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Abstract

Rainfall-runoff models that adequately represent the real hydrological processes and
that do not have to be calibrated, are needed in hydrology. Such a model would require
information about the runoff processes occurring in a catchment and their spatial dis-
tribution. Therefore, the aim of this article is (1) to develop a methodology that allows
the delineation of dominant runoff processes (DRP) in the field and with a GIS, and (2)
to illustrate how such a map can be used in rainfall-runoff modelling.

Soil properties were assessed of 44 soil profiles in two Swiss catchments. On some
profiles, sprinkling experiments were performed and soil-water levels measured. With
these data, the dominant runoff processes (DRP) were determined using the Scherrer
and Naef (2003) process decision scheme. At the same time, a simplified method was
developed to make it possible to determine the DRP only on the basis of maps of the
soil, topography and geology. In 67% of the soil profiles, the two methods indicated the
same processes; in 24% with minor deviations.

By transforming the simplified method into a set of rules that could be introduced
into a GIS, the distributions of the different DRPs in two catchments could be delineated
automatically so that maps of the dominant runoff processes could be produced. These
maps agreed well with manually derived maps and field observations.

Flood-runoff volumes could be quite accurately predicted on the basis of the rainfall
measured and information on the water retention capacity contained in the DRP map.
This illustrates the potential of the DRP maps for defining the infiltration parameters
used in rainfall-runoff models.

1 Introduction

Rivers react differently to extreme precipitation. Some produce flash floods of fright-
ening magnitude while others alter their flow only sluggishly. Climate, catchment size
and topography are factors that clearly influence the behaviour of rivers. An additional
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crucial factor is the infiltration and storage behaviour of the soils in a catchment. On
some soils, rain hardly infiltrates and is then rapidly transformed into runoff. On others,
nearly all precipitation infiltrates and is either stored in the soil or the bedrock, or flows
underground with some delay towards the river. The majority of rainfall-runoff models
reproduce this behaviour by adapting the parameters of a previously defined model
concept, using measured rainfall and discharge data.

The problems connected with this approach are well known. It is difficult to iden-
tify the parameters correctly and to prove that a model is a valid representation of the
processes in the catchment (e.g. Beven, 2001; Grayson et al., 1992; Naef, 1981). In
addition, most catchments are ungauged and parameter calibration to runoff is not
possible. Therefore, concepts for identifying hydrologic similarity and methods for de-
termining the model parameters are needed (Bloschl, 2005).

On the plot and hillslope scale, many different aspects of runoff formation have been
studied in recent years (e.g. Anderson and Burt, 1990; Buttle and McDonald, 2002;
Scherrer, 1997, Weiler et al., 2005). To integrate this process knowledge into rainfall-
runoff modelling, a methodology is needed to define the spatial distribution of the runoff
processes in a catchment.

Few such methodologies exist. A widely used example of a spatially differentiated
method is the SCS CN method, which was developed by the U.S. Soil Conservation
Service (SCS) for small ungauged streams (USDA, 1985). It uses runoff-curve num-
bers (CN), which are a function of soil type and land use. The methods simplicity and
straightforwardness is probably the main reason for its popularity, although it cannot
reproduce the full range of catchment responses that have been observed (Naef et al.,
1998; Titmarsh et al., 1995).

A more recent approach for classifying the hydrology of soils is the HOST (Hydrol-
ogy Of Soil Types) classification of Great Britain, published on maps with a scale of
1:250000 (Boorman et al., 1995). Soils are grouped according to whether a similar
hydrological reaction is expected. The small scale of the published map limits how
suitable it is for estimating flood discharge in small catchments. Dunn and Lilly (2001)
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transferred model parameter sets from one catchment to another based on the HOST
class distribution.

The definition of landscape or geomorphological units with similar hydrological be-
haviour has been proposed as another type of hydrological classification. McGlynn
and McDonnell (2003a) distinguish between hillslope and riparian zones. Sidle et
al. (2000) added zero-order basins such as shallow groundwater reservoirs as a dis-
tinct class. Merz and Mosely (1998) differentiate between undisturbed land, landslide
scars and landslide deposits, and Uhlenbrook et al. (2004) considered landscape units
like moraine, periglacial drift cover or saturated areas. Although some of these classi-
fications are rather coarse and do not take into consideration all processes that occurr,
they are useful for describing and modelling the hydrology of a specific catchment or for
investigating a specific hydrological problem. These top-down approaches try to iden-
tify homogeneous landscape units. The assumption is that the hydrological response
will also be homogeneous. By contrast, in bottom-up approaches, runoff formation is
investigated on the plot scale and then units with the same runoff forming process are
identified.

Methods to determine the runoff processes on the plot scale have been developed
for example by Peschke et al. (1999) and Scherrer and Naef (2003). Both use soail
data, geology, topography and vegetation for the process identification but differ in their
definition of the runoff processes and in the parameters they use for the classification.
In this paper we follow the approach used by Scherrer and Naef (2003).

To investigate runoff formation, Scherrer (1997) and Faeh (1997) conducted sprin-
kling experiments on 18 grassland hillslopes with varying slopes, geology and soils
throughout Switzerland. They applied 50 to 100 mm/h of rainfall for 3 to 5h to 60 m?
plots and measured the resulting surface and subsurface flow. They also recorded the
soil-water levels, soil-water content and soil-water tension in each plot. The sites re-
acted very differently with different surface and subsurface runoff, timing of runoff and
flow paths. Scherrer and Naef (2003) used this research as a basis for developing
process decision schemes (SN schemes) to determine the dominant runoff process
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(DRP) on a soil profile. The schemes reflect the complex nature of runoff formation.

The SN schemes have so far only been applied on the plot scale or in small catch-
ments based on extensive field work. The objectives of this paper are therefore: 1) to
introduce a methodology that allows the use of the SN schemes to automatically delin-
eate the dominant runoff processes on the catchment scale, based on soil maps; and
2) to illustrate the potential of the resulting DRP maps for simulating flood discharge.

For this purpose, the SN schemes had to be simplified to reduce their data require-
ments so that they could be used only with the data available in maps of soils, geology,
land use and topography. Then a set of rules was developed, which allowed an au-
tomatic determination of the dominant runoff processes in a Geographic Information
System (GIS). This new set of rules was used to automatically produce DRP maps for
two catchments. The resulting maps were tested with hydrologic observations during
flood events and the DRP determined with the original SN scheme.

We argue that such maps could help to improve rainfall-runoff modelling of flood
events. In addition, they might be used to predict potential risk areas like for pesticide
loss or soil erosion.

2 Study site and data collection
2.1 Study site

The Ror catchment 2.1 km? in size and the Isert catchment (1.7 kmz) are located 30 km
northeast of Zurich, on the Swiss Central Plateau (Fig. 1). They form part of the larger
Aabach catchment (46.0 km2). The underlying bedrock is composed of sandstone,
marl and conglomerates of the Upper Freshwater Molasse (OSM) and is partially over-
lain by glacial till of the Wirm ice age (Ror) or fluvial gravel deposits (Isert). Ground-
water bodies with high hydraulic permeabilities are found in the fluvial deposits, while
the molasse and glacial till have low permeabilities (Haering et al., 1993). Drumlins
and ice-carved rocks form the relief in this rolling countryside. In the depressions and
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valleys between the hills, swamps developed. The majority of them were artificially
drained in the middle of the 20th century. The main land use in the catchments is
livestock farming with a dominance of meadows and pastures, followed by agricultural
fields (corn and grain). In insert about 15% and in Ror about 8% of the area is forested
while another 10% is built over (houses and roads). In the Ror catchment, additionally
two nested sub-catchments (Lindist and Rinderholz) were investigated. More details
about the catchments is given in Table 1.

The mean annual precipitation is 1370 mm, the mean annual temperature is 7°C, and
the mean annual evapotranspiration is about 46% of the annual rainfall. Precipitation
has a slight peak in summer (May to September). Mean annual runoff of the Aabach
at Monchaltdorf is 740 mm (Canton Zurich, 2000).

2.2 Catchment instrumentation

Runoff of the Aabach has been measured at Ménchaltdorf since 1980 (Canton Zurich,
2000). Runoff of the Isert and Ror catchments was measured in summer 1999 (Leu et
al., 2004) and in the sub-catchments Lindist and Rinderholz from summer 2001 to fall
2003 in 10 min intervals.

Several daily rain gauges are located in the Aabach catchment. Additionally, rainfall
was measured in the sub-catchments in 10 min intervals during the runoff measure-
ments. In spring 2001, nine piezometers were installed in the Ror catchment to mea-
sure soil-water levels in 10 min intervals. The locations of all stations are shown in
Fig. 1.

2.3 Available data and field methods

In Table 2 all spatial data sources available in digital or analogue form are listed. A
soil map, also referred to as the Zurich soil map, covers the agricultural areas of the
catchments investigated (FAL, 1997). This map is of high quality in a scale of 1:5000
and 3 to 7 sample soil profiles per square kilometre. For the forests, only some basic
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soil information is available in a forest vegetation map. Plans of artificially drained
areas exist for the Canton Zurich, but not all tile drain systems are included. Therefore,
ditches, channels, drain pipes exiting to rivers and man-holes or shafts were mapped
in the field to identify artificially drained areas. Land use was mapped in the field and
from aerial photography.

During the project, fifteen soil pits were excavated and 21 soil core samples taken
in the Ror catchment. In the Isert catchment, six soil pits were excavated and two soil
core samples taken. The locations of the profiles represent the typical types of soil and
land use in the catchments. Most profiles lie along hillslope transects (catena map-
ping approach). For each soil profile or soil horizon, soil parameters like soil texture,
bulk density and content of coarse fragments were determined. Hydrologically relevant
parameters, which include aggregate stability, number of macropores and preferential
lateral flowpaths, were determined as well (for details see Schmocker-Fackel, 2004).
Near some profiles, sprinkling experiments over an area of 1 m? or infiltration experi-
ments with a double ring infiltrometer were conducted.

3 Determination of the dominant runoff processes on a soil profile
3.1 Basic principles

The following runoff processes are distinguished: “Hortonian Overland Flow” HOF,
“Saturated Overland Flow” SOF, “fast Subsurface Flow” and “Deep Percolation” DP.
The subsurface flow is further divided into “natural subsurface flow” SSF on hillslopes
and “tile drain flow” D. Several runoff processes can occur on one site during a storm
event. The process that contributes most to runoff is called “dominant”.

Which runoff process dominates depends on the factors shown in Fig. 2. The most
important are infiltration, the storage capacity and the lateral flow capacity of the soil
and the underlying geology. To distinguish between different soil storage capacities,
numbers from 1 to 3 are added to the process abbreviations (1 very low storage ca-
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pacity to 3 large storage capacity). An exception to this rule is the HOF process.
Estimation of infiltration

Hortonian overland flow occurs, if rainfall intensity exceeds infiltration capacity. Fast
HOF, which occurs on roads and in settlements is called HOF 1. On soils, the infil-
tration capacity depends on the soil texture, the bulk density and the water content
of the soil matrix and the number and properties of macropores. On permeable, not
compacted and macroporous soils, infiltration normally exceeds rainfall intensity even
during flood events. However, soil-surface sealing or compaction of the topsoil can
reduce infiltration significantly in otherwise permeable soils and HOF 2 occurs. Soil
surface sealing is most likely to occur on soils rich in silt and low in carbonate and or-
ganic material. These soils tend to have unstable soil aggregates in combination with
low vegetation cover. Silt-rich soils are also susceptible to top soil compaction.

Estimation of water storage capacity

Further downward flow in the soil is inhibited if the water encounters a layer with sig-
nificantly lower permeability. In this case, the water starts to saturate the soil above
this layer. A significant decrease in permeability and in the number of macropores of-
ten occurs at the soil-bedrock interface if the soil stratum changes (e.g. there are soil
textural changes in alternating deposits) or if compaction has occurred (e.g. in plough
pans). Macropores, such as animal burrows and root channels, have a distinct vertical
distribution and cannot be found below a certain depth. High ground- or soilwater levels
also limit vertical flow.

In this study, the water storage capacity of each soil horizon corresponds to the depth
of the horizon times the fast drainable porosity (pore volume above field capacity).
The German handbook for soil classification (AG Boden, 1994) lists porosity values for
different soil textures and bulk densities. The fast drainable porosity of each soil horizon
could be estimated by determining its soil texture and bulk density in the laboratory.
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The total storage capacity is the sum of the storage capacities of all horizons above an
impermeable layer. In the investigated soil profiles the storage capacities range from 8
to 240 mm, with a mean of 83+50 mm. For the mapping, they were divided into three
classes. Storage class 1 covers capacities between 0 and 40 mm, class 2 between 40
and 100 mm and class 3 between 100 and 200 mm. Capacities of more than 200 mm
were classified as DP.

Lateral flow

On slopes the infiltrated water may flow laterally in pipes, highly permeable layers and
tile drains. These structures bypass the soil matrix and allow a fast lateral transport of
water even in unsaturated soils. Subsurface flow can contribute to flood runoff. Even
if the lateral flow capacity is only small, it can influence runoff formation as it prevents
saturation of the soil during very long rainfall events. Preferential lateral flowpaths are
often difficult to find, but they can sometimes be identified by depressions of collapsed
pipes or by observing return flow during or after rainfall events.

3.2 Determination of dominant runoff processes in the field

For 44 soil profiles in the Ror and Isert catchments, the SN parameters and other soil
properties were collected and the dominant runoff processes determined using the SN
scheme. Next to some of these profiles, continuous soil-water level measurements and
or sprinkling experiments were conducted to test the process evaluation (Sect. 3.3).
The collected soil data was compared to the soil map and other maps. This compar-
ison helped in the development of the automated process determination (Sect. 3.4).

3.3 Hydrological reactions of the dominant runoff processes

The dominant runoff processes indicate where the hydrological behaviour of the soil

is different. Saturation of an SOF 1 area occurs faster than that of an SOF 3 area,

while an SSF area drains faster than an SOF area. Nine piezometers were installed in
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the Ror catchment on areas where different dominant runoff processes were expected.
Figure 3 shows some examples of the soil-water level fluctuations during a flood in
September 2002, which had an estimated return period of 3 to 5 years. Between the
19 and 25 September 2002, 130 to 140 mm of rainfall were recorded with a maximum
intensity of 7 mm/h (Fig. 3a).

In piezometer P 5, situated on an SOF 1 area, the water level reached the surface
after only 20 mm of rain, whereas in P 8, on a drained D 1 area, it reached the surface
after 40 mm of rainfall. On an SOF 2 area (P 2), however, 80 mm were required for
the water level to reach the surface and the SOF 3/SSF 3 area (P 3) did not saturate
(Fig. 3c). Saturation of the SOF 1 and SOF 2 areas occurred quickly enough for the
runoff from these areas to contribute to peak discharge, while the SOF 3 area did not
contribute.

Whereas the SOF 1 area remained saturated for several days after the event, the
water levels in the SOF 2 well dropped quickly. In the SOF 3 well, water levels fell
much more slowly than in the SOF 2 well. The water level fluctuations in the SOF
areas illustrate that soil drainage also differs in different SOF areas.

No highly permeable layers were found on the soil bedrock interface or in the bedrock
in the catchments. All the lateral subsurface flowpaths found were of biological origin
(mouse burrows or root channels under forest) and an estimation of their lateral flow
capacity was difficult. Along a SSF hillslope, water levels rose faster and fell slower in
the downslope well (P 7) than in the upslope well (P 6). The downslope well is located
in a return flow area and showed prolonged saturation of the soil during the two days
of the main event (23 and 24 September 2002).

The wells P 8 and P 9 are located in artificially drained alluvial deposits. While the
water level in P 9 never reached the surface, P 8 reacted like a SOF 1 well. The
variations in soil texture of the alluvial deposits led to marked differences in drainage
rate. Additionally, the efficiency of the tile drain system and the distance of the well
from a tile drain influence the water level in the soil.

Figure 4 shows runoff measured from different process areas when 1 m? plots were
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sprinkled at the rate of 60 mm/h. On the HOF 2 area, runoff started after only 5mm
of rain and the runoff coefficient increased rapidly. On the SOF 1 and SOF 2 areas,
runoff was delayed and on the SOF 3 area, hardly any runoff occurred at all. When
the experiment was repeated on a nearly saturated SOF 3 area, the reaction was
comparable to that of the HOF 2 experiment.

3.4 Automated process determination

The SN scheme allows the processes to be determined on a soil profile. The param-
eters needed are given in Table 3, but assessing them requires intensive fieldwork
(Schmocker-Fackel, 2004). Additionally, many soil profiles have to be investigated to
evaluate the spatial process distribution in a catchment. To reduce the fieldwork and
to simplify the process delineation, we developed an automated, map-based method-
ology, using the high quality Zurich soil map and other spatial data.

Although the Zurich soil map is detailed, it does not contain all the parameters re-
quired by the SN decision scheme. For instance macroporosity, impermeable layers
or lateral preferential pathways are not recorded (Table 3). Other parameters, such as
hydromorphic layers and the height of the water table have to be inferred from the soil
map on the basis of the soil type and soil-water class. For determining processes auto-
matically, the SN schemes had therefore to be adapted (Fig. 2) so that the information
from the soil map could be used to estimate infiltration capacity, soil storage capacity
and lateral flow capacity (Fig. 5).

Estimation of infiltration capacity

HOF 1 occurs in settlements or on roads (Fig. 5¢). On natural areas, infiltration ca-
pacity is normally high, except on agricultural areas where HOF 2 might occur due to
soil surface-sealing or soil compaction. Soil map information about soil texture, soil ag-
gregates, soil chemistry and bulk density were used to determine areas susceptible to
HOF 2 (Fig. 5a). However, HOF 2 only occurs on these areas in conjunction with other
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factors such as unfavourable land use and agricultural practices, lack of vegetation
cover and high rainfall intensities.

Estimation of storage capacity

The Zurich soil map distinguishes 25 soil-water classes according to soil-water char-
acteristics and the soil depth usable for plants (for the definitions of these classes see
Legend Fig. 5). Based on the storage capacities estimated for the 44 soil profiles in the
Ror and Isert catchments, the storage classes were allotted to the soil- water classes
as shown in Fig. 5a.

In forests not covered by the Zurich soil map, forest vegetation maps were used in-
stead. These maps contain some information about soil type, soil-water characteristics
and soil depth. The allocation of the forest vegetation index to storage class is shown
in Fig. 5b.

Estimation of lateral flow capacity

Natural preferential flowpaths are more likely to occur on steep slopes. In the two test
catchments, SOF occurred on slopes below 15%, SSF on slopes above 10% in non-
forested areas. Therefore, the set of rules specifies that SOF is likely to occur on slopes
below 15% and SSF on slopes above 15%. In forests, preferential lateral flowpaths are
more frequent due to the root systems. SSF was already found on slopes of 5%. This
slope is used to distinguish SOF and SSF in forested areas in the automated process
determination.

3.5 Example of process determination with the set of rules

Process determination according to the set of rules shown in Fig. 5 is illustrated for the
soil map units wW8 and fB9 in the Ror catchment. The first letter of the code indicates
the soil-water class (see legend Fig. 5), the second letter stands for the soil type (W:
Gleysol, B: Cambisol) and the digit refers to a more detailed soil map legend.
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For example, the soil map code wW stands for an often saturated, 30-50cm thick
Gleysol (Buntgley), which is found in the valley floor and in a small strip along the river
with slopes below 10%. The sub-soil type information indicates an extremely gleyic soil.
The soil map legend states that the humus type is mor, the parent material alluvium,
the soil texture loamy clay and that the content of coarse fragments is less than 5% by
volume. This indicates that wW8 was a flood plain with periodic sedimentation of fine-
grained material and permanently high groundwater tables. The low storage capacity of
this shallow soil and the frequent saturation indicates that SOF 1 is the dominant runoff
process. This process was also deduced from examining a soil pit in this area (vertical
percolation was restricted because groundwater levels were at a depth of 30cm and
the storage capacity was estimated to be 14 mm).

The aggregates of the topsoil in soil map unit fB9 are classified as unstable. Corn is
grown on part of this area and vegetation cover is therefore low for at least part of the
year. Frequent traverses by heavy machinery in combination with low aggregate stabil-
ity and low vegetation cover might result in soil surface sealing or topsoil compaction,
reducing infiltration capacity. During rainfall events with high intensities (>20 mm/h),
HOF 2 is expected. This was also observed during sprinkling experiments at this site.
During low intensity events or when vegetation cover is dense, however, another pro-
cess normally occurs. The soil map unit covers part of a sandstone ridge with gentle
sloping hillslopes. The sandstone has usually a low permeability which can be higher
if fissures are present. Since the layering is nearly horizontal and was not under tec-
tonic stress, fissures are rare and the underlying geology can therefore be regarded
as lowly permeable. The vertically percolated Cambisol soil (Braunerde) has slightly
poor drainage and reaches a depth of 70 to 100 cm. The subsoil has stagnic features
and allows, therefore, only limited vertical percolation. The matrix permeabilities are
medium to low. Applying the set of rules indicates that SOF 2 is the dominant runoff
process. In a soil pit, a barrier to vertical percolation was identified at a depth of 70cm,
and a storage capacity of 68 mm was estimated, which would also mean that SOF 2 is
the dominant runoff process.
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3.6 Results of the automated process determination

At the sites of the 44 soil profiles and core samples taken in the Ror and Isert catch-
ments, the dominant runoff processes were assessed using the detailed SN decision
scheme of Scherrer and Naef (2003), with detailed field data, including sprinkling ex-
periments evaluated at these sites as input. At the same time, the processes at these
sites were also determined with the generalized set of rules (Fig. 5). At 67% of the sites,
the automatically determined processes and storage classes agreed with the results
of the detailed examination of the soil and the sprinkling experiment data. For 31%
either the process (24%) or the storage class (7%) were correct. In only one case did
both process and storage class differ. Problems occurred mainly in the differentiation
between the SOF and SSF areas.

3.7 Evaluation of the automated process determination on the point scale

The dominant runoff process on a plot can be determined through a detailed examina-
tion of a soil profile and of sprinkling experiment data or, if good soil data is available,
through using the generalized set of rules (Fig. 5). These rules worked reasonably well
on the point scale. Discrepancies occurred mostly in the identification of the storage
class rather than in the identification of the process itself.

We were able to test the process determination through sprinkling experiments and
soil-water-level measurements. The processes were mostly identified correctly and
the evaluated storage capacities corresponded with the amount of rainfall needed to
saturate the soil.

Where we encountered problems was with the identification of preferential lateral
flow paths in the field and the quantification of their lateral flow capacity. In addition, it
was not possible to infer the existence of lateral flow paths from the soil map or from
maps of geology alone. The automated process determination therefore uses slope to
differentiate between SOF and SSF. However, it is well known that slope is only one
factor controlling lateral flow and often not the most important one (e.g. Grayson and
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Weston, 2001; Scherrer, 1997).

4 Process delineation in catchments
4.1 Dominant runoff process maps

For the Ror and Isert catchments, the dominant runoff process maps were automati-
cally derived in a GIS using the developed set of rules, the Zurich soil map, the forest
vegetation map and maps of geology, topography and land use (Fig. 6).

The two catchments differ considerably in their DRP distribution even although they
are only 3km apart. In Ror, most soils are influenced by water in the subsoil and
show stagnic or gleyic features due to the low permeability of the bedrock. SOF occurs
on 55% of the area, while DP occurs only on 2% in areas with thick soils and deep
groundwater tables (Fig. 7). In Isert, 27% of the soils lie over permeable gravel deposits
or permeable moraine and are not influenced by groundwater, leading to DP as DRP.
Only 25% of the Isert catchment is SOF dominated.

In Isert 14% of the catchment is covered with well-developed Parabraunerden (Lu-
visol, Podzoluvisol) under agricultural use. In Parabraunerden silicate clays have ac-
cumulated under an eluvial horizon with clay and carbonate depletion. The illuvial
horizon with high clay content restricts vertical percolation if the macropores bypassing
this layer are disrupted by ploughing. These soils also tend to have unstable topsoil
aggregates and are susceptible to soil-surface sealing. HOF 2 or SOF 1 to 3 might
occur during high rainfall intensity. Most soils in Ror are less susceptible to soil-surface
sealing since carbonate-rich Braunerden and Gleys dominate. An exception are some
small areas of silt rich top soils.

Forested or steep, extensively cultivated grassland hillslopes were classified as SSF
areas (8% in Ror and 19% in Isert). 27% of the area in Ror and and 14% in Isert are
artificially drained and were classified as D.

In the automated process determination, the DRP are determined for each soil map
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unit without taking interactions between neighbouring process areas (e.g. runoff — run-
on situations) into account. Only where these interactions influence the soils directly
are they considered. To study the effect of not considering spatial dependencies in the
process determination, the dominant runoff process maps were compared to hydro-
logically relevant features observed and mapped in the field and by studying individual
hillslopes in detail. The procedure used will be illustrated on a 500 mx500 m square
(Fig. 8) within the Ror experimental catchment (the location of the square is shown in
Fig. 1).

4.2 Mapping of hydrologically relevant features

SOF 1 areas can be identified in the field or from aerial photographs by mapping per-
manently or often wet areas and swamps. Surface runoff, signs of erosion or ponding
water during or after flood events indicate HOF or SOF areas. Return flow, springs and
spring horizons help to identify preferential lateral flowpaths and SSF areas.

During the floods in May 1999 and September 2001, surface flow was observed in
some places (Fig. 8), confirming the SOF 1 or 2 process determination on these areas.
Ponding water in the center of the test square is also evidence of the SOF process.

4.3 Hillslope interactions between DRP — the process catena

Where a fast reacting upslope area drains onto an area with large storage capacity, the
runoff from above might be absorbed by or could cause premature saturation of the
delayed reacting area. The extent of this influence was studied on a process catena in
the Ror catchment (Fig. 9, location see Fig. 8). On top of the hillslope, SOF 2 occurs
because the not very permeable moraine prevents vertical percolation and the lateral
flow capacity is low to medium (P 5). At profile P 4, slope and soil thickness decrease,
resulting in quick saturation of the soil and in return flow. Further downslope (P 3),
where the slope increases again and the moraine and molasse material is overlain
by more permeable colluvium, the water infiltrates into the thick soil layers and flows
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laterally in the colluvium. Saturation at P 3 was observed only after heavy rainfall
events. The process in this area is therefore either SOF 3 or SSF 3.

Further downslope the colluvium decreases in thickness and grain size, the slopes
become gentler and bedrock changes to molasse, overlain with a thin layer of loamy
colluvium with low permeability. In the upper part of this area, SOF 3 is dominant, while
in the lower part at P 2, SOF 2 was identified. Close to the river (P 1) groundwater
levels are high and soils often saturated. The observed water levels suggest that the
few tile drains are not able to drain the soil during flood events, resulting in SOF 1 as
the dominant runoff process.

In the test catchments, the process catena consideration is of minor importance
since the runoff run-on situation only occurs in small areas which are mostly very
well drained (often artificially). Considering the process catena brought only marginal
changes to the DRP mapping.

Two theoretical considerations suggest that the problem of not considering spatial
dependencies in the the DRP mapping is less severe than might be expected. First
of all, runoff processes are not only a result of soil properties but soil development
along a hillslope also results from the way water moves through the soil (Lin et al.,
2005). Therefore, some of the hydrologic hillslope interactions are already captured
in the soil and consequently the DRP mapping. Secondly, for heavy rainfall and large
flood events, the premature contribution of the downslope area often compensates for
the reduced contribution of the upslope area. Alternatively the surface runoff from the
upslope area may even bypass the downslope area via preferential surface flow.

4.4 Evaluation of the process delineation in catchments

In the Isert and Ror catchments, the dominant runoff processes were delineated au-
tomatically with a GIS using the set of rules applied to soil maps and other kinds of
maps. The derived process maps were confirmed at most places by hydrologic field
observations and the soil-water levels measured.

Maps of dominant runoff processes show the potential of each area to contribute to
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runoff. The actual contribution of an area to streamflow depends on its connection to
the river network. A DRP map shows therefore “active areas” as defined by Ambroise
(2004), and not necessarily contributing areas. In the Isert and Ror catchments, how-
ever, the active and contributing area coincide due to the high drainage density, the
short hillslopes and the runoff process distribution.

5 DRP maps and catchment reaction to intense precipitation

Heavy rainfall, corresponding to a 15 to 30 year event, occurred between 11 and 13
of May 1999 on the Aabach catchment (Fig. 10). 74 mm of rainfall were measured at
Gruningen in one day and 150 mm in three days (SMA, 1999). In Moénchaltdorf, the
highest discharge of the 23-year measurement period (46.5 m3s™ or 1m3s™ km'z)
was observed in the Aabach.

Ror received 30 mm less rainfall than Isert. However, the specific peak discharge
was three times higher in Ror than in Isert (1.2 m®s 'km~2in Ror, 0.4 me s 'km~2in
Isert) and the volumetric runoff coefficient in Ror (0.58) was twice the coefficient of Isert
(0.25).

The different distributions of DRP in the two catchments explain these differences. In
Isert, one third of the area consists of DP, which hardly contributes to runoff. Delayed
reacting processes like D 3, SSF 3 and SOF 3 cover another 50% of the area. Only 5%
are fast reacting SOF 1 and SOF 2 areas. In Ror, on the other hand, 31% are SOF 1
or SOF 2 areas, another 22% are SSF/D 1 or 2 areas, while little DP occurs (2%).

A DRP map contains information about the water storage capacity of the soils in the
catchment. It can therefore be used to quantify how much of the rainfall becomes runoff
during a flood event, which is also called the runoff coefficient. On areas with runoff
process HOF, no significant amounts of water can be stored, while on areas with runoff
process DP, practically all water is stored during the event and released retarded. For
all other runoff processes, three water storage classes were distinguished during the
mapping. Soils with storage class 1 store 0 to 40 mm of water, soils with storage class
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2 store 40 to 100 mm and soils with storage class 3 store 100 to 200 mm.

Based on the information about the storage capacities of the different DRP, we cal-
culated the runoff coefficient using a storage capacity of 5mm for HOF areas and of
20mm, 70mm and 150 mm for areas with storage classes 1, 2, and 3, respectively,
(mid-point of each of the three storage classes). DP areas do not contribute. The pro-
cess areas from the DRP maps and the storage capacities were then used to calculate
flood runoff volumes of the 1999 flood event and 16 smaller flood events in the Ror
and Isert catchments. For the calculations, event rainfall is cumulated. When the sum
of rainfall exceeds the soil storage capacity of the respective process, runoff occurs.
To reflect the initial wetness of the soil, the soil storages were filled with the 5 day pre-
event rainfall during summer (May—September) and the 10 day pre-event rainfall during
winter (October—April).

In Ror the calculated 1999 flood runoff volume amounts to 100 mm or 50% of rainfall,
and in Isert to 70 mm or 35% (Fig. 10c). Although runoff was slightly underestimated in
the Ror catchment and overestimated in the Isert catchment, it was possible to quanti-
tatively capture the differences in runoff volumes between the two catchments.

Flood volumes were also calculated for 16 events in the Lindist and Rinderholz sub-
catchments. They were then compared to the volumes actually measured (Fig. 11).
Measured and calculated runoff volumes correspond quite well. The water storage
capacity information contained in the DRP maps therefore allows a direct estimation of
flood volumes from rainfall.

In these examples, only the information on storage capacity contained in the DRP
maps was used. However, additional information on lateral flow or infiltration can be
extracted from the maps and used for process based rainfall-runoff modelling, as shown
by Schmocker-Fackel (2004).
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6 Summary and conclusions

Process research on different scales has shown that runoff formation during intense
precipitation is immensely variable and that the interactions involved are complex.
Scherrer and Naef (2003) developed a decision scheme to classify this wide range
of observed processes and determine the dominant runoff processes on natural soils
in a robust way. However, several of the parameters used have to be determined on
the soil profile or in the laboratory.

In this paper, the complex decision scheme was simplified so that it would only re-
quire data from detailed soil maps, and from maps of geology, forest, vegetation, to-
pography and land use. The new scheme was transformed into a set of rules to allow
automatic process identification in a GIS. Thus it can be used to map the dominant
runoff processes in larger areas. The method was tested in two catchments on the
Swiss plateau and compared well with maps derived manually with the original deci-
sion scheme. Some problems occurred with the identification of SSF areas because
parameters like preferential lateral flow paths could not be substituted for and needed
to be replaced with parameters found in the soil map.

In addition, the water storage capacity of each process was defined using again only
parameters from the soil map. Starting from the mapped extent of the different process
areas and their corresponding storage capacities, the runoff generation during flood
events could be quantitatively reproduced with a simple procedure.

Maps of dominant runoff processes are a powerful tool to help understand the hy-
drology of a catchment and its reactions to intense precipitation. When fast processes
like HOF or SOF1 or 2 dominate, time to peak will be short and specific discharges
high. On the other hand, large areas with delayed processes like SOF3, SSF or DP
will lead to a slow rise of the hydrograph. The main benefit of such maps, however,
is that they can be used to quantify storm runoff directly and to define the infiltration
parameters in rainfall — runoff models calibration procedures.
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Identifying runoff
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. and catchment scale
Table 1. Catchment characteristics.

P. Schmocker-Fackel

Size Sub-catchment Elevation range  Geology Land use [%]
2 et al.
@
o
ke] E
< S
g 2 o
2 3 § &
8 5 .- £ O
: i 282 g
[km?] [ma.s.l] bo] 8 e & E
Isert 1.70 514-575 Interglacial fluvial 42 33 15 10 14
gravel, overlain by glacial
till in the northern part.
Ror 2.10 490-550 Sandstone, marl and 60 25 8 7 27
Lindist 0.39 512-547 conglomerates of OSM', 66 24 1 9 2
overlain by glacial till
Rinderholz 0.67 509-550 in the north-easternpart. 61 21 11 7 35

'OSM: Upper freshwater molasse

|
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Table 2. Maps and spatial data used for the process determination.

HESSD
3, 2063-2100, 2006

Scale

Comments

Reference or data holder

Soil map

Forest vegetation map

Geological map
Digital terrain model

Tile drain plans

Land use

1:5000

1:25000
25m grid

1:5000

1:5000

Covers agriculturally used ar-
eas only, contains information
about soil water regime, soil
depth, physical and chemical
soil properties.

Soil types and some informa-
tion about soil

depth and soil water character-
istics

Stratigraphic units

Subsidized drains supple-
mented with authors field
survey

Mapped in field

FAL, 1997

Kanton Zirich, 1988

Geologischer Atlas der Schweiz, 1934

Federal Office of Topo-graphy

Canton Zurich
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Table 3. Information used in the Scherrer and Naef (2003) decision scheme (SN scheme) HESSD

compared to data found in the Zurich soil map and other maps. 3 2063-2100. 2006
Information used in Data contained in
SN decision tree Soil map Canton Zirich Other maps Identifying runoff
Soil surface Land use Land use processes on the plot
Vegetation cover Slope and catchment scale
Tendency for soil surface
t;:;: I P. Schmocker-Fackel
et al.
Topsoil Macroporosity Soil texture
Matrix permeability Content of coarse
Bulk density fragments
Hydrophobic humus Further information (not _
Persistence of hydropho- available for all areas)
bicity Organic material ! !
Soil aggregates
Carbonate content
Subsoil Macroporosity Soil texture Subsidized tile drains ! !
Matrix permeability Content of coarse
Impermeable layers fragments Stagnic and - -
Lateral preferential path- gleyic features
Total soil Soil depth Soil type Forested areas: ! !
Hydromorphic layers Soil depth usable for Soil type
Height of water table plants Some information about _
Soil-water class soil depth and soil-
water characteristics
Geology Permeability Stratigraphical units _I
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Legend

Catchment boundary

‘"’ Is:

== Aabach catchment

=== |sert and Ror test catchments
= Sub-catchments

1. ! Test square

3 e \\ '\ N7 Hydrologic freatures

3 . \\Adletshusen © S —  Stream

S Y O Tile drain system
iitxelsee. km 1 2

R 3 Runoff gauging station
Ror test catchment O Sub-catchments
g O EAWAG summer 1999
. H canton Zirich

~ all measurements in 10 min time intervall

Raingauge

O 10 min time intervall

Q daily rainfall (Swiss Meteo SMA)
— Piezometer

L= © 10 min time intervall

HESSD
3, 2063-2100, 2006
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P. Schmocker-Fackel
etal.

Fig. 1. Isert and Ror test catchments and the sub-catchments Rinderholz and Lindist. Loca-

tions of the measurement

stations and test square (Fig. 8) are shown as well.
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HESSD
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Start
Soil surface and top soil

Infiltration inhibited?
- Impervious surface
- Low soil matrix

and macroporosity
- Compaction of top soil
- Soil surface sealing
- Hydrophobicity

No

Subsoil
A 4

Fast vertical flow

inhibited?

- Soil matrix permeabiltiy and
macroporosity low?

- Impermeable layers (plow
pan, illuvial horizons, etc.)

- High soil-water or
groundwater level

No

Geology v

High vertical
permeabiltiy?

Yes

Some infiltration

Hortonian Overland Flow
due to limited infiltration

HOF 1

possible?

Yes

A

Storage capacity

1 low

A

HOF 2

Saturation Overland Flow
due to saturation of the soil
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2 medium
3 high
Soil above barrier to vertical flow No
Lateral flow
Storage capacity high?
capacity |y -Manyp d
lateral flow paths or
very large? - Highly permeable No
7 layers in soil Yes|
es
Tile
drains?
Yes
A

SOF 1,2,3

Subsurface Flow
fast lateral flow in the soil

SSF 1,2,3

Tile drain Flow

D123

Deep percolation
percolation to groundwater

Yes

A

DP

Fig. 2. Schematic representation of how the dominant runoff processes can be determined on

a soil profile.
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] o HESSD
5 s wi
a : Lt w; 3, 2063—2100, 2006
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| e Identifying runoff
: . ‘ Aﬂ processes on the plot
b g WA and catchment scale
g " ¥
& o | A
E i -
o i wh w2 P. Schmocker-Fackel
- TILITTT et al.
! A 1
: = \ N
C 3 N
d i / kS
E
£
é =1 1. ¢ —;A:e)
= - b3(P9)
Fig. 3. Rainfall (a), catchment runoff (b) and soil-water levels measured in different process _I
areas (c)—(e) in the Lindist and Rinderholz sub-catchments during the September 2002 flood _
event.
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1.0
0.9 - Soil moisture status prior to experiment
T dry (water table below 1 m)
o 0.8+ very wet (water table at 0.2 m depth)
T 07- SOF 3
S / HOF 2
§ ol AV
S 0.5+ SOF 1
= 044
o i
S 034
T 2] SOF 2
0.1 SOF 3
0.0 I I ' I ' I I
0 20 40 60 80 100 120

Fig. 4. Runoff coefficients observed during sprinkling experiments over 1 m? with an intensity

Cummulated rainfall [mm]

of 60 mm/h on agricultural fields (HOF 2) and grassland (SOF 1 to 3).
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(a) Runoff process determination using soil map 1 : 5000 of Kanton Zurich H ESSD

Start —» susceptible to soil surface sealing? Susceptible to top soil compaction?
- 2 ’ - L
z:stable soil aggregates (ZL) Lorp soil compacted (L2, L3, L4)? 3, 2063 21 00, 2006
Top soil > 50% silt content (IU, U) and,or ——r—{ Top soil rich in Silt >50% (IU, U)?
soil type Parabraunerde (T) and poor in or
humus and carbonate (not M, O, K)? organic top soil (0)?
ves| no Identifying runoff

yes
—_ processes on the plot

Determination of second process }
where HOF 2 does not occur ; and catchment Scale
A 4
Soil water class? Ln,p.a,
a b c d e fk ghilmost  ruvw  xzy P. Schmocker-Fackel
¥ v
Subsol Subsoil et al.
influenced influenced -
(G1, G2, 11)?| |(G1, G2, 11)?| (S, IS, sL)?

v L

Storage -
class 1
1

d

no| vyes no| yes|
Permeable]
geology?
no| yes
Y

Storage class n (n = 1,2,3)

(b) Runoff process determination using forest (c) Runoff process determination
vegetation map using land-use map
Start —[FVI27. 20,5072 2072

P
geology? Settlements and roads
no
Lake, river and wetland
Gravel pit —b-

yes+
ii{»s%?\a yii{ps%?\a
[ss2] [sor2] [ssF3] [soF3]

yes. yes.

FVI 13,17, 2224 FVI 10, 11,12, 152|422[FVI 1, 6,7, 8 97|
yes yes

i
|

Fig. 5. Set of rules to determine the dominant runoff process with GIS using soil and other
maps. For agricultural areas, determination is based on the Zurich soil map (a), for forested
areas on the forest vegetation map (b) and for other areas on the land-use map (c).
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Legend

|:| Decision
- Intermediate result
|:| Dominant runoff process

(ZL) Parameter of soil map
1:5000

Runoff processes

HOF Hortonian Overland flow
SOF Saturated Overland flow
SSF Subsurface flow

D Tile drain flow

DP Deep percolation

Storage class

1 0-40 mm
2 40-100 mm
3 100 - 200 mm

J  Slope

Parameters of soil map 1 : 5000 Kanton Zurich (FAL, 1997)

Soil-water class
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ISoil depth usable b plants1 [cm]

Soil water regime >100 | 70-100 | 50-70 | 30-50 <30
Vertically per- Normal permeability. 2 b ° d °
colated soils. Slightly poor drainage f 9 h i

Slightly influenced by ground water k ! m "
Soi!s with poor Seldom saturated ° P
drainage Often saturated q r
Soils influenced by Seldom saturated s t u
groundwater Often saturated M v

Most of the time saturated x Y

Permanently saturated z
TTotal soil depth minus content of coarse minus or saturated zones

Soil water subsoil

11 Slightly stagnic

G1  Very slightly gleyic
G2  Slightly gleyic

Others
. K Rich in carbonate
Soil texture L2  Compacted
U Silt L3  Very compacted
U Loamy Silt L4  Extremely compacted
S Sand ?)A Hydromorph organic material
IS L Sand
oamy san ZL  Unstable aggregates

Soil type

T Parabraunerde (Luvisol, Podzoluvisol)

Mor, Moder, Mull humus or rich in humus

Soil information in the Forest Vegetation Index (FVI)

1,6,7,8,9 Braunerde (Cambisol) or Parabraunerde (Luvisol, Podzoluvisol), deep and dry soils
10, 15 Rendzina (Rendzic Leptosol), medium deep and dry soils

11,12 Braunerde, deep and humid soils

13, 17, 22 Hillslope debris on steep slopes

26 Subsoil gelyic or stagnic, located at base of hillslopes

27 Gley soils

29, 30 Often or permanently saturated soils in hollows

Fig. 5. Continued.
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Fig. 6. Maps of dominant runoff processes in the Ror and Isert catchment produced with set

of rules given in Fig. 5.
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Dominant runoff process

Fig. 7. Percentage of total catchment area assigned to each dominant runoff process in the

Ror and Isert catchment according to the set of rules given in Fig. 5.
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Dominant runoff process

HOF 1 Susceptible to HOF2

SOF1 [ | soF2

SOF3 [ ssF3

Ponding water after heavy
rainfall eventin Sep. 2001

Surface flow observed after
¥~ heavy rainfall event

Surface flow observed
during May 1999 flood

Stream, pipe, tile drain or

closed channel

530 Ejevation [m asl] ‘ 0 00 200 m

‘ n Location of process catena
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Fig. 8. Dominant runoff process map of the test square and hydrological relevant features

mapped in the field. The location of the process catena (Fig. 9) is shown as well.
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SOF 2

Clayey moraine is barrier to vertical
percolation and no preferential lateral
flowpaths exist. Therefore, subsoil is often
saturated and SOF 2 occurs.

30m- soF2 RS/ SSF 3/SOF 3

Thick layer of permeable
kolluvium has high infiltration
and storage capacity. Some

lateral flow is possible.

20m SOF 3 and SOF 2

Gentler slopes, thickness
of permeable kolluvium
and storage capacity of
soil decreases downslope.

10m T NWR

D)
SOF 1 R
Shallow soil over
Water table permanently

close to soil surface.
Return flow possible.

impermeable bedrock. AR R AR AR AR
A

Moraine

Kolluvium

Upper Freshwater Molasse

E Alluvium

I:l Permanently saturated soil
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e
P3

Stream

Dominant runoff process

Runoff process of minor importance
1 Piezometer
@ Tile drains
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SOF 1

Permanently high groundwater levels. Some
tile drains exist but are not efficient enough
to prevent saturation of the soil during flood
events.

1

1
SOF1 P1
tile drains

J
50 m 100 m

Fig. 9. Process catena in Ror catchment (Location see Fig. 8).
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Fig. 10. The May 1999 flood event in the Ror and Isert catchment. Displayed are the rainfall _

intensity and sum of rainfall (a), runoff (b) and observed and calculated sum of runoff (c).
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Fig. 11. Observed and calculated runoff volumes for all flood events between summer 2001 and
fall 2003 with a specific peak discharge larger than 0.2 m®*s™" *km™2 in Lindist and Rinderholz.
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