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Abstract Heavy precipitation-induced flash floods are still

a serious hazard and generate high damages. In the context

of climate change, an increase of the occurrence of flash

floods is very likely. To improve flash-flood predictions

and allow measures to reduce damage in vulnerable

catchments, the spatial dynamics of runoff generation at a

high spatial resolution during extreme rainfall events need

to be better predicted. The results of these models can then

be included into hydraulic models to predict the surface

water level and flow dynamics based on high-resolution

topographic data. Long-term discharge data does generally

not exist in the small headwaters mostly influenced by flash

floods, which would allow to calibrate conventional rain-

fall-runoff models. But hydrological models predicting

runoff generation processes without calibration based on

available spatially distributed data sets are still lacking.

Such a model [Runoff Generation Research (RoGeR)] was

developed for the state of Baden-Württemberg. It is based

on an extensive collection of spatial data, including a

digital elevation model of 1 9 1 m2 resolution, degree of

sealing of the earth surface for the same resolution, and soil

properties and geology at the scale of 1:50,000. Within the

state of Baden-Württemberg, different regions were

selected encompassing distinct environmental characteris-

tics regarding climate, soil properties, land use, topography

and geology. RoGeR was tested and validated by simu-

lating 33 observed flood events in 13 mesoscale catchments

without calibration and by modelling seven 60-m2 artificial

rainfall experiments on five different hillslopes in different

regions of Switzerland. The results showed that the model

was able to reproduce the temporal runoff dynamics as well

as the peak discharge and the runoff volume in the

mesoscale catchments as well as the 60-m2 hillslope plots.

The model could reproduce processes and hydrological

response under different antecedent soil moisture and

precipitation characteristics without any calibration,

despite applying it to different regions and different scales.

This suggests that RoGeR is predestinated to quantify

runoff generation processes during heavy rainfall events at

different scales without the typical model calibration pro-

cedure allowing to better quantify input and model

uncertainty.

Keywords Runoff generation � Uncalibrated model �
Infiltration � Preferential flow � Subsurface flow � Flash
floods

Introduction

Streamflow gauging has been carried out in Germany and

many other countries at many rivers for a long time. These

streamflow time series are the basis for estimating return

periods of floods and calibrating and applying rainfall-

runoff models. Hence, flood hazards can be well predicted

along most of the gauged rivers assuming unchanging

catchment characteristics and climatic conditions.

According to the EU Floods Directive, flood hazard maps

along rivers have been generated for catchment areas larger

than 10–20 km2.
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Extreme rainstorms, especially in the summer, regularly

lead to flash floods on hillslopes, in small watersheds, and

in urban areas, often generating serious damage. In the

context of climate change, it must be expected that the risk

of extreme rainstorms will increase even further in central

Europe (Berg et al. 2013). Due to the various difficulties in

forecasting extreme rainstorms and measuring discharge in

small catchments, there are virtually no long-term and

continuous measurements of heavy rainfall-induced flash

floods available. Hence, return periods for small-scale flash

floods cannot be derived as is possible for larger water-

sheds. Furthermore, rainfall-runoff models which depend

heavily on observed data cannot be calibrated (Beven

2011). However, to estimate the extent and magnitude of

flash floods, it is crucial to estimate the spatial and tem-

poral distribution of runoff generation during extreme

precipitation without parameter calibration in a hydrolog-

ical model and to represent the idiosyncrasies of individual

hillslopes and headwaters.

In Germany rainfall-runoff models such as LARSIM

(Bremicker 2000) or WaSIM-ETH (Schulla 1997) are

widely applied and calibrated for catchments with mea-

sured streamflow data and therefore valid only for the scale

of such catchments. For smaller sub-catchments or catch-

ments without any streamflow gauges, the runoff genera-

tion processes might not be well represented. Moreover,

many rainfall-runoff models do not take relevant infiltra-

tion processes through macropores and shrinkage cracks

explicitly into account. Regionalization approaches to

estimate runoff coefficients (e.g. US-SCS 1972; Lutz 1984)

are only valid for mesoscale catchments and should be

calibrated as well (DVWK 1984; Merz 2006). Furthermore,

those simpler approaches only provide a constant runoff

coefficient that does not consider the decrease of infiltra-

tion capacity during a rain event or the temporal rainfall

characteristics. In addition, the contribution of fast sub-

surface flow on floods is not considered in such approa-

ches. Markart et al. (2006) developed a method to estimate

runoff coefficient classes for small alpine catchments

considering a wide range of factors and processes. Since

the method was developed for alpine catchments, it cannot

easily be applied in other regions. Approaches to determine

dominant runoff processes (e.g. LUWG 2006) identify the

dominant runoff generation processes in high spatial res-

olution but do not specifically quantify the individual

runoff amount, generated by that process.

Thus, so far, there is no rainfall-runoff model that is

capable of quantifying runoff generation processes from the

plot to the mesoscale in high spatial and temporal resolution

without calibration while considering the relevant processes.

Such a model should account for infiltration through

macropores and shrinkage cracks as well as for fast subsur-

face flow through lateral preferential flow pathways. To fill

this research gap, the model RoGeR (Runoff Generation

Research) was developed at the University of Freiburg to

quantify runoff generation in high spatial (up to 1 9 1 m2)

and temporal (up to 5 min) resolution without the need to

calibrate parameters. RoGeR combines the knowledge of

runoff generation process research gained over the last

decades with spatially distributed data sets describing veg-

etation and surface aswell as subsurface properties. Since the

model uses spatially distributed data containing all the

information needed to describe the runoff generation pro-

cesses at any place and any time, it can be applied to a wide

range of spatial scales from the plot to mesoscale catchments

without the need of a scaling factor. The suitability ofRoGeR

to properly quantify and predict runoff generation processes

was validated on different scales using observed rainfall-

runoff events and floods in a wide range of mesoscale

catchments as well as with sprinkler experiments on larger

hillslopes. This paper describes the considered processes,

model architecture, and data requirements of RoGeR

(‘‘Runoff generation processes implemented into RoGeR’’

Section) as well as the model validation at different scales

(‘‘Validation of RoGeR’’ Section).

Runoff generation processes implemented
into RoGeR

Overview

Figure 1 provides an overview of the processes relevant for

runoff generation at the plot and hillslope scale, which have

been implemented into RoGeR. Rainfall intensity and dura-

tion significantly influences the location, duration, and

intensity of possible runoff generation processes (Weiler and

Naef 2003). Generally, convective rainstorms with high

intensity and usually short duration aremore likely to produce

Hortonian overland flow (HOF) due to infiltration excess.

Long-duration advective events with low intensity typically

produce saturation overland flow (SOF) and subsurface flow

(SSF). The high intensities of convective storms often exceed

the infiltration capacity of the soil matrix and can activate

infiltration through macropore (Weiler and Naef 2003).

However, the short duration and low amount is not sufficient

to fill up the soil storage exceeding field capacity, which is a

requirement for water release to deeper layers or the genera-

tion of subsurface flow. Advective events with low intensities

rarely exceed the infiltration capacity of the soil matrix and

only produce HOF on sealed or partly sealed surfaces.

The occurrence of HOF is required before infiltration

through macropores (MP), and shrinkage cracks can occur.

This infiltration through preferential flow pathways plays

an important role in reducing HOF (Weiler and Flühler

2004). Once field capacity is exceeded, water starts to
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percolate to the base of the soil. Depending on the per-

meability of the underlying material, water can continue to

percolate vertically (deep percolation) or—if the amount of

percolating water exceeds the capacity of the permeability

of the material below the soil—a saturated zone develops at

the base of the soil. From this saturated zone, subsurface

flow (SSF) originates if the lateral permeability and gra-

dient is large enough. SSF occurs as a slow component

through the soil matrix and as a fast component through

lateral preferential flow paths as, e.g. pipes or root channels

(Scherrer 1997). When the soil becomes fully saturated, no

more water can infiltrate and saturation overland flow

(SOF) starts. This likely occurs especially in locations that

have shallow soils with impermeable material below or in

areas with a small distance to the groundwater table.

Interception and matrix infiltration

To quantify interception storage for single events, a leaf

area index (LAI) approach was adopted including a sea-

sonal dependence of the LAI into a simple interception

storage model as described in Bremicker (2000). For sealed

or partly sealed areas, surface storage in microdepressions

is quantified. Since RoGeR was designed as an event-based

model, evaporation from interception storage is not

considered.

For simulating infiltration into the soil matrix, the

approach of Green and Ampt (1911), adjusted for time

variable rainfall intensity by Peschke (1985), was imple-

mented into RoGeR. The Green–Ampt approach assumes

the formation of a uniformly saturated wetting front.

Between the saturated and unsaturated soil, a suction head

defined as the wetting front suction w is active. The infil-

tration velocity of the wetting front depends on the mag-

nitude of the wetting front suction, the saturated hydraulic

conductivity, the rainfall intensity and the unsaturated

porosity, which is defined as the free plant available field

capacity plus the free drainable porosity. The approach of

Mein and Larson (1973) is implemented to estimate the

wetting front suction w based on the water retention

function.

w ¼
Z1
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Fig. 1 Runoff generation processes implemented into the rainfall-runoff model RoGeR
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with S capillary suction and Kr relative unsaturated

hydraulic conductivity (K/Ks).

Kr as a function of the capillary suction was estimated

using a modified Mualem–van Genuchten (MvGM) model,

accounting for an air entry value as described by Ippisch et al.

(2006). TheMvGMwas parameterized for the 32 soil texture

classes defined in a soil map available at a scale of 1:50,000

(BK50) for the state of Baden-Württemberg, Germany

(Table 1) using the parameters recommended by Wessolek

et al. (2009) for soils in Germany. The air entry value was set

assuming a maximum pore diameter of 5 mm related to a

pressure head of 0.58 cm. The soil map BK50 also distin-

guishes between different soil horizons. The plant available

field capacity, the drainable porosity and saturated hydraulic

conductivity are explicitly parameterized in the digital map

for agricultural and non-agricultural land use. The ante-

cedent soil moisture and thus the free porosity at the begin-

ning of events is derived from the output of the model GWN-

BW (Groundwater recharge model for Baden-Württemberg;

Gudera and Morhard 2015). Daily soil moisture data from

the GWN-BW model is available since 1971 for the entire

area of Baden-Württemberg. During the running of the

model, RoGeR computes the potential matrix infiltration and

the depth of the wetting front for each time step and cell. The

potential matrix infiltration is reduced to the actual matrix

infiltration by the degree of sealing of the surface. Finally

precipitation minus interception minus actual matrix infil-

tration results in the potential HOF.

Infiltration through macropores and shrinkage

cracks

The soil matrix properties are not sufficient to predict

runoff response to heavy rainfall. For example, Scherrer

(1997) was able to show in numerous sprinkler experiments

with high rainfall intensities on larger hillslopes that,

Table 1 Database and use in the model currently available for Baden-Württemberg

Data set Resolution/scale Data provider Use in model

ATKIS DLM25 1:25,000 Landesvermessungsamt Baden-

Württemberg (LV-BW)

Parameterization of macropores,

interception and wetlands

CORINE land cover 2000 Min. polygon size

500 9 500 m2 min.

line width 100 m

Umweltbundesamt, Berlin Parameterization of macropores,

interception and wetlands

Degree of sealing of earth

surface

1 9 1 m2-grid Wasser- und Bodenatlas Baden-

Württemberg (WaBoA)

Reduction of infiltration

LIDAR data *1 9 1 m2 LV-BW Digital elevation model (DEM), vegetation

height, slope, flow accumulation, depth to

groundwater

River network as line file 1:10,000 Landesanstalt für Umwelt, Messung

und Naturschutz Baden-Württemberg

(LUBW)

Ideal to define a river network from the

DEM

Lakes as polygon file 1:10,000 Open water

Soil overview map of

Baden-Württemberg

(BÜK)

1:200,000 Regierungspräsidium Freiburg

Landesamt für Geologie, Rohstoffe

und Bergbau (LGRB)

Soil storage, soil depth, portion of skeleton,

soil texture classes

Soil map 50,000 (BK50)

(available since 2015/6)

1:50,000 Soil storage, soil depth, portion of skeleton,

soil texture classes, saturated hydraulic

conductivity

Hydrogeological map 1:50,000 Transmissibility of under laying material and

bedrock

Precipitation radar data

for selected events

(RADOLAN)

*1 9 1 km2 1 h-sum Deutscher Wetterdienst (DWD) Input for modelling selected flood events

Precipitation data from

gauging stations

5-min sum DWD Control and evaluation of precipitation radar

data

GWN-BW (groundwater

recharge in Baden-

Württemberg)

Daily average soil

moisture, average area

0.8 km2

LUBW Estimation of spatial antecedent soil

moisture conditions

Discharge data from

gauging stations

1-h averages LUBW Evaluation of modelled discharge at gauging

station
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frequently, more water can infiltrate than expected because

of the soil matrix properties. Infiltration through preferen-

tial flow paths like macropores (i.e. earthworm channels) or

soil cracks is cited as the reason of this phenomenon, which

is playing an important role in runoff generation during

high rainfall intensities (e.g. Beven and Clarke 1986;

Weiler 2001, 2005; Weiler and Naef 2003; Weiler and

Flühler 2004). Consequently, the macropore infiltration

process is implemented in RoGeR. Ponding water, descri-

bed as potential Hortonian overland flow, is a prerequisite

for infiltration through preferential flow paths. However,

only a certain proportion of overland flow is connected to

macropores. The magnitude of this proportion is related to

the macropore density (Weiler and Flühler 2004). The

other part of the overland flow cannot infiltrate via

macropores and hence will run off. How much water

actually infiltrates via macropores depends on the interac-

tion between macropores and soil matrix. This horizontal

infiltration from the macropores into the soil matrix is

estimated using the Green & Ampt method, which needs to

be modified for horizontal direction with a radial wetting

front for this purpose (Beven and Clarke 1986; Weiler

2005; Fig. 1, top right). During the infiltration process, the

progressing wetting front of vertical matrix infiltration

from the soil surface successively shortens the active part

of the macropore (Fig. 1, top right).

To model macropore infiltration, it is crucial to estimate

the macropore density, length and diameter. Activities of

soil animals, in particular Lumbricus terrestris (common

earthworm), root penetration and soil processes in con-

nection with climate conditions (e.g. expansion/shrinking

of clay), are expected to be the first-order controls of

macropore formation (Casper 2002; LUWG 2006). It is not

well investigated yet to what extent which processes are

actually involved in the formation of macropores at a

specific site (LUBW 1997; Schmocker-Fackel 2004).

Investigations related to macropore properties of soils

suggest a high heterogeneity in space and time even under

similar environmental conditions (Schmocker-Fackel

2004). Thus, more investigations are urgently needed to

predict the spatial and temporal macropore properties using

environmental data as predictors. Vertical as well as lateral

macropores, which are relevant for fast subsurface flow

(Fig. 1), were parameterized based on different factors

found in the scientific literature (LUBW1997; Jarvis et al.

2009; Lindahl et al. 2009; Van Schaik 2009; Geitner et al.

2014). A relation between the length of macropores and

land use was assumed in the model (Table 2). In forests,

the density of macropores is expected to be particularly

high as the result of undisturbed bioactivity and root pen-

etration. Since the most common coniferous tree species in

the state of Baden-Württemberg, spruce (Picea abies), are

shallow rooting (Raissi et al. 2009), a reduced length of

vertical macropores was defined for coniferous forests

compared to deciduous forests. In crop land and vineyards,

vertical macropores tend to be disturbed as a consequence

of the frequent soil treatment of these sites (Winter 2013).

This effect is reflected in the model through a reduced

density of vertical macropores for these land cover types.

The discordance of the plough layer is considered by a

reduction of the length of vertical macropores for crop

land. In relation to the skeleton content in the soil, which

generally enhances preferential flow (Moldenhauer et al.

2013; Sohrt et al. 2014), the density of macropores was

increased by 25 m-2 for skeleton contents between 10 and

25% and by 50 m-2 for skeleton contents between 25 and

50%. All macropores (vertical and lateral) are parameter-

ized with a diameter of 5 mm, corresponding to a cross-

sectional area of 20 mm2. The selected macropore

parameters shown in Table 2 lie within plausible limits

found in literature.

In particular for clay soils, shrinkage cracks occur dur-

ing dry periods. Like macropores shrinkage cracks can

contribute substantially to the infiltration process (e.g.

Table 2 Estimation of macropore density and length for land cover classes and k values for overland flow (vertical macropores for infiltration

process, slope parallel macropores for subsurface flow)

Land cover class Density of vertical

macropores (MP/m2)

Length of vertical

macropores (cm)

Density of slope parallel

macropores (MP/m2)

Strickler k values for

overland flow

Settlement (1–100% sealed) 75–0 30 125 75

Crop land 75 30 125 30

Pasture 100 80 125 20

Wine yards 75 50 125 30

Orchard 100 50 125 20

Garden 100 30 125 25

Deciduous forest 150 50 150 20

Mixed forest 150 50 150 20

Coniferous forest 150 30 150 30

Wetlands 0 0 0 100
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Baram et al. 2012). The depth of shrinkage cracks depends

on the clay content and the soil water content. Between the

soil moisture content at which the process of cracking starts

and the soil moisture content at which no further volume

decrease of the soil occurs, RoGeR assumes a linear tem-

poral evolution of cracks. The soil moisture content at

which compact soils are no longer plastically formable is

set as the starting value for the formation of shrinkage

cracks. The matrix potential related to this soil moisture

content is defined by a value of 500 hPa (Ad hoc-Ar-

beitsgruppe Boden 2005). The end of the crack develop-

ment process is defined by the shrinkage limit value related

to a soil matrix potential of 10,000 hPa (Ad hoc-Arbeits-

gruppe Boden 2005). At this soil moisture, cracks reach

their maximum depth. By applying the Mualem–van

Genuchten model to the texture classes of the soil

map 1:50,000 (Table 1), again using the parameterization

after Wessolek et al. (2009), the fraction of saturated pore

volume of the entire pore volume can be estimated for any

given matrix potential. For known antecedent moisture

content, the depth of shrinkage cracks can then be esti-

mated by:

zc ¼ C � Cminð Þ � F � 1� hakt � hslð Þ
hPl � hslð Þ

� �
for hact hPl and hacth ihsl

zc ¼ 0 for hact � hPl
zc ¼ C � Cminð Þ � F for hact � hsl

ð2Þ

with zc depth of the shrinkage crack (mm), hPl water con-
tent at matrix potential of 500 hPa (begin or crack forma-

tion), hsl water content at matrix potential of 10,000 hPa

(shrinkage limit), hact actual Water content [–] C percent-

age of clay, Cmin minimum percentage of clay and F in-

crement of increase of crack depth (mm) per 1% of

increase of clay content.

Cmin is set to 3% and F to 7 mm so that the depth of the

cracks at the shrinkage limit (maximum depth) equals

500 mm for the soil with the highest clay content (75%).

This value lies within the range found in literature (e.g.

Baram et al. 2012) and own field studies. Shrinkage cracks

typically build a more or less polygon-shaped network (e.g.

Baram et al. 2012). According to different studies (Bouma

and Dekker 1978; Konrad and Ayad 1997; Li and Zhang

2010; Baram et al. 2012) and own field observations on

pelosols around Freiburg (Baden-Württemberg), an aver-

age distance between cracks of 20 cm was set resulting in a

crack density of 10 m/m2.

The horizontal infiltration process from the shrinkage

cracks into the soil matrix is simulated with the Green–

Ampt assumption considering a linear progressing wet-

ting front from both sides of the crack. Based on Darcy’s

law, the progress of the wetting front can be formulated

by:

dx

dt
¼ ks

w
xDh

� �

t ¼ x2Dh
2ksw

xðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
2kswt
Dh

r
ð3Þ

with x horizontal distance between wetting front and the

wall of the crack (m), ks saturated hydraulic conductivity

(m/s), w wetting front suction (m), Dh change of water

content at the wetting front (–) and t time (s).

From this, the potential infiltration form shrinkage

cracks can be derived:

Ipot tð Þ ¼ 2zcDcDh
x tð Þ � x t � Dtð Þð Þ

Dt
ð4Þ

with Ipot potential infiltration (m/s), zc depth of shrinkage

cracks (m) and Dc crack density (m/m2). As described for

macropores, the progressing vertical wetting front of the

infiltration from the soil surface successively shortens the

active length (zc) of the cracks.

Soil storage, deep percolation, subsurface flow

and saturation overland flow

Potential soil storage at the beginning of a rainfall event is

given by the free proportion of the available field capacity

plus the free drainable pore volume. Infiltration through

matrix and preferential flow paths fills this soil storage. If

the available field capacity is exceeded, water is percolat-

ing deeper (field capacity excess). The potential deep

percolation flux into the underlying geological substrate is

derived from the hydrogeological map (Table 1). If more

water percolates out of the soil than the bedrock can

absorb, this water (deep percolation excess) starts to fill up

drainable pore volume from the base of the soil. Conse-

quently, a saturated layer develops, which represents the

active zone for subsurface flow through the soil matrix and

lateral macropores. The deep percolation excess is also the

amount of water available for subsurface flow.

RoGeR divides the subsurface flow into a slow and a

fast component. The maximum lateral flow by slow sub-

surface flow through the soil matrix is estimated using

Darcy’s law for flow in saturated conditions. The maxi-

mum lateral flow by fast subsurface flow through prefer-

ential flow pathways is expected to depend on the lateral

macropore density, connectivity and slope (Weiler and

McDonnell 2004). Both, density and connectivity are

expected to decrease with depth as a consequence of

increasing bulk density, decreasing root density and

decreasing activity of soil animals with depth. Hence, flow

velocity and amount are expected to be smaller for deep

subsurface flow compared to shallow subsurface flow.
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There are no sufficiently comprehensive data sets or

empirical relations available to prove this assumption. Such

a data set should be based on field experiments and should

include flow velocities of SSF as well as properties like

depth of the flow process, antecedent soil moisture, slope,

land cover and slope length as all these factors might

influence flow velocity. However, only a couple of data

sets could be found that relate lateral flow velocity to slope

and depth in the soil (Fig. 2). The number of experiments

with additional information about the depth of the pro-

cesses (number 1, 2, 3 and 6 in Fig. 2) is not sufficient to

prove a significant relationship between depth of subsur-

face flow and flow velocity. However, a tendency that

supports the hypothesis of decreasing flow velocity with

depth is evident. Finally, eight relationships were derived

between flow velocity and slope for different depth classes

where the fast subsurface flow occurs (=saturated layer).

These relationships reflect the range of observed flow

velocities reported in literature. Kohl et al. (2012), for

example, reported flow velocities of fast SSF ranging from

0.3 to 180 m/h. By applying the relationship shown in

Fig. 2, the maximum flow capacity for subsurface flow

through macropores can be calculated for each grid cell:

SSFMPpot ¼
X8
k¼1

zsatðHkÞ vkðiÞ dhAMP ð5Þ

with SSFMP pot maximum possible SSF flow through lateral

macropores (m3/h), i slope (m/m), Hk horizon k, zsat (Hk)

saturated thickness of the kth horizon (m), vkðiÞ slope

dependent velocity in the kth horizon (m/h), dh density of

slope parallel macropores (MP/m2) and AMP cross-sectional

area of one macropore (m2).

Water, available for subsurface flow (deep percolation

excess), is allocated to (slow) matrix subsurface flow and

(fast) macropore subsurface flow according to the quanti-

tative relation between the potential maximum SSF flow of

matrix and MP. If the amount of infiltrated water still

exceeds the soil porosity after losses by deep percolation

and SSF are considered, saturation overland flow is gen-

erated by saturation excess. In areas with a high ground-

water table, the total available storage of the soil is reduced

by the groundwater. An average initial groundwater table is

estimated applying the GIS method ‘‘vertical distance to

groundwater’’, available with the GIS software SAGA

(Olaya 2004).

Flow accumulation

In a first step, RoGeR was developed to quantify the

spatial and temporal runoff generation processes. Since

runoff generation is commonly not measured, one way to

test the model is to route the individual flow components

to a stream gauging station and to compare modelled and

measured hydrographs. For this purpose, routing routines

were implemented into the model. For the different flow

components (overland flow, fast subsurface flow, slow

subsurface flow and groundwater flow), separate geo-

morphic unit hydrographs are calculated using common

GIS methods. The classification of flow accumulation is

set to reproduce the river network 1:10,000 (Table 1).

Overland flow is assumed as sheet flow with a depth of

1 mm. The Manning–Strickler equation is applied using

Strickler k values in dependence of land cover (Table 3).

For flow in rivers, a uniform velocity of 3 m/s is assumed

implying high streamflow velocities during floods. Flow

velocities of fast subsurface flow via macropores are

estimated by:

VSSF ¼
P8

k¼1 dthsatðHkÞ � vkðiÞP8
k¼1 dthsatðHkÞ

ð6Þ

with: VSSF mean velocity over macropores (m/h), i slope

(m/m), Hk horizon k, dthsatðHkÞ saturated thickness of the

kth horizon (m) and vkðiÞ slope dependent velocity in the

kth horizon (m/h) (see also Fig. 2).

Table 3 Model parameter (per grid cell)

Model parameter Unit

Event independent

Land use (–)

Degree of sealing (–)

Surface slope (–)

Density of vertical macropores (L-2)

Depth of vertical macropores (L)

Density of slope parallel macropores (L-2)

Mean distance of shrinkage cracks (L)

Depth of groundwater level (L)

Soil depth (L)

Plant available field capacity of soil (–)

Air capacity of soil (–)

Saturated hydraulic conductivity of soil (L T-1)

Wetting front suction (L)

Saturated hydraulic conductivity below the soil (L T-1)

Velocity of overland flow (L T-1)

Velocity of fast (preferential) subsurface flow (L T-1)

Velocity of slow (matrix) subsurface flow (L T-1)

Velocity of groundwater (L T-1)

Event dependent

Interception storage (L)

Free plant available field capacity (–)

Free air capacity (–)

Depth of shrinkage cracks (L)

Time step dependent

Precipitation (L T-1)
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In areas with karst phenomena, water percolating into the

limestone rock might also contribute to the hydrographs of

flood events. Therefore, flow velocity in karstic aquifers had

to be estimated. A uniform velocity of 0.012 m/s was set for

groundwater flow in karst systems (Pohl 2000). This simple

approach proved to be appropriate to correctly model sec-

ondary discharge peaks that were observed for two flood

events in catchments with considerable karst influence.

Figure 3 shows the spatial distribution of flow times to the

gauging station for surface and fast subsurface flow in the

Brugga catchment (No. 11 in Fig. 6). It was found that the

shape of hydrographs for mesoscale catchments were well

represented by the implemented geomorphic unit hydro-

graph approach for different flow components. This high-

lights the relevance of the spatial distribution of runoff

generation and flow times for the shape of hydrographs. For

small areas and high rain intensities, in particular in resi-

dential areas, a dynamic hydraulic 2D approach might be

more appropriate than a static unit hydrograph approach.

High flow concentration on roads might lead to much higher

flow velocities than the assumed sheet flow with a depth of

1 mm. A dynamic hydraulic 2D approach therefor is cur-

rently implemented into RoGeR.

Database

The increasing availability of high-quality, spatially dis-

tributed geodata allows the application of the spatially

distributed model RoGeR. RoGeR was first developed for

use in the state of Baden-Württemberg (BW) in the

southwest of Germany and set up with spatial data sets

(Table 1) available for the entire area of BW. But any

appropriate spatial data sets can be used to estimate the

required parameters of RoGeR (Table 3). This means that

improved input data can replace currently used data or that

the model can easily be transferred to other study areas.

The spatial resolution of the actual available data varies

between 1 9 1 m2 (e.g. degree of sealing, topography) and

1 9 1 km2 (rainfall radar data). Using particular prepro-

cessing modules implemented in RoGeR, required raster

data sets of the model parameters can be derived from the

various input data sets and formats. The land use infor-

mation of CORINE, available in comparatively low reso-

lution, is supplemented by information on the river network

extracted from the DEM, the degree of sealing of the earth

surface, and the information about the height and location

of trees and bushes, extracted from a BW wide LIDAR data

set (Fig. 4). Data sets of event independent parameters (see

Table 3) have been generated for the entire area of BW

(*36,000 km2) with a resolution of 5 9 5 m2 and for 13

mesoscale test catchments with a resolution of 1 9 1 m2.

The event dependent parameters are generated based on

long-term water balance simulation [e.g. GWN-BW

(Groundwater recharge model for Baden-Württemberg;

Gudera and Morhard 2015)] or other pre-defined

definitions.
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different field experiments at
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legend
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Validation of RoGeR

RoGeR’s capability to correctly reproduce runoff genera-

tion process and the resulting discharge reaction was val-

idated for two different spatial scales. At the hillslope

scale, sprinkler experiments with measurements of

overland flow and subsurface flow were used to directly

compare the simulated runoff generation processes. At the

mesoscale, observed flood events in catchments with

gauging stations were modelled with RoGeR and the model

simulations were compared to the observed streamflow

hydrographs.

Kilometers
0 2.5 5Overland flow

Fast subsurface
flow

9 - 12

12 - 15

15 - 20

20 - 30

30 - 50

50 - 100

100 - 150

150 - 200

200 - 250

Flow time to gauging station [h]

1 - 2

2 - 3

3 - 5

5 - 7

7 - 9

0 - 1

Fig. 3 Flow times for overland flow and fast subsurface flow in the catchment of the gauging station Oberried/Brugga (no.11 in Fig. 6)

Degree of sealing [%]

1 - 20

21 - 40

41 - 60

61 - 80

81 - 100

Land use

Pasture

Coniferous forest

Mixed forest

Water

Kilometers

0 0.2 0.4

Fig. 4 Combination of land use information from different sources to derive a composed database for RoGeR (left side air photograph for

comparison, right side model input at a spatial resolution of 1 9 1 m2)
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Sprinkler experiments

Sprinkler experiments at hillslopes provide the opportunity

to measure runoff generation processes separately for

overland flow and subsurface flow under controlled con-

ditions. To avoid the influence of boundary effects, the

sprinkled area should be as large as possible. Scherrer

(1997) performed sprinkler experiments on an area of

60 m2 with high rainfall intensities (50–100 mm/h) on 18

slopes in different regions of Switzerland. Runoff data as

well as data about soil properties, antecedent soil moisture,

land use and the geological underground from seven

experiments were used to set up the model RoGeR in order

to test its ability to reproduce the results of the runoff

measurements during the experiments. RoGeR was

parameterized with the available soil property data and not

calibrated. Figure 5 shows the result of the simulations.

Only one experiment could not be modelled with satisfying

results (upper left in Fig. 5). A hydrophobic reaction of the

dry soil surface played a major role in this case (Scherrer

1997). This process is not implemented in RoGeR. The

sprinkler experiment represented by the upper right graph

Fig. 5 Measured and modelled runoff components of sprinkler

experiments in four different regions of Switzerland. The two

experiments represented in the upper and third row are from the

same slope under dry conditions (left) and more wet conditions

(right). The two experiments in the second row are from neighbouring

slopes. One at mid slope (left) and one at the toe slope (right). OF

overland flow, SSF subsurface flow and P precipitation
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in Fig. 5 was conducted at the same plot under wetter

conditions without hydrophobic influences. In this case, as

well as in the other five experiments, the dynamics of

overland flow as well as subsurface flow was well repro-

duced. It is particularly notable that the quantitative rela-

tion between the different flow components was well

represented. A slight overestimation of the measured sub-

surface flow was found in all model runs. This might be

explained by the challenge to capture all subsurface flow

during the field experiments (Scherrer 1997).

Mesoscale catchments

Runoff generation in space and time is usually not mea-

sured during natural rain events. The only information

available is the integrative streamflow response of the

catchment at a gauging station. The shape of the hydro-

graph depends considerably on the temporal and spatial

distributions of the runoff generation processes (e.g.

McGlynn et al. 2004; Zillgens et al. 2007). Events domi-

nated by overland flow processes generally show a fast

increase and fast decrease of the hydrograph as well as

relatively high peak discharge but small runoff yields. In

contrast, events with dominating subsurface flow generate

hydrographs of moderate peak flow but long-lasting

recession and large runoff yield. Thus, besides the peak

discharge and runoff coefficient, the shape of the hydro-

graph is a suitable indicator to verify the ability of a model

to correctly reproduce the processes of runoff generation.

RoGeR was used to simulate 33 flood events in 13

mesoscale catchments within the state of Baden-Würt-

temberg (BW; Fig. 6). The catchments represent almost the

entire range of land uses, soils and geology occurring in

BW. The simulated events also cover different rainfall

event types (advective and convective) and a wide range of

antecedent moisture conditions. Similar to the simulation

of runoff at the hillslopes, the model parameters were not

calibrated but set as described in the method section.

Figure 7 shows exemplarily the simulation results for three

short convective rain events (left side) and three longer

advective events (right side) in comparison with the

observed streamflow in three catchments with different soil

characteristics. Catchment no. 9 is dominated by clay soils,

no. 10 by loamy soils and no. 6 by sandy soils. Note that

for the short convective rain events 5-min sums of pre-

cipitation are displayed, while for the longer advective

events 1-h sums are shown, which are also the time steps

used in the model for the respective events. With one

exception (lower row), the convective rain events led to a

fast discharge rise with high peak discharge and a fast

recession. For catchments no. 9 (Starzel) and 10 (Schutter),

the observed hydrographs, which were dominated by

Hortonian overland flow (HOF), were well represented by

the simulations. In the case of catchment no. 6 (Eyach),

HOF and saturation overland flow (SOF) were overesti-

mated by the model. This is surprising, since HOF was

only generated on forest roads in this catchment dominated

by forest cover. In reality, HOF might have re-infiltrated

into the sandy soils after leaving the roads. This process

cannot be simulated by the approach of a static geomorphic

unit hydrograph approach. Saturation overland flow was

generated in areas along the rivers that cover about 1.5% of

the catchment area. A similar value was also published by

Casper (2002) for this watershed and is hence in line with
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Fig. 6 Location of mesoscale

catchments in Baden-

Württemberg used for verifying

the RoGeR model. The

catchment numbers are the same

as used in Figs. 7 and 8
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the simulations. The groundwater table and, as a conse-

quence, the area producing SOF within RoGeR is estimated

using information of river network and topography (see

chapter 2.4). There is no variation with differing initial

wetness condition implemented yet. Thus, the groundwater

level might have been estimated too high for the relatively

dry conditions at the time of this event (see Fig. 8).

The long-lasting advective events are characterized by

moderate peak discharges and long-lasting recessions. Both

were well reproduced by RoGeR. Fast subsurface flow

(Fig. 7, brown line) is the major process responsible for the

long recession in all catchments. In catchment no. 9

(Starzel), the outflow from Karst springs contributes to

those events as well, which is reflected by the predicted

deep percolation runoff (grey line) within RoGeR. Usually,

the contribution of this flow component to the flood

hydrograph predicted by RoGeR is marginal. But based on

typical flow velocity in Karst systems, it is assumed that

this runoff component will contribute significantly to the

event runoff for catchments located in limestone areas.

An overview of the results for all catchments and events

is given in Figs. 8 and 9. Figure 8 shows the process

Fig. 7 Model results for six events in three different mesoscale

catchments. Catchment no. 9 (upper row) is dominated by clay soils,

no. 10 (middle row) by loamy soils and no. 6 (lower row) by sandy

soils. The rain events on the left side are of short convective type, and

thus, the model was applied in 5-min steps. Note that precipitation

bars represents 5-min sums in this case. On the right side long-lasting

advective rain events are modelled in hourly time steps. Precipitation

bars represents 1-h sums. HOF Hortonian overland flow, SOF

saturation overland flow, SSF subsurface flow, DP deep percolation,

P precipitation
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characteristics, while Fig. 9 displays the quantitative

comparison of the simulation results with observed dis-

charge data at the gauging stations. RoGeR is particularly

sensitive to event types and antecedent moisture conditions

(Fig. 8). For example, high proportions of SSF occur par-

ticularly for long-lasting, advective events and high ante-

cedent moisture conditions. Infiltration processes depend

mainly on the event type (rainfall intensity) and the soil

properties. High proportions of infiltration through

macropores are related to convective events in catchments

with dominating clay and silt soils. There is a significant

disagreement between model and reality for the runoff

coefficients of the advective events in catchments no. 3, 4

and 12. The model predicts subsurface runoff as an
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Fig. 8 Overview of event characteristics and model reaction. The
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Hortonian overland flow, SOF saturation overland flow, SSF subsur-
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related to the amount of precipitation. The grey area in the

precipitation column represents the amount of precipitation not

infiltrating into the soil. Events, marked by an asterisk, were

influenced by measurement problems either of rain radar or discharge.

The representation of the dynamic was evaluated subjectively (see

text)
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important runoff component. However, the observed

hydrograph shows an even larger proportion of subsurface

flow generating the high runoff coefficients. It can be

assumed that soil storage capacity and potential deep per-

colation into the bedrock might not be well represented in

those catchments using the available input data. All large

deviations between observed and modelled runoff coeffi-

cients were either caused by an underestimation of sub-

surface flow by the model or obvious problems with the

observed data (discharge measurements at the gauging sites

or the rainfall radar data). The first issues are indicated by

the grey colour dots in Fig. 9, and the last by the black

colour dots. The underestimation of fast subsurface flow is

probably a consequence of missing or incorrect informa-

tion on the subsurface within the soil and geological data

set, for example missing information about periglacial

sediment formation, overestimation of soil storage capacity

or an overestimation of the deep percolation rate.

The agreement between observed and modelled

dynamics of the hydrographs was evaluated and grouped

subjectively into three classes: ‘‘good’’, ‘‘moderate’’ and

‘‘not satisfying’’ (Fig. 8, right column). A good agreement

means that shape and quantitative proportion of the simu-

lated runoff components as well as the total flood hydro-

graph were well suited to reproduce the observed flood

hydrographs shape. A moderate agreement means that the

shape of the observed hydrograph was well represented by

the shape of the simulated runoff components, but the

quantity was not well represented. A not satisfying agree-

ment indicates that shape and quantity were not well

reproduced. This subjective approach was selected since all

objective functions (e.g. coefficient of correlation, effi-

ciency) are unable to reflect the agreement of the hydro-

graph shape properly. For example, in Fig. 7 for the long-

lasting event in catchment no. 6, the coefficient of corre-

lation is only at 0.56, but the similarity of the modelled

versus the observed dynamic is quite satisfying considering

the small time lag between simulated and observed peak

flow and the shape of the recession. Overall, 21 of 33

events could be modelled with a good agreement of the

dynamics between the observed and simulated hydro-

graphs. Five events show a moderate agreement and 7 were

not satisfying. Five of the not satisfying results were likely

caused by underestimation of subsurface flow. One was

caused by an overestimation of SOF, which is quite sen-

sitive to the estimation of the groundwater level (see also

discussion above regarding Fig. 7, left bottom). Finally,

one event (in catchment 13) was influenced by lake

retention, which is not well represented by RoGeR.

One of the main problems of the event-based simulation

is the high uncertainty of precipitation and antecedent

moisture conditions. The rain radar data are calibrated to

precipitation gauging stations and is therefore, for example,

affected by shading effects, station density, topographic

effects and precipitation type. The antecedent moisture

data are itself a model output, which depends on the model

structure and input data uncertainty. Taking these input

uncertainties into account, the agreement between RoGeR

output and observed discharge is satisfying, in particular

since the model was not calibrated at all.

Fig. 9 Simulated versus measured discharge volume and peak

discharge of the 33 predicted events of 13 different catchments in

BW. The black dots represent events during which measurement

problems of either rain radar or discharge gauge occurred. For the

events represented by grey dots (catchments 3, 4 and 12), the

subsurface flow was underestimated presumably by incorrect repre-

sentation of soil storage capacity, deep percolation or missing date

about abundance of periglacial sediment formations. The coefficient

of correlations marked by an asterisk was calculated without the

events marked by black and grey dots
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Discussion and conclusions

While extensive parameter calibration is still the status quo

in rainfall-runoff modelling, RoGeR proved to be a suit-

able model framework to predict event-based runoff gen-

eration processes at the hillslope scale, in headwaters and

in mesoscale catchments without any parameter calibra-

tion. Taking into account the input uncertainty and the still

unresolved problems such as parameterizing macropore

properties for a heterogeneous landscape, the results are

very satisfying and promising. The application of RoGeR

to hillslope sprinkler experiments reproduced the measured

overland and subsurface discharge very well. Considering

the efforts to simulate these hillslope experiments with

numerical 2D Richards-based models (e.g. Faeh et al.

1997), the results show a great potential even at this

smaller spatial scale. Larger sets of data from more

sprinkler experiments might lead to an even better vali-

dation of the model on the one hand. On the other hand,

they may also provide crucial information to evaluate if

important processes are missing in the model. For example,

the development of the model algorithms describing infil-

tration by shrinkage cracks resulted from poor model pre-

diction in catchments with clayey soils during dry summer

months.

There are some other potentially relevant processes like

water repellency, soil sealing on silty soils, lake retention,

fluctuation of groundwater table or the influence of tile

drains. These processes have not yet been implemented

into RoGeR because of the lack of data or process under-

standing. Further progress in deriving geodata can further

enhance the ability of RoGeR and reduce uncertainty. The

ability of RoGeR to quantify the spatial and temporal

distribution and dynamics of runoff generation without

parameter calibration makes it a suitable tool for the pre-

diction of flash floods induced by heavy rainfall events at

scales up to 10–20 km2 where discharge gauging data are

lacking. Currently, RoGeR is applied for the whole area of

Baden-Württemberg to derive planning criteria for flash

flood management based on scenarios of extreme precipi-

tation (LUBW 2016).

A dynamic hydraulic approach for RoGeR is currently

still in the developmental stage. It accounts for time vari-

able flow velocities and re-infiltration of overland flow into

areas with higher infiltration rates. It might improve the

prediction of flow accumulation for small areas and highly

intensive rain events. A description of this approach will be

subject of a separate publication.
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