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Abstract
To improve runoff predictions in ungauged basins (PUB), it is essential to better understand 
runoff formation. Experimental process studies provide key information for implementation 
in hydrological models. The aim of this thesis was to respond to questions associated with 
vertical preferential flow and lateral flow in hillslope soil. Major attention is dedicated to 
the shift from vertical flow (commonly termed “infiltration”) to lateral flow, which actually 
forms the transition from soil hydrology to hillslope hydrology.

To improve the understanding of flow formation at a 100 m2 hillslope study site, a longitudinal 
trench was excavated below the plot to measure subsurface flow components. Further, an 
innovative instrumentation of a Time Domain Reflectometry (TDR) triplet, containing three 
wave-guides, was introduced that allowed the determination of in-situ flow vectors during 
sprinkling experiments. The results revealed that vertical infiltration and its propagating 
fronts did not move truly vertically. The velocity vectors of the wetting fronts were generally 
gravity dominated and downslope orientated. Downslope direction (x-axis) dominated in 
deep soil close to bedrock, whereas no preference between vertical and downslope direction 
was found in vectors close to the surface. Limitations and uncertainties of the flow vector 
method are discussed. 

The observed orientation of flow vectors indicated apparent anisotropy within the soil. 
Therefore, the following characteristics were tested as controls on anisotropy: (1) small 
scale soil structure; (2) layering of the soil profile; (3) boundary conditions of flow; (4) 
initial conditions. To determine small scale soil characteristics, small scale core samples 
were analysed for saturated hydraulic conductivity in the vertical and horizontal direction; 
however, no small scale anisotropy was found. Further, initial condition and layering effects 
were tested using initial soil moisture content and soil structure characterization. The soil 
contained no evident layering within the soil profile. It was concluded that apparent anisotropy 
was caused by boundary conditions of flow, namely increased moisture content at the soil-
bedrock interface that caused changes of hydraulic conductivity across the soil layer. Such a 
change imposed curving of streamlines downslope, as measured by the TDR triplets. 

Characteristics of vertical and lateral flows were used to establish a conceptual model of how 
these flows were initiated and linked with each other to form subsurface flow. �referential flow�referential flow 
does not transfer the water directly and immediately from the soil surface to the investigation 
trench, because preferential flow is influenced and disrupted by the soil matrix. Thus, during 
flow formation, patches of localised saturation develop, from where preferential flow is re-
initiated. Water is therefore retained at such patches, and their extent determined how quickly 
flow is responsed at the trench. Once steady-state flow is established, preferential flow paths 
can be connected directly or indirectly via such patches of localised saturation. This includes 
a tendency to self-organize into larger preferential flow systems as sites become wetter, 
which has been noted by other researchers. Correspondingly, individual preferential flow 
paths can vary substantially with regard to flow velocity (time to concentration) and also to 
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general flow magnitude. Based on vertical and lateral flow analysis, it was shown, that both, 
the connectivity and relative flow path length of preferential flow, as well as the ability of 
the soil matrix to absorb water, determine flow rate and flow response of subsurface storm 
flow. These findings help significantly to improve flow predictions for similar ungaugedhelp significantly to improve flow predictions for similar ungauged 
hillslopes. 
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Zusammenfassung

Um Abflussvorhersagen in ungemessenen Einzugsgebieten zu verbessern, ist ein tieferes 
�rozessverständnis der Abflussbildung von Nöten. Experimentelle Studien liefern hierzu 
wichtige Informationen welche in hydrologische Abflussmodelle implementiert werden 
können. Den Fokus dieser Arbeit bilden Fragestellungen des vertikalen und lateralen 
Wasserflusses im Hangboden. Im Speziellen wird das Umknicken von vertikalem Fluss 
(meist als Infiltration bezeichnet) in einen lateralen Fluss dokumentiert, das zugleich den 
Skalenübergang der Bodenhydrologie zur Hanghydrologie kennzeichnet.

Um die Abflussbildung eines Untersuchungshanges (100 m2) genauer zu untersucht, wurde 
an dessen Fuss ein Quergraben ausgehoben, womit unterirdische Abflusskomponenten 
bestimmt werden konnten. Zudem gestattete eine neuartige Messanordnung von Time Domain 
Reflectometry (TDR) Messsonden die in-situ Bestimmung von Vektoren des Wasserflusses 
während den Beregungsexerimenten. Die Ergebnisse zeigten, dass die voranschreitende 
Feuchtefront der vertikalen Infiltration sich nicht vollständig vertikal bewegte. Generell 
waren die Geschwindigkeitsvektoren von der Schwerkraft dominiert und hangabwärts 
gerichtet. In grösserer Bodentiefe, nahe dem anstehenden Gestein, herrschte ein hangabwärts 
gerichtete Fliessrichtung vor. Oberflächennahe Vektoren hingegen wiesen keine eindeutige 
Richtungspräferenz auf. Die potentiellen Messfehler und Limitationen der Anwendbarkeit 
werden zudem diskutiert.

Die beobachtete Orientierung der Fliessvektoren deutet auf eine Anisotropie des Bodens 
hin. Diese Eigenschaft wurde hinsichtlich ihrer Abhängigkeit von 1.) der kleinskaligen 
(makroskaligen) Bodensstruktur; 2.) der Schichtung im Bodenprofil; 3.) von den 
Randbedingungen des Hangssystems; 4.) der Ausgangsfeuchte untersucht. Hierfür wurden 
kleine Bodenzylinderproben auf gesättigte hydraulische Leitfähigkeit in vertikaler und 
horizontaler Richtung analysiert. Die erwartete kleinskalige Anisotropie konnte nicht 
nachgewiesen werden. Sowohl der anfängliche Wassergehalt vor den Beregnungen, als 
auch die Bodenstruktur am �rofil zeigten ferner, dass die Hypothese einer Bodenschichtung 
verworfen werden muss. Weiterhin schied auch die Variante Systemvorfeuchte aus. Die 
Ursache für die scheinbare Anisotropie wird mit dem Randeffekt erklärt. In der Grenzschicht 
vom Boden zum anstehenden Gestein bewirkte der erhöhte Wassergehalt eine Änderung der 
hydraulischen Leitfähigkeit. Daraus resultierend kommt es zum Umknicken der Flussrichtung 
hangabwärts, wie bereits durch die TDR Messungen belegt wurde. 

Teil dieser Arbeit war des Weiteren die Analyse der Kenngrössen des vertikalen und lateralen 
Flusses im Hang. Sie ermöglichte die konzeptionelle Erfassung wie diese Flüsse, einmal 
miteinander verknüpft, zur Entstehung von schnellem unterirdischen Abfluss beitrugen. 
�räferentielles Fliessen bedingte nicht ausschliesslich einen schnellen und direkten Transfer 
von der Bodenoberfläche zum Untersuchungsgraben. Vielmehr wurde dieses schnelle 
Fliessen unterbrochen und von Matrixfliessen beeinflusst. Während der Abflussbildung 
entstanden somit gesättigte Zonen, die den Ausgangspunkt für erneutes präferentielles 
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Fliessen bildeten. �arallel wurde auch in diesen Zonen Wasser zurückgehalten. Massgeblich 
für die Schnelligkeit der Abflussreaktion im Untersuchungsgraben war die Ausprägung der 
gesättigten Zonen. Mit Einstellen eines stationären Fliessens konnten sich präferentielle 
Flieswege direkt oder indirekt über lokal gesättigten Zonen verbinden. Diese Tendenz 
zur selbstständigen Organisation hin zu grösseren präferenziellen Fliesssystemen mit 
zunehmendem Sättigungsgrad bestätigen die These anderer Autoren. Damit einhergehend 
differenzieren sich die individuellen Fliesswege deutlich in der Fliessgeschwindigkeit (Zeit 
bis zum Einsetzen des Abflusses) und der maximalen Schüttung. Aus den Analyseergebnisse 
des vertikalen und lateralen Flusses geht folglich hervor, dass die Anschlussfähigkeit 
und relative Fliesslänge des präferentiellen Flusses sowie die Absorptionsfähigkeit der 
Bodenmatix entscheidend sind für die zeitliche Abflussentstehung sowie die Abflussmenge 
von schnellem unterirdischem Abfluss. Die dargestellten Resultate tragen massgeblich zur 
Verfeinerung von modellbasierten Abflussvorhersagen von ähnlichen nicht bemessenen 
Hangflächen bei.
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Résumé

�our améliorer la prédiction des ruissellements dans les bassins versants non jaugés, il est 
important de comprendre leur processus de formation. Les études expérimentales fournissent 
des informations clé pour tout modèle hydrologique. L’objectif de ce travail est d’apporter 
des réponses aux questions relatives à l’écoulement/flux préférentiel vertical et latéral dans 
les sols pentus des bassins versants. Une attention particulière a été portée sur le changement 
du flux vertical (ou infiltration) en flux latéral, facteur de transition entre l’hydrologie du sol 
et l’hydrologie du bassin versant.

Afin d’améliorer la compréhension de la formation des écoulements dans un bassin versant 
expérimental d’une surface de 100 m2, une trachée transversale a été tracée en aval du site. 
De plus, des trios sondes TDR (time domain reflectometry) mesurant in-situ les composantes 
directionnelles de l’écoulement souterrain et équipées de simulateur de pluie, ont été installées 
sur le site. Dans cette pente, il a été montré que l’infiltration et son front de propagation ne se 
déplacent pas véritablement selon la verticale. Les vecteurs vitesse du front d’humectation 
sont généralement orientés selon la gravité et déviés dans la direction du bas de versant. À 
proximité du substratum rocheux, la direction d’écoulement privilégiée est sub-horizontale 
(vers l’aval), alors qu’à proximité de la surface, ne domine aucune direction. Les limites et 
incertitudes de cette méthodes des vecteurs sont discutés et mis en perspective. 

Les orientations des vecteurs d’écoulement mesurés ont mis en évidence une anisotropie 
dans le comportement du sol vis à vis de l’écoulement. Une analyse a donc été menée afin 
d’évaluer la pertinence des différentes explications envisageables : (i) la micro structure du 
sol, (ii) l’organisation pédologique en horizons ou couches, (iii) la nature des conditions 
aux limites et (iv) les conditions initiales. Dans un premier temps, la caractérisation des 
conductivités hydrauliques verticales et horizontales sur des échantillons de sol n’a pas montré 
d’anisotropie à petite échelle. Des études complémentaires ont indiqué que l’anisotropie 
apparente ne pouvait être expliquée ni par la structure du sol (absence de couches) ni par 
la distribution des teneurs en eau initiale du sol. Finalement, l’anisotropie apparente est 
attribuée aux conditions aux limites de l’écoulement. Celles-ci augmentent la teneur en eau 
du sol à l’interface sol-substratum rocheux et créent alors des changements de conductivité à 
travers la couche de sol. Ces changements provoquent le changement de direction des lignes 
de courant/flux vers l’aval du bassin versant, mises en évidence par les trios sondes TDR.

La caractérisation des écoulements verticaux et horizontaux ont permis d’établir un schéma 
conceptuel expliquant la naissance, la formation et l’interaction entre les écoulements 
souterrains aboutissant à l’écoulement de surface. Le flux préférentiel ne permet pas le 
transfert de l’eau directement et immédiatement de la tranchée, du fait que ce type de flux est 
interrompu par la matrice du sol. Durant la formation du flux, se développent des zones de 
saturation engendrant le flux préférentiel. Une fois le régime permanent établi, les écoulements 
préférentiels se connectent directement ou indirectement via les zones de haute saturation. 
Ce processus s’organise de lui-même dans tout le réseau des cheminements préférentiels au 
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fur et à mesure que le site devient humide, comme reporté dans la littérature. Par conséquent, 
les écoulements préférentiels peuvent varier substantiellement selon vitesse de réponse du 
flux et l’amplitude maximale du flux. Basé sur l’analyse de l’écoulement vertical et latéral, 
les paramètres déterminants l’intensité du flux et la réponse de la surface du sol à une averse 
sont: les connexions des écoulements préférentiels entre eux, leur longueur relative et enfin 
l’aptitude de la matrice à absorber l’eau. Ces résultats permettent d’améliorer la qualité de 
prédiction des écoulements dans des cas similaires de bassins versants non jaugés. 
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1.1 Motivation

“Hydrology is many things to different people. In many areas of the world it is the difference 
between life and death, flood or drought, plenty or famine” (Beven, 2006a). For Bernese 
people living in the floodplains of the river Aare, hydrology may make the difference between 
timely precaution and flooded assetss (Bundesamt für Geologie, 2005). 

River flood flows and water levels are a direct result of precipitation and catchment 
characteristics. Hydrologists have a wide range of tools based on the analysis of existing data, 
expressed as empirical relationships or calibrated hydrological models. �rediction of flow 
is a major challenge as it is subject to uncertainties (Beven, 2006a). For most catchments, 
the parameters of rainfall-runoff models cannot be obtained by calibration, as no runoff data 
exists (e.g. due to continual decline in hydrological gauging networks over recent decades, 
remoteness or inaccessibility). The general decline in gauging world wide causes a trend of 
currently increasing uncertainty associated with the prediction of water quantity (Sivapalan et 
al., 2005). The present thesis was initiated by these uncertainties in hydrological prediction. 

Experimental investigations into subsurface flow, which is an important contributor to stream 
flow in most upland catchments (review in Weiler et al., 2006), help to better understand 
runoff formation processes. Knowledge of hillslopes is an essential component required to 
estimate the rainfall-runoff response of an entire catchment to provide predictions. Using 
science to reduce uncertainty in the predictions of flows is therefore the motivation for the 
present work.

1.2 Approaches towards greater process understanding and 

integration

In 2003, right before the start of the present dissertation, the International Association of 
Hydrological Sciences (IAHS) launched a new initiative that emerged out of meetings in 
Maastricht (18-27 July, 2001), Kofu (28-29 March, 2002) and Brasilia (20-22 November, 
2002). It is the IAHS Decade on �redictions in Ungauged Basins (�UB) (2003–2012), aimed 
at

“formulating and implementing appropriate science programmes to engage and 
energize the scientific community, in a coordinated manner, towards achieving 
major advances in the capacity to make predictions in ungauged basins”  
(�UB, 2006; Sivapalan et al., 2003).

Ungauged catchments have long been considered as significant problem par excellence in 
hydrological prediction, but PUB also recognizes that it may not be possible to make entirely 
accurate predictions of the response to rainfall of ungauged catchment areas, since we will 
never be able to know the characteristics of those catchments in sufficient detail to allow a 
full description of the hydrology.

Recognizing the great diversity of interests and expertise of hydrologists, and the diverse 
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aims of prediction, PUB has adopted a philosophy of variety in terms of applications and 
prediction methods. The PUB science plan emphasizes a paradigm shift away from methods 
based on calibration towards methods based on increased understanding (Figure 1-2). There 
are many avenues towards gaining the required understanding (seven cohesive science 
themes mentioned in �UB, 2006). Amongst them, science theme 1 contains basin inter-
comparison and classification. Its objective is experimental process studies at many scales 
(see below) and the use of new types of observations and data that give deeper insights into 
hydrological processes. McDonnell et al. (2005) argued that new data sources and process 
concepts may form new measures of model acceptability, as the community moves away 
from traditional calibration-reliant model schemes to more process-based descriptions. 
McDonnell et al. (2005) concluded that measures of water flow path, source and age of 
water may help to constrain conceptualizations of runoff generation and thus help to reduce 
predictive uncertainty. Thus, innovation and the development and application of innovative 
instrumentation are crucial (Hopmans and �asternack, 2006).   

 

Calibration Process
Understanding

Gauged
Basins

Ungauged
Basins

PUB Initiative

Target 1: Improve
Existing Models

Target 2: Develop
New Innovative Models

Diagnostic Analysis and interactive Learning

   
Figure 1.2. Towards a paradigm change- from calibration to understanding. Adopted from PUB     

(2006).

Within science theme 1, the main engines of the research activities and progress are �UB 
working groups. These working groups are formed in a self-organizing manner, and 
overcome traditional boundaries of specialization (Sivapalan et al., 2005; Franks et al., 
2005). A �UB Working Group on Slope InterComparison Experiment (SLICE) was founded 
within science theme 1 “basin inter-comparison and classification” in September 2005 
(Retter, 2005). SLICE was built upon the growing interest in intercomparsion of hillslopes. 
A first workshop was held at H.J. Andrews Experimental Forest in Oregon, USA between 
September 26-28, 2005. It was convened and organized by Jeff McDonnell (Oregon State 
University), Jim Freer (Lancaster University), �eter Troch (University of Arizona), Kevin 
McGuire (�lymouth State University), and the author (University of Bern). Many of the 
40 hydrologist, who attended the meeting, had published experimental process studies of 
high scientific impact. The workshop allowed to exchange and compare data and therefore 
stimulated intense discussion on site similarities and differences. These discussions also 
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included the use of new types of observations. While the focus of the meeting was on 
trenched hillslopes (equipped with a trench at the bottom end of the hillslope to record 
subsurface stormflow), findings from hillslope where trenching was not possible were also 
discussed (e.g. steep mountainous regions). The workshop also allowed to give a presentation 
on the innovative measurement technique for vectors of subsurface flow used in the present 
dissertation. Finally, the participants developed a preliminary hillslope classification system 
(hillslope typology) and markedly enhanced process understanding which is essential to 
reduce predictive uncertainty of water flow in streams.

1.3 Experimental process studies at the plot and hillslope scale

Experimentation is defined by the adjustment of system variable(s) or parameter(s) of an 
experimental system with controlled boundary and initial conditions, to test a conceptual 
model. Because complete control is difficult in most natural hydrological systems, there 
are innovative surrogate settings to answer fundamental questions on infiltration, runoff 
generation, and water storage (Hopmans and �asternack, 2006). Sprinkling experiments are 
a common experimentation. Here, a square pulse of well defined water input is applied to a 
system whose initial conditions are well monitored.

Studies of runoff processes are generally conducted at three scales (Figure 1-3):

�lot scale: the smallest scale, which is a soil compartment or soil profile, 

 Hillslope scale: which concerned the mechanisms by which precipitation is delivered 
to the stream channel, and

 Catchment scale, whose integration captures the processes of the entire drainage 
basin. 

Figure 1.3. Spatial scales where runoff processes take place (adopted from Uhlenbrook and 
Leibundgut, 1997).

■

■

■
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Some important case studies associated with plot and hillslope scale are briefly summarized 
below.

Experimental process studies at the plot scale on infiltration identify the effect of preferential 
flows of water in soils. An early literature review highlighted features like the flow of water 
through a system of large pores that allows for fast flow (Beven and Germann, 1982). Later, 
various types of fluid mechanics approaches to preferential flow (Germann, 2001; Germann 
et al. 2002) were used, but the definition and classification of preferential flow is still under 
investigation (Gerke, 2006; Germann et al., 2007). Tracing of flow paths also helped to 
conceptualize the phenomena (Flury et al., 1994; Weiler and Naef, 2003). 

Many experiments at the hillslope scale have previously been performed (Anderson and Burt, 
1990; Smakhtin, 2002; Beven, 2006b). Germann (1990) described a sprinkling-drainage 
experiment of a hillslope that included tracer application and Time-Domain-Reflectometry 
(TDR, see below). A few studies have investigated soil lateral conductivity (Wood, 1999; 
Leibundgut et al., 1999; Lin et al., 2006). Flow above bedrock layers was e.g. described by 
Mosley (1979) and Gutknecht (1996). Later, others focused on lateral macropore/pipe flow 
processes, and thresholds and nonlinearities that are associated with flow-impeding layers 
(McGlynn et al., 2002; Tromp-van Meerveld et al., 2007; review in Weiler et al., 2006). TheMcGlynn et al., 2002; Tromp-van Meerveld et al., 2007; review in Weiler et al., 2006). The et al., 2002; Tromp-van Meerveld et al., 2007; review in Weiler et al., 2006). The 
author also investigated the connection of vertical and lateral flow pathways at the hillslope 
scale (Retter, 2003). This revealed a fast response of lateral pipe flow during rainfall events.pe flow during rainfall events. 
Water table levels were an important trigger for pipe flow. Unfortunately, unexpected small 
amounts of rainfall during the study hampered a proper investigation of the relationship 
between vertical and lateral flow pathways at the field site (Retter, 2003).

A more comprehensive literature review is provided for the specific research topics (chapters 
2 to 4).

1.4 Basics on measurement technique used and principles of 

investigation

The vector approach to subsurface flow of the present dissertation uses the Time-Domain-
Reflectometry (TDR) technique. An overview of the basics is given below. TDR transmits a 
quickly rising time pulse along the wave-guide. If the wave-guide is of a uniform impedance 
and properly terminated, the entire transmitted pulse will be absorbed in the far-end termination 
and no signal will be reflected back to the TDR. But where impedance discontinuities exist, 
each discontinuity will create an echo that is reflected back to the reflectometer (hence the 
name). Increases in the impedance create an echo that reinforces the original pulse while 
decreases in the impedance create an echo that opposes the original pulse. The resulting 
reflected pulse that is measured at the output/input to the TDR is displayed or plotted as a 
function of time for a given transmission medium (Dirksen, 1999;Evett, 2003).
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TDR is a standard (indirect) method used to determine soil moisture water content in porous 
media. Over the last two decades substantial advances have been made in TDR technique. The 
key to TDR’s success is its ability to accurately determine the permittivity (dielectric number) 
of a material from wave propagation, and the fact that there is a strong relationship between 
the permittivity of a material and its water content, as demonstrated in the pioneering works 
of Hoekstra and Delaney (1974) and Topp et al. (1980). Recent reviews and reference work 
on the subject include Roth et al. (1990), Topp and Ferre (2002), Robinson et al. (2003), and 
Topp, (2003). The TDR method is a transmission line technique that determines an apparent 
TDR permittivity from the travel time of an electromagnetic wave that propagates along a 
transmission line. Usually this involves two or more parallel metal rods being embedded in 
a soil or sediment. TDR probes are usually between 10 and 30 cm in length and connected 
to the TDR via a coaxial cable (Dirksen, 1999; Evett, 2003).

TDR together with infiltration experiments have been intensively used as a principle 
investigation tool within the Soil Science Section at the Department of Geography. Methods 
were refined during more than a decade of active research on infiltration experiments. 
�revious results on infiltration into undisturbed soils, rapid transient flows in soil, and 
preferential flow were based on soil moisture time series of high temporal resolution (e.g. 
Bürgi, 1994; Germann et al., 1997; Germann et al., 2002). Recently, a manual was developed 
at the section to facilitate the use of TDR along with infiltration experiments in research, and 
teaching (Alaoui, 2005).

1.5 Objectives and research questions 

This contribution deals with the plot scale and the hillslope scale. It was chosen because of 
previous experimentations respectively unsolved questions of the author (Retter, 2003) and 
most importantly because of updated recent objectives as stated in a research proposal (SNF, 
2004). 

Soil hydrologists deal typically with vertical preferential flow at the plot scale, whereas 
hydrologists dealing with flow processes at hillslope to catchment scales strongly consider 
rapid lateral flows. The rational of prioritizing lateral flow in hillslopes over vertical infiltration 
is based on the much longer lateral flow paths and residence times of the water when compared 
with its vertical soil passage. But indeed, the shift from vertical flow (commonly termed 
“infiltration”) to lateral flow may thus form the transition from soil hydrology to hillslope 
hydrology. With regard to the two principle directions in hillslope hydrology, vertical and 
lateral, the overall research question asks: What is the spatial orientation of subsurface flow 
within a hillslope soil? (SNF, 2004).

The objectives supersede a previous study on the connection of vertical and lateral flow 
pathways at the hillslope scale (Retter, 2003). In examining the spatial orientation of flow 
in a hillslope soil, a new approach consisting of three TDR wave-guides was chosen. As 
often, measurements and results are restricted to a praticular scale. In this thesis measures 
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of velocity are used because of their ability to easily upscale information. Velocities are 
used to characterize and compare flow in vertical and lateral directions. Such relationships 
and premises may help to upscale hydrological response in different environments and at 
different scales as outlined by Blöschl (2001, 2006). Lastly, the objective of the study was to 
evaluate suitable direct measurement techniques for the downslope subsurface fluxes. Beven 
(2006b) claimed this objective in a recent review on streamflow generation, that contained 
the heading “What is there still to learn about streamflow generation?”

1.6 Outline of the thesis
The present thesis contains three manuscripts (chapters 2, 3, and 4), followed by a synthesis 
(chapter 5). The specific objectives of the individual contributions are:

Chapter 2: Vectors of subsurface stormflow in a layered hillslope during runoff initiation 
by M. Retter, �. Kienzler, �.F. Germann

Introduces the measurement setup and provides answers to
 How “vertical” is vertical infiltration? 

 Can we find evidence for “bending of flow” from the vertical to lateral? 

 How does the velocity vector of the wetting front relate to runoff concentration time? 

What is the potential of the used setup to improve understanding of hillslope runoff?

Chapter 3:  The causes for anisotropy measured on a uniform hillslope layer 

by M. Retter, A. Rimmer, �.F. Germann

Analyses the results of chapter 2 and provides answers to and provides answers to
How to explain the field observation of downslope flow initiation? 

What are the causes for apparent anisotropy that was indicated by the direction of wetting 
front propagation?

Does a quantitative analysis of a simple 2D steady state model provide explanation of thequantitative analysis of a simple 2D steady state model provide explanation of the provide explanation of the 
field observations on anisotropy?   

Chapter 4: Use of vertical and lateral flow velocities to characterise subsurface flow 
formation on a grassland hillslope 

by M. Retter

�rovides hillslope scale results on flow velocities and provides answers to
What are the characteristics of vertical and lateral flow?

How are vertical and lateral flows linked together to trigger the formation    
and intensity of subsurface stormflow?

Chapter 5 (Synthesis).

■

■

■

■

■

■

■

■

■
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Abstract

The focus is the experimental assessment of in-situ flow vectors in a hillslope soil. We 
selected a 100 m2 trenched hillslope study site. During prescribed sprinkling an obliquely 
installed TDR wave-guide provides for the velocity of the wetting front in its direction. 
A triplet of wave-guides mounted along the sides of an hypothetical tetrahedron, with its 
peak pointing down, produces a three-dimensional vector of the wetting front. The method 
is based on the passing of wetting fronts. We analyzed 34 vectors along the hillslope at 
distributed locations and at soil depths from 11 cm (representing top soil) to 40 cm 
(close to bedrock interface). The mean values resulted as follows vx= 16.1 mm min-1,  
vy= -0.2 mm min-1, and vz= 11.9 mm min-1. The velocity vectors of the wetting fronts were 
generally gravity dominated and downslope orientated. Downslope direction (x-axis) 
dominated close to bedrock, whereas no preference between vertical and downslope direction 
was found in vectors close to the surface. The velocities along the contours (y-axis) varied 
widely. The Kruskal-Wallis tests indicated that the different upslope sprinkling areas had 
no influence on the orientation of the vectors. Vectors of volume flux density were also 
calculated for each triplet. The lateral velocities of the vector approach are compared with 
subsurface stormflow collected at the downhill end of the slope. Velocities were 25-140 
times slower than lateral saturated tracer movements on top of the bedrock. Beside other 
points, we conclude that this method is restricted to non-complex substrate (skeleton or 
portion of big stones). 

2.1 Introduction

For a wide range of hillslopes subsurface stormflow (SSF) is considered a major runoff 
generating process. For instance, Weyman et al. (1973) studied the direction and occurrence 
of the subsurface runoff component and found the following: Infiltration is driven by gravity 
and thus flow in slopes is dominated by vertical unsaturated movements towards the profile 
base, where lateral subsurface flow originates due to breaks in vertical permeability (distinct 
soil horizons or impermeable bedrock). They further argued that, once saturated conditions 
have been generated, lateral flow should occur, because the equipotential lines within the 
saturated soil will be nearly orthogonal to the gradient of the slope. The authors mentioned 
also that runoff response will be considerably delayed if water has to move first to the base 
of the soil profile, but lateral flow controls the magnitude of hillslope response. 

Harr (1977) used tensiometer plots to closer look at the magnitude and direction of water 
fluxes in a hillslope. Between storms the vertical flux component at the 10 cm-depth was less 
than the downslope (lateral) components, but similar during storms. Conversely, vertical flux 
components at the 70- and 130 cm-depths were inferior to the downslope components during 
storms but similar to downslope components between storms. Greminger (1984) calculated 
two-dimensional and Wheater et al. (1987) calculated three-dimensional soil water fluxes 
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from tensiometer data. They monitored lateral components during dry conditions and after 
high intensity rainfall. They also determined the triggering factors such as slope angle, degree 
of saturation, hydraulic conductivity of soil horizons, and rainfall intensity. Anderson and 
Burt (1978) illustrated the influence of contour curvature (three-dimensional) on moisture 
movement.

�referential flow in soil pipes occurs laterally above and within soil layers of lower 
permeability such as solid rocks and glacial tills or perched water tables (Sidle et al., 2000; 
Koyama and Okumura, 2002; Uchida et al., 2005). Beven and Germann (1982) considered 
infiltration, with its possible preferential flow, as driven by gravity. Buttle and McDonald 
(2002) investigated preferential flow systems in a thin soil at a slope by a combined approach 
consisting of TDR wave-guides and water/solute studies. The former measurement indicated 
vertical infiltration whereas the latter focused on lateral flow towards a trench. Both, matrix 
flow and preferential flow have to bend from mainly vertical to the predominant lateral 
direction. However, the processes leading to the pattern are poorly understood. Sherlock 
et al. (2000) discussed the necessity to include the general uncertainty associated with 
hydrometric techniques in the subsurface (e.g. calculation of hillslope flow paths).

We present the results of an investigation on the direction of flow at the hillslope scale. We 
focus on the direction of the infiltration fronts that are associated with sprinkling and that 
lead to runoff. The objectives of this paper are:

 How “vertical” is vertical infiltration? 

Can we find evidence for “bending of flow” from the vertical to lateral? 

 How does the velocity vector of the wetting front relate to runoff concentration   
 time? 

 What is the potential of the setup, to improve understanding of hillslope runoff?

2.2 Study site

The hillslope site was located at Lutertal, community of Reiden, northern Switzerland. We 
consciously selected a site where lateral SSF is likely to occur. An illustration of the study 
site is provided in Figure 2.1. Average annual precipitation at the site is 1056 mm. During 
the past 30 years the site has been under grassland. �rior to all experiments on the meadow 
we mowed the gras down to 5 cm. The slope angle α was 13.5°. On it we randomly chose 
a 12x16 m2 plot. We marked the sidewise and top borders on the surface to determine the 
sprinkling area of 100 m².  At the bottom end of the plot we excavated a trench down to 
the bedrock.  The soil consisted of a top Ah-horizon (0-8 cm) and a sandy loam B-horizon 
with an average depth down to 45 cm. The particle size distribution in the B-horizon was  
20% sand, 53.1% silt, and 22.9% clay by weight. �acking density within the 25 cm of soil 
depth amounted to 2 g cm-3 and increased to 3 g cm-3 for the layer down to 40 cm. Rooting 
depth of the grass was down to about 10 cm soil depth.

i)

ii)

iii)

iv)
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We observed vertical macropores within B-horizon at the trench face, mostly created by 
earthworms (Lumbricidae). Macropore density in the B-horizon was 248 per m2. Further, 
small lateral soil pipes (diameter 3-8 mm) occurred at the transition between the B-horizon 
and bedrock.  

The underlying bedrock is composed of siltstone (Molasse) with reduced hydraulic 
conductivity. We detached a siltstone cube by a saw and performed laboratory experiments. 
During sprinkling experiments (intensity =12 mm h-1) onto the top surface the propagating 
wetting front was measured by TDR wave-guides. The velocity amounted to 1.4 mm min-1 
(surface to depth of 3.5 cm) and 0.16 mm min-1 (surface to depth of 9.3 cm). No wetting 
arrived at 13 cm depth during 1 hour of sprinkling. (I. Willen-Hincapié, University of Bern, 
pers. comm.). 

 

Figure 2.1. The Lutertal study site on a grassland slope in northern Switzerland. Note the brownish 
trench face which was excavated at the bottom end of the instrumented 100 m2 plot. 

2.3 Methods

Germann and Zimmermann (2005a) applied a novel approach to two sprinkling experiments 
at the 1-m2-plot scale. This is now extended to the hillslope scale.

2.3.1 Basics on TDR application

Obliquely installed TDR wave-guides record the temporal increase of volumetric soil 
moisture θ [m3 m-3] when the wetting front moves across. This increase between the initial 
volumetric soil moisture θini and the maximum volumetric soil moisture θmax is outlined for a 
single TDR wave-guide in Figure 2.2. In a further step, the direction of the vector component 
is set equal to the one of the wave-guides. The steady advancement of the wetting front 
during the interval tU to tL yields:  
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Figure 2.2. Schematic representation of an obliquely installed wave-guide, a downwards travelling 
wetting front (up) and the linear increase of θ as the wetting front moves steadily (below). 
tS indicates end of sprinkling. 

The index i ∈  (e, t, s) refers to the wave-guides, Figure 2.3. The procedure is repeated for the 
two other wave-guides. Figure 2.3 shows the installation of one triplet, containing three TDR 
wave-guides, which are orthogonally aligned to each other. Figures 2.3 and 2.4 show the 
arrangement of the wave-guides in the coordinate system. The vector sum (norm vector) is:

²²² zyxtot vvvv  ++=       (3)

²²² zyxtot qqqq 
++=       (4)
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View in the direction of contour View in the direction of contour gradient

Definition of axis

Trench face

α

s

Figure 2.3. Definition of axis (top left) and scheme of mounting a triplet of TDR wave-guides in a 
hillslope soil by its different views. Probes (black) are attached to aluminum pipes (dark 
grey). Note that y-axis becomes positive towards right and negative towards left. And  
z-axis becomes more positive with increasing depth.

The representative sampling volume of a TDR wave-guide depends on the geometry of the 
probe, essentially the geometric factor. Decreasing the length of rods decreases geometric 
factor, making them less susceptible to electrical conductivity  interference. Thus, for 
technical reasons, there is an optima between the accuracy of travel time measurement and 
conductivity losses. It is suggested for field measurement that wave-guides have a length 
between 0.15 m and 0.30 m (Robinson et al., 2003). Besides, for the vector method in particular 
the following applies: The longer the wave-guides, the less sensitive the measurements will 
get. On the other hand, the longer the wave guides the larger the control volume for assessing 
the vectors. In the end ease of installation, guaranteeing correct position of the rods, was 
found to be decisive. 

2.3.2 Instrumentation

TDR wave-guides 

One TDR wave-guide consisted of two l = 0.15 m long, parallel stainless steel rods, 
30 mm apart and each 5 mm in diameter. The TDR wave-guides were electrically connected 
with a 50 Ω coax cable to a SDMX 50 coaxial multiplexer and further to a Campbell TDR 
100 device, which generated the electrical pulses and received the signals. Both units were 
controlled by a Campbell CR 10x micro logger and the measurement interval was set to 90 s 
to more closely record the breakthrough of the wetting. The time resolution was the highest 
possible for the setup used.
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We distributed ten triplets of TDR wave-guides across the hillslope, Figure 2.4. The rotation 
symmetric head of a wave-guide was attached to an aluminum pipe, whose outer diameter 
was smaller than the one of the probe (Figure 2.3). To install wave-guides we drilled holes 
using a soil auger and a supporting precision tripod. We put the wave-guides into the drill 
holes and then pushed them into the last 15 cm of soil. For that we also used the tripod 
with its guide rail. We carefully paid attention to avoid gaps between steel rods and soil 
(Gregory et al., 1995) and to avoid changes in soil structure (Rothe et al., 1997). Finally, 
the remaining drill hole space was sealed with bentonite. The depth, L, of triplets (see 
Figure 2.2) ranged between 11 cm (close to soil surface) and 35 cm (towards the boundary 
of soil-bedrock). A further deep installation of triplets was not possible, because there was 
a gradual transition from B- to C-horizon. This did not allow an installation between 35 and 
40 cm soil depth. We located triplets in the way that sprinkled upslope contributing areas 
varied. Supplementary, a few oblique TDR wave-guides, called L1 – L6, were installed  
2-4 cm above the bedrock interface right into the trench face. We aligned those wave-guides 
within the plane formed by the h- and y-axis and situated them with an angle of 45° to the 
x-axis. Sheet metal canopies (20 x 35 x 0.4 cm) were pushed into the soil above L1 – L6, but 
still parallel, with a space of 10 cm between L and the canopies. Thus, they protected each 
of the six wave-guides against flow in z-direction. This setup allowed a direct measurement 
of the established lateral wetting front along the h-axis and on the bedrock interface, where 
SSF is likely to occur.  
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Figure 2.4. Instrumentation and setup of TDR triplets on the hillslope. Left: top down view; right: view 
in the direction of contour (profile).
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To calculate volumetric water content, we used the transfer function by Roth et al. (1990), 
who separated the impacts on the dielectric number of the wave geometry from the soil 
properties such as bulk density and the content of clay in organic matter. For calibration prior 
to the installation in the field, each wave-guide was totally submerged and the corresponding 
dielectric number was set equal to the volumetric water content of 1 m3 m-3.  

Sprinkling

The entire 100 m2 hillslope segment was artificially sprinkled until SSF reached steady state. 
In order to account for different runoff concentration times we applied varying intensities 
and durations of sprinkling. We performed the following experiments: 11.5 mm h-1 for 
13.08 h, 19 mm h-1 for 5 h, 35 mm h-1 for 3.08 h, and 56 mm h-1 for 3.5 h respectively. This 
range was achieved by different pumping pressures and two kind of systems: a sprinkler 
(design: Gardena) and a nozzle system by Rain Bird. Two automatic rainfall gauges, 
seven distributed rainfall samplers (manually checked every hour) and a water meter (sum 
normalized by measured sprinkling area) allowed the input to be calculated precisely. Prior 
to experiments we installed a vestibule around the site and also optimized the homogeneity 
of intensity distribution by several tests-runs. For details on the spatial distribution within 
the hillslope see appendix (page 38). 

We also conducted sprinkling experiments on 1-m2 subplots. These concerned triplets A-E. 
The rain simulator here consisted of 100 nylon tubes with inner diameters of 2 mm, which 
were mounted in a 0.1 x 0.1 m square pattern through a square of sheet metal of 1 m x 1 m. 
A gear moved the suspended sheet metal backwards and forwards ±50 mm in both horizontal 
dimensions such that it took approximately 1800 s for one tube outlet to return to the same 
spot. Distance between releases of drops down to the soil surface was 0.5 m. Controlled 
water supply was from a pump via a manifold to the tubes. 

In addition, data of three natural storms were included in the analyses. The small storm 
on 30/05/2005 lasted 50 min with a total sum of 9.6 mm. The rainfall on 26/10/2004 was 
characterized by a widely distributed amount of 12.8 mm during daylight hours. We classified 
two events with a mean intensity of 3 mm h-1. The maximum observed intensity on that day 
was 2.8 mm per 10 min. 

Tracer experiments

We carried out two kinds of tracer experiments to track SSF. First, during sprinkling application 
to the entire slope, Dirac delta spikes using the flourescence dyes �yranin, Naphtionat and 
Uranin were fed into the sprinkler at early, mean, and late times. Flow in the hose towards 
the sprinkler was turbulent, ensuring that the tracer was well mixed by the time it reached the 
sprinkler or the nozzles. Tracers moved through the soil system and we took samples directly 
at the trench face to get tracer travel times. 
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Second, piezometer holes were used as two line sources of salt tracer (bromide, 
chloride) directly above the soil-bedrock interface at 4 and 8 m upslope of the trench  
(see Figure 2.4). The tracer was quickly injected. We collected separate series of samples 
at the trench face (diffuse matrix flow), directly at the outlet of individual soil pipes and in 
summary at the tipping buckets. This allowed tracer front velocity to be calculated. It was 
determined by distance divided by time of first arrival minus the time of injection. Thus, it is 
a direct measure of presumed lateral flow along the bedrock. 

Generally, the time interval of sampling was 60 s at the trench face and for total SSF, until 
flow stopped. We averaged the calculated tracer front velocities from different soil pipes in 
order to get mean travel times through the hillslope system. 

Piezometers and monitoring of flow

The site had twelve piezometers, which reached to the bedrock at the bottom end. The inner 
diameter of the tube was 3 cm. At five piezometers a pressure transducer allowed automatic 
readings of water levels, and eight served as the tracer source (Figure 2.4). Additionally, we 
collected SSF in the trench by a led chamfer in the sandstone. Tipping buckets measured 
the SSF right next to the end of the trench. Metal sheet flow gutters allowed us to collect 
overland flow on the surface of the grassland hillslope. We also measured it by 100 ml 
tipping buckets.

2.4 Results

A total of 123 passages of wetting fronts were recorded by TDR wave-guides. They were 
generated either by 1-m2 subplot irrigation, entire sprinkling of the hillslope or natural 
rain events. Figure 2.5 shows a breakthrough of wetting at the TDR wave-guides of one 
triplet. For all data the increase in soil moisture averaged to 6.2%vol. We analysed the rise 
of θ(t) between θini and θmax by linear regressions. The coefficients of determination, R2, 
exceeded 0.9 for 66 wetting fronts and we approximate constant wetting front velocities for 
the progressing wetting front. We ignored 21 wetting fronts, as they were not a complete 
set of the three components. Thus, we used the increasing wetting phase for the assessment 
of v and q (according to Equation 1 and 2). From the total number of velocities at the TDR 
wave-guides, 34 datasets on triplets (equal to 102 single velocities) were finally derived. To 
enhance eadability velocities are reported in mm min-1. Table 2.1 lists the components of 
the vectors that are described by the means vx= 16.1 mm min-1, vy=for -0.2 mm min-1, and 
 vz= 11.9 mm min-1.                       
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Figure 2.5. Time-series of volumetric soil moisture for the three TDR wave-guides e, t, and s of 
triplet E in 11 cm depth on 27/05/2005 (ID #15). A continual, linear increase of soil 
moisture between θini and θmax is assumed. The analysed coefficients of determination for 
these slopes are mentioned next to the graphs. 

 

 

 

Table 2.1. Components of velocities and volume flux densities in spatial xyz-space for triplets during 
different sprinkling events. 
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The velocity of wetting within the soil are six orders of magnitude faster than in the underlying 
bedrock. This shift of velocities caused water to accumulate at the soil bedrock interface. 
Water generated lateral flowpaths on the sloping bedrock interface within the hillslope. 

Vectors of the triplets A, B, and C from repeated 1-m2 subplot sprinkling events on equal 
intensities were analyzed by paired sample t-tests. Since the significant value for all three 
cases is around 0.29, we conclude that the results are reproducible for the same sprinkling 
intensities and thus no change in xz-direction occurred.

Correlations between the different depths of the triplets and vector sum vtot were not detectable 
(R2=0.42, n=33). No significant relation was found between sprinkling intensity and either 
vtot for all data (R2=0.25, n=33) and neither one found for sprinkling intensity or the spatial 
orientation of the velocity vector.

Initial soil moisture conditions varied over 11%vol for all data and 5%vol for all data 
generated by hillslope sprinkling experiments. The higher θini, the less data are available up 
to “wet” conditions for a precise determination of slope of θ(t) between tU and tL. Thus, we 
got best fitting results for the slope between tU and tL when the initial hillslope system was 
driest (ID # 12-16). We tested correlations of θini conditions with vtot and also with the amount 
of soil moisture increase during infiltration. For both cases no significant correlations were 
found. 

The time series of θ after sprinkling showed an extended tailing of up to 4 days until initial 
soil moisture conditions were reached again. This pattern was more dominant for deep 
triplets and for the experiments in November (ID # 1-11), when transpiration was negligible. 
The long-tailed pattern is shown in Figure 2.5.

An overview of all vectors is given by 2D hillslope slices (Figure 2.6). The results are plotted 
in a linear scale, although dimensions differ over two orders of magnitude. 
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Figure 2.6. Resulting velocity vectors of the wetting front at various triplets on the hillslope. Vectors 
are not shown in arrow format but point format. Given ID numbers refer to information 
provided in Table 2.1. The graphs are embedded in “physical” descriptions to support 
orientation on the different views.  

(b) 
View from top down onto soil surface

(c)
View in the direction of contour gradient

(a) 
View in direction of contour
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2.4.1 Analysis of x- y- z- velocity components during infiltration towards 
the spatially dominant direction

Of main interest is the view in the y-direction of contours i.e., looking at the x-z plane in 
our notation, Figure 2.6a. The ID numbers and corresponding alphabetic code refer to the 
location of triplets on the hillslope. All vectors show a downhill component. The dominance 
of the z- against the x-components was checked with a t-test for all data (see Table 2.2).  
A significance value of the test of 0.1 was selected because the pattern should trace clearly. 
�resuming this significance value, we could not find z- or x-components dominating except 
for the vectors at depth ≤ -28 cm and ≤ -35 cm where the x-components exceeded the  
z-components (see bold numbers). Even so, the mean angle of the resulting two vectors is 
11° and 18° steeper than the h-axis. Thus, we do not consider the orientation of the wetting 
front as to be fully lateral. 

Table 2.2. Values of t-test to analyse x- and z-components for the dominating direction of the resulting 
vector. 

The observed direction in the xy-plane (Figure 2.6b) is widely aligned around y=0. By 
means of the t-test, a dominating x-direction (a downhill force rather than a spreading along 
the contours) is proposed. This is confirmed by a strong significance value of 0.05. The fast 
velocities (ID # 11, 15, 16) concerned the shallow triplets K and E, where the upper end of 
TDR rods is situated merely in 5-10 cm soil depth. Thus they are are within easy reach for 
the wetting. Amongst fast velocities ID 12, 22 and 31 correspond to deep triplets A and C.

The yz-view (Figure 2.6c) reveals the dominance in the z-direction, which is supported 
by a significant value < 0.05 (t-test). The above mentioned fast velocities at the shallow 
triplets also trace in this view. In summary, the wide spreading distribution along the y-axis 
is characterised by a mean velocity of -1.1 mm min-1 and showed a coefficient of variation  
of  -8.4. We use the latter descriptor to characterise the heterogeneity in the soil.
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As triplets B, C, F, and J are located at the same depth, we also addressed the question of 
the effects of differing upslope sprinkling area on orientation. Using data from 11 mm h-1 
sprinkling, we analysed the resulting vector of the infiltration front for xz-components. The 
Kruskal-Wallis test (Kruskal and Wallis, 1952) indicated that the ratings of the resulting 
vector (its orientation towards a lateral component) did not differ with the upslope sprinkling 
area (chi-square= 3, asymp. sig. = 0.392).

The question of scale: do vector components for the same triplets differ between 1-m2 
subplot sprinkling and hillslope sprinkling? This could merely be investigated for given 
intensities of 55 mm h-1 and given equal antecedent soil moisture for triplets A and C, where 
we emphasised the xz-components. Here, we refrained from applying a test, as the sample 
size was too small. But from a visual check of Figure 2.6 the direction of the wetting front 
changed moderately between the two types of sprinkling.

The lateral vectors of SSF at the trench face were analysed on the basis of the mean 
average of L1 to L5. For the 1-m2 subplot sprinkling events ID # 21, 22 it amounted to  
2.5 mm min-1.  And for the entire hillslope event on 14/06/2005 the front velocity was calculated  
to 4.6 mm min-1.

2.4.2 Time to concentration of runoff and tracer travel times

SSF, initiated by sprinkling, flowed into the trench through up to nine soil pipes. Except 
two (where L2 and L3 were installed) all flow pathways where not visible until the first 
runoff indicated an active pipe. These horizontal preferential pathways contributed almost 
the total SSF. As proved by visual observations very little percolation out of the matrix 
occurred. Pipe outlets were located close to the soil-bedrock interface showing the existence 
of microchannels according to Sidle et al. (2001). The same soil pipes were repeatedly active. 
The characteristics of the SSF as time to concentration and mean tracer velocity are shown in 
Table 2.3. Time to concentration of SSF, calculated as lag time between start of sprinkling to 
start of SSF, varied between 43 and 120 min. It depended on sprinkling intensity (R2=0.98). 
Table 2.3 also shows the accumulated charge of sprinkling (initial loss) until SSF occurred. 
We detected a weak proportionality with sprinkling intensity.

During sprinkling five Dirac delta pulses of tracer allowed travel times to be measured 
from the first tracer arrival at the trench face. For saturated conditions, as indicated by 
the piezometers, it amounted to around 7 min (Table 2.3). Thus, tracer travel times during 
wet conditions and active runoff at the trench were 5 to 10 times faster than initial time to 
concentration of flow. During almost initial conditions on 14/06/2005 when one tracer was 
fed into sprinkling 20 min past start of sprinkling, the tracer travel time was 80 min, which 
was similar to the time to concentration (74 min).  
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Table 2.3. Characteristics on the generation of subsurface stormflow (SSF) and results of tracer 
applications.

Line source salt tracer experiments at a distance of 8 m from the trench were carried out, 
when piezometers indicated saturated conditions (10-15 cm) above the bedrock interface. 
The tracer front velocity was 658 mm min-1. For the same conditions tracer front velocity for 
the 4 m tracer line amounted to 375 mm min-1. 

We also calculated volume flux densities according to Eq. (2) which also resulted 
in a three-dimensional vector. This was needed to get the vector sum qtot, which 
ranges between 0.9 and 61.6 mm min-1 (Table 2.1). The mean value of  qtot is  
13.4 mm min -1.

2.4.3 Water balance calculations

The water balance in Table 2.4 summarizes that the input for the three sprinkling experiments 
varied between 97.5 and 199 mm. Overland flow was 2.2 mm for the small sprinkling  intensity 
and reached 53.4 mm at the highest intensity. In contrast SSF decreased with increasing 
sprinkling intensity. We quantified losses between 22.5 and 62 mm.

Table 2.4. Waterbalance for sprinkling experiments.
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2.5 Discussion

The vectors are reproducible in repeated experiments, which is in accord with Germann and 
Zimmermann (2005a). The direction of the vectors also matches well with the data of the 
previous study. The velocities of both experiments show the same magnitude, although soils 
are different. The bending of vectors, due to the considerable amount of soil moisture from 
the run 1 or 2 days before, which Germann and Zimmermann (2005a) showed, could not be 
observed in these data. This is because repeatable sprinkling events here were far apart from 
each other in time. 

2.5.1 Discussion of temporal patterns

Here, we emphasize the discussion of temporal hillslope response, concentration times and 
the link to velocities calculated by the triplets. Looking at the lateral velocity of the wetting 
front (determined as h-component at waves-guides L1 – L6 and at triplets close to bedrock 
interface) and the travel times obtained by tracer data during steady state conditions we 
conclude: The lateral velocities (along h-axis) of first line source tracer arrival onto the 
bedrock are between 140 and 80 times higher than for the vector of wetting front. The 
difference is obvious as conditions shift from unsaturated to saturated for this shallow layer 
onto the bedrock while discharge at the trench face occurred. Note further, that we took 
tracer samples directly at the outlet of the soil pipes. 

Our observations of temporal patterns in the unsaturated zone are different from rapid 
pore pressure responses and the direct control of timing and magnitude of peak discharge  
(Torres et al., 1998). 

2.5.2 Uncertainties and limitations involved in the approach 

A major concern in the application of this approach at the Lutertal field site is the dominating 
runoff generation mechanism. The lateral SSF is delivered by preferential flow in soil pipes 
occurring at the trench face. For the z-direction we mentioned existing vertical macropores 
within the sandy loam B-horizon. Thus vertical infiltration, is a combination of preferential 
pathways and homogenous matrix infiltration. It is likely that water bypassed the wave-
guides with their lengths l of 15 cm. In this exercise we showed that 21 out of 123 passages of 
wetting fronts wetting were excluded and concerned some kind of preferential flow pattern. 
Up to now, the length of the TDR wave guide has not been changed. We will work on that 
task in upcoming investigations in order to sufficiently trace preferential flowpaths.

The results presented concern the moment of initial infiltration and the first wetting of soil. 
They provide evidence for „bending of flow“ from a vertical to a lateral component, which 
was seen in Table 2.2, last row. But an obvious lateral vector, aligned on the h-axis is not 
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supported by the data. We may further question: a.) Why was there no significant change 
of h-components as the upslope contributing area (catchment area) increased and b.) why 
was there a minor dominance in x- or h-direction for deep triplets, although SSF occurred?  
To answer these questions we must highlight the fact that lateral flow is delayed with respect 
to infiltration. And second, after the infiltration front passed by, the system shifted to saturated 
conditions. For this point the TDR technique in general does not allow extraction of any 
further information on the volume of flux passing by. This is a major restriction of the vector 
method. 

In order to compare average volume flux density q by the TDR wave-guides with discharge 
data from the trench, we assessed the representative elementary cross-sectional area (RECA). 
A discussion on that was introduced by Germann and Zimmermann (2005a) who determined 
the bottom area of the truncated tetrahedron to 0.02 m2. The sampling volume of TDR wave-
guides is widely modelled by numerical approaches (Ferré et al., 1998; Ferré et al., 2001) 
which may help to get a cross sectional area corresponding to the volume flux density of 
the triplet. In a first assumption the projection of the TDR rods might be used. Comparisons 
between q at the triplets and a calculated flux density at the trench face (16x0.45 m2) for 
steady state SSF stress the time scales of both measures.  

2.5.3 Further steps

Concluding the last sections we see a need to verify the approach presented here and 
quantitatively link it to discharge data. One useful option to elucidate this is a flow transport 
model. This would allow comparing the velocity information at triplets and the SSF gauging 
with the modeled numbers of both measures. On the other hand, the data provided in this 
work focuses on the wetting front. For this, kinematic wave approximations for subsurface 
flow in hillslopes are simple but efficient solutions. Here, we see an useful link to the work 
of Cabral et al. (1992) who showed in their Figure 2 the dimensional analysis of unsaturated 
flow and its x, z, and volume flux-vectors. 

Further, to gain understanding of postponed lateral flow and recorded bending of flow, we 
must extend the approach and integrate data from the decreasing limb of soil moisture. For 
the steady state experiments performed, the shape of the recession limb did not allow us to 
extract more information because of the long tailing of θ. 
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2.6 Conclusions

We could find the following answers to our questions:

Vertical infiltration and its propagating fronts do not move truly vertically, as we 
have shown in this exercise. None of the vectors was an exclusive z-component. Soil 
heterogeneity causes deviation up to an angle of 67° from the z-axis.

The approach presented allowed us to determine the spatial direction of 
 the advancing wetting front. This is restricted to the first passage of the wetting     
 front! Thus, up to now the approach is insufficient to fully demonstrate the  
 “bending of flow” because there is a time delay between infiltration and the lateral 
 components. However, several deep triplets provide evidence for lateral  
 components as discussed above.

For the Lutertal field site we gained knowledge that lateral saturated tracer       
 movements on top of the bedrock are 25-140 times faster than lateral unsaturated  
 zone velocities of the wetting front. The vector velocities ranged in from 0.1 to  
 89 mm min-1. Time to concentration was sprinkling rate dependent and ranged between  
 43 and 120 min for the site. No significant relation was found between concentration  
 time and lateral velocity or the vector sum vtot.

This method is restricted to non-complex substrate (skeleton or portion of big stones) 
to install TDR wave-guides. A plane bedrock topography with its similarity to the  
 simple surface topography is of further help. This method is restricted to the first 
wetting front arriving while sprinkling or a rain storm occurs. The uncertainty of 
this method, e.g. dominance of preferential pathways during runoff, questions the 
transferability of l=15 cm wave-guide information towards a hillslope of 100 m2. 
Quantitative comparisons between measured outflow at the trench and volume flux 
at the triplet are not possible to date. We believe that there is useful information 
included, but there is a need to extend the approach. 
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Appendix 

Sprinkling intensity measured by seven randomly, spatially distributed point measurements 
on the hillslope. Mean and standard deviation of the data are provided in the lower right 
corner. Data concern the experiment on 03/11/2004.
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Abstract 

This paper investigates downslope vadose flow on a hillslope. Speed and direction of wetting 
front propagation was obtained by an the TDR triplets method that indicated anisotropy 
within the soil. Therefore, the following characteristics were tested as controls on anisotropy:Therefore, the following characteristics were tested as controls on anisotropy: 
1. small scale soil structure; 2. layering of the soil profile; 3. boundary conditions of flow. 
To determine small scale soil characteristics, small scale core samples were analysed for 
saturated hydraulic conductivity in the vertical and horizontal direction; however, no small 
scale anisotropy was found. Further layering effects were tested using initial soil moisture Further layering effects were tested using initial soil moistureFurther layering effects were tested using initial soil moisture 
content and soil structure characterization. The soil contained no evident layering within the 
soil profile. Initial soil moisture did not contribute to anisotropy. Anisotropy was most likely. Initial soil moisture did not contribute to anisotropy. Anisotropy was most likely 
caused by boundary conditions of flow due to increased moisture content at the soil-bedrock 
interface that increased the hydraulic conductivity across the soil. The change curved the 
streamlines downslope, as measured by the TDR triplets. The work also addresses questions 
of scales of hydraulic conductivity, soil moisture and flux measurements. The experimental 
setup could have significant implications for studies on anisotropy in the field and help to 
better understand bending stream lines and downslope flow initiation. 

3.1 Introduction

Most landscapes, natural or cultivated, are nonlevel. As water infiltrates vertically into 
nonlevel soils, it often changes direction to lateral flow. Particularly for hillslopes, soil profile 
observations are not easily associated with the phenomena of bending stream lines from 
vertical to downslope flow direction. So far, field observations of infiltration have hardly 
resolved flow directions in unsaturated soils. 

Increasing interest has been directed to hydraulic properties in sloping landscapes. Casanova 
et al. (2000) studied the influence of aspect and slope on hydraulic conductivity, measured by 
a tension infiltrometer. A destructive hillslope infiltrometer was introduced by Mendoza and 
Steenhuis (2002), while Brooks (2004) measured lateral saturated hydraulic conductivity 
using a hillslope-scale experiment. A further experimental study (Bodhinayake et al., 2004) 
found that both, tension and double-ring infiltrometers are suitable for the characterization of 
soil hydraulic properties in landscapes with slopes up to 20%. Recent efforts also improved 
hydrological modelling of flow in sloping soil layers. Hjerdt et al. (2004) developed a 
downslope index that allows quantification of downslope influences on local drainage. Chen 
and Young (2006) adapted the Green-Ampt equation to slope effects, and Akylas et al. (2006) 
presented an analytical solution to planar flow in sloping layers as a linearized extended 
Boussinesq equation. Nevertheless, problems arise due to the fact that modelling attempts 
lack support by diverse field observations.

A new method to measure the speed and direction of wetting front propagation in sloping 
soils was introduced by Germann and Zimmermann (2005). The experimental approach was 
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based on TDR wave-guide measurements. Three wave-guides were mounted along the sides 
of a hypothetical tetrahedron, with its peak pointing down. Such a “triplet” recorded the 
three-dimensional propagation of the wetting front, which resulted in the vector of wetting 
front velocity and direction. Using coordinate transformation, vertical and horizontal flow 
initiation components were derived. Retter et al. (2006) applied this method to a 100 m² 
hillslope section of shallow soil above an impermeable layer of bedrock. During prescribed 
sprinkling experiments the resulting vectors were recorded for ten triplets in various depths. 
They found that vertical flow direction dominated wetting front vectors of velocity close to 
the soil surface, whereas downslope direction dominated wetting front vectors close to the 
bedrock. 

In this work, we relate measured vectors of flow reported by Retter et al. (2006) to aspects of 
hydraulic conductivity and anisotropy of shallow unsaturated soil layers. These considerations 
enhance the understanding of anisotropy and its field scale implementation. Our explanation 
is mainly a qualitative attempt to explain the anisotropy of the soil layer at the hillslope study 
site. The quantitative analysis (Appendix, page 58f) was limited to a simple 2D steady state 
model of unsaturated flow conditions within a hillslope layer, which explain the extended 
definition of anisotropy. 

3.2 Theory of Anisotropy

The hydraulic conductivity, K, of a porous media, defined by Darcy’s (1856) Law, is called 
non-uniform if there is a change of K within the domain of porous media, and is anisotropic 
if K is a function of the direction. An equivalent definition of anisotropic K is a point within 
the domain where the vector of the driving force (hydraulic gradient φ∇ ) and the vector of 
flux q are not in the same direction. While K is scalar for an isotropic soil, the hydraulic 
conductivity of an anisotropic soil depends on the flow direction, and Darcy’s Law for 2D 
flow is then expressed as

Here q is a 2D flux vector, K is the hydraulic conductivity symmetrical tensor and  is the 
hydraulic head. For our discussion, two definitions are proposed:

A. Small scale anisotropy (U) which is often referred to as macroscopic anisotropy (Glass 
et al., 2005; Khaleel et al., 2002), is the anisotropy which can be defined in a scale less then 
several centimetres, and can be measured on samples of this size.

B. Average anisotropy ( U ): Anisotropy defined in large scale porous media which cannot 
be measured on samples of the size mentioned above, or anisotropy measured on a non 
uniform medium.
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In a soil layer with a finite thickness, there are three causes for average anisotropy: 

B1. Small scale anisotropy: The hydraulic conductivity is strongly connected to the 
distributions of pore size and shape of pores in the soil, and thus with soil structure. Anysoil structure. AnyAny 
slight directional difference in the arrangement of the soil particles and soil aggregates, 
resulting from compaction or differential settlement, may render the soil anisotropic with 
respect to its hydraulic conductivity (Bear 1979, pg. 31). The structural formation effects both 
swelling and shrinking processes of soils, and the direction-dependent behavior of hydraulic 
conductivity (Dörner, 2005). Mualem and Dagan (1976) showed that K depends on the 
hydraulic radius of the pores, which is not necessarily identical in all directions, thus causing 
small scale anisotropy. Zaslavsky and Sinai (1981) mentioned forest soils and certain grass 
covered areas, where the accumulated organic matter may have a marked orientation parallel 
to the soil surface, that form anisotropy. Small scale measurements of K in a soil profile in 
the vertical and horizontal directions separately, were conducted by various authors (e.g., 
Dabney and Selim, 1987; Bathke and Cassel, 1991; Ball and Robertson, 1994; Zhang, 1996; 
Beckwith et al., 2003). In addition to the two main directions, studies were also conducted 
for diagonal [45°] direction (e.g. Dörner and Horn, 2006), or for radial and vertical hydraulic 
conductivities (Basak, 1972). In some cases it was found that K is higher in one direction 
than in the other one due to the flaky shape and orientation of individual particles with 
respect to the main axes. 

B2. Layer composed of sub-layers which differ in their hydraulic conductivity: A common 
theoretical analysis represent anisotropic soils as a medium of parallel layers (Miyazaki, 
2006, pg. 106). In such a medium consisting of k layers each of a thickness Di and a uniform 
saturated hydraulic conductivity Ki, the coefficient of average anisotropy  is defined by 

 

  
(2)

where are the average K in the direction lateral and perpendicular to the 
direction of soil layer, respectively, and L is the thickness of the layer. It can be shown that 

. When the averaging process is performed on a relatively large scale consisting of 
different types of soil layers, the soil profile as a whole behaves as an anisotropic medium, 
and the average hydraulic conductivity coefficient is represented by a 2D tensor (Eq. 1). 
Mualem (1984) used a continuous probability density function in a layered soil to evaluate 
the anisotropy coefficient based on saturated hydraulic conductivity Ksat. His conclusion 
was that of a saturated soil is determined mainly by the Ku/K0 ratio, where Ku and K0 
are maximal and minimal Ksat in the layer, respectively, rather than by the actual numerical 
values of the conductivities.
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B3. Average anisotropy in layered unsaturated soil caused by boundary conditions 
of flow: The surface soil layer often consists of small-scale variations in the hydraulic 
conductivity particularly in the direction perpendicular to the soil surface. With given top in the direction perpendicular to the soil surface. With given topin the direction perpendicular to the soil surface. With given top 
and bottom boundaries, this layer will display average anisotropy on a large scale, especially 
under unsaturated flow conditions. Local minor changes in the hydraulic conductivity can 
increase or decrease with depth as a result of changes in the flow regime and saturation 
degree, resulting in the curving of stream lines, which on average may appear as the effect 
of anisotropy. This phenomenon was studied both by analytical solutions of flow problems 
in a slanted uniform soil layer (Zaslavsky, 1970; Zaslavsky and Sinai, 1981; Whipky and 
Kirkby, 1978, pg. 128; �hilip, 1991; Wallach and Zaslavsky, 1991; Cabral et al., 1992; Boger, 
1998), and numerical solutions (Zaslavsky and Sinai, 1981; Wallach and Zaslavsky, 1991;  
Jackson, 1992). It has also been experimentally demonstrated by the movement of a tracer in 
sand soil (McCord and Stephens, 1987).

An average anisotropy in layered unsaturated soil caused by boundary conditions of flow can 
be exemplified by analyses of steady lateral unsaturated flow on a hillslope. If the thicknessthe thickness 
of the soil layer from the impervious base to the soil surface is much smaller than its length, 
and the slope has a uniform angle, we may use a simple analytical solution of the apparent 
steady state condition (Appendix, page 58; see also Garber and Zaslavsky, 1977), to calculate 
the soil moisture and lateral flux under a steady state flow assumption for an infinite slope, 
while the entire profile is unsaturated. To that end we use rotated cartesian space coordinates 
(s*, n*) where s* is parallel to the soil surface and n* is perpendicular to it (Figure 3.2a), and 
n*=0 at the interface between the impervious base and the soil above. The K distribution 
along the n* axis is then given by:

 
           

(3)

where Ksat and K0
* are the saturated hydraulic conductivity and the unsaturated hydraulic 

conductivity at the base of the layer (n*=0), respectively; n is the nondimensional axis; 
L the thickness of the layer; and the constant a (m-1) is the sorptive number in Gardner’s 
(1958) equation (Appendix). The average anisotropy factor in this case is defined similar to  
Eq. (2): 

 

 
(4)

Such anisotropy is also described by Miyazaki (2006; pg. 113f), who demonstrated how 
vertical streamlines are diverted downslope in the transition between flow in the upper 
relatively dry soil to more wet layers below. 
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In general, the anisotropy factor is a function of both the saturation degree, and the anisotropy 
parameter, that characterizes the ratio of the local conductivities parallel and normal to the 
bedding plane (Grebnev and Skal, 2006). According to Mualem (1984), the anisotropy of 
unsaturated soils was found to change both with Ku/K0 ratio (see above), and with the degree 
of saturation. Moreover, in a layered soil profile there might be hysteresis originating from 
the inter-relationship between the different layers, in addition to the intrinsic hysteresis of 
each layer (Zaslavsky and Sinai, 1981; Assouline and Or, 2006). 

In the following we use the term “apparent anisotropy” for observed flux measurements that 
indicate a changing of flow direction in the vadose zone, typically associated with anisotropic 
conditions. Apparent anisotropy may occur as a result of 1. Small scale soil structure; 2. 
layering of the soil profile; 3. boundary conditions of flow; and 4. the history of the flow 
process.        

3.3 Methodology

3.3.1 Study site and soil structure

The study was conducted on a 8.33×12=100 m2 hillslope with an angle α =13.5° and soil 
depth between 35 cm and 45 cm (Figure 3.1). During the past 30 years the site has been under 
grassland. The soil is classified as a Cambisol according to FAO-Unesco (1994). Only subtle 
changes were observed between the soil horizons, whereas a sharp change of bulk density 
arose at the transition to the bedrock (Figure 3.1 and Table 3.1). Within the soil, we observed 
macropores. At the trench face, directly above the bedrock, macropores of small diameters 
between 3 and 8 mm occurred (Figure 3.1).  Rooting depth of the grass was down to about 
10 cm soil depth. Laboratory analyses for particle sizes were carried out on dry and sievedLaboratory analyses for particle sizes were carried out on dry and sievedparticle sizes were carried out on dry and sievedwere carried out on dry and sieved 
(< 2mm) samples. For grain size measurements, carbonates were removed by treatment with 
HCl, and organic matter was oxidized with 30% H2O2. In addition, micro-aggregates smaller 
63 µm were dispersed with Na2CO3. The sand fractions (63-2000 µm) were separated by 
wet sieving and the silt (2-63 µm) and clay (< 2 µm) fractions were quantified using a 
Micromeritics SediGraph 5100. �ercentages of coarse fragments were visually estimatedPercentages of coarse fragments were visually estimated 
using templates (Finnern et al., 1994) and originate from Kienzler and Naef (2007).
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Figure 3.1. Instrumentation of the Lutertal study site.  

 

 

Table 3.1. Soil characteristics at the study site.
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3.3.2 Experimental procedure

Three experiments (Exp1 to Exp3) were conducted after the soil was drained for several 
(up to six) days between November 2005 and May 2006. We studied wetting propagation 
and subsurface flow formation under mean sprinkling intensities of 11.6, 19.1, and  
50.4 mm h-1. For Exp1 and Exp2 with its lower sprinkling intensities, we used two gardenlower sprinkling intensities, we used two garden 
sprinklers (Gardena Aquazoom). For Exp3, sprinkling was conducted by 15 nozzles arrangedprinkling was conducted by 15 nozzles arranged 15 nozzles arranged 
in three lines. Two automatic rainfall gauges, six distributed small rainfall samplers and a 
water meter allowed for precise determination of the input and its uniformity (see appendix 
of Retter et al., 2006). Duration of sprinkling was 700, 305, and 209 minutes accordingly for 
Exp1 to Exp3 (Kienzler and Naef, 2007; Retter, 2007).Retter, 2007). 

3.3.3 Soil characteristics measurements

Two weeks after Exp3, soil samples were taken at the study site in soil depths of 11, 28, and  
35 cm. Samples were taken in the x-direction (n=26) and z-direction (n=28) using metallic 
rings (diameter 5.5 cm, height 4 cm) as stated in Table 3.1. Sampling procedure for undisturbed 
core samples was according to Dirksen (1999, p. 18ff). Samples were analysed in the lab to 
determine the saturated hydraulic conductivity Ksat (Dirksen, 1999). After the soil cores were 
saturated, a Mariotte device supplied water to the upper soil surface of the core at a constant 
hydraulic head. Measurements of flux density were repeated four to ten times. 

During the field experiments changes in volumetric soil moisture θ were continuously 
monitored with 10 triplets of TDR wave-guides, that were evenly distributed (Figure 3.1). 
A TDR wave-guide consisted of two 0.15 m long, 5 mm in diameter, parallel stainless steel 
rods, 30 mm apart. The triplets’ structure contained three TDR wave-guides which are 
orthogonally aligned to each other (Figure 3.2). This special setup was used to measure 
3D vectors of wetting front velocity and direction (Retter et al., 2006). The triplets were 
installed in depth between 11 cm (close to soil surface) and 40 cm (~at the boundary of soil-
bedrock). TDR instrument noise was 0.002 m3 m-3 and the measurement interval was set to 
90 s in order to more closely record the breakthrough of the wetting front. For further details 
on the TDR equipment see Retter (2007). 

During each experiment twelve tensiometers recorded the matric potential ψ at four different 
soil depths. They were arranged in three nests at distances of 2 m (“lower”), 4 m (“middle”) 
and 8 m (“upper”) upslope from the trench face (Figure 3.1). 
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Figure 3.2. Definition of axis, and scheme of mounting a triplet of TDR wave-guides at the hillslope 

study site by its different views. Electrode length of probes (black) was 15 cm. (Adopted 
from Retter et al., 2006).

Five piezometers were situated in 1.5, 4, 6, and 10 m upslope the trench (-s* direction) as 
shown in Figure 3.1. The piezometers reached between 0.7 and 1.2 m deep and were screenedThe piezometers reached between 0.7 and 1.2 m deep and were screened 
over the lower 30 cm. �ressure sensors recorded piezometric head every five minutes.�ressure sensors recorded piezometric head every five minutes.ressure sensors recorded piezometric head every five minutes. 

Subsurface flow was collected by a flow gutter in the trench at the downslope end of the 
hillslope plot. It was then recorded by tipping buckets. After start of sprinkling a video 
camcorder monitored the trench face for the initial response of subsurface flow.

3.4 Results of field observations

3.4.1 Hydraulic conductivity
According to the analysis of soil samples in the lab, Ksat,z in 11 cm depth varied between 
2.1x10-7 and 3.1x10-5 m s-1, Ksat,z for 28 cm varied between 1.4x10-7 and 2.9x10-5 m s-1, 

while samples of 35 cm depth ranged between 1.4x10-7 and 7.6x10-6 m s-1 (Figure  3.3). 
The equivalent means for the three soil depths resulted in 8.4x10-6±1.1x10-5 m s-1,  
6.7x10-6±9.8x10-6 m s-1, and 2.3x10-6±2.6x10-6 m s-1 (Table 3.1). No correlation of Ksat with 
soil depth was found. These findings, supported by visual determinations at the soil profile, 
and by measurements of bulk density (Table 3.1), also indicated that no obvious layering 
occurred. Moreover, the directional sets of Ksat were analysed by a statistical z-test. It showed 
with significance of 0.005 that the maximal Ksat,x was equal to the maximal of Ksat,z for depths 
of 28 and 35 cm, and similar findings applied for the minimal values. 
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Figure 3.3. Saturated hydraulic conductivity Ksat,z versus soil depth. The soil samples were taken in 

vertical direction. The hydraulic conductivity of the underlying siltstone, below 42 cm, 
resulted between 3.2±0.02x10-9 and 5.7±0.02x10-9 m s-1. For purposes of comparison, 
the point on the abscissa represents the calculated mean hillslope K.

3.4.2 Soil moisture and wetting front propagation 

TDR measurements indicated that initial conditions of volumetric soil moisture content 
within the hillslope did not show a clear depth dependency (Figure 3.4). 

Figure 3.4: Initial volumetric soil moisture (obtained by TDR wave-guides) and initial matric head 
(recorded by tensiometers) for different points in depth. Data of matric head originates 
from Kienzler and Naef (2007).
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The distributions of arrival times of wetting front, as monitored both by the TDR and 
tensiometers during the sprinkling experiments, were similar to each other, and correlated 
well with soil depth (Figure 3.5). 

Figure 3.5. Arrival of wetting front at different soil depths as monitored by TDR wave-guides and 
tensiometers during Exp1 to Exp3. Lines represent the calculated “average” arrival times 
per depth. Data of matric head originates from Kienzler and Naef (2007).

The average vertical velocity (z) in the upper 20 cm was ~0.02 cm s-1. It was faster than 
the average velocity for the depth of 20-40 cm which was ~0.01 cm s-1. The downslope 
flow component at locations close to the bedrock (28 and 35 cm depth) was larger than in 
11 cm depth (Figure 3.6). The ratio of the wetting velocities in horizontal (x) over vertical 
wetting velocities (z) varied between 1.8, 3.6, and 2.2, and was dependent on the different 
soil depths. Full records of θ(t,z) series during Exp1 to Exp3 are shown by(t,z) series during Exp1 to Exp3 are shown byt,z) series during Exp1 to Exp3 are shown by Kienzler and Naef 
(2007) respectively Retter (2007).

3.4.3 Soil moisture saturation

�iezometers situated in 1.5, 4, 6, and 10 m upslope the trench (s* direction) showed the 
irregular piezometric head (Figure 3.7a-c). A saturated water table above the bedrock  
(~40 cm depth) was merely built up in piezometers of the lower half of the hillslope (1.5 
and 4 m upslope from the trench), while the upslope piezometers (6 and 10 m from the 
trench), did not record water table formation (Figure 3.7a-c). �atterns were repeated for 
different experiments and sprinkling intensities. Different reactions of two piezometers in 
1.5 m distance indicated patches of different localised saturation during the first two hours. 
This was also supported by TDR and tensiometer measurements which responded faster to 
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changes. Matric potential data showed highly saturated conditions with ψ up to 0 m. In one 
case positive pressure up to +0.1 m, where the probe was situated close the bedrock, was 
recorded but is not shown in the average change of tensiometer readings (Figure 3.7d-e).

Figure 3.6. Direction of flow (°) in various soil depths at the field site. The originally three 
dimensional vector was restricted to the two dimensions (horizontal and vertical). The 
length of the vector corresponds to the velocity of wetting propagation [mm min-1]. The 
slope angle, α, at the site was 13.5°. Data concern Exp 1 to Exp 3 and origin from  
Retter et al. (2006).
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Figure 3.7. Overview of piezometeric head during the three sprinkling experiments (a.-c). Grey 
shaded areas indicate average depth of bedrock. Location of piezometers is given by 
the distance in s* direction. Further (d-e.), series of average soil matric head at the three 
tensiometer nests (upper, middle, and lower). Data originate from Kienzler and Naef 
(2007) respectively Retter (2007).

3.4.4 Subsurface flow

Start of subsurface flow, as observed at the trench face, corresponded with appearance of 
water table in piezometers of 1.5 m distance from the trench. Flow increased until it reached 
steady state of 0.14, 0.21, and 0.16 l s-1 in response to the three input rates respectively. 
Note that the three input rates differed up to factor 4 (Retter, 2007). Assuming totally 
impermeable bedrock and lined sidewise borders of the experimental plot, the subsurface 
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outflow at the trench face (cross-sectional area: 8.33x0.4 m²) equalled 4.2x10-5 m s-1,  

6.2x10-5 m s-1, and 4.7x10-5 m s-1, and resulted in a mean of 5x10-5 m s-1 in s* direction. 
Furthermore, the entire subsurface flow originated from a 5-cm layer above the bedrock 
whereas no major subsurface flow was observed in the upper region of the trench profile. 
A mean hillslope Ksat was calculated by the Darcy’s Law (reduced cross-sectional area of 
8.33x0.05 m2; mean flow= 5x10-5 m s-1; α=13.5°) and resulted in 2.8x10-5 m s-1 (also in  
s* direction). It is marked for comparison in Figure 3.3.

3.5 Discussion of field observations

The measurements of soil moisture and especially wetting front propagation indicated clearly 
that on average, the soil layer performed as if it were anisotropic. In the following section we 
look for the causes of this apparent anisotropy. 

First, we look for small scale anisotropy (see B1 in the theory section). The saturated hydraulic 
conductivity, Ksat, is a challenging soil hydraulic property to spatially characterize because 
it changes by orders of magnitude over short distances (Figure 3.3). Despite our effort to 
also look for non-simple relationships like log10-K distribution with depth (Beckwidth et al., 
2003), no significant spatial variations were found. Therefore, we concluded that Ksat at the 
experimental site did not produce small scale anisotropy. 

Moreover, measurements of initial soil moisture content (Figure 3.4), did not show a clear 
depth dependency, and the same applied to measurements of porosity (Table 3.1) and visual 
determinations of the soil profile. The option of layered soil, composed of sub-layers, which 
on average appear anisotropic (B2), was therefore rejected as well.  

According to Zaslavsky and Sinai (1981) and Miyazaki (2006) the development of a 
horizontal flow component (qx>0) in the downslope direction, from the vertical infiltration 
flux at the soil surface is a measure of average anisotropy, and point towards increased 
hydraulic conductivity with depth. It is therefore suggested here that the anisotropy of the 
experimental soil layer was of the third type (B3) - average anisotropy in layered unsaturated 
soil, caused by lower conditions of flow - as explained in the following. 

In Eq. (3) Ksat, the saturated hydraulic conductivity of the soil layer (~1x10-5) and K0
* is the 

unsaturated hydraulic conductivity at the base of the impermeable layer (n*=0). Following 
the explanations of Miyazaki (2006), if K0

* is small then the absolute changes of K upward 
are small, and vertical streamlines from the soil surface will only slightly bend downslope. 
However, if K0

* ≈ Ksat (nearly saturated) and K at the rest of the profile decreases upward 
continuesly, the changes of K upward might be by far larger, and vertical downward 
streamlines from the soil surface will bent downslope (see for example the analytical solution 
of Boger, 1998 for steady state flow on a uniform hillslope layer). This is the actual meaning 
of average anisotropy caused by boundary conditions.
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In our experiments vertical soil moisture content before the sprinkling was nearly uniform 
(although with large local variations, Figure 3.4). Therefore the measurements of flow direction 
in the upper triplets (11 cm depth) were governed by the downward component. During the 
experiments wetting was progressing downward in various velocities (Figure 3.8a). For soil 
close to bedrock the available pore volume was small because pores were already filled up, 
which enhanced the saturation and the water table built up on top of the impermeable layer. 
Saturation was established obviously near the trench, downslope the experimental plot (see 
piezometer readings in Figure 3.5). As less water volume was needed, saturation occurred 
very soon after the first wetting. This was also proven by effective soil moisture calculations 
(increase between θini and saturation). From the time of formation of saturation on top of the 
impermeable layer, the measurements of the triplets were superimposed by the downward 
movement of the wetting front and by accumulation of saturation upward (Figure 3.8b). 
Moreover, the increased moisture content, specifically in the soil depth 35-40 cm, caused 
K to increase (e.g., Stephens and Heermann, 1988; Grebnev and Skal, 2006; see also the 
Appendix) and this new K(n) distribution with depth imposed curving of streamlines and 
apparent anisotropic behavior (Mualem, 1984; Miyazaki, 2006). This anisotropic behavior 
was observed as an increased ratio of wetting velocities in horizontal (x) over vertical 
direction (z) (Figure 3.6).    

bedrock with reduced hydraulic conductivity

soil surface

a.) Early stage conditions

Flow active area /
outflow

13.5°; 24%

n*

z
steady application rate

K (n)
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x

bedrock; sandstone

bedrock with reduced hydraulic conductivity

soil surface

b.) Conditions  at an advanced stage 

13.5°; 24%

n*

z
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Figure 3.8. Conceptual understanding of wetting front progress and vector determination for initial 
conditions when wetting front was situated in the upper soil depth (a.) and conditions 
of later stage (b.) when the wetting front arrived deeper to the soil and superposition 
with saturation took place. Accentuated graph K(n) of initial conditions results fromAccentuated graph K(n) of initial conditions results fromgraph K(n) of initial conditions results from 
modelling of Eq. A3b whereas K(n) of advanced stage results from field observations 
(see discussion). 
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Anisotropic behavior of the soil depth 35-40 cm is also supported by lateral flow phenomena 
at the bedrock interface. As a consequence of saturation subsurface flow at the trench emerged 
firstly out of two (and with time up to 13) little macropores (Retter, 2007). The macropores’ 
development and formation throughout time is another soil characteristic which is usually 
not taken into account in small scale measurements, and thus increase the effect of apparent 
anisotropical behavior of the soil. 

Support is also provided by the modelling results of steady state flow within a sloping layer 
(Appendix; Boger, 1998). The analytical solution showed that an increase of soil moisture 
content along the n* coordinate from the soil surface to the bedrock layer (Figure 3.8b) 
may cause an increase of K*(n) by an order of magnitude from the soil surface towards the 
bedrock, and thus impose terms of anisotropy of the soil layer. A calculation (Eq. A10) of the 
the average anisotropy factor of the initial conditions resulted in 2.9±0.2 for data of our study 
site, which is similar to the factors obtained by the vectors in Figure 3.6. 

The final section addresses uncertainties that should be accounted for when relating small 
scale measurements to field scale phenomena. The wide range of experimental measurements 
in this case allows us to compare between the local small scale measurements and the wider 
scale results that were detected for the entire 100 m2 hillslope.

One example is the measured wetting front vectors. The anisotropy derived from the vector 
determination in 28 cm soil depth was larger than those in 35 cm (Figure 3.6) while according 
to the discussion and theoretical interpretation the anisotropy within the soil layer should be 
larger with the depth of the soil. We assume that these results indicate uncertainties imposed 
by the method of vector determination (Germann and Zimmermann, 2005; Retter et al., 
2005). The method includes two assumptions that do not necessarily reflect real conditions at 
every point in the study site. For a correct measurement, first, wetting front should propagate 
from the upper half space into the TDR volume of the triplet; and second, wetting front 
propagation should be stable. As shown in our measurements in some cases there was 
probably a wetting procedure from the bottom up (Figure 3.7), and the overall propagation 
of the wetting front was not stable (Figure 3.5). 

We further challenged problems of scale, as the Representative Elementary Volumehe Representative Elementary Volume 
(REV) was differed for each of the measurements. The REV size ranged between 95 cm3  

(Ksat measurements to determine small scale anisotropy), to about 3000 cm3 (REV of 
flow vectors measurements), and to the scale of ~400 m3 representing the entire hillslope 
(measurements of flow to the trench, and the formation of a saturated region). Scaling 
problems require that small core volumes of soil often fail to cover the properties of the 
large scale REV (Vepraskas and Williams, 1995; Davis et al., 1999; Sherlock et al., 2000). 
In the present study, the measured spatial distribution of small scale saturated hydraulic 
conductivity was not sufficient to conclude the direction of flows, since the phenomena of 
curving streamlines downslope was determined within the much larger scale of the entire 
hillslope. Moreover, the mean hillslope K (Figure 3.3) is between one and two orders of 
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magnitude larger than most of the small scale Ksat measurements, but such a result was 
previously observed by other researchers (Nilsson et al., 2001; Brooks, 2004). 

It is therefore suggested that often small scale measurements are not good representations 
of large scale process, and we should always combine them with general and wide scale 
observations.

3.6 Conclusions

In this contribution, we discussed field measurements of a new technique that allowed us to 
observe downslope flow initiation and apparent anisotropy. We further examined and tested 
the soils’ properties that caused this phenomena.

The measurements of Ksat in core samples of separate direction did not show small scale 
anisotropy, did they prove a significant layering within the soil profile. Measured initial soil 
moisture prior to sprinkling experiments showed that the initial conditions of flow process 
could not cause significant anisotropy. However, measurements during the sprinkling 
experiments revealed the process by which the soil became saturated, and detected water 
table formation on top of the bedrock. Vectors of flow in soil depth of 28 and 35 cm indicated 
increased hydraulic conductivity in direction parallel to the slope. It was suggested that this 
was the cause of the apparent anisotropy that we observed during the experimental process 
(type B3 in theory section). Support for these findings was found in previous studies, and was 
also seen in the observed lateral flow through macropores at the bedrock interface. A simple 
model showed that under steady state flow within an inclined soil layer, there was an increase 
of K*(n) towards bedrock, which appears on average as anisotropy of the soil layer. 
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Appendix: Analytical model for anisotropy

We will examine the option that soil moisture and hydraulic conductivity distribution on a 
hill slope may allow average anisotropic conditions.

Consider an infinite soil layer on a hill slope, with an impervious base, which forms a soil 
layer with thickness L and an angle α with the horizon (Figure 3.1). In the following analysis 
we examine the soil moisture content and hydraulic conductivity in the slanted soil layer. 
We use a mathematical solution to calculate the soil properties and lateral flux under a 
steady state flow assumption for an infinite slope, and without infiltration, while the entire 
profile remains unsaturated (see also Garber and Zaslavsky, 1977). To that end we use a 
rotated cartesian space coordinates (s*, n*) where s* is  parallel to the soil surface and n* 
is perpendicular to it, with n*=0 at the interface between the impervious base and the soil 
above (Figure 3.1 and 2a). 

 

  
(A1)

During steady state, there will be lateral flow in the s* direction, and no flow in the 
 n* direction. It can therefore be assumed that the total head distribution ( (n*)=ψ(n*)+z(n*)) 
is hydrostatic. Therefore:

 

  
(A3)

where K* is the unsaturated hydraulic conductivity (m s-1). 

The constitutional equations which describe the connections between the hydraulic 
conductivity K*, the dimensionless moisture content Se (equivalent to degree of saturation), 
the soil water content θ and the matric (or capillary ) head  are: 

  

(A3)

 

In Eq. (A3a) of Gardner (1958) the constant a (m-1) is the sorptive number, ψc the air entry 
pressure (m) and Ksat, the saturated hydraulic conductivity (m s-1). In Eq. (A3b) θs and θr 
stands for the saturated and residual moisture content, respectively (obtained by θ(t)-series of 
vector determination), and a constant b which was considered in the range of 3-4 according 
to several authors (Mualem and Dagan, 1976). Combining Eqs. (A3a) and (A3b) gives the 
moisture retention curve, ψ(θ) relationship, in Eq. (A3c). 
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Using Eq. (A3a), Eq. (A2) can be written in a linear form with a non-dimensional 
variables: 

  

(A4) 

The analytical solution of Eq. (A4) is the K distribution along the n axis. This solution is:

 

  
(A5)

where K0
* is the hydraulic conductivity at the base of the layer (n*=0). The distribution of the 

dimensionless moisture content Se along the n axis at the same state is: 

 

  
(A6)

The matric potential and total head are given by:

 

          (A7)

and

         (A8)

respectively, while the lateral flux q(n*) is given from Darcy Law: 

  
(A9) 

Note that since 0sˆ =∂ψ∂ ∗  the flux for each n* is determined by ( ) α= ∗ sinK*nq , and 
changes according to the K*(n) distribution (Eq. A6). The average anisotropy factor is 
defined by:

 
(A10)

where the integral includes the soil layer from the impervious base to the soil surface. Such 
anisotropy is also described by Miyazaki (2006; pg. 113f). Interested readers in the full 
development of this theory are directed to Garber and Zaslavsky (1977).
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Chapter 0�
  Use of vertical and lateral   
	flow	velocities	to	characterise	 
	subsurface	stormflow	formation 
 on a grassland hillslope 

4 Use of vertical and lateral flow characteristics 

to infer mechanisms of subsurface storm flow 

formation on a grassland hillslope
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Abstract

Artificial sprinkling that included tracer experiments and detailed readings of soil moisture 
changes allowed to characterise subsurface vertical and lateral flows within a hillslope where 
subsurface stormflow response of individual soil pipes showed large variation. Kienzler 
and Naef (2007) explained this variation by the different degree of connectivity of vertical 
macropores and lateral pipes at the site. Now, a closer look on flow velocities is provided. In 
vertical direction there was no difference between local and profile flow velocites. Subsequent 
lateral velocities were higher. Both flows occurred in preferential flow paths of different 
length. However, these flow paths did not transfer the water directly and immediately from 
the soil surface to the trench face, but were initiated and intersected from patches of localised 
saturation within the soil matrix. During infiltration water is retained by patches, while flow 
is retarded and limited. The extent of such localised saturation was observed highly variable 
on a small scale. Correspondingly, individual preferential flow paths can vary with regard to 
flow response, flow velocity and flow rate. One could therefore also describe the essential 
variation of subsurface flow by the different retardation of flow, which has more direct 
implications for numerical modeling of subsurface flow. 

4.1 Introduction

In studies of runoff generation at hillslopes, increasing interest has been directed towards 
subsurface storm flow (SSF), which can be an important contributor to stream flow in many 
headwater basins (Jones and Connelly, 2002; Weiler et al., 2006). SSF has been observed 
to occur via lateral preferential flow paths of variety of forms, e.g. “soil pipes” or “highly 
permeable layers”, which occur in particular on steep hillslopes above impermeable bedrock 
or other impeding layers (e.g. McDonnell, 1990; �eters et al., 1995; Koyama and Okumura, 
2002). Such flow paths can be formed either by biological activity or by subrosion at the soil-
bedrock interface (Terajima et al., 2000). Depending on the particular forming process, they 
show large variation in diameter, shape, length and network form (Jones, 1987; Noguchi et 
al., 1999; Terajima et al., 2000). 

SSF flow rates are limited by the vertical infiltration rate, which changes if water moves 
with high flow velocities in vertical macropores (Beven and Germann, 1982). Macropore 
flow rates and flow velocities vary substantially depending on macropore geometry and type 
of flow initiation. Weiler and Naef (2003) observed that macropore flow can be initiated 
either from the soil surface or from a saturated subsurface soil layer. They concluded that the 
particular initiation process and the interaction between macropores and the surrounding soil 
matrix govern the flow rate distribution in macropores. 

SSF intensity varies widely in different catchments and even over short distances. While 
studies have been highly ambivalent in identifying and agreeing on the most relevant factors 
responsible for the intensity of SSF, conzeptualisation of SSF formation has become more 
detailed. However, the processes within the black-box nature of a hillslopes vary widely. 
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For example, Kienzler and Naef (2007) studied SSF formation at the present hillslope and 
explained the substantially different responses of SSF by the degree of direct or indirect 
feeding of SSF. When precipitation feeds directly into preferential flow paths, SSF responds 
quickly. In contrast, SSF response is delayed and weak when it is fed indirectly via large 
saturated zones of the soil. However, due to the heterogeneity and the black box nature of a 
hillslope, some conzeptual models lack clear evidence, which could be provided by direct 
measurements. 

Anderson et al. (1997) analysed subsurface flow especially in lateral direction by 
instrumentation arrays allong rows across the micro-catchment. Buttle and McDonald (2002) 
pointed to the coupling of vertical and lateral flow. Both studies focused on integrated flow 
characteristics in the two dominant directions. The present study follows these ideas and 
analyses characteristics of vertical and lateral flows on the basis of combined sprinkling, tracer 
experiments, and detailed soil moisture measurements. Special attention is dedicated to flow 
velocities, that serve as integrated information along the heterogeneous space. The findings 
may therefore help in characterising SSF dependent on vertical and lateral properties. 

4.2 Study site

The small catchment of the creek “Luter” (4.0 km2) is situated on the Swiss Plateau south of 
Zofingen (Canton Lucerne). In this catchment, a site was selected where substantial subsurface 
flow was expected, according to a decision scheme which required input of hydrological 
properties of the surface and each major horizon of the soil (Scherrer and Naef, 2003). The 
site has an inclination of 24% (13.5°) and faces south. Elevation is 690 m asl, about 200 m 
above the valley floor. During the past 30 years the site was used as grassland. Accordingly, 
vegetation consists of native grasses and species typical for rich pastures like Ranunculus 
acris and Dactylis glomerata. The plants were cut down to 10 cm prior to the experiments. 
Mean annual temperature at a nearby meteorological station was 8.2°C between 1961 and 
1990 (Wynau, MeteoSwiss) and mean annual precipitation was 1013 mm. Soil depth at the 
site varies between 38 cm and 45 cm. Only subtle changes are observed in this cambisol 
between the soil horizons, whereas a sharp change of bulk density and macropore density 
occurs at the transition to bedrock (Table 4.1). Up to 5 cm above the bedrock surface, small 
lateral soil pipes with diameters between 3 and 8 mm occur (Figure 4.1c). Within the soil 
profile, vertical macropores were observed with diameters between 1 and 10 mm, probably 
created by earthworms (Lumbricus terrestris). Macropore density was identified by visual 
count on plots of 0.25 m2 at different depths. The particle size distribution was determined 
with the pipette method. Bulk density and percentage of coarse fragments were estimated 
according to Finnern et al. (1994). Saturated hydraulic conductivity Ksat was determined 
using the method of FAL (1996) with 54 soil samples (sample volume = 95 cm3). It resulted 
between 0.025 and 0.096 mm s-1 (Table 4.1) and was discussed in a detailed manner in 
Retter et al. (2007). The bedrock consists of dense molasse siltstone of the „Oeningien“ 
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period. A siltstone cube was detached by a saw and the hydraulic permeability resulted 
between 3.2±0.02x10-9 and 5.7±0.02x10-9 m s-1 (I. Hincapié, University of Bern, personal 
communication). A photo of the study site can be found in Retter et al. (2006).

Table 4.1. Soil characteristics of cambisol at the „Lutertal“ study site, developed from siltstone bedrock 
(Oeningien Molasse, C-horizon).

 

4.3 Methods

4.3.1 Experimental setup 

Sprinkling experiments were performed on a 100 m2 plot with different sprinkling intensities 
(Table 4.2). The system for high sprinkling intensities provided about 50 mm h-1  and 
achieved uniform sprinkling with 15 nozzles arranged in three lines (details in Scherrer et al. 
2006). For lower intensities (mean of 11.6 and 19.3 mm h-1), two garden sprinklers (Gardena 
Aquazoom) were used. Two automatic rainfall gauges, six distributed small rainfall samplers 
and a water meter allowed for precise determination of the input and its uniformity. Prior to 
experiments a wind protection was installed around the site. Total SSF was measured above 
the bedrock at the lower end of the hillslope site in an 8.3 m long trench (oriented along 
the contour) with a 100 ml tipping bucket gauge. Surface overland runoff was measured 
separately with a 45° Thompson weir. Twelve tensiometers recorded matric head every five 
minutes at four different depths, which were evenly distributed along the profile. They were 
arranged in three nests at distances of 2 m, 4 m and 8 m upslope from the trench face  
(Figure 4.1a). Five pressure sensors recorded piezometric head every five minutes. All probes 
were sealed with bentonite at the surface to prevent vertical bypass flow along the tubes. 
Water content changes in the soil were monitored with 30 TDR wave-guides at different 
depths. One TDR wave-guide consisted of two 0.15 m long, parallel stainless steel rods  
(Figure 4.2). TDR wave-guides were installed in ten “triplets” with an angle of 21.8° against 
horizontal. Thus, in each “triplet”, three wave-guides (te, tw, s) were orthogonally aligned 
close to each other with a distance of about 2 cm at depth L. The depth L of the wave-guides 
ranged between 11 and 40 cm. For technical details on the TDR equipment see Retter et al. 
(2006). The experimental design located TDR probes apart from the line source experiments 
because of opposite interference. 
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Figure 4.1. Instrumentation of the Lutertal study site.  

Similar to Weiler et al. (1999), Collins et al. (2000), and Buttle and McDonald (2002), 
artificially labelled sprinkling water was used to separate event and pre-event water during 
the sprinkling experiments. The fluorescent dye naphthionate was chosen for this purpose. 
Overland flow, outflow from individual soil pipes and entire subsurface flow (sum of flow 
from all soil pipes) were sampled directly at the trench face using 100 ml brown glass bottles. 
Samples were taken as often as possible, at least one every 10 minutes. Event water fraction 
was outflow concentration divided by input concentration. 

Table 4.2. General information on sprinkling experiments.



�� Subsurface Flow Formation

Introduction

01

02

03

04

05

01

02

03

04

05

Vectors of subsurface stormflow 

01

02

03

04

05

Causes for anisotropy 

01

02

03

04

05

Vertical and lateral flow 

4.3.2 Determination of flow characteristics

Response of TDR wave-guides was analysed for volumetric soil moisture θ [m3 m-3], start 
of soil moisture increase tini, and slope of this increase mloc. When interpreted as arrival of 
wetting at the TDR wave-guide, tini can be used to calculate the vertical flow velocity, vprofile 
during infiltration. A similar approach was presented by Germann and Hensel (2006). The 
velocity is calculated as follows:

profile
ini

Uv =
t

          (1)
 

The resulting velocity is seen as a macroscopic scale measure, that contrast to precise 
measures of the process scale. It has to be interpreted with caution as the method neglects 
initial losses during wetting and the occurrence of different flow types. Also the method 
neclects  mobilized of pre-event water that is stored in the matrix which may contribute to 
flow velocity (Kienzler and Naef, 2007). Additionally, the true flow distance and tini cannot 
be defined precisely. Nevertheless, it is a helpful measure to chacarterise the hilllslope 
black box system. One determined tini with respect to the exceeded standard deviation of  
θ(t)-observations prior to sprinkling and used the minimal flow distance between the soil 
surface and the uppermost point of the wave-guide (U) for the calculation (Figure 4.2). 

The increase between the initial volumetric soil moisture, θini, and the maximum 
volumetric soil moisture, θmax, with respect to the time interval tini to tθmax is outlined 
for two selected θ(t)-time series in Figure 4.2. Other wave-guides responded 
less pronounced and exhibited larger fluctuations. The slope of this increase 

       
   (2)

is caused by the water flux into the survey volume of a wave-guide. While it is not possible 
to define precisely this survey volume, it is possible to treat single measurements as  
a representation and thus, the range of mloc can be interpreted as water flux variability into 
the soil during infiltration.
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Figure 4.2. Schematic representation of oblique installed TDR wave-guide as well as selected time 

series of volumetric soil moisture. With respect to the slope of θ(t)-data (Eq. 1), upper time 
series represents an example of smooth increasing θ(t) between tU and tmax and lower time 
series represents a sharp increase of θ(t). Definitions on volumetric soil moisture include 
the initial θini and final maximal θmax. Measurements are taken at resolution of 90 s. 

using mloc it is further possible to calculate the local velocity of wetting propagation vloc 

during the interval tU to tL : 

  
       (3)

where wmax = θmax- θini [m
3 m-3], l is the length of wave-guides positioned between U and L, 

tU and tL are the arrival times of the wetting at U and L.

To estimate lateral subsurface flow velocities, different artificial tracers were injected 
instantaneously as subsurface line sources when SSF at the trench reached steady state. 
�arallel line sources were located at distances of 4 m (chloride) and of 8 m (bromide) upslope 
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of the trench. There, the tracers were injected into four piezometers above the bedrock 
between 30 cm to 40 cm depth (Figure 4.1a). Samples were taken as mentioned above. Tracer 
breakthrough curves from each soil pipe were analysed to determine flow velocity and tracer 
recovery. Maximum velocity, vmax, was calculated using the time of first tracer arrival tmax. 
Accordingly, peak velocity was calculated using time of peak tracer concentration tpeak. Mean 
lateral velocity, vavg, was estimated according to time of 50% of tracer mass recovery (tavg). 

In addition to the line source tracers, the fluorescent dye pyranine was applied instantaneously 
on the surface over all of the sprinkled area during steady state conditions. As it is not 
possible to calculate well-defined flow velocities from the surface source, only the time of 
first tracer arrival, tmax, peak time tpeak, and time of 50% of tracer mass recovery tavg of the 
surface tracer breakthrough curves are given in Table 4.3 and Table 4.4.

4.4 Results

4.4.1 SSF formation

During Exp1, lateral SSF started about 2.5 hours after start of sprinkling out of small soil 
pipes situated directly above the bedrock at the trench face. With time soil moisture content 
increased at the upper parts of the trench face (visual prove) but not flow emerged from 
these upper parts of the trench face. Gradually additional pipes were activated at the lower 
parts. Individual pipes showed time lags between 2.5 and 7 hours. In response to the mean  

sprinkling intensity of 11.6 mm h-1, SSF reached a steady state of 5 mm h-1 after 5.5 hours; 
overland flow started after 4 hours and did not exceed 0.7 mm h-1 (Figure 4.3a). During  
Exp2 and Exp3 with higher mean sprinkling intensities of 19.3 mm h-1 and 50.8 mm h-1, SSF 
reached again 5 mm h-1 and overland flow went up to 2 mm h-1 and 20 mm h-1, respectively 
(Figure 4.3b). Again, SSF was only observed as outflow from the same soil pipes, which 
were activated with substantial time differences. Figure 4.3g+h as well as Tables III and 
IV show the substantial variations of pre-event water amounts emanating from individual 
pipes. During the low-intensity sprinkling Exp1, the outflow from one pipe (e.g. pipe 2) 
contained over 80% of pre-event water, whereas others contained only 25% (e.g. pipe 4, 
pipe 8). During Exp3 with higher sprinkling intensity, pre-event water concentrations were 
in general lower, but varied again substantially between different pipes. Several time series 
showed a progressive change during the first interval of sprinkling while others remained 
more or less constant.
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Figure 4.3. Overview of hydrometrical results and pre-event water fractions during Exp1 and Exp3. 
Grey shaded areas indicate sprinkling periods.  Data provided by Peter Kienzler. 

For both experiments matric head in different depths and at different locations showed 
slightly different initial conditions between Exp1 and Exp3. Further, measurement indicated 
irregular distributed patches of higher saturation degree in the soil (Figure 4.3e+f). Matric 
head indicated highly saturated conditions with ψ up to 0 m, respectively positive pressure 
up to +0.1 m in one case, where the probe was situated close the bedrock (depth 35-40 cm). 

�iezometric head quickly responded to sprinkling (Figure 4.3c+d). The different offsets of 
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piezometric head in originated from different installation depths (max possible drill hole 
into bedrock). The water tables were irregular as �3 and �4 in the lower part of the site 
showed (both similar distance to trench). A closer look on the development of water tables 
is provided in Figure 4.4. Subsurface flow started just as piezometric heads of �3 and �4  
reached the bedrock surface. Then, piezometric heads levelled off between 20 cm and 25 cm 
below surface. Upper piezometers (�5 and �7) had a more delayed response and piezometric 
heads did not reach the bedrock surface. 

 

 
Figure 4.4 Piezometric heads during Exp1 and Exp3 compared to SSF formation. Locations of 

piezometers are given in Figure 4.1a. Grey shaded areas indicate bedrock. Data kindly 
provided by Peter Kienzler and Felix Naef, ETH Zürich). 

Table 4.5 summarizes the previously shown characteristics during the experiments and gives 
water balance estimates. Soil water storage is calculated from average matric head and refers 
to the point in time when SSF stopped. The term percolation into bedrock was the remainder 
term of the balance.  
 
Table 4.5. Water balance during the different sprinkling experiments. Data kindly provided by P. 

Kienzler and F. Naef, ETh Zürich.

4.4.2 Characteristics of vertical flow 

Soil moisture during initiation before the sprinkling varied between the experiments. 
Although there was variation and differences were small, the initial soil moisture for Exp1 
was higher than for Exp3 (Figure 4.5). Response to sprinkling at different TDR wave-guides 
varied widely with regard to soil moisture increase, start of soil moisture increase and slope 
of increase, even at closely aligned wave-guides within one triplet. This is shown in Figure 
4.5 for the selected triplets E and B, where even a  partially stepwise increase occurred. The 
response of other triplets was more similar to each other and less pronounced.  
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Figure 4.5.  Selected time series of θ(t) of triplets B and E during Exp1, Exp2 and Exp3. Grey shaded 
areas indicate sprinkling periods.
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Soil moisture increased up to 0.11. The slope of soil moisture increase, mloc, varied between 
0.2x10-5 s-1 and 29x10-5 s-1. Decrease of volumetric soil moisture during drainage was 
correlated with soil moisture increase during infiltration (Figure 4.6). Wave-guides with 
substantial increase of soil moisture and high mloc were associated with low initial soil water 
content. In contrast, wave-guides showing small and smooth increase started at relatively 
high initial soil moisture content. 

Range of mloc

0.2*10-5 s-1

29*10-5 s-1

Figure 4.6. Corresponding increase and decrease of volumetric soil moisture due to start and end 
of sprinkling. Decrease refers to the difference between maximal soil moisture (θmax)  
and soil moisture 18 h after end of sprinkling.

The large variations of start of soil moisture increase, tini, are depicted in Figure 4.7. For 
instance, at the 19 cm depth, soil moisture started to increase between 288 s and 4200 s 
during Exp1.  

 

 
Figure 4.7. Start of soil moisture increase at TDR wave-guides in different depths.

In comparison, tini were slightly decreased during Exp3, indicating faster wet-up response, 
although there was large variation with depth. As calculated from tini, vertical flow 
velocity during infiltration, vprofile, ranged between 0.003 and 1.01 mm s-1, with a median of   
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0.12 mm s-1 (Figure 4.8a). Here, vprofile was not correlated with soil depth and also no  
significant correlation was found between vprofile and mloc. A Kolmogorov-Smirnov test showed 
that vprofile and vloc (Figure 4.8b) are consistent with a log normal distribution. Given �=0.005,  
vprofile and vloc are considered to show similar distributions.

Figure 4.8. Histograms of a.) vprofile , b.) vloc , and c.) mean lateral vavg. Histogram of vprofile includes TDR 
response from all soil depths during all 3 experiments. Mean lateral velocities include line 
source tracer studies from Exp1 and Exp3. Maximal lateral velocities exceed the range 
of abscissa.

Characteristics of individual soil moisture changes were qualitatively reproduced during 
follow-up experiments. For instance, at triplet B (Figure 4.5) the TDR wave-guide „s“ 
showed prominent increase and also decrease compared to the other wave-guides within the 
same triplet. 
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4.4.3 Characteristics of lateral flow 

Mean lateral flow velocities, vavg, from the two line sources, ranged between 0.06 and 
2.7 mm s-1  with a median of 0.9 mm s-1 (Figure 4.8c). The corresponding maximal lateral 
flow velocities in different soil pipes ranged between 3.6 and 17 mm s-1 and exceed the range 
of the diagram by far. Maximal velocities are therefore shown in Table 4.3 and Table 4.4. 
Both line sources are 4 m and 8 m distance to the trench were instantaneously injected 
which allows for comparisions. During low-intensity sprinkling (Exp1) substantially higher 
flow velocities and recovery rates occurred for the 4 m line when compared to the 8 m line. 
During the high-intensity sprinkling Exp3, there was nearly no difference between the two 
line sources.

Table 4.3. Analysis of tracer breakthrough curves in different soil pipes and total SSF during Exp1. 
Lag time to start of flow is the time between start of sprinkling and start of flow from 
individual soil pipe. Data kindly provided by P. Kienzler and F. Naef, ETH Zürich.

 

 

Flow response and tracer breakthrough varied widely in individual soil pipes as shown for 
the two most differently responding soil pipes during Exp3. In comparison to pipe 6, pipe 8 
showed higher flow velocities and higher peak tracer concentrations for the line source 
experiments (Figure 4.9a+c). Higher peak tracer concentrations were also found for surface 
source (Figure 4.9b). Moreover, flow contained less pre-event water (Figure 4.9d). 
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Table 4.4. Analysis of tracer breakthrough curves in different soil pipes and total SSF during Exp3. 
Lag time to start of flow is the time between start of sprinkling and start of flow from 
individual soil pipe. Lag time to stop of flow is the time between stop of sprinkling and stop 
of flow. Data kindly provided by P. Kienzler and F. Naef, ETH Zürich.

 

 

Figure 4.9. Comparison of tracer breakthrough curves during Exp3 in two extremely differently 
responding individual soil pipes. Data kindly provided by P. Kienzler and F. Naef, ETH 
Zürich.
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The peaks and medians of the surface source breakthrough curves show similar temporal 
delay as the 4 m line source. However, tracer recovery was substantially lower for the surface 
source: During Exp1 the relation of 4 m-line recovery: 8 m-line-recovery: surface source 
recovery resulted in 340:120:1. During Exp3 this relation resulted in 10:8:1. Displaying the 
tracer tailing in double-logarithmic scale, two distinct sections to the surface breakthrough 
curve (Figure 4.10) were found. First, there is a rapid concentration decrease followed by 
a break in slope and a lower slope section. In contrast, the line sources show a slower and 
uniform (single slope) tracer tailing. Note that the tracers were injected during steady state 
conditions (Exp3) and unconsciously some time ahead of steady state conditions (Exp1).

 

 

Figure 4.10. Tailing of tracer concentrations in total SSF displayed in double logarithmic scales. 
Tracers were injected instantaneously into two line sources in 4 m and 8 m distance to 
the trench and over all the sprinkled area. Time series start at tpeak and are restricted to 
a time window in order to not account for effects of reduced discharge on concentrations 
towards end of experiment. Note also the different time of tracer injection. Data kindly 
provided by P. Kienzler and F. Naef, ETH Zürich.
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4.5 Discussion

Beforehand estimates of the water balance comprehensively summarised the 
sprinkling experiments. However, percolation into the bedrock was higher than 
expected by the hydraulic permeability of the bedrock (~4.5x10-9 m s-1). It is 
further likely that water also escaped through the sidewise cross section of the plot  
(12x0.4 m2), because the soil body was not isolated using plastic sheeting (see e.g.  
Brooks et al., 2004).

4.5.1 Vertical flow during infiltration

Start of soil moisture increase, total increase of soil moisture and slope of increase varied 
substantially at closely aligned TDR wave-guides even within a few centimetres. This 
indicates an irregular pattern of different types of vertical flow rather than a continuous 
wetting front coherent in space. Flury et al. (1994) and Weiler and Naef (2003) made similar 
observations when they stained flow paths during infiltration. They concluded that irregular 
infiltration and patchy saturation is typical for almost all soils due to spatially limited high 
water fluxes in preferential flow paths. For the study at hand this suggests that TDR wave-
guides with high and rapid increase of soil moisture were directly influenced by preferential 
flow or even contained preferential flow paths within their survey volume.

This is consistent with the observation of relatively low initial soil moisture at wave-guides 
with a pronounced increase. The survey volume of these wave-guides supposed to have great 
effective porosity and then filled up with infiltrating water. By contrast, wave-guides with a 
smaller effective porosity within their survey volume showed higher initial soil moisture and 
a less pronounced increase.

The correlation of soil moisture decrease with increase provides a further indication that 
different responses were caused by stable structures in the soil. Sharp and substantial soil 
moisture decrease after sprinkling is interpreted as drainage that is strongly influenced by 
preferential flow. 

Patterns of soil moisture increase and decrease were repeated in the course of follow-up 
experiments. Our observations indicate infiltration flows were stable over extended periods 
of time. This corresponds to other studies on root-derived macropores (Beven and Germann, 
1982), preferential flow fingers (Glass et al., 1989), flow paths in soil columns (Buchter et 
al., 1995), and the enrichment of radionuclides in preferential flow paths (Bundt, 2000). 
Pronounced soil moisture increase occurred with temporal delay and was partially stepwise 
(Figure 4.5). This can be interpreted as delayed subsurface initiation of preferential flow 
flow from localised saturation within the soil (Weiler, 2001; Weiler and Naef, 2003). Also,Weiler and Naef, 2003). Also,). Also,Also, 
Kienzler and Naef (2007) suggested a pictorial conceptual model. Water infiltrated into the 
soil matrix and vertical preferential flow was initiated from such localized areas of higher 
saturation degree. But one could also interpret the phenomena as impeded flow that canBut one could also interpret the phenomena as impeded flow that can 
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be described by momentum dissipation of an advancing moisture shock wave in rivulets 
(Germann et al., 2007).  

These considerations allow  to discriminate wave-guides that were exposed to preferential 
flow and wave-guides not necessarily exposed to preferential flow. For this purpose, a simple 
estimation of the maximum slope of soil moisture increase for the mean saturated hydraulic 
conductivity (10-20 mm h-1) can be made. Under this assumtion preferential flow influence 
occurs for mloc greater than 0.6x10-5 s-1. On this assumption, 13% of all TDR wave-guides 
at Lutertal have been influenced by preferential flow during the sprinkling experiments (�. 
Kienzler, ETH Zürich, personal communication). Visual proof of θ(t)-series from closely 
aligned TDR wave-guides resulted that 21 of 123 series indicated preferential flow which 
results in 17% (Retter et al., 2006).

The observed vertical velocities are key to characterize vertical flow. The lower edge of 
the velocity distribution in Figure 4.8a is 0.003 mm smm s-1. This number matches well with 
an  estimation of matrix flow velocity (0.001 to 0.005 mm s-1; Table 4.6, upper part) for 
the study site grain size distribution and bulk density (�. Kienzler, ETH Zürich, personal�. Kienzler, ETH Zürich, personal 
communication). Overall, Germann and Hensel (2006) concluded a similar range to our). Overall, Germann and Hensel (2006) concluded a similar range to our 
range of vprofile for gravity dominated wetting front velocities vprofile (also calculated from initial 
moisture increase) from sprinkling on 25 different sites, belonging to seven soil suborders. 
They summarized that the entire velocity range is situated between matrix flow velocities and 
preferential flow. In the present interpretation the upper range of vprofile is therefore caused by 
preferential flow. Generally, the range of vprofile of this study (0.003-1.01 mm s-1) corresponds 
to preferential flow measurements in a soil core (McIntosh et al., 1999) and vertical wetting 
front velocities that were approximated by Torres (1998) using Stephens‘s (1996) calculation. 
Also Kung et al. (2005) similarly reported velocities of wetting and tracer fronts in soils of 
about 1 m in 15 min (1 mm s-1). Other studies reported vprofile, although differenly termed as 
effective wetting front velocities, that were between 0.00218 and 0.00248 mm s-1 (Young et 
al., 1999).  Young et al. (1999) further concluded, that their vprofile and vloc were statistically 
the same, a fact that was also observed in this study.  Consistently,  vertical infiltration at 
the study site is more coherent than previously expected. Further, the frequency distribution 
of vertical velocities show a filtered range that indicates a retardation of flow with different 
velocities (Figure 4.8a+b). This retardation is a consequence of the interaction of flow with 
the matrix and the extent of saturation along the vertical flow paths.  
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Table 4.6. Selected studies on vertical and lateral flow velocities in soil. Table was encouraged by P. 
Kienzler, ETH Zürich.

 

4.5.2 Lateral flow characteristics

The comparison of tracer breakthrough from the two line sources provides information on 
the length and continuity of lateral preferential flow paths. During Exp1, the higher flow 
velocities and tracer recovery of the 4 m line compared to the 8 m line indicate that lateral 
flow paths were relatively short and not directly connected to each other. By contrast, in 
the course of Exp3 the differences between the two line sources were less pronounced and 
lateral flow was more continuous. Hence, there is a difference in connection between Exp1 
(low infiltration rate) and Exp3 (high infiltration rate) (�. Kienzler, ETH Zürich, personal 
communication).

By comparing tracer breakthrough curves of the line sources and of the surface source 
it is possible to evaluate how vertical and lateral flows are linked to each other. In both 
experiments, tracer breakthrough curves of the surface source showed similar temporal delay 
to the 4 m line source and offered a rapid tailing. This suggests that the surface source tracer 
was transported through the soil by quick bypass flow. However, as total tracer recovery of 
the surface source was extremely low during Exp1 (0.05%), quick bypass flow transported 
only a small portion of the total discharge. This indicates that vertical flow did not directly 
merge with lateral flow. In contrast, during Exp3 the tracer recovery from the surface source 
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was higher (0.9%), which indicates a better connection between vertical flow and lateral 
flow (�. Kienzler, ETH Zürich, personal communication). 

What is now the difference between these two experiments? Besides rainfall intensity it 
is the variable moisture conditions that correspond to time of tracer injection. Only the 
tracer injection in Exp3 was conducted under steady state conditions, whereas in Exp1 the 
tracers were injected “too early”, when water table and steady state flow rate were not yet 
fully developed (Figure 4.10). Flow from the first soil pipes only started after a water table 
built up above the bedrock. Results from piezometers and tensiometers indicate that this 
water table was irregular and patchy. These observations point to the conceptual model that 
lateral pipe flow was initiated from patches of higher saturation degree in the soil above the 
bedrock. McDonnell (1990) suggested that localized zones of saturation caused tracer lateral 
movement to depth. Similarly, Kienzler and Naef (2007) infered that coupling of vertical flow 
with lateral flow and coupling of lateral flow with each other took place via such localised 
zones of higher saturation degree. Kienzler and Naef (2007) further summarized that it is 
the spatial extent of these zones that determines sensitively the intensity of SSF. Uchida et 
al. (2004) described this behaviour by the expansion of the hydrologically active area that 
overlays the bedrock. Once steady state conditions were achieved, preferential flow paths 
were connected to each other and flow velocities as well as tracer recovery were higher. 

Tracer injection in Exp3 revealed maximal and mean lateral flow velocities that were in a 
similar range to measurements of other studies (Table 4.6, lower part). For example both flow 
velocities (and thus also the ratio) within an unchanneled valley in the Oregon Coast Range 
at Coos Bay were very close (Anderson et al., 1997). However, tracer breakthrough and 
corresponding flow velocity varied substantially in individual pipes (Figure 4.8c). Kienzler 
and Naef (2007) infered that the highest flow velocities therefore indicate lateral pipe flow that 
was almost continuous or well connected. By contrast, small flow velocities from other pipes  
(Table 4.3 and IV) point to discontinuous preferential flow which is interpreted by short soil 
pipes that were indirectly connected by saturated patches (Kienzler and Naef, 2007). This 
conceptual model for preferential flow incorporates a threshold behaviour similarly to the “fill 
and spill hypothesis” (Tromp-van Meerveld et al. 2006b). However, more recent concepts on 
preferential flow note that complete saturation is not a rigorous necessity to allow connected 
preferential flow. A corresponding threshold that indicates when preferential flow may pass 
or pause at a particular stage is a property of the soil matrix. Germann et al. (2007) that it 
might be the soil moisture at the cessation of drainage. Although this was found for vertical 
flow, great similarity is seen to the retardation of lateral flow that is discussed here.
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4.5.3 Flow characteristics and SSF formation

Although Exp1 to Exp3 had different initial conditions and were conducted with different 
sprinkling intensities, the observed SSF rates were similar and were limited to a maximum 
steady state of about 5 mm h-1. Total soil storage directly prior to the onset of SSF in the 
first soil pipe varied little during the three experiments, between 32 and 38 mm. However, 
the different soil pipes showed large variation with regard to start of flow and pre-event 
water concentration. �ipes with extended lag time to onset of flow had higher pre-event 
water concentrations than pipes where flow started quickly (Kienzler and Naef, 2007). 
Table 4.3 demonstrates this for Exp1 (lag times of 385, 395, and 395 min correspond to 82, 
68, and 66% pre-event water concentrations) and likewise in Table 4.4. Kienzler and Naef 
(2007) concluded from the present data that fast responding pipes were fed directly from 
precipitation, whereas delayed responding pipes did not have a direct connection and were 
fed indirectly from saturated patches in the soil. According to them, SSF response can be 
explained using the two extremes of this conzeptual model.

This contribution focuses on directly measured vertical and lateral flow characteristics. �ipe  
flow formation at the study site can be described on the basis of the idea of two flow domains.  
Vertical as well as lateral flow occurred in preferential  flow paths. Vertical velocitiesVertical velocities 
during infiltration [0.003 - 1.01 mm s-1] were smaller than lateral flow velocities [mean: 
0.06 - 2.7 mm s-1; max: 3.6 -17 mm s-1]. However, these flow paths did not transfer theHowever, these flow paths did not transfer the 
water directly and immediately from the soil surface to the trench face, but were initiated 
and intersected from patches of localised saturation within the soil. This phenomena was 
especially observed in soil depths of 35-40 cm in the lower half of the hillslope, but also 
within the soil profile (see matric head). 

Retardation of flow occurred at several different spots during flow formation, where 
preferential flow stopped and was re-initiated not until localised saturation of the soil matrix 
built up. Once steady-state flow was established, single preferential flow paths were linked 
with each other via patches of localised saturation. Flow took place mainly in a preferential 
way, but was intersected by flow through smaller pores in the partially saturated soil matrix. 
Increasing soil moisture content at the upper parts of the trench face supported these 
interpretation, although highly saturated during end of sprinkling not flow emerged from the 
matrix. The extent of localised saturation was not only responsible for delay until start of 
flow and concentration of pre-event water in flow, but was also responsible for deceleration 
of flow from the soil surface to the trench face and for limitation of flow rate. Integrated flow 
velocities capture these threshold phenomena well. The range and the frequency distribution 
are therefore essential to describe the SSF emanating from soil pipes. To the authors opinion, 
such data that are necessary to adress the critical value that allows preferential flow to 
proceed. In turn, modelling the effects of lateral soil pipes will be pushed forward (Weiler 
et al., 2003). 

  



�� Subsurface Flow Formation

Introduction

01

02

03

04

05

01

02

03

04

05

Vectors of subsurface stormflow 

01

02

03

04

05

Causes for anisotropy 

01

02

03

04

05

Vertical and lateral flow 

4.6 Conclusions
Detailed soil moisture measurements and tracer injections during sprinkling experiments 
made it possible to analyse vertical and lateral flow characteristics on a test hillslope, where 
substantial subsurface storm flow in the form of pipe flow occurred. The findings of this 
study support the conclusion of other studies that vertical as well as lateral unsaturated flow 
in the soil can be described on the basis of two flow domains. Vertical velocities were similar 
for local and integrated measurements. �referential flow paths do not transfer the water 
directly and immediately from the soil surface to the stream, but are retarded and interrupted 
by the soil matrix. Thus, during flow formation, patches of localised saturation develop, 
from where preferential flow can be re-initiated. Water is therefore retained at such patches, 
and their extent determines how quick flow response emerges. Once, steady-state flow is 
established, preferential flow paths can be connected directly with each other or can be 
connected indirectly via such patches of localised saturation. This is a tendency to self-
organize into larger preferential flow systems as sites become wetter, that was dubbed earlier 
by Sidle et al. (2001). The extent of such localised saturation can be highly variable on a small 
scale. Correspondingly, individual preferential flow paths can vary substantially with regard 
to flow velocity. The here shown considerations provide essential temporal information on 
the formation of pipe flow and may help to improve numerical models. 
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5.1 Conclusion on subsurface flow formation

The present study concerns recent advances in understanding the processes by which flow 
occurs gained by experimental studies at the plot and hillslope scale. The aim of this thesis 
is to respond to questions associated with vertical preferential flow and rapid lateral flow. 
Major attention is dedicated to the shift from vertical flow (commonly termed “infiltration”) 
to lateral flow, which actually forms the transition from soil hydrology to hillslope hydrology. 
To improve the hydrological understanding of a trenched hillslope study site with thin soil 
(100 m2), an innovative instrumentation was introduced that allowed the determination 
of in-situ flow vectors during sprinkling experiments. The approach was applied to the 
hillslope scale for the very first time and consists of three obliquely installed TDR wave-
guides that provide the velocity of the wetting front and its direction of travel. A triplet of 
wave-guides mounted along the sides of an hypothetical tetrahedron, with its peak pointing 
down, produces a three-dimensional vector of the wetting front. The method is based on the 
passing of wetting fronts. In our experiments vertical soil moisture content before sprinkling 
was nearly uniform, however there were large local variations. During sprinkling wetting 
progressed downward at various velocities. Flow vectors revealed that vertical infiltration 
and its propagating fronts did not move truly vertically. Vectors of the wetting fronts were 
generally gravity dominated and downslope orientated. Downslope direction dominated 
close to bedrock (35 cm), whereas no preference between vertical and downslope direction 
was found in vectors close to the surface. Vectors of volume flux density were also calculated 
for each triplet, but it was difficult to compare the values to those of the calculated flux 
density at the trench face (chapter 2).

The observed orientation of flow vectors indicated apparent anisotropy within the soil  
(chapter 3). The observations were explained using a qualitative hydro mechanical approach. 
Therefore, the following characteristics were tested as controls on anisotropy: (1) small 
scale soil structure; (2) layering of the soil profile; (3) boundary conditions of flow; (4) 
initial conditions. To determine small scale soil characteristics, small scale core samples 
were analysed for saturated hydraulic conductivity in the vertical and horizontal direction. 
However, no small scale anisotropy was found. Further, initial condition and layering effects 
were tested using initial soil moisture content and soil structure characterization. The soil 
was not evidently layered. Measurements during sprinkling revealed the process by which 
the soil became saturated, and detected water table formation on top of the bedrock. It was 
concluded that apparent anisotropy was caused by boundary conditions of flow, namely 
increased moisture content at the soil-bedrock interface that caused changes of hydraulic 
conductivity across the soil layer. Vectors of flow in 35 cm soil depth indicated increased 
hydraulic conductivity in direction parallel to the slope. It was suggested that this was the 
cause of the apparent anisotropy that we observed during the experimental process as an 
increased ratio of wetting velocities in horizontal over vertical direction (chapter 2). Previous 
studies support these findings and observed lateral flow through preferential flow at the 
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bedrock interface. A simple model showed that under steady state flow within an inclined 
soil layer, there was an increase of K*(n) towards bedrock, which appears on the average as 
anisotropy of the soil layer. Moreover, the increased moisture content, specifically in the soil 
depth 35-40 cm, caused K to increase exponentially and the new K-distribution with depth 
imposed curving of streamlines and apparent anisotropic behaviour. These considerations 
might have implications for general rainfall-runoff modelling, which are certainly more 
complex.

Chapter 4 includes characteristics of plot scale vertical and hillslope scale lateral flowsr 4 includes characteristics of plot scale vertical and hillslope scale lateral flows 
for the study site. Such investigations on flow within the two major domains were 
previously performed, but were less focused on the two flow velocities (AndersonAnderson 
et al., 1997; Buttle and McDonald, 2002). Vertical velocities during infiltrationButtle and McDonald, 2002). Vertical velocities during infiltration  
[0.003 - 1.01 mm s-1] were smaller than lateral flow velocities [mean: 0.06 - 2.7 mm s-1;  
max: [3.6 -17 mm s-1]. However vertical preferential flow did not transfer the water directly 
and immediately from the soil surface to the investigation trench, which was derived from 
total recovery of artificially labeled sprinkling water. It was inferred, that preferentialpreferential 
flow was disrupted and water was retained in patches of increasing degrees of saturation,ater was retained in patches of increasing degrees of saturation, 
which extended differently in space. This retardation of flow was observed by the filtered 
distributions of flow velocities in vertical and lateral direction (Figure 4.8). Flow rate and 
flow response of subsurface storm flow of the hillslope system is therefore essentiallyesponse of subsurface storm flow of the hillslope system is therefore essentially 
controlled by the retardation. After overcoming flow retardation during infiltration as was 
indicated by steady-state conditions, preferential flow continued through such patches of 
high degrees of saturation. This process was previously described as subsurface initiation. This process was previously described as subsurface initiation 
either from a saturated or partially saturated area (Weiler and Naef, 2003) and includes aincludes a 
tendency to self-organize into larger preferential flow systems as sites become wetter (Sidle 
et al., 2001). The locations where bending of flow from vertical to lateral direction occurs 
are therefore areas of higher saturation degree. Greminger (1984), for instance, found that 
lateral flow components developed even under incomplete saturation (83%) as derived from 
700 tensiometers on a 275 m2 study site.  

 

The vector approach to subsurface flow contains uncertainties: 

The control volume for assessing the vectors was discussed in chapter 2. The longer 
the wave-guides, the less sensitive the measurements will get. On the other hand, the 
longer the wave guides the larger the control volume for assessing the vectors. 

Soil substrates containing rock fragments hinder a proper installation of TDR wave-
guides.

 The measurement interval of the TDR system was 90 s. This time resolution depended 
on the setup of 15 waive-guides. Decreasing the number of waive guides per TDR 
system allow measurement intervals of down to 30 s. However, the actual time 
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resolution used (90 s) is sufficient for the vector determination. More crucial to the 
method is the determination of tL (see chapter 2 and 4).

 The method is based on the concept of wetting fronts that are coherent within the 
triplet survey volume (~ 3 dm3). At the Lutertal field site 21 out of 123 passages of 
wetting fronts showed some kind of preferential flow pattern and thus deviated from 
the concept. 

For a correct measurement and also for coordinate transformation the wetting front 
should propagate from the upper half space into the TDR volume of the triplet. As 
shown in our measurements, in some cases wetting probably advanced from the 
bottom up.

 The method records best the first wetting front, which usually imposes the higher 
differences in saturation degrees. Following fronts and particularly when the hillslope 
system is close to steady state are hardly monitored. 

In conclusion, the flow direction, as determined by the vector approach, contains uncertainties. 
Vertical characteristics recorded by individual TDR wave-guides (chapter 4) rather than a 
triplet seem more reliable. Moreover, for the aim of integrated flow formation of a hillslope, 
it is the distribution of integrated wide scale flow velocities in vertical and lateral direction 
that determine important characteristics of the hydraulic system rather than the detailed point 
measurements within the heterogeneous flow system. 

A refinement of the method depends therefore on the investigation goals and scales of 
observations, which is outlined below.

5.2 Further potential research 

The section presents two subjects for further research. Firstly, it considers the potential of 
the vector method for small scale investigations in the laboratory. Secondly, future aspects 
on subsurface flow research at the hillslope scale are addressed.

Application of the vector approach (2 D) in the laboratory: Unsaturated lateral flow in 
hillslopes was firstly studied in the early 1970s (Zaslavsky, 1970). Thereafter, many 
studies gained experimental evidence about this topic such as the series of papers 
by Zaslavsky and Sinai (1981) which received great attention and were recently 
classified as benchmark papers in hydrology (Beven, 2006). While this experimental 
evidence was gathered long ago, it seems there is a renaissance today. Lately, Sinai 
and Dirksen (2006) presented the lateral movement of flow, studied during a sand 
box experiment in the 1970s (Figure 5.1a). Also, Miyazaki (2006) visualized the 
refraction of water flow in layered soil by sandbox experiments of the 1980s (Figure 
5.1b), but still concluded that further experimental studies are required to clarify the 
2 D behavior. However, experimentation in sandboxes is limited and differs from 
conditions in the field. Hence, it is not clear if the recent revival of interest in this 
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method is merely nostalgia or offers truly something new to research. Combining the 
sandbox setup with the vector approach might be a way forward because it allows the 
determination of in-situ flow vectors. Herefore, it is easy to confine the method to 2 D. 
Apparently, the electrode of the small scale investigation length needs to be adjusted 
to the dimensions off the sandbox. Others addressed questions of anisotropy in the 
field and lacked more modern measurement techniques which could be used to solve 
remaining problems (Glass et al., 2005). Reassessment of the sandbox experiments 
of Sinai and Dirksen (2006) and Miyazaki (2006) has high potential to refine our 
understanding on refraction of flow and curving of streamlines based on a multiple 
technical approach (flow vectors, photographs, and dye tracer movements). However, 
the shift from vertical flow to lateral flow is at present poorly understood.  

 

Figure 5.1. Colored streamlines in unsaturated sand with two V-trenches after one hour of rainfall (a) 
and in unsaturated sand-fine beads-sand layer (b). 

 Further research on the formation of subsurface flows at the hillslope scale: 
Experimental process studies are crucial to a better understanding of subsurface 
flow formation. More than ever, new opportunities have emerged that increase our 
awareness of their significance. This directly results in an urgent need to expand 
and prioritise experimental hydrological research. The current rapid development of 
new systems (see below) will enable real-time monitoring of hydrological variables 
in unprecedented detail, allowing for example, real-time forecasting of hydrologic 
variables such as soil moisture. Amongst these, there are wireless sensor networks, 
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the use of ground-penetrating radar for identifying subsurface flow (Gish et al., 
2002), ground-based gravity measurements to infer large scale hydraulic properties 
(Ferré et al., 2006). Also, there are new TDR probes consisting of one conducting rod 
whose volume is larger and more symmetrical than the volume sampled by a two-
rod probe of equal size. Further, relationships between local water content and pore 
water conductivity allowed the development of a profile reconstruction algorithm for 
electrode lengths up to 96 cm that use the full information content of TDR reflection 
data (Nussberger, 2005; Schlaeger, 2005). Based on electromagnetic field distribution 
of the guided wave Nussberger (2005) determined the sensitivity of the probes to 
scattering objects. The study showed, that a single rod probe is more suitable for non-
local measurements of water content with TDR.  

 These techniques will help to provide representative measurements of subsurface 
flow formation because the methods have sufficient support volumes to constrain 
parameter estimates of soil hydraulic properties that are appropriate at large scales. 
Therefore integrated large scale flow characteristics can be derived that are directly 
linked to integrated flow formation of a hillslope.

���

5.3 Outlook: Prediction in ungauged basins (PUB) initiative

The present studies demonstrate enhanced understanding on the connection of vertical 
and lateral flows and thus on subsurface flow formation. This in turn directs us to a better 
conceptualization of the hydrological processes in rainfall-runoff models, which improves 
predictions for similar but ungauged hillslopes. It is therefore a valuable contribution to the 
�UB initiative. Nevertheless, presently it is about halfway through the �UB decade and 
upcoming years until 2012 will show the benefits of process understanding in order to reduce 
uncertainties in the predictions. By the end of the initiative, hydrology will then hopefully 
be (no more “many things”, but) a “very specific thing” for the people of Bern on the banks 
of the river Aare. 
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