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[1]

One of the greatest challenges in the field of hillslope hydrology is conceptualizing

and parameterizing the effects of lateral preferential flow. Our current physically based
and conceptual models often ignore such behavior. However, for addressing issues of
land use change, water quality, and other predictions where flow amount and
components of flow are imperative, dominant runoff processes like preferential
subsurface flow need to be accounted for in the model structure. This paper provides a
new approach to formalize the qualitative yet complex explanation of preferential flow
into a numerical model structure. We base our examples on field studies of the well-
studied Maimai watershed (New Zealand). We then use the model as a learning tool for
improved clarity into the old water paradox and reasons for the seemingly contradictory
findings of lateral preferential flow of old water where applied line sources of tracer
appear very quickly in the stream following application. We evaluate the model with
multiple criteria, including ability to capture flow, hydrograph composition, and tracer
breakthrough. We generate output ensembles with different pipe network geometries for
model calibration and validation analysis. Surprisingly, the range of runoff response
among the ensembles is narrow, indicating insensitivity to specific pipe placement. Our
new model structure shows that high transport velocities for artificial line source

tracers can be reconciled with the dominance of preevent water during runoff events even
when lateral pipe flow dominates response. The work suggests overall that

preferential flow can be parameterized within a process-based model structure via the

structured dialog between experimentalist and modeler.
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1. Introduction

[2] Hillslope hydrology is still poorly understood despite
numerous hillslope trenching campaigns (J. J. McDonnell et
al., Slope Intercomparison Experiment: Forging a new hill-
slope hydrology, submitted to Hydrological Processes,
2006, hereinafter referred to as McDonnell et al., submitted
manuscript, 2006), some dating back almost one hundred
years [Engler, 1919]. Hursh and Brater [1941] were among
the first studies to quantify the role of subsurface stormflow.
Their seminal work showed that the stream hydrograph
response to storm rainfall at the forested Coweeta experi-
mental watershed was composed of two main components:
channel precipitation and subsurface stormflow. Later,
Hoover and Hursh [1943] showed that soil depth, topogra-
phy, and hydrologic characteristics associated with different
elevations influenced peak discharge. While the rate of
progress in understanding subsurface stormflow increased
substantially through many field campaigns during the
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International Hydrological Decade (IHD) [e.g., Whipkey,
1965; Dunne and Black, 1970; Weyman, 1973], we have
entered the new IAHS Decade on Prediction in Ungauged
Basins with little ability to make nontrivial predictions of
subsurface stormflow behavior on slopes that have not yet
been trenched and gauged. Even when we do have a
detailed trenched hillslope, extrapolation to a neighboring
site in the same catchment is often impossible.

[3] Progress is being made in developing new theory
[Troch et al., 2002] and new field diagnostics [Scherrer and
Naef, 2003] of hillslope hydrology. However, these
approaches often ignore what many hillslope investigations
since (and including) Engler [1919] have observed: lateral
preferential flow domination of stormflow response. These
preferential lateral flow networks have been described
anecdotally in studies around the world, from semiarid
hillslopes [Newman et al., 1998] to subtropical sites [Freer
et al., 2002], from steep forested Pacific Rim sites [7ani,
1997] to grassland sites in the Swiss Alps [Weiler et al.,
1998]. Recent intercomparison studies have shown that
lateral preferential flow is often highly threshold dependent,
with a certain local rainfall amount threshold necessary to
activate lateral preferential flow [Uchida et al., 2005]. One
particularly vexing issue in the context of this network-like
hillslope response [ Tsuboyama et al., 1994] to storm rainfall
(and snowmelt) is the often paradoxical accompanying
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finding that most of the water emanating from these
preferential flow networks at the slope base is water that
was stored in the soil profile prior to the rain event
[McDonnell, 1990]. While the chemistry of this water is
often variable (sometimes showing flushing of soluble
products in the soil, sometimes not), this finding of old
(preevent) water domination of lateral preferential flow is
widespread in humid regions [Sklash et al., 1986; Uchida et
al., 2006].

[4] The grand challenges for the field of hillslope hy-
drology have been summarized recently by McDonnell et
al. (submitted manuscript, 2006) stemming from the first
Slope Intercomparison Experiment (SLICE, http://sinus.
unibe.ch/boden/slice/). These challenges include: intercom-
parison and classification of hillslope behaviors; distin-
guishing and resolving hillslope pressure wave response,
quantifying the local effects of bedrock permeability of
hillslope discharge, developing new theory for hillslope
network behavior and developing new measurements strat-
egies at the hillslope scale. One of the greatest challenges to
the field currently is conceptualizing and parameterizing the
effects of lateral preferential flow on gauged and ungauged
hillslopes. Our current physically based and conceptually
based models often ignore such behavior. However, for
addressing issues of land use change, water quality and
other predictions where flow amount and components of
flow (even time and geographical source components of
flow), dominant runoff processes like preferential subsur-
face flow need to be accounted for in the model structure.

[5] So how might we describe lateral preferential flow in
our models? Faeh et al. [1997] used a layer of higher
conductivity and a kinematic wave approximation to im-
plement preferential flow in their numerical hillslope model
QSOIL. Bronstert [1999] used a similar approach in his
HILLFLOW model. Beckers and Alila [2004] recently
implemented a preferential flow routine into the distributed
hydrology soil vegetation model (DHSVM). Their approach
subdivides the soil into two storage components where flow
is driven by Darcy’s law assuming different flow velocities.
They implemented a threshold parameter for when the
preferential flow storage component is filled. There are also
many attempts to model vertical macropore flow [Beven
and Clarke, 1986; Germann and Beven, 1985; Weiler,
2005], which may serve as an additional guideline to
describe lateral preferential flow. While a useful start, most
approaches did not incorporate knowledge about commonly
observed features of preferential flow pathways and new
experimental findings of water flow in preferential path-
ways, and they typically did not model solute transport to
further validate their models. To do this requires original
thinking in terms of how to embed site specifics with model
structure generality. Beven [2000] discussed this in the
context of the uniqueness of field measurements as a
limitation on model representations. Phillips [2003] out-
lined a philosophical approach that may be a possible way
forward for conceptualizing and parameterizing the effects
of lateral preferential flow on hillslope hydrology. This
involves bridging the qualitative (idiographic) approach
with the quantitative (nomothetic) approach that seeks
explanation based on the application of laws and relation-
ships that are valid everywhere and always. While Phillips
[2003] advocates that particularities of place and time can
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be treated as boundary conditions in this way, our current
models of hillslope and catchment hydrology to date ignore
the particularities of place and time. We argue that this one-
size-fits-all model structure approach exacerbates the equi-
finality problem as outlined by Beven and Freer [2001].
Our experimental evidence from field studies in trenched
watersheds, especially in the context of lateral preferential
flow, suggests that preferential flow processes vary consid-
erably from site to site. In this paper we embrace the
peculiarities of site as a necessary part to explain how such
a site might respond to precipitation. This paper is an
attempt to combine the quantitative (idiographic) with the
qualitative (nomothetic) approach (the basic laws of flow in
porous media with observations of Pacific Rim hillslope
conditions where lateral preferential flow often controls
hillslope response) into a model structure that can be used
as a learning tool for further understanding of lateral
preferential flow. Our approach attempts to conceptualize
the effects of preferential flow of old water in humid
catchments, particularly in the Pacific Rim, by bringing
lateral preferential flow into a formal model structure.
Doing so forces the alliance between traditional flow
models in porous media with the often qualitative and
complex field descriptions of preferential flow behavior.
This also forces a dialog between experimentalist and
modeler by necessitating the simplest possible description
of preferential flow by the field scientist and the simplest
and most parsimonious description of preferential flow in
the numerical code by the modeler. The goal of our work is
to produce a model structure that minimizes calibration. We
use the process observations to guide a physically based
model approach with the objective of combining flow and
transport to form a tool for better understanding and
resolving the old water paradox. The specific objectives
are (1) formalize the highly qualitative yet highly complex
explanation of preferential flow into a model structure and
(2) use the model as a learning tool for improved clarity into
the old water paradox and reasons for the seemingly
contradictory findings of lateral preferential flow of old
water, at high runoff response ratios but where applied line
sources of tracer appear very quickly in the stream follow-
ing application.

2. Maimai Catchment

[6] A watershed exemplar of the old water paradox in
steep, wet, preferential flow dominated terrain is the Maimai
catchment in New Zealand (see review by McGlynn et al.
[2002]). Here studies have debated over the years the
precise mechanisms for water delivery to the channel
because of the seemingly conflicting results from different
study approaches. Mosley [1979, 1982] found a close
coincidence in the time of the discharge peak in the stream
and the time of the subsurface stormflow peaks from a
series of small trenches on the steep, wet hillsides in the
Maimai M8 catchment, implying rapid movement of rain-
water vertically in the soil profile and in lateral downslope
via connected soil pipes. Mosley’s perceptual model con-
sidered macropore flow to be a ‘“short-circuiting” process
by which water could move through the soil at rates up to
300 times greater than the measured mineral soil saturated
hydraulic conductivity and contribute to coincident hillslope
and catchment hydrographs. Pearce et al. [1986] and Sklash
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