 
 plateau 1 peak 1 peak 1 peak 1 peak 1 peak 1 peak 1 peak

� � � �
! � %� " 1.5 4.7 5 1.8 3.7 3.6 4.7 3.8


 �� � � �

� � � � � � � � � � �

! �
 	� 
 � �

 �� � � � � 	� "

0.4 0.45 0.5 0.3 0.5 0.3 0.16 0.4

a 1.5d/7h/<0.7mm/10’  or 1.5/7/0.7: 1 day before the event with a duration of 7 hours and a maximum rainfall intensity of 0.7mm / 10’

7DEOH�%�� Main characteristics of flood and corresponding storm events observed in the Vogelbach catchment and included in this study
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(YHQW�&KDUDFWHULVDWLRQ���085*
���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

�� �� �� December 
(1.12)

April
 (6.4)

November 
(10.11)

April
 (10.4)

June
 (15.6)

December 
(6.12)

December 
(19.12)

October 
(29.10)

July
 (6.7)

May
 (19.5)

January 
(25.1)

July
 (8.7)

� � � � � � 	� � � � � �� � �   �� �� �

2.9 / -

� 4.3 / 4.5 0 / 0 0 / 0 1.1 / 0.5 0.7 / 0 0 / 0 2.1 / - 2.8 / 0 2.1 / 2.5 8.8 / 5.6 0 / 0

�� � � ��

12.5 / - 6.6 / 6.4 4.5 / 9.5 0 / 0 14.4 / 9.9 9.3 / 6.1 13.6 / 10.4 3.5 / - 0 / 0 0.6 / 0 16.9 / 36.5 6.9 / 10.8

� �� � ��

10.6 / - 7 / 11.8 0 / 0 0 / 0 0.1 / 0.8 0.1 / 0.2 0 / 0.6 15.1 / - 0 / 0 0 / 0 21.8 / 14 16.9 / 25.8

� �� � � �

0 / - 15.5 / 21.4 6.7 / 4.8 6.6 / 1.4 0 / 0 1.4 / 2.3 28.5 / 20.8 25.6 / - 0 / 0 7 / 3.8 1.6 / 0.5 0.2 /0.5

� � � � �� �

0.8 / - 0 / 0 24.6 / 26.6 4.4 / 1.8 0 / 0 3.4 / 7.9 4.5 / 5.5 25.1 / - 0 / 0  0 / 0 2.2 / 2 0  / 0.1

� � � � � � � �

2.4 / - 0.7 / 1.4 0 / 0 11.6 / 14 3.1 / 3 2 / 2.2 6.2 / 8.2 0 / - 0 / 0 1.9 / 0.5 1.5 / 1.5 1.9 / 6.6

� � � � � � ��

0.3 / - 0 / 0 0 / 0 0.4 / 0 7.6 / 8.5 7.9 / 5.2 7.6 / - 0 / 0 0 / 0.8 0.4 / 0.1 8 / 9.1

� � �� � � ��

0 / - 0 / 0.1 0 / 0 0 / 0 23.9 / 16.8 0 / 0 0.5 / - 0 / 0 0 / 0.1 0 / 0 0 / 0

	� � �
 �� �

� � �� � 2 small 
events (2-
3d,6h,
<3mm/h)

several 
events (1-
4d, 5h - 
15h, 
< 5mm/h), 

2 events 
(1d,10h, 
< 3 mm/h 
and   
4,10,10) 

1 small 
event 
(4d,20h, 
<1.5 mm/h) 

1 small 
event (1d, 
8h, 
< 3mm/h)

2 small 
events 
(1d,10h, 
<1mm/h 
and 4,15,1)

several 
events (5 - 
20h, 
<7mm/h)

several 
events (1-
5d, 5-30h,
 <8.5 mm/h) 

- 1 small 
event 
(4d,3h, 
< 4mm/h)

several 
events (1-
3d, 5-15h, 
< 5mm/h)

2 events 
(1,5d,10h,  
< 5mm/h 
and 2,7,13) 

�� � � � � � �� � �   � � !  "

45.3 21.3 / 27.6 46.9 / 62.1 73 / 66.7 ?  41.8 / 47.6 57.6 / 48.7 20 / 24.6 47.2 / - 86 / 85.8 89.4 / 86 36.1 / 31.4 56.6 / 61.8

 �#   % �

5.3 3.9 / 5.4 7.7 / 7.9 8.9 / 7.7 6.1 / 6.7 10.1 / 5.8 5.5 / 6.5 6.5 / - 34.6 / 24.9 10.4 / 12.2 3.6 / 3.3 9.8 / 11

	 �
 � � � �� 27h (15?) 9h / 11h 20h / 20h 24h / 25h ? 16h / 17h 50h / 43h 5h / 6h 16h / - 10h / 10h 24h / 26h 19h / 18h 21h / 21h ?

� �  � � 
 � �

� �
 � �

- around 0°C positive positive

�

positive positive positive positive positive positive around 0°C not consid-
ered

� � �
 � � � � 
 2 peaks 1 peak 1 peak 2 main 
peaks

2 peaks 1 main peak 1 peak 2 peaks 1 main peak 1 (2) peaks 1 flat peak 1 main peak 

�( � � frontal ? frontal ? frontal, con-
vective 
activity

frontal convective 
in frontal 
system

frontal frontal convective convective convective 
activity in 
frontal sys-
tem

frontal convective 
in frontal 
system

7DEOH�%�� Main characteristics of flood and corresponding storm events observed in the Murg catchment and included in this study
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�� � � � � �� � � � � � �
 � � � � 
 1peak 

(W,F

�

)

1peak (W) 1 flat peak 
(W), 2 
peaks (F)

2 peaks (W) 1 main peak 
(W,F)

1 main peak 
(W,F)

1 peak 
(W,F)

2 peaks 
(W,F)

1 peak (W)
2 peaks (F)

1peak (W,F) 1 peak 
(W,F)

2 peaks + 
plateau 
(W,F)

� � � �
! � %� " 23 / 1.9

(W/F)
22 / 1.75 18 / 2 25.8 / 1.9 22.5 / 2.5 30.7 / 1.7 9 / 1.3 23 / 3 29 / 3.9 31 / 3.2 38.6 / 4 18.3 / 2.4

	 �
 � � �


 �� � � �

! �
 	� 
 � �

 �� � � �

� � 	�
�

  "

6.5 / -
(W/F)

4 / ? 7.5 / 12.5 18 / 15 7.5 / 8.5 9.5 / ? 2.5 / 7 8 / 14 9 / 12.5 13.5 / 20.5 10 / 17.5 8 / 12.5

a _/_: rainfall (mm) measured at station Taenikon / rainfall measured at station Büel within the last 24 hours before the flood causing storm event
b 2-3d / 6h / <3mm/h or 2-3 / 6 / 3: 2-3 days before the event with a duration of 6 hours and a maximum rainfall intensity of 3 mm/h
c data from Büel
d after the event the temperature drops below 0°C, the same effect is also observed for the event of 1988
e W/F or _/_: outlet Wängi / outlet Fischingen 

(YHQW�&KDUDFWHULVDWLRQ���085*
���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

7DEOH�%�� Main characteristics of flood and corresponding storm events observed in the Murg catchment and included in this study
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�(YHQW�&KDUDFWHULVDWLRQ��FDOLEUDWLRQ�HYHQWV����5(866
���� ���� ���� ����

�� �� �� September (27.9) September (26.9) August (25.8) July (6.7)

� � � � � � 	� � � � � �� � �   � � �� � � 3.5 / 1.3 14.4 / 0 2.1 / 0 0 / 0

�� � � ��

30.7 / 15.9 1 / 0 0 / 1.4 0 / 0

� �� � ��

60.5 / 50.6 0.7 / 0.4 3 / 3.3 2.2 / 0.4

� �� � � �

51.8 / 17.5 0.8 / 3.1 0 / 0 0 / 0

� � � � � � �

7.2 / 0 2.4 / 0.1 0.4 / 4.9 0 / 0

� �� � � � � �

0.1 / 0 5.7 / 0.3 0 / 0 0 / 0

� � � � � � ��

7.5 / 3.9 0 / 0 0 / 0 0 / 0

� � �� � � ��

0 / 0 0 / 0 0 / 0 0 / 0

	� � �
 �� � � �� �

2 major events (1.5d, 5h,
<5 mm/h and 3,30,11)

2 small events (2d,2h,
<3 mm/h and 4,3,5)

2 small events (2d,3h, 
< 2.5 mm/h and 5,2,2.5) (G)

�� � � � � � �� � �   � �  !  "

143.9 / 66.4 135.5 / 34.5 120.6 / 81.3 52.9 / 30

 � # !  % � "

9.6 / 6.6 12.3 / 5.1 15.6 / 8.7 17.9 / 7.8

	 �
 � � � � � ! � "

50 / 30 (?) 50 / 50 25 / 20 10 / 10

� �  � � 
 � � �
 � � negative at the end of the event falls close to 0°C for a few hours negative short after the event always > 1°C

� � � � no snow since several weeks 
before event; snow at the end of 
the event

no snow since several weeks 
before event; 

no snow since several weeks 
before event; snow short after 
event

no snow since 1 week before 
event; no snow during event

� � �
 � � � � 
 several peaks several peaks several peaks 1 peak (P), 2 peaks (G)

� ( � � frontal frontal frontal convective in frontal system

�� � � � � �� � � � � � �
 � � � � 


1 main peak (A/W)

�

1peak (A/W) 1 peak (A/W) 1 peak (A/W)

� � � � ! � %� "

142.5 / 52.7 (A/W) 105 / 37.1 58 / 13.75 98 / 35.7

	 �
 � � �
 �� � � � ! �
 	� 
 � �

 � � � � � � 	� '   " 30 / 60 (A/W) 15 / 25 5 / 5 10 / 20

a _/_ rainfall (mm) measured at Piotta (P) / rainfall measured at Guetsch (G) within the last 24 hours before the flood causing storm event. As the starting point of the storm event differs by several hours
in both stations, the determination of the antecedent rainfall does not start at the same time for both stations.

b 1.5d / 5h / 5mm/h or 1.5/5/5 1.5 days before the event with a duration of 5 hours and a mean maximum rainfall intensity of 5 mm/h
c Temperature and snow: measured at the station Guetsch which is located at 2287 m a.s.l.
d A/W: outlet Andermatt / outlet Wittenwasserenreuss at Realp

7DEOH�%�� Main characteristics of flood and corresponding storm events observed in the Reuss catchment and included in this study
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xxiii

$11(;�&��6,08/$7,21�5(68/76

This Annex introduces the observed and the simulated hydrographs corresponding to the
flood events analysed in the Erlenbach, Vogelbach and Murg1 catchments. For flood
events used for calibration the figures show the observed historical hydrograph and the
hydrographs corresponding to the uppermost and the lowest best fitting parameter set. In
the case of validation events the historical and the hydrograph corresponding to the
validation parameter set is represented. In the Vogelbach catchment the same events are
used first for validation and then for calibration and, consequently, the hydrographs
corresponding to the lowest and the uppermost best fitting parameter set are also shown.
In addition a number of flood events from the Murg catchment are shown where the Curve
Number equation is fitted to the direct runoff.

For all simulations the difference between observed and simulated runoff is indicated in
terms of total runoff volume, peak runoff and timing of peak runoff, which are
abbreviated by YRO, SHDN and WLPH. A value of 100% stands for a total correspondence
between simulation and observation, whereas 110% stands for an overestimation of 10%.
In all simulations λ was further set to 0.05 and consequently all CN values indicated in
the panels are CN0.05. 

1. Datasets for these catchments were kindly made available by the Swiss Federal Research Institute
(WSL), Swiss Federal Office for Water and Geology (FOWG) and MeteoSwiss.
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HYHQW 82: VLPXODWLRQ� vol: 110%, peak: 90%, time: - 1 timestep
HYHQW 86: VLPXODWLRQ�� vol: 110%, peak: 105%, time: + 1 timestep; VLPXODWLRQ�� vol: 110%, peak: 95%, time: + 1 timestep
HYHQW 92: VLPXODWLRQ�� vol: 115%, peak: 95%, time: - 1 timestep; VLPXODWLRQ�� vol: 102%, peak: 90%, time: - 1 timestep

)LJXUH�&�� Annual flood events observed in the Erlenbach catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets. (The values of CN and ks correspond to the HSRCs A2 and A1). 



xxv
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HYHQW 93: VLPXODWLRQ�� vol: 110%, peak: 87%, time: - 1 timestep, VLPXODWLRQ�� vol: 106%, peak: 85%, time: -1 timestep
HYHQW 95: VLPXODWLRQ�� vol: 110%, peak: 90%, time: -1 timestep, VLPXODWLRQ�: vol: 100%, peak: 88%, time: -1 timestep
HYHQW 97: VLPXODWLRQ� vol: 110%, peak: 90%, time: - 1 timestep

)LJXUH�&�� Annual flood events observed in the Erlenbach catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets. (The values of CN and ks correspond to the HSRCs A2 and A1).
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HYHQW 85: VLPXODWLRQ�� (CN: 82/79; Kstr: 0.5/1; xQb: 0.4; K: 25000): vol: OK, peak: 110%, time: OK; VLPXODWLRQ�� (CN: 74/71; Kstr: 5/5; xQb:
0.4; K: 25000): vol: 90%, peak: 114%, time: - 1 timestep

HYHQW 86: VLPXODWLRQ�� vol: 110%, peak: 95%, time: - 1 timestep; VLPXODWLRQ�� vol: 92%, peak: 90%, time: - 1 timestep
HYHQW 87: VLPXODWLRQ�� vol: 110%, peak: 110%, time: + 1 timestep; VLPXODWLRQ�� vol: 85%, peak: 98%, time: + 2 timestep; 

)LJXUH�&�� Annual flood events observed in the Vogelbach catchment and used for validation. The figures show the hydrographs corresponding to the validation
parameter set and to the range of best fitting parameter sets. (The values of CN and ks correspond to the HSRCs A2 and A1).
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HYHQW 88: VLPXODWLRQ�� vol: 120%, peak: 90%, time: - 1 timestep
HYHQW 89: VLPXODWLRQ�� (CN: 88/85; Kstr: 0.5/5; xQb: 0.6; K: 25000): vol: 104%, peak: 96%, time: + 1 timestep; VLPXODWLRQ�� (CN: 82/79; Kstr:

1/5; xQb: 0.6; K: 25000): vol: 90%, peak: 90%, time: + 1 timestep
HYHQW 90: VLPXODWLRQ�� vol: 114%, peak: 86%, time: + 1 timestep; VLPXODWLRQ�� vol: 107%, peak: 85%, time: + 1 timestep; YDOLGDWLRQ�GDWDVHW�

overestimates CN by ~ 30; it is consequently not presented in the figure.

)LJXUH�&�� Annual flood events observed in the Vogelbach catchment and used for validation. The figures show the hydrographs corresponding to the validation
parameter set and to the range of best fitting parameter sets. (The values of CN and ks correspond to the HSRCs A2 and A1).
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HYHQW 92: VLPXODWLRQ� vol: 130%, peak: 95%, time: + 2 timesteps; YDOLGDWLRQ�GDWDVHW� overestimates CN by ~ 25 and is consequently not
presented in the figure.

HYHQW 93: VLPXODWLRQ�� vol: 113%, peak: 108%, time: + 1 timestep; VLPXODWLRQ�� vol: 88%, peak: 92%, time: + 1 timestep

)LJXUH�&��� Annual flood events observed in the Vogelbach catchment and used for validation. The figures show the hydrographs corresponding to the validation
parameter set and to the range of best fitting parameter sets. (The values of CN and ks correspond to the HSRCs A2 and A1).
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HYHQW 92: VLPXODWLRQ�: vol: 103% / 95%1, peak: 107% / 109%, time: -1/-1, VLPXODWLRQ�: vol: 90% / 91%, peak: 96% / 92%, time: -1/-1

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets at the outlet Fischingen and Wängi for the same event. (The values of CN and Ks correspond to the HSRCs M3 / M4 / M5 / M6 / M7 (Murg)
and M1 / M2 (Fischingen)).

1. (_/_): simulated hydrograph for Wängi / simulated hydrograph for Fischingen



xxx

HYHQW 93: VLPXODWLRQ��: vol: 110%, peak: 107%, time: - 1timestep; VLPXODWLRQ��: vol: 100%, peak: 92%, time: - 1timestep 
HYHQW 86: VLPXODWLRQ��� (CN: 52/29/45/40/52; Kstr: 10/10/10/2/10; xQb: 0.45; K: 100000; Pcum reduced) vol: 100%, peak: 100%, time: +

1 timestep; VLPXODWLRQ��D: (Pcum not reduced)
HYHQW 94: VLPXODWLRQ��� (CN: 44/23/37/32/44; Kstr: 10/10/10/5/10; xQb: 0.35; K: 100000): vol: 110%, peak: 112%, time: OK;�VLPXODWLRQ�:

(CN: 33/16/27/23/33; Kstr: 10/10/10/5/10; xQb: 0.35; K: 100000): vol: 101%, peak: 92%, time: + 1 timestep

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets at the Wängi outlet. The hydrographs observed at Fischingen for the same storm events are shown on the next page. (The values of CN and
Ks correspond to the HSRCs M3 / M4 / M5 / M6 / M7).
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HYHQW 93: vol: 99%, peak: 97%, time: OK
HYHQW 86: vol: 100%, peak: 106%, time: OK
HYHQW 94: VLPXODWLRQ�� (CN: 45/35; Kstr: 1/0.5; xQb: 0.4; K: 100000): vol: 103%, peak: 109%, time: +1; VLPXODWLRQ2: (CN: 34/26; Kstr: 5/

5; xQb: 0.4; K: 100000): vol: 91%, peak: 90%, time: OK

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets at the Fischingen outlet. The hydrographs observed at Wängi for the same storm events are shown on the previous page. (The values of CN
and Ks correspond to the HSRCs M1 and M2).
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HYHQW 95: VLPXODWLRQ��: vol: 109%, peak: 106%, time: OK; VLPXODWLRQ��: vol: 107%, peak: 92%, time: OK
HYHQW 96: VLPXODWLRQ��: vol: 112%, peak: 105%, time: OK;�VLPXODWLRQ��: vol: 91%, peak: 92%, time: - 1 timestep

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets at the Wängi outlet. The hydrographs observed at Fischingen for the same storm events are shown on the next page. (The values of CN and
Ks correspond to the HSRCs M3 / M4 / M5 / M6 / M7).
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HYHQW 95: VLPXODWLRQ�: vol: 100%, peak: 110%, time: -1;�VLPXODWLRQ��: vol: 90%, peak: 87%, time: - 2 timesteps
HYHQW 96: VLPXODWLRQ�: vol: 109%, peak: 109%, time: OK; VLPXODWLRQ��: vol: 93%, peak: 88%, time: OK

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for calibration. The figures show the hydrographs corresponding to the range of best fitting
parameter sets at the Fischingen outlet. The hydrographs observed at Wängi for the same storm events are shown on the previous page. (The values of CN
and Ks correspond to the HSRCs M1 and M2).
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HYHQW 81: vol: 118%, peak: 94%, time: OK
HYHQW 83: vol: 93%, peak: 73%, time: +2 timesteps
HYHQW 85: YDOLGDWLRQ: (CN: 45/23/38/33/45; Kstr: 5/5/5/1/10; xQb: 0.3; K: 100000): vol: 93%, peak: 75%, time: OK

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for validation. The figures show the hydrographs corresponding to the validation parameter
set at the Wängi outlet. The hydrographs observed at Fischingen for the same storm events are shown on the next page. (The values of CN and Ks correspond
to the HSRCs M3 / M4 / M5 / M6 / M7).
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HYHQW 81: vol: 138%, peak: 109%, time: -1 timestep
HYHQW 83: vol: 83%, peak: 113%, time: OK
HYHQW 85: YDOLGDWLRQ: (CN: 38/29; Kstr: 5/1; xQb: 0.35; K: 100000): vol: 105%, peak: 85%, time: OK

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for validation. The figures show the hydrographs corresponding to the validation parameter
set at the Fischingen outlet. The hydrographs observed at Wängi for the same storm events are shown on the previous page. (The values of CN and Ks
correspond to the HSRCs M1 and M2).
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HYHQW 87: vol: 83%, peak: 70%, time: OK
HYHQW 88: YDOLGDWLRQ: (CN: 44/27/37/32/44; Kstr: 5/5/5/1/10; xQb: 0.35; K: 100000): vol: 80%, peak: 60%, time: OK
HYHQW 89: vol: 104%, peak: 74%, time: OK

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for validation. The figures show the hydrographs corresponding to the validation parameter
set at the Wängi outlet. The hydrographs observed at Fischingen for the same storm events are shown on the next page. (The values of CN and Ks correspond
to the HSRCs M3 / M4 / M5 / M6 / M7).
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HYHQW 87: vol: 61%, peak: 66%, time: + 2 timesteps
HYHQW 88: YDOLGDWLRQ: (CN: 34/26; Kstr. 5/1; xQb: 0.35; K: 100000): vol: 85%, peak: 95%, time: + 1 timestep
HYHQW 89: vol: 91%, peak: 80%, time: - 1 timestep

)LJXUH�&��� Annual flood events observed in the Murg catchment and used for validation. The figures show the hydrographs corresponding to the validation parameter
set at the Fischingen outlet. The hydrographs observed at Wängi for the same storm events are shown on the previous page. (The values of CN and Ks
correspond to the HSRCs M1 and M2).
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)LJXUH�&��� Annual flood events observed in the Murg catchment (Fischingen outlet) and used for calibration. The figures show the separation of direct runoff and base-
flow.
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HYHQW 92: vol: 92%, peak: 109%, time: OK
HYHQW 93: VLPXODWLRQ�:  vol: 101%, peak: 105%, time: + 1 timestep; VLPXODWLRQ�:  vol: 87%, peak: 99%, time: OK
HYHQW 94: vol: 90%, peak: 106%, time: +1 timestep

)LJXUH�&��� Direct runoff of annual flood events shown on the previous page. The direct runoff is reproduced with the overland flow production module of the model
(Curve Number equation). The hydrographs corresponding to the range of best fitting parameter sets are also represented in the figures. (The values of CN
and K correspond to the HSRCs M1 and M2).
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)LJXUH�&��� Annual flood events observed in the Murg catchment (Fischingen outlet) and used for calibration. The figures show the separation of direct runoff and
baseflow.
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HYHQW 95: vol: 91%, peak: 108%, time: - 1timestep
HYHQW 96:  vol: 92%, peak: 109%, time: OK; 

)LJXUH�&��� Direct runoff of annual flood events shown on the previous page. The direct runoff is reproduced with the overland flow production module of the model (Curve
Number equation). The hydrographs corresponding to the range of best fitting parameter sets are also represented in the figures. (The values of CN and  K
correspond to the HSRCs M1 and M2).
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Rien ne sert de courir; il faut partir à point.
Le Lièvre et la Tortue en sont un témoignage.
Gageons, dit celle-ci, que vous n’ atteindrez point 
Sitôt que moi ce but. - Sitôt? Êtes-vous sage?

Repartit l’ animal léger.
Ma commère, il vous faut purger 
Avec quatre grains d’ ellébore.
- Sage ou non, je parie encore.
Ainsi fut fait: et de tous deux
On mit près du but les enjeux:
Savoir quoi, ce n’ est pas l’ affaire,
Ni de quel juge l’ on convint.

Notre Lièvre n’ avait que quatre pas à faire;
J’ entends de ceux qu’ il fait lorsque prêt d’ être atteint
Il s’ éloigne des chiens, les renvoie aux Calendes,

Et leur fait arpenter les landes.
Ayant, dis-je, du temps de reste pour brouter,

Pour dormir, et pour écouter 
D’ où vient le vent, il laisse la Tortue

Aller son train de Sénateur.
Elle part, elle s’ évertue;
Elle se hâte avec lenteur.

Lui cependant méprise une telle victoire,
Tient la gageure à peu de gloire,
Croit qu’ il y va de son honneur

De partir tard. Il broute, il se repose,
Il s’ amuse à toute autre chose

Qu’ à la gageure. A la fin quand il vit
Que l’ autre touchait presque au but de la carrière,
Il partit comme un trait; mais les élans qu’ il fit 
Furent vains: La Tortue arriva la première.
Eh bien! lui cria-t-elle, avais-je pas raison?

De quoi vous sert votre vitesse?
Moi, l’ emporter! et que serait-ce
Si vous portiez une maison?

-HDQ�GH�OD�)RQWDLQH��6lPWOLFKH�)DEHOQ��LOOXVWULHUW�YRQ�*UDQGYLOOH��:LQNOHU�9HUODJ��0�QFKHQ�����
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Born: November 20, 1969
Nationality: Swiss

$FDGHPLF�&DUHHU
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����������� Ph.D. thesis, “ A methodological framework towards 

the formulation of flood runoff generation models 
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Federal Institute of Technology (ETH) in Zürich, 
Switzerland
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-XQH��������'HF������ M.Sc. thesis, “ Modèle de fonte de neige basé sur 

l’ approche du bilan énergétique”  (First step towards 
a snowmelt model based on the energy balance 
method), INRS Eau (Université du Québec, Québec), 
Canada

����������� M.Sc. course in Hydrology at Swiss Federal Institute 
of Technology (EPF) in Lausanne, Switzerland

0D\����� 'HJUHH�LQ�5XUDO�(QJLQHHULQJ
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(Development of traffic scenarios for access to the 
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����������� Undergraduate studies in Rural Engineering, Swiss 
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Switzerland
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����������� Primary School in São Paulo, Brazil and Switzerland
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PDLQ�DFWLYLWLHV�LQFOXGHG��
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Haïti;
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