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1. Introduction



1.1. Introduction
Hillslopes are a fundamental landscape unit for ynields of environmental

science (Wagener et al., 2004). Despite the inapog of forested hillslopes as a filter in
the landscape for hydrological, ecological, biodesuical, and geomorphological
signals and decades of field monitoring of heawlgtrumented field sites, hillslope
hydrology is poorly understood, (Bonell, 1993). sBaquestions remain regarding the
subsurface structure and dominant flow processegtpg at the hillslope scale. Figure
1 illustrates the enormous complexity in subsurfioer processes that creates major
challenges in understanding, conceptualizing aradlipting the flow and transport in
forest hillslope systems. As a result, we stitklthe macroscale laws that might describe
whole hillslope behavior (Dooge, 1986).

Some of the difficulties in making progress in $ibpe hydrology are due to the
standard methodologies used in the field. Our oreasents are restricted to the point
scale (e.g. time domain reflectometry, tensiomgi@rsit the base of a hillslope where we
might construct a collection trench (e.g. for messy lateral subsurface flow or soil
water chemistry). While point scale measuremenisige us very accurate information
over the states and stores of water and nutrienigery small scales, they are often
difficult to reconcile with hillslope trenching iofmation that integrates over large spatial
and temporal scales. We still lack a mechanistikaje between the extremes of our
point scale measures and the integrated hillsldpe fresponse. While the two
approaches have improved our understanding sulosuftaw processes at the hillslope
scale (Bonell, 1993; Kirkby, 1978; Weiler et alQ(8), the natural complexity and
heterogeneity of these systems, combined with tieerent difficulty in measuring
subsurface processes have been barriers to progfesst hillslope studies rely on
passive storm monitoring, and generally only meamants of the inputs, outputs and
isolated points of internal state conditions areleaThe boundary conditions are also
rarely known, adding to the difficulty in measuringnodeling and understanding
subsurface processes

This thesis explores a new way of conducting lupisl scale experiments, where
inputs and boundary conditions are controlled, haaay advantages over passive storm
monitoring. Such macroscale experiments can textegses at the scale that they are



operating (i.e. Brooks et al., 2004). Rather thrasure flow processes at the scale that
is convenient for our instrumentation (generallytha soil core scale), this thesis shows
how these experiments integrate system resportbe atale at which flow processes are
occurring.

This thesis also uses hillslope scale irrigation generate subsurface flow
conditions. By generating steady state flow amdagfe through irrigation, the dominant
flow processes can be revealed in a way not pessibth the transient, dynamic
conditions generally observed during storm monitgri Finally, destructive sampling at
the hillslope scale allows for further discoveryhyfdrological processes masked by an
impenetrable soil profile.

Virtual experiments (i.e. Weiler and McDonnell, 20Care another avenue for
new process understanding. Virtual experimentsrparate numeric modeling informed
by field experience designed to act as a learrong tather than for prediction. Using a
carefully constructed and validated numeric model,can develop numeric experiments
to probe system response well beyond what is plessibthe field. Heterogeneities in
processes and parameters can be controlled, wialddminant system response can be
identified. Virtual experiments have shown promisedetermining the controls on a
range of hillslope scale processes, including entrflushing (Weiler and McDonnell,
2006), canopy smoothing of precipitation (Keim kt 2006), bedrock leakage (Ebel et
al., 2007) and the effects of spatially variabledoyogic parameters (Fiori et al., 2007).

We focused our research on going beyond passive stwmnitoring to open the
black box of hillslope hydrology. We will descriligigation experiments performed at
well studied field sites in South Island, New Zealaand Western Oregon, USA to
determine the flow processes controlling water soldte transport at the hillslope scale.
These experiments were used to develop a percepiodél of flow and transport in
steep, forested catchments incorporating rapiddbaseibsurface flow and leakage to near
surface permeable bedrock. The new perceptual Inveale used to develop a simple
numeric model of hillslope hydrology. The modeltien used as a learning tool to
investigate the causes and controls on the thrédiediavior seen in many hillslopes and

small catchments.



Description of Chapters

1.1.1.Chapter 2. Hillslope threshold response to staimfall: (1) A field
based forensic approach
Chapter 2 outlines a series of hillslope scalgation experiments from the

Maimai instrumented hillslope, NZ, a site of hydrmical research for over 30 years
(McGlynn et al., 2002). The goals of the experitnerre to identify the location and
nature of the preferential flow network, identifyetrole of bedrock topography on flow
routing, and quantify the bedrock permeability atslinfluence on subsurface flow
processes. A new perceptual model of hillsloper fisocesses was developed based on

the findings.

1.1.2.Chapter 3. Hillslope threshold response to st@mfall: (2) A virtual
experimentation approach
Chapter 3 outlines the development of a distributecheric hydrological model

(MaiModel) using the dominant processes concepiGaiyson and Bldoschl (2000),
informed by the new perceptual model of hillslojmenf processes at the Maimai hillslope
developed in Chapter 2. The conceptual, resermyme model is calibrated against
multiple criteria, including both hydrometric anghder system response from previous
combined tracer application and storm monitorirejdficampaign by Brammer (1996).
The calibrated model is then used in a virtual expent framework to determine the
controls on the macroscale precipitation / dischdhgeshold relationship seen at this and
other field sites (McDonnell, 1990; Tani, 1997; fimp-van Meerveld and McDonnell,
2006). Alternative hypotheses of controls on tireghold behavior are explored with the
model.

1.1.3.Chapter 4. Experimental closure of the hillsloger balance within
a measurement uncertainty framework
Chapter 4 describes a field scale steady statmiion experiment performed at

the instrumented hillslope in Watershed 10, in khd. Andrews Experimental Forest.
Using the closure of the hillslope water balance a¢atform, here we present a rigorous
uncertainty analysis of a hillslope scale irrigatiexperiment. The importance of

uncertainty accounting is shown, as the water loalas closed, revealing large fluxes



through storage in the shallow bedrock. Storagehdirge dynamics reveal complex,

hysteretic behavior.
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1.3. Figures

Figure 1.1 The complexity of subsurface flow praess(from Sidle et al., 2001)

- surrounding soil matrix
(D) Lateral flow in a perched water table between

ofganic and minerai Soil fIoNZon



2. Hillslope threshold response to storm rainfall: Alfield based
forensic approach



2.1. Introduction
Hillslopes are fundamental units of the hydrologindscape and the main filter

for water and solute transport from the atmosphethe stream. In forested regions of
the world, quick lateral subsurface stormflow (afalled interflow or throughflow) is
the primary mechanism for stormflow generation @adtwater catchments (Hursh, 1944).
Much of the progress in identifying the differenamifestations of subsurface stormflow
behaviors was made in the 1960s and 1970s (HeanettHibbert, 1967; Mosley, 1979;
Whipkey, 1965). More recent work has tempered thdiseoveries by revealing the
complexity, heterogeneity and uniqueness of naturdislope drainage systems
(McDonnell et al., 2007) and the wide range of esalf processes imposed by climate,
geology and vegetation that control hillslope rews®o (Sidle et al., 2007; Sivapalan,
2003; Zehe et al., 2007).

One common denominator in hillslope response tofalliis the often-observed
threshold relationship between total storm preatmh and lateral subsurface stormflow.
Several (e.g. Lehmann et al., 2007) have recenglyeal that this is an emergent property
at the hillslope scale—a property that subsumeshnafiche sub-grid complexity at the
plot scale. While threshold relationships betweenns rainfall and hillslope-scale runoff
have been shown now in several environments (BattteMcDonald, 2002; Hutchinson
and Moore, 2000; Mosley, 1979; Spence and Woo, ;Z08&i, 1997; Uchida et al., 1999;
Uchida et al., 2005) the physical cause of thegestiolds has been difficult to
demonstrate given the challenge of taking measurtsva the hillslope scale. Recently,
Tromp-van Meerveld and McDonnell (2006a; 2006b}dahon field observations at the
Panola Mountain Research Watershed in Georgia UWefeloped the “fill and spill”
theory to explain the precipitation threshold fateral subsurface stormflow. The fill and
spill hypothesis states that that connectivity afches of subsurface saturation (at the
interface between the soil and an impeding laysrlainecessary pre-condition for
significant hillslope-scale storm response. Theselated patches of subsurface
saturation are located in topographic hollows & itmpeding layer, and connection of
these patches is controlled by both the topographyhe impeding layer and the
permeability of the impeding layer. This hypotkesas supported by observed patterns
of transient water table development and lateréisstface stormflow at Panola, and
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since then by model analysis in two and three dsimars (James and McDonnell, 2008;
Keim et al., 2006). However, the physical meas@m@nof the dominant controls on the
presence and magnitude of the observed threshaldsrot been performed.

The fill and spill hypothesis for hillslope-scaleréshold response depends on a
number of factors, including the location and natof lateral subsurface flow, and
characteristics of the boundary where lateral floecurs. In this hypothesis, it is
implicitly assumed that flow occurs at the surfaten impeding layer, and that flow is
routed by the bedrock topography. It is also assurthat the permeability of the
impeding layer is of an intermediate value, perneabough that storage is transient and
requires filling during events, but not so permeathlat storage cannot be filled during
typical event rainfall intensities and duration®espite the promise of fill and spill
controlled thresholds as a way to define and qbarttillslope scale response to
precipitation, these factors (the nature of thewfleystem and permeability of the
impeding layer) have proved difficult to assesssiimgle-realization field studies. The
mapping, measuring and quantifying the flow netwarkd bedrock permeability is
extremely difficult with current field techniqueacapproaches.

So how can we explore the mechanistic controlsiksidpe threshold response to
storm rainfall (the fill and spill hypothesis) addvelop a function that captures sub-grid
scale variability into numerical macroscale beheidere we present a new field-based
experiment aimed at defining hillslope-scale sufasar internal processes via limited
destructive sampling of a well-researched site. fdflew the tradition in soil science,
where soil pits and excavations after tracer appbas are a commonplace method for
determining processes occurring at the soil pedateqe.g Flury et al., 1995; Zehe and
Fluhler, 2001). In this study we excavated a whsbdge section to develop new physical
understanding of internal controls on thresholgpoese and whole hillslope emergent
behavior. Our work builds upon some destructiveegxpentation that has already been
attempted in hillslope hydrology (e. g. Kitahar@93; Moran et al., 1989; Singh et al.,
1991; Tippkoétter, 1983), though previous experiragah was not based at the hillslope
scale. Kitahara (1993) filled a network of macn@gsowith plaster and removed the soil
from surrounding the network, identifying the ldoat and morphology of the

preferential flow network. Numerous groups (eGgbens and Lenz, 2001; Heitschmidt
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et al., 1988) have also removed the soil from avaet of tree roots, revealing the form
and structure previously hidden by the soil profiladditional pit scale irrigation and
excavation experiments have been instrumental ivealeng the structure and
predominance of lateral and vertical preferent@hf(e. g. Mosley, 1982; Noguchi et al.,
2001; Weiler and Naef, 2003) but have been limitethe pedon scale and have not been
attempted across a complete hillslope section.

We will show how destructive sampling at the hd[s¢ scale can be especially
useful at our well studied sites, where a histdrgluserved field behaviors can be tested,
ex post factpusing our forensic approach. Our research siteedMaimai Experimental
Watershed on the South Island, New Zealand (seelyvicCGet al., 2002) for review).
Maimai was one of the early sites where the roléatdral subsurface preferential flow
paths was observed (Mosley, 1979; Mosley, 1982)reMrecently, studies at Maimai
have chronicled the initiation of subsurface stdomfthrough soil pipes (McDonnell,
1990), the patterns of subsurface stormflow (Woadsl Rowe, 1996) and solute
transport (Brammer, 1996) at the slope base, tlaive role of hillslope vs. riparian
zones in runoff initiation (McGlynn and McDonneR003a) and nutrient and solute
transport (McGlynn and McDonnell, 2003b). While tlecognition of rainfall thresholds
for generating hillslope response at Maimai dateskkto the original work of Mosley
(1979), the controls on this whole-hillslope resp@have been difficult to assess, even at
this intensively studied site.

At Maimai, the key components of the fill and sgiileory have not been resolved.
Both the nature of the lateral subsurface flow meky and the permeability of the
bedrock are poorly understood. The characterisfitee lateral flow network have been
extrapolated from observations made at trench fanddimited, small scale excavations
(<1n?) (Weiler and McDonnell, 2007) while the upslopenfio connectivity, extent of the
lateral flow network remains unknown. While thedlmk permeability has been
estimated using a catchments scale water balantey@hlin et al., 1978; Pearce and
Rowe, 1979), no direct measurements have been m¥de.posit that hillslope scale
excavations are a powerful field method to revhal éxistence and extent of the lateral

flow network and a way to expose the bedrock serfac permeability measurements.
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This paper details a hillslope scale irrigatiorkeavation experiment designed to
identify the dominant flow pathways and the role lbédrock topography and
permeability at the hillslope scale. Our work tesitsee sets of multiple working
hypotheses directed at the first order controlshenfill and spill theory stemming from
previous work at Maimai and other steep, foresibsldpes:

1. How can we characterize the lateral subsurface#low

la) Lateral subsurface storm flow is concentratedhe soil matrix and the
preferential flow network is non existent or unimg@ot in generating flow at the
hillslope scale (supported at the site by Sklasil.e1986)

1b) A lateral preferential flow network exists,nsisting of disconnected soill
pipes located in the soil profile (supported at site by McDonnell, 1990; Weiler and
McDonnell, 2007; elsewhere by Noguchi et al., 199@guchi et al., 2001)

1c) A lateral preferential flow network exists,nststing of a connected network
located at the soil/bedrock interface (supportethatsite by McDonnell, 1997; Mosley,
1979)

2. How does the boundary layer affect flow routing?

2a) The bedrock surface plays an indirect rolaw routing (supported at the
site by Woods and Rowe, 1997)

2b) The bedrock surface determines flow routingpf®rted at the site by Freer et
al., 1997; McDonnell, 1997; and elsewhere by Feteal., 2002)

3. How does the permeability of the lower boundaffgct flow processes?

3a) The bedrock is effectively impermeable (supgzbat the site by McDonnell,
1990; Mosley, 1979; O'Loughlin et al., 1978; Woadisl Rowe, 1996)

3b) The bedrock permeability is high enough to hawggnificant impact on flow
processes (supported elsewhere by Onda et al.; Zo@hp-van Meerveld et al., 2006)

2.2. Site description
The experiments were performed at the Maimai Expental Watershed, near

Reefton, South Island, New Zealand (Figure 2.1).airvhi was established as a

hydrological experimental field site in the late729to examine the effects of forest
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management on water and sediment flux. The siseb®gen continuously monitored
since.

Soils are stony silt loam podzolized yellow browartes (Rowe et al., 1994)
overlain with a 15 cm thick high porosity organignius layer (McDonnell et al., 1991).
Hydraulic conductivity of the mineral soils rangerh 1.4E-6 — 8.33E-5 m/s (5-300
mm/hr), the mean porosity is 45%, and soil profégeerage 0.6 m (McDonnell, 1990).
The soil has a high density of preferential flovthsa including vertical cracks, live and
dead root channels, and macropores in the soilii@rahd along the soil bedrock
interface (Brammer, 1996; Mosley, 1979; Woods aontv® 1996). At the soil surface
lies a high permeability (hydraulic conductivity ¥8E-4 m/s (1000 mm/hr) (McDonnell
et al., 1991)) organic mat, where isolated, andtdh@d pseudo-overland flow has been
observed. Due to the high annual rainfall (2.450n@an annual rainfall (Woods and
Rowe, 1996) and high storm frequency (average twmveen storms ~3 days), soils
remain within 10% of saturation through most of thalrologic year (Mosley, 1979).
Considered poorly permeable the bedrock is EadysRIlcene Conglomerate of the Old
Man Gravel formation, a moderately weathered, frrmdmpacted conglomerate with
clasts of sandstone, schist and granite in a clegnd matrix (Rowe et al., 1994). Deep
seepage to the bedrock aquifer is estimated 10¢/n{féarce and Rowe, 1979),

In the Maimai experimental forest, the first ordeatchments are highly
responsive, with a runoff ratio (catchment discke&anfall) of 54% annually, of which
65% is quickflow (Pearce et al., 1986), as defingdHewlett and Hibbert (1967). While
also responding rapidly to precipitation, the hilfees have a much lower runoff ratio, ~
15%, and sustained baseflow for more than 4 dags ah event has not been observed
(Woods and Rowe, 1996). The difference betwedsldyle and catchment runoff ratios
has not been explained. Reviews by McGlynn et(2002) and Rowe et al. (1994)
provide additional details on the Maimai catchments

Our experiments were performed at the hillslopdrumsented by Woods and
Rowe (1996). The relatively planar hillslope wassen for their studies, downstream of
the M8 catchment studied by earlier generationscantists (McDonnell, 1990; Mosley,
1979; Mosley, 1982; Pearce et al., 1986; Sklashalet 1986). The hillslope is
representative of the Maimai slope lengths andignas, with a maximum slope length
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of 50 m, and gradients above®33_ateral subsurface flow is collected at the slbpse
by a 60 m long trench excavated into the conglotedvadrock surface. Flow from the
hillslope is routed to 30 trench sections (2 m Joagd then into recording 2 L tipping
buckets. Due to soil instability and a deep pegfthe trench is split into two groups of
20 and 10 m wide trench sections, with a 20 m gdmeiween. Woods and Rowe (1996)
monitored subsurface flow at the trench for 110sdiay1993. A key finding from their
work was the recognition of the large spatial Jaitity of lateral subsurface flow,
something subsequently observed at field sitesrardlie world (e. g. Freer et al., 2002;
Hutchinson and Moore, 2000; Kim et al.,, 2004). WHhWoods and Rowe (1996)
attributed the spatial variability of lateral sulfage flow to surface topography,
subsequent analysis showed that subsurface togograpthe soil-bedrock interface
better explained the coarse patterns of flow diatron at the hillslope scale (Freer et al.,
1997). Later work by Brammer (1996) monitored flinam the trench for 65 days and
traced the flux of an applied line source bromi@deer at the instrumented hillslope 35 m
upslope of the trench face and observed very fasdsface stormflow tracer velocities,
with 4% of tracer recovery in the first storm afegplication, less than 3 days later, and
less than 9 hours after the storm began.

Analysis of data records from the Woods and Rov@96§) and Brammer (1996)
storm monitoring demonstrate a clear threshold l&deral subsurface flow at the
monitored hillslope at Maimai. If one defines awlividual storm as at least 1 mm rain
preceded by 24 hours without 1 mm rain, 41 stormesidentified in the Woods and
Rowe dataset, with between 1 and 83 mm total pitatign (Figure 2.2). Total storm
hillslope discharge was defined as the increashsicharge for the duration of the storm,
including 24 hours after rainfall ceased. Totalst discharge ranged from 0 — 22.2 mm.
For all events with less than the 23 mm total st@mecipitation threshold, only one
storm had measured discharge greater than 0 m® itni discharge for a storm of 16.8
mm precipitation).

We reactivated trench sections 10-13 of the Woaus Rowe (1996) trench.
These trench sections are located in a (surfacebadrbck) topographic hollow where
the majority of flow (>64%) was observed in botte ttWoods and Rowe (1996) and
Brammer (1996) monitoring. Trench sections 10 -e8n upslope contributing areas of
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between 51-473 fn and peak flows ranged from 0.17-0.23 L/s (0.22.61 mm/hr)
during storm monitoring. In this area of hillsigppipe flow at the trench face was
observed to dominate lateral subsurface flow byiptes researchers. Overland flow has
not been observed at the hillslope.

2.3. Methods
We performed 2 sets of irrigation experiments a&btench sections 10-13. The

first experiment was a injection of water and traatethe soil bedrock interface 8 meters
upslope of trench sections 12-13. The second ewrpat was line source surface
application of water and tracer line 4 m upslopetla# trench sections 10-11. The
upslope application distance was constrained bypteeence of a 25 year oRhdiata
Pine5 m upslope of the trench face. Water was pumpeth Zom the nearby Powerline
Creek to the application site with a small gas punipigation continued until steady
state conditions were reached, as determined byggtischarge measured at the trench,
and constant spatial patterns of flow at the trefmte. For the deep injection
experiment, the water was pumped directly intoemdh excavated to the soil bedrock
interface. The trench was 0.6 m deep and 1 m wiw. the surface application, water
was pumped to a perforated gutter 1.7 m long. YMatgated the soil surface evenly
along the 1.7 m long by 0.1 m wide gutter, and ghdorations were spaced 0.0025 m
apart so that a constant shallow (<0.0025 m) wlatezl was maintained in the gutter.
Due to fluctuations in the water source (relatectteek stage and pumping rate), the
application rate was not constant during the 4 week experimentation. However,
steady application was possible over 2-3 hour appbtn periods through careful
monitoring of stream levels. Application rate wasasured on site, and varied between
0.02 L/s to 0.30 L/s. Discharge was measured etrénch face using the Woods and
Rowe (1996) guttering and tipping buckets, linkeda CR10 Campbell Scientific
datalogger. As the excavations continued, muctn@ftrench section was damaged, so
subsequent trench discharge rates were not recowiigdhillslope discharge was routed

to a common 5 L collection vessel where tracer eatration was measured.
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2.3.1. Excavation and flow mapping
After steady state was reached in each of thergwpats, the types and locations

of dominant flow pathways were recorded at thednneface. To ease photographic
recording of flowpaths, brilliant blue dye (C.I. ¢@ Blue # 2; C.l. 42090;
Cs7H34NoNaOeS;) was added to the irrigation water, (e.g. Flurg &fhihler, 1995). At
steady state, the dominant flowpaths were label#gdd arange tape, and vertical and
lateral coordinates were recorded. Both matrixvfi@s evidenced by wetness at the
seepage face) and macropore or other preferefdiapéths were identified. A digital
photograph was taken of each exposed trench slngeof each noted flowpath for later
analysis. After the flowpath types and locatioresevidentified and recorded, 0.2 - 0.4 m
of the soil profile was removed upslope from thenth face (Figure 2.3). As the soil
was removed, the major flowpaths were traced upstoprards the application location
to develop a near continuous map of lateral flovoughout the hillslope length. The
bedrock surface was fully exposed after each skoeoval and the new flow locations
and flow features along the soil bedrock boundaeyenidentified. For the direct soill
bedrock interface injection experiment, 8 m soiswamoved upslope in 37 slices. For

the surface application, 4 m soil was removed islics.

2.3.2.Tracer injections
We measured tracer velocities between excavatignadding a@r~ solution to

irrigation water. Tracer was added at every seaorttird steady state water application
following soil removal (9 times during the direabilsbedrock interface application
experiment (when 0, 1.30, 1.90 2.45, 2.84, 3.13,46.62 and 7.60 m soil removed) and
7 times during the surface application experimeavitgh 0.50, 0.99, 1.25, 1.53, 1.92,
2.15, 3.20 m soil removed). During the surfacdiappon experiment 4 additional tracer
injections were added at different irrigation ratesh 1.25 m soil removed. An ion

selective electrode for BfTempHion®©, Instrumentation Northwest, Inc.) wéasced in a

5 liter tank at the trench and readings were takeery minute. TheBr  solution was
injected directly into the trench during experiménand uniformly along the length of

the gutter during experiment 2. The water apgbecatate was held constant during the

injection, and continued untilBr~ concentration returned to within 200% of the
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background concentration, or as long as conditiwosld allow. Flow rates during the
Br™ injection ranged from 0.03 to 0.11 L/s. Due tw libow conditions, irrigation water
was recycled in some experiments, causBigy concentration to remain higher than
background. In these cases, water application teamer monitoring continued until
steady concentration at the trench face was reachgtile a mass recovery was not
possible, due to deterioration of the trench facegpresentative sample of the discharge

was collected for all injections.

2.3.3.Bedrock permeability
The bedrock hydraulic conductivity was measuredgisa falling head test. A

cylindrical pit was excavated into the Old Man Ggllvedrock. The pit was 0.25 m deep
with radius 0.17 m, with a cross sectional surfaes of 0.0934 frand total surface area
including the pit walls and bottom of 0.2777.nThe bedrock was relatively soft and no
fracturing was observed as the pit was excavatéd0.001 m resolution recording
capacitance water level recorder (TruTrack, In@det WT-HR) was placed in the pit to
record water height changes over time. Prior gekperiment, the pit was prewetted by
maintaining a constant head of water for 5 houfrbe pit was then filled to a depth of
0.17 m and drainage was monitored for 13 hourstialrand final water levels were
measured with a ruler to confirm capacitance rattfion. The recession of the water
table was fit to a quadratic. The hydraulic corttity was calculated using Darcy’s law
assuming a unit head gradient at long time, anttratfon along either the pit bottom or

the pit bottom and sides.

2.4. Results

2.4.1.Flow routing and locations
During both irrigation experiments, lateral subaa# flow at the hillslope trench

was dominated by concentrated flow at the soil dedinterface, including both sheet
flow (thin (< 0.002 m), low volume diffuse flow sgad over 0.05 — 0.20 m width) and
concentrated interfacial flow (high volume flow wuisible gaps at the base of the soil
profile). During the first water application of psriment 2, flow at the trench was
restricted to within 0.05 m of the soil bedrockeiriace. At the trench face, flow was
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concentrated in 5 gaps connected by sheet flongatosm bedrock surface. An estimated
70% of total lateral subsurface flow was in the aairated flowpaths, with the
remainder in sheet flow. The concentrated area® wenerally voids between the
bedrock surface and lower soil boundary, rathen tdacayed root channels or worm
tunnels. These gaps were less than 0.005 — 0.4ighmand ranged from 0.01 — 0.10 m
wide and often filled with roots (see Figure 2.4 &0 example exposed trench face 0.5 m
upslope of the trench).

After flow locations were recorded, 0.2 m soil wasoved from the trench face,
with the areas of concentrated flow traced upslapethe soil was excavated. This
process was then repeated as the hillslope wasvabeth As excavation progressed
upslope in 0.2 — 0.4 m increments, the flowpathmaieed continuous and connected,
with some divergence and convergence, controlleddxjrock features such as small
scale (< 0.1 m tall) valleys and ridges in the belrsurface. A coat of brown organic
staining was observed on the exposed bedrock sudbimng with a nearly ubiquitous
matt of very fine to medium live roots along theltmek surface (Figure 2.5). In some
isolated locations water diverged from the bedrewiace and flowed through and above
a thin (< 0.1 m) gleyed clay layer. These gleyedas of soil appeared to be in
topographic depressions in the bedrock surface, sugbest chronically saturated
conditions.

Vertical preferential flowpaths were observed ia #xposed vertical soil column
in the immediate proximity of where the water aryg evas applied. Such features were
not active in the slices greater than 0.75 m dowpesfrom the surface application. With
the exception of limited matrix flow and some igethmacropores, the majority of water
traveling from the soil surface to the bedrock westhin, sub-vertical cracks in the soil,
similar to those reported by previous researchdcDpnnell, 1990). These cracks were
coated with a brown organic stain, similar to tsaen on the bedrock surface. The
vertical and subvertical cracks were planes of wesak in the soil structure, and slaked
off while excavating.

For the direct soil bedrock interface injection esment, flow was observed at
the soil bedrock interface at all excavated sliessyell as during excavations between

slices. Once excavations reached within 0.3 nthef direct soil bedrock interface
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application, some flow through the soil column wéaserved in the lower 0.25 m of soil.
At this point both active macropore flow in the Ispiofile and saturated matrix flow
were observed. The macropores were less than 1@ran and appeared disconnected
from any larger preferential flow system.

Trench response more than 0.75 m downslope thacgugpplication and 30 cm
downslope of the direct soil bedrock interface aapion was identical for the two
application regimes in terms of flowpath locatioat (the soil bedrock interface)
morphology (areas of concentration controlled bgirbek depressions and obstructions
connected by sheet flow) and flow response (rapaisensitive to changes in application
rate). Fluctuations in application rate, whichigdrfrom 0.07 - 0.25 L/s, did not have an
impact on the locations of concentrated flow, tHotlge relative magnitude of each flow
path was sensitive to input rate.

Field observation and visual analysis of photogsapli each trench section
showed areas of organic staining in the lower prafsee Figure 2.4). This staining
suggested areas of prolonged saturated condiimaisconcentrated above the flow paths
identified during the irrigation experiments. ®&i areas were generally semicircular,
with a diameter of up to 0.1 m, and located witke thase on the bedrock surface.
Additional staining was observed along the entedrbck surface, while little was seen

in the soil profile greater than 0.1 m above thérbek surface.

2.4.2.Tracer breakthrough and velocity
Tracer breakthrough was similar for both the swféand direct soil bedrock

interface injections), with initial tracer breakbluigh averaging 420 s (1020 s) after
application (Figure 2.6, Table 2.1 and Table 2.Peak concentrations were reached in
1080 s (2700 s). The time to initial and peak emtiation breakthrough were longer for
the direct injection than the surface injection, eegected due to the longer travel
distance. Breakthrough curves were skewed toigfint, with a rapid peak and long tail.
A skewed breakthrough curve indicates transporh veit range of travel velocities,
consistent with the combination of sheet flow amshaentrated flow observed during
excavation. Due to irrigation source water limdas, time constraints and pumping

difficulties, the entire tail was not captured the tracer experiments. Deterioration of
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the trench flow collecting system precluded an eaieu mass balance for the tracer
injections.

Despite these difficulties, the time to initial @isand time to peak tracer
concentrations were well captured, giving an edenad initial and peak travel velocities.
Both initial breakthrough and peak concentratiotoeiéies were high for all bromide
injections, at both the direct and surface expemnise For the surface applications, initial
breakthrough velocities ranged from 6.7E-3 to 323/s (Table 2.2). For Br- injections
with greater than 1 m soil remaining downslope bé tirrigation source, initial
breakthrough velocity was uncorrelated with amosmit removed (R = 0.12). Peak
concentration velocities ranged from 2.1E-3 to 123f/s, with no correlation between
tracer velocity and soil removal {R= 0.02). For the direct soil bedrock interface
application, initial and peak velocities rangednfr®.3E-3 to 6.7E-2 m/s and 1.9E-3 to
3.3E-2 m/s, respectively. For the direct applmatiinitial breakthrough and peak
concentration velocities were weakly correlatechvgbil removal (R = 0.54 and 0.50
respectively), where velocity increased as thersass was removed (Table 2.1).

For the initial applications, while the trench gmtwas still intact, we calculated
the volume of water discharged from the trench teefihe peak concentration was
reached, based on measurement of input rates anchtrunoff. This represented the
volume of water in the active flow paths, or théhac pore volume. The active pore
volumes in these experiments ranged from 0.64 @18 ni (0.03 - 0.31 ). The active
pore volumes averaged 4% (7%) of the total estichptge volume, based on an average
soil depth of 0.6 m and porosity of 0.45 reportetha site (McGlynn et al., 2002).

Tracer times to peak velocities were high, randnogn 1.9E-3 — 6.7E-2 m/s for
the two sets of injections. Prior to excavatioe ttacer velocity was 3.3E-3 m/s for the
surface application and 2.5E-3 m/s for the diredt Isedrock interface injection (Table
2.1). Our reported peak concentration velocitidg®ly overestimate mean travel
velocities, due to an observed left ward skew eflireakthrough (Figure 2.6).

Assuming plug, Darcy regime flow, a measured satusated hydraulic
conductivity Ksa) of 1.4E-6 — 8.33E-5 m/s (McDonnell, 1990), ane timeasured

average hillslope gradiers)(of 56%, predicted Darcy (= Kg,8) velocities were between
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1.7 E-6 — 4.7 E-5 m/s more than 3 orders of magdaitiess than that measured in our

experiments.

2.4.3.Bedrock permeability
The drainage rate of pooled water in the bedrockmpability experiment

decreased during the first 9 hours, with an ini#é of 1.8E-6 m/s (6.4 mm/hr), slowing
to a steady rate of 8.6E-7 m/s (3.1 mm/hr) for fimal 4 hours of the experiment.
Assuming a unit head gradient at long time, therdx&d hydraulic conductivity was
calculated from Darcy’s Law = KA(Lh/L)), whereQ is pit drainage at late tim&s is
the hydraulic conductivityA is the area over which drainage occuiB/L is the head
gradient, assumed to near 1 at long time. Twanegés of A were made: (1) if drainage
occurred only at the base of the pit, A = 0.0935amd (2) if drainage occurs over the
entire surface area of the pit, A = 0.935+0.1842 tdsing assumption (1), the bedrock
hydraulic conductivity was 8.6E-7 m/s (0.31 cm/hiJsing assumption (2) the hydraulic
conductivity was 2.9E-7 m/s (0.10 cm/hr). The ssten of the water table was also well
fit (R = 0.995) by a function of the form z z.1(1-kDt), where k is a dimensionless

recession coefficient. Using a least squares opdition, k = 0.086S.

2.5. Discussion
Our experiments represent the first hillslope sdastructive sample sampling at

Maimai or any other previously-instrumented hilfgothat we are aware of. This
targeted destructive sampling was designed totesalad illuminate the preferential flow
network long hypothesized to dominate lateral stfasa flow at the site. This
excavation allowed for the additional measureménhe permeability of the bedrock, a
crucial control on the initiation of lateral subfge flow and the partitioning of the water
balance. The work was specifically designed to tle®e sets of competing alternative
hypotheses related to the nature of the lateradigtdice flow and it relationship with the
topography and permeability of the bedrock. Thstfset of hypotheses addresses the
form and function of the preferential flow networihe second set of hypotheses
addresses the role of the bedrock topography onfltve network; the third set of
hypotheses addresses the permeability of the bledrdbe three sets of hypotheses are
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investigated in depth below. We then discuss tifeuence of our findings on the
threshold relation between storm total precipitatand lateral hillslope discharge. A
new perceptual model of flow at the site is devethpand its implications regarding
model structure are discussed in detail GrahamMéidonnell (this issue).

2.5.1.Preferential flow network hypotheses
We rejected hypotheses la and 1b, and accepteathegs 1c — that lateral

subsurface flow is dominated by a connected prefiedeflow network located at the soll
bedrock interface. Applied flow rates were coresistwith lateral flow observed during
medium to large stormflow, and the preferentiaWfloetwork was able to accommodate
the flow volumes. Lateral subsurface flow was obse solely at the soil bedrock
interface, where water was transmitted as sheetdiod preferentially in voids restricted
to within 5 cm above the bedrock surface, occupwinky 4% of the available pore space.
The active flow zone coincided with live and deadts at the soil bedrock interface and
organic staining on the bedrock surface and iddiver soil profile, indicating these flow
paths are stationary and chronically saturatechdunatural events. Both the root density
and organic staining were much reduced in thepsoiile above the observed flow zone.
There was no evidence for lateral macropore flowhi soil profile as hypothesized by
Weiler and McDonnell (2007) and observed elsewli€seiboyama et al., 1994), though
vertical and subvertical cracks appeared respandinl routing water from the soil
surface to depth, as observed at this site (McDignb@90). While some macropores
were seen in the soil profile, these were apparehsiconnected to the flow occurring at
depth, and not observed to be routing water exoegt the irrigation application source.
While our irrigation rates were high when expresaga precipitation rate (592 —
2117 mm/hr), our intent was to isolate the latstddsurface flow component, rather than
identify flow paths from the soil surface to deptkeasured lateral subsurface flow rates
for natural storms at the gauged trench face famchn sections 12-13 (below the direct
soil bedrock interface application) range from ©.40 L/s (Woods and Rowe, 1996),
which bound our applied rates and measured diseharDownslope of the surface
application, measured throughflow for trench setwtid0-11 during natural events were
similar (0 — 0.38 L/s). Considering the relativayall contributing area between the
application site and the collection trench, mosthef water collected at the trench would
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pass the application site as lateral subsurfase dloring natural events. The effect of a
trench face on unsaturated flow paths has long keewn (Atkinson, 1978), primarily
diverging flow vectors from the trench face duectpillarity and other edge effects.
Since our system was dominated by saturated floge effects were not anticipated to
be a large factor. In fact, no evidence of eddeceé$ due to the trench face was seen
while excavating upslope during the irrigation amal evidence of unsaturated matrix
flow (staining of the dyed irrigation water in tiseil profile) was seen upslope of the
original trench.

Mosley (1979) identified bypass flow to the bedragurface and downslope
routing along the bedrock as one of the major dtsubsurface flow paths from
irrigation experiments in the M8 catchment. Dursmgall scale experiments (application
< 1 m upslope from his 1 fpits), Mosley found very fast flow velocities (amge 6
m/hr) along these and other flowpaths. These fiiggliwere seemingly contradicted by
the age of the water (~4 months) and low percent{ag®%) of event water in pit
discharge, as identified by analysis of naturattgwring oxygen and hydrogen isotopes
in the rainfall (Pearce et al., 1986; Sklash et1#8186). One possible source of mixing of
event and stored, pre-event water is in the saofilpr as rainfall mixes in the large soil
moisture reservoir before leaking onto the bedratkface and rapidly routing
downslope. This is consistent with the observe# &z downslope aging of water at M8
at the hillslope scale (Stewart and McDonnell, 1991

This network differs from previous conceptual misden that it is connected,
extensive, and it is located exclusively at thel $@drock interface. Tani (1997)
proposed a similar network after stormflow monigrat Minamitani catchments, Japan,
though bedrock interfacial flow was perceived tgibehere after soil profile saturation.
In an irrigation / excavation experiment at Hitacbita, Japan, where irrigation was
applied evenly on the surface 1 m upslope of actrefisuboyama et al. (1994) showed
that flow was dominated by matrix flow and lateyalfiented pipes connected by organic
rich areas of mesoporosity, while flow along thaldoek interface played a relatively
minor role. The findings of the current experimsenggests that a very different flow
network may have been observed at Hitachi Ohtothadrrigation been applied further

upslope, allowing the irrigated water the time éach the bedrock surface. At Panola
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Georgia, storm monitoring by Tromp-van Meerveld &cDonnell (2006a) showed that
flow from macropores located at the soil bedrodierimce makes up 42% annually of
trenchflow at a site where leakage to the bedrackidates the water balance. The lack
of upslope excavations has prevented the deternmmatf the upslope nature of the
flowpath network at Panola, though this researdygssts that a connected preferential

flow network at the soil bedrock interface is pbgsi

2.5.2.Bedrock surface flow routing hypotheses
We rejected hypothesis 2a and accepted hypotBbsisthat the bedrock surface

controls lateral subsurface stormflow routing. Teelrock micro and macrotopography
were shown to be the major control of water routaigthe hillslope scale. While
occasionally the flow paths in the soil were obsdrabove the soil bedrock interface on
top of thin clay lenses, the majority of flow was direct contact with the bedrock
surface. During the excavations interfacial floaths were observed to be routed
primarily by features such as protruding cobbles @aifs on the bedrock surface. Due to
the steep slopes and generally planar bedrock, ratitie flow routing was controlled
by microtopographic features that were small, thkas 0.1 m in relief. In one case, flow
was observed to be routed from one collecting tresection to another by one such
small rill on the bedrock surface 1 m upslope eftitench. This feature had a maximum
relief of 0.05 m and routed 33% of the water frone drench section to the next, locally
redirecting water fed by 50 m of upslope contribgtiarea to the site. Since water
reached the bedrock surface within one meter oficgion for both the direct soil
bedrock interface and surface application, bedrooiting would be expected to
dominate flow paths for the majority of water ugmoof the collecting trench.

Freer et al. (1997) used a two meter DEM of thedadtopography to determine
hillslope scale flow routing at the Maimai hillsle@nd observed that it was a better
predictor of the spatial pattern of hillslope trerftow than surface topography. Woods
and Rowe (1997), however, showed that the diffexemas slight, and could be explained
by uncertainty in the surface topography, wherellsemeors in the DEM could result in
large differences in the upslope contributing aaeaach two meter trench section. The
findings from the present study suggest that srtdbgraphic features can have a
disproportionately large impact on flow routing.urthermore, the two meter DEM of
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bedrock topography used by Freer et al. (1997) maidikely of high enough resolution
to reliably predict flow at the two meter trenclttsen scale. From the present study, it
seems that a very high resolution DEM (< 0.1 m ggp@cing, with resolution greater
than 0.05 m) of the bedrock surface is neededddigirflow as measured by two meter
trench sections located at the hillslope base. |&\foth the surface and subsurface two
meter DEMs predicted the general pattern of flown¢entrated in the topographic

hollow), neither is of sufficient precision to predflow into each trench section.

2.5.3.Bedrock permeability hypotheses
We rejected hypothesis 3a and accepted hypotl8isis- that the bedrock

permeability is significant. The measured bedrbgkraulic conductivity falls in the
semi-pervious range (Bear, 1972) and potentialarge component of the water balance.
The bedrock at Maimai has been described as “pquehlyneable” (O'Loughlin et al.,
1978), “effectively impermeable” (McDonnell, 1990dnd as “nearly impermeable”
(McGlynn et al., 2002). However, to our knowledge,direct measurements of bedrock
permeability have ever been attempted at Maimaiur @lling head permeability
measurement showed that bedrock Ksat was semiepesr{2.9E-7 — 8.6E-7 m/s). While
this was one point measurement of limited scale,réhatively high value suggests that
losses to bedrock cannot be ignored.

There is evidence in the historic data record giificant losses to bedrock at the
Maimai hillslope. At the nearby M8 catchment (&8 Ba zero order catchment whose
outlet is 100 m upstream of the study hillslopeths paper) annual runoff ratios
measured at a perennial stream average 54% (1404MuGlynn et al., 2002). Barring
any lateral redistribution from nearby catchment&l aassuming no losses to deep
groundwater, this suggests a maximum annual evaporeate of 46% of precipitation
(1196 mm). The hillslope scale runoff ratios haeen reported to be 13% over 110 days
of monitoring (Woods and Rowe, 1996), and 14% foseparate period of 90 days
monitoring (Brammer, 1996). While these two pesiodf monitoring were not
particularly long, the uniform temporal distributi@f precipitation at the site suggests
that seasonal changes in storage at the hillslamddabe minor. Since both sites are
experiencing similar evaporative conditions, thiéedénce in runoff ratios is likely due to
leakage to the bedrock, which is a likely sinkret hillslope scale, and a source at stream
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channel. This would suggest a minimum loss to d&dat the hillslope scale of 41% of
rainfall (1066 mm/year). Previous estimates atNt8catchment place bedrock leakage
at 100 mm/yr (O'Loughlin et al., 1978), or 3.9% pyEcipitation. The hillslope scale
estimates are an order of magnitude larger thawique estimates of leakage at the
catchment scale. We hypothesize that the majofitiiis “lost” water would reemerge at
the stream channel, based on the higher annuaffreetoos measured at the stream
channel. While not having an impact on the catattnweater balance, water traveling
through the bedrock and reemerging at the streamdaave longer flow paths, more
contact with the subsurface and longer mean reselgmes.

This finding of the relatively high permeability atsite where the bedrock has
been previously considered “effectively impermeéalicDonnell, 1990) suggests that a
similar reassessment is warranted at other hikslodn fact, leakage to bedrock has been
shown to be a significant subsurface flowpath &t lthilslope scale at a number of
research catchments that were considered impermpéabl to investigation, with a wide
range of underlying bedrock types (e.g. Hornberjaal., 1991; Katsuyama et al., 2005;
Montgomery et al., 1997; Onda et al., 2001; Tromap-Weerveld et al., 2006). Low
runoff ratios observed at the monitored hillslopé’anola, Georgia (underlain by Panola
Granite) were initially attributed to transpiratitosses, before direct measurement of the
bedrock permeability estimated it at 1.4E-7 m/soffijp-van Meerveld et al., 2006),
approximately double that measured at Maimai i gtudy. Waichler et al. (2005)
showed through numeric modeling that bedrock leakagrounts for 15% of the water
balance at three second and third order catchmentise HJ Andrews Experimental
Forest in Oregon (underlain by Andesite), a voluing was previously assumed to be
lost to evaporation. Subsurface flow through trexirbck has been shown to be
significant in other steep, forested catchmentg. (@nda et al., 2001 (Serpentinite
Rocks); Montgomery et al., 1997 (Eocene Sandstdfatsuyama et al., 2005 (weathered

granite)), affecting mean residence times, tragarsport, and flow routing.

2.5.4.A new perceptual model of subsurface flow at Maimai
Based on the experimental results described abitne,perceptual model of

subsurface flow processes proposed by previouandset Maimai is modified to fit
new findings of subsurface flow processes. Whikvus perceptual models have been
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proposed at this site, they have been constraipesbbated observations of limited water
balance components (e. g. Mosley, 1979; Pearcé,et986), the spatial limitation of
previous sprinkler experiments (e.g. McDonnell, @9®losley, 1979), and the limiting
nature of measurement techniques (Brammer, 199@&d#/and Rowe, 1996).

The new perceptual model of flow processes at tharidi hillslopes is shown in
Figure 2.7. While pseudo overland flow through khgh permeability organic mat on
the soil surface has been observed in topograpitiovis and riparian areas (McDonnell
et al., 1991), overland flow has not been obseatdte hillslopes of Maimai even at the
extremely high rainfall intensity of experiment 2Vater infiltrates into the soil matrix
during small events where rainfall intensity isslélsan the hydraulic conductivity of the
upper soil profile. When rainfall rates are hightean infiltration rates, or when
saturation of the soil column occurs, bypass fldwoaugh the observed sub-vertical
cracks delivers water from the soil surface tolibdrock (McDonnell, 1990). Water in
the soil column mixes with pre-event water, andirdravertically to the bedrock,
consistent with observation of vertical pressuradseat a nearby hillslope during and
between storms (McDonnell, 1990).

Once at the soil - bedrock interface, water flowang the bedrock surface, as
evidenced by both flow routing during experimentsarid 2, and the observed root
matting and organic staining along the soil bedrotkrface during excavations. The
disconnected macropore flow network as proposetlVeyler and McDonnell (2007) is
not supported by the current experiments, whererapace flow in the soil profile was
not observed. Bedrock flow routing is not incoteis with the observed spatial
variability of lateral subsurface flow at the hilipe trench (Brammer, 1996; Freer et al.,
1997; Woods and Rowe, 1996), though storm monigoalone could not conclusively
prove such control.

Once at the soil bedrock interface, water movdseeituickly downslope via a
connected flowpath network of voids in the lowes th of the soil profile, or leaks into
the bedrock, likely reemerging at the stream chlnnéligh water velocities are
consistent with those seen in both storm monitoand irrigation experiments (Mosley,
1979; Mosley, 1982) and a hillslope scale tracgreeiment (Brammer, 1996). Leakage
into bedrock at the hillslope along with reemergeat the stream channel is consistent
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with the low runoff ratios (0.15) observed at thislope (Brammer, 1996; Woods and
Rowe, 1996) combined with the high runoff ratio() seen at the first order catchment

upstream (Pearce et al., 1986).

2.5.5.Implications on threshold for lateral subsurfa@finitiation
The nature of the preferential flow network, iteddon and the permeability of

the bedrock all have significant influence on tlieeshold for initiation of lateral
subsurface flow. To demonstrate the influenceheté factors on the threshold, we will
compare the findings at Maimai with another welidséd field site, the Panola hillslope
in Georgia, USA. Panola is similarly instrumentedth a 20 m trench collecting lateral
subsurface flow from a 9607hillslope. At Panola, the threshold for laterabsurface
flow initiation has been attributed to the fillimd subsurface storage in the small bedrock
surface depressions, which occurs despite leakdgehe permeable bedrock. Upslope
connection of filled subsurface storage has beeserid after 54 mm rainfall,
coinciding with the threshold for significant laaérsubsurface flow (Tromp-van
Meerveld and McDonnell, 2006a; 2006b). At the nmstented hillslope at Maimai, the
threshold for flow is approximately 23 mm (Grahana &cDonnell, this issue).

The threshold for initiation of lateral subsurfdtmwv is directly dependent on the
nature of the lateral subsurface flow network. ukssg no preferential flow network
(hypothesis l1a), lateral subsurface flow wouldiaté in the soil matrix as soon as the
head gradients began to develop downslope. Whigewtould begin soon after rainfall,
with the low hydraulic conductivity of the soil mnixt substantial amounts of lateral
subsurface flow would not occur until saturateddibons had spread through most of
the soil profile, due to the low hydraulic conduity of the soil matrix. Assuming
preferential flow was dominated by disconnected noare flow in the soil profile
(hypothesis 1b), lateral flow would not be initidtentil the water table had risen above
the inlet of the macropores. This flow network Wbueed a much greater amount of
precipitation to turn on than the situation whereré was no network at all, as the water
table would need to raise a considerable heighintiersect a substantial number of
macropores. Assuming the preferential flow netwisria connected network at the soil
bedrock interface (hypothesis 1c, supported at Maiby these experiments), lateral

subsurface flow in the preferential flow network wie initiate as soon as saturated
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conditions were met at the base of the soil profiled water began to drip into the
observed voids along the soil bedrock interfacd.th® three available hypotheses, the
connected network at the soil bedrock interfaceldeto the smallest threshold for
significant lateral subsurface flow. While the ferential flow network at Panola is still
poorly understood, the significant portion of flomat emerges at the trench as macropore
flow at the soil — bedrock interface suggests thatmilar flow network is occurring at
Panola, and the threshold should be similar atvioesites. Since the threshold is greater
at Panola, another explanation is needed.

The threshold for initiation of lateral subsurfaibew is directly dependent on
whether the bedrock topography controls flow ragitinAssuming the bedrock surface
plays an indirect role in flow routing (hypothe&a), the filling of bedrock topographic
storage should be incidental in lateral flow getiera However, assuming the bedrock
surface is the direct control of flow routing (hypesis 2b, supported at Maimai by these
experiments), topographic hollows would need tdilked before lateral subsurface flow
would initiate. Whereas Panola had a relativelgllsiv slope (14%), Maimai is very
steep (38%), and bedrock topographic storage &ylikmnuch less at Maimai, assuming
bedrock surface roughness are equal. In factopographic pools larger than 0.1 m
deep and of diameter greater than 0.05 m were widest Maimai in the exposed
bedrock surface after excavation. The thresholdritiation of lateral subsurface flow
should be greater for Panola due to the shallovogresand greater potential storage at
the bedrock surface.

The threshold for initiation of lateral subsurfdtmv is directly dependent on the
permeability of the bedrock in a system where #terhl preferential flow network is at
the soil bedrock interface. Assuming a (nearlypemmeable bedrock (hypothesis 3a),
bedrock topographic storage would be filled quickdpd remain filled between events.
This would lead to a much lower (if any) threshatdhe site. Assuming the bedrock is
permeable (hypothesis 3b, supported at Maimai legdhexperiments), flow along the
bedrock surface will drain into the bedrock whileving downslope. At the extreme
case, where the bedrock permeability is equal ¢oprmeability, no lateral subsurface
flow would occur at all, as flow paths would not ¢éheerted downslope. This case was

seen at Mettmann Ridge, Oregon, where an irrigagigperiment at a similarly steep
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forested catchment resulted in little lateral sutzsae flow above the bedrock surface due
to the very high permeability of the underlying dared bedrock sandstone

(Montgomery et al., 1997). In the case of Maimahere the bedrock hydraulic

conductivity (2.8E-7 — 8.3E-7 m/s) was below th&édo end of the range of the soill

hydraulic conductivity (1.4E-7 — 8.3E-6 m/s), lowleakage to bedrock leads to more
lateral subsurface. However, the bedrock hydrazdieductivity measured at Maimai is

less than that of Panola (1.6E-7 m/s; Tromp-vanriidd et al., 2006), another possible
explanation of the higher threshold (54 mm) sedpaatola.

While our work has revealed implications regardihg relative value of the
threshold when compared to Panola, it is still poanderstood how each factor directly
impacts the threshold at each site. Additiondhg, three factors mentioned above do not
encompass all possible sources of the thresholdchwélso include geometry of the
watershed, including the percent riparian areapesland slope length, soil textural
properties such as drainable porosity and hydraolcuctivity, or environmental factors
such as storm frequency and potential evaporaatesr While analysis of long term
data records can help tease out environmentaltef{sach as comparing the thresholds
for flow for storms with different antecedent maist conditions), determining the
precise effect of geometry and bedrock and soip@res will require either extensive
site intercomparison or physical and numeric maodgliDue to the wide range of factors
that can potentially impact the threshold, it seeha virtual experiments are the way

forward.

2.6. Conclusions
Field scale experimentation and destructive sargpliemonstrated the form and

function of the subsurface flow network at a welidied catchment. A hillslope
excavation revealed a connected, extensive praiaréateral flow network at the soil
bedrock interface capable of transmitting largeuatds of water. The flow network was
shown to be controlled by small scale featureshenktedrock surface. Bromide tracer
applications demonstrated high lateral velocitresching 2.5E-3 m/s. A falling head

test determined the bedrock was permeable, witht@rated hydraulic conductivity of
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2.8E-7 — 8.3E-7 m/s. These observations were auedbiwith previous field
observations to create a new perceptual modebuf firocesses at the site.

Our findings suggest that the major controls dossuface flow paths are not the
standard measured parameters, such as surfacaappggand soil depth, permeability
and texture, but rather other, more difficult toasiere parameters, such as the microscale
bedrock topography, bedrock permeability, and #teral subsurface velocities (hillslope
scale anisotropy). These parameters are moreulifto measure because of their scale
of operation and location, often buried beneathsiié profile. Numeric models using
this critical information, and perhaps simplifyingss dominant processes such as
transport dynamics through the soil profile, may the key to developing new

parsimonious models whose structures capture thendmt processes at a site.
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Table 2.2Tracer breakthrough data for surface application
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2.10. Figures

Figure 2.1 Study site and excavation locationsy(dgoe Excavated area with locations of
surface and pit applications
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Figure 2.2 Precipitation discharge threshold reteghip at Maimai hillslope (data from
Woods and Rowe, 1996)
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Figure 2.3 Schematic of excavation surfaces anohiol® injections for surface (4 m
upslope) and bedrock (8 m upslope) applications.
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Figure 2.4 Trench excavated surface, with 0.5 rhrenoioved, 4 m downslope of surface
application of dye and water. Note 4 areas of eatrated flow, coinciding with brown

organic staining in lower soil profile.
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Figure 2.5 Preferential flow at soil bedrock ingeé with live roots (a). Organic staining
on bedrock surface, indicating prolonged saturatetlitions (b).
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Figure 2.6 Tracer breakthrough at trench face of tBacer applied on soil surface.
Tracer was applied 4 m upslope of the trench, atdidren 50 and 320 cm of soil was
removed from the trench face upslope for each tragplication.
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Figure 2.7 New perceptual model of lateral subserfiow at the hillslope scale
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Hillslope threshold response to storm rainfall: [Bvelopment and
use of a macroscale behavioral model
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3.1. Introduction
Hillslope hydrology still lacks the compact orgaatibn of empirical data and

observations of responses that might facilitateagxdiation to and prediction of hillslope
behavior in different places. Hillslope hydrologpdels based on our current small scale
theories emphasize the explicit resolution of marel more of the unknown and
unknowable heterogeneities of landscape properaesl the resulting process
complexities. (McDonnell et al., 2007) While thalityt of a search for macroscale laws
was enunciated over twenty years ago, (Dooge, 1f@86studies have been able to even
observe macroscale behavior given the enormousticgii challenge for characterizing
whole-hillslope response. The heterogeneity instope soil, bedrock, and topographic
conditions and complexity of the spatial and temapaainfall and throughfall input are
still extraordinarily difficult to quantify and resve.

Graham et al. (this issue) presented a new madeogmaceptual model of
subsurface flow processes at the well studied Miagxperimental watershed. (McGlynn
et al., 2002) This work was based on whole-hillslégrensic analysis of subsurface flow
paths and detailed hillslope scale irrigation aimedlentifying the dominant subsurface
flow pathways and the role of bedrock topographyg &edrock permeability at the
hillslope scale. The complexities of hillslopepesse and heterogeneity of the hillslope
site at Maimai could be summarized three key pocdatements: 1) A connected
preferential flow network located at the soil/bezkdnterface dominates lateral water
and solute transport (with very high flow and tqaor$ velocities averaging 2.5E-3 m/s).
2) The bedrock surface controls the subsurface flmwing (where macroscale features
in the highly textured bedrock influence the fiiand spilling of small depressions and
resultant threshold flow), and 3) Vertical losstihe permeable bedrock is large (up to
35% of the precipitation input) and delays latdi@lv initiation and reduces lateral flow
amount.

Here we take the dominant processes revealed biya@rat al. (this issue) and
apply the dominant processes modeling concept @y$an and Bléschl (2000) to
construct, test and use a macroscale rainfall-fumaddel for the Maimai hillslope.
Within this philosophy, only the dominant flow pesses, namely the three listed above

from Graham et al. (this issue) are incorporatet ithe model structure. This is
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motivated by the difficulty in modeling all the cpiex and heterogeneous hydrological
processes at a given site, in terms of parametdr praocess identification, and the
computational limitations to such descriptions.eTominant processes approach is also
motivated by the common finding that only a smalinber of processes may dominate
hillslope flow and transport at the hillslope scalée translate these processes into a
simple, low dimensional conceptual mathematical ehodhis follows similar model
development work at Maimai and elsewhere (e.g.€8ednd McDonnell, 2002; Son and
Sivapalan, 2007) where only the most importantdiasctare described in the model
structure. (e.g. Weiler and McDonnell, 2007), oe tmodel is built with enough
flexibility so that the structure can be updatedhwnew information in an iterative
fashion (e.g. Fenicia et al., 2008; Vache and Mai2dn 2006). In this way the
experimentalist works directly with the modeler,ttbon the experimental design to
determine the dominant flow processes, and in madegign to accurately implement the
experimental findings.

We evaluate our new model using a multiple objectriteria framework (Gupta
et al., 1998) incorporating extensive hydrometricd aracer data available from at
Maimai site. Most importantly, we then use thisvnmodel as a learning tool to shed
new light on whole-hillslope threshold responsesttym rainfall. Analysis of long term
data records of flow at several field sites arothmel world has shown that this hillslope
threshold response (i.e. the non-linear discharggpanse to precipitation) is a
fundamental constitutive relation in hydrology (Beiet al., 2004; Mosley, 1979; Peters
et al., 1995; Weiler et al., 2006; Whipkey, 1963his relationship can be expressed as a
simple function with two variables:

Q=a(P- R) (1)

where Q is storm total hillslope dischargejs the slope of the excess precipitation /
discharge lineP is storm total precipitation ané: is the precipitation threshold. The
controls on the precipitation threshold and thepslaf the excess precipitation /
discharge line are not known. Both have been sowmary with field site, possibly due
to geologic and geometric catchment characteris(iEsomp-van Meerveld and
McDonnell, 2006b; Uchida et al., 2005). Additidgaénvironmental factors such as

antecedent moisture conditions have been hypottksinfluence the threshold (Tani,
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1997; Tromp-van Meerveld and McDonnell, 2006a). e Tiature and balance of the
relative controls remains unclear and unresolved.

We use our new model to test alternative hypothebkastershed scale threshold
response to storm rainfall. In the “fill and sphlypothesis subsurface storage at the base
of the soil profile must be filled to connect thaslope areas with the base of the hillslope
(Spence and Woo, 2002; Tromp-van Meerveld and Mciebn2006b). Alternatively, in
the “soil moisture deficit” hypothesis unrequitddrage in the soil profile must be filled
before flow is initiated before lateral subsurfdt®ny is initiated. The soil moisture
deficit is supported by an apparent change in kineshold under different antecedent
moisture conditions. (Tani, 1997; Tromp-van Meedvahd McDonnell, 2006b) Despite
numerous observations of the threshold behavioheadwater watershed discharge
records, the dominant controls and relative infagenf fill and spill and soil moisture
deficit factors on the threshold response to pratipn remains poorly understood.
While things like storm spacing, intensity and dioma effects, and evaporative demands
may be able to be extracted from a long headwhkterrecord (where storms of different
sizes but similar properties of intensity, duratistorm spacing etc).the effects of the
geologic factors such as the bedrock permeabilityooghness are largely impossible to
discern due to the high variability and uncertaiofythese subsurface processes within
and between catchments. We use our model asrarigdool to explore how subsurface
processes represented in our model structure maytdi those properties that can be
extracted from a long terms data record, such asttreshold for initiation of storm

runoff, and the relationship between the excessiptation and runoff.

3.2. Study site and model development

3.2.1.Site physical and process description
We use the experimental work of Graham et al. (tbgie) at the Maimai

Experimental Catchments as the basis for modellderent and the virtual experiments
aimed at understanding the controls on thresholfise Maimai Experimental
Catchments, South Island, New Zealand, have besiteaof continuing hydrological
research for over 30 years (see review in McGlyrad.e2002). While isotopic work has
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shown that the majority of hillslope discharge atceamflow at Maimai is pre-event
water stored for weeks to months, (McDonnell, 1990sley, 1979; Pearce et al., 1986;
Sklash et al., 1986) tracer experiments have detrated the ability of the hillslopes to
rapidly transmit quantities of applied water at ajrerelocities over long distances.
(Brammer, 1996; Mosley, 1979; Mosley, 1982) Grahetnal. (this issue) showed that
lateral preferential flow is confined to the soddvock interface where flow velocities are
very high (up to 5.6 m/s), routed by the bedrogotgraphy and modulated by storage on
the bedrock surface. The preferential flow patsnsat the soil bedrock interface have
been shown to be well connected upslope for dismmup to 8 m, and appear to be
stationary in time and space Graham et al. (tligel The bedrock, while previously
considered effectively impermeable (McDonnell, 1999. 2821; Mosley, 1979, pg.
795), has been shown to be semi-permeable, wittobkedhydraulic conductivity on the
order of 2.8 - 8.3E-7 m/s, leading to the potentiabubstantial flowpaths through the
bedrock. Overland flow has not been observedistsite except in limited areas near the
stream channel. Vertical preferential flow frone thoil surface to depth during extreme
events has been hypothesized to occur in vertreaks seen throughout the catchment
dissecting the soil profile (McDonnell, 1990; Grahat al., this issue). Mixing of old
and new water is thought to occur in both the sollumn as well as in transient
groundwater that forms at the soil bedrock intexfdeading very low amounts of new
water observed in trench discharge and streamfiBwarce et al., 1986; Sklash et al.,
1986)

3.2.2.Description of the numerical model
The numerical model (called MaiModel) was builtit@orporate the dominant

processes that control subsurface flow at the Malmtlalope as described by Graham et
al. (this issue). Key components of MaiModel are

Preferential flow pathways are connected, and émtat the soil bedrock
interface.

Lateral subsurface travel velocities are high.

Subsurface storage on the bedrock surface is @kpliesignated.

The bedrock is permeable.
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During high rainfall and/or saturated conditionsfall can bypass the soll
profile to depth.

In general terms, MaiModel consists of two researugpes, soil storage and
bedrock pool storage, which are fully distributenlogs the model domain. Two bulk
reservoirs are included for system losses of evapspiration and bedrock leakage.
Water is transmitted vertically from the soil swdathrough the soil storage reservoir to
the bedrock pool reservoir, with no lateral comnsation between soil reservoirs.
Lateral subsurface flow is restricted to flow aldhg bedrock surface among the bedrock
pools, consistent with the current experimentaldence of water routing at the soil
bedrock interface. Bedrock leakage is controllgdMater table height, and there is no
reemergence of water once it has percolated ireob#drock. Evapotranspiration is

driven by a set potential evaporation rate, androtiad by soil moisture.

3.2.3.Model structure
In MaiModel precipitation is split into transpirati losses and soil reservoir

recharge. A map of tree locations by Woods and &k@mpublished data, 1996) was
used to identify areas of interception. Interamptrates are based on published values
from a similar aged radiata pinPifus radiatd forest, showing an interception rate of
38% under the canopy. (Putuhena and Cordery, 20@@)ception was confined to areas
of crown cover, which were estimated as the ardlainvB m of the tree stems.

Throughfall enters each soil reservoir and is fullyxed with pre-event soil
moisture, following Weiler and McDonnell (2007) aiMache and McDonnell (2006).
Assuming a unit head gradient, vertical drainagéhtobedrock pool reservoir {§) is
equal to the soil relative hydraulic conductivitysing the (Brooks and Corey,
1964)formula:

Quoi = ki AS’ (2
whereksoi is the saturated hydraulic conductivigyjs the grid cell area) is the Brooks

and Corey exponent determined by the soil texamdSis dimensionless water content:

S:u (3)
gs- g,
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where g is water content, angy and ¢ are the residual and saturated water content,
respectively. S is restricted to a range betwesa and one Qs = 0 if g is less thamy.
Water drains vertically from the soil elements &diock pool elements, and does not
drain downslope into adjacent soil elements.

Neither infiltration overland flow nor saturatioxaess overland flow has been
observed on the side slopes of the Maimai catchmewen during high intensity
irrigation experiments. (McGlynn et al., 2002) Bgs flow via sub-vertical fractures in
the soil has been hypothesized as a mechanismafod water transport to depth.
(McDonnell, 1990; Mosley, 1979; Woods and Rowe, 8)9%low along these fractures
was also observed in the irrigation experimentgeay high irrigation rates. (Graham et
al., this issue) Ifyis greater than the soil pore volume, bypass fiowhe bedrock pool
is initiated by:

Qbypass: stoiI -q (4)
wheref is the porosityzsi is the soil depth, ang is the water volume in the reservoir.
In this way,g s restricted to within the available porosity.

Evaporation from the soil reservoir is computediksinty to Seibert (1997)

ET = PET(tod ¢ (5)
whereSis the dimensionless water content &Il (tod)is potential evaporation, defined
as

PET(tod) = PET,,,,sin 2p tod- 2—24 (6)

where PETqaiy IS the daily potential evaporation rated is the Julian time of day.
Evaporation depends on the soil reservoir wateterinand is not constant across the
domain temporally or spatially. We assume tRE{T peaks at 14:00 hr and reaches a
minimum at 02:00 hr of each day.

Water drains from the soil element to pools ofve#time on the bedrock surface.
Water in the pool will either drain into the bedkoor be routed downslope along the
bedrock to adjacent bedrock pools, following thieaind spill hypothesis of. (Tromp-van
Meerveld and McDonnell, 2006b) All pools are cocted, and flow routing is based on

topography, with lateral subsurface flo@ &9 split between the (up to) eight adjacent
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downslope elements, weighted by downslope gradafawing the M8 flow routing
algorithm Quinn et al. (1991).

Lateral subsurface flowQ s9 is governed using the Dupuit - Forchheimer
assumption for a sloping aquifer. (Freeze and §hé&879) Q_ssis a function of the grid
element width ), local gradient §), the lateral hydraulic conductivitly ss and the

volume of stored wateS{qo) greater than the subsurface storage volwpg\:
QLSS = WSkLS4 Spool- Vpo (7)
As per field measurement of infiltration into thedoock at the site, (Graham et

al., this issue) bedrock leakage is a function afertable height and a bedrock leakage

coefficient €pedroc) @and grid element cross sectional a®ga (
Qbedrock = CbedrockS pool'a (8)

The tracer is injected into the soil elements astgajections and fully mixed in
the soil and bedrock pool reservoirs. Tracer ffusee limited to advective transport
vertically between soil and bedrock pool elementy] laterally between bedrock pool
elements.  While tracer can percolate into the dmddr no tracer is lost to

evapotranspiration.

3.2.4.Multiple criteria model calibration
We used a multiple criteria model calibration tdedmine which parameter sets

produced behavioral models, models that acceptadgyodced aspects of the system
behavior (Beven and Freer, 2001). We capitalizévwam extensive data sets from field
campaigns at the site for model parameterizatioth @adibration. Woods and Rowe
(1996) built a 1 m grid DEM survey consisting ob7&urvey points over an area of 2830
m?, which was used in the model for flow routing. alidition, the interception module is
based on a map of tree locations by Woods and Romgublished data, 1996). For 65
days beginning March 10, 1995, (Brammer, 1996) tooed hillslope discharge at the
trench system built by Woods and Rowe (1996). r@dasection of hillslope is modeled
than drains into the collection trench, to minimexige effects. In addition to monitoring
hillslope discharge, Brammer (1996) added atBcer 35 m upslope of the trench as a
20 m wide line source injected directly into thel goofile 0.1 m below the soil surface

(Figure 3.1). Precipitation, hillslope dischargel dracer breakthrough were monitored at
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the trench for 45 days after tracer applicationainfll and trench discharge were

recorded in 10 minute intervals, while tracer bthekugh at the trench was measured in
grab samples during and between storms. Reanadysise Brammer (1996) tracer

concentrations and trench discharge show that 16&eotracer was recovered over 45
days, and the runoff ratio for the duration of tmenitoring was 21%. The tracer

breakthrough and trench hydrograph time series weesl for model calibration. For

more details about the hillslope gauging system,Weods and Rowe (1996). For more
details on the tracer injection, see (McGlynn gt2002).

MaiModel was calibrated using a Monte Carlo analysith multiple criteria
including hydrometric and tracer breakthrough ddtksing the 40 day Brammer (1996)
hyetograph as input, 10,000 simulations were ruth fiwe model parameters varied in
calibration: soil hydraulic conductivitkd,), bedrock leakage coefficient,{qrocy, lateral
hydraulic conductivity K s9, active pore space ¢f-g)*z, ficiive, and the subsurface
storage volume \{,00). Changing the residual water content, field cégawater
contents and soil depth had the same impact oadtiee pore space, so one factgt,
was chosen for calibration. The active pore spageesented as the variable in further
analysis. Monte Carlo analyses were performedingrgach parameter randomly across
ranges of 0 — 1,000% of field measurements or thesipally possible range, to ensure
that the entire parameter space was interrogatéiéld parameter measurements and
ranges used in the model calibration are present&dble 1.

The second subset of model parameters was assigrfetld measurements due
to either parameter uncertainty or model insengytivA spatially detailed soil depth map
was unavailable, so soil depth was set at the geewaiform soil depth for the modeled
domain. While modeling variations in soil depttestbeen shown to be important for
prediction of hillslope dynamics at other fieldesit(e. g. Tromp — van Meerveld &
Weiler, submitted), previous work at Maimai hasioated that the soil surface and
bedrock surface topography are similar at the lops scale, and the soil depth is
relatively uniform across the hillslope (Woods ambwe, 1997). In preliminary
calibration runs, MaiModel was found to be insewsito the Brooks and Corey moisture
release coefficientd]), so it was set at a value appropriate for thieledm soil texture

measured in the field (Carsel and Parrish, 198&).mentioned above, porosity, residual
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and field capacity water contents are interrelatgth respect to model function, so
residual water content was set as a variable duhegalibration, and the porosity and
field capacity water content were set to field nueed values (from McDonnell, 1990).
No measurements of PET were available at the itéhe time of record. At the nearby
town of Reefton (10 km northwest of the hillslopa)measured evaporation rate of 714
mm/year has been reported (Baker and Hawke, 2007@. model paramet&ETyaiy was
set to 6 mm/day to result in a modeled evaporata of 714 mm/year (1.95 mm/day).

Model performance with respect to the hillslopecbarge hydrograph was
assessed by the Nash Sutcliffe (Nash and Sutcli€fé)) efficiency factorg):

Q.- Q.)
Q- Q

whereQ, is observed discharge af@} is modeled discharge. An E value greater than O

E=1- (9)

indicates the modeled results fit measured diséhbggter than the mean discharge. An
E of 1.0 is a perfect fit. For calibration purposas E of over 0.8 was considered an
acceptable fit.E calculations were made for six subsets of the serges, including the
entire 40 days after tracer application, and fer fikie largest storms of the data record
(storms B1 — B5). Only parameter sets with acd#etk for both the 40 day record and
each individual storm were considered behavioral.

Due to temporally irregular measurements of trdceakthrough at the hillslope,
model tracer breakthrough was compared on a stgrstdsm basis from the Brammer
(1996) monitoring. Both the spatial pattern ot@abreakthrough along the trench face
and storm cumulative breakthrough were compare@dch of the five recorded storms.
Parameter sets with correlation coefficient gredatem 0.8 for both the spatial and
temporal breakthrough comparisons were consideca@psable. Cumulative tracer
breakthrough for the 40 day time series was alsnl @& a model evaluation criterion.
Due to uncertainties in tracer recovery, modelexter recovery of within 2.5% of
measured values was considered acceptable. AftenteV Carlo calibration, the
parameter sets meeting all criteria were analyaed, the model run with the highest

minimum storm E was chosen for additional virtugberiments.
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3.2.5.Virtual experiment design
All virtual experiments were performed using a falintime series with multiple

replications of storm B5 (April 26 through April 271995) from the calibration
hyetograph as input. Storm B5 was chosen for tineial experiments due to its
moderate size, variable intensity, and the relgtigeod model fit from calibration. This
50.6 mm storm had a duration of 24 hours, avenaigmsity of 2.1 mm/hr, and maximum
10 minute (60 minute) intensity of 30 (11.8) mmduwacuring 70 (240) minutes after the
start of the storm. This storm was chosen fowiheal experiments as it was the largest
of the five storms monitored after tracer applicatand exhibited the highest rainfall
intensity. Measured discharge was 23.0 mm (ruradid = 44%), with peak discharge of
3.4 mm/hr, 400 minutes after the start of the stofithe hyetograph and hydrograph were
skewed to the left (skew = 3.4 and 2.9 respectjveBy.2 and 87.4 mm rainfall fell in the
previous 7 and 14 days. Analysis of 2 years otiprgon records at the site (from
McDonnell et al., 2009) indicates that this stoatisfin the upper 25% and 5% of storms
with respect to rainfall total precipitation andesage intensity, respectively. The
calibrated model had an efficiency of 0.95 fosthiorm.

To allow for the impact of antecedent moisture dbowls in the virtual
experiment hyetographs, storm B5 was replicatedn@g, bracketed between 1 to 21
days antecedent drainage time before each replicatiVith the soil reservoirs initially
set at saturation, the rainfall time series coadisif 10 days drainage followed by the B5
hyetograph. The B5 hyetograph was then repeatade$ with 1, 1, 3, 3,5, 7, 7, 14 and
21 days drainage between storms (storms V1-V9)e bdel was run with the virtual
experiment hyetograph 11 times, with the totalmat@recipitation scaled by a factor of
0.1, 0.2, 0.5, 0.75, 0.9, 1, 1.1, 1.5, 2, 5 and(836B06 mm per event). Total storm
precipitation was scaled by altering the duratiérihe storm to reach the desired total
storm rainfall amount. For events smaller than blase case storm (50.6 mm), the
rainfall ceased once the desired rainfall amourg reached. For storms larger than the
base case storm, the storm time series was repeatiethe desired precipitation amount
was reached. Depending on the size (durationhefvirtual experiment events, the

duration of the VE hyetograph ranged from 95 to d&$s.
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For each simulation recorded output included wabedace components
(discharge, bedrock leakage, ET and soil moistimage), and tracer fluxes. Total event
precipitation and total storm discharge were cal@d, binned by antecedent moisture
and plotted. The threshold and excess precipitdtidischarge slope for the calibrated
model were determined based on all storms withnaffuatio greater than 1% using a
least squares regression.

For the virtual experiments that focused on theafbf fill and spill factors, only
storm V5, with 3 day drainage was used for analydise simulations with the scaled
virtual experiment hyetographs were repeated whld® scaling the two fill and spill
parameters, bedrock permeability and subsurfaceagdovolume. Both bedrock
permeability and subsurface storage volume wereddsy a factor of 0.1, 0.2, 0.5, 0.75,
1,15, 2,5, and 10 (9 factors), and scaled coantly, to create 81 simulations for each
event size (11). 11 * 81 = 891 simulations wene covering the ranges of parameter
values and event sizes. The process used to deeethe threshold and slope for the
calibrated model was then repeated using model mwith the varied bedrock
permeability and subsurface storage volumes fan saarm (antecedent moisture).

For soil moisture deficit experiments, the potdnéi@aporation rate was varied,
and the drainage time between storms from the aliraxperiment hyetograph was
analysed as the second variable. The potentigloggtion rate was scaled in a similar
fasion as the fill and spill parameters (11 seds)] precipitation was scaled as before
(nine hyetographs), resulting in 9*11 = 99 simulas.

A final 3 sets of experiments tested the hypothélsas neither or both fill and
spill or soil moisture deficit are the cause of theeshold. In the first set of simulations
Coedrock aNd Vool Were set to zero, eliminating the fill and spilecmanism of threshold
development. In the second set of simulatidtSTq.iy Was set to zero, eliminating the
soil moisture deficit mechanism. In a final setsahulations,PETgaiy, Coedrock 2NdVpool
were set to zero, to determine if a third mechani@yond “fill and spill” and “soll

moisture deficit” could be responsible for the 8irelds.
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3.3. Results

3.3.1.Multi-criteria model calibration
The calibrated model was able to reproduce bothhydrometric and tracer

response to precipitation. The calibrated modeh& measured hydrograph well, at both
the 40 day and individual event time scale (FigBud. While the smaller events were
generally overpredicted, the large events were meltieled. The hydrograph recessions
were generally underpredicted, with the model exindp a faster recession than that
measured. Peak discharge for each event wasepeéisented.

Our 9 calibration objective criteria provided diat levels of model
discrimination (Table 3.2, Figure 3.3). The hydaghs and cumulative tracer
breakthrough were effective in reducing the numbéracceptable parameter sets,
reducing the total number of behavioral paramet¢s between 96 — 99%. The spatial
and temporal tracer breakthroughs were not astaeféeat parameter range reduction. Of
the 10,000 model runs, 294 (2.9%) parameter sdttol@cceptable model fits of trench
discharge during the entire 40 day record (wheraaeptable fit was a Nash-Sutcliffe
efficiency (E) greater than 0.8). The best fitgmaeter set had an E of 0.95. For storms
B1, B3, B4 and B5, a similar number of model rupar@meter sets) were found to be
acceptable (260 - 416 (2.6-4.2%)), with maximumfB.®7 — 0.98. Fewer parameter
sets led to acceptable model fits of storm B2, (B.& for 102 (1.0%) parameter sets),
though a maximum E of 0.97 was obtained. 300 (3.6%del runs had between 11.5
and 16.5% (+- 2.5% of measured) of tracer breaktjimoduring the flow time series.
The Brammer (1996) experimental tracer temporal apdtial breakthrough were
reproduced by a minority of parameter sets; 14@826@b) correctly modeled temporal
tracer breakthrough, while 4827 (48.3%) correcthdeled the spatial breakthrough.

Of the 10,000 parameter sets, 13 (0.1%) met ak wc@mlibration criteria. Four
criteria (storms 1, 2, and 3, and the cumulatieedr breakthrough) were sufficient to
determine the final group of acceptable paramet¢s. s Of the 294 simulations that
modeled the entire 40 day trench hydrograph acbgpta9 (13%) modeled all 5 storms
acceptably. All parameter sets that had an acblepta for the five individual storms

also adequately represented the 40 day hydrografi. the 39 simulations with
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acceptable fit for all storms, 13 (33%) had modelesl cumulative tracer breakthrough

adequately.

3.3.2.Examination of parameter uncertainty within thelralted runs
Each objective criterion served to reduce the raofyjeach model parameter

(Table 2). To compare the reduction in the unaetaof each parameter after each
objective criterion, the ratio of the parameteruesl in behavioral models to the range of
the initial parameter distribution was computed.rafio of 100% for a given parameter
and objective criterion indicates the criterion didt reduce the uncertainty in the
parameter, while a ratio of 10% indicates the patamis restricted to 10% of the initial
range for behavioral models. The initial rangeh# tive calibrated parameters was set to
0 - 1,000% the measured value (in the case of bkdieakage coefficient and soill
hydraulic conductivity), the range physically pdsi(drainable porosity) or over a wider
range than produced behavioral model runs (lateudlsurface flow coefficient, and
subsurface storage volume). These values araveelas the initial parameter ranges
chosen were different for each parameter, genespianning the range observed in the
field (Ksoi, Goedrock KLs9, the range of physically possible valuég:(), and the range
possible determined through pre-experiment seitgitanalysis Vyo0). Nevertheless,
they serve as a method to determine the relatremgth of each objective criterion to
reduce parameter uncertainty.

The amount of parameter uncertainty reduced by ea@rctive criterion varied
for each parameter (Table 3.2, Figure 3.3). Inch®e of the active porosity, parameter
sets that led to acceptably modeled tracer flueespted from the entire initial range.
Parameter sets that acceptably modeled the 40rahindividual hydrographs, however,
reduced the range of drainable porosity from 48%6 Soil hydraulic conductivity, on
the other hand, was insensitive to all of the dbjeccriteria. While relatively few
parameter sets resulted in acceptable cumulatigeetr breakthrough (3.0%), this
objective did little to reduce the uncertainty oty of the calibrated parameters except
the bedrock leakage coefficient (43.6%). Usingydhle 13 parameter sets that fit all
criteria, the parameter uncertainty was signifigameduced (35.9 — 62.6%) for all

parameters except the soil hydraulic conductivty %o).
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Of the 13 parameter sets deemed behavioral foolgéctive criteria, one was
chosen as the base case for the virtual experimdifts 13 parameter sets that met all of
the model evaluation criteria were then ranked @ting to their goodness of fit to each
of the objective criteria. The parameter set i highest average rank was chosen for
the virtual experiments. For the best fit parameiet, model efficiency for the five
storms ranged from 0.92 (storm B2) — 0.97 (storn), Béth a 40 day efficiency of 0.95.
Modeled cumulative tracer breakthrough was witl @& the measured value. Modeled
spatial and temporal patterns of tracer breakthralgfell in acceptable ranges. Best fit
parameter values were close to measured values.dftinable porosity was 0.13m?
(compared to 0.05 #fm* measured in the field (McDonnell, 1990)), bedrdekage
coefficient, 4.25 E-5 1/s (compared to 2.63 E-5réfsorted by Graham et al., this issue)
and lateral hydraulic conductivity, 7.1E-3 m/s (qared to 2.1E-3 — 5.6E-3 m/s
observed in the field). Soil hydraulic conductywas calibrated to 2.67E-4 m/s, nearly
an order of magnitude greater than observed vahstween 2.7 E-6 — 8.3E-5 m/s
(Mosley 1979). The average subsurface storagemaI{1.7 mm) was not measured in
the field.

3.3.3.Virtual experiments with the calibrated model

3.3.3.1. Base case parameterization
Using the base case model parameterization, thecaled virtual experiment

hyetographs were applied, with storm totals préaffgn ranging from 5 — 506 mm (for
an example set of hydrographs, see Figure 3.4).theoscaled realizations of storm V5,
with 3 days antecedent drainage, total dischargged@ from 0 — 272.7 mm (runoff ratio
=0 — 57%). Trench flow was not observed for then2allest events (5 and 10.1 mm
rainfall), while the 25 mm storm yielded 3.6 mm toénch discharge (runoff ratio =
14%). Therefore a threshold for lateral subsurfstoemflow appeared to exist between
10 — 25 mm. Total storm discharge increased lipg®* = 0.999) after the threshold,
with a slope of 0.59 mm discharge / mm precipitatidhe calculated threshold, equal to
the x axis intercept, was 17.7 mm precipitatiom the analysis below, the threshold
refers to the x axis intercept (reported in mm fedljy and the slope is the slope of the

excess precipitation / discharge line (reporteshin discharge / mm precipitation).
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3.3.3.2. Soil moisture deficit
For the application of the virtual experiment hygtph using the base case

parameterization and the base case storm (B5, m0n§, total storm discharge was
dependent on the antecedent drainage time. Tuahsillslope discharge decreased
from 23.5 to 0.0 mm (runoff ratios decreased frd@htel0%) for the storms with between
1 and 21 days of antecedent drainage (Table 3j.tHeéosimulated storm (V1) with the
shortest antecedent drainage, 1 day, the watendmlaas split between discharge (23.5
mm or 46%), bedrock leakage (26.4 mm or 52%), erasdjmm (10.9 mm or 22%). The
soil storage reservoir acted as a source for td@iadal water for all simulations, as soil
moisture storage decreased from event to event. tlh®rstorm (V5) with 3 days
antecedent drainage (the average time between statrivlaimai, as deduced from the
long term data record), discharge decreased to aA#2 (36%), along with bedrock
leakage to 23.7 mm (27%). Evaporation increasé&d9(Inm or 32%), and the soil
storage reservoir again acted as a source fordtiéi@al water. For the storm with 21
days antecedent drainage time (V9), longer thandoserved at Maimai in the 2 year
data record, (McDonnell et al., in review) discleangas reduced to 0 mm (0%), and
bedrock leakage to 5.2 mm (10%). Evaporation emed to 64.4 mm (129%). For the
storms with long antecedent drainage times, rdimfaht to filling soil storage and then
lost to evaporation. For storms with shorter amdent drainage times, soil moisture
deficit was quickly filled and precipitation wasuted to the bedrock surface and lost to
hillslope discharge and bedrock leakage.

The rainfall threshold for producing subsurfacerrsftow for storm V5 (3 days
antecedent drainage) was 17.7 mm (Figure 3.5).culzded thresholds for the other
events (time between events) ranged from 9.1 (ladgcedent drainage) to 60.8 mm
(21 days antecedent drainage) (Table 4). Thehbldsvas linearly related to the time
between storms (Figure 3.6) of the form

P =9.7mm+ 1, ( 2.9M (10)

day)
(R2 =0.984). The slope appeared independenteofiiie between events, varying from
0.56 — 0.57 mm / mm (Figure 3.7). The 11 virtugdexriment hyetographs were then run

with the potential evaporation rate scaled betwHeand 1,000% of the calibration value
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of 6 mm/day (0.6 — 60 mm / day). For the followwigual experiments we will focus on
storm V5, with 3 days antecedent drainage, as aimpdtterns were seen for all events.

As the potential evaporation rate was increasetyyjahanodeled evaporation
increased, and pre-event soil moisture decreasEdese losses were balanced by a
decrease in both discharge and bedrock leakageyingathe potential evaporation rate,
the total storm hillslope discharge fell from anigf 23.0 mm (45%) at low PET (0.6
mm/hr) to a base case 18.2 mm (36%) and a low o0 (0%) at very high PET (60
mm/hr). Bedrock leakage also fell from 30.2 mm%H3o 23.8 mm (45%) to O mm for
the low PET, base case parameterization and high BEwulations, respectively.
Evaporation rates increased concurrently, fromvadd 1.6 mm (3%) to a base case of
15.9 (32%) to a high of 77.4 (155%). Once the RitTeased above 200% of the base
case (>12 mm / hr), evaporative losses from thepsofile were greater than the total
storm precipitation, leading to a progressively ldega soil moisture profile, and
providing a water source for the high evaporatiates. For the simulations with high
potential evaporation rates, rainfall went to figi soil storage and then lost to
evaporation. For simulations with lower potengahporation rates, soil moisture deficit
was quickly filled and precipitation was routedie bedrock surface and lost to hillslope
discharge and bedrock leakage.

The precipitation / discharge threshold and th@eslof the excess precipitation /
discharge line for the soil moisture deficit virltuexperiments were calculated in the
same way as above, and only the summary resultsresented here. For the calibrated
PET (6 mm / day), the precipitation discharge thoés for the 3 day drainage event is
17.7 mm, as before, and reached an upper boun@408 Inm (PET = 60 mm/day) and
lower bound of 12.4 mm (PET = 0.6 mm) (Figure 3.6Jhe slope of the excess
precipitation discharge line decreased with indrep®ET, from an upper limit of 0.62
mm / mm (PET = 0.6 mm/day) to a lower limit of 0.2m / mm (PET = 60 mm/day)
(Figure 3.7). For simulations with no evaporat(®ET = 0), the threshold for event 5
was 11.8 mm and the slope 0.62 mm / mm. For evgetite threshold for initiation of
hillslope discharge is positively linearly correldtwith the potential evaporation rate® (R
=0.996), of the form
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1.1M
P =11.4mm+ PET m 11
] 7 My (11)

The slope of the excess precipitation discharge @pwas also linearly correlated with
PET (R = 0.999) of the form

a:O.63m%m- PET 0_007”‘7% (12)
Viay

Our analysis suggests that the effects of PET hrdtime between events are
multiplicative (Figure 3.8, Table 3.4). The minimuhreshold (5.8 mm) occurred with
minimum antecedent drainage and minimum PET. Thgimum threshold (240 mm)
occurred with the maximum antecedent drainage aadimum PET. The product of
PET and the antecedent drainage time (a measutbeofotal potential evaporative
demand before the event) was positively correlatighl the modeled threshold

B, =12.2mm+ {,,, PET 0.3807” ) (13)

The slope of the excess precipitation / dischange was solely correlated with PET

(Equation 12), with antecedent drainage time hanmgffect.

3.3.3.3. Fill and spill
To determine the influence of fill and spill factoon the precipitation discharge

relationship threshold, the bedrock leakage cdefiicand subsurface storage volumes
were varied using the same factors as the PET ex@ets. Again, event V5, with 3
days antecedent drainage, was used for the analsissimulations where the bedrock
leakage coefficient was increased, bedrock leakageased while hillslope discharge
decreased. Due to the physical disconnect betireesoil profile and the bedrock in the
model structure, changing the bedrock permeahility not impact either soil moisture
storage or evaporation rates. At the lowest sitedlavalue of the bedrock leakage
coefficient (10% the calibrated value), leakageb&mrock was 11.9 mm (24%), while
hillslope discharge was 35.8 mm (71%). The renainof the water balance was
composed of evaporation and decreased subsurf@egstin the bedrock pools. For the
base case parameterization, leakage into the Hedromounted for 23.7 mm (47%),
discharge for 18.2 mm (36%). For the high permagbscenario (bedrock leakage
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coefficient was 1,000% base case), leakage acabuiate 37.8 mm (75%), while
discharge was 0.6 mm (1%). The simulations withedasubsurface storage volumes
showed a similar pattern, with increasing bedraekage (15.6 mm (31%); 23.7 mm
(47%); 38.6 mm (77%)), and decreasing hillslopeltisge (27.8 mm (55%); 18.2 mm
(36%); 0 mm (0%)) for the low storage, base cadibreded value and high storage
cases. Evaporation and changes in subsurfacegstdratween events made up the
remaining 14 — 23%. For simulations with no sufae storage, the threshold was 6.45
mm and the slope 0.70 mm / mm, while for simulaiovith no bedrock leakage, the
threshold was 6.45 mm and the slope 0.95 mm / mm.

The threshold for flow increased nonlinearly withcrieasedCyedrock and Vpool,
while the slope of the excess precipitation / disgke line decreased linearly with both
(Table 3.5). Analysis of varying the two paramgteshows that the threshold (slope)
varied from a maximum (minimum) of 59.2 mm (0.0082n / mm) for the highest
values of bedrock leakage coefficient and subsarfstorage volumes to a minimum
(maximum) of 6.45 mm (0.91 mm / mm) for the simwas with no leakage or
subsurface storage (Table 3.5). While both parareetnpacted storm response, the
bedrock leakage coefficient seemed to have moreadnpn the slope, while the
subsurface storage volume had more impact on threstibld. A similar pattern of
bedrock leakage coefficient and subsurface poshgtinfluence on the precipitation /
discharge relationship was seen in the other eyvents different antecedent moisture

conditions.

3.3.3.4. Alternative hypotheses
Finally, a set of simulations was run to determintere was a third alternative

for the thresholds beyond fill and spill and soiisture deficit (hypothesis 4). With the
potential evaporation rate, bedrock permeability aobsurface storage volumes set to
zero, the virtual experiment hyetographs were réior event 5, there was flow for all
simulations, and the projected threshold was 0 mhime slope of the precipitation /
discharge line was 1.00 mm discharge / mm pretipita A similar lack of threshold
and identical slope was seen for the other evehitese results suggest that the threshold
was due entirely to the fill and spill and soil stoire deficit factors, and the slope
approaches unity as these factors are reduced.
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3.3.4.Thresholds at the watershed scale:
The newfound relationship between the soil moistlefcit and fill and spill factors and

the precipitation / discharge threshold was teatginst two long term data records. The
first was from 3.8 ha watershed nearby the moddididlope. Analysis of the
precipitation discharge relationship at this catehtnwhich has similar geology (bedrock
leakage and subsurface storage) and climatic donditlantecedent drainage time and
PET) should provide a test for the fill and spifidasoil moisture deficit correlated
threshold relationship seen in the virtual experitee The second test was for a set of
watersheds at the H.J. Andrews experimental fqi¢38), ranging from 8-101 ha. The
HJA will be a stronger test of the soil moisturéicefactors due to the higher antecedent

drainage times for events towards the end of thenser season.

3.34.1. M8 Catchment, Maimai, New Zealand
Upstream of the instrumented hillslope described®saham et al., this issue)

and used for numerical modeling in this paper & fibst order, 3.8 ha M8 watershed.

The watershed was gauged for nearly 30 years (392@03) and a subset of the data
record (1985-1986) was used for watershed scadshbid analysis. Evapotranspiration
was estimated during this period by estimation gisan temperature index model

(McDonnell et al., submitted).

For the analysis, the two year M8 hyetograph wdis ispo 140 storm events. A
storm event was defined as a precipitation evesdtgr than 1 mm, preceded by 24 hours
of less than 1 mm rain. Storm runoff was definedre rise in stream discharge above
baseflow (streamflow at the initiation of the rament) from the initiation of the event
until the beginning of the next event. Total stqurecipitation during the two years of
monitoring was 4437.5 mm, with individual event@patation ranging from 1.1 to 220.1
mm, with an average storm size of 30.7 mm (FiguB).3 Total storm runoff for the
monitored time period was 1916.5 mm, where indigidavent storm runoff ranging from
0 to 109.5 mm, with an average of 13.7 mm. Dutimg monitoring, the average time
between storms was 3.2 days and the maximum wasdhys. Estimated PET averaged
2.4 mm / day, with a maximum 60 minute rate of @ / day. The product of the
antecedent drainage time and estimated PET ramged( to 45.6 mm, with an average

of 7.1 mm. Predicted discharge was calculateceémh storm using 4 methods: the soil
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moisture deficit dependent thresholds, the bulkuahthreshold, the annual storm runoff
ratio (43%), and the average storm runoff ratidfp4

When applying the model derived soil moisture defibreshold relationship,
storm flow was predicted at the M8 watershed ugiggations 12 and 13, assuming the
calibrated fill and spill factorscgedrock Vpoo) from the hillslope were constant between
sites. The root mean square error (RMSE) of thasmed vs. modeled discharge was
6.2 mm, and total storm runoff of 1837 mm for thEL Inonitored storms over 2 years
(96% of the measured storm runoff). Using measwtede (0.59) and threshold (8.5
mm) from the lumped discharge / precipitation rdo@sulted in a RMSE of 6.5 mm, and
total storm runoff of 2030 mm (106%). Using thenaal measured storm runoff ratio to
predict storm discharge led to a poorer fit, witRMSE of 9.0 mm, though by definition,
the total storm runoff was 1916 mm, or 100%. Usihg average storm runoff ratio
yielded a higher RMSE (15.5 mm), and low total stounoff (1109 mm, or 58%).

This site is assumed to have similar geology andrenmental characteristics as
the Woods and Rowe (1996) hillslope where MaiModels calibrated. Using the
precipitation discharge relationship developed fribra model, we were better able to
predict both the individual storm discharge as waslthe annual water balance than with
any of the methods using analysis of the catchrdeaharge characteristics. While the
annual threshold analysis performed nearly as widhis were an ungauged catchment,
the data needed to develop the threshold relatiprsbuld not be available.

3.3.4.2. H. J. Andrews, Oregon, USA
Further analysis of the watershed scale precipitatdischarge threshold

relationship was performed using the precipitaticstharge record at the H. J. Andrews
Experimental Forest (HJA) in western Oregon, US¥.the HJA, continuous discharge
and precipitation records have been maintainedratviatersheds, ranging from 9 to over
100 ha for up to 50 years, though we do not haapamation estimates for the duration.
Of the ten gauged catchments, five (WS1, WS2, W¥39 and WS10, from 9 — 101 ha)
are at low enough elevation that their annual hgdhphs are dominated by rainfall,
rather than seasonal snowmelt. WS1-3 have beegedasince 1958, while WS9-10
have been gauged since 1969. 2246 (WS1-3) and QWW853-10) rainfall events were
extracted from these records (storms begin whemlramn falls, and end after 24 hours
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of no precipitation), ranging up to 731 mm. Stawumoff and total storm precipitation
was extracted from the discharge record as peMiBavatershed procedure. A plot of
total storm precipitation vs. discharge showsdi#/idence of a threshold (Figure 3.10a).
However, if the storms are binned according toah&ecedent drainage time, a threshold
appears to exist for events with larger than fiasj and the threshold increases with
increasing antecedent drainage time (Figure 3.10b).& The threshold appears to be
consistent between the gauged catchments (~50 mgrdater than 5 days drainage, ~80
for greater than 10 days drainage), despite the wadge of catchment sizes.

While we were unable to determine the exact fumetioelationship between the
soil moisture deficit factors (PET and antecedeatréige time) without estimates of the
evaporation rates, this analysis shows that thera iclear influence of antecedent
drainage time on the threshold. The small appateesshold for the short antecedent

drainage events indicates that the fill and spittérs are relatively insignificant.

3.4. Discussion
We used the dominant processes concept of GraysdnB&schl (2000) to

construct a simple, reservoir based numerical mbdséd on the Maimai hillslope. The
model, with simple unsaturated storage and flowceptualization, was able to generally
reproduce observed hydrometric and tracer behavitre calibrated model was able to
reproduce the 40 day hydrograph, as well as eadividual storm. Additionally, the
model was able to reproduce breakthrough of atfexeer application 35 m upslope — one
characterized by both rapid initial breakthroughl @xtended hillslope discharge. The
model was also able to capture the precipitatiodistharge threshold relationship
observed in the data record. The model was thed us determine the relative
importance of fill and spill and soil moisture defifactors on the threshold relationship.
Below we highlight some of the issues associatetl thie calibration of the model, the
results from the virtual experiments, and the agpion of the new understanding of
threshold controls at the watershed scale, bothragarby first order watershed and at a

different set of watersheds ranging from 8.5-101 ha
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3.4.1.0n the value of data for model construction antrtgs
The model objective criteria that we used did navéhequal strength in either

limiting the range of individual parameters, or reducing the number of behavioral
parameter sets. In general, the model criteribwieae effective in reducing the range of
individual parameters were also effective in redgadhe number of behavioral parameter
sets. Of notable exception was the cumulativestrbceakthrough criterion. While able
to reject parameter sets (only 3% of the paramsdts acceptably met the criterion), it
did little to reduce the range of acceptable irdlial parameters, except for the bedrock
leakage coefficientcleqroc). While the ranges of most parameters were retittt®ugh
calibration, soil hydraulic conductivity was notjtlvacceptable models sampling from
94% of the original parameter space. The othesimpaters were well identified through

calibration, with a reduction of the original pareter space by 56-86% (Table 2.1).

3.4.1.1. Modeled hydrograph
The six storm hydrograph criteria were responditteeduction in both the range

of the individual parameters and the total numideaazeptable parameter sets (Figure
3.3). As in previous studies, different subsedioh the hydrograph provided different
amounts of power in parameter identifiability (i(&eibert and McDonnell, 2002; Son
and Sivapalan, 2007; Tetzlaff et al., 2008) WRil8% of the parameter sets met the 40
day criterion, only 0.4% of the parameter sets Iteduin simulations that met the
hydrograph criteria for all five of the events. it&#t and McDonnell (2002) found that a
storm event with the largest peak precipitatiore rahd discharge served as the most
stringent criterion in their calibration of a siamlreservoir model. In our case, the
highest peak of precipitation and discharge occumestorm B4, which was a relatively
weak criterion.

B2, the event with the lowest peak discharge, anddst duration, was the most
effective in both narrowing the parameter ranges r@jecting parameter sets. Whereas
the other storms were relatively simple, with agirpeaked hyetograph and hydrograph,
B2 was more complex, with a double peaked hyetdgrapd hydrograph. B2 was
especially effective in reducing the parameter sgac the lateral subsurface storage and
bedrock leakage coefficient variables. This sensitwas likely due to the complex

filling and draining of subsurface storage, a fattat was masked in the higher shorter,
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single peaked events, where the subsurface stosafided early in the event, then
monotonically drained. The prolonged nature of Bi&event, along with the refilling
during the second peak, required a more precismitieh of the subsurface storage
processes. This suggests that it is not the dizleeoevent, but perhaps the complexity
that is important for model calibration. Breaking the calibration hydrograph into 5
distinct time periods, centered on the significenh events, proved to be a strong tool

for both parameter identifiability and parametdrregection.

3.4.1.2. Modeled tracer breakthrough
The modeled tracer breakthrough served as anotberces for parameter

identification and parameter set rejection. Ottesearchers have shown the importance
of using tracers (such as isotopic signaturesiofaly) in addition to hydrometric data for
model calibration. (Fenicia et al., 2008; Son aneb@alan, 2007; Soulsby and Dunn,
2003; Vache and McDonnell, 2006) Tracers are @ttt as model objective criteria
because tracer and pressure response to preapitatoften quite different (i.e. the rapid
catchment response dominated by pre-event wataslldnd Farvolden, 1979). Tracer
breakthroughs also serve to integrate hillslopelescasponse, in contrast to point
measurements of hydraulic conductivity, water tdi#eght, soil moisture status or other
similar objective criteria. While isotopic tracexsd mean residence times of tracers have
been used for model calibration, the use of anieggpthemical tracer is relatively rare
for model calibration (although Weiler and McDordn@007) successfully modeled the
Brammer tracer injection with a macropore basedceptual model of the Maimai
hillslope).

While the temporal and spatial patterns of traceakthrough were not stringent
criteria in the MaiModel calibration (eliminatinqily 48 and 15% of the parameter sets,
respectively), the cumulative tracer breakthroutjmieated 97% of the parameter sets,
and 66% of the simulations that were deemed belalvior all storms. The calibration
runs that modeled all of the sub-hydrographs amt ndit match the measured tracer
breakthrough had a modeled cumulative tracer binealkgh ranging from 8-28%,
compared to a measured value of 14%. Of the sitoukathat had acceptable fits for the
hydrographs but missed the cumulative tracer bhealgh, 23% were below the

acceptable limits, and 77% were greater. 54% wenee than twice the acceptable range
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from the measured value. This wide range of modetader flux for models that
acceptably fit the hydrograph demonstrates the rtapoe of measurements of both
particle and pressure response at the hillslope $asamodel calibration and validation.
While the cumulative tracer breakthrough was efecin reducing the total
number of behavioral parameter sets, it did littlereduce the ranges of the individual
parameters, with the exception Qfegrock TWO possible explanations of the relative
weakness of the tracer breakthrough on the paranraieges are 1) the tracer
breakthrough is due to a combination of parameters2) the cumulative tracer
breakthrough is too weak a test, and a time seriesacer breakthrough is needed.
Further analysis of the tracer breakthrough agaimesindividual parameters suggests that
the first option is more likely. The cumulativeater breakthrough was compared with
the products of each pair of calibrated paramefi@spairs in total). The cumulative
tracer breakthrough was strongly constrained by graduct of the bedrock leakage
coefficient and the subsurface storm volume, witheduction of 94% of the widest
possible range of the product (Figure 3.11). Huggests that it is both the subsurface
storage volume and the rate of drainage that clentine cumulative tracer breakthrough,
more than each parameter individually that is ingoir The cumulative tracer
breakthrough was not dependent on any other ingd@ligparameter, or product of

parameters.

3.4.1.3. Soil hydraulic conductivity
Of the five calibrated parameters, all but the saturated hydraulic conductivity

(ksoi) Were significantly better defined through calibya. Of the nine calibration
criteria, the number of behavioral parameter sétst tmatched each criteria was
somewhat correlated to the reduction in the parensgtace for each criteria (0.48 € R
0.67). While the range &t,; was reduced 6% from the initial parameter rangeisipd,
(1,000% of the maximum measured hydraulic conditgjivthis 6% is due more likely
through chance than an actual narrowing of theiplesparameter set, as acceptable
parameter sets were evenly distributed over thibrasion range. It is unclear whether
the small reduction in thie,; range is a validation of the model assumptionge@slly
that vertical percolation through the soil profiferelatively unimportant in the whole
hillslope scale behavior, or a result of these imggions being codified into the model.
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3.4.2.Improved understanding of thresholds at the hilislecale
The calibrated model was able to reproduce theigatatton discharge threshold

relationship seen at the Maimai hillslope trendfrom analysis of measured hillslope
discharge by Woods and Rowe (1996) and Brammer6(13h average threshold of
approximately 19 mm was necessary for flow at thislbpe at Maimai (Figure 3.9).
This threshold was close to the modeled threshHbid7(mm) for the calibrated base case
model. In the numerical simulations, the threshe&s found to be due to both fill and
spill factors (subsurface storage and bedrock Iga@kas well as soil moisture deficit
factors (potential evaporation rate and antecedemhage time) (Figure 3.12). A linear
relationship between thresholds and the produthef;..in, andPET was observed, with
a slope of 0.38 mm / mm. An increase of 1 mm &nphoduct otg.in andPET prior to
storm initiation yields an increase of 0.38 mm he threshold over the range modeled.
The relationship between the product of the bedrtedkage coefficient and the
subsurface storage volume was positively concanehlinear. There appears to be an
upper bound on the impact of the fill and spillttas on the threshold, while a similar
bound has not been observed in the soil moistuiieitdeLogically, a bound must exist
for the soil moisture deficit, once evaporation lééggs the entire soil profile and a storm
greater than the available storage would overcdra¢hreshold. This bound was not met
by the current virtual experiments.

Additional simulations were performed to determthe precise impact of both
sets of factors on the threshold. A simulation rehthe fill and spill factors were
removed Vpool @aNdCoedrock WeETE Set to zero) and another where evaporatienreraoved
(PET=0 mm/day). These simulations showed that 1118(66%) of the threshold were
due to fill and spill factors, while 6.4 mm (36%pasvdue to soil moisture deficit factors.
Since these do not add up to the modeled 17.7 mastibld for the base case scenario, it
appears that the two processes are less thanvagditith some of the effects of soill
moisture deficit reducing the threshold response touill and spill, or vice versus. The
lack of threshold after the fill and spill and sailoisture deficit mechanisms were
eliminated indicates that these two are solelyaasyble for the simulated threshold.

The slope of the excess precipitation / dischaige ivas also found to be
positively correlated with both fill and spill fams and PET, while not the antecedent
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drainage time. An increase in both the subsurfem@age and bedrock leakage coefficient
were shown to increase the slope, as an increas&cmincreased the rate of leakage into
the bedrock, both directly (increased leakage amefft = increased leakage rate) and
indirectly (increased storage = increased driveleakage and increased late time storage
and leakage). An increase in the PET increasedltpe, as rainfall stored in the soll
profile was lost to evaporation during and aftez #torm. With fill and spill and soill
moisture deficit removed, the slope was unity, ¢ating these are the only factors
affecting the slope in the numeric model. 94%haf teduction in the slope was due to
fill and spill mechanisms, while 6% of the reduatis due to the potential evaporation
rate. The small impact of the PET on the slopéuis to the limited time that PET can
impact the discharge after the threshold is reachedtillslope drainage lasted less than 4
days for all simulations.

3.4.3.Improved understanding of thresholds at the waéslstale
Our macroscale hillslope model has shown two causmhanisms for the storm

precipitation — discharge relationship seen atttislope and small catchment scale.
This relationship depends on both climatic (evgrdceng and evaporative losses) and
geologic (bedrock permeability and subsurface geyéactors. The geologic factors are
difficult to determine, with bedrock permeabilityffecult to measure, and subsurface
storage depending on the dominant lateral subsuflagv processes and the bedrock
topography, two difficult to determine componentBhe climatic factors, however, are
often available when a long term data set is ptes@éfthile long term evaporation records
remain uncommon, new analysis of long term preaijmh records may provide a way
forward towards better prediction of catchmentrstoesponse.

The soil moisture deficit influence on the preagitn discharge threshold and
slope were previously suggested in the analysth@fong term precipitation discharge
record of the instrumented hillslope at Panola, rGi@o (Tromp-van Meerveld and
McDonnell, 2006a) At Panola, it appeared thatmtowhere the soil volumetric water
content at 70 cm depth was less than 40% priohaocevent had a higher threshold for
flow than those that were relatively wetter. Hoeewthe data record at Panola had too
few storms with sufficiently dry antecedent moistwonditions to determine the precise
relationship between antecedent moisture and tblésh At Minamitani, Japan, the
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threshold for flow at an instrumented hillslope arehrby second order catchment was
shown to be somewhat dependent on the flow ratheatnitiation of the event. (Tani,
1997) As at Panola, with the limited number ofréseabove and below the threshold for
each initial flow rate, the precise nature of thépendency is unclear. In fact, none of
the instrumented hillslopes we know of have a sigfit data record with enough storms
above and below the threshold to determine theiggecelationship between the
threshold and antecedent moisture conditions. &\hremains difficult and expensive to
maintain gauging for a sufficiently long duratiespecially at instrumented hillslopes,
numerical modeling can serve to generate new krayeleabout hillslope and small
catchment processes. This newfound relationshiwe®s:n antecedent drainage time and
the precipitation discharge threshold can now @aegd at other sites.

Analysis using the predictions for event storm fliabthe nearby M8 catchment,
based on soil moisture deficit factors, was showheitter predict whole storm discharge
than the annual threshold or runoff ratio analys@he root mean square error was
minimized and the difference between the measuneddnaodeled annual storm runoff
using the soil moisture deficit method of dischangediction when compared to
predictions made using the bulk annual threshaldual runoff ratio and average runoff
ratio methods. These predictions were made ovesnge of storms with different
average and maximum rainfall intensities, duratiang precipitation patterns, yet the
storm runoff was very well predicted based on twopte factors revealed through the
numerical modeling. Due to the short data recorthe instrumented hillslope, a similar
analysis of hillslope threshold dependence on adleat drainage time was not possible.

Additional analysis at five small research watedshim western Oregon (9 - 101
ha) showed a dependence on antecedent drainage foimthe threshold. While
evaporation estimates were not available for theatthn of the 50 year data record,
events with long antecedent drainage were shovexMibit a much higher threshold for
flow. This threshold appears to be quite high éeents with longer than 9 days of
antecedent drainage (~ 80 mm), for a series of ralagels that are very responsive to
rainfall (annual storm runoff ratios approach 3§¥rGuire et al., 2005).

However, at the catchments at the H J Andrews hed\8 catchment, there is

little evidence for a threshold for flow for evemgth short (< 5 days) antecedent
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drainage time, perhaps due to minimal effect ofrbekl leakage. At the Maimai and
Panola hillslopes, bedrock leakage is a sink artdremovered at the hillslope. In the
virtual experiments, using the calibrated modeihr@shold of 8 mm was predicted for
events with only one day antecedent drainage.h&tM8 and H J Andrews catchments,
however, bedrock leakage is likely recovered at watershed outlet, though some
evidence of deep seepage at the HIJA does exisiclii@iaet al., 2005) At the catchment
scale, the fill and spill mechanism should then hatve a large impact on the
precipitation discharge threshold. Therefore, myevents where the soil has not had a
chance to dry due to evaporative losses, a smadshiold would be expected at these
catchments, as seen in this analysis.

This functional dependence of the threshold ondiit spill and soil moisture
deficit factors may be a means for prediction ofvlat ungauged hillslopes and basins.
At a site where the physical properties are simoagither Maimai, or some basin where
the geologic dependent threshold and slope has determined, the base case threshold
can be determined, and the effects of the clinfatttors would be determined from the
storm spacing and evaporative demand. The geofwgapitation discharge threshold
and slope can be determined by analysis of theesysesponse to precipitation at the
lower extreme of PET and storm spacing. The apalyg the HJA watersheds suggest
that the antecedent drainage dependence of theghthids suggest that this relationship
may apply to other steep forested hillslopes aridhoaents. Special attention needs to
be placed on locations with different geology, batent geometry and dominant flow

processes.

3.4.4.Constraints in numerical modeling and opportuniteeduture work
Our numerical model was built to determine the flmgponse at a site where

lateral subsurface flow dominates, and a clearstiokl for flow exists. The model was
successfully applied to predict lateral subsurffloev at the site, and determine the
sources of the observed threshold. The model hes validated with new analysis of
the data record at a nearby site. This work suggksther work using carefully

calibrated models to answer other, pressing question the controls on hillslope
discharge, such as: What are the controls on loasgkneration? What are the controls

on water aging? When can we predict the dominabswface flow mechanisms (i.e.
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lateral vs. vertical flow; preferential vs. matflaw)? The numerical model used in this
paper is not well suited for all of these questjadhsugh the dominant processes concept
is. For example, there is no bedrock flow incogted in MaiModel, which makes it
poorly suited to determine the controls on baseflovinich is known to be highly
dependent on subsurface flow through the bedro&kthe Maimai hillslope, bedrock
flowpaths are not believed to greatly affect hdjst discharge, due to the steep slopes
and consolidated nature of the bedrock. Howevsmgua simple conceptual model
allows for the flexibility for model evolution diated by the field conditions (e.g. Fenicia
et al., 2008). The addition of bedrock flow woublel a relatively simple thing, if the field
processes demanded it. Careful model construdticliding the dominant processes
under consideration, along with stringent calitmatiand testing, can lead to new
understanding of flow processes.

3.5. Conclusions
Graham et al. (this issue) developed a new perakptwodel of hillslope

subsurface flow processes at a well studied field. s We determined that lateral
subsurface flow is dominated by flow in a well cented preferential flow network at the
interface between the soil profile and permeabldrdek. This paper used this new
perceptual model as the basis for a numerical mebned to model flow and transport
based on these dominant processes. The modelbMasoareproduce both hydrometric
and tracer data, using few (5) tunable parametArseries of virtual experiments aimed
at revealing the controls on the threshold respafdelisiope discharge to precipitation
were performed using the numerical model. We fotlnad both fill and spill (geologic,

including bedrock permeability and storage) andl mwiisture deficit (climatic, including

storm spacing and potential evapotranspiration syatactors influenced threshold
magnitude. While the climatic controls were showrhave a large potential impact on
flow dynamics, in a climate like that of the stubdyislope, where storm spacing was
short (average time between storms = 3 days) amdPHT demand was low (<6 mm /
day), the geologic controls dominated (66% of tireshold and 94% of the slope of the
excess precipitation / discharge relationship weketermined by the geologic

components). The relationship between the clim#&tictors and the precipitation
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discharge threshold and slope were applied to épeztchment and demonstrated to
better predict storm discharge than either the ahrunoff ratio or the bulk threshold

relationship.
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3.8. Tables

Table 3.1 Calibration parameter ranges and souNgs.was not measured in field and
was constrained by a pre-calibration sensitivitglgsis.

ParameterRange Source

Coedrock | 0 - 0.0284 1/$10,000% maximum observed in field (Graham ettlais, issue)
Ksoil 0 - 3 m/hr 10,000% maximum observed in field (McDell, 1990)

K ss 0-30 m/hr Range observed in field (Graham etlaik,issue)

Vool 0-0.1cm Sensitivity analysis

factive 0 - 100% Spans range of field measured porosigDonnell, 1990)
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Table 3.2 Parameter range reduction and paranmedtegjection due to calibration using
each objective criterion. The total number oflmation simulations was 10,000. Initial
ranges of parameters are listed in Table 3.1.

Behavioral
Coedrock | Ksoil | Kiss | Vpool | factive Criteria parameter
sets
Initial 100 100| 100| 100 100
40 day discharge 58 2 5] 45 62 E>08 294
Storm 1 discharge 72 2 47 2 63 E>08 260
Storm 2 discharge 75 6 56 83 638 E>0,8 102
Storm 3 discharge 60 2 43 24 a7 E>08 416
Storm 4 discharge 56 2 47 1§ 58 E>0,8 402
Storm 5 discharge 56 2 3( 34 47 E>0,8 342
Total cumulative 11.5% T
tracer breakthrough a4 1 S 6 0 16.5% 4.827
Tracer breakthrough 0 1 1 1 1 B>0.8 1,462
temporal
Tracer breakthrough 0 0 1 0 0 B>08 300
spatial
Final 86 6 56 85 78 13
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Table 3.3 Storm discharge (mm) and calculated timlds(mm) and excess precipitation
slope (mm/mm) for calibrated model and events VDV1

Time Between Storms (days)

Pre'a’oeit”;tion 101|133 |5 ] 714|210 28
T V) | (v2) | (v3) | (v4) | (v6) | (V6) | (V) | (v8) | (V) | (V10)
5 0]l 0] o] o] o ol ol o] o o
10 o] ol ol ol o] o] ol ol o o
25 0ol 51 8| 4| 4] 1] o] o] o o
38 3| 15| 15| 11| 10, 8| 5 o 0 0
46 5 | 18| 18| 13| 13 10 8 1 0 0
51 6 | 18| 18| 14| 14 11 8 1 0 0
56 9 | 21| 21| 17| 17| 14 11 3 1 0
76 17 | 31| 31| 26/ 26| 23 20 12 6§ 3
101 20| 41| 41| 37] 37 34 31 28 16 1D
253 98 | 110| 110 106 106 103 100 91 85 78
506 212| 225| 225 220 220 218 215 206 200 193

Threshold | 35| 9| 7| 18 18 24 30 48 61 75
Slope | 045 0.45 045 045 0.45 045 045 (.45 04545
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Table 3.4 Threshold (mm) and excess precipitatiopes(mm/mm) for each antecedent
drainage time and PET. For the highest PET modaletl the second two longest
antecedent drainage times the discharge was neteronfor enough events to determine
threshold and slope values.

PET (mm/day)
0 |06]|12| 3 |45]| 6 9 12 | 30 60
10|17 | 18 | 20 | 25| 30 | 35| 46 | 57 | 135 | 207
1|6 | 6 6 | 7|8 | 9| 13 | 16 | 55 | 147
1|6 | 6 6 | 7|7 |8 9 11 | 35 78
E 3|12 |12 |13 15|16 |18 | 21 | 25 | 52 | 114
S 3|12 |12 |13 15|16 (18| 21 | 25 | 56 | 117
\é 5114 |15 |16 |19| 21 |24 | 31 | 38 | 78 | 176
S 716|117 |18 |22| 26 (30| 39 | 48 | 101 | 192
14 |119| 21 | 23 |32 |40 |48 | 64 | 76 | 186 | 240
21120| 23 | 28 |41 | 54 |64 | 80 | 101 | 206 | NaN
281 21|26 |31 |50| 64 | 75| 100 | 137 | 218 | NaN
PET (mm/day)
0| 06| 12 3 4.5 6 9 12 30 60
10|05 |048 | 048 | 047 | 0.46 | 0.45| 0.43 | 0.42 | 0.33 | 0.14
105|048 |048|047|0.46|0.45|0.44|0.42|0.36 | 0.24
105|048 |048|047|0.46 | 045|043 |0.42|0.34|0.21
@ 3 105|048 |048|0.47|046|045|0.43|0.42|0.32|0.16
S 3]05/048|048 047|046 |045)|043|042|0.32]0.17
\é 5105|048 |048| 047|046 |045|0.43|0.42|0.32|0.19
&£ 705|048 |0.48|0.47 |0.46 | 0.45|0.43 | 0.42 | 0.31 | 0.16
14105 |048|0.48 | 0.47 | 0.46 | 0.45| 0.43 | 0.41 | 0.32 | 0.12
2105|048 (048|047 |0.46 | 0.45| 0.43 | 0.40 | 0.31 | NaN
28 105|048 (048|047 |0.46 | 045 |0.42 | 0.42 | 0.28 | NaN
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Table 3.5 Threshold (mm) and excess precipitatiopes(mm/mm) for eackoo / Chedrock
combination. For eight events with highoo andcpedrockthe discharge was not non-zero
for enough events to determine threshold and stapees.

Vool (MM)
0/018|0.36|089 134178267 |3.56|8.90 | 17.80
0 6| 6 | 6 | 6] 6|6 | 6] 6|86 6
4306 |6 7 | 7 | 8 [ 9 [ 9 |10 ] 11| 18] 29
_ 85E-06 6| 7 | 8 | 9 |10 [ 11 | 13 | 15 | 25 | 42
L 21E05[6| 8 | 9 [ 12 | 14 [ 15 | 18 | 20 | 34 | 59
¥ 32E-05[6| 9 |10 | 13 | 15 | 17 | 19 | 22 | 37 | 49
€ 43E-05[6| 9 | 11 [ 14 | 16 | 18 | 21 | 23 | 40 | NaN
& 64E-05|6[ 10 | 12 | 16 | 18 | 19 | 22 | 25 | 43 | NaN
85E-05 | 6 | 11 | 13 | 17 | 19 [ 21 | 24 | 27 | 45 [ NaN
21E-04 | 6 | 13 | 16 | 20 | 23 [ 25 | 29 | 35 | NaN | NaN
43E-04 | 6] 16 | 18 | 23 [ 26 | 29 | 32 | NaN | NaN | NaN
Vpool(mm)
0 |018]0.36[0.89|1.34 178267 |3.56|8.90 | 17.80
00 [072]072]072]072|072]072]072|0.72]0.72] 0.72
4.3E-06 | 0.70 [ 0.70 | 0.70 | 0.70 | 0.69 | 0.69 | 0.68 | 0.68 | 0.64 | 0.58
8.5E-06 | 0.68 | 0.68 | 0.68 | 0.67 | 0.66 | 0.66 | 0.65 | 0.64 | 0.57 | 0.45
@ 2.1E-05 | 0.62 | 0.62 | 0.61 | 0.60 | 0.58 | 0.57 | 0.54 | 0.52 | 0.37 | 0.18
X 3.2E-05 [ 058 | 0.57 | 0.57 [ 0.54 | 0.53 | 0.51 | 0.47 | 0.43 | 0.26 | 0.07
£  4.3E-05 | 054 | 053] 052050 |0.47]0.45] 040|036 0.19 [ NaN
& 6.4E-05 | 0.47[0.46]0.45[041[0.38[0.35[0.30[0.26 [ 0.10 | NaN
8.5E-05 | 0.42 | 0.40 [ 0.39 | 0.35 | 0.31 [ 0.28 | 0.23 | 0.19 | 0.06 | NaN
2.1E-04 [ 0.22 | 0.20 | 0.18 [ 0.14 | 0.11 | 0.09 | 0.06 | 0.04 | NaN | NaN
4.3E-04 | 0.11 [ 0.09 [ 0.08 | 0.05 | 0.04 | 0.03 | 0.01 | NaN | NaN | NaN
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3.9. Figures

Figure 3.1 Map of modeled hillslope with tracer gation site 35 m upslope of lateral
subsurface flow collection trench (from McGlynnat2002). Trench sections T1-T20

were used for analysis.
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Figure 3.2 Measured (black) and modeled (grey) dyciph with 13 simulations that
matched all objective criteria for the entire da¢égord (a), storm B2 (b), and tracer
breakthrough. B2 was the most difficult storm togiate, likely due to the complex

double hydrograph.
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Figure 3.3 Summary of MaiModel calibration. Accape parameter sets (bars) and the
reduction in parameter uncertainty for each modétria. Parameter$eoi ( ); kiss( );
Vool ( ); Coedrock(); factive (+). Storm B2 had the lowest number of acceptphlameter
sets, and the highest reduction in the parametacesfor each variable. While the
temporal tracer breakthrough was not effectivegjeating parameter sets, it had some
success in reducing the parameter spacefgb
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Figure 3.4 Modeled hydrographs for virtual expemneA series of increasing duration
hydrographs are applied to MaiModel with calibrapadameters and 3 days antecedent
drainage (storm V5). Events with between 10 andmr6 rainfall are simulated with
scaled realizations of the hyetograph from measstean B5. The base case event has

50.6 mm total precipitation.
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Figure 3.5 Whole storm precipitation vs. dischalgemodeled events, using calibrated
parameters and 3 days antecedent drainage (stodm Ve estimated threshold is 18
mm, and slope is 0.45 mm/mm (points taken frommool®, Table 3.3).
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Figure 3.6 Dependence of precipitation / dischatgeshold on soil moisture deficit
(antecedent drainage time and PET) and fill and @pedrock leakage coefficient and
bedrock pool storage volumes) factors.
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Figure 3.7 Dependence of slope of excess predipitat discharge on soil moisture
deficit (antecedent drainage time and PET) anafitl spill (bedrock leakage coefficient
and bedrock pool storage volumes) factors.
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Figure 3.8 Threshold and slope vs. products ofafiitl spill factors, and soil moisture
deficit factors. Antecedent PET ig4in*PET)
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Figure 3.9 Measured whole storm precipitation thiége dynamics at two instrumented
field sites: a) Maimai hillslope (0.09 ha), 200 dayf monitoring; b) M8 catchment (3.8
ha), two years of monitoring. Hillslope thresh@stimated at 20 mm, while catchment

threshold estimated at 8.5 mm.
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Figure 3.10 Measured whole storm precipitation Ascdarge dynamics at five
instrumented research catchments: WS1 (101.3 h@p ha), 3 (60 ha), 9 (9 ha) and 10
(10 ha) at the HJA Andrews Experimental Forest.or8s are binned according to
antecedent drainage time: a) All events with Iésst5 days antecedent drainage; b) all
events with between five and ten days antecedamalye; c) all events with greater than
ten days of antecedent drainage. Estimated thiessifar the three groups are 0 mm, 56

mm, and 83 mm.
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Figure 3.11 Dotty plots Oftpedrock @nd Vmax VS. 40 dayE and cumulative tracer
breakthrough. The lines denote the range of aabé&ptmodel fits. The x axis spans the
range of the parameters. The product of the twarpaters, a measure of the speed of
pool drainage, is more identified than either pagmnindividually.
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Figure 3.12 Schematic of fill and spill and soil istare deficit control of precipitation
discharge threshold and slope of the excess ptatgr discharge line.



4.

Experimental closure of the hillslope water balawdhin a
measurement uncertainty framework
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4.1. Introduction
Hillslope hydrology is an uncertain science. Utae@ties in initial conditions

and boundary conditions are difficult to measurégfiardt and Thomas, 1991), and
often coarsely estimated (Beven, 2006a). Intestale conditions are often based on
limited point measurements extrapolated to mucgelascales, with the corresponding
difficulties in extrapolation of the uncertainty these measurements. The difficulty in
performing repeatable experiments at the hillslspgle makes the conclusions of field
studies difficult to asses. The enormous hetereigeinf hydrological parameters, such
as hydraulic conductivity, soil depth, macroscal@l sstructure, and soil texture
compounds the measurement uncertainty (McDonnell.e2007). Despite, or perhaps
because of these difficulties, a rigorous accognthmeasurement uncertainty is rarely
performed in conjunction with field experimentatiohile many have made the case
for explicit uncertainty analysis in numerical mbdg, (Beven and Binley, 1992;
Wagener, 2003) Beven (2006b) has extended this toalexperimentalists, asking
rhetorically “should it not be required that eveiper in both field and modelling studies
should attempt to evaluate the uncertainty in theults?” To date quantitative
measurement uncertainty analysis remains rarepererental hillslope hydrology.
Reporting of model uncertainty, whether due to fgality issues, model
parameterization and structure uncertainties (Be2602), or the problems associated
with extrapolating models beyond the calibratiomges, has become standard in
catchment and hillslope hydrology (Andréassianlet2®07; Beven, 2006b; Hall et al.,
2007; Mantovan and Todini, 2006; Montanari, 200iaBumar, 2008). Methods, such
as the general likelihood uncertainty estimatioh.W&; Beven and Binley, 1992) and
various Bayesian methodologies (Gupta et al., 18@&etski et al., 2002; Kuczera and
Mroczkowski, 1998; Mantovan and Todini, 2006; Vrugt al., 2003) have been
developed and are now widely used to quantify theettainty of predictions from
calibrated model hydrological models. While thisriwis important, lack of clear and
thoughtful analysis of uncertainty in field studiemves catchment modelers to either
determine on their own the error structure of fidkta, or to ignore it entirely. Some
attempts to incorporate input uncertainty have baeveloped, such the use of fuzzy
measures (i.e. Bardossy, 1996; Ozelkan and Ducks2601) and soft data (i.e. Seibert
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and McDonnell, 2002). These efforts, however, sk dependent on experimentalist
reports of measurement uncertainty. Neverthebesssxperimentalists, we rarely analyze
and report the uncertainties in our field work, exsally when reporting flux rates, mass
balances, field parameter measurements and otkemt@d inputs into numerical models.

Rigorous uncertainty analysis consists of bothoaigihtful assessment of error for
both the measurements themselves and the propagdtihhe measurement uncertainty
through the functional uses of the data (TayloQ7)9 Error propagation needs to be
performed when using measured data for both indaligestimates and for aggregated
measures such as daily averages or whole experitogitfluxes and stores. Random
(precision) and systematic (accuracy) uncertainyjyes need be identified for each
measurement instrument used and process assunmid®, as the two are dealt with in
error propagation differently.

Here we present a full measurement uncertaintyyaisahssociated with a hillslope
water balance experiment at the H. J. Andrews Exyertal Forest (HJA) in western
Oregon. The water balance, or continuity equati®perhaps the most basic equation in
hydrology (Rodriguez-lturbe, 2000):

P=Q+DS+ ET+ DS Q)

where the inputs to the hillslope (Precipitatiof,afe balanced by the outputs (Surface
runoff, Q; Changes in storag®S$; evapotranspiration, ET; deep seepage to grouedwa
DS). Despite the mathematical simplicity of theu&pn, measuring each of the
components of the water balance is very difficaldl @losure of the water balance at the
hillslope scale is rarely done (Beven, 2001). &efrunoff takes many forms, including
overland flow, shallow lateral subsurface flow dwetirock return flow, each of which is
difficult to measure without significant hillslopgenching infrastructure (Freer et al.,
2002; Peters et al., 1995; Woods and Rowe, 1996yeriand flow trough deployment
(Bonell and Gilmour, 1978). Quantifying fluxes ontand out of storage requires
extensive monitoring, as storage fluxes are dynafRidolfi et al., 2003), hysteretic
(Ewen and Birkinshaw, 2007), and vary with deptd sspographic location (Western et
al., 1998). The fluxes of evaporation and traregmn are generally lumped and their
estimation is very data intensive, and often ed@ghaas the residual of the other

components in Equation 1 (e.g. Montgomery et &97). Deep seepage is very difficult
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to measure at the hillslope scale, requiring deefiswnto the hillslope aquifer. Deep
seepage is often thought to be negligible, thowgtemtly flow through the bedrock has
been shown to be a significant flow pathway (Kaasat al., 2008; Katsuyama et al.,
2005; Onda et al., 2001; Tromp-van Meerveld et28l06).

Closure of the water balance is often done at taigee and space scales (Winter,
1981), especially in paired watershed experime8tednick, 1996). This closure is
generally performed at an annual scale, where @simgstorage and deep seepage fluxes
are considered negligible, and the residual isgassi to ET, which is usually not
measured. Closure is trivial at the smaller lalb sare scale, where inputs and outputs
can be strictly controlled and monitored (e.g. Mogh et al., 1999; Rasmussen et al.,
2000). Closure of the water balance at the salbpescale has been performed using soll
lysimeters, where lateral flow is restrained andival seepage can be measured (e.g.
Gee et al.,, 1994). Intermediate to these scalesue of the water balance at the
hillslope scale has rarely been performed. Sublisiope scale accounting is needed in
hillslope hydrology because too often assumpticresmaade about the residuals, while
only one or two components are measured (i.e.dlatrosurface flow and changes in
storage).

For rigorous closing of the hillslope water balamee need to both minimize the
uncertainty in the measurements of the componemid, also attempt to quantify the
uncertainties that remain. One method for miningzuncertainty in the measurement of
the water balance components is the use of coatraliigation experiments, rather than
passive storm monitoring (Eberhardt and Thomas]1)198rigation experiments have the
benefit of experimentalist control of the inputsdalirected measurements of the outputs.
Hillslope irrigation experiments have been usedhydrology to determine solute
transport characteristics (Hornberger et al., 19%i¢ role of flow through fractured
bedrock (Montgomery et al., 1997), the identifioatiof hillslope scale hydraulic
conductivity (Brooks et al., 2004) and the partitray of hillslope runoff processes
(Scherrer et al., 2007).

The overall objective of this experiment was to selothe water balance,
identifying the relative partitioning of and uncartties around the measured individual

water balance components of evaporation, trangmiraiateral subsurface flow, bedrock
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return flow and fluxes into and out of storage. tti the overall objective, we address
specific questions of:
1) How do uncertainties in individual measurementsppgate through the functional
uses of the measurements into the water balancpaments?
2) How does the quantification of individual water &xae components improve our
understanding of key hillslope processes, espgciall
i) The storage discharge relationship at the hillskqzde
i) The role of bedrock flow at the hillslope scale
3) How do measurement uncertainties impact our processeptualization of hillslope

flow processes?

4.2. Site description
The study hillslope is located in WS10, in the HE&Xperimental Forest in the

western Cascades, Oregon, USA (49\p0122.28W). The HJA is part of the Long

Term Ecological Research program, and has a datardeof meteorological and

discharge records from 1958 to the present. Theatt is Mediterranean, with dry

summers and wet winters characterized by long,ifgensity storms: dry periods of 25
days and storms lasting 20 days have a 1 yeamnretterval. WS10 has been the site of
extensive research of hillslope hydrologic proces@éarr, 1977). A ten meter wide

recording trench is situated at the hillslope b&secollect lateral subsurface flow

(McGuire et al., 2007).

Frequent debris flows at WS10 (most recently 198&)e scoured the stream
channel to bedrock removing the riparian area enléhvermost reach. Soils are gravelly
clay loams, classified as Typic Dystrochrepts, wihorly developed structure, high
hydraulic conductivities (up to 2.8E-4 m/s, dechegsrapidly with depth), and high
drainable porosity (15 — 30%) (Ranken, 1974). <Saite well aggregated, tending
towards massive structure at depth. Soils on thdyshillslope range from 0.1 m
adjacent to the stream, to 2.4 m at the upper biiihe irrigated area. Soils have distinct
pore size distribution shifts at 0.3, 0.7 and 1,0r@sulting in transient lateral subsurface
flow at these interfacial zones (Harr, 1977; vanségeld, 2006). Soils are underlain by

Saprolite, which thins towards the stream. Bendéathbedrock is mainly unweathered
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andesite and coarse breccias (James, 1978; Swansdodames, 1975). Additional site

description can be found in McGuire et al. (2007).

4.3. Methods

4.3.1.Hillslope delineation
The irrigated area was chosen so that it wouldnhddawnslope into the 10 m

wide collecting trench (Figure 4.1). We determirtbd irrigation area by analysis of
surface topography. Bedrock topography on this\glaslope was also planar (van
Verseveld, 2006) in the region upslope of the otittg) trench. The irrigated area was
9.4 m wide at the base, tapering to 8.2 m at tpheatwd extended 20 m upslope of the
trench (172 ). This trapezoidal area was narrower at the ham the base, reflecting
increasing uncertainty in flow paths with incregstlistance from the trench. Irrigation
width and length measurements are estimated to hAavencertainty of 0.5 m due to
difficulties in measurement and determination ottee area. This leads to a total area
uncertainty of 8.3 f

4.3.2.1rrigation application
A rectangular grid of 36 (9 rows of 4) micro-spiieds (with approximately 1 m

irrigation radius) was installed on the hillslopgth sprinkler heads spaced 2 m apart.
Sprinklers were controlled with an automatic tinl@rmaintain a consistent application
rate throughout the experiment with the exceptibrioar minor malfunction periods.
Sprinkler rate was measured by an array of 72 (&r@b0.1 m diameter) cups that were
sampled every 4-12 hours during days 12 througloflibe experiment. Additionally,
three tipping bucket rain gauges (Trutrack, RairS8SI¥nm) recorded irrigation rates
throughout the experiment. The cups and tippingkbts were placed randomly in the
sprinkled area, between 0.1 and 0.8 m from thenklen heads. The uncertainty in the
rainfall application was determined by propagatdrthe uncertainty in the surface area
of the measuring cups (cup radius = 0.001 m) aadstthumetric measurements (x 0.001
L).



101

4.3.3.Lateral subsurface flow
Hillslope lateral subsurface flow was measured vwatiO meter wide trench

consisting of sheet metal anchored 0.05 m intodmdand sealed with cement, installed
at the intersection of the study hillslope and #posed bedrock stream channel
(McGuire et al., 2007). The trench system is agzumo be nearly water tight, as no
evidence of leakage was seen during the experimBaotk lateral subsurface flow was
routed to a stilling well with a 30/-Notch Weir, where a 0.25 m capacitance wategellev
recorder (Trutrack, model PLUT-HR, measurementQ0®5 m) measured stage height at
10 minute intervals.

A rating curve for the stage / discharge relatigmshas developed using 32
manual measurements of discharge covering the rahgalues experienced during the
irrigation experiment (R= 0.97). The relative error between the manuasuements
and the stage predicted discharge measurementgadeBa76%, ranging from 1-20%.
The relative error was weakly correlated with st&B& = 0.34). The absolute error
averaged 12 L/s, and was not correlated with stalgee absolute error was used as the
systematic uncertainty in lateral subsurface flajle the instrument precision (0.0025

m) was the random uncertainty.

4.3.4.Watershed discharge
Discharge from the second order stream draining @&k been monitored with

a broad crested weir 100 m downstream of the bpksisince 1969 as part of the long
term monitoring at the HJA. A 90° V notch weir haekn installed for higher precision
measurement of summer low flows, with the stageswmea with a Model 2 Stevens
Instruments Position Analog Transmitter (PAT, £0@8 m) recorder controlled by a data
logger (Campbell Scientific CR10X). A stage/disgderelationship was established
based on 31 manual measurements of discharge talen0 — 2 times the range of
discharge seen during the irrigation experimertie @&bsolute percent difference between
measured and stage estimated discharge averag®g ®iéh no correlation between
relative error and stage. The absolute error westipely correlated with stage {R:
0.43). The discharge during the experiment did exateed the calibration range, so
problems of rating curve indefinition are not exjgeic(Clarke, 1999). The percent error
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in the rating curve was used as the systematic,emtle the precision of the PAT was
defined as the random error for uncertainty analysi

During the course of the experiment, WS10 dischaegeded, since the previous
rainfall at the site was 10 days prior to the ekpent. To determine the increase in
watershed discharge due to the irrigation experimea created a master recession for
WS10 using data from the summers of 2002 throudht 2tbm the WS10 gauging (data

record available at andrewsforest.oregonstatg¢.eBue to the variation in timing of the

spring rainfall cessation, the summer WS10 dischaegession began at different dates
in different years, ranging from mid June to laté/J Recession from the three summers
was aligned to begin with similar discharge rat€scharge Qu(t)) was then modeled
by:

Qu(t)=Qe "k (2)
wheret is the Julian dayT is the recession coefficient, a@y is discharge at the tintg
(Chapman, 1999; Sujono et al., 2004). The recessiefficientT, = 28.5 day led to a
very good fit to the average of the three yeartession (R= 0.97; Figure 4.2) We
applied this function to our 24.4 day experimentique to determine the increase in
WS10 discharge due to irrigation, usig@s Julian Day 200, ar@, as 1118 L/hr.
Uncertainty in the master recession has two commsneincertainty in initial
dischargeQ,, and uncertainty in the recession coeffici€at The uncertainty i1Q, was
taken as the uncertainty in the measurement ofrafad discharge at time zero, equal to
39 L/hr (0.035 x 1118 L/hr). The uncertainty Ty was determined by fitting an
exponential to the 3 year average watershed rexedsien varying the uncertainty T
until 80% of the average recession readings fathiwithe error bounds. This led to an
estimate of the uncertainty i, of 18.6% (Figure 4.2). These uncertainties were
considered systematic uncertainties, since they wet based on measurements made

during the experiment.

4.3.5. Transpiration and canopy reference evapotranspirati
Transpiration was estimated from sap flux measungsnef the dominant trees

located within or bordering the sprinkled area=(9). Sap flux was measured using the
constant-heat method (Granier, 1987):
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1.231
DT, - DT,
=0.011%3, —¥o—2" 3
Q & —Dpr 3)

n
wheresa, is the sapwood area of th& tree, DTy, is the maximum daily temperature
difference between thermistors installed into thpvgod 4 cm apart, andr, is the
instantaneous temperature difference.

Temperature was measured every 15 s using a home@agper-constantan
thermocouples hooked in series to measure temperditierence (£ 0.2 C) following
methods outlined in Moore, (2004) and stored in R-XDx datalogger (Campbell
Scientific, Logan, UT) as 15 min means. 0.02 mbpsowere used for the sap flux
measurements. Sapwood depths were determinedsbgllyi examining and measuring
tree cores from the height of the sap flux sensoreach tree (+ 0.001 m). For trees with
sapwood depths greater than 0.02 m, correctionsaftial variations in sap flux were
estimated from measured radial sap flux profilesreés of the same species and age at
another location following methods outlined in Damet al. (2006) and Moore et al.
(2004). Uncertainties in the transpiration measuaats were treated as systematic, as an
on-site calibration of the technique or equipmeaswot performed.

Evapotranspiration was estimated using the stanBardnan Monteith equation
for canopy reference evapotranspiration, estimatdg measured meteorological data
taken at the site (Monteith and Unsworth, 2008):

D(R, - G)+ r chI:D
CRET= 2
/ DHg 1+%
" (@)

where D is the partial derivative of the saturated vapgespure curve with respect to
temperatureR, is the net incoming radiatiog is the ground heat flux; is the dry air
density, ¢, is the specific heat capacity of aWPD is vapor pressure deficite is the
canopy resistance, is atmospheric resistanckjs the latent heat of vaporization, agd
is the psychrometer constant. The parametees / andgwere assumed to be constant,
and values taken from Monteith and Unsworth (208@ye used. Thé&/PD is the
product of the relative humidity and saturated vapssure, £T), and D is the first

derivative of thee(T) curve with respect to temperature. The saturatgubr pressure
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eyT) was calculated using a empirically derived expdiaériunction of temperature
(Murray, 1967; Tetens, 1930). The atmosphericstastcer, is a function of wind speed
(Unsworth and Monteith, 2008):

:In (z- C%
ku

wherez is the height of the canopy (22 m)is the zone of zero displacement (0.6%a}

(5)

a

von Karman’s constantz, is the roughness length (0.1z) aandis the wind speed
measured at the hillslope. The canopy resistangces a function of the forest type and
structure, ranging from 100 — 250 s/m (Tan and IBld®76). In this casa, was
assumed to be a 175 s/m, and the uncertainty wagnadsto encompass the range
observed by Tan and Black (1976), £ 75 s/m. Grdwat flux was expected to be small,
and estimated as 10% of net radiation, with a shhgilrge uncertainty, in this case
100% G = 0-209%R,).

Net radiation Ry Campbell Scientific Inc., model Q-7.1, + 6%), atele
humidity (RH; Campbell Scientific Inc., model HMP 35C, + 2-3%); temperatureT
Campbell Scientific Inc., model HMP 35C, + %3 and wind speeduf R. M. Young
Wind Monitors, model 05305, £ 0.2 m/s) were measua¢dl5 minute intervals
throughout the experiment. Since a calibratiothef meteorological equipment was not
performed, the measurement uncertainty presentdétdebgnanufacturers was propagated

as systematic error through the functional usée@measured data.

4.3.6.Soil moisture
Soil moisture (volumetric water content) was measate24 locations within the

irrigated area, at 5 depths in each location (015 én, 0.15 - 0.30 m, 0.30 — 0.60 m, 0.60
- 090 m, and 0.90 - 1.20 m) with a time domain esfiometry (TDR) array
(Environmental Sensors, Inc., model PRB-A, £+ 3%p(Fe 4.1). Measurement sites
were in a 4 by 8 grid (parallel and perpendiculathe stream channel, respectively),
with sensor spacing of 2 m in each direction. Saiter content was measured hourly
through the experiment. Of the 120 measurementat{t;ms and depth), 57 of the probe
segments gave consistent results. The remainingh@surement segments had data

recording problems due to probes incompletely ie #oil profile, poor electrical
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connections and poor contact between the probe a@ihdaised inconsistent readings
from. Only the data from consistently working rods evanalyzed. To determine the
total soil storage, the profile average soil maistwas multiplied by the estimated soil
depth (1.2 + 0.1 m) and the irrigated area (172)8

Two significant sources of error lie in the soil store data. The first is the
uncertainty is in measurement of the soil moistm@asurements. This uncertainty is
constrained to within 3% for each measurement, a#d f@r the background, pre-
experiment water content, taken from manufacturdibresion. The second is the
subsurface volume represented by the soil moistieasurements themselves. We
assumed that soil moisture outside the TDR grid,vathin the sprinkled area, reacted
similarly to the area measured by the probes. &lsea possibility of some flux of water
outside of the sprinkled area due to capillary@fend subsurface flow paths controlled
by bedrock topography diverting water from the shdad area. Additional storage could
have occured in the bedrock itself, which was likatgaturated prior to the experiment.
Our computed subsurface storage volumes were coadigeminimum value of total
subsurface storage. Since calibration of the mailsture probes was not conducted in
the field, the factory calibration uncertainty inilsmoisture readings were treated as

systematic.

4.4. Uncertainty accounting and estimation
We subdivided our uncertainty analysis into thcagegories: identification and

guantification of measurement uncertainty of thetruiments, propagation of the
measurement uncertainty through the functional wiethe data, and propagation of
measurement uncertainty through aggregated measWwés define and describe the

mathematical treatment of these terms below.

4.4.1.Individual measurement uncertainty
Measurement error is the uncertainty in the prenisind accuracy of the field

instrument. The uncertainty in field measuremearas be determined in a number of
ways, including field calibration, manufacturer badition, and expert opinion. We
utilized all of these sources for this experimeHillslope and watershed discharge were
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determined from field calibration of the stage Hewe relationship. Much of the
meteorological data were not calibrated in thedfieso the factory calibration
uncertainties were used for each of the individealdings. Some variables used in the
extended analysis (pre-irrigation hillslope and evsited discharge) were not measured
directly throughout the experiment, but were basedhistorical data. We estimated the
uncertainty of these variables based on experi@amin

Of these sources of error, there are two types: randod systematic error, as
expressed as the precision and accuracy of theumegasnts. Random errors include
measurement errors that deviate randomly fromrtreedbserved value. These errors are
assumed to be evenly distributed above and belowrtieevalue and to some extent
cancel each other out when aggregated to longer per@ds and spatial scales.
Systematic errors, on the other hand, can afféghahsurements in the same direction
(i.e. under or over prediction), and thus do natidish with increasing the length of the
data set. For most of the field instruments, thanuofacturer presents only one
uncertainty estimate. In this case, when a fieltbiion has not been made, this value
is treated in the uncertainty analysis as bothsfstematic and random error. In cases
where a calibration has occurred, such as hillslapd catchment discharge, the
systematic error (accuracy) is taken from the uac#y of the calibration, while the
random error (precision) is taken from the equiptmaeasurement uncertainty. Table
4.1 lists source and type of uncertainty for eaeasarand.

4.4.2 .Error propagation
Uncertainty in field measurements needs to be tearest through the functional

uses of the data. Because many of the measurabbes; such as temperature and wind
speed, are used nonlinearly to calculate the watlnbe components, such as CRET, a
given uncertainty in the measured quantity affettte water balance component
nonlinearly as well. To account for this nonlinggruncertainties in measurements are
propagated using the standard error propagationuiar (Taylor, 1997).

When propagating error, we first assumed that thiviesual instruments were

independent from each other. If g is a functiofNofariables:

q=f(%,%) (6)
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where x has some random uncertaidty, and some systematic uncertaimky,, then

uncertainty in each of the measured values is gatea througty by:

dq=(ca)’ +(dq)’ (7)

wheredj is the propagated error ¢p and

N 2

d 8
q= nlﬂxndx‘ (8)
and
2
da=.| Mg (9)
a1 1X,

For example, transpiration is calculated followirtge tempirical relationship
developed by Granier (1987) in Equation 3. Measwauables include the sapwood
area $a), the temperature difference between two thermoesuphserted into the
sapwood 0r) and the maximum daily temperature differenf®y{). The uncertainty in

transpiration is then:

Q= (aQ)" +(dQ)’ (10)
where
Q. .7 1, —° 1Q i
0Q-= \/ odsa + 1ot + i go] (11)
a’SQ=\/ 19 ysa + ML gpr + 1L 4T, (12)
s DT 107,

Complete propagation of error through the variamitilae used in the calculation of the

water balance components are presented in the append

4.4.3.Aggregated error
When aggregating measurements from individual ste@s to longer time scales

(i.e. daily averages, whole experiment total fluxés® type of measurement error,
whether random or systematic, determines how thesggtion of the error is performed.

Random errors, when aggregated, diminish with inangasize of the data set according



108

to 1 T, whereT is the number of data points (Taylor, 1997). Famwdom errors, the

error of the aggregate is the sum of the squdfefor instance

.

= a(x) (13)
t=1

and the error in x is random, the aggregated ésror

2

N T 1
da=, — 14
q LW ax (14)

for measurand from time 1T.

Systematic errors must be aggregated differentlks persistent offsets or
multipliers to the data, they act in an additivenmer (Moncrieff et al., 1996) and do not
diminish with increasing data set size. When pgaped, the error of the aggregate is the

square of the sum:

N

dsq = —d. X (15)

for measurand x from time L: For values that aggregate over long time periadth
large T, the aggregated random error is dwarfed by th&esyaic error, a§ becomes
much larger than T. The appendix presents formulas for the aggregawf

measurement uncertainties.

4.5. Results
4.5.1.Water Balance Components

45.1.1. Inputs
Irrigation application was relatively constant the 24.4 day experiment with the

exception of four malfunctions in the timer appasawhich caused the irrigation to
remain either on or off for a short period of timerigation began at 0530 hr on Julian
Day 208 (27-July-05), and ended at 1412 hr, Julmy 232 (20-August-05). On

midnight day 210 irrigation turned off for 9 howasd thereafter constant for the next 18

days. Sprinkler malfunctions occurred on days 228, and 230.
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The weighted irrigation rate based on the 72 ctbbe cups was 3.8 £ 3 mm/hr
(Figure 4.3). With a measured irrigated area o ¥78 nf, the corresponding total
application was 654 + 33 L/hr. Irrigation ratesied spatially due to both variations in
the individual sprinkler heads application ratesd aemporary obstructions (including
vegetation and equipment) between sprinklers andsoreg cups (SD = 3.3 mm/hr).
This variability is more a measure of the spateiiability of application than a measure

of application rate uncertainty.

45.1.2. Outputs - lateral subsurface flow
Lateral subsurface flow measured at the trenchoreged quickly to irrigation,

with a detectable rise in discharge within an hotiirrigation initiation (Figure 4.4).
Lateral subsurface flow rose from a pre-irrigatotaily average rate of 30 + 1 L/hr to a
steady state daily average value of 284 + 20 Likniw5 days. Before, during and after
the experiment, a clear diel pattern in flow wasdent. Steady state discharge was
maintained for 13 days, after which a series oingegr malfunctions increased discharge
by over 30% for 3 days. At the end of the irrigati on Julian Day 232, the
instantaneous lateral subsurface flow was 270 £/l After irrigation ceased, lateral
subsurface flow returned to within 200% of pre ekpent levels within 24 hours.
Lateral subsurface flow for the duration of the exment was 102543 + 7451 L. Lateral
subsurface flow for the periods of the experimdaos give and ten days was 106156 +
8979 L and 107760 £ 10507 L respectively (Tablg.4.2

45.1.3. Outputs - WS10 discharge
WS10 discharge responded to irrigation similadythie lateral subsurface flow

measured at the hillslope trench (Figure 4.5). pieeirrigation WS10 recession slowed
within one hour after the onset of irrigation. &ft5 hours, WS10 discharge then
increased for the next 6 days of the experimeniterAlay 6, WS10 discharge began to
recede parallel to the master recession curve.s WMais due to combined steady input
from the irrigated hillslope and continued recessfoom the remaining area of the
watershed. Comparison to the master recessiopatedi an increase in discharge due to
the sprinkling of 461 + 115 L/hr during the periofisteady state input. The recession
remained parallel to the master recession untik#rees of sprinkler malfunctions caused
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an increase in discharge similar to that seen athilislope. After cessation of the
sprinkling, WS10 drainage was slower than obsemtethe trenched hillslope. WS10
discharge did not return to the master recessiford@ rain event 10 days after the end
of irrigation. Total increased discharge measuteithe watershed outlet for the duration
of the irrigation was 227829 + 56847 L, with 2504887776 L and 260677 + 78247 L
for the irrigation plus 5 and 10 days drainagepeesively (Table 4.2). The uncertainty in
the aggregated measures increased due to increasedainty in background watershed

discharge at late time.

45.1.4. Outputs - transpiration and canopy reference evapspiration
Transpiration from the dominant trees in the dged area and canopy reference

evapotranspiration both showed a strong diel pattduring and after the irrigation
experiment (Figure 4.6). Sap flux averaged 0.8XL0hr for the 9 instrumented trees,
for a total sap flux of 9 £ 1 L/hr for the standtodes on the instrumented hillslope. The
maximum instantaneous stand flux rate of 25 + 2 kypically occurred around early
afternoon (1400 hr). The mean and maximum flwegatmained constant before,
during and after the experiment, suggesting tlesstin the plot were not water stressed
at the onset of irrigation. Analysis of transpgwatand water use patterns of vegetation
during the experiment is discussed in Barnard .e{salbmitted). Transpiration for the
duration of the experiment totaled 5,448 + 343 Transpiration for the period of the
experiment +5 and +10 days was 6,456 + 409 and8743470 L, respectively (Table
4.2).
CRET showed a steady decline from a high at thetimn of irrigation (36.0 +

1.3 L/hr — daily average) through the end of theesgdment (33.5 + 1.2 L/hr) and to 5 and
10 days after the end of irrigation (30.4 = 1.2 @64 + 1 L/hr, respectively) (Figure
4.7). This decline was influenced primarily by enting net radiation, which declined
throughout the monitoring period, due a declingha daylight hours. Since the soill
remained wet and water supply was not likely tihatlng factor for evapotranspiration,
we assume that actual evapotranspiration equalspgareference evapotranspiration
during the experiment and afterwards. Total evaipoe losses for the duration of the

experiment were estimated as 30055 + 12692 L. &wadpe losses for the period
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extending 5 and 10 days afterwards were 35767 #1831 and 41114 + 17721 L,
respectively (Table 4.2).

4.5.1.5. Change in storage - soil moisture
Soil moisture followed the same general patternthes hillslope and WS10

discharge: a quick response to irrigation, theradstestate, and a recession after the
stoppage of irrigation on Julian Day 232 (Figur8)4. Initial soil volumetric water
content averaged 8.6 £ 0.3% at the onset of iidgat TDR readings showed an initial
increase in soil moisture in the upper 0.6 m infitgt 30 min of irrigation. Soil moisture
at 0.6 -0.9 m increased after 90 min, and senselsm0.9 m increased after 150 min.
Soil moisture reached a steady state within 5-6sddylian Day 213-214), with the
shallower depths reaching steady state more quittldyn at depth. Average profile
volumetric water content during steady state wa 200.6%. Steady state conditions
persisted until day 228, when the first of the ider malfunctions caused an increase in
soil moisture. After irrigation ceased on day 28 soil profile drained quickly for the
first 8 - 12 hours from a high of 21.5 + 0.6%, dolled by a slower, more sustained
drainage for the duration of monitoring. The upgeil layers drained most rapidly, with
slower drainage at depth. Average profile soilunoétric moisture dropped to 16.6 *
0.5% within 5 days, and 14.4 £ 0.4% within 10 daydone of the five soil profiles
returned to pre-irrigation levels by day 250, o8eveeks after irrigation ceased.

Flow into soil moisture storag€¥ragd Was calculated as:
Qs = DSAd (16)
where L5 is the difference in average soil column watertenhbefore the experiment
and at the measurement tirdeywas the area sprinkled, addvas the average soil depth.
The average soil depth on the sprinkled hillslopd.2 £ 0.1 m, and the area sprinkled
was 172 + 8 i This formula assumes that the depth of soilegteris equivalent to the
soil depth (i.e. the bedrock is saturated), and dkdal extent is equivalent to the
sprinkled area (i.e. no lateral spreading paratighe trench). At steady state, the total
soil storage is estimated at 41693 + 4208 L. Atehd of irrigation, after the series of
sprinkler malfunctions, total storage was 44,374¥9 L. Total profile storage declined
to 34,324 + 3465 L and 29,784 + 3006 L after 5 Bddays, respectively (Table 4.2).
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4.5.2.Partitioning of the water balance

45.2.1. The water balance at steady state
The steady state water balance was split into Mpoments: lateral subsurface

flow collected by the hillslope trench, deep seepagd bypass flow that missed the
hillslope trench and was measured at the WS10 toutteanspiration, and
evapotranspiration. Soil moisture storage was techifrom the steady state water
balance because it was assumed to be constangdhbéarsteady state conditions. Steady
state rates were calculated as the average vabundld period Julian Day 219 through
226. The uncertainty in each of the averaged waluas calculated using the error
propagation formulas in the appendix. This pemas after the system reached steady
state, as evidenced by steady lateral subsurfage #oil moisture storage, and WS10
discharge, and did not include the period of spenkalfunctions.

At steady state, the irrigation rate was 659 4 88 (Table 1). The discharge at
the WS10 outlet, corrected with the master recessi@as 461 + 115 L/hr (70 £ 17%),
which includes 284 + 20 L/hr (43 + 3%) increase@ra subsurface flow measured at
the hillslope trench. Evapotranspiration was ested at 50 + 21 L/hr (8 £ 3%), of which
9+ 1 Lhr (1 + 0.2%) was measured as sapflow. wHneasured at the watershed,
hillslope trench, sapflow and evapotranspiratiocoaat for 511 + 121 L/hr, or 76 + 18%
of the irrigated water during steady state condgio

45.2.2. Cumulative water balance
Cumulative flow volumes for each component werengared to the total

irrigated volume for the duration of irrigationetduration + 5 days, and the duration +10
days (Table 1). The uncertainty in each of thereg@ted values was calculated using the
error propagation formulas in the appendix. Totayation volume applied was 394000
+ 19700 L. Total flow measured at the watershedected for the master recession, was
58 + 14, 64 + 17 and 66 + 20% of irrigation, whiobludes 26 + 2, 27 + 2 and 27 + 3%
lateral subsurface flow from the hillslope for ttheration of irrigation, +5 days and +10
days, respectively. Canopy reference evaporatioaumnted for 8 + 3, 9 £ 4 and 10 = 4%
of the irrigated amount for the three time periagspectively, which includes 1 + 0.2, 2
+ 0.2, and 2 £ 0.2% from forest transpiration. f@ into soil moisture accounted for 7
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+ 04, 4 £ 0.4 and 3 + 0.4% of irrigation for theree time periods, respectively,
decreasing as the soil drained after sprinklingseda The total mass accounted for are
then 72 + 16, 77 £ 18 and 79 + 21% from these Bcesuor the 3 time periods.

4.6. Discussion
4.6.1.New process understanding

4.6.1.1. Hillslope scale storage discharge relationship
The hysteretic nature of the soil moisture releaswe has been acknowledged

for nearly 80 years (Jaynes, 1990). Hysteretipsgoalso exist in the storage discharge
relationship at the hillslope scale (Beven, 20@agen and Birkinshaw, 2007; Kendall et
al., 1999; Seibert et al., 2003). This hysteresisignal of the non-singular relationship
between hillslope storage and hillslope dischalngs, been attributed to the connection —
disconnection of subsurface saturated areas Tiremp-van Meerveld and McDonnell,
2006) aggregated hysteresis in the core scalechailacteristics (Beven, 2006a), the
activation of preferential flow pathways (McDonnelB90), and the transition between
different flow processes (Ewen and Birkinshaw, 2007

We observed a hysteretic relationship between gtoaad lateral subsurface flow
was observed in this experiment. Soil moisturgagfe and hillslope and watershed
discharge all responded very quickly to irrigatiovhile transpiration and evaporation
remained steady and relatively unchanging throughVe interpret the muted response
of transpiration and canopy reference evapotraaspir to the irrigation to be due to the
lack of water stress experienced by the vegetdfmndetailed discussion see Barnard et
al. (submitted). Lateral subsurface flow increabgd34% within 1 hour of irrigation,
WS10 discharge increased 10% within 32 hours, amdilgp average soil moisture
storage increased by over 200% within the firsp8rh of irrigation. During the wetup,
hillslope and watershed discharge were well comelavith soil moisture storage. The
sprinkler malfunction on day 210, where irrigatiogased for 9 hours, is seen in both the
lateral subsurface flow and the soil moisture, esly in the shallow depths. This

suggests a tight connection between the shallolvasoi discharge, consistent with the
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findings of lateral subsurface flow at permeabildiscontinuities in the soil profiles
(noted at 30 and 70 cm depth by Harr, 1977).

Following the termination of irrigation, the coup between storage, hillslope
subsurface flow and WS10 discharge weakened. Wdtéeal subsurface flow recessed
very quickly, declining 90% within 50 minutes, ttM#S10 discharge recessed more
slowly. WS10 discharge remained more than 10% alsteady state for more than 5
days, though at this point the discharge was witii@ uncertainty bounds of the
background. The soil moisture storage exhibitéthaodal recession, with a quick, short
drop in profile average soil moisture, followed &yslow recession for the duration of
monitoring. Though the profile average soil maiststorage dropped quickly after the
end of irrigation, the drop was not very large (%0 The recession of soil moisture
after this initial drop, when the largest pores eavemptied, was very gradual. Average
profile storage remained over 300% pre-event leaelthe end of monitoring, 10 days
after the end of the experiment (Figure 4.8). Tegnitude of the rapid recession was
negatively correlated with the soil depth on thiéslaipe, consistent with the findings of
Ranken (1974), who found that the macroporosityides with depth at the site. During
the recession, soil moisture storage was not aaelwith either the WS10 discharge or
the hillslope subsurface flow, demonstrating a clemysteretic relationship between
the soil moisture storage and hillslope and watsistischarge.

A strong counterclockwise hysteretic relationsbgtween storage and lateral
subsurface flow was observed during the irrigatexperiment (Figure 4.9). At the
WS10 scale, however, no clear hysteretic relatignalas observed (Figure 4.10). This
was due to the rapid recession of the lateral stduseiflow, and the slower recession in
the discharge, when compared with the soil moistédéhough somewhat masked by the
strong diel signal seen in the discharge, thereeagpto be a singular relationship
between watershed discharge and hillslope storadearadoxically, the sprinkler
malfunction during day 208 is easily seen in therk subsurface flow, but not in the
WS10 discharge. One possible explanation fordah@malous behavior is the transition
between vertical and lateral subsurface flow. Bgiirrigation, the infiltration capacity
of the underlying bedrock is reached, and latenllsarface flow is initiated. Later, as

irrigation ceases, lateral subsurface flow ceasesegtical fluxes drop lower than the
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infiltration rate of the bedrock. This would resuh a quick reduction in lateral
subsurface flow as observed at the hillslope dutiregsprinkler malfunction and after
irrigation had ceased. Infiltration into the betkpand correspondingly high stream
discharge (as measured at WS10 outlet) would renetatively high, as the soil drained,
now predominantly vertically. This would result @ singular relationship between
storage and stream discharge, as observed.

This suggests that the hysteretic relationshipvéen storage and flow could be a
measure of the relative contributions of laterad arertical flow. If a system is
dominated by lateral flow, with minimal bedrock kege at the site of monitoring (either
a system underlain by relatively impermeable beddromr at larger scales, where
streamflow is thought to be much greater than degpage), then little hysteresis would
be expected to be observed. On the other hangktans where leakage is a significant
component of the water balance (such as this dyilésl see below), a strong hysteretic
pattern would be expected, as high bedrock infiirarates are exceeded only during
large events or high intensity rainfall. The olser hysteretic response observed by
others at the watershed scale (Beven, 2006a; EmeBeakinshaw, 2007) then suggests
that their watersheds are not watertight, and dseppage may be a significant

component of the water balance.

4.6.1.2. Bedrock flow contribution to hillslope hydrology

Transient flow through the near surface bedrockideen observed at a number of
field sites (Katsura et al., 2008; Katsuyama et24105; Montgomery et al., 1997; Tromp-
van Meerveld et al.,, 2006). While the reemergeatavater lost to bedrock at the
hillslope scale has sometimes been observed daamst(Montgomery et al., 1997),
generally, the fate of this water, its interactwith shallow lateral subsurface flow paths,
and the time in which it takes to reach the stredmannel are unclear and poorly
understood.

Previous WS10 hillslope storm monitoring of latesabsurface flow by McGuire
et al. (2007) reported that the hillslope areardfiby the collection trench placement,
(upslope contributing area of 1.7% of the water$hedntributes 2% of the annual

catchment discharge. Assuming small uncertaintshenupslope contributing area, this
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indicates that the majority of the water falling thre hillslope is observed in the trench.
During the irrigation experiment, however, latesabsurface flow was underrepresented
in the water balance (26 £ 2% of irrigation). N&hrrigation was confined to the area

near the trench (< 20 m upslope), and a 1 m buféer placed on each side to minimize
flow bypassing to the right or left of the trenche majority of water measured in the

stream at the WS10 outlet was not observed inrdmeh. The hillslope trench, while not

assumed to be watertight, is designed to minimeakdge, and thus is expected to
capture the vast majority of the lateral subsurféme at the hillslope base.

Two possible sources of this bypass are hypothésieakage below the hillslope
trench, and flow routing around (likely down valjeyf the hillslope trench. While it is
often assumed that the bedrock is effectively imm&able during hillslope
experimentation and monitoring (e.g. Freer et2002; Mosley, 1979), recent evidence
has shown that significantly permeable bedrockeésrule, rather than the exception at
steep, forested hillslopes (Katsura et al., 2008tslyama et al., 2005; Montgomery et
al.,, 1997; Tromp-van Meerveld et al., 2006). Legkaat the hillslope scale and
reemergence at the catchment scale is a possiplanation for the high discrepancies
often seen between hillslope and catchment ruratibs (e.g. Woods and Rowe, 1996).
At steady state, the difference in the hillslopd 8%S10 discharge, (the amount of water
bypassing the hillslope trench) averaged 177 + [/h6. If we assume that this water
bypassed the hillslope trench by infiltrating irttee bedrock, across the wetted cross
sectional area, this would correspond to a leakage of 1.1 £+ 0.6 mm/hr. While
significant, these rates are well below the meabkimgdraulic conductivities of other
steep, forested hillslopes (=5 mm/hr (Graham etimalreview; Tromp-van Meerveld et
al., 2006)).

An alternative explanation for the low recoverytla hillslope trench is bypass
down valley of the trench. While the irrigated aamgas delineated to drain downslope
and into the trench, some uncertainties remaiaations of the dominant flowpath in
the subsurface. Studies elsewhere have showrb#aock topography is often a first
order control on flow routing (Freer et al., 20@;aham et al., in review). Analysis of
soil depth measurements at the site indicatesaéively planar bedrock surface, parallel

to the soil surface. However, the spatial scal¢hefbedrock features that can control



117

routing can be very small, on the order of cm (@ralet al., in review). The map of soil
depth was made on a 1 m grid (van Verseveld, 200&], likely did not capture these
small scale features. Some evidence of down vdlsy routing around the hillslope
trench was observed in the form of bank seepagenstogam of the trench, though the
observed seepage was a small fraction (estimat@&xaf the lateral subsurface flow.
The first explanation, bedrock leakage, is incdesis with the findings of

McGuire et al. (2007), who showed that the runaffa for the hillslope was consistent
with that of the watershed. However, their estanat the runoff ratio for the hillslope
was dependent on an accurate assessment of thepepsbntributing area, an easily
calculated but very imprecise measure at the dpksiscale. Woods and Rowe (1997)
demonstrated that small uncertainties in topograpleasurements greatly affected the
upslope contributing area for a hillslope trenckteyn. Additionally, if bedrock rather

than surface topography controls flow routing, liertuncertainties arise.

4.6.1.3. On the consequences of water balance losses
In attempting to close the water balance, we measwgix components —

precipitation lateral subsurface flow, watershedcharge, changes in sol moisture
storage, evaporation and transpiration. Ofteny awb (precipitation and discharge, or
precipitation and evaporation) or three (preciptat discharge and evaporation)
components are measured, and the residual isudédhlo either evaporation or changes
in storage. However, two more water balance coraptnthat are difficult to measure
are generally ignored — deep seepage and changesliiock storage.

During and immediately after the irrigation expeegimy a significant amount of
the irrigation was not accounted for. The amouniraccounted water decreased as the
measurement time increased, declining from 28 + 46%e end of the experiment, to 23
+ 18% after five days drainage, to 20 = 21% a#erdays drainage. The uncertainty in
the remainder correspondingly increased, primatig to increased uncertainty in the
WS10 master recession. A natural rainfall everruoed 10 days after the experiment,
preventing further monitoring. Accounting for tHimissing” water is necessary for the
closing of the water balance. Two possible explana are presented: storage in the

bedrock and deep seepage below the watershed L0 wei
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In the calculation of the storage component of ita¢er balance above, it was
assumed that the storage was confined to the soiktdn. When accounting for the
discrepancy between the hillslope and watershedvesg, however, we hypothesized
that leakage through the bedrock was a signifidlmtpath. If we assume that flow
through the bedrock is significant, and furtheruass that the bedrock was unsaturated
prior to irrigation (reasonable due to 10+ daysaotecedent drainage time before
irrigation), it is reasonable to argue that inceshsvater storage during the irrigation
experiment was non-trivial. Storage in the bedrtied would drain and contribute to
WS10 discharge, but not lateral subsurface flowtlfas was dominated by shallow flow
in the soil profile), would account for the rapidadiine in lateral subsurface flow and the
slow recession in the WS10 discharge. As the lodddoains, releasing water into the
stream channel, a component that is not measuertqtk storage) decreases, while a
component that is measured (WS10 discharge) renfagis This would lead to an
increased mass recovery through time. This exptamadoes not account for the
remaining 20% that was unaccounted for after teys dd drainage, when it would be
assumed that the bedrock had returned to the peial to the experiment (also with 10
days drainage), though the high uncertainty inhisie precludes a strong statement.

Deep seepage to groundwater and flow in the bedaogkfer underneath the
WS10 gauging station could account for the remaginwater missing from the water
balance. Similar to the hypothesized leakage utiaehillslope trench due to permeable
bedrock, leakage either underneath or around thersfeed weir could account for a
significant portion of the water balance duringstekperiment. Recent modeling work in
other HJA watersheds has suggested that deep seepagsignificant part of the water
balance. Waichler et al. (2005) modeled the ne&viayersheds 1, 2, and 3 at the H. J.
Andrews using a distributed conceptual model ofsloipe processes (DHSVM), and
concluded that evapotranspiration could not accoiomt the differences between
measured inputs (P) and outflows (Q). The disarepavas attributed to deep seepage
bypass flow past the catchment gauging. This y/pass a significant portion, 12%, of
the annual water balance, and especially concentrat the wet, winter months. These

estimates are similar to the observed missing vadter 10 days drainage.
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The possibility that up to 20% of precipitationkising held in potentially large,
low permeability bedrock, and another 12% is bemagsmitted past the weirs via deep
bedrock flowpaths has considerable implicationsciitichment scale water transit times.
If water held as groundwater is subsequently dngitielow weirs at watershed outlets,
the isotopic and chemical signature of this oldewas likely not being expressed in the
stream discharge, resulting in an under-estimateabér age at this scale. Consequently,
reported estimates of a mean transit time of ~@a& @t this site are likely skewed since
they only consider surface waters (McGuire et 2005). Additionally, the subsurface
flow under the WS10 weir would result in an undéneate of the flows from the

watershed, as suggested by Waichler et al. (2005).

4.6.2.Relationship of our hillslope irrigation to natueatents
Analysis of the 50 year (1954 — 2004) rainfall nretat the HJA reveals how the

irrigation scheme employed during this experimampares to natural events at the field
site. Winter rainfall is characterized by longwlintensity storms. With storms defined
as continuous rainfall with no breaks longer thdnh®urs, storms longer than 24 days
have a return period of 10 years. Our irrigatioiemnsity averaged 3.8 mm/hr. The return
period for an event that averages 3.8 mm/hour foiags is 8 years, while the return
period for an event averaging 3.8 mm/hour for 4sdsygreater than the length of the
data record (>50 years). Thus, the likelihood rofeaent that averages the applied rate
for the duration (24 days) is exceedingly unlikelyn fact, the applied water volume
(2290 mm) is nearly equivalent to the annual rdir{f800 mm). The rainfall amount
before steady state conditions were achieved (S da 3.8 mm/hr, or 456 mm), was
also high, falling in the outer range seen in ie&f In the 50 years of gauging, only 14
storms (0.6%) had more than 450 mm total precipitat On the other hand, for events
falling during winter and spring (n = 1184), theeeage time between events was 2.7
days. From the watershed discharge and soil meistteasurements made in this
experiment, this is likely not a long enough drgmatime to return to pre-event
conditions. This can also be seen in the contiautgh baseflow seen in the WS10
discharge throughout the winter. The conditionsirduthe irrigation were similar to

those seen after fall wet up, during the longex;, ilatensity events.
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Three of the water balance components are likegrestimated due to the nature
of the irrigation application: evapotranspiratidwi|slope subsurface flow and catchment
discharge. Evapotranspiration was overestimatedorhpared to the rate occurring
during an event, while underestimated in comparigatith the annual water budget.
While the irrigation occurred in late July throughgust, when potential transpiration is
at its peak, the time of highest natural rainfallgenerally when the trees are dormant,
and the evapotranspiration drivers are at theirirmam. This suggests that the steady
state transpiration and CRET rates estimated dutimg experiment are likely an
overestimate of rates seen during the long, lats®e events observed in the field.
However, the fraction of the annual water balanceupied by ET is likely higher than
that measured during the irrigation experiment, tluesvapotranspiration from water
stored in the soil profile during the long, dry suers at the site.

During the experiment, canopy transpiration wasnaals component of ET,
~10%. This was likely an underestimation of norsanmertime conditions. ET rates
were assumed to be high, equal to the CRET, dubetorery wet conditions near the
ground surface during the irrigation experimenthisTprovided a constant source of
water for evaporation during the experiment. Ndlynauring the late summer, the
upper soil dries out, and evaporation is suppressguecially at the HJA, where the high
permeability soils allow for rapid drainage. Duithis time, when bare soil evaporation
iIs suppressed, transpiration likely remains at gh Hevel, as evidenced by the high
transpiration rates at the initiation of the expant. The large trees on the plot would be
expected to draw from either the tightly held watear the surface, or from the wetter
areas at depth. During the winter, on the othadhahen the soil is wet and evaporation
repression due to soil moisture deficit should o factor, the potential rates are lower
for both transpiration and bare soil evaporatioa thulower radiation and vapor pressure
deficit drivers.

Lateral subsurface flow is also likely overestingate the irrigation experiment,
especially for small events, due to the lengthimiet(~5 days) needed for steady state
conditions to be reached with regards to laterbbstface flow. A threshold relationship

between precipitation and discharge has been obdervthe site. During irrigation, this
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threshold was quickly reached, leading to higheofratios than would be expected for

small storms.

4.6.3.Measurement uncertainty and undermining the science
After propagation from the various sources of meament, the uncertainty in

many of the water balance components was large 8p% (WS10 increased discharge)

of the total component flux for the duration of #eriment. While perhaps alarming,

these are due to real uncertainties in the assomgptnd measurements used in the
calculations. For instance, the uncertainty ingkponent in the WS10 master recession
curve alone was 15%, though this value was chasend¢ompass only 80% of the 3 year
watershed discharge measurements. To encompassttf®®acrease in the uncertainty

of the recession coefficient would have to increasg0%, with a corresponding increase
in overall WS10 discharge uncertainty.

The evaporation measures showed a similarly langeentainty, up to 43%
(Experiment + 5 days drainage). This high uncetyaiis due to two factors:
measurement uncertainty, and the way we classdyuticertainty. The measurement
uncertainty was small for most of the sensors, betwl-5% of the readings. For wind
speed, however, the instrument accuracy was withih2 m/s. Wind speeds on the
hillslope were within 0 -0.4 m/s for 94% of the ntonng period. This leads to
enormous uncertainty in the evaporation measureandmugh the effect was somewhat
mitigated by the relative unimportance of wind gpee the final calculations (see
appendix for the wind speed contribution to unéetya.

The other, larger factor in the uncertainty is ttematment of the errors. Since a
calibration of the meteorological sensors was netfggmed in the field, it was
impossible to determine whether the sensors wererate. Therefore, the accuracy of
the sensors was taken as the factory level unogriand propagated as systematic error.
Systematic errors are propagated as the squanentd, sather than the sum of squares.

For a given, aggregation of N measurements,

) (%, ) »— " 2 (17)
»
WOR L

n=1
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where dk, is the uncertainty in measuremext For the aggregated estimate of
evaporation where measurements were taken evemyidiies, or 96 times daily, 2304
readings were aggregated to determine the totarerpnt flux. For an instrument with

equal systematic and random error then, the aggpegystematic error for the duration

of the experiment would b&/2304 or 48 times larger than the random error. While
some systematic errors are unavoidable, such awé¢lted area measurements, or the
calculation of the background watershed dischargl@nination or reduction of
systematic errors should be the focus of experiatet@sign. Random errors, while still

a concern, are shown to be a much smaller compafdné uncertainty.

4.6.3.1. On undermining field hydrology
Beven (2006b) has been challenged about undermmydgplogical science by

overemphasizing model uncertainty. Neverthelesgereerally positive response to his
paper suggests that a rigorous, honest assessimeridel uncertainty is considered a
positive development by the scientific hydrologicaimmunity, despite the concerns it
may confuse or discourage shareholders (Andréasgiaal., 2007; Hall et al., 2007;
Mantovan and Todini, 2006; Montanari, 2007; Sivakon?008). A similar concern
might be raised for a rigorous analysis of uncetiaiin experimental hydrology,
especially in field campaigns, where measuremeunt iocess uncertainty have the
potential to be large compared to the measuremeitdeed, in this experiment, the
uncertainties in the residual of the water balanoe of greater magnitude than the
residual in some cases, calling into question wdrethresidual exists at all. Did we
measure all of the water and not notice it? How car measured fluxes have a total
uncertainty of over 82,000 liters (82%mor 20% of the application? How does this
impact our conclusions (namely that the systemamdp quickly, that flow through the
bedrock is a significant component at the hillsigoale, and that deep seepage and
bypass flow through the bedrock may be a signiticamponent at the watershed scale)?
The presented uncertainty, while significant, dat fmmpact our conclusions on
some of the observed processes. The dynamicdlsibpe and catchment response with
respect to storage have little to do with the utadety in the measurements, as the

uncertainty does not include the possibility thatrasponse occurred. Additionally, the
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uncertainty in the instantaneous measurements Itdlope and watershed response
suggests that the evidence of bedrock flow is robU$ie evidence for deep seepage at
the watershed scale, and bypass of the weir iséssdphowever. The uncertainty in the
deep seepage / deep storage (the residual of ttex alance) after 10 days drainage
encompasses the estimate, which precludes theusimclthat we have strong evidence
that deep seepage / deep storage exists. Howtreeyncertainty also allows for the
possibility that deep seepage is a much largergstiom of the water balance (up to 41%)
than previously predicted (12%; Waichler et al 020

The rigorous analysis of the uncertainties allowsidientification of weaknesses
in study design and implementation. While it iplemsant to identify the weaknesses in
one’s experiment and to quantify the uncertaintiethe results, this analysis allows for a
better understanding of the strengths and weaksedste work. In this case, the need
for onsite calibration of field instrumentation mghlighted, to turn the potentially
systematic measurement errors into less significamiom errors. The development of
better methodology for determining the master rgio@s perhaps using correlations
developed with nearby instrumented catchments, dvaldo serve greatly to reduce the
uncertainty in the increase in watershed dischaagel, increase the strengths of the
observations.

Finally, the explicit presentation of the uncertginwill help in model
development and evaluation. As the identificatimal incorporation of input uncertainty
into hydrological models becomes standard practloe,uncertainties in reference data
sets will be required. Without this explicit un@enty analysis, modelers are often
required to either completely trust the data sk& they calibrate their models to, or
arbitrarily assign an uncertainty bound based dimeses of measurement precision,
typical bounds for similar systems, stochastic gassent of errors or the modelers
inherent level of trust of the experimentalist. N&¥hthese methods are all valid for

certain circumstances, a quantitative analysikety preferred.

4.7. Conclusions
This experiment demonstrated the relative impoeaoicthe four water balance

components at this scale: soil moisture storagep deepage to groundwater, lateral
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subsurface flow, both parallel and perpendicular ttee stream channel, and
evapotranspiration. Additionally this experimengliighted some of the difficulties in

closing the water balance at the hillslope scaleep seepage to groundwater, which
bypassed both the hillslope trench and a gaugilgjost downstream, is a large
component of the water balance, accounting forou@4€6 of the irrigated water at steady
state. While much of this water was later measuaitethe watershed outlet, the loss to
groundwater was estimated at 12% 10 days after éhd of the experiment.

Measurement of evaporation and transpiration altbws to determine the maximum
possible amount of evapotranspiration and to estinttais deep seepage. In order to
guantify the deep seepage component of the waland®mmore precisely, methods need

to be developed to directly measure fluxes throauggh below the soil profile.
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4.9. Appendix: Derivation of propagated error formulas
The derivations of the functional propagation a theasurement uncertainty for the five

components of the water balance are below. Fatiootl simplicity, the systematic and
random errors are not differentiated when the fonel response to the errors is the
same, such as in the soil moisture, meteorologiodl transpiration measurements. For
the hillslope and watershed discharge measurem#gsiwo are differentiated. The

measurement uncertainty in varialles expressed a.
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4.9.1.Increase in lateral subsurface flow

Lateral subsurface flow, as measured at the hilistoench, appeared to be steady at a
constant rate of 12 L/hr at the beginning of thpezdment. The increase in lateral

subsurface flow was the expressed as:
Quiexp = Qun - Q (A1)
whereQnilexp iS the increase in lateral subsurface flow dudéoexperimentQy is the

instantaneous lateral subsurface flow measureraad), is the background, pre-event

discharge. The uncertainty @i exp IS @ function of the uncertainty ®win andQo:

Othm exp \/ % Ole + %’ OQ (A2)
hill
where
ﬂthIII ,exp — ﬂ(thu - Q)) - A3
ﬂth" thiII T[Q]i” Ole OQiII ( )
ﬂthm exp — ﬂ(thu B Q)) - A4
1o, aQ, B aQ, = - dQ, (A4)

The total uncertainty for instantaneous measuresnailateral subsurface flow is then:

Ayt exp = \/( aQy )2 + ( aQ )

For determining the total increase in lateral sutase flow over N measurements (i.e.

2

(A5)

total experimental lateral subsurface flow):
" N N
Quitexy= Qi expn = (Q.iu n " Q) (A6)
n=1 n=1
Since the uncertainties in the individual measurgmare assumed to be random, and the
uncertainty in the background discharge is coneiisystematic, the total uncertainty for

summed measurements of lateral subsurface flohers: t

2 2
S . - N ﬂthII,expn ' + N ﬂQniu EXm A7
0Qh|l| .exp \/n_l ﬂth” . thlII n o ﬂQ, OQ) ( )

or

OQAhiII .exp = \/ ) (OQWiII n )2 +( NdQ )2 (A8)

n=1
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4.9.2.Increase in watershed discharge
The increase in watershed discharge is expressed as

QNSexp = QWS' Q oé %C (A9)

where Qwsexp IS the increase in watershed discharge due toxperienent,Qws is the

-t
instantaneous watershed discharge measuremenQ@ﬁ(F is the expected watershed

discharge derived from the mater recession analy$ise uncertainty in instantaneous
measurements @wsexp IS a function of uncertainty iQws Q. andT..

Qe o o TRuew o TQusewp -
=, ———— — —=2dT Al10
Qs \/ Tt Rus + oA, + T, (A10)

where

A
TQueors T Qus- Qe

Qe T T Qe B o

t

- /T
ﬂQws,exp ﬂ QNS Qoe

_ TWSexp = =- %Cd Al2
1Q, = 1Q, Ry =-e7raQ (AL2)

%
T Qus- Qe
ﬂQwsexp - S ° —Qt %
3 = ) [¢] c Al
—'ﬂTc art, T ar, T e’ °dTl, (A13)

The total uncertainty for instantaneous measuresnanivatershed discharge is then:

2 4 2
v Qg (A14)
>

C

OQNS.exp:\/(OQWS)2 t - e%—c on

For determining the total increase in lateral sulase flow over N measurements:

N N

_t
QNSexp = QWSexp,n: QWS n Q gﬁ—c (A15)
n=1 n=1

Since the uncertainties in the individual measurgsare assumed to be random, and the
uncertainty in the background discharge is consmlesystematic, a function of the
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parametersQ, and T;, the total uncertainty for summed measurementslatdral

subsurface flow is then:

2

T T

A~ N ﬂQNS, 0 2 QNS,exp,n ﬂ QWSexp,t

Qyser = N Qe N E——dQ, + L — T, (Al16)
Sexp n=1 ﬂQNS,n S ﬂQo ﬂQo

or

~ N ) T 2 T eyz 2
Bpooo=y| (Que)+ €7dQ, + Q¥ (AL7)

n=1 t=1 t=1

4.9.3. Transpiration

Stand level transpiration is the sum of the 9 umsented trees. Transpiration is

measured from each tree using the empirical forrf@atanier, 1987):

1.231
DT, . -DT
Q, =119E- 6s3, % (A18)

n
where sapwood area, sa, the daily maximum temperatifierence DTM and the
instantaneous temperature differeri@g, for n trees. Stand level transpiration is then
N
= Qn, (A19)
n=1
All variables exhibit random and systematic uncettai Since the probes were not

calibrated onsite, the random and systematic usicdigs are equivalent. The errorQq

is then

N R > NqQ i
Q=] gy + Dnproo L0 DT, | (A20)

nt ISan ns DT, MU |[ D]V '
where

1.231
DT, -DT

&dsq =119E- 6 — ¥~ (s (A21)
fisa, DT,

0.231

MO, oy -11%E- 6(1.23%53 DLy, -DT, (A22)
0T, o .

n n
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0.231

abT,

n

TQu, o —. L19- 6(1.23133p F, DTy, -DT,
for, o, o

n n n

(A23)

Without onsite calibration of temperature sensarsapflow estimates, we must assume
that the uncertainties in temperature measuremargsstationary. Sapwood depth
measurements are by definition stationary, as #heeg used are repeated for all sapflow
estimates. The uncertainties between trees, howarerconsidered random. Therefore,
the aggregated stand level transpiration unceyt&snt

2 2

N T 2 N T N T
aQ, =119E- e\\/ QR dsa + &@I + Q. DT, (A24)

el 1= 158, net =1 DT, net =1 10N,

4.9.4.CRET

Canopy reference evapotranspiration was calculasetyuhe Penman-Monteith
equation and is dependent on five measurementsradetion,Rn relative humidity,
RH, air temperaturd, and wind speedl, and two estimated parametardhe proportion

of incoming net radiation reflected from the growsusiface and,, the canopy resistance:

RHe(T
(R, - &)+ 7 F2 DT)R - g7 HELD
CRET= 2= 2
f r
/ Dy 1+= / D(T)4g 1+—¢
r, (T) r, (u) (A25)

where D(T) the derivative of the saturated vapor pressum¥eguis an exponential
function of temperaturegy(T), the saturation vapor pressure curve, is an exyi@he
function of temperature, ang is a function of wind speed. Additionally, G is as®d

to beaR,, where a is a cefficient with uncertairdg. The uncertainty in CRET is then:

dRH + aT +

aCRET= \/
R TRH 1T fu

2 2 2 2 2 2
ﬂcRI:—ra’ln? o1 T CRET, 1 CRI:_a’ru + 3 ﬂCR%ra + 3 TUCREF (A26)
a

where
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rc &0
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TCRET JRH = " gRH
RH r
/| D4 1+=¢
o(R -9+ %™ pig14t pep(R-g+ E gy
ICRET s Ia Iy
ar = 5 ar
T
r
/ Dy 1+FC
where
T
e(T)= Q( T) er-Te
TC AT
e(T)¥=D=¢(T) A—_ e
S( ) %( ) (T- ng
T
o (T)®E De=g(T) TéT _ATC 2
S( ) %( ) (T-ng (T— T)f
wheree(T), T andT are all constants.
r VPD VPD gt
D+g 1+  rc, - D(R,- G+r g —
ﬂCRETa’u: r, ur, 2 r, ur, "
fu r
/| D 1+=<
where

r _In (z- %
T ku
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(A27)

(A28)

(A29)

(A30)

(A31)

(A32)

(A33)

(A34)
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ﬂc‘l;ETa’az - P da
/ D+ 145
fa (A35)
g VPD
= D(R,-G)+rg——
CRET . _ L "
ﬂrc [ r 2 c
/ Dig 1+°
Fa (A36)

Since there was no onsite calibration, all uncetyas treated as systematic.

4.9.5.Soil Moisture

Soil Moisture was measured in 57 TDR probe sectiang the relative change in soill
moisture storagep) is a weighted average of the individual measurém&,) taken at

times i and j:

- 1 N __ .1 N _
DSYJ' =Z N §,i rz_ Z’N n§ n z ZK‘ n(Zn,iS n,jf (A37)
Zn n=1 zn n=1 Zu n=1

n=1 n=1 n=1
where Z is the average soil depth of the wetted afes the wetted area, armd is the
depth sampled by the probe section. No uncertampssumed in the sampling depth
(z0). The uncertainty in the individual readings oil snoisture storage are assumed to be

random. The erradDS is then:

2 2
N qDS N DS, 53

DS . = —1ds. + —Ld4dS  + a A38

S J s, L, T T 7f (A38)
where
1S, _ 55 __4 Nl z (A39)
1S 1S z,
and

_ 1 N

iad a5 §) (A40)
1z 7 L

n=1

The error in the change in soil moisture profiléd swisture is then:
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2 2 2

NOq N 1 1 N
a5, =| AT gd§ ¢ A B ¢ - (2,8 )8 (AdD)
n=1 n=1 n=L
Z 4 vA

n=1 n=1 =1
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4.11. Tables

Table 4.1 Measurands used in calculation of wattarite components and their

estimated random and systematic errors. The s®oifdbe uncertainty estimates are

either factory reported accuracy and precisionurrestimates of measurement

uncertainty.

Water Balance Measurand Random Systematic
Component Uncertainty | Uncertainty
Precipitation Precipitation rate = 1 mm/hr

(std dev rainfall rate)

Rainfall volume +1ml
(estimate)
Wetted area (A) +8Mm +8nt
(estimate) (estimate)
Lateral subsurface| Stage (s) +0.25mm | +£0.0034 L/s
flow (factory) (calibration)
WS10 discharge Stage (s) +0.3mm | £3.6%
(factory) (calibration)
Transpiration Temperature (T) +0.2C +02C
(estimate) (estimate)
Sapwood depth (sa) +1mm +1mm
(estimate) (estimate)
CRET Temperature (T) +04C +04C
(factory) (factory)
Wind speed (u) +0.2m/s +0.2m/s
(factory) (factory)
Ground heat flux + 100% + 100%
coefficient (a) (estimate) (estimate)
Incoming net *+ 6% + 6%
radiation (R) (factory) (factory)
Relative humidity *+2-3% + 2-3%
(RH) (factory) (factory)
Wetted area (A) +8Mm + 8 nf
(estimate) (estimate)
Soil Moisture Volumetric water *+ 3% + 3%
content (S) (factory) (factory)
Wetted area (A) +8Mm + 8 nf
(estimate) (estimate)




Table 4.2 Water balance components with propagatedrtainty.
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Water Balance Sé?;gy Entire Irrigation Irrigation + 5 Irrigation + 10
Component (L/hr) Experiment (L) days (L) Days (L)
Irrigation 659 + 33 | 394,000 + 19,700894,000 + 19,700 394,000 + 19,700
Hill 284 +20 | 102,543+ 7,451 106,156 + 8,979  16@,% 10,507
WS10 461 + 115| 252,125 + 48,08275,523 + 56,935 295,781 + 65,578
Transpiration 9+1 5,448 + 343 6,456 = 409 7,34F6a
CRET 50 + 21 30,055+ 12,692 35,767 + 15,170 41414,721
D Storage 0 25,837 = 1,565 15,718 + 1,560 11,438 £ 1,559
P-WS10-EPS | 148 + 121| 85,983 + 53,469 66,992 + 62,147 45,680,746
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4.12. Figures

Figure 4.1 Map of study site with outline of irrtgd area. 24 TDR rods, meteorological
station and instrumented trees are labeled.



139

Figure 4.2 WS10 2002 — 2004 summer recession difitatad master recession. Daily
average discharge was used for calibration, antbgserwhere rainfall diverted the
discharge from the natural recession were elimdhate
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Figure 4.3 Precipitation rates from 72 cups. Aghéed average was used to determine
the experiment irrigation rate.
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Figure 4.4 Irrigation and lateral subsurface fldva¢k) with uncertainty bounds (grey)
measured at the hillslope trench. Dashed linack@round flow rate.



142

Figure 4.5 Irrigation, WS10 discharge and masteession, with uncertainty bounds.
Note increased uncertainty at late time as irr@@aprogresses.
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Figure 4.6 Transpiration with uncertainty boundsasweed from 9 trees on site for
duration of experiment (a) and during steady dfate Transpiration declines throughout
experiment.



144

Figure 4.7 CRET with uncertainty bounds for expemtnduration (a) and during steady
state conditions. CRET was relatively insensitiv@rigation.
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Figure 4.8 Volumetric water content (a) and profieraged volumetric water content
with error bounds (b). Note the rapid recessiorhef shallower depths (0-30 cm), and
the rapid response to sprinkler malfunction on 2a§.

Volumetric water content (%)
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Figure 4.9 Lateral subsurface flow measured ahitt&ope trench vs. hillslope average
volumetric water content. Hysteretic loops in am@rclockwise fashion.
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Figure 4.10 WS10 discharge minus background visldyle average volumetric water
content.
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5. Conclusions

5.1. Summary of main thesis findings
Basic questions remain regarding the subsurfaeectate and dominant flow

processes operating at the hillslope scale. Itiqodatr, the search for macroscale laws to
describe hillslope scale properties has not pregesince Dooge (1986). This thesis has
described a combined macroscale measurement ancklingpdapproach, with an
emphasis on uncertainty analysis, to determine dantihillslope scale processes at two
instrumented, steep forested hillslopes.

In Chapter 2, we showed that flow is dominated dgyid lateral subsurface flow
isolated at the soil bedrock interface. Contrasyptior expectations, flow through
macropores or the soil matrix was an insignificeminponent of lateral subsurface flow,
and the soil profile served mainly as a conduit Vertical flow. Additionally, the
bedrock at the site, long considered effectivelypemmeable, was shown to be semi-
permeable. Water balance component analysis diillstope and a nearby instrumented
catchment indicated that vertical percolation irtftee bedrock was a significant
component of the water balance, similar to the olag®ns at the WS10 hillslope in
Chapter 5.

In Chapter 3, we demonstrated that a simple, lowedsional model of
subsurface flow processes was able to capture yimanmtics of hillslope flow and
transport, including macroscale threshold behaviorBhe model was then used to
determine the controls on the threshold behaviensa the modeling and at many
instrumented hillslopes and catchments. Our muiilal experiments showed that the
thresholds were controlled by both “fill and spil{Subsurface storage and bedrock
permeability) and “soil moisture deficit” (evapdmat rate and antecedent drainage time)
factors. Application of the functional relationghbetween the soil moisture deficit
factors and the threshold observed in a pair of lmmm data records demonstrated the
value of the approach. The functional relationshipvealed from the virtual
experiments, could provide a method for predictidrcatchment and hillslope response

in ungauged basins.
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In Chapter 4, hillslope scale field experimentsaatite with different geometry,
geology and soil properties showed similaritiediltslope response to Maimai. As at
Maimai, rapid hillslope response to irrigation walsserved, both in lateral subsurface
flow, and in flow through the bedrock. At the W3illslope, flow through the bedrock
accounted for up to one third of applied water, enbbian suggested by storm monitoring.
Rigorous uncertainty analysis at WS10 showed thatedainty in water balance
components can be quite large, even with carefatrots on inputs and measurement of
outputs.

This work shows the value of a combined effort ket hillslope
experimentation and model development, both in $eowh model development that
concentrates on the dominant field processes, antkw process understanding from

virtual experimentation.

5.2. Future research needs
This thesis shows two possible paths towards bettaccroscale process

understanding. The demonstrated climatic and ggoloontrols on the precipitation /
discharge threshold, and the influence of bedrakdge and topography on flow
routing and partitioning, could be a possible fistep towards the joint goals of
macroscale laws in hillslope hydrology (Dooge, 19&®&d catchment classification
(Wagener et al., 2007). However, further work éeaed. The observed dominant flow
processes at these two humid, steep forestedopédsineeds to be compared to sites with
different geology, geometry and climate. Siteshwdifferent dominant flow processes
should also be examined. While some functionaereadmparison work has been
performed (Uchida et al., 2006; Uchida et al., 20@tuch more is needed.

The influence of scale also warrants further aibent While the soil moisture
deficit dependent threshold relationship was shawrsites from hillslopes to small
catchments (0.09 - 101.3 ha), the upper and lowands of scale are unknown. While
this relationship appears to be a powerful tool gogdiction of catchment response to
precipitation, it is unclear whether it is applit@bo much larger scales, where issues of
spatial variability of rainfall, and different landse dynamics may be important. Finally,
these field and virtual experiments have shown \hkie in the dialogue between
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modeler and experimentalist. To identify macroscilws and develop catchment
classification schemes, we need more combinatidielof and model experimentation, to

serve as a platform for further progress.
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