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A PROCEDURE FOR THE IDENTIFICATION OF DOMINANT RUNOFF PROCESSES BY FIELD
INVESTIGATIONS TO DELINEATE THE RELEVANT CONTRIBUTING AREAS FOR FLOOD MODELLING
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SUMMARY
Intense field studies on runoff processes have been performed to improve the knowledge on flood
formation. The measurements of overland, subsurface flow and soil water changes during sprinkler
experiments yielded good information to identify the dominant runoff processes. Certain key-points
could be recognised, which play a cardinal role in runoff formation. The combination of such keypoints served to explain the runoff phenomena observed on the investigation sites. This knowledge
provided the background to develop a general usable guide-line to define flood contributing areas and
finally to estimate flood peak flows. The central part of this procedure consists of a process decision
scheme to indicate the dominant runoff process on plot scale. First applications performed in several
micro- and meso-scale catchments in Rhineland-Palatinate (Germany) confirmed the suitability of this
tool for practical use.
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1. INTRODUCTION
After every extreme flood event the question arises which are the major contributing areas in a river
basin. When the extreme floods occurred in 1882/83, 1926 and 1993 in the river Rhine, groups of
experts were convened to discuss this question. Besides the controversial influence of flood protection
measures on flood generation (e.g. the straightening of the course of the Rhine River), the question of
runoff formation in the basin is always crucial. To analyse which areas produce what quantity of discharge, the dominant runoff processes must be identified in the catchment. If in a catchment Hortonian
Overland Flow, as a consequence of infiltration hindrance dominates runoff formation, generation and
magnitude of a flood is influenced by a different way as if soils have first to be saturated to produce
runoff and consequently Saturation Overland Flow is the relevant process. Is this question of process
dominance spatially solved, it is possible to decide weather a modified land-use system can reduce
the quantity of water that runs off. In addition, to estimate flood discharge in catchments where continuous and long runoff measurements are not available, such process knowledge yields substantial
improvement.
In both cases, such improvements are not only of scientific interest but also are prerequisite to make a
reliable decision where and how it is best to invest scarce financial resources to reduce flood damages. In this context, modelling tools to simulate the hydrological response of a basin have been
available for many years. However, the quality of such simulations is often not satisfying due to the
lack of understanding of fundamental hydrological processes. As a cheering prospect extensive field
process studies provided progress in the last decade (e.g. Naef et al., 1998; Scherrer and Naef, 2002;
Faeh, 1997). The Landesamt für Wasserwirtschaft Rheinland-Pfalz (Rhineland-Palatinate, Germany)
in Mainz, responsible for flood protection measures and flood forecasts, supported efforts to adapt the
new knowledge for the reconnaissance of flood formation. Thus, it was stimulated to summarise the
knowledge (Leibundgut and Uhlenbrook, 1997) and to transpose the gained understanding on runoff
processes in the development of a guide-line (Naef et al., 2000; Scherrer, 2001). This guide-line
should enable to identify the dominant runoff processes in the field in order to define flood contributing
areas.
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2. PRECEDING STUDIES
Extensive field experiments have been performed to improve the understanding of runoff processes.
2
With sprinkling tests on hill-slope plots of 60 m , runoff formation has been investigated by monitoring
overland and subsurface flow and measuring soil water changes by field instruments installed on the
plots (TDR-probes, tensio- and piezometers). This approach enabled the identification of the dominant
runoff processes on 18 plots in Switzerland due to Infiltration Excess (Hortonian overland flow, HOF),
due to soil saturation (Saturation Overland Flow, SOF), and Flow in lateral preferential pathways in the
soil (Sub-surface Flow, SSF) and Deep Percolation (DP). Intense rainfall rates between 50 and 100
mm/h were applied for several hours which represent extreme rainfall events. The set-up of the experiment, the approach to identify the relevant runoff processes and the results are described in detail
by Faeh et al. (1997), in Naef et al. (1998) and Scherrer & Naef (2002).
Big variation of runoff responses could be recognised from site to site. However, the observed runoff
processes and runoff response could not be explained by usually applied parameters as antecedent
soil moisture, topography (slope angle) or soil properties as texture or bulk density. Other approaches
to derive runoff formation from soil type or land use also failed, since soil type classification is a qualitative assessment based on genesis and particle size distribution or stratification and typically do not
consider hydrologically relevant properties. Thus, explanations were seek to bring light to the observed phenomena. Finally, criteria for every observed runoff process could be derived, which describe the conditions when the processes occurred. The 48 experiments on 18 predominantly as pasture used sites revealed that relevant factors are the vegetation-topsoil interface and the structure of
the soil profile, so-called “key-points”, that govern runoff formation. Figure 2-1 shows these “keypoints” schematically on a soil profile.
The interface of vegetation cover, soil surface and top-soil was identified as crucial for the infiltration of
water. If there is a relevant infiltration barrier in this zone, the storage capacity of the entire soil profile
cannot be used. Such an infiltration hindrance is formed for example by surface sealing or soil crusts
developing from splashed and dried soil aggregates. When the vegetation cover is dense enough,
aggregates are protected from raindrop impact and thus aggregates do not collapse. Hydrophobic topsoil can also be responsible for infiltration hindrance. Excessively dry soils show a transient hydrophobicity, while e.g. organic rich soils can be water repellent with persistency (Doerr et al., 2000). Macropores (earth worm channels, soil cracks, plant roots etc.) can bypass such infiltration hindrance when
the initiation of macropore flow is ensured. The initiation of macropore flow and the water exchange
between preferential flow paths and the soil matrix (interaction) are crucial in this context (Weiler,
2001). An extended macropore network in combination with an effective interaction with the soil matrix
enables an excessive exploitation of storage volume. This volume is limited by the characteristics of
soil texture, bulk density and profile depth. If the geological sub-stratum is impervious, the storage
volume of water is limited by the soil profile. In contrary, the field experiments showed, that a permeable sub-stratum increases this potential, thus a macroporous soil profile hardly can be saturated.
Highly permeable layers above an impeding layer or lateral soil pipes enable rapid lateral flow of water.
These process criteria served to identify the relevant runoff processes in more than 40 catchments
2
(1 to 250 km ). Available information on geology, vegetation, geomorphology and soils were collected
and evaluated in respect to runoff processes. This information was combined with extensive field work
including geomorphology, vegetation and land use and soil survey with special focus on soil profiles.
Occasionally, additional field tests (infiltration tests, sprinkling tests on small plots) were performed to
verify the process identification exemplary. This finally yielded the information to delineate the process
areas and later flood contributing areas. The expected runoff response (runoff reaction curves) of
these areas were derived from sprinkling experiments (Scherrer, 1996). Both information were used to
run rainfall runoff models to simulate observed flood events and to extrapolate on extreme events.
This procedure provides the model with physically based information. Consequently, the relevant
model parameters are gained independently from model calibration.
3. STRUCTURE OF THE GUIDE-LINE
This guideline has been developed for the conditions (geology, soils, land use, topography) of
Rheinland-Pfalz (Germany) in central Europe (Scherrer, 2001). Nevertheless, the concept and structure of the guideline and the process identification scheme (decision tree) allows to be adapted easily
to conditions in other climatic zones with different physical conditions.
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The main steps of this guide-line to achieve a reliable process identification in catchments are illustrated in Figure 3-1. The experience of previous assessments revealed that a thorough understanding
of the basins characteristics is prerequisite (A). This understanding is gained by evaluation of collected
data on geology, soils, geomorphology and land-use. The survey of the catchment enables the recognition of hydrologically relevant and representative units with similar topography, geology, soils and
land-use. This helps to locate the investigation sites (B). In the third step (C), at these sites soil profiles
are assessed intensively due to the “key-points” outlined above. The registration of the relevant factors
allows the application of the decision tree and the identification of the dominant runoff processes. The
Scheme for the Identification of dominant runoff Processes (SIP) illustrated in Figure 4-2 represents
the central part of the guide-line. The structure and concept of the scheme has been described in detail by Scherrer and Naef (2002). The aim of the scheme structured as a decision tree was to adequately account for the range of processes and characteristics that can operate and interact to produce the runoff at a given site. The “key-points” evaluated in the experiments provide the framework of
the scheme which corresponds to a soil column with horizons of vegetation, topsoil, subsoil and bedrock. The scheme allows the combination of different soil and site characteristics thus the wide range
of variation can be considered. The scheme traces the rainfall water impacting the surface, moving
vertically and horizontally into and across the topsoil, and through subsoil and bedrock. In the scheme,
the user has to decide which criteria are fulfilled. At the end of a branch, a particular process is defined. The process verification is performed with additional hydrological field experiments. If, as an
example, the process identification results as HOF (Hortonian Overland Flow), then infiltration tests or
plot sprinkling experiments should be performed to confirm such infiltration hindrances. In contrary, if
SOF3 (a very delayed Saturated Overland Flow) was evaluated, high infiltration rates are substantial.
The next step (D) serves to up-scale the locally valid information of the dominant runoff process to hillslopes, hill-slope sequences (see Figure 4-3), sub-catchments and finally to the entire catchment.
Since up-scaling is still a problem to be solved in hydrology, an approach how to transpose the local
information is presented in section 4.
4. PROCESS IDENTIFICATION IN THE IDARBACH CATCHMENT
In this section the process identification for rainfall events of low intensities (< 20 mm/h) is demon2
strated in the Idarbach catchment. Figure 4-1 shows the topography of the catchment of 14.1 km size.
The annual rainfall rate is 1055 mm/a and about 20% of the catchment area are mapped as marsh or
moist areas which refer to gleyic soils. The rest of the catchment area shows Cambisol soil type. The
map also shows the 22 locations of field investigation (soil profile survey, infiltration and sprinkling
tests) performed by Naef et al. (2000). In a first step, the identification of the dominant runoff processes is demonstrated at 2 sites located in the north eastern part of the basin used as arable land,
pasture or meadow. The evaluation of the entire hill-slope sequence is shown exemplary and finally
the process map is presented.
4.1

Process Identification at Plot-scale (Site 1 and 2)

4.1.1

The relevant factors

The scheme for the identification of dominant runoff processes requires data to evaluate soil and site
characteristics (“key-points”) outlined in Figure 2-1. Table 4-1 shows the relevant “key-points” and how
to assess them in the field.
The location in the hill-slope sequence and structure of the soil profiles are shown in Figure 4-3. On
site 1 (slope 5%) used as arable land (wheat), on the weathered quartzite bedrock consisting of
stones and boulders, an acid sandy loam Cambisol (FAO, 1974) developed with a soil depth of 0.8 m.
The topsoil (0.2 m) consists of humus with high root density but low earth worm activity. In the subsoil,
fine material dominates the soil matrix, however the amount of stones and gravel increases with soil
depth.
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Table 4-1: The hydrologically relevant “key-points” in a soil profile. The table also gives a description
of the relevant characteristics observed at site 1 and 2.
Horizon

“key-point”

Vegetation

density of
vegetation
cover

Soil Surface
and Topsoil

aggregate’s
susceptibility
for sealing
effects and
forming soil
crusts

surface
roughness

compacted
soil matrix
near surface

permeability
of soil matrix

Subsoil

macroporosity An extended macropore network (e.g.
earthworm channels,
soil cracks, structural
voids) influence the
infiltration of water
significantly and enable to bypass a less
permeable soil matrix.
total soil
determines besides
depth inpermeability the storcreasing 0.4
age volume for water
m
slope > 10%
The gradient to produce sub-surface flow
e.g. on less permeable
plough pans
plough pan or Such a structure is a
subsoil com- hindrance for infiltratpaction
ing water.
matrix persee above
meability
total profile
depth
> 0.8 m

Geology

Description and hydrological relevance
Dense vegetation
cover protects the soil
surface from the mechanical impact of rain
drops.
High content of humus, clay or CaCO3
give stability to the
aggregates and prevents aggregate collapse, surface sealing
and soil crust development.
Highly rough soil surface (e.g. ploughed
soil) provides surface
retention
on arable land heavy
machinery can compact soil matrix and
infiltration of water is
limited
texture and bulk density of the matrix determine permeability

permeable
stratum

How to evaluate the criterion in
the field
Scheme to evaluate the density
of vegetation cover.

Site 1

Site 2

30-40%

30-40%

Sealing traces after intense
rainfall (Römkens et al., 1990),
from the quantity of clay,
CaCO3 or humus (AG Boden,
1994) the susceptibility for
aggregate collapse and surface
sealing can be estimated.

no

no

smooth
surface

smooth
surface

estimated by soil profile survey.

no

no

estimated by soil texture and
bulk density (Rawls and Brakensiek, 1989) and AG Boden,
1994 adapted in Scherrer,
-6
2001). Permeability > 5.5*10
m/s (ca. 20 mm/h) is evaluated
as permeable in respect to low
intensity rainfall events.
Macroporosity (macropore
density) has to be assessed in
different soil horizons. The
number of macropores and
diameter determine macroporosity (Scherrer, 2001).

permeable

permeable

few
macropores

few
macropores

assessed by soil profile survey

yes

yes

assessed by soil profile survey

5%

15%

assessed by soil profile survey

no

no

see above

yes

yes

yes

no

no

no

estimated

Profile depth deterassessed by soil profile survey
mines beside other
characteristics the
storage volume for soil
water.
A permeable geology
estimated at profiles or from
enables to expand the literature
storage volume of the
overlying soil.
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The steeper site 2 (15% ) located about 500 m away from site 1 is also used as arable land. On the
schist substratum a shallow soil profile (sandy loam Cambisol) of 0.8 m depth developed. The topsoil
consists of an shallow A horizon and a A/B-horizon measuring 0.3 m which is influenced by ploughing
impact. Both horizons are gravel rich (25%). The schist bedrock, however, is rather compact and
forms an impeding layer.

4.1.2

Process Identification

To decide which runoff process is dominant at this site is supported by the process identification
scheme. Figure 4-2 shows the scheme for arable land which is not influenced by soil wetness. In the
decision tree the evaluated soil characteristics listed in Table 4-1 have to be assessed and consequently they determine the course of the evaluation illustrated with dashed (site 1) and dotted line (site
2). Following the lines, finally for site 1 SOF3 is evaluated and for site 2 SSF2 is reached as the dominant runoff process.
4.2

Processes at the hill-slope-scale

When the process identification is performed on the plot-scale, an up-scaling to hill-slope and hillslope sequence is necessary. Figure 4-3 shows a schematic longitudinal section of the hill-slope
where site 1 and 2 are located. In the relatively flat and forested area of the upper hills-slope permeable soils of 1 - 1.5 m depth enable deep percolation. Such a hill-slope does not contribute to flood
runoff. In the subsequent forested hill-slope, after long and extensive rainfall events the infiltrating
water reaches the relatively dense quarzite bedrock and flows laterally down-slope as a very delayed
version of subsurface flow (SSF3). At site 1 water infiltrates in the permeable soil and a very delayed
saturation of the soil profile occurs which results as SOF3. In the steeper part of the hill-slope sequence, at site 2, the combination of permeable topsoil with laterally permeable weathered bedrock
and the impervious schist bedrock, provide the conditions for slightly delayed subsurface flow (SSF2).
On the foot of the hill, this subsurface flow is forced to emanate to the surface due to the changing
slope and nearly saturated soils building return Flow or slightly delayed SOF2. Finally, near the creek,
a surface near water table produces fast reacting overland flow (SOF1).
When the local evaluation of site 1 and 2 is up-scaled, the question has to be answered how these
processes influence one another. This question arises when a fast reacting process is situated upslope and might influence areas with a moderate runoff response located down-slope. In the actual
hill-slope, such a situation is not present. In contrast to that, in alpine catchments fast reacting surfaces are frequently located in the periphery of a catchment as steep rocky surfaces or areas with
shallow overburden. Then such influence becomes relevant and has taken into account.
In another step this thorough knowledge on runoff formation processes has to be transposed to subcatchment and catchments. Figure 4-4 shows the map of the dominating runoff process evaluated in
the Idarbach catchment. In grey colour the overland flow processes are mapped, hatched surfaces
refers to terrain where the dominance of subsurface flow processes is expected. On the one hand,
58% of the catchment area is dominated by subsurface flow processes and 16% of the areas do
hardly contribute to flood generation due to deep percolation. Fast overland (SOF1) and subsurface
flow (SSF1) is relevant for only 21% of the catchment area. Rapid runoff processes due to infiltration
hindrance (HOF1, HOF2) are not relevant in this catchment.
4.3

The relevance of spatial distribution of dominant runoff processes for flood modelling

With the identification of relevant runoff processes in a catchment, the flood producing areas are assigned. The distribution of fast contributing areas in respect to delayed or non-contributing areas provides fundamental information for the model conception. Especially, when the question of dominance
of infiltration excess or soil saturation processes is solved, the principal reaction of the catchment can
be predicted.
From this spatial distribution of the dominant runoff processes shown in Figure 4-4 it can be concluded
that the major part of the catchment has a slightly delayed or delayed runoff response (SSF1, SOF2,
SOF3, DP, SSF2, SSF3). When a short thunderstorm hits the Idarbach, only the areas of SOF1 and
HOF2 will be active and contribute to runoff. In contrary to this, long and extensive rainfall events will
activate the bigger areas of the processes with delayed response. In this case, it can be supposed that
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the longer rainfall events produce the major floods. However, the question which scenario is relevant
has to be solved with a rainfall runoff model taking such principle difference in runoff processes into
account.
To integrate such process information in a model needs some simplifications if not every single process should be simulated which normally makes models dull and slow. One approach is to summarise
areas of processes with similar hydrological behaviour as so-called runoff type. HOF1, HOF2 and
SOF1 represent runoff type 1 with a rapid and intense runoff response. SOF2 and SSF1 form a delayed reacting runoff type 2, SSF3 corresponds to runoff type 3 and SOF3 and SSF3 are represented
by runoff type 4 with a moderate and low runoff response.
5

DISCUSSION

With the presented concept the understanding of the dominant runoff process is gained in a first step
at plot-scale. By means of the ideas of “hill-slope hydrology” presented by Kirkby (1978) and Anderson
and Burt (1990) the point information is up-scaled to hill-slope and finally to sub-catchments and
catchments-scale. These investigations revealed that the differing reactions of catchments to intense
rainfall can be better explained when the dominant runoff processes are recognised (Naef et al.,
1999). This necessary process knowledge and extended experience is gained by evaluation of catchments. This guide-line provides hydrologists with the necessary information to proceed and to reduce
the subjectivity. First applications of this guide-line performed by hydrologists in micro- and mesoscale catchments in Rhineland-Palatinate (Germany) confirmed the suitability of this tool for practical
use. However, time consuming field studies are still necessary to attain an adequate result. Therefore,
methods are searched to facilitate the data collection in the field without loosing sight of the fundamentals of the runoff processes. Nevertheless, the structure of the decision schemes requires a certain
data-set to perform a process identification.
The understanding of runoff processes gained by this procedure has to be integrated into rainfallrunoff models. This promising approach provides more realistic flood estimates. When the field information is integrated into models differences to “normal” model application to estimate flood flows can
be assigned. The presented concept tries to define model parameters independently in the field, while
with the “normal” approach parameters are calibrated within the model. Our procedure might be following the suggestions of Grayson and Blöschl, 2001 with their DPC (Dominant Process Concept),
which require models that concentrate on the important processes and which are not over-parametrisised.
The mapping of the relevant runoff processes in a catchment provides information on dominant runoff
processes with a spatially highly resolution and thus, the basis for a realistic delineation of flood contributing areas. Since now, about 50 catchments were investigated based on the ideas on dominant
runoff processes and process information has been included into rainfall-runoff models. When this
procedure is implemented into practical flood estimation studies, it yields satisfying results. However,
to investigate larger (makro-scale) basins the procedure has to be modified to attain also reliable results, because only a reduced spatial resolution of field investigation is enabled. One approach to
solve this problem might be to regionalise sub-catchments based on the available data on geology,
soils, topography due to hydrological criteria. This allows a preliminary identification of representative
catchments indicating to the dominant runoff processes. Then, the field investigations can be concentrated on some representative catchments where the dominant runoff processes are identified by the
procedure described in this paper.
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