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Abstract. Rainfall-runoff models that adequately represent1 Introduction
the real hydrological processes and that do not have to be
calibrated, are needed in hydrology. Such a model wouldRivers react differently to extreme precipitation. Some pro-
require information about the runoff processes occurring induce flash floods of frightening magnitude while others alter
a catchment and their spatial distribution. Therefore, the aintheir flow only sluggishly. Climate, catchment size and to-
of this article is (1) to develop a methodology that allows the pography are factors that clearly influence the behaviour of
delineation of dominant runoff processes (DRP) in the fieldrivers. An additional crucial factor is the infiltration and stor-
and with a GIS, and (2) to illustrate how such a map can beage behaviour of the soils in a catchment. On some soils,
used in rainfall-runoff modelling. rain hardly infiltrates and is then rapidly transformed into
Soil properties were assessed of 44 soil profiles in tworunoff. On others, nearly all precipitation infiltrates and is
Swiss catchments. On some profiles, sprinkling experimentgither stored in the soil or the bedrock, or flows underground
were performed and soil-water levels measured. With thesavith some delay towards the river. The majority of rainfall-
data, the dominant runoff processes (DRP) were determinedunoff models reproduce this behaviour by adapting the pa-
using the Scherrer and Naef (2003) process decision schemeameters of a previously defined model concept, using mea-
At the same time, a simplified method was developed tosured rainfall and discharge data.
make it possible to determine the DRP only on the basis of The problems connected with this approach are well
maps of the soil, topography and geology. In 67% of the soilknown. It is difficult to identify the parameters correctly and
profiles, the two methods indicated the same processes; ito prove that a model is a valid representation of the pro-
24% with minor deviations. cesses in the catchment (e.g. Beven, 2001; Grayson et al.,
By transforming the simplified method into a set of rules 1992; Naef, 1981). In addition, most catchments are un-
that could be introduced into a GIS, the distributions of the gauged and parameter calibration to runoff is not possible.
different DRPs in two catchments could be delineated au-Concepts for identifying hydrologic similarity and methods
tomatically so that maps of the dominant runoff processedor determining the model parameters are neededs@il,
could be produced. These maps agreed well with manuall2005). To this purpose, the International Association of Hy-
derived maps and field observations. drological Sciences (IAHS) launched the IAHS Decade on
Flood-runoff volumes could be quite accurately predicted Predictions in Ungauged Basis PUB (Sivapalan et al., 2003).
on the basis of the rainfall measured and information on the On the plot and hillslope scale, many different aspects of
water retention capacity contained in the DRP map. Thisrunoff formation have been studied in recent years (e.g. An-
illustrates the potential of the DRP maps for defining the in-derson and Burt, 1990; Buttle and McDonald, 2002; Mc-
filtration parameters used in rainfall-runoff models. Donnell, 2003; Scherrer et al., 2006; Scherrer, 1997; Weiler
et al., 2005; Weiler and Naef, 2003). To integrate this pro-
cess knowledge into rainfall-runoff modelling, a methodol-
ogy is needed to define the spatial distribution of the runoff
processes in a catchment.
Few such methodologies exist. A widely used example
Correspondence td?. Schmocker-Fackel of a spatially differentiated method is the SCS CN method,
(petra.schmocker@wsl.ch) which was developed by the U.S. Soil Conservation Service
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(SCS) for small ungauged streams (USDA, 1985). It usesrofile. Several runoff processes can occur on one site, the
runoff-curve numbers (CN), which are a function of soil type one that contributes most to runoff is called dominant. Which
and land use. The method’s simplicity and straightforward-process dominates depends on the site characteristics and the
ness is probably the main reason for its popularity, althougtrainfall event. The SN decision schemes distinguish between
it cannot reproduce the full range of catchment responses thatinfall events of long duration with medium intensities and
have been observed (Naef et al., 1998; Titmarsh et al., 1995events with high intensities but short duration. The schemes
A more recent approach for classifying the hydrology of reflect the complex nature of runoff formation.
soils is the HOST (Hydrology Of Soil Types) classification  The SN schemes have so far only been applied on the plot
of Great Britain, published on maps with a scale of 1:250 000scale or in small catchments based on extensive field work.
(Boorman et al., 1995). Soils are grouped according toThe objectives of this paper are therefore: 1) to introduce a
whether a similar hydrological reaction is expected. Themethodology that allows the use of the SN schemes to au-
small scale of the published map limits its suitability for esti- tomatically delineate the dominant runoff processes on the
mating flood discharge in small catchments. Dunn and Lilly catchment scale, based on soil maps; and 2) to illustrate the
(2001) transferred model parameter sets from one catchmemotential of the resulting DRP maps for simulating flood dis-
to another based on the HOST class distribution. Soulsbyharge.
et al. (2006a) used HOST to predict catchment response in For this purpose, the SN schemes had to be simplified to
small to mesoscale catchments. reduce their data requirements so that they could be used only
The definition of landscape or geomorphological units with the data available in maps of soils, geology, land use
with similar hydrological behaviour has been proposed asand topography. Then a set of rules was developed, which
another type of hydrological classification. McGlynn and allowed an automatic determination of the dominant runoff
McDonnell (2003a) distinguish between hillslope and ri- processes in a Geographic Information System (GIS). This
parian zones. Sidle et al. (2000) added zero-order basinfew set of rules was used to automatically produce DRP
such as shallow groundwater reservoirs as a distinct classnaps for two catchments. The resulting maps were tested
Merz and Mosely (1998) differentiated between undisturbedwith hydrologic observations during flood events and the
land, landslide scars and landslide deposits, and UhlenbRP determined with the original SN scheme.
brook et al. (2004) considered landscape units like moraine, \We argue that such maps could help to improve rainfall-
periglacial drift cover or saturated areas. Although some ofrunoff modelling of flood events. In addition, they might be

these classifications are rather coarse and do not take intgsed to predict potential risk areas like for pesticide loss or
consideration all processes that occur, they are useful for desgi| erosion.

scribing and modelling the hydrology of a specific catchment
or for investigating a specific hydrological problem. These
top-down approaches try to identify homogeneous landscapg = Study site and data collection
units. The assumption is that the hydrological response will
also be homogeneous. By contrast, in bottom-up approacheg,1 Study site
runoff formation is investigated on the plot scale and then
units with the same runoff forming process are identified. The Ror catchment (2.1kfn and the lIsert catchment
Methods to determine the runoff processes on the plot(1.7 kn?) are located 30 km northeast of Zurich, on the Swiss
scale have been developed for example by Peschke efentral Plateau (Fig. 1). They form part of the larger Aabach
al. (1999) and Scherrer and Naef (2003). Both use soil datagatchment (46.0 k&). The underlying bedrock is composed
geology, topography and vegetation for the process identifi-of sandstone, marl and conglomerates of the Upper Fresh-
cation but differ in their definition of the runoff processes and water Molasse (OSM) and is partially overlain by glacial till
in the parameters they use for the classification. In this papeof the Wurm ice age (Ror) or fluvial gravel deposits (Isert)
we follow the approach used by Scherrer and Naef (2003). (Hantke et al., 1967). Groundwater bodies with high hy-
To investigate runoff formation, Scherrer (1997) and Faehdraulic permeabilities are found in the fluvial deposits, while
(1997) conducted sprinkling experiments on 18 grasslandhe molasse and glacial till have low permeabilities (Haer-
hillslopes with varying slopes, geology and soils throughouting et al., 1993). Drumlins and ice-carved rocks form the
Switzerland. They applied 50 to 100 mm/h of rainfall for 3 relief in this rolling countryside. In the depressions and val-
to 5h to 60 mM plots and measured the resulting surface andleys between the hills, swamps developed. The majority of
subsurface flow. They also recorded the soil-water levelsthem were artificially drained in the middle of the 20th cen-
soil-water content and soil-water tension in each plot. Thetury. The main land use in the catchments is livestock farm-
sites reacted very differently with different surface and sub-ing with a dominance of meadows and pastures, followed by
surface runoff, timing of runoff and flow paths (Scherrer et agricultural fields (corn and grain). In the Insert catchment
al., 2006). Scherrer and Naef (2003) used this research asabout 15% and in Ror about 8% of the area is forested while
basis for developing process decision schemes (SN schemeaipother 10% is built over (houses and roads). In the Ror
to determine the dominant runoff process (DRP) on a soilcatchment, additionally two nested sub-catchments (Lindist
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Fig. 1. Isert and Ror test catchments and the sub-catchments Rinderholz and Lindist. Locations of the measurement stations and test squar
(Fig. 8) are shown as well.

and Rinderholz) were investigated. More details about the2.2 Catchment instrumentation

catchments is given in Table 1. )
The mean annual precipitation is 1370 mm, the mean anRunoff of the Aabach has been measured @nbhaltdorf

nual temperature is°C, and the mean annual evapotranspi- Since 1980 (Kanton rich, 2000). Runoff of the Isert and
ration is about 46% of the annual rainfall. Precipitation has aRor catchments was measured in summer 1999 (Leu et al.,

slight peak in summer (May to September). Mean annual2004) and in the sub-catchments Lindist and Rinderholz from
runoff of the Aabach at Mnchaltdorf is 740 mm (Kanton Summer 2001 to fall 2003 in 10 min intervals.
Zurich, 2000).
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Table 1. Catchment characteristics.

Sub-catchment  Size Elevation range  Geology Land use [%]
3
IS
e
2
ie]
= S
& o s
e} ho} c g
8 § _ £ 8
2 2 § &
£ 5 5 © 2
km?] [mas.]] © o uo o F
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 conglomeratesof O3M 66 24 1 9 2
overlain by glacial till
Rinderholz 0.67 509-550 in the north-eastern part. 61 21 11 7 35

1 9 of total are OSM: Upper freshwater molasse

Several daily rain gauges are located in the Aabachsee Schmocker-Fackel, 2004). Near some profiles, sprinkling
catchment. Additionally, rainfall was measured in the sub-experiments over an area of Zror infiltration experiments
catchments in 10 min intervals during the runoff measure-with a double ring infiltrometer were conducted.
ments. In spring 2001, nine piezometers were installed in the
Ror catchment to measure soil-water levels in 10 min inter-
vals. The locations of all stations are shown in Fig. 1. 3 Determination of the dominant runoff processes on a

soil profile

2.3 Available data and field methods

3.1 Basic principles
In Table 2 all spatial data sources available in digital or ana-
logue form are listed. A soil map, also referred to as theThe following runoff processes are distinguished: “Hor-
Zurich soil map, covers the agricultural areas of the catchtonian Overland Flow"HOF, “Saturated Overland Flow”
ments investigated (FAL, 1997). This map is of high quality SOF, “fast Subsurface Flow” and “Deep PercolatiobP.
in a scale of 1:5000 and is based on 3 to 7 sample soil profileghe fast subsurface flow is further divided into “natural sub-
per square kilometre. For the forests, only some basic soikurface flow"SSFon hillslopes and “tile drain flowD. Sev-
information is available in a forest vegetation map. Plans oferal runoff processes can occur on one site during a storm
artificially drained areas exist for the Canton Zurich, but notevent. The process that contributes most to runoff is called
all tile drain systems are included. Therefore, ditches, chan¢dominant”.
nels, drain pipes exiting to rivers and man-holes or shafts \Which runoff process dominates depends on the factors
were mapped in the field to identify artificially drained areas. shown in Fig. 2. The most important are infiltration, the
Land use was mapped in the field and from aerial photograstorage capacity and the lateral flow capacity of the soil and
phy. the underlying geology. To distinguish between different soll

During the project, fifteen soil pits were excavated and 21storage capacities, numbers from 1 to 3 are added to the pro-
soil core Samples taken in the Ror catchment. In the Isertess abbreviations (]_ very low storage capacity to 3 |arge

catchment, six soil pits were excavated and two soil corestorage capacity). An exception to this rule is the HOF pro-
samples taken. The locations of the profiles represent the typess.

ical types of soil and land use in the catchments. Most pro-

files lie along hillslope transects (catena mapping approach)Estimation of infiltration

For each soil profile or soil horizon, soil parameters like soll

texture, bulk density and content of coarse fragments werdHortonian overland flow occurs, if rainfall intensity exceeds

determined. Hydrologically relevant parameters, which in-infiltration capacity. Fast HOF, which occurs on roads and in
clude aggregate stability, number of macropores and prefersettlements is called HOF 1. On soils, the infiltration capac-
ential lateral flowpaths, were determined as well (for detailsity depends on the soil texture, the bulk density and the water
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Table 2. Maps and spatial data used for the process determination.

Scale Comments Reference or data holder

Soil map 1:5000 Covers agriculturally used areas only, cORAL, 1997
tains information about soil water regime,
soil depth, physical and chemical soil prop-
erties.

Forest vegetation map Soil types and some information about siédnton Zirich, 1988
depth and soil water characteristics

Geological map 1:25000  Stratigraphic units Geologischer Atlas der Schweiz, 1934
Digital terrain model 25m grid Federal Office of Topography
Tile drain plans 1:5000 Subsidized drains supplemented with aDanton Zurich
thors field survey
Land use 1:5000 Mapped in field
Start *
i i Hortonian Overland Flow
Soil surface and tOp soil due to limited infiltration
Infiltration inhibited? No » HOF 1
. :_rg\a/esn(,;illnr]r?a?rl:: ?)‘e::meability Yes Some inf"tration
and macroporosity possible? ves
=@ tion of t il C |
B ole e ealie » HOF 2

- Hydrophobicity

Storage capacity

No 1 low Saturation Overland Flow
2 medium due to saturation of the soil
3 high
Subsoil v Soil above barrier to vertical flow No SOF 1 2 3
b b
Fast vertical flow el e
inhibited? » = capacity high? Subsurface Flow
- Soil matrix permeabiltiy and Yes Orage No | - an re¥eren%al : fast lateral flow in the soil
macroporosity low? 2P| capacity » R
- Impermeable layers (plow verviiarae? lateral flow paths or
pan, illuvial horizons, etc.) 07 \EfE - Highly permeable Y No SS F 1 2 3
- High soil-water or Yes layers in soil Sy 1)
groundwater level Tile
No drains? Tile drain Flow
WD 1,23
Geology L
R N Deep percolation
ngh Ve”_'c_al = percolation to groundwater
permeabiltiy? No
i : { DP

Yes

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

content of the soil matrix and the number and propertiesrich in silt and low in carbonate and organic material. These
of macropores. On permeable, not compacted and macrasoils tend to have unstable soil aggregates in combination
porous soils, infiltration normally exceeds rainfall intensity with low vegetation cover. Silt-rich soils are also suscepti-

even during flood events. However, soil-surface sealingble to top soil compaction. Water repellency, which occurs

water-repellency or compaction of the topsoil can reduce in-in Switzerland mainly on areas with heath vegetation or on
filtration significantly in otherwise permeable soils and HOF alpine meadows was not observed in the test catchements.

2 occurs. Soil surface sealing is most likely to occur on soils

www.hydrol-earth-syst-sci.net/11/891/2007/ Hydrol. Earth Syst. Sci., 11, 891-906, 2007



896 P. Schmocker-Fackel et al.: Identifying runoff processes on the plot and catchment scale

Estimation of water storage capacity

250

Further downward flow in the soil is inhibited if the water
encounters a layer with significantly 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
(a) 05  2250p  245ep 265 2056  0Sep |0 macropores often occurs at the soil-bedrock interface if the

07 T T soil stratum changes (e.g. there are soil textural changes in
Lindist | alternating deposits) or if compaction has occurred (e.g. in
Rinderholz .

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
03 \ \ also limit vertical flow.

02 V In this study, the water storage capacity of each soil hori-
041 A zon corresponds to the depth of the horizon times the drain-
00 Y able porosity (porosity between field capacity and satura-
(b) 20Sep 22Sep 24Sep 26Sep 28Sep 30Sep tion). The German handbook for soil classification (AG Bo-
den, 1994) lists porosity values for different soil textures and
YN bulk densities. The drainable porosity of each soil horizon
“\ could be estimated by determining its soil texture and bulk

150

N

i 50

Rainfall intensity [mm/h]
Sum of rainfall [mm]

06 I

0.5

0.4

Specific discharge [m*/s*km?]

0.0

\ M density in the laboratory. The total storage capacity is the
M \ \‘J \\t sum of the storage capacities of all horizons above an imper-

054

//

M~ meable layer. In the investigated soil profiles the storage ca-
1.0 T pacities range from 8 to 240 mm, with a mean of 80 mm and

f T R a standard deviation of 50 mm. For the mapping, they were
— — —SOFY/SSF3 (P3) divided into three classes. Storage class 1 covers capacities

-1.5 } ; | ;
©) 20Sep 22Sep 24Sep 26Sep 28Sep 30 Sep between 0 and 40 mm, class 2 between 40 and 100 mm and
T class 3 between 100 and 200 mm. Capacities of more than

SSF3 hillslope

00 T upsiope (P6) 200 mm were classified as DP.
T “ ---- downslope (P7)

Water table below surface [m]

05 | / ™ Lateral flow

i - On slopes the infiltrated water can flow laterally in the soil
Y o N matrix as well as in preferential lateral flowpaths, like pipes,
; highly permeable layers or tile drains. Such structures allow
(d " 205ep  225em 245 265w 285 305ep afast lateral transport of water even in unsaturated soils. Sub-
00 surface flow can contribute to flood runoff. Even if the lateral
MWNM\‘\,J flow capacity is only small, it can influence runoff formation
[“/ \“’\\__ as it prevents saturation of the soil during very long rain-
W, P fall events. Preferential lateral flowpaths are often difficult
i ! to find, but they can sometimes be identified by depressions
of collapsed pipes or by observing return flow during or after
rainfall events.

Water table below surface [m]

-0.5

15 J,“ N
< ——D1(P8) . . . : H
P 3.2 Determination of dominant runoff processes in the field

T
20Sep 22Sep 24Sep 26Sep 28Sep 30 Sep
2002
(e)

Water table below surface [m]

For 44 soil profiles in the Ror and Isert catchments, the SN
parameters and other soil properties were collected and the
Fig. 3. Rainfall (a), catchment runoffb) and soil-water levels mea- dominant runoff processes determined using the SN scheme.
sured in different process are@$~(e)in the Lindist and Rinderholz ~ Next to some of these profiles, continuous soil-water level
sub-catchments during the September 2002 flood event. measurements and or sprinkling experiments were conducted
to test the process evaluation based on the SN schemes
(Sect. 3.3).
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The collected soil data was compared to the soil map and 1.0+ — A _
other maps. This comparison helped in the development of 09 S o s ol A
the automated process determination (Sect. 3.4). T 081 very wet (water table at 0.2 m depth)

€ 07 SOF 3
. o S ol o 2
3.3 Soil-water level fluctuations in soils with different & 0.6 LA\A
dominant runoff process g 097 SOF 1
% 0.4—_
. . . c .
The dominant runoff processes indicate where the hydrolog- 2 gz ] SOF 2
ical behaviour of the soil is different. Saturation of an SOF 1 0'1 1 SoF
area occurs faster than that of an SOF 3 area, while an SSF 0'0 1 3
. . . - T T T T T T T T T T N T T
area drains faster than an SOF area. Nine piezometers were 0 20 40 60 80 100 120
installed in the Ror catchment on areas where different dom- Cummulative rainfall [mm]

inant runoff processes were expected. Figure 3 shows some

examples of the soil-water level fluctuations during a flood Fig. 4. Surface Runoff coefficients observed during sprinkling ex-
in September 2002, which had an estimated return period operiments over 1 fwith an intensity of 60 mm/h on agricultural
3to 5 years. Between the 19 and 25 September 2002, 130 tields (HOF 2) and grassland (SOF 1 to 3).

140 mm of rainfall were recorded with a maximum intensity

of 7mm/h (Fig. 3a). )

In piezometer P 5, situated on an SOF 1 area, the watepardly any runoff occurred at all. When the experlmen.t was
level reached the surface after only 20 mm of rain, wheread€Peated on a nearly saturated SOF 3 area, the reaction was
in P 8, on a drained D 1 area, it reached the surface aftefomparable to that of the HOF 2 experiment.

40 mm of rainfall. On an SOF 2 area (P 2), however, 80 mm o
. 3.4 Automated process determination
were required for the water level to reach the surface and thé

SOF 3/SSF 3 area (P 3) did not saturate (Fig. 30). Saturatioq-he SN scheme allows the processes to be determined on
of the SOF 1 and SOF 2 areas occurred quickly enough fop o b ofile  The parameters needed are given in Table 3,

the. runoff from these areas to Cor?t”b“te to peak dISChargelt)u'[ assessing them requires intensive fieldwork (Schmocker-

while the SOF 3 area did not contrlpute. Fackel, 2004). Additionally, many soil profiles have to be
Whereas the SOF 1 area remained saturated for severgl oqtigated to evaluate the spatial process distribution in

days after the event, the water levels in the SOF 2 welly .aichment. To reduce the fieldwork and to simplify the

dropped quickly. In the SOF 3 well, water levels fell much o5 delineation, we developed an automated, map-based
more slowly than in the SOF 2 well. The water level fluctua- methodology, using the high quality Zurich soil map and
tions in the SOF areas illustrate that soil drainage also differso,[her spatial data.

in differe_nt SOF areas. . Although the Zurich soil map is detailed, it does not con-
No highly permeable layers were found on the soil y5in 5| the parameters required by the SN decision scheme.
bedrock interface or in the bedrock in the catc_hments. A."For instance macroporosity, impermeable layers or lateral
the lateral subsurface flowpaths found were of biological ori- preferential pathways are not recorded (Table 3). Other pa-
gin (mouse burrows or root channels under forest) and anameters, such as hydromorphic layers and the height of the
estimation of their lateral flow capacity was difficult. Along |\ ater table have to be inferred from the soil map on the basis
a SSF hillslope, water levels rose faster and fell slower in they¢ the soil type and soil-water class. For determining pro-
downslope well (P 7) than in the upslope well (P 6). The cegses automatically, the SN schemes had therefore to be

downslope well is_located in a_returl_’l flow area and showe dapted (Fig. 2) so that the information from the soil map
prolonged saturation of the soil during the two days of the ;o4 pe used to estimate infiltration capacity, soil storage

main event (23 and 24 September 2002). ~capacity and lateral flow capacity (Fig. 5).
The wells P 8 and P 9 are located in artificially drained |, the test catchments. HOF might occur on some areas

alluvial deposits. While the water level in P 9 never reachedying rainfall intensities of more than 50 mm/h. Therefore,
the surface, P 8 reacted like a SOF 1 well. The variations inpe sysceptibility of the soil to HOF during high rainfall in-

soil texture of the alluvial deposits led to marked differencesgpgities is assessed in the set of rules. For lower intensities,

in drainage rate. Additionally, the efficiency of the tile drain e N scheme might define another process as DRP.
system and the distance of the well from a tile drain influence

the water level in the soil. Estimation of infiltration capacity

Figure 4 shows runoff measured from different process ar-
eas when 1 mplots were sprinkled at the rate of 60 mm/h. HOF 1 occurs in settlements or on roads (Fig. 5¢). On natural
On the HOF 2 area, runoff started after only 5mm of rain areas, infiltration capacity is normally high, except on agri-
and the runoff coefficient increased rapidly. On the SOF 1cultural areas where HOF 2 might occur due to soil surface-
and SOF 2 areas, runoff was delayed and on the SOF 3 areagaling or soil compaction. Soil map information about soil

www.hydrol-earth-syst-sci.net/11/891/2007/ Hydrol. Earth Syst. Sci., 11, 891-906, 2007
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Table 3. Information used in the Scherrer and Naef (2003) decision scheme (SN scheme) compared to data found in the Zurich soil map and
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other maps.
Information used in Data contained in
SN decision tree Zurich soil map Other maps
Soil surface  Land use Land use
Vegetation cover Slope
Tendency for soil surface to seal
Slope
Topsoil Macroporosity Soil texture
Matrix permeability Content of coarse
Bulk density fragments
Hydrophobic humus Further information (not avail-
Persistence of hydrophobicity  able for all areas)
Organic material
Soil aggregates
Bulk density
Carbonate content
Subsoil Macroporosity Soil texture Subsidized tile drains
Matrix permeability Content of coarse
Impermeable layers fragments
Lateral preferential pathways  Stagnic and 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
Soil-water class depth and soil-water charac-
teristics
Geology Permeability Stratigraphical units

texture, soil aggregates, soil chemistry and bulk density wereestimation of lateral flow capacity
used to determine areas susceptible to HOF 2 (Fig. 5a). How-
ever, HOF 2 only occurs on these areas in conjunction withNatural preferential flowpaths are more likely to occur on
other factors such as unfavourable land use and agriculturadteep slopes. In the two test catchments, SOF occurred on
practices, lack of vegetation cover and high rainfall intensi-slopes below 15%, SSF on slopes above 10% in non-forested
ties. 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
The Zurich soil map distinguishes 25 soil-water classes acof 5%. This slope is used to distinguish SOF and SSF in
cording to soil-water characteristics and the soil depth usforested areas in the automated process determination.
able for plants (for the definitions of these classes see Leg-
end Fig. 5). Based on the storage capacities estimated for the&.5 Example of process determination with the set of rules
44 soil profiles in the Ror and Isert catchments, the storage
classes were allotted to the soil- water classes as shown iprocess determination according to the set of rules shown in
Fig. 5a. Fig. 5is illustrated for the soil map units ww8 and fB9 in the

In forests not covered by the Zurich soil map, forest vege-Ror catchment. The first letter of the code indicates the soil-
tation maps were used instead. These maps contain some imater class (see legend Fig. 5), the second letter stands for
formation about soil type, soil-water characteristics and soilthe soil type (W: Gleysol, B: Cambisol) and the digit refers to
depth. The allocation of the forest vegetation index to storagesub-soil type information like soil texture, content of coarse
class is shown in Fig. 5b. fragments or humus type.

Estimation of storage capacity
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a) Runoff process determination using soil map 1 : 5000 of Kanton Zurich

Start — susceptible to soil surface sealing?

Unstable soil aggregates (ZL)?
or

Susceptible to top soil compaction?
Top soil compacted (L2, L3, L4)?

or
Top soil > 50% silt content (IU, U) and,or o P 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)?

yes yes no
L Susceptible to HOF 2

1
Determination of second process }

where HOF 2 does not occur H

Soil water class?

I,n,p,q,
a b c d e f.k g,h,,m,0,s,t LUVW  X,ZY
Subsoil Subsoil
influenced influenced - v
by water by water Matrix permeable
(G1,G2,11)?| |(G1, G2, 11)? (S, IS, sL)?
no| yes no| vyes bES no
A 4
Permeable| Permeable| |Permeable
geology? geology? geology?
no| yes
A\ 4 A\ 4 v
Storage Y

class 2
1

Storage
SOF 1
1

»Pn| »isoFn)

Storage class n (n = 1,2,3) Tile drains? =) > 15%7 Y% SSF n

b) Runoff process determination using forest
vegetation map

Start —{FVI 27, 29, 307 "Op{ Fyi 267] "o o2 e 3]

yes yes > [ Settlements and roads |—HOF 1]
o

L ‘ Lake, river and wetland ‘—}| SOF 1 |
|FVI 13,17, 222 HE\ FVI 10, 11,12, 15?|€"{FVI 1, 6,7, 8 97|

yes yes yes Gravel pit > @

¢) Runoff process determination
using land-use map

No process
v determination
| sSF 1] |ssF2| |soF2| [ssF3| |soF3] possible

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 mgp), for forested areas on the forest vegetation ifgand for other areas on the land-use ni@p

For example, the soil map code wW stands for an often satan extremely gleyic soil. The soil map legend states that the
urated, 30-50cm thick Gleysol (Buntgley), which is found humus type is mor, the parent material alluvium, the soil tex-
in the valley floor and in a small strip along the river with ture loamy clay and that the content of coarse fragments is
slopes below 10%. The sub-soil type information indicatesless than 5% by volume. This indicates that wwW8 was a
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Legend
[ ] Decision Parameters of soil map 1 : 5000 Kanton Zurich (FAL, 1997)
- Intermediate result Soil-water class
|:| Dominant runoff process ISoil depth usable b plants1 [cm]
(ZL) Parameter of soil map Soil water regime >100 | 70-100 | 50-70 | 30-50 <30
1:5000 Vertically per- Normal permeability. @ b ° d ©
colated soils. Slightly poor drainage f g h '
Runoff processes Slightly influenced by ground water k ! m n
HOF Hortonian Overland flow Soils with poor Seldom saturated ° P
SOF Saturated Overland flow drainage Often saturated q r
SSF Subsurface flow s t u
D Tile drain flow Soils influenced by Seldom saturated
DP Deep percolation groundwater Often saturated v v
Most of the time saturated x v
Permanently saturated z
Storage CIaSS Total soil depth minus content of coarse fragments minus compacted or permanently saturated zones
1 0-40 mm . . .
2 40-100 mm Soil water subsoill Soil type
3 100 - 200 mm 11 Slightly stagnic T  Parabraunerde (Luvisol, Podzoluvisol)
G1  Very slightly gleyic
G2  Slightly gleyic
J  Slope Others
. K Rich in carbonate
Soil texture L2  Compacted
U Silt L3  Very compacted
; L4  Extremely compacted
U Loamy Silt y P
S Sandy M Mor, Moder, Mull humus or rich in humus
IS Loamy Sand O Hydromorph organic material
ZL  Unstable aggregates

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.

flood plain with periodic sedimentation of fine-grained mate- infiltration capacity. During rainfall events with high inten-
rial and permanently high groundwater tables. The low stor-sities (-50 mm/h), HOF 2 is expected. This was also ob-
age capacity of this shallow soil and the frequent saturatiorserved during sprinkling experiments at this site. During
indicates that SOF 1 is the dominant runoff process. Thismedium intensity events or when vegetation cover is dense,
process was also deduced from examining a soil pit in thishowever, another process normally occurs. The soil map
area (vertical percolation was restricted because groundwadnit covers part of a sandstone ridge with gently sloping hill-
ter levels were at a depth of 30 cm and the storage capacitglopes. The sandstone has usually a low permeability which
was estimated to be 14 mm). can be higher if fissures are present. Since the layering is
o ) ] nearly horizontal and was not under tectonic stress, fissures
_The aggregates of the topsoil in soil map unit fBY are clas-5 e rare and the underlying geology can therefore be regarded
sified as unstable. Corn is grown on part of this area andyg |gyyly permeable. The vertically percolated Cambisol soil

vegetation cover is therefore low fo'r at Iegst part pf the yeargraunerde) has slightly poor drainage and reaches a depth
Frequent traverses by heavy machinery in combination withys 70 1o 100cm. The subsoil has stagnic features and al-

low aggrggate stability _and low veg_etation cover might "€~ lows, therefore, only limited vertical percolation. The matrix
sult in soil surface sealing or topsoil compaction, reducing
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permeabilities are medium to low. Applying the set of rules
indicates that SOF 2 is the dominant runoff process. In a soll
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.

3.6 Results of the automated process determination

901

Dominant runoff process

Hortonian Overland Flow

I HoF 1
7/ Susceptible to HOF 2

Saturated Overland Flow

B soF 1

SOF 2
SOF 3

Fast Subsurface Flow

I ssF 1

B ssF2
SSF3

o1
D2
D3

At the sites of the 44 soil profiles and core samples taken
in the Ror and Isert catchments, the dominant runoff pro-
cesses were assessed using the detailed SN decision schen
of Scherrer and Naef (2003), with detailed field data, includ-
ing sprinkling experiments evaluated at these sites as input.
At the same time, the processes at these sites were also dete
mined with the generalized set of rules (Fig. 5). At 67% of
the sites, the automatically determined processes and storag
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. Prob
lems occurred mainly in the differentiation between the SOF
and SSF areas.

Slow Subsurface Flow
DP

N

A

— )l
0 250 500 1'000

Fig. 6. Maps of dominant runoff processes in the Ror and Isert
3.7 Evaluation of the automated process determination orfatchment produced with set of rules given in Fig. 5.
the point scale
veloped set of rules, the Zurich soil map, the forest vegetation
The dominant runoff process on a plot can be determinednap and maps of geology, topography and land use (Fig. 6).
through a detailed examination of a soil profile and of sprin-  1he two catchments differ considerably in their DRP dis-
Kling experiment data or, if good soil data is available, v tion even though they are only 3km apart. In Ror, most

through using the generalized set of rules (Fig. 5). Theseis gre influenced by water in the subsoil and show stagnic

rules worked reasonably well on the point scale. Discrepany, gjeyic features due to the low permeability of the bedrock.

cies occurred mostly in the identification of the storage classgor gccurs on 55% of the area. while DP occurs only on 2%
rather than in the identification of the process itself. in areas with thick soils and deep groundwater tables (Fig. 7).

We were able to test the process determination throughyy, |sert, 279 of the soils lie over permeable gravel deposits
sprinkling experiments and soil-water-level measurementsg, permeable moraine and are not influenced by groundwa-

The processes were mostly identified correctly and the evaluter, leading to DP as DRP. Only 25% of the Isert catchment
ated storage capacities corresponded with the amount of raing sofF gominated.

fall needed to saturate the soil . . . In Isert 14% of the catchment is covered with well-
. Where we en_countered problems_, was \_N'th the IOIent'f'c":l'developed Parabraunerden (Luvisol, Podzoluvisol) under
tion of preferen_tlal lateral flow paths |nthef|e_lq anq the quan'agricultural use. In Parabraunerden silicate clays have ac-
t|f|cayon of t.he|r lateral _flow capacity. In addition, it was not cumulated under an eluvial horizon with clay and carbonate
possible to infer the existence of lateral flow paths from thedepletion. The illuvial horizon with high clay content re-

soil map or from maps of geology alone. The automated PrO%tricts vertical percolation if the macropores bypassing this

cess determination therefore uses slope to differentiate l?Qétyer are disrupted by ploughing. These soils also tend to
tween SOF and SSF. However, itis well known that slope isy, 6 ynstable topsoil aggregates and are susceptible to soil-
pnly one factor controlling lateral flow and often not the most surface sealing. HOF 2 or SOF 1 to 3 might occur during
important one (e.g. Grayson and Western, 2001). 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 hill-
slopes were classified as SSF areas (8% in Ror and 14% in
For the Ror and Isert catchments, the dominant runoff prodsert). 27% of the area in Ror and and 14% in Isert are artifi-
cess maps were automatically derived in a GIS using the deeially drained and were classified as D.

4 Process delineation in catchments

4.1 Dominant runoff process maps
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30+ Dominant runoff process
\ B HoF 1 Susceptible to HOF2
B soF1 [ ] soF2
[ ] soF3 & ssF3

B Ponding water after heavy
rainfall event in Sep. 2001

B Ror

254 O lsert

20

15+

Surface flow observed after
¥~ heavy rainfall event

Area [%]

Surface flow observed

10 during May 1999 flood

"* Stream, pipe, tile drain or
closed channel

530 Ejevation [m asl] T T Location of process catena

SOF1 SOF2  SOF3  SSF1,2 SSF3and DP Fig. 8. Dominant runoff process map of the test square and hydro-
andD1,2 D3 logical relevant features mapped in the field. The location of the
Dominant runoff process process catena (Fig. 9) is shown as well.

Fig. 7. Percentage of total catchment area assigned to each domi-

nant runoff process in the Ror and Isert catchment according to thg| ,ence was studied on a process catena in the Ror catchment
setof rules given in Fig. 5. (Fig. 9, location see Fig. 8). On top of the hillslope, SOF 2
occurs because the low permeable moraine prevents vertical

o ercolation and the lateral flow capacity is low to medium
In the automated process determination, the DRP are de[(?P 5). At profile P 4, slope and soil thickness decrease, re-

termined for each soil map unit without taking interactions > -7 " ; . . )
. ! .sulting in quick saturation of the soil and in return flow. Fur-
between neighbouring process areas (e.g. runoff — run-on sit;

. . . . . er downslope (P 3), where the slope increases again and the
uations) into account. These interactions are only considere . - .
) o moraine and molasse material is overlain by more permeable
when they influence the soils directly. To study the effect

S . > colluvium, the water infiltrates into the thick soil layers and
of not considering spatial dependencies in the process deteﬁows laterally in the colluvium. Saturation at P 3 was ob-

mination, the dominant runoff process maps were COmp‘fjlr(.e%erved only after more than 150 mm of rainfall within 2 days.

to hydrologlcally rele\/_ant_fegtgres ok_)served gnd mqpped Mrhe process in this area is therefore either SOF 3 or SSF 3.

the field and by studying individual hillslopes in detail. The Further downslope the colluvium decreases in thickness
procedure used will be illustrated on a 50&&00 m square P

(Fig. 8) within the Ror experimental catchment (the location and grain size, the slope_s be_zcome _gentler and bedrock
of the square is shown in Fig. 1). changes to molasse, overlain with a thin layer of loamy col-

luvium 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

SOF 1 areas can be identified in the field or from aerial pho-2ré high and soils often saturated. The observed water lev-
tographs by mapping permanently or often wet areas and@ls suggest that the few tile drains are not able to drain the
swamps. Surface runoff, signs of erosion or ponding waterSoil during flood events, resulting in SOF 1 as the dominant
during or after flood events indicate HOF or SOF areas. RefuUnoff process.
turn flow, springs and spring horizons help to identify prefer- N the test catchments, the process catena consideration is
ential lateral flowpaths and SSF areas. of minor importance since the runoff run-on situation only
During the floods in May 1999 and September 2001, sur-OCcurs in small areas which are mostly very well drained (of-
face flow was observed in some places (Fig. 8), confirmingt€n artificially). Considering the process catena brought only
the SOF 1 or 2 process determination on these areas. Ponglarginal changes to the DRP mapping.

ing water in the center of the test square is also evidence of Two theoretical considerations suggest that the problem
the SOF process. of not considering spatial dependencies in the DRP mapping

is less severe than might be expected. First of all, runoff

4.3 Hillslope interactions between DRP — the processprocesses are not only a result of soil properties but soil de-
catena velopment along a hillslope also results from the way water
moves through the soil (Lin et al., 2005). Therefore, some

Where a fast reacting upslope area drains onto an area witbf the hydrologic hillslope interactions are already captured
large storage capacity (delayed reacting area), the runofin the soil and consequently in the DRP mapping. Secondly,
from above might be absorbed by or could cause prematuréor heavy rainfall and large flood events, the premature con-
saturation of the delayed reacting area. The extent of this intribution of the downslope area often compensates for the

4.2 Mapping of hydrologically relevant features
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SOF 2 Moraine
Clayey moraine is barrier to vertical IR  Colluvi
percolation and no preferential lateral ofluvium
flowpaths exist. Therefore, subsoil is often .*.*]  Upper Freshwater Molasse
saturated and SOF 2 occurs.
7 E Alluvium
30m- soF2 =%/ SSF 3/SOF 3
II Thick layer of permeable E] Permanently saturated soil
! colluvium has high infiltration |:| Stream
and storage capacity. Some
lateral flow is possible.
QN 7 T Dominant runoff process
e
Q\_’ ,/ 2 Runoff process of minor importance
AN Yo P3 )
20m = \-{- A0 NN SOF 3 and SOF 2 I Piezometer
0\9\ QGO Gentler slopes, thickness ® Tile drains
hS: BOASA of permeable colluvium
X% [0} pIos X 4 and storage capacity of
.Q—\ngb—,'\gyg\o \/ S soil decreases downslope. SOF 1
NI '—,'{Q'k\\oxd\o_\_q'j . N Permanently high groundwater levels. Some
SN _'-&\ \ tile drains exist but are not efficient enough
/ N SOF 3 \ to prevent saturation of the soil during flood
10m / A, h events.
= / FVSUSYSVIAY
) Pl SOF 2 /I
SOF 1 e - SOF1 P1
Shallow soilover | " AACLOLS S tile drains
impermeable bedrock. q
Water table permanently
close to soil surface.
Return flow possible.
) 1 1 1
50 m 100 m 150 m 200 m

Fig. 9. Process catena in Ror catchment (Location see Fig. 8).

reduced contribution of the upslope area. Alternatively thewith an area of 1730 kin(Naef et al., 2007). If no soil map

surface runoff from the upslope area may even bypass thés available, the necessary data to use the SN scheme have

downslope area via preferential surface flow. to be collected in the field. Up to now, Dominant Runoff

Processes (DRP) maps have been produced for more than 40
4.4 Evaluation of the process delineation in catchments catchments in Switzerland, Germany and Chile with areas
between 1 krfhand 300 krA.

In the Isert and Ror catchments, the dominant runoff pro-

cesses were delineated automatically with a GIS using the

set of rules applied to soil maps and other kinds of maps5 DRP maps and catchment reaction to intense precipi-

The derived process maps were confirmed at most places by tation

hydrologic field observations and the soil-water levels mea-

sured. Heavy rainfall, corresponding to a 15 to 30 year event, oc-
Maps of dominant runoff processes show the potential ofcurred between 11 and 13 of May 1999 on the Aabach

each area to contribute to runoff. The actual contribution ofcatchment (Fig. 10). 74mm of rainfall were measured at

an area to streamflow depends on its connection to the riveGriningen in one day and 150 mm in three days (SMA,

network. A DRP map shows therefore “active areas” as de-1999). In Monchaltdorf, the highest discharge of the 23-year

fined by Ambroise (2004), and not necessarily contributingmeasurement period (46.511* or 1 m*s~1 km~2) was ob-

areas. Active and contributing areas both generate runoffserved in the Aabach.

but not all active areas contribute to total catchment outflow, Ror received 30 mm less rainfall than Isert. However, the

as water might reinfiltrate or be held back in depressions. Tespecific peak discharge was three times higher in Ror than in

deal with this problem the interactions between process areasert (1.2 n? s~ km~2 in Ror, 0.4nfs1km~2 in Isert) and

and their connectivity to the river network have to be consid-the volumetric runoff coefficient in Ror (0.58) was twice the

ered. However, this is subject to ongoing research. In thecoefficient of Isert (0.25).

Isert and Ror catchments, however, the active and contribut- The different distributions of DRP in the two catchments

ing area coincide due to the high drainage density, the shoréxplain these differences. In Isert, one third of the area con-

hillslopes and the runoff process distribution. The presentedists of DP, which hardly contributes to runoff. Delayed re-

automatic, GIS based method can be applied to catchmentgcting processes like D 3, SSF 3 and SOF 3 cover another

of any size, if maps and data in digital form exist. For ex- 50% of the area. Only 5% are fast reacting SOF 1 and SOF 2

ample, a DRP map was produced for the Canton of Zurichareas. In Ror, on the other hand, 31% are SOF 1 or SOF 2

www.hydrol-earth-syst-sci.net/11/891/2007/ Hydrol. Earth Syst. Sci., 11, 891-906, 2007



904 P. Schmocker-Fackel et al.: Identifying runoff processes on the plot and catchment scale
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, Fig. 11. Observed and calculated runoff volumes for all flood events
110519900000 120519990000 130519990000 140519990000 15051999 00:00 between summer 2001 and fall 2003 with a specific peak discharge
larger than 0.2 M*s~1*km—2 in Lindist and Rinderholz.
Fig. 10. The May 1999 flood event in the Ror and Isert catchment.
Displayed are the rainfall intensity and sum of rainfal), runoff
(b) and observed and calculated sum of rurfoff In Ror the calculated 1999 flood runoff volume amounts
to 100 mm or 50% of rainfall, and in Isert to 70 mm or 35%
areas, another 22% are SSF/D 1 or 2 areas, while little DRFig. 10c). Although runoff was slightly underestimated in
occurs (2%). the Ror catchment and overestimated in the Isert catchment,
A DRP map contains information about the water storageit was possible to quantitatively capture the differences in
capacity of the soils in the catchment. It can therefore be usedunoff volumes between the two catchments.
to quantify how much of the rainfall becomes runoff duringa  Flood volumes were also calculated for 16 events in the
flood event, which is also called the runoff coefficient. On ar- Lindist and Rinderholz sub-catchments. They were then
eas with runoff process HOF, no significant amounts of watercompared to the measured flood volumes (Fig. 11). The sub-
can be stored, while on areas with runoff process DP, practracted baseflow was assumed constant through the event.
tically all water is stored during the event and released re-Measured and calculated runoff volumes correspond quite
tarded. For all other runoff processes, three water storag@ell. The water storage capacity information contained in
classes were distinguished during the mapping. Soils witithe DRP maps therefore allows a direct estimation of flood
storage class 1 store 0 to 40 mm of water, soils with storagezolumes from rainfall.
class 2 store 40 to 100 mm and soils with storage class 3 store In these examples, only the information on storage capac-
100 to 200 mm. ity contained in the DRP maps was used. However, addi-
Based on the information about the storage capacities ofional information on lateral flow or infiltration can be ex-
the different DRP, we calculated the runoff coefficient us- tracted from the maps and used for process based rainfall-
ing a storage capacity of 5mm for HOF areas and of 20 mmyunoff modelling, as shown by Schmocker-Fackel (2004).
70 mm 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 process areas from the DRBE Summary and conclusions
maps and the storage capacities were then used to calculate
flood runoff volumes of the 1999 flood event and 16 smallerProcess research on different scales has shown that runoff
flood events in the Ror and Isert catchments. For the calcuformation during intense precipitation is immensely variable
lations, event rainfall is cumulated. When the sum of rainfall and that the interactions involved are complex. Scherrer and
exceeds the soil storage capacity of the respective procesblaef (2003) developed a decision scheme to classify this
runoff occurs. To reflect the initial wetness of the soil, the wide range of observed processes and determine the domi-
soil storages were filled with the 5 day pre-event rainfall dur- nant runoff processes on natural soils in a robust way. How-
ing summer (May—September) and the 10 day pre-event rainever, several of the parameters used have to be determined on
fall during winter (October—April). the soil profile or in the laboratory.
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