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Up-scaling surface runoff from plot to catchment scale

A. Alaoui, P. Spiess, M. Beyeler and R. Weingartner
ABSTRACT
The main aims of this study were to identify and characterize the flow processes at the plot scale,

and to up-scale these processes at the catchment scale by Terrain Analysis, using Digital Elevation

Models (TauDEMs) based on in-situ sprinkling experiments. To calibrate the TauDEM-based method

at the plot scale, in-situ sprinkling experiments were carried out on two plot scales (16 m2 divided

into 16 plots of 1 m2 on various slopes). The marked differences in the textural and structural

porosities between forest and grassland soil appear to control runoff processes. While grassland

soils were characterized by a variable subsurface flow depending mainly on field slope, deep

percolation was mainly found in forest soils. In addition, the map of flow directions also shows that

two factors play an important role: on the one hand, the spatial sequence of the areas with a

predisposition to surface runoff, and on the other, the tortuosity and length of channels that enhance

the cumulative water volume in the target outlets. When based on sprinkling experiments, the

TauDEM-based method provides more quantitative information on the dynamic of flow at the

catchment scale. Furthermore, additional investigations are needed to validate the calculations

of flow at a larger scale.
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INTRODUCTION
At plot and hillslope scale, many different aspects of runoff

formation have been studied in recent years (e.g. Anderson&

Burt ; Buttle & McDonald ; McDonnell ;

Scherrer et al. ). To integrate this process knowledge

in rainfall-runoff models, information is needed to define

the spatial distribution of the runoff processes in the catch-

ment under consideration. For this purpose, methods

based on soil data, geology, topography and vegetation for

process identification have been developed to delineate

dominant runoff processes or zones of predisposition to pro-

duce runoff at plot scale (e.g. Peschke et al. ; Scherrer &

Naef ; Markart et al. ). Similarly, Maréchal &

Holman () used the Hydrology of Soil Type (HOST)

system (Boorman et al. ) to provide a conceptual rep-

resentation of the hydrological processes in UK soils.

Their model defines the hydrological behaviour of soils in

terms of their influence on river flow at the catchment

scale and gives a classification of all the soil types of the
United Kingdom into 29 conceptual response models (or

classes). Based on a similar method, and with the help of

sprinkling experiments, Schmocker-Fackel et al. () pro-

duced maps of the dominant runoff processes that show the

potential of each area to produce a given runoff process but

fail to establish the hydrologic connectivity between them.

In catchment hydrology, it has been shown that for

runoff generation processes, the use of measured in-situ par-

ameters cannot be expected to produce accurate predictions

at all scales because of the non-linearity of the processes

involved, together with the heterogeneity of the natural

system (Beven ). One way to overcome this is to investi-

gate the channels into which the flow converges and that are

characterized by a structured correlation due to a smoothing

effect by using, for example, Terrain analysis with Digital

Elevation Models (TauDEMs) (Tarboton ). The specific

catchment area contributing to flow at any particular

location is useful for determining relative saturation and
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runoff generation from saturation excess in models such as

Topmodel (Beven & Kirkby ; Beven et al. ; Wood

et al. ).

TauDEMs are appropriate methods to generate high res-

olution maps of a flow network. Digital data generated by

this approach also have the advantage that they can be

readily imported and analyzed by Geographic Information

Systems (GISs). The technological advances provided by

GIS and the increasing availability and quality of Digital

Elevation Models (DEMs) have greatly expanded the poten-

tial application of TauDEMs to many hydrologic, hydraulic,

water resource and environmental investigations (Moore

et al. ). The continuity of the DEM is an important con-

tributor to interpolated gradient values, potentially affecting

energy estimates as well as flow directions (Tarboton ).

The main aims of this study were: (i) to identify and

characterize the flow processes at the plot scale, and (ii) to

up-scale these flow processes at the catchment scale, by

combining maps of flow directions according to Tarboton

(), maps of zones of predisposition to surface runoff

and in-situ sprinkling experiments. The question is how

much information is given by such a combination of

methods compared with considering the same methods

separately?
MATERIAL AND METHODS

Site description

The experiments were carried out during summer 2008

(April–October) at the experimental area called Innerrü-

teni/Hälfis in Kandergrund (Figure 1) located 1,110 m

above sea level (masl) at the east side of the Kander

Valley, which spreads out in the north-south direction in

the Bernese Oberland in Switzerland (Furrer et al. ).

On the west side of the investigated area, the Kander

River is located at 793 masl and can have streamflow dis-

charge as high as 7.7 m3 s�1, as observed during the period

between 1961 and 1980 (Schädler & Weingartner ).

On the eastern part of the investigated area, the glacier

deposit of the Kandergrund is divided into two main com-

partments (Furrer et al. ): a moraine till deposit at the

west side and slope debris on the east side (Table 1 and
Figure 1). The mean annual temperature is 5.9 WC and the

total annual precipitation is 1,274 mm. In addition to grass-

land soil (G1–G7), two types of forest were considered in

this study: Fa (Fa1, Fa2 and Fa3) and Fb (Fb1, Fb2 and

Fb3) corresponding to Spruce forest (Calamagrostio

variae-Pieceetum) and Fir-Beech forest (Adenostylo alliar-

iae-Abieti-Fagetum), respectively. The soil is described as

Dystric Cambisol (WRB/FAO) in the grassland and in

forest soil Fb, and as Rendzic Leptosol (WRB) (Rendzina

(FAO)) in forest soil Fa (USDA, Soil Survey Staff )

(Table 1). Its texture consists of clay loam to a depth of

0.60 m in grassland and silt loam in forest soil to a depth

of 0.75 m. Its organic carbon content varies from 9 to

9.6% in grassland and from 8.3 to 12.5% in forest soil. A

pH varying from 5 to 8 was measured in topsoil and subsoil,

respectively, in both grassland and forest soils (Table 2). At

both locations, the soil is relatively shallow and the weath-

ered bedrock starts at depths below about 0.30 m.

A total of 19 plots were chosen to carry out the sprink-

ling experiments (Table 1): six plots of 1 m2 (G2–G7) and

one of 16 m2 (G1) in grassland, and six plots of 1 m2 (Fa1-

Fa3, Fb1-Fb3) in forest soil. In addition, within G1 (16 m2)

six plots of 1 m2 (B3, C1, C2, D1-D3) were chosen to con-

duct the same irrigations with same intensities described

above. These plots were chosen because they have different

slopes. The aim of such experiments was to calibrate and

validate the TauDEM-based method (Tarboton ) at the

plot scale.

Laboratory analysis

The texture of samples (one sample per depth) was deter-

mined after H2O2 treatment to remove organic material

(Konen et al. ). The sand fraction of diameter 2000-

60 μm was obtained by wet sieving. The amounts of silt

(2< diameter< 60 μm) and clay (diameter< 2 μm) fractions

were measured on pre-treated samples by sedimentation

with a SediGraph 5100 (Micromeritics, Norcross, USA).

The SediGraph 5100 system uses particle sedimentation

rates in combination with X-ray absorption. Soil pH was

measured 1:2 (soil: 0.01 M CaCl2) on a mass basis (Soil

Survey Staff ). Organic carbon content was determined

by the mass loss on ignition. The same sample was used for

the analysis of pH and organic carbon content.



Figure 1 | Location of the catchment under consideration (Innerrüteni, Kandergrund); (a) map of Switzerland with the location of the plots; (b) precise location of the forest (Fa1–Fa3 and

Fb1–Fb3) and grassland plots (G1–G7) and (c) location of the small plots of 1 m2 within G1 (16 m2).
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Table 1 | General characterization of the investigated plots

Hillslopes Surface [m2] Slope [W]
Depth (m) of TDR
probes Vegetation Geology Soil type

G1 B3 1 14.8 0.07/0.17/0.45 Grassland Moraine till deposit
(Glacier deposit)

Dystric Cambisol (FAO)
(Stones at <0.30 m)C1 1 17.6 0.07/0.17/0.45

C2 1 18.8 0.07/0.17/0.45
D1 1 13.5 0.07/0.17/0.45
D2 1 10.6 0.07/0.17/0.45
D3 1 12.2 0.07/0.17/0.45

G1 16 14.7 0.07/0.17/0.45

G2 1 26.5 0.07/0.17/0.45

G3 1 5.0 0.07/0.17/0.45

G7 1 18.0 0.07/0.17/0.45

Fa1 1 16.6 0.10/0.25/0.50 Spruce forest (Calamagrostio
variae-Pieceetum)

Slope debris Rendzina (FAO)
(Stones at <0.30 m)Fa2 1 24.2 0.10/0.25/0.50

Fa3 1 30.1 0.10/0.25/0.50

Fb1 1 17.2 0.12/0.27/0.52/0.72 Firs-Beech forest (Adenostylo
alliariae-Abieti-Fagetum)

Moraine till deposit
(Glacier deposit)

Dystric Cambisol (FAO)

Fb2 1 24.3 0.12/0.27/0.52/0.72

Fb3 1 31.3 0.12/0.27/0.52/0.72

G4 1 18.0 0.05/0.15/0.30 Grassland Slope debris Dysric Cambisol (FAO)

G5 1 25.0 0.05/0.15/0.30

G6 1 8.0 0.05/0.15/0.30
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For the analysis of total porosity and pore size distri-

bution (PSD), five undisturbed soil samples of 100 cm3

volume were taken from each soil horizon and three

horizons were considered (0.05–0.15, 0.35–0.45 and

0.55–0.65 m soil depths). Total porosity was then deter-

mined directly for each undisturbed sample after drying at

105 WC for 24 h assuming a particle density of 2.65 g cm�3.

An aggregate of soil was then carefully taken from the

dried, undisturbed sample that was selected to avoid desic-

cation cracks, root pores or other discontinuities. The PSD

of this aggregate was analyzed by mercury porosimetry

(Fiès ). Considered as a non-wetting liquid, the mercury

was forced into the dry aggregate by air pressure. The

relationship between the equivalent pore diameter (D, in

μm) and the applied pressure (P, in kPa) was obtained

according to the Jurin–Laplace equation (Fiès ). The

pressures P used in this operation varied between 4 and

2,000 kPa corresponding to a PSD varying from 360 to

0.006 μm. Three clods of about 2 cm3 in volume from each

soil layer (0.15 and 0.25 m depths) were sampled and

oven-dried at 105 WC for 24 h prior to measuring. During
the analysis, no shrinkage was observed. The pore classes

are defined as follows: (i) micropores are the pores smaller

than 0.2 μm equivalent diameter, (ii) mesopores are between

0.2 and 50 μm in diameter, and (iii) macropores are defined

to be larger than 50 μm (Sekera ; Luxmoore ).

In-situ field irrigation experiments

On the 1 m2 plots, irrigation was supplied by a rainfall simu-

lator: a metallic disc with a surface of 1 m2 which is

perforated with 100 holes attached to small tubes that lead

into a reservoir. Irrigation was applied from a height of

0.50 m from the ground. The metallic disc is moved by an

electric motor, and the irrigation intensity is controlled by

a flow meter (Alaoui & Helbling ). Irrigation on the

16 m2 plot was conducted using a watering can adjusted to

uniformly irrigate the entire area; in addition a plastic tar-

paulin was fixed around it to prevent any overflowing. The

duration of each irrigation was 1 h. The intensities of irriga-

tion were 24, 36 and 48 mm h�1. In this area, the 100-year

return period of rainfall is 60 mm h�1.



Table 2 | Basic soil parameters of soil in Kandergrund Valley

Particle size distribution (%)

Plot Depth (m) Sand (>60 μm) Silt (2–60 μm) Clay (<2 μm) Texture Organic Carbon OC (%) pH

Texture, organic carbon and pH of investigated soils in grassland and forest hillslopes

Fa1 0.10–0.15 37.2 52.6 10.2 Silt loam n.a. 6.0

0.25–0.30 35.5 56.1 8.4 Silt loam n.a. 6.0

0.50–0.55 31.9 48.6 19.5 Loam n.a. 6.5

0.70–0.75 34.3 46.5 19.2 Loam n.a. 7.0

Fa2 0.10–0.15 n.a. n.a. n.a. n.a. n.a. n.a.

0.25–0.30 32.1 49.6 18.3 Loam n.a. 8.0

0.50–0.55 n.a. n.a. n.a. n.a. n.a. n.a.

0.70–0.75 29.8 56.1 14.1 Silt loam n.a. 8.0

Fa3 0.10–0.15 27.9 52.7 19.4 Silt loam n.a. 7.0

0.25–0.30 29.6 50.0 20.4 Silt loam n.a. 8.0

0.50–0.55 30.9 49.2 19.9 Loam n.a. 8.0

0.70–0.75 34.9 41.3 23.8 Loam n.a. 8.0

Fb1 0.10–0.15 20.0 62.9 17.1 Silt loam 12.53 5.5

0.25–0.30 16.4 61.6 22.0 Silt loam n.a. 5.5

0.50–0.55 14.2 51.9 33.9 Silty clay loam 10.03 8.0

0.70–0.75 20.5 46.7 32.8 Clay loam 8.27 8.0

Fb2 0.10–0.15 23.2 61.1 15.7 Silt loam 6.57 6.0

0.25–0.30 30.5 56.4 13.1 Silt loam n.a. 7.0

0.50–0.55 25.0 51.6 23.4 Silt loam 7.14 8.0

0.70–0.75 23.0 44.2 32.8 Clay loam 7.66 8.0

Fb3 0.10–0.15 17.5 54.4 28.1 Silty clay loam 12.73 5.5

0.25–0.30 13.0 46.2 40.8 Silty clay n.a. 8.0

0.50–0.55 21.1 36.9 42.0 Clay 10.46 8.0

0.70–0.75 17.3 43.4 39.3 Silty clay loam 9.93 8.0

G1(B3)/G2 0.05–0.10 28.2 45.1 26.7 Clay loam n.a. 5.5

0.15–0.20 27.9 41.4 30.7 Clay loam 8.90 5.5

0.25–0.30 28.9 41.8 29.4 Clay loam n.a. 5.0

0.35–0.40 38.2 36.2 25.6 Clay loam 9.57 7.5

0.45–0.50 36.5 39.7 23.8 Loam n.a. n.a.

0.55–0.60 35.0 32.4 32.6 Clay loam n.a. n.a.

G3 0.05–0.25 24.1 42.1 33.8 Clay loam n.a. 5.5

0.25–0.35 25.2 41.2 33.6 Clay loam 7.97 5.5

0.35–0.45 25.6 46.9 27.5 Clay loam 9.61 6.0

0.45–0.55 22.6 42.3 35.1 Clay loam 8.51 5.5

G4 0.05–0.10 19.4 55.7 24.9 Silt loam 7.50 6.0

0.15–0.25 19.6 52.4 30.0 Silty clay loam 6.30 5.5

0.25–0.35 24.1 42.0 33.9 Clay loam 6.00 6.5

0.45–0.55 21.0 35.6 43.4 Clay n.a. 5.5

G5 0.30–0.35 25.7 43.3 31.0 Clay loam 6.5 5.5

Textural classification was according to the USDA soil taxonomy; n.a.: not available.

Data for G6 and G7 are not available.
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Soil moisture was measured using Time Domain Reflec-

tometry (CR10X & TDR100, Campbell Scientific Inc.), with

0.20 m wave guides (two parallel rods of 6 mm diameter).

The calibration was performed according to Roth et al.

() who separated the impact of the wave-guide geometry

from the soil properties, such as bulk density and the con-

tents of clay and organic matter, on the dielectric constant.

TDR probes were inserted horizontally at four soil depths

(0.12, 0.27, 0.52 and 0.72 m) in forest plots (Fa and Fb), at

three soil depths in the three grassland plots (0.07, 0.17

and 0.40 m for G1 and G2, and 0.15, 0.25 and 0.35 m for

G3 and G4) and at one soil depth (0.15 m) in G5, G6 and

G7. TDR data were recorded every 60 s.

Surface runoff out of each plot of 1 m2 surface area

was measured during the irrigation, using a metallic

sheet (1 × 0.50 m) inserted in a soil profile at 0.05–

0.10 m depth to collect surface runoff along a width of

1 m. The volume of collected water was measured with

a flowmeter (Alaoui et al. ) and stored automatically
Figure 2 | Steps to realize maps of cumulated runoff in Innerrrüteni in Kandergrund; *time is
in a datalogger (CR10X, Campbell Scientific Inc.). For

the 16 m2 plot, surface runoff was measured with a met-

allic sheet (4 × 0.50 m) inserted in a soil profile at

0.5–0.10 m depth to collect surface runoff along a width

of 4 m with the same collector described above. In this

study, runoff coefficient (RC) specific to an individual

rainstorm (i.e. irrigation) is defined as surface runoff

divided by the corresponding rainfall, both expressed as

depth over plot area (mm).

Principle of the extrapolation of runoff process

To up-scale the runoff process, different main steps are

taken into account (Figure 2):

(i) Sprinkling experiments of three different intensities

were carried out on each plot of a given slope to attri-

bute a specific value of runoff to a class category.

(ii) Maps of predisposition to surface runoff are deli-

neated using the classification of Markart et al.
not considered.
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(), who attributed a value of RC and slope to

each class; altogether, six classes were considered,

which corresponded to risk of the predisposition to

surface runoff, increasing from 1 to 6 (class 1 for

0<RC< 0.1; class 2 for 0.11<RC< 0.30; class 3

for 0.31<RC< 0.50; class 4 for 0.51<RC< 0.75;

class 5 for 0.75<RC and class 6 for RC¼ 1).

(iii) Sprinkling experiments of same intensities were car-

ried out on the plot of 16 m2 surface area and

similar experiments repeated on six selected plots of

1 m2 (within 16 m2) representing two slope classes

(10–15W and 15–20W) and obtained values attributed
Figure 3 | Measured runoff coefficients for all investigated plots (in a) and runoff coefficient v
to the other plots of similar slope that are not investi-

gated (within 16 m2) (Figure 1(c)). To avoid the risk

that the first irrigation might influence the next

within the plot of 16 m2, the time interval between

the experiments was set to one day according to the

following order: D1, D3, C2, B3, D2, and C2.

(iv) Flow directions were then determined on the plot of

16 m2 surface area according to the principle of Tar-

boton (). The RC is also attributed to each flow

direction of a pixel (2 × 2 m). Calculated RC within

16 m2 was compared against measured surface

runoff at this scale.
. slope (in b).



Figure 4 | Micropore volume vs. clay content (in a) and runoff coefficient versus micro-

porosity for the three irrigation intensities of 24, 36 and 48 mm h�1 (in b) (The

analyses of the texture and PSD were not defined on same samples and soil

depths resulting in different number of measurements).
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(v) For up-scaling runoff at the catchment scale

under consideration, the above steps were applied

using ArcGIS 9.3 and the program TauDEM

(Figure 2).

Terrain analysis using digital elevation model (TauDEM)

Flow directions based on DEMs are needed in hydrology to

determine the paths of water, sediment and contaminant

movement. The motivation for choosing the DEM defined

by Tarboton () is justified by the following factors:

(i) the need to avoid or minimize dispersion;

(ii) the need to avoid grid bias, due to the orientation of

the numerical grid;

(iii) the precision with which flow directions are resolved;

(iv) a simple and efficient grid-based matrix storage

structure.

Many of the functions in TauDEM are based on the

D-infinity (D∞) multiple flow direction model (Tarboton

) which represents flow direction as a vector along

the direction of steepest slope on eight triangular facets

centred at each grid cell. The use of triangular facets

avoids the approximation involved in fitting a plane and

the influence of higher neighbours on downslope flow.

Where the direction does not follow one of the cardinal

(0, π/2, π, 3π/2) or diagonal (π/4, 3π/4, 5π/4, 7π/4) direc-

tions, upslope area is calculated by apportioning the flow

from a pixel between the two downslope pixels, according

to how close the flow angle is to the direct angle to that

pixel centre. As only a single number needs to be saved

for each pixel to represent the flow field, computer storage

is simple and efficient.

A block-centred representation is used with each

elevation value taken to represent the elevation of the

centre of the corresponding pixel. Eight planar triangular

facets are formed between the pixel and its eight

neighbours. Each of these has a downslope vector which

when drawn outwards from the centre may be at an angle

that lies within or outside the 45W (π/4 radian) angle range

of the facet at the centre point. If the slope vector angle is

within the facet angle, it represents the steepest flow direc-

tion on that facet. If the slope vector angle is outside a

facet, the steepest flow direction associated with that facet
is taken along the steepest edge. The flow direction associ-

ated with the pixel is taken as the direction of the steepest

downslope vector from all eight facets.
RESULTS

Runoff processes

In this study, the runoff process is discussed on the basis of

soil moisture and RC measurements. Change in volumetric

soil moisture content (θ) in response to irrigation was ana-

lysed with reference to the initial and maximum soil

moisture values, θinit and θmax. Thus, Δθ defined as the differ-

ence between θmax and θinit shows the magnitude of the
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increase of soil moisture, and Δsat (¼n� θmax) obtained

from the difference between the porosity, n and θmax

measured during infiltration, is defined as the storage

capacity of soil layer under consideration.

Surface runoff was observed at the soil surfaces of all

grassland plots (Figure 3(a)) and of only a single forest

plot, Fb3, with RC of 0.18, 0.13 and 0.19 for irrigation inten-

sities of 24, 36 and 48 mm h�1, respectively. In comparison,

the values of RC for grassland were variable. For example,

they were equal to 0.38, 0.66 and 0.57 for D2 (10.6W), and

0.19, 0.25 and 0.44 for G2 (26.5W) for irrigation intensities

of 24, 36 and 48 mm h�1, respectively, and 0.38 for G3

(5.0W) for the intermediate irrigation intensity of 36 mm h�1.

While the forest soil with the steepest slope (Figure 3(a))

produced some runoff, the grassland plot (B3) with the

steepest slope (14.8W) had a lower runoff than D2 (10.6W),

which generates higher RC.

As confirmed in several studies, field slope is a key par-

ameter influencing runoff generation (e.g., Markart et al.

; Scherrer & Naef ). Accordingly, the correlation

between these parameters measured in the areas under con-

sideration is analysed. Figure 3(b) (illustrating RC versus

slope) shows that field slope alone does not control runoff

generation (r2¼ 0.266, p value¼ 0.001813).

Two interesting questions arise out of the obtained

results and will be discussed below: (i) why did only forest
Figure 5 | Storage capacity (Δsat) in grassland and forest soils, defined as the difference betw
soil Fb3 with the steepest slope generate surface runoff,

and (ii) what caused the high RC values in the grassland

soil with the gentlest slopes?

Examination of the soil textural structure of all plots,

reveals that the clay content is higher in the topsoil layers of

the plots that generate surface runoff (Fb3, B3, G1/G2, G3

and G4) than in the topsoil layers of the plots without surface

runoff (Fa1, Fa2, Fa3, Fb1 and Fb2) (Table 2). On the one

hand, it appears that clay content is linearly correlated with

microporosity (Figure 4) and on the other hand, a tendency

for a positive correlation between microporosity and RC

exists.Onepossible explanation is thatmicroporosity in grass-

land topsoil down to 0.35 m promotes matrix flow and delays

water routing intomacropores. Additional analysis in the top-

soil layer between 0 and 0.10 m is needed to confirm this.

Examination of the storage capacity (Δsat) shows that the

values obtained for forest soil are significantly higher than

those for grassland soil (Figure 5). Any influence of external

weather factors can be ruled out because the infiltration

experiments were carried out during the same periods in

the summer season, excluding any precipitation events

during at least one week. The higher storage capacity of

forest soil is probably due, on the one hand, to more intense

root water uptake capacity by trees (Figure 6), and on the

other, by the larger unsaturated hydraulic conductivity of

forest soil. In fact, Figure 6 exhibits significantly higher
een total porosity and maximal soil moisture measured during infiltration.



Figure 6 | Analysis of soil moisture variation (a, b and c) and runoff coefficient (d) in the forest and grassland soil. The groups of plots were compared two by two: 1–2, 1–3* and 2–3 with a

significance of 95%. Each box contains 9 measurements (three irrigation intensities and three (topsoil) depths); plots G1, G5, G6 and G7 are not considered because of

insufficient data (*only groups 1 and 3 are significantly different for θmax, θinit and Δθ).
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values of Δθ especially in forest soil Fa (Group 1) compared

with grassland soil (Group 3). Similarly, Badoux et al.

() reported that sprinkling experiments on dry to humid

Cambisols in forested catchments result in no or only low

RC values varying between 0.01 and 0.16. They showed that

RC was considerably higher after dry antecedent conditions

than after wet antecedent conditions, which is probably due
to water repellence. In contrast, artificial high intensity pre-

cipitation on plots of 1 m2 plots in forest soil leads to high

RC values (from 0.39 to 0.94) on humid to wet gleysols

(Badoux et al. ). These results are rather unexpected

for forest soils, which often do not generate any surface

runoff at all (e.g., Schwarz ; Kohl et al. ; Markart

et al. ). The fact that surface runoff was found only in



Figure 7 | Measured runoff coefficient for different field slopes; (a) significant difference

between runoff coefficient of the two main slope classes N2 (10–25
W

) and N3

(15–20
W

), and (b) measured runoff coefficient versus irrigation intensities for all

field slopes.

Figure 8 | Calculated runoff coefficients (D8 and Dinf) in grassland soil G1 (16 m2)

v. measured ones.
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Fb3 compared with Fb1 and Fb2 can be explained as

follows:

(i) Fb3 has the steepest slope (31.3W) compared with slopes

in the other forest plots;

(ii) Fb3 has the highest clay content in comparison with the

two other plots Fb1 and Fb2 (37.6% in Fb3 against

26.5% in Fb1 and 21.3% in Fb2 according to the mean

values throughout entire soil profiles, and 28.1% in

Fb3 against 17.1% in Fb1 and 15.7% in Fb2 when con-

sidering topsoil up to 0.15 m depth) (Table 2).

In view of these results, it appears that the two types of

vegetation have distinct effects on soil structure leading to

two major flow processes, vertical infiltration in forest soil

and surface runoff in grassland soil. These observations
are only partially in agreement with the literature and

cannot be extrapolated to the wide range of soils in other

regions in Switzerland. Scherrer () carried out irrigation

experiments on grassland and arable land in Switzerland in

regions with soils of different geological origin. High varia-

bility in runoff generation that depended on the local

situation was shown, mainly depending on soil properties

and geology. Using irrigation experiments, Weiler et al.

() reported that runoff generation on grassland was

mainly controlled by a highly permeable A horizon; the ver-

tical macropore system in deeper layers controlled bypass

flow. In contrast, the same authors (Weiler et al. )

found a stronger subsurface flow response for forest soils

with a bimodal pore size distribution. Markart et al. ()

reported favourable conditions in the forest regarding fast

runoff mitigation.
Up-scaling of runoff processes

Results of runoff measurements show that water flows later-

ally at the soil surface on all plots with grassland soils. Two

main slope classes N2 and N3 (10–15W and 15–20W, respect-

ively) are statistically distinguished in relation to the RC

values obtained in grassland soils (Figure 7(a)). Additional

plots with different slopes (N1<10W and N4>20W) were



Figure 9 | Maps of the predisposition zones (according to Markart et al. 2004) in the

Kandergrund valley, produced with sprinkling experiments and delineation of

hydrological response units (HRUs), defined from the soil data, geology,

topography and vegetation.
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summarily investigated to improve the accuracy of the pre-

diction at large scale (Figure 7(b)). Although there are only

three investigated plots per slope class, they clearly

indicate distinct behaviour in comparison with the other

two.

When considering the 16 m2 plot, a good correlation

was observed between measured RC and calculated RC
using Dinf according to Tarboton () especially during

low and high irrigation intensities (Figure 8). Calculated

RC according to D8 (simple extrapolation considering the

eight neighbouring pixels) is better correlated with

measured RC during the intermediate irrigation intensity

(36 mm h�1) but the difference is negligible when compared

with RC calculated using Dinf.

The maps of the zones with predisposition to surface

runoff classified according to Markart et al. () show

areas in the low predisposition classes located principally

in the eastern and central parts of the catchment under

consideration, corresponding to limestone outcrop and

forest soils, respectively (Figure 9). In addition, it appears

that increasing the irrigation intensity from 24 to

48 mm h�1 increases the risk of the predisposition to sur-

face runoff from 3 to 5, respectively, in the major parts of

the catchment on both sides of the forest. Additional

insights can be drawn from these maps: grassland areas

are more subject to surface runoff with variable values,

depending especially on field slopes. In contrast, forest

soils generate vertical percolation in all cases except on

the plot of a slope greater than 31.3W.

The maps of the flow directions obtained using the

TauDEM (Tarboton ) shown in Figure 10 highlight

two main observations:

(i) Surface runoff converges in the channels which consti-

tute the main lateral flow pathways and the cumulated

runoff increases, generally in the direction of flow

(Table 3);

(ii) Two main areas composing the catchment under con-

sideration are distinguished: A (2.3 km2) and B

(1.5 km2) which contain two independent flow net-

works resulting in final outlets O-A7 and O-B6,

respectively (Figure 10).

For a rainfall intensity of 48 mm h�1, estimated volume

was 40,270 m3 in O-A7 and 18,030 m3 in O-B6, showing

the great difference between the sub-catchments. This is

also the case for the RC which is twice as high in A as in

B. Increasing rainfall intensity, from 24 to 36 mm h�1,

increases the risk of the predisposition to surface runoff

from weak to medium when considering the entire catch-

ment (Figure 11).



Figure 10 | Map of the flow network defined by the terrain analysis using digital elevation model according to Tarboton (1997).
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When considering the change in RC in space scale, it

appears that in the sub-catchment A, calculated runoff

increased continually from 300 m3 (in KA2) to 4,944 m3

(KA4) and decreased to 3,380 m3 in KA6 because of the

forest soil of the predisposition class 1 that infiltrates a con-

siderable portion of the water (Figure 10 and Table 3). By

contrast, in the sub-catchment B the volume of water

increased from 321 m3 in KB1 to 1,698 m3 in KB2, and

decreased to 1,118 m3 in KB4 due to the high infiltration

capacity of the forest soil (predisposition class 1). The con-

siderable increase in the water volume from KA2 to KA4

can be explained, in addition to the change in the zones of pre-

disposition from 1 to 3, by the existence of the high number of

channels that help to supply the target outletKA4, in compari-

sonwithwhat happened in the sub-catchmentB. Taking these

results into account, two observations can be made:

(i) It seems that not only the spatial sequence of zones with

predisposition to surface runoff plays an important role,

but also the tortuosity and length of channels, which
enhance the cumulated volume reaching the target

outlets;

(ii) The TauDEM-based method is a useful tool to complete

the information given by the maps of the predisposition

zones, which fail to give information on the change in

the processes in space scale.
When using an independent method such as the one

described by Rickli & Forster (), which relies on the

assumption of hydrologically homogeneous sub-catchments

allowing for an objective and replicable evaluation of RC,

the RC values obtained were between 0.45 and 0.50 for

the same catchment (Zgraggen ). Although these results

are slightly higher than those obtained using TauDEM

(RC¼ 0.34 for a rainfall intensity of 48 mm h�1), they con-

firm the estimations made in this study. The estimation

error of the Rickli and Forster method was evaluated to be

±20% (Dobmann ). The difference between the results

obtained can be explained by the fact that the method



Table 3 | Calculated water volumes and runoff coefficients in the catchment under consideration according to Tarboton (1997)

Outlet

Volume [m3] Runoff coefficient [–]

See fig. 24 mm/h 36 mm/h 48 mm/h 24 mm/h 36 mm/h 48 mm/h

KA1 3,070 5,543 7,890 0.0338 0.0407 0.0434

KA2 300 577 841 0.0033 0.0042 0.0046

KA3 3,906 7,490 10,746 0.0430 0.0550 0.0592

KA4 4,944 9,621 13,972 0.0545 0.0706 0.0769

KA5 1,108 2,486 3,924 0.0122 0.0183 0.0216

KA6 3,379 6,606 9,674 0.0372 0.0485 0.0533

O-A7 (A) 14,083 27,358 40,273 0.16 0.20 0.22

KB1 321 474 653 0.0035 0.0035 0.0036

KB2 1,698 3,580 5,521 0.0187 0.0263 0.0304

KB3 1,038 1,844 2,785 0.0114 0.0135 0.0153

KB4 1,018 2,160 3,263 0.0112 0.0159 0.0180

O-B5 24 36 48 0.0003 0.0003 0.0003

O-B6 6,027 11,993 18,029 0.0664 0.0881 0.0993

O-B7 1,121 2,371 3,554 0.0123 0.0174 0.0196

O-B8 61 119 182 0.0007 0.0009 0.0010

O-B9 10 19 29 0.0001 0.0001 0.0002

O-B10 11 21 31 0.0001 0.0002 0.0002

O-B11 90 196 309 0.0010 0.0014 0.0017

Subcatchm. B 7,344 14,755 22,182 0.08 0.11 0.12

Whole catchm. 21,427 42,113 62,455 0.24 0.31 0.34
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used in this study is based on local hydrodynamic response,

whereas the Rickli and Forster method infers the hydrologic

reaction from soil properties and land use, with the aim of

delineating the locations of different reactions to precipi-

tation within the catchment.

Although the TauDEM-based method gave satisfactory

results in terms of flow processes, additional consideration

of the geology is needed to take the deep flow percolation

into account for the runoff calculations. Further in-situ

measurements of runoff under natural events at different

outlets in a gauged catchment are needed to validate the esti-

mated values and to take into account the changes in runoff

processes on a temporal scale.
CONCLUSIONS

Themain aims of this studywere: (i) to identify and character-

ize flow processes at the plot scale, and (ii) to up-scale this
knowledge to the catchment scale, by combining maps show-

ing flow directions, with maps of zones with a predisposition

to surface runoff and in-situ sprinkling experiments.

The marked differences in the textural and structural

porosities between forest and grassland plots appear to con-

trol runoff processes. On the one hand, forest soil has a

higher storage capacity than grassland soil, probably

caused by large unsaturated hydraulic conductivity and

root water uptake resulting in lower surface runoff. On the

other hand, fine material present in the topmost ten centi-

metres helps to generate a structure that is probably

unfavourable to vertically downward percolation and thus

enhances surface runoff as observed on the grassland

plots. However, within each soil category, slope plays an

important role in generating surface runoff.

The method based on the Terrain Analysis Using Digi-

tal Elevation Model (TauDEM) (Tarboton ) was

calibrated on 16 m2 plot. Validation at this scale gave



Figure 11 | (a) Calculated runoff coefficients in the entire catchment and sub-catchments

A and B, and (b) evolution of the predisposition classes with intensities.
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satisfactory results in terms of surface runoff. In total, 57

sprinkling experiments carried out on grassland and forest

soils with three different irrigation intensities were used to

up-scale surface runoff in the small catchment under

consideration.

Up-scaling runoff processes using TauDEM based on

sprinkling experiments gave more quantitative insight into

flow processes such as flow directions and runoff quantifi-

cation and traced the hydrological connectivity between the

zones of predisposition. Moreover, in-situ investigations are

needed in order to validate the runoff estimation at the catch-

ment scale.
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