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ABSTRACT

In recent years, increased demands have been madegtirologists modeling
catchment scale hydrology. Historically, it hagb@cceptable to predict streamflow at
the catchment outlet without partitioning physipedcesses (lumped modeling) that
control catchment scale responses. Hydrologist®iaw challenged with partitioning
processes controlling hillslope hydrology and streasponses and distributing those
processes (distributed modeling) over various sdalémprove hydrologic modeling.
Increased demand for distributed versus lumpeddigdic models has led to the
derivation of multiple topographic and wetness ¢edito parameterize soil moisture
patterns. Many of the commonly derived indicesiasssteady state flows, common in
humid environments, and are poor predictors of blpdyic processes occurring in semi-
arid environments. The purposes of this studyt@facilitate understanding of hillslope
flowpaths and streamflow initiation and cessatiothie semi-arid, snow-dominated
Upper Dry Creek Experimental Watershed (UDCEW) @nienprove the predictive
capability of terrain and wetness based indicesrfodeling soil moisture patterns and
hillslope processes occurring in the UDCEW.

Soil moisture patterns for the UDCEW were charamter from measured near-
surface (upper 30 cm of soil profile) and modelsHAW model) deep (up to 1.2 m) soil
moisture contents. Mapping soil moisture pattédestified a saturated subsurface
source area that developed near the channel hdgdrethe fall wet-up period.

Streamflow initiated as the size of the subsurtm&ce area increased during the late



fall wet-up or early in the hydrologically wet seasand ceased as the subsurface source
area decreased during the late spring drydowreaBitflow generation at the site is then
partially dependent on the distribution of fall fwgn) season soil water to a saturated
subsurface source area adjacent to the channel head

Seasonal soil moisture patterns were statisticaligpared with site
characteristics (surface and bedrock topographlydspth, soil structure, and vegetation
patterns) to determine the temporal and spatigbaity of the controls on soil moisture.
Results suggest that the controls on soil moigtateerns and hillslope processes at the
site vary with hydrologic regime and are differ&oim hydrologic controls commonly
observed under humid, steady state conditions. ifMddopographic wetness indices
were created to characterize the observed hydwtagitrols. Observed soil moisture
patterns were more positively correlated with miedifindices than indices commonly
reported in literature. Performance of modified aammonly used indices exhibited
seasonality. In the near surface, indices inctusivsoil depth best explained soil
moisture variability during the wet-up, hydrolodigavet, and drydown periods and
indices that parameterized water input and evapspigation best explained soill
moisture variability during the dry period. Foregesoil moisture parameterization,
indices inclusive of soil depth best explained smilisture during the wet-up and
hydrologically wet periods, and soil moisture dgrthe dry and drydown periods was
best explained by a process based index of watet Bnd evapotranspiration. The
findings suggest that, for semi-arid climates like UDCEW, a multi-index approach to
distributed modeling may be necessary to accuratelylate seasonal variation in soil

moisture patterns.
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1. INTRODUCTION

In recent years, increased demands have beerdmadeydrologists modeling
catchment scale hydrology. Historically, it hagb@cceptable to predict streamflow at
the catchment outlet without partitioning physipedcesses (lumped modeling) that
control catchment scale responses (Moore, Gragsuhl.adson, 1991). Hydrologists
are now challenged with partitioning processesrotlintg hillslope hydrology and
stream responses and distributing those procedstsiuted modeling) over various
scales to improve hydrologic modeling. Howeveeréhis little agreement among
researchers regarding the scale of physical presdkat should be represented in
hillslope hydrologic models and regarding the appede distributed model for
predicting hydrologic responses over wide rangeajes (Troch, Mancini, Paniconi, and
Wood, 1993; Freer, McDonnell, Beven, Peters, Burwmper, Aulenbach, and Kendall,
2002).

Interests in soil moisture patterns over variatgdess have increased with the
development of distributed hillslope hydrologic netel(Western, Grayson, Bloschl,
Willgoose, and McMahon, 1999). Soil moisture exergnificant influence on water and
energy balances and sustains a feedback betwe&anthsurface and atmosphere. Soll
moisture partitions precipitation into infiltrati@nd runoff, determines the extent of
groundwater recharge, affects evapotranspiratiocobyrolling water availability to

plants, and affects soil pedogenic processes (GnaWwestern, Chiew, and Bldschl,



1997; Seyfried, 1998). Therefore, knowledge otigpband temporal soil moisture
variability is important in understanding and prgitig hydrologic processes at the
hillslope and small catchment scale.

The increased demand for distributed versus lunmyeddologic models has led to
the derivation of multiple topographic and wetnieshces to parameterize three-
dimensional terrain effects on soil moisture disition and hillslope hydrology (Beven
and Kirkby, 1979; Burt and Butcher, 1985; Mooralkt1991; Barling, Moore, and
Grayson, 1994; and Quinn, Beven, and Lamb, 19BHrology models often employ
indices to predict soil moisture at the point s@ald then distribute soil moisture across
the hillslope. The distributed model is then usegdredict stream responses to hillslope
water inputs. Many of the commonly derived indiassume steady state flows, common
in humid environments, and are poor predictorsyofrblogic processes occurring in
semi-arid environments (Grayson et al., 1997; GéRiaza, Martinez-Mean, Albaladejo,
and Castillo, 2001). Thus, time series soil moestlata are needed from semi-arid
environments to investigate seasonal controls dmemsture at the hillslope scale,
facilitate the understanding of hillslope flowpathad improve the predictive capability
of commonly used topographic and wetness indicesith variable amendments

indicative of semi-arid hillslope hydrologic proses.

1.1 Project Description

The purposes of this study are to facilitate usi@derding of hillslope flowpaths

and streamflow initiation and cessation in the sarnd Upper Dry Creek Experimental



Watershed (UDCEW) and to improve the predictiveatslgy of terrain and wetness
based indices for modeling soil moisture pattemihé UDCEW. The following
hypotheses were tested: 1) streamflow initiatiot eessation in UDCEW are controlled
by soil moisture conditions within the catchmentpiany commonly used terrain and
wetness indices do not accurately depict the bpkslhydrologic processes occurring in
the UDCEW.

To test these hypotheses, soil moisture patterns measured (near-surface)
using time domain reflectometry (TDR) and modelgtkiie soil-bedrock interface) using
the Simultaneous Heat and Water (SHAW) model (Rieger, Hanson, and Wright,
1996). Results were used to evaluate the spatthteanporal variability of and the
controls on soil moisture patterns in the UDCEWe3e patterns were coupled with
hydrologic parameters (precipitation, evapotraran, streamflow, flow along the soil-
bedrock interface, and groundwater recharge) fromat@r budget analysis (2003 — 2004
water year) to investigate correlations betweehrsoisture patterns at various depths
and the timing of streamflow initiation and cessati The UDCEW is characterized by
shallow soils (average depth is 45 cm) over graibidrock.

Measured and modeled soil moisture data were téstexfatistical correlation
with commonly used topographic and wetness indi8es.moisture patterns and basin
characteristics (topography, soils, and vegetatiare statistically analyzed (standard
and geostatistical methods) to determine spat@it@mporal controls on soil moisture
patterns at the UDCEW. The results were incotedranto terrain and wetness indices
to improve predictive capability of many commonked indices. Findings from the soil

moisture distribution and streamflow research vwerapared against mapped seasonal



soil moisture patterns, field observations, andltesrom previous studies in the

UDCEW to explain hillslope hydrologic processeswdag in the study area.

1.2 Scientific Background

1.2.1 Hillslope Hydrology Overview

1.2.1.1 Soil Water Movement in the Unsatutatene

In semi-arid climates, most processes involvingrsater interactions with plants
and the atmosphere occur when soils are unsaturdteslunsaturated zone (also called
vadose zone) is referred to as the area betweegrdhed surface and the water table
(Hornberger, Raffensperger, Wiberg, and Eshlem8@8)Jland encompasses the capillary
fringe (area above the saturated zone where pesspre is less than the atmosphere), an
intermediate zone just above the capillary frirjed the soil water zone. Pore spaces in
the capillary fringe are saturated or near satomadind pore water is held there by surface
tension (capillary forces). The intermediate zoneften referred to as the zone of
aeration and is the area between soil water andapilary fringe. The upper zone is the
rooting area where water losses from the soilla@ugh root uptake or atmospheric
exchange. The term volumetric moisture contesiodrmoisture content refers to
volume of water per bulk volume of a soil samphes soils in the unsaturated zone drain
there is a quasi-stable soil moisture content athvfurther decreases in soil moisture are
minimal. This stable state is termed the fieldaagy.

Flow in the unsaturated zone involves complex i@tatbetween soil water

content, suction, and conductivity (Hillel, 1998h general, flow through soil materials



results from a hydraulic potential gradient (in theereasing direction) and is

proportional to the flow gradient and the geomsetoéthe soil/rock matrix. Water in the
unsaturated zone is subject to a negative matrsucdtion potential created by the
cohesion of water to the soil matrix (particles godes). The relationship between the
suction pressure applied to the soil matrix and-¢ispective volume of water per bulk

soil sample retained against suction defines thistom@ characteristics of the soil.
Moisture characteristic curves for specific soils plotted as pressure head (matrix
potential) versus volumetric soil moisture contamdl provide representation of the
respective soil response to changes in soil ma@stantent or pressure (Hornberger et al.,
1998).

Flow through a soil matrix is also dependent andbnductivity of the matrix. In
saturated soils, pore spaces are filled with waiter hydraulic conductivity through the
matrix is continuous and maximized. Under unsataraonditions, soil pores are
partially filled with air and conduction is limitday the cross-sectional wetted area.
Another difference in conductivity under unsatudagersus saturated conditions is the
influence of pore size. Under saturated conditiange pores maximize conductivity,
but in unsaturated conditions large pores are @tepty and non-conductive due rapid
draining during the saturated state. Smaller porag have a greater hydraulic
conductivity under unsaturated conditions.

1.2.1.2 Rainfall/Runoff Relationships and kbidgic Modeling

Common approaches to hydrologic modeling involveuation of rainfall/runoff
responses. As water arrives at the land-surfaere re multiple vertical and lateral

fluxes acting on it. These fluxes collectively idefthe response of a catchment to



precipitation events (rainfall/runoff response) and parameterized in hydrologic
models.

Investigations into rainfall/runoff relationshipfien begin with examination of
the streamflow hydrograph (Figure 1.1). Streamftegponse to storm events is
identified on the stream hydrograph by noting clesng the shape (rise or fall over time)
of the hydrograph (Dingman, 2002). Thus, streandrdgraphs provide a signature of the
respective stream’s response to precipitation eventegimes over time and offer a
comparative data source for rainfall/runoff resgonsdeling. Understanding what
governs the shape of the streamflow hydrographvallmodelers to make inferences on
mechanisms controlling soil water movement ancagtfeow.

Streamflow response is partially the result of g#ation processing within the
respective catchment. Precipitation arriving atawnosphere interface either infiltrates
into the soil column, ponds at the surface, or wes the land surface depending on the
infiltration rate of the soil. The infiltration t&is defined as the rate at which water
enters the soil. This rate is a function of thte &t which water is arriving, the saturated
hydraulic conductivity of the soil, the degree ofl saturation, the soil roughness and
slope, the chemical characteristics of the soflasar, and the physical/chemical
properties of the water (Dingman, 2002). If theevarrives at a rate greater than the
infiltration rate saturation from above occurs ahdn a slope, overland unsaturated flow
(Hortonian flow) begins. Once a solil is saturadegt additional water delivery laterally
or vertically to the surface produces saturatedlamd flow.

Water infiltrating the soil surface can follow rtiple pathways depending on the

head gradient. Flow through the unsaturated zoo#en referred to as throughflow



(Dingman, 2002). Under simplified conditions, thghflow percolates through the
unsaturated zone under tension and is either tafiday plant roots, lost to the
atmosphere through evaporation, stored as soilrwatenters the saturated zone. The
rate at which water moves through the unsaturated depends on the conductivity of
the soil matrix and forces acting upon it. Theegahdirection of movement is vertical,
however, lateral distribution can occur as soilew@ncounters earth materials with lower
conductivities in the vertical direction.

Infiltrated soil water that flows through soll figss, root and burrow (worm holes
and channels created by soil fauna) channels, afiddering is considered flow through
preferential flowpaths. Such soil features are momly referred to as macropores. In
general pore spaces larger that 1.5 mm are coesideacropores. Macropores provide a
pathway by which soil water can “by-pass” the sadltrix along “preferred paths”. Flow
through or along preferred pathways is common wherehed saturated conditions exist
(saturated soils separated above the saturateql. zBlwav through macropores is much
more rapid than flow predicted by Darcy’s Law (coomequation for prediction of
groundwater flow). Preferential flow typically ireases with increases in precipitation or
water inputs into the soil. Flow begins in macnegsoonce the soil matrix surrounding
the macropore becomes saturated. Downslope dglpfenacropore flow can be an
important component of the catchment responsedaitation events.

Partitioning flowpaths and/or streamflow sourcesaimfall/runoff modeling then
requires understanding of the multiple pathwayshiich water is transported downslope.
A common method employed to separate the wateceswontributing to streamflow is

hydrograph separation. This is done by using @®toacers to identify new versus old



water shown by the stream hydrograph. New watevésnt water or water that is new to
a catchment from a precipitation event. Old wagpically constitutes the base flow and
is the groundwater component of a catchment. Nehodd water have characteristic
concentrations of isotopic constituents (Dingma&@902). Approaches to separating new
and old water involve mass balance equations tatyaespective contribution sources
(Dingman, 2002). Clearly, understanding the saomntributing to streamflow
provides insight into rainfall/runoff relationshigsut hydrologists are also concerned

with what controls the delivery of soil water tspective flowpaths.

Streamflow Hydrograph
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Figure 1.1. Example of a streamflow hydrograph sheing streamflow versus time.
Event flow (new water) is depicted in the area bele the curve and above the dashed
black line. Base flow (old water) is shown as therea under the curve and bounded
from above by the black dashed line.



1.2.2 Controls on Soil Moisture

Soil moisture variability in time and space aloniilislope is influenced by many
factors, including variations in topography, soibperties, vegetation type and density,
mean soil moisture content, depth to water tabiegipitation history, solar radiation, and
other meteorological factors (Famiglietti, Rudnjcknd Rodell, 1998; Gomez-Plaza et
al., 2001; and Chamran, Gessler, and Chadwick,)2002nd surface slope, aspect,
curvature, contributing area, and elevation allilexkelements of control on soil moisture
distribution. Steep slopes are characterized tgtanfiltration rates, higher surface
runoff, and more rapid subsurface drainage thatigysloping lands (Ridolfi, D’Odorico,
Porporato, and Rodriquez-Iturbe, 2003). Addintheoslope component, aspect is
directly related to solar radiation and evapotraasipn, with south facing slopes having
greater evaporation rates (Moore, Burch, and Maziked988). Curvature and upslope
contributing area also exert significant influenoedocal soil moisture. Curvature refers
to the convexity or concavity of the land surfa@epressions and concave slopes tend to
be wetter than convex slopes that drain more efiity (Ridolfi et al., 2003). The
upslope contributing area can control the volumawaiilable water for lower slopes, and
points with larger upslope contributing areas tende wetter than those with minimal
contributions from upslope features (Gomez-Playa.eR001). Higher elevations
typically receive more precipitation in the formsfow, most important for water storage
on hillslopes in semi-arid regions.

Soil properties and vegetation parameters are tifiked and independently and
collectively influence the movement of water thrbuge soil profile. The heterogeneity

or homogeneity of soil types and textures alondlsidpe influences hydraulic
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conductivity, structure and complexity of macroyreurface albedo, and vegetative
ground cover (Famiglietti et al., 1998). Vegetataifects soil moisture variability in
many ways. Leaf area shades soils and impactoetagm rates, canopy coverage
intercepts precipitation, and roots create macregptrat increase hydraulic
conductivities of soils. Additionally, vegetatioses soil moisture to transpire. The
amount of influence that vegetation has on soilstuwe distribution varies with
vegetation type and the density of ground coveawldy, Jackson, and McCuen (1983)
and Francis, Thornes, Romero-Diaz, Lopez-Bermuated Fisher (1986) found that the
variability of soil moisture increased with decriegsvegetative cover.

Antecedent soil moisture conditions also signifitamfluence soil moisture
variability and distribution. Hawley et al. (198®und that soil moisture variance
increased as precipitation depth increased andraditons became extremely dry.
Other studies have posed that peak variance odaouirsy intermediate periods of
wetting and drying (Famiglietti et al., 1998). Té¢mrelations between soil moisture and
the factors that control it are often dependentheoverall moisture regime (Grayson et
al., 1997). When evapotranspiration exceeds pitatign, soil moisture content is
strongly influenced by hillslope aspect, vegetatsmwil texture, and local topography
(Grayson et al., 1997; Ridolfi et al., 2003). Whpzacipitation exceeds
evapotranspiration soil moisture is more strongfluenced by depth to the water table

and the convergence of contributing areas (Gragsah, 1997).
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1.2.3 Semi-Arid Watershed Processes

1.2.3.1 Seasonal Patterns in Soil MoisturiBiution

Hydrologic processes controlling streamflow initatand cessation in semi-arid
environments are not fully understood. Howevedrbipgists generally agree that soll
moisture content and its variability are key deteants of streamflow generation in
small semi-arid catchments and that the controlhersoil moisture patterns in semi-arid
environments differ from those in humid environnsenGrayson et al. (1997) and
Famiglietti et al. (1998) suggest that two regiragist for soil moisture dynamics along
semi-arid hillslopes: a humid regime, where unsdéd lateral flow occurs with
significant spatial gradients, and a dry regimeemghupslope topography does not affect
the spatial distribution of soil moisture. The hdmegime dominates when precipitation
exceeds evapotranspiration demands. Soil moiatuagarticular point during the humid
regime is controlled by lateral subsurface flow hadsms of upslope topography (non-
local control). As evapotranspiration rates exgasstipitation controls on soil moisture
switch to local dominance. Under local controly(degime) soil moisture distributions
reflect variations in soil properties and vegetatiensities. Lateral subsurface flow
discontinues, and upper slopes no longer contritautdwnslope soil moisture
distributions. The dry regime thus is controllgdvertical fluxes under local controls
(local soils, vegetation, and evapotranspiratiddijpderstanding these processes affecting
the spatial and temporal variations in soil wakexds facilitates understanding of

hillslope flow mechanisms and respective streamflesponse.
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1.2.3.2_Lateral Sub-surface Flow Pathways

Lateral subsurface flowpaths have been well rebearand include matrix,
macropore, and bedrock flow (Freer et al., 200@8sgure wave translations (Torres,
Dietrich, Montgomery, Anderson, and Loague, 19¢@Jxture flow (Anderson, Dietrich,
Montgomery, Torres, Conrad, and Loague, 1997),caugled preferential flowpaths
(Buttle and McDonald, 2002). Although these stadiee primarily from humid
environments, they offer insight into potentiaMioaths for semi-arid climates during
fall wetting and spring snowmelt events.

Freer et al. (2002) investigated subsurface stomnpaths along a trench face in
a humid, forested catchment (Georgia Piedmont, Bdvlountain Research Watershed,
Stockbridge, Georgia) underlain by granitic bedro€keir study in conjunction with
chemistry analysis from Burns, Hooper, McDonneled¥, Kendall, and Beven (1998)
demonstrated that flow from macropores along teeciface at the study site was dilute
in base cation concentrations relative to matowfl They suggested that macropores
along the trench may be connected to a networlpsiope and downslope preferential
flowpaths (Freer et al., 2002). Spatial tensiomdéta from the site suggested that some
soil water bypassed the “bulk soil matrix” and perd at the soil-bedrock interface
(Freer et al., 2002). Chemistry of the bedrockflodicated that new water at the soil-
bedrock interface laterally displaced old waterrfBuet al., 1998). An end-member
mixing analysis of five solutes (Na, Mg, Cl, §@nd HSiO,) from bedrock, hillslope,
and riparian water samples indicated streamflow deesinated by out-crop runoff
(Burns, McDonnell, Hooper, Peters, Freer, Kendall] Beven, 2001). The same

analysis indicated the hillslope contributed 13®86 of the water in streamflow. Freer
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et al. (2002) noted the chemistry data and tengienakata clearly indicated that
preferential flowpaths consisting of macropore badrock flow exist at the site and that
these preferred flowpaths acted as connecting mexrha in the generation of stormflow
response.

Torres et al. (1998) used an irrigation experimersteep sloping humid terrain
(CB1 Study Catchment, Oregon Coast Range, Coos@@gon) to examine subsurface
flow mechanisms and slope instability. The expentfound that hydrologic responses
at the site were controlled by the soil-water retencurve (soil moisture characteristic
curve) relations. Soil-water retention properfesthe site yielded pressure heads in the
near-zero range. Under these conditions, sligiteases in water input (snowmelt or
rain pulse) produced slight increases in presseagl land a corresponding rapid increase
in hydraulic conductivity. These responses propeja pressure wave and rapid release
of old water from the unsaturated zone. Torresd.€1998) indicate that, for soils with
steep soil moisture characteristic curves in treg1zero pressure range, slight rainfall
events on wet soil produce slight changes in predsead, large increases in soil
moisture content, and subsequent pressure wavagabpn discharging stored soil
water. Torres et al. (1998) suggest that suchoresgs in wet soils may be important in
developing hydrologic connection (and subsequeeastflow) between the unsaturated
and saturated zones.

Investigating the same catchment (identified abage)orres et al. (1998),
Anderson et al. (1997) used sprinkler applicat@nd tracer methods to investigate
hillslope flowpaths. The study identified two kdgv mechanisms at the catchment:

vertical percolation in the unsaturated zone amarated flow through and along bedrock
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features. Flow through the unsaturated zone icdéihehment was typically “plug flow”,
old water pushed out at the base of the soil colbynnew water inputs (Anderson et al.,
1997). During sprinkler applications, a deuteriwater suggested “short-residence
time” water moved through the unsaturated zonerateadependent on irrigation and/or
rainfall rates. Bromide tracer injections into tiedrock at a mid-slope location
identified rapid flow of old water through weathetgedrock along bedrock fractures.
Anderson et al. (1997) showed that downslope thimoif fractured bedrock layers
forced bedrock flow upwards near the channel hetida subsurface variable source
area. At that location, old water mixed with neater from the unsaturated zone and
expanded the subsurface variable source areaan$tosv generation and rates were
largely dependent on the size of the variable soarea. Streamflow chemistry indicated
that bedrock flow contributions represented a lapgetion of the flow as the stream
returned to base flow levels. This occurred beedlis zone of mixing was small
compared to the overall size of the catchment (Asateet al., 1997). The study found
that the timing of streamflow generation in thecbatent was more tied to growth of the
subsurface variable source area than the rate tef weovement through the catchment
(Anderson et al., 1997).

Buttle and McDonald (2002) examined coupled vattand lateral flow
mechanisms (vertical soil water fluxes, flow aldhg soil-bedrock interface, and
macropore flow) in a humid, forested Canadian Shsakchment, Ontario, with thin soll
cover. The study incorporated artificial irrigaticspatial soil moisture and tensiometeric
data, and a 3.4 m long throughflow trench to exanmmacroporosity at twenty locations

above the trench and to monitor slope runoff alivegtrench. After irrigating the site
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(slightly more than average daily rainfall), rapigttical fluxes were observed at
locations with greater macroporosity. These lacatiexhibited vertical preferential
flowpaths that were largely influenced by the maftevater applied (Buttle and
McDonald, 2002). Sites with minimal macroporosltgplayed vertical passing of
wetting front sequentially from the upper to lovgeil profiles. Event water traveled to
the soil-bedrock interface at varying rates depahdea the degree of macroporosity.
Event water arriving at the soil-bedrock interfageed with pre-event water and formed
an unevenly distributed saturated layer at deptiteral macropores at the site
contributed minimally to slope discharge until cention developed with the perched
saturated layer at the soil-bedrock interface. Sthey demonstrated that coupled
preferential flowpath contributions to stormflowedily depended on soil depth, bedrock
topography, and antecedent soil moisture conditiansring extension and connection
of a pre-event saturated layer above the soil-lwddrderface (Buttle and McDonald,
2002).

In a semi-arid environment, Newman, Campbell, aniddX (1998)
demonstrated that lateral flow mechanisms in a NExico ponderosa piné’{(nus
ponderosacatchment (sandy loam soil over tuft bedrock)engmilar to those observed
in more humid environments. The study used natimalride, dissolved organic carbon,
and stable isotope traceis¥0 and3D) to identify flowpaths to a trench location aéth
base of the catchment. During three years of @asien, lateral flow was episodic, with
most episodes occurring during snowmelt (Newmaal.e1998). Newman et al. (1998)
proposed that unsaturated macropore flow at teeositurred when the rate of water

input in upper soil layers exceeded the infiltratrate of the soil matrix at the middle soll
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layer. Under these conditions, a perched satutayed developed at the middle soil
layer (clay horizon) and began to travel latergtippugh macropores or along the clay
soil horizon. For most of the year, soil moistatéhe site was below 0.33*m* and
soil water was either absorbed in the upper spdrar by-passed the upper layer and
was perched above the mid-depth clay layer (crgdaiteral flow). Newman et al.
(1998) found that during dry periods concentratiohshloride, organic carbon, and
other aqueous species accumulated in the soill@rdiiuring snowmelt, chemistry
results identified a flushing of these speciesiaditated the independent nature of
matrix or lateral flow along the clay horizon digaars (Newman et al., 1998).

The brief review of hillslope studies above illagés the complexity of the
controls affecting hillslope flowpaths. Researdthis subject continues to grow, but
there are still numerous processes for which hydjists have no adequate quantification
(Freer et al., 2002). Most of the literature oltslope flowpaths comes from humid
environments. A review of the literature from hdrenvironments is present here simply
because the same processes occurring in humidciamess occur in snow-dominated
semi-arid landscapes during wet seasons. Addingplexity to the hillslope flowpath
studies, plant-water dynamics in semi-arid climatesstill not clearly understood.

1.2.3.3 Plant-Water Dynamics

1.2.3.3.1 Implication of Plant-Water @ynics on Soil Water Fluxes

Even though most plant species have above groumghological modifications
to reduce transpiration losses, redistributing wailer downward and/or upward greatly
improves soil water use efficiency and augmentsallplant competitive strategies

during water-limited periods. Such benefits argipalarly important in semi-arid
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environments. Numerous studies have documentedotaows in semi-arid climates alter
seasonal soil water fluxes (Burgess, Adams, Tuaret,Ong, 1998; Caldwell, Dawson,
and Richards, 1998; Sperry, Hacke, Oren, Coms&d2; Ryel, Caldwell, Leffler, and
Yoder, 2003; and Ryel, Leffler, Peek, Ivans, antd@all, 2004). Plant influences on
vertical and lateral fluxes thus may be an impdrtamponent in hillslope hydrologic
processes and should be considered in examindtitie acontrols on hillslope soil water
distributions.

1.2.3.3.2 Morphological Adaptations

Water conservation is critical in the life cycleménts in water-limited
environments. These plants employ multiple stiagetp maintain physiological activity,
including morphological specializations to impravater use efficiency. Often plant
strategies to maximize or conserve water are censiti‘reactionary” (Ryel et al., 2004).
This implies that plants employ some water condemanethod once reduced water
uptake occurs. Common reactionary strategiestaneasal control and drought leaf
abscission (shedding of drought deciduous folia@#tpmatal responses involve the
opening or closing of the leaf and/or stem stomée®ll pores) to release moisture
(transpiration) or reduce plant water loss. A$water becomes limited, plants may
sense low soil water pressure and close stomadtas. process reduces transpiration
(water losses) and reduces potential cavitatiotylefm vessels (cell tissue responsible
for water conductance) (Sperry et al., 2002). Ryeall. (2004) provide a review of
multiple studies suggesting that plants may alsorporate long-term strategies to

reduce water loss. Plants may reduce root:shtiosrgproduce less foliage or root
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tissue), alter leaf structure/form, and/or prodsiceller xylem vessels to regulate soil
water use.

Growth forms and water-use strategies differ amaagt types and growth forms
in semi-arid landscapes. Although water loss &gt occurs predominately in above
ground leaf tissue, obtaining available water igéty a function of rooting depth, lateral
root spread, and the degree of root system ové8epenk and Jackson, 2002). In
general rooting depth simulates the above grouoch&ss. Grasses and forbs have
shallow root systems and semi-shrubs, shrubs,raed have increasingly deeper roots
respectively. Schenk and Jackson (2002) foundttieaé was a significant difference in
semi-shrub (shrub height < 1 m) and shrub (shrufhbhe 1 m) root form. The study
demonstrated that shrubs produced deeper roonsysktan semi-shrubs and that lateral
spread among the two was equal to root depth afthiearoot depth respectively. They
also noted that grasses and forbs were similarating depth even though root form was
fibrous for grasses and taproot for the later.

Two general underlying assumptions associated miahgrowth and water and
nutrient uptake are: roots only extend as deepeasssary to obtain the resources for
physiological requirements and that nutrient avaliky is greatest in the near-surface
environment and when soil water content is high@siese assumptions could be
extended for semi-arid landscapes to note wataladldy increases with depth and
nutrient availability is greatest immediately follimg cool season precipitation. Walter
(1939) and Schenk and Jackson (2002) proposedayavdd models of water use in
water-limited ecosystems based on rooting depttitipaing among herbaceous and

woody species. The models suggests that herbaeadusoody plant species compete
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for water in the upper soil layers, but that wopignts also extend roots into deep soill
layers to obtain soil moisture at depth. Suchregienodels indirectly suggest that
resource requirements for the plant species reptiegecach stratum are different. For
example, herbaceous and annual species often seth@seg the dry season and have
adapted physiological strategies that use seaseaalsurface soil water during the wet
periods of the year (Ryel et al., 2004). Shalloated fibrous plant species have thus
adapted or selected strategies to grow and repeoditbin short periods of high seasonal
water and nutrient availability in the near-surfao@ironment.
1.2.3.3.3_Hydraulic Lift

Deep-rooted shrub species have also adapted s¢afegnear-surface nutrient
exchange and overall soil water use efficienciRehards and Caldwell (1987)
introduced the concept of “hydraulic lift”. Hydrdaulift is the passive transport of water
by root systems into dry soil layers from more rmedl layers (Caldwell et al., 1998).
This process has been noted in at least 19 woedy(teees and shrubs) where root
systems extend a gradient of soil water pressurésaot water loss resistance is low
(Caldwell et al., 1998). In the dry season, plamdergoing hydraulic lift absorb soil
water from deep soil layers during evening hourgmvtianspiration demands are low.
Lifted soil water is transported upward and reldasethe near-surface soil (soil water
pressure?s, is less than xylem water pressufg) during the night. The released water
is subsequently re-absorbed during the next dayget daily transpiration demands. The
volume of water lifted is largely a function of @adble deep soil water and the daily

transpiration requirements.
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Richards and Caldwell (1987) provided the firskdievidence of hydraulic lift.
The study examined diel (24 hour) fluctuation®yand demonstrated th#t nightly
increases and daily decreases were the resAltemisia tridentaténydraulically lifting
soil water. Furthermore, covering the shrub witspc bags during daylight hours (to
prevent transpiration) increased daftyand exposing the shrub to light during the
evening decreased nightks. This subsequent switching of diel cycles furthapports
that hydraulic lifting was occurring (Richards addldwell, 1987). The findings
indicated tha#\. tridentatais capable of lifting as much as 1/3 the daily
evapotranspiration requirements (Richards and Galdho87).

Literature has debated whether water should ma@iyeaove into root systems
than out of root systems (Caldwell et al., 1998lants may exhibit such “rectifier”
properties that involve physiological changes m 1thot tissue resulting from reduced
water availability. However, these changes usualyur over periods greater than the
diel fluctuations associated with hydraulic lifh fact, several studies have shown that
rewetting over diel time periods gradually increhssot tissue permeability and new root
growth (Caldwell et al., 1998). Additionally, Wadims, Caldwell, and Richards (1993)
demonstrated that hydraulic lift occursAntridentataunder very dry soil conditions (-
5.0 MPa).

Hydraulic lifting clearly poses advantages for deaed plant species in water-
limited environments. One could also pose thermegnt that hydraulic lift makes water
available to all plants with roots in the near-agd and increases the longevity of
shallow-rooted plants during dry period. This wbpbse conflicting resource

competition for deep-rooted species sharing nedace nutrients and lifted water.
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Several studies have shown that hydraulic lift ptes water allocation benefits to some
shallow-rooted species (Dawson, 1993). Howevestmlants with shallow and fibrous
roots complete seasonal physiological processesglperiods of high near-surface soil
water content and develop xylem cavitations dutireggdry season. As the near-surface
environment dries out, shallow-rooted species ffiarmd competition for near-surface
soil nutrients is reduced. Deep-rooted speciesyitey hydraulic lift to the near-surface
can then extend the growing season and, by wetimgear-surface, improve near-
surface nutrient acquisition during periods of year when competition is low (Caldwell
et al., 1998).

1.2.3.3.4 Hydraulic Redistribution

Caldwell et al. (1998) proposed that in additiormydraulic lift, the reverse of the
process might also occur #sdictates. Burgess et al. (1998) used sap floxe8uo
demonstrate that as soils wet-up following the sigson, soil water was transported by
near-surface tree roots to deeper, drier soil psck€hey termed the process “hydraulic
redistribution” and examined rates of soil watetis&ibution following pulse
precipitation events. Fdsrevillea robustalateral root sap flow was negative during the
night and at times with lower rates of transpinatid-low rates were positive during
periods of high transpiration demands, suggestyagdulic lift. Following rain events,
there was a reversal of this process. Sap flogsrten were positive in the lateral roots
when the near-surface soil moisture was high. Yatetinued to be taken up during the
evening hours. The results suggest potential savef lift during near-surface wetting

periods and subsequent transfer of water to despldayers (Burgess et al., 1998).
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Burgess et al. (1998) performed the same analydisioalyptus camaldulensis
and discovered the same patterns of hydraulictréulision (or reversal of hydraulic lift)
occurred with this tree species following pulsecppitation events. The study clearly
demonstrates that downward redistribution of s@itew can occur when water potential
gradients vary with depth (Burgess et al., 1998)a similar study, Ryel et al. (2003)
discovered that pulse rain events in a standl. dfidentatadelivered rain at different
depths simultaneously rather than sequentially fopmer to lower soil layers. This
process might be expected with macropore or fradtaw, however, the arrival times at
the different depths were simultaneous over a fays dather than hours as commonly
reported for macropore and other preferred flowgath

Ryel et al. (2004) demonstrated tAatridentatabenefits from hydraulic
redistribution downward during the wet season /@pling rain and over-winter snow
recharge seasons) and upward (hydraulic lift) dutie dry season. Downward
redistribution reduces water uptake by competiagisl in the near-surface, prolongs
water availability during drought periods, and ioyes water use efficiency through
uniform distribution of water through the entirelsmlumn. This downward process
stores water in deeper soil pockets and alldwsidentatato reverse the process upward
during times when water is limited in the near-aoef

Ryel et al. (2003) identified four advantages tavdward and subsequent upward
vertical redistribution of seasonal soil waterrsEiby redistributing soil water plant
water potential remains higher throughout the sunfimigh transpiration rates) when
water use is often limited by soil hydraulic contaunce. Secondly, an even distribution

of soil water in the soil column improves hydrauwanductivity between the roots and
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soil and creates a more efficient use of availablewater. This may be important
following over-winter recharge when soil water daility varies with conductivity
through the soil column. A third benefit to redistition is increased photosynthesis
rates during warmer optimal seasons. Redistribugoluces water use during the early
growing season and increases available water dthiendry season. Water availability
during the dry season allows for continued photd®sis and higher transpiration rates
when other plants have senesced. A fourth beoiefedistribution is the storage of
water at depth, a reduction of water availablecimgetitors in the near-surface
environment.

1.2.4 Terrain and Wetness Indices

Terrain and wetness indices, herein referred weigess indices, in hydrologic
models were originally developed to estimate thatldéo a shallow water table and to
predict locations of saturated source areas (Westeall., 1999). Uses of these indices
have expanded to include the prediction of spatdlmoisture patterns to be included in
distributed models of hillslope hydrology. The mall known wetness index,
developed by Bevin and Kirkby (1979), is thedlfifarns), wherea (specific catchment
area) is the upslope contributing area above abconinit divided by the length of that
contour unit ang is the local slope angle. O’Loughlin (1986) maelifithe index —
In(a/TxTarp) - to include the transmissivity' of a saturated soil profile. Both indices
are used to predict spatial soil moisture patterns.

Derivation of wetness indices requires quantifaabf the representative
topography. Digital terrain analysis (DTA’s) soéive and digital elevation models

(DEM'’s) are commonly employed to quantify basindg@mphy. DEM'’s provide digital
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projection of basin topography. DTA'’s provide arfrework to calculate and analyze
features projected by DEM’s. Some commonly measteatures include hillslope
aspect, slope, curvature, convexity, and conca\igvation is altitude above mean sea
level, aspect is the azimuth angle parallel tostleepest downhill direction, and land
surface slope is the rate of change in elevatidhemx- andy- directions. Convexity and
concavity are used to explain the mean upward engard curvature of the landscape.
Profile curvature describes the concavity or coityeof the hillslope perpendicular to
elevation contours and plan curvature refers tacthreature of the elevation contours.
Mean curvature explains the average curvature tdigj¢o flow lines. Longitudinal
curvature defines curvature normal in the directbaspect and cross-section curvature
describes curvature normal and perpendicular tecispNegative values represent
concavity and positive values indicate convexitydth measures of concavity, convexity,
and curvature. Zero values represent intermedmtes, neither convex nor concave.
The use of wetness indices in distributed moddérsrsome inherent
assumptions on the processes controlling soil ma@distributions at the respective
study location. The assumptions of the indices dr) subsurface lateral flow is the
dominate control on soil moisture distributions;tRe process occurring are at a steady
state — soil moisture at any point in the catchneeitfluenced by lateral flow from the
entire upslope contributing area (Barling et @94). Hillslope analysis of soil moisture
distributions predicted with topographically dedvweetness indices have produced
mixed results (Burt and Butcher, 1985; Moore andripson, 1996; Western et al.,
1999; and Gomez-Playa et al., 2001) and have b@eized for being inappropriate in

semi-arid climates (Grayson et al., 1997; GomexdP& al., 2001). For most of the year
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in semi-arid environments, soil moisture distribuatis controlled by vertical, not lateral,
fluxes and there is no hydrologic connection betwgaints on a hillslope and the
upslope contributing area. In these environméatsral soil water redistribution is
limited to short periods of the year (wet seasongmvprecipitation exceeds
evapotranspiration (Grayson et al., 1997).

Multiple variations of the Bevin and Kirkby (197@)dex have been proposed
(Burt and Butcher, 1985; Moore et al., 1988; Baylet al., 1994; Western et al., 1999;
Gomez-Playa et al., 2001; and Freer et al., 200@hore et al. (1988) found that a
multiple regression approach inclusive of the wesnadex, Ing/Tang), and aspect
improved the prediction of soil moisture spatiatiggon. In a 7.5 ha catchment in New
South Wales, Australia, the study found that theness index alone explained 26 to 33%
of the variation, and the modified index explair@ddto 41% of soil moisture spatial
variation. On a 1.4 ha hillslope in South Devonjteld Kingdom, Burt and Butcher
(1985) found that the wetness index explainedtlems 25% of the variance in depth to
saturation. Modified indices(x plan curvature,a/Tang) x plan curvature, anal$)
improved predictions of saturation depth and skbigeharge. In small semi-arid
catchments in Spain, Gomez-Playa et al. (2001 stige@ted modified wetness indices
that represented seasonal controls on soil moigafterns in burnt and unburnt
catchments. The study found that including aspegaspect >a)/Tang), in the wetness
index improved predictions of soil moisture varlapifrom 29 to 37%, 44 to 49%, and
32 to 38% in burnt areas during wet, intermediate] dry seasonal soil moisture states
respectively. In the unburnt areas removal ofs|dm(aspect &), from the modified

index improved predictions of soil moisture varlapifrom 12 to 66% in the wet state;
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no significant correlation was found in the unbwones for the intermediate and dry
states.

Clearly, the uses of indices to parameterize bitislprocesses require
assumptions and those assumptions may not alwayslicative of the processes
occurring in every climate regime and for all pbgsivariations in basin characteristics.
The advent of DEM'’s and the increased availabditdigital terrain analysis software
have simplified calculations of terrain based wstn@dices. However, there is still
significant uncertainty in the application of sggcivetness indices over varying scales
and climate regimes. Furthermore, research hasu&nated that surface topography is
often a poor predictor of soil moisture patterne@f et al., 2002). Additional
uncertainty exists regarding the scale at whicld filata must be obtained to accurately
model the influence of basin characteristics olslope hydrologic processes. Freer et
al. (2002), Grayson et al. (1997), and Moore etl&91) provide reviews of multiple
wetness index modifications, improved predictivpatality of modified wetness indices,
and trends in spatial data collection requiredxjaan hillslope hydrologic processes
depicted by wetness indices.

1.2.5 Water Balance Approaches in Semi-Arid Envinents

Increasing interests in distributed hydrology medeve brought scale affects of
hydrologic responses to the forefront of water bedahydrologic research. Focused
efforts in this area have been applied to formuatde related concepts and equations
that estimate basin characteristic responses. Bodels are used to simulate average
hydrologic responses at the basin scale and cathrand validation are often based on

lumped hydrologic response (i.e., discharge abtiiket).
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Semi-arid environments pose significant scalentlitas for researchers and
resource managers modeling hydrologic respongée &iasin scale. The water balance
in these environments is dominated by seasonaipien and evapotranspiration
trends, and basin characteristics exhibits sigamficvariability not commonly represented
in hydrologic modeling (Flerchinger, Cooley, Hansand Seyfried, 1998). Common
solutions to these problems include stratified bialyic modeling. Such approaches
break the landscape into disaggregated parcelssmtitar physical and vegetative
conditions (Kattlemann and Elder, 1991). Watenbeés are computed individually for
the disaggregated parcels and the final basin bal@aggregated balance) is computed by
combining the inputs and outputs of the disaggexbateas (Flerchinger et al., 1998).

Flerchinger et al. (1998) compared aggregatedwangded approaches to a water
balance for a 26 ha mountainous semi-arid snow-dat®d catchment in the Reynolds
Creek Experimental Watershed in southwest Idah@.UEhe lumped model assumed
the entire catchment was uniform regarding wateuts and basin characteristics. The
aggregated approach disaggregated the landscapeniits based on vegetation, soil
characteristics, and snow inputs.

Flerchinger et al., (1998) calculated a partialevs@ialance for each disaggregated
unit and an overall water balance by adding togdtggregating) the inputs and outputs
calculated for each disaggregated unit. Precipitaas measured within each landscape
unit and evapotranspiration was estimated usinGth&W (Flerchinger et al., 1996)
model. The water balance for each respective yetaiedwo year study had a
discrepancy of -17 and 55 mm for the aggregatedoagp and 42 mm and 86 mm for

the lumped approach. Flerchinger et al. (1998gathat the largest difference between
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the two approaches for both study years was theefedavapotranspiration and that the
evapotranspiration results identified the inabibfythe lumped approach to recognize
areas where soil water was available for transpmaind areas where soil water
availability was limited by high transpiration rateThe study illustrates the importance
of parameterizing processes that affect basin hydioresponse.

1.2.6 Methods to Measure Soil Moisture

To this point, this introduction has focused oa tieed to parameterize distributed
hydrologic models and has highlighted approachesn@ss indices) and problems with
current methods in parameterizing hydrologic vdealior modeling basin scale
responses. As discussed earlier, soil moistuee@fimany key hydrologic processes in
hillslope hydrology and patterns of soil moisture aften used to assist the
understanding of hillslope responses to precipiteiinputs and evapotranspiration
demands and to calibrate and validate distribuyelidiogy models. There are multiple
methods to collecting soil moisture data, includibpgravimetric sampling, 2) remote
sensing, 3) ground penetrating radar (GPR), ariting) domain reflectometry (TDR).
Each method has positive and negative aspectsdiagaapproach and application.

1.2.6.1_Gravimetric Sampling

Gravimetric samplinghvolves the removal of a soil core and determaratf the
moist and dry weights of the core. The moist weiglobtained by weighing the sample
in the field at the time of sampling; the dry weighdetermined by weighing the sample
in the laboratory after drying it at 105° CelsieG)in an oven. The soil moisture or
wetness is then calculated as the loss in maseafdre resulting from drying.

Gravimetric sampling is cost effective, but there multiple problems with the approach.
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The method is time consumptive (even at the fieldeg due to the large amount of time
required for sampling, weighing the samples, arythdrthe samples in an oven.
Furthermore, disturbance of the core during sarg@imd transport is common and core
volumes are often not representative of the eleangmblume of the surrounding pore-
size distribution (Sherlock, Chappell, and McDohrd00).

1.2.6.2_Remote Sensing Applications

Remote sensing of soil moisture data has becoaneasingly popular with the
advent of global hydrology models used to foreeassystem responses to climate
change. This method employs passive microwavemaeliry or active radar instruments
to map soil moisture over large regions (Huismarers Bouten, and Verstraten, 2001).
Remote sensing applications have low spatial résoland can vary in footprint size
from hundreds of meters to tens of kilometers. [Einge variation associated with this
application results from averaging soil moistureafaility within sensor footprints, not
depicting the detail at the land surface, andrigdly related to topography, microclimate,
tillage, and water use by plants (Famiglietti, D@, Laymon, Tsegaye, Houser,
Jackson, Graham, Rodell, and van Oevelen, 1998)is,Talthough remote sensing
provides a labor efficient method of obtaining sodisture information over large scales,
field scale measurements are still required to igeinformation on the masked variation
within the remote sensing footprint (Famigliettiagt 1999; Huisman et al., 2001;
Huisman, Snepvangers, Bouten, and Heuvelink, 2002).

1.2.6.3 _Ground Penetrating Radar Applications

Soil moisture research using ground penetratingrrhds received much attention

in recent years (Huisman et al., 2001; Huisman. g2@02). Huisman et al. (2001; 2002)
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suggest that there is a “scale gap” in soil moestesearch between the field scale (point,
m?) and the landscape scale (aerial estimates witbtesensing, kfand proposed
using GPR for these “intermediate” scale applicetioGPR can be applied to soil
volumes 0.05 to 20 fand the scale at which the measurement is takezndspon the
antenna frequency and the radar configuration (Harset al., 2002). The method sends
a high frequency electromagnetic ground wave froensburce antenna through the soll
profile and to the receiving antenna. The veloaityhich the wave travels is well
correlated with the soil dielectric properties, efhare strongly related to soil moisture
content (Huisman et al., 2001). The wave traveétis used to estimate the permittivity
of the topsoil and the soil moisture content (vareneeren, Sariowan, and Gehrels,
1997).

Although GPR has applications at the field andrmteliate scales, the approach
is not without complication. The use of GPR regsiithe researcher to know the depth of
the reflecting soil horizon (i.e., depth to a clayer). This often requires drilling, which
is invasive to hillslope hydrologic processes. tkeamore, the theory behind the ground
wave propagation and the depth of its influenamiswell understood (Huisman et al.,
2001). Finally, the set-up time for GPR applicatias longer than that of other methods
like TDR; however, the soil volume of each indivédmeasurement is larger with GPR
than with TDR and other point methods. Thereftrete are trade offs between GPR
and TDR applications. The use of GPR is increasimyGPR research is moving toward
better understanding of the wave theory fundameatiéé approach. The method shows
promise for applications between the landscapdialttior small catchment scales.

1.2.6.4_Time Domain Reflectometry Applicagon
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Time domain reflectometry has become the most widséd technique for
measuring volumetric soil moisture content for nplét reasons: 1) TDR accuracy is
within 1 to 2% volumetric water content, 2) calittoa methods are minimal and often
not required, 3) applications are largely non-degive, 4) radiation hazards are minimal,
4) TDR has excellent spatial and temporal resatyi@md 5) use of the instrumentation is
fairly simple and can be applied with multiplexifay continuous measurements (Jones,
Wraith, and Or, 2002). TDR measures the appam@hdiglectric constanta) and uses
a calibration equation (Topp, Davis, Annan, 1988dieu, DeRidder, DeClerck, and
Dautrebande, 1986) to relda to the volumetric water content (soil moisture teo of
the soil). Topp et al. (1980) demonstrated thaRTdould be used with a single
calibration curve to predict volumetric soil moisticontents over a range of soils and
Jones et al. (2002) demonstrated that the apicati the Topp equation (Equation 1.1)
provides estimates of volumetric soil moisture eomtvithin an estimated error of 0.013
m*/m>. Ledieu et al. (1986) expanded on the work ofprepal. (1980) and calibrated an
equation that measured volumetric soil moistureemrwithin 0.01 iYm?® of the actual
volumetric soil water content.

TDR instrumentation includes a TDR cable testen@f@m generator)
connected via coaxial cable to a multi-rod (2 o08) probe that is inserted horizontally
or vertically into the soil profile (Figure 1.2 he cable tester (TDR100, Campbell
Scientific, Inc., in this study) generates an etsoiagnetic pulse to traverse the length of
the cable and probe. The cable tester interfdosithe user to specify the length of the

cable and probe and then calculates the bulk dredemnstant based on the
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electromagnetic pulse travel time. The dieleatdostant is a function of the propagation

velocity and is related to the soil moisture cohtesing either the Topp et al. (1980),

6 =—0053+ 292107 [(Ka—- 55010 [Ka® + 43[10°° [Ka® (1.1)

or the Ledieu et al. (1986) equation,

6 =0.11383/Ka - 0.1758 (1.2)

Equations 1.1 and 1.2 are relatively insensitivedibcomposition and texture
and have proven results in measuring “liquid” watemtents in soils (Siddiqui, Drnevich,
and Deschamps, 2000; Jones et al., 2002). Joas2002) reports that both equations
provide adequate estimates for soil moisture caster®.5 n¥m?, the range of values
commonly investigated in mineral soil research.wieeer, volumetric water content
values greater than 0.5fm> are common in organic and mineral soils with higty
content. The equations are further limited toinssils with low salinity (Siddiqui et al.,
2000; Jones et al., 2002). Calibration equati@wetbeen developed for TDR
applications where soil clay and organic contentssalinity are high (Siddiqui et al.,
2000).

The minimal intrusive applications of TDR are attiee to researchers given the
ease of use, rapid set-up procedures, and appiigdbicontinuous data collection.
There are some potential limitations to TDR appicces however. Soil salinity and

water content and probe and cable length and defligifect signal attenuation. Signal
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deterioration can occur with cable lengths gretitan 30 m (Jones et al., 2002). Thus,
use of TDR in large study areas may require mafiigld recording stations and require
more multiplexing and data logger equipment, insirggthe costs of the research.

BNC
TDR Cable Tester Connector
(Tektronix 1502B)

!
= ] - [ e -‘\\-:‘} 'g.

Figure 1.2. Example of possible TDR instrumentatin design — cable tester
(waveform generator and output interface), connectin cable, and 3-rod probe
vertically installed in soil column (figure from Jones et al. (2002)).

1.2.7 Time-Stability Analysis of Soil Moisture Bans

Although distributed hydrologic modeling approaglaee becoming more in
demand, the data collection requirements for ¢histed approaches to soil moisture

mapping are often too excessive for resource masagerested in soil moisture
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patterns. Many resource management professioralsrated by time and funding for
equipment and field personnel to collect the rexflistata. Therefore, methodologies for
determining sampling strategies that capture titabls locations (locations representing
mean soil moisture content) are of interest. Tstability soil moisture analysis locates
(through temporal ranking statistics of measuraldnsoisture content) specific parts of
the landscape that continuously exhibit mean soiktare contents regardless of the
seasonal moisture regime (Grayson and Western)1$gh locations provide
researchers and resource managers informationsam &eerage responses without the
requirements of numerous sampling locations.

The time-stability concept was introduced by Vacha&asserat de Silans,
Balabanis, and Vauclin (1985) and suggests thgbdeah fluctuations and soil moisture
contents at certain sites are consistently the semtiee field average for the respective
study area. Kachanoski and de Jong (1988) condltide the underlying assumption - a
linear relationship exists between soil water gjerat successive sampling times across
the respective study area — proposed by Vachaaid @t985) did not accurately depict
scale dependency in soil moisture patterns. Kam$larand de Jong (1988) expanded the
concept with general linear transformations of damgpstatistics and demonstrated that
spatial scale dependency is related to hydrologicgsses operating at different spatial
scales. Kachanoski and de Jong (1988) furthedrtbte not all hydrologic processes are
scale dependent. For example, they found thatsa#r recharge (seasonal wet-up
period) was scale dependent and that soil dryingd(vn seasonal period) was scale

independent.
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Time-stability approaches offer insight into temgdgoersistence of some spatial
patterns, but there is uncertainty regarding whetpecific processes always exhibit the
same scale dependent time-stability (Kachanoskidanibng, 1988). Furthermore,
time-stability approaches have been primarily ledito agricultural terrain and have not
been widely applied to mountainous catchments spttially diverse physical and
biological characteristics (Grant, Seyfried, and\Mmara, 2004). Thus, it is unclear at
which scales and basin characteristics time-stglaipproaches are applicable. Other
common approaches (like geostatistics) to analyzaigmoisture patterns often require
large data sets. Time-stability methods offer @aiteonal approach to studying soill
moisture patterns when data are limited and bdsnacteristics are spatially consistent.

1.2.8 Geostatistical Analysis of Soil MoisturetPats

Geostatistical analyses are commonly used to cteize the spatial variability
of soil moisture and to investigate the variabibfythe processes that control the
distribution of soil moisture over a range of seglérayson and Western, 1998; Western,
Bloschl, and Grayson, 1998a; Western, Bloschl, @rad/son, 1998b; Skaien, Bloschl,
and Western, 2003; and Western, Zhou, Grayson, MoMaBl6schl, and Wilson, 2004).
Such analyses are required for interpretation oftEmil moisture data, estimation of the
basin mean soil moisture content, and for distatutydrologic modeling (Western et
al., 1998a). Western et al. (1998a) provide ofew\of six studies of geostatistical
applications to soil moisture research in smaktioatents.

1.2.8.1_The Variogram
The variogram (Figure 1.3) is the central condegeostatistics and describes the

variability between points as a function of theig ldistance (separation distance between
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points). The variability between points tendsrtoréase with increased lag distance
(points farther from one another are generally $&sslar). This pattern continues until
the variability is stationary (the mean does na@tnge with space); the variogram curve
(Figure 1.3) flattens where the variance beconegosiary.

There are three primary components (Figure 1.8)dovariogram (Bloschl and
Grayson, 2000). The first component, the sill,ickspthe spatial variance of the overall
pattern and represents the variogram value at wheleurve flattens. The second
component is the correlation length (range), a neasf the spatial continuity of
measured variable. The range is the distance loewbich the correlation between
points is minimal and marks the limit of spatiadl@pendence (Webster and Oliver,
2001). Large range values are indicative of snigathrying patterns; short ranges are
representative of erratically varying patterns @ld and Grayson, 2000). Variograms
that increase indefinitely with increasing lag diste posses neither a sill nor a range and
are referred to as unbounded or stationary. Tlggetus the third component of the
variogram and represents the variance betweengpthiat are very closely spaced
together.

The three components are representative of theepses occurring (Bloschl and
Grayson, 2000). The sill represents the spatiadnee in the processes; the range
measures the spatial scale of the processes; amlijget represents the sum of the two
variances due to random measurement errors (n@nrpgget) or due to measurements
too coarse to represent the underlying procesggaant nugget). Non-zero nuggets
indicate there is some variance even between \‘esgly spaced points and may

represent the measurement error in the varianées¢Bl and Grayson, 2000).
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The variogram approach in geostatistics involvesmating the sample
variogram from measured data. The sample variogsanplot of the variances of
differences of the values of data paiysakis) versus their lag distancedxis). Data
pairs are grouped into lag bins and the variantedsn each pair within each lag bin is
calculated. The maximum lag bin in variogram aggilons is generally set to one-half
the maximum separation distance for all data paifse maximum lag bin is set to
reduce the use of lag bins with few data pairsrélaee fewer pairs with greater lag

distances). The sample variogram valyb)j for each laghj) is calculated as

—_ 1 2 A YA
y(h)—(—ZN(h)jDz_(& &) (1.3)

1]

whereN is the number of data pai,andé; are the soil moisture at poiritandj
respectively, and the summation is calculated alleyj pairs in each lag bin (Western et
al., 1998a). The resultant sample variogram is tieed to fit a theoretical variogram
(Figure 1.3) as a smoothing function.

1.2.8.2 Modeling the Theoretical Variogram

The theoretical variogram (population variogramjsed to determine the sill,
correlation length (range), and nugget, if preskmtthe population. There are numerous
models used to fit theoretical variograms (Ole®% WVebster and Oliver, 2001). The
most commonly applied models in soil moisture researe the exponential, spherical,
and power functions (Bloschl and Grayson, 2000the®models commonly used in
geostatistical analyses include the cubic, Gausarash logarithmic functions (Olea,

1999). Model fitting involves visual inspectiorr filne “best-fit” model and statistical
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fitting by weighted least squares. Additional deta model selection and fitting for this

study is included in the methods section of thisuhoent.

------- Sample Variogram

8 - — Theoretical Variogram
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Figure 1.3. Variogram model depicting the samplerad theoretical variogram and
the model parameters (sill, range, and nugget).

1.2.8.3 _Common Pitfalls in Variogram Analyses

Bloschl and Grayson (2000) describe three common pitfagisostatistical
analyses of catchment hydrology. The first occurs vwhemugget of the sample
variogram is nearly equal to the sill and indicates thavénence between closely
spaced points is no different than the variance betwédgyspaced points.
Variograms of this form violate the fundamental assumptiggeostatistics - spatial
correlation is useful for spatial interpolations - and anmeoofise in interpolating spatial

correlation of the variable of interest or the processiwey. The second pitfall occurs
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when variograms are used to transpose processess auales greater than the scale at
which the data was collected. The range of a gaaio is only significant for
interpretation of physical processes if the dateeveellected closely enough to capture
the process scale variability. Variograms withawatearly defined sill, range, and nugget
indicate that the sampling scale is insufficienéxplain the processes occurring. The
third pitfall occurs where the data exhibit anispir (physical processes acting in
preferred directions). Variograms computed fraatadspaced unevenly in tRandy
direction commonly exhibit anisotropy. Most gedtistacal software packages offer
variogram computations that account for anisotrofpiyhe sample data. Variograms
generated from non-anisotropic data are omni-dorat. All three pitfalls can be
overcome by reducing the distance between samjgdaagions or by including auxiliary
data in the analysis.

1.2.8.4 Mapping Soil Moisture Patterns thitolgiging

The advent of geographic information systems (@I8) digital terrain analysis
software has greatly simplified the spatial mapmhgeologic and hydrologic variables.
These computer applications usually offer multgigorithms to estimate values of
unsampled locations based on given values at sdmplghboring locations. Spatial
distributions are usually structured in one of éhpeimary configurations: 1) triangulated
irregular networks (TINs), 2) square-grid networns3) contour-based networks (Moore
et al., 1991). TINs are organized by surface $egoints and form irregular
(triangular) networks of points based on sets, gfandz values. Grid-based approaches
use regular spaced geometric (square, rectangularangular) grids to establish planes

based on sets af y, and equat values. With grid-based methods, an individuahplor



40

cell is bounded by three or four grid points tolth@venly spaced triangular, square, or
rectangular grid networks. Contour methods comdidigitized contour lines based &n
andy coordinates positioned along lines of equzlues.

Computer based mapping requires interpretatiameémpled locations between
known or measured locations and generally assualaswfor locations at one point are
closely related to the values at nearby pointsitheamore, the assumption generally
follows that values for points at one location poerly correlated with values at distant
locations. Kriging (Matherorn, 1963) has beconstamdard method for estimating
values at unsampled locations. The approach usss regression techniques to predict
values for unsampled locations based on measutedsvaf nearby locations and
assumes the variates are not independent. Thes=aeral kriging methods available: 1)
simple kriging, 2) ordinary kriging, 3) universaiding, and 4) block kriging.

Simple kriging requires the mean to be known amstdi@mes second-order
stationarity (mean, spatial covariance, and semanae do not depend uparmnn the
random functior¥(x)) (Davis, 2002). Ordinary kriging follows the sarmssumptions as
simple kriging with the exception that the mearkbewn in advance. The approach
assumes the mean of the variable of interest istaohthroughout the study region.
Universal kriging overcomes the shortcomings ofpgex{imean must be known) and
ordinary (the mean is constant) kriging by allowfogdrift (average or expected value
of regionalized variable within a neighborhood) aesiduals (difference between actual
observations and drift). Kriging programs usingversal kriging estimate and remove
drift to create stationary residuals (krige stadignresiduals for estimating residuals at

unsampled locations) and combine estimates ofuakbdvith drift to estimate the actual
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surface variable. Block kriging is simply an exdem of ordinary or universal kriging to
include an estimate for a discrete area aroundtanpiolation point rather that an
estimation of the value solely at the point. Givea simplification of calculations and
that the mean of the population is rarely knownjrmary and ordinary block approaches
are the most commonly used kriging methods inrsoikture research. More detailed
reviews of kriging methods and equations can badano Olea (1999) and Webster and

Oliver (2001).
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2. STUDY AREA

2.1 Local Setting

The UDCEW (Figure 2.1) is a 0.02 kibasin in the Dry Creek Experimental
Watershed (DCEW). The DCEW (Figure 2.1) is locatethe semi-arid southwestern
region of Idaho, USA, and is approximately 16 kmtheast of the city of Boise, Idaho.
The surrounding area is defined as the Boise Fodtincludes mountainous and
foothills topography. The DCEW is delineated as28 knf northeastward trending Dry
Creek drainage from the 1,000 m elevation at thetjan of Dry Creek with Bogus
Basin Road to the headwaters of Dry Creek near 88gsin. The headwaters of Dry
Creek are located at an elevation of 2,100 metetisa granitic region of the Boise Front.
The perennial creek flows south to southwest frisneiigin to its confluence with the
Boise River west of the city of Boise, Idaho. Tupper 11 km of Dry Creek are within
the DCEW. Shingle creek is the only perennialuti@oy draining into Dry Creek.
Numerous unnamed intermittent tributaries flow iBiy Creek within and beyond the
DCEW boundary.

2.1.1 Climate
Climate in the region surrounding the DCEW resfitisn the opposing Aleutian

Low and Pacific High weather systems. The Aleutiaw controls winter weather and
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delivers cool, moist air from the west and northweéd/inters in this region are
moderately-cold to cold and produce abundant pitatipn in the form of snow in the
highlands and rain in the lowlands. The springsradegins with cool rainy months
followed by drier warming trends approaching themser months. The Pacific High
system dominates the summer period and bringsidfsoan the Pacific Ocean to the
Boise Front. Summers are typically hot and dnhwitcasional thunderstorm events.
The autumn season is typified by clear and warmthsimmediately following summer
and cold and moist months immediately prior tog¢hdy winter season.

There are two meteorological stations located @RICEW: 1) Lower Dry Creek
Research Site (LDCRS), 1,100 m elevation and 2) B™MC1,650 m elevation. Both
stations are monitored by the Agricultural ResoBeevice (ARS) and have periods of
record from 1998 to present. The average annealitation at the LDCRS and
UDCEW are 37.25 cm and 57 cm. Another meteorodgtation is located just north of
the DCEW boundary at the Bogus Basin Snotel Sise, monitored by ARS. The Bogus
Basin site is located at an elevation of 1,930 ohlzas an average annual precipitation
100 cm (1999 — present). Precipitation is greddesember through February and the
average monthly temperatures are greatest in dulyoavest in January.
Evapotranspiration exceeds precipitation duringtrobthe year.

2.1.2 Geology and Soils

The DCEW is located over the Atlanta Lobe of thret@ceous aged Idaho
Batholith. The Idaho Batholith is a granitic irdfon and is associated with the Mesozoic
subduction zone along the western margin of NortieAca. The Atlanta Lobe is 75 to

85 million years old and is approximately 275 kmdand 130 km wide (Johnson,
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Lewis, Bennett, and Kiilsgaard, 1988). The domtmack unit in the DCEW is biotite
granodiorite (Lewis, Kiilsgaard, Bennett, and HaB87). The biotite granodiorite
consists of medium- to coarse-grained rocks, I ligay in color, and is composed of
plagioclase, quartz, potassium feldspar, and 24dbtite (Johnson et al., 1988). The
landscape in the area is typified by moderatelgsttopes, and strongly dissected by
streams. The local soils are derived from weatigeof the Idaho Batholith and are
divided into three general soil taxonomies — Argills, Haploxerolls, and Haplocambids
(USDA, 1997). The soils range from loam to sarain in texture and have high
surface erosion potential. The Natural Resouraes€wation’s soil survey of the Boise
Front (USDA, 1997) provides a more detailed desiompof the soils underlying the
Boise Front region.
2.1.3 Vegetation

Vegetation along the Boise Front varies with elieva geology, microclimate,
soil type, and topography. At lower elevationgsgrand shrublands, ponderosa pine
(Pinus ponderosaand Douglas-firRseudotsuga Menziesorcupy south and west
aspects and Douglas-fir forests dominate northeastl aspects. Upper elevations are
dominated by ponderosa pine and Douglas-fir farestmunities with patches of
lodgepole pineFinus contorta and aspenRopulus tremuloidgs Middle elevations
range from grass and shrublands to open forest conties of ponderosa pine and
Douglas-fir and function as an ecotone betweerségebrushArtemisia spp.and grass

dominated lowlands and more densely forested upland
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2.1.4 Land Ownership and Activity

Land ownership in the UDCW is divided among mudtigovernmental entities
(Boise National Forest — 42%, State of Idaho — &6, Bureau of Land Management —
1%) and private parties (54%). Land use in thénbasludes timber harvest, cattle and
sheep grazing, and recreation activities (dowramtl cross country skiing, hunting and
fishing, hiking, mountain biking, motorcycling, smmobiling, ATV riding, and natural

and cultural study).

2.2 Research Site

This study is restricted to the UDCEW (Figure 2ajtion of the DCEW. The
UDCEW is a 0.02 kihheadwater basin with an outlet located immediaeijgcent to
and west of Bogus Basin Road at an elevation o2 169 The site outlet is marked at
4842066 Northing and 569395 Easting of the UniuéFsansverse Mercator (UTM) grid
system, North American Datum of 1927 (NAD27), asdpproximately 10.5 road km
(along Bogus Basin Road) from the outlet of the DXCEPrecipitation to the basin is
largely in the form of snow (most years), with fueqt snowmelt oscillations in late
winter and early spring. Rain-on-snow events araroon at the site from the late fall
wetting period through snowpack ablation in eadsireg. An ephemeral stream drains
the basin and usually begins flowing in early wiritdlowing development of the
snowpack. Streamflow typically continues througl+to late-spring and concludes

upon completion of snowmelt. Occasional summendeustorms may wet drainage
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lines, but the basin is usually too dry for contina streamflow at any time following late

spring.

2.2.1 Geology and Soils

The underlying geology of the UDCEW is biotite modiorite and is concurrent
with the discussion in Section 2.1.2. A map ofroell topography (Figure 2.2) has been
constructed based on soil depth estimates atddtyen points along a 10 x 20 m grid
(herein defined as the study grid and sample lonajiin the UDCEW. Soil depth
estimates were made at each sampling location itiigaky pounding a metal rod
through the soil horizon to refusal. Based onfifite seven measurements, the mean soil
depth for the basin is approximately 0.46 m (raisd®3 to 1.2 m) with the greatest and
lowest depths at mid- to lower and upper-middlagper slopes respectively.

The soil texture at the site was investigated bgR6e(2003). Yenko (2003)
performed a sieve analyses (Table 2.1) on soil gt 8 to 70 cm depth at one location
in the UDCEW and characterized the soil textura aandy loam (72% sand, 20% silt,
and 8% clay) with a weathered C horizon along thet®drock interface. The average
porosity for the site is 0.38 (Yenko, 2003). Adufital soil samples from fifty-seven
sampling locations along the study grid were exaahifor this thesis. Sieve analysis of
those samples examined the percentages of theed@a2s00 mm), sand (< 2.00 mm and
> 0.05 mm), and fine (< 0.05 mm) grain fractiod$e results of that analysis are shown
in Appendix A and Figure 2.2.

Field observations from this study have identifgethin clay layer at the base of
the soil column immediately above the soil-bedrimt&rface. This layer was observed at

all soil sampling locations but varied in thicknésslocation. The thickest clay layers
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Table 2.1. Grain size distribution, wilting point, and field capacity for soils at the
UDCEW as measured and reported by Yenko (2003).

Wilting Field
Soil Depth] % SAND | % SILT | % CLAY Point | Capacity | Porosity
0-8 cm 77 16 7 0.07 0.16 0.38
8-26 cm 76 16 8 0.08 0.17 0.39
26-54 cm 74 17 9 0.08 0.18 0.4
54-70 cm 78 15 7 0.07 0.16 0.3§
70+ cn Granite

were noted where soil depth was greatest (centréibp of the basin and immediately
south of weir one and west of weir two) (Figure)2.Ridge locations, upper slopes, and
topographic rises between seep channels typifgahaesest and shallower soils in the
UDCEW. The majority of surface rock resides in tleetheastern most portion of the
basin and along the eastern boundary, and thergageeof sand in the soil profile is
greatest immediately upslope of the seep channetipns in the upper third of the basin
(Figure 2.2).
2.2.2 Vegetation

The UDCEW is located in a vegetation transitione¢ecotone) between the
grass and shrub-lands and the forested regiotedd€CEW. The primary vegetation
community includes sagebrush, forbs, grasses, @ittesed ponderosa pine and
Douglas-fir trees; the vegetation community is sifeesd as sagebrush-steppe. There are
nineteen trees on the site, seventeen of which@rderosa pine. Only ten of the trees
have a diameter greater than 13 em5(in) and only six have diameters greater than 50
cm (& 20in). The average crown width and crown hegjtihe six largest trees are 12.8

m (= 42.0 ft) and 16.6 nm~( 54.5 ft) respectively. During fall and wintetasens the
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average percent live canopy cover is approxim&®dy Live canopy cover averages

approximately 35% and 45% for the spring and sunseasons respectively (Figure

2.3).
Soil Depth (m) Percent Coarse

1.20 41

36
1.00

31
0.80

26
0.60

21
0.40 16
0.20 11

Percent Sand Percent Fine

83

10
78
73 8
68

6
63

4
58
53 2

Figure 2.2. Observed soil depth and percentages obarse (> 2 mm), sand (< 2.00
mm and > 0.05), and fine (< 0.05 mm) soil fractionat the UDCEW.
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Percent Cover
Summer

Percent Cover
Spring

Figure 2.3. Distribution of live plant foliage (p&cent cover) observed at the
UDCEW during the spring and summer seasons.

“Greening” up of the site generally begins in mididh depending on the timing
of snowmelt and the consistency of spring rain &eiarly spring season forbs and
grasses reach heights of 7 cm by late march and $éaves begin budding by early
April. By late April grasses reach approximate$ycin in height and overall canopy
cover increases beyond 20%. By late May grassi®e aite are approximately 25 cm in
height and shrub cover nears its maximum. Plavmerceaches its maximum in mid-
June before some species begin senescence.

Spence (1937) classified root systems for fiftg@es in the Boise River
Watershed, southwestern Idaho. The classificatystem divided plants into four
groups based on physical characteristics of thesggiems. The same classification
scheme was used in this study to group plant spatithe UDCEW for later analysis and
provides a functional grouping for plants at the §rable 2.2). Spence (1937) grouped
the plants as having a fibrous, semi-fibrous, sepieot, or taproot network and the

descriptions that follow are from that study. R$ain the fibrous group had densely
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organized fibrous roots in the upper 3 cm of thetkat spread laterally and downward
to 40 cm depth. Roots in the semi-fibrous groupsesied of 5 to 50 laterals from short
(1 to 8 cm), horizontal tuberous roots and spréatb40 cm horizontally and 40 to 190
cm downward. Root systems in semi-taproot plaotsisted of tuberous to fibrous
networks extended from a 50 to 80 cm downward gngwaproot. The taproot group
consisted of species with single or forked tapsystems. Roots from these species
extended to depths of 200 cm and contained numdéaiterals along the main taproot.
Spence (1937) considered root structure and fumatiore so than rooting depth as a
grouping method. Estimated representation of gastp at UDCEW in terms of percent
live canopy cover for the fall and winter seasamsas follows: 0% fibrous, 2% semi-
fibrous, 2% semi-taproot, and 5% taproot. Durimg $pring season the respective
canopy coverage representations are 7% fibrousesti-fibrous, 10% semi-taproot, and
12% taproot. Summer live canopy coverage incldd8s fibrous, 6% semi-fibrous,
14% semi-taproot, and 15% taproot plants.
2.2.3 Topography

The UDCEW trends northwest to southeast with thesast outlet oriented at the
southeastern end of the basin (Figure 2.1). Thabapresents all possible aspects and
encompasses land surface slopes of 20 to 40 dg@®és 80%) over mostly concave
and convex angles (Figure 2.4). The basin hasrae ephemeral channel with five
connecting seep channels. For description, tha ldivided into three approximately
equal portions. The upper (NW) third contains¢hannel head and is much less

confined and more dissected than the middle thitilslope lengths (from ridge to slope
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base) in the upper third of the basin are 60 tm7b length and are much longer than the
hillslopes lower in the basin. The stream gradierhe upper third is approximately

26% and is greater than the middle third of therbaslillslope topography in the upper
portion consists of steep convex and concave aifgigsre 2.5). The middle third of the
basin is confined by steep convex northeast anthe@st facing slopes. Slope lengths
in this portion of the basin are approximately d%50 m. Stream gradient in the middle
third is approximately 16%, the lowest for the enbasin. The lower third of the basin
starts and extends beneath the middle weir. Tdvisom of the basin opens
topographically to the west and remains confinedhfthe southwest by a moderate to
steep hillslope averaging 55 m in length from ritlgstream. The stream gradient in this
portion of the basin is approximately 26%.

2.2.4 Instrumentation

The UDCEW is one of several meteorological momigptocations in the DCEW.
In collaboration with the Agricultural Research 8ee (ARS), a meteorological station
was installed in 1999. The station measures aipé&sature, wind speed and direction,
relative humidity, solar radiation, precipitatiail moisture, soil temperature, and snow
depth. Shielded and unshielded weighing bucke¢gage used to measure precipitation
in fifteen-minute intervals. The gages are mouri&dmeters above ground on posts just
downslope from a ridge location in the southwespamriion of the basin (Figure 2.1).
Volumetric soil moisture content and soil temperatat the station are measured hourly
at 5, 15, 30, 45, and 65 cm depths using Campbgdh8fic water content reflectometers
and thermocouples respectively. Snow depth is areddy a Judd sonic depth sensor

located mid-slope on a northeast facing aspectthearenter of the basin. Additional
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Aspect (degrees)

Slope (degrees)
40

35

Distance to
Slope Divide (m)

Topographic
Wetness Index

Figure 2.4. Topographic attributes of the UDCEW. The distance to the slope divide
is the perpendicular upslope distance to the mostimediate slope divide, and the
topographic wetness index (dimensionless) is calatéd as the Bevin and Kirkby
(1979) topographic index.

TDR probes and tensiometers are horizontally itestadt multiple depths in twenty
locations (spaced along the hillslope from streamidgetop) in four transects on

northeast and southwest facing slopes (Figure ZZDR and tensiometers in these
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Convexity

. . Concavity
3

Plan Curvature _— Profile Curvature

Figure 2.5. Curvature and convexity (both are dimasionless) represented by the
topography at the UDCEW. Plan curvature representshe contour curvature and
profile curvature depicts the slope profile curvatue. Negative values represent
concavity and positive values indicate convexity fall measures of concavity,
convexity, and curvature. Zero values depict intemediate zones, neither convex nor
concave.

locations record soil moisture and soil pore-watesssure in hourly intervals. Data from
the meteorological station, TDR, and tensiometerdagged on Campbell Scientific

CR10X data loggers. Overland flow collection taaks installed on a northeast facing
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slope in the southwestern portion of the basiner@wd flow has never been observed at
the site. Streamflow at the site is monitorechege weir locations (Figure 2.1) using
capacitance rods. The capacitance rods are fréguwatibrated using the “v-notch”

weirs. Spatial near-surface soil moisture measeangsmare recorded manually at various
times along a basin wide 10 x 20 meter grid usipgréable Campbell Scientific TDR

100 and wave content reflectometer.

2.2.5 Meteorological Data

2.2.5.1 Precipitation

Precipitation at the UDCEW occurs predominatelg@s season rain and snow
events. The site is characterized by a winter-lemgvpack most years. The wetting
season typically begins in early September (falt) eontinues into December. Snowfall
commonly begins in January (winter) and continugd mid-March. Rain-on-snow
events are common at the site during late falleartly spring (March) and during warm
winter weather patterns. This study used metegrcdd data from the October 2003 to
October 2004 period, referred to herein as the /2008l water year. Precipitation during
the 2003/2004 water year was 72.7 cm with 42.7%984) falling as rain and 30.0 cm
(41%) falling as snow. Precipitation during thedst water year is summarized in Figure
2.6. Snow depth and snow water equivalent (SWE#gweeasured along the study grid

at the time of basin average maximum snow depthaaadepicted in Figure 2.7.
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2.2.5.2_Temperature
Air temperature at the UDCEW meteorological stafior the study period
fluctuated from 28.3C to -11.6°C. The mean recorded temperature for the 2003/2004
water year was 8.8C. The data are summarized in Table 2.3 and Figu8e The
maximum monthly temperature occurred in August@4£and the minimum monthly

temperature occurred in January of 2004.
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Figure 2.6. Precipitation and air temperature by nonth as recorded at the UDCEW
meteorological station between October 2003 and Gatier 2004.
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Figure 2.7. Snow depth and snow water equivalent@asured at the UDCEW at
time of basin average maximum snow depth.

Table 2.3. Monthly average, maximum, and minimumemperatures recorded at
the UDCEW meteorological station during the 2003/24 water year.

Temperature (°C)

Month Mean Maximum Minimum
October 2003 12.57 21.79 -3.64
November 2003 -0.42 8.40 -9.21
December 2003 -0.25 7.16 -7.79
January 2004 -3.21 5.55 -11.62
Februray 2004 -2.10 6.21 -9.29
March 2004 6.03 14.19 -2.96
April 2004 8.44 16.89 0.56
May 2004 10.27 19.58 1.65
June 2004 16.86 24.99 7.58
July 2004 22.77 27.94 15.04
August 2004 20.82 28.29 10.02
September 2004 14.62 22.26 5.88

2003/2004 Yes 8.8¢ 28.2¢ -11.62
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Figure 2.8. Air temperature observed at the UDCEW?rom October 2003 to
October 2004. Mean temperature is represented byé solid black line.

2.2.5.3 Evapotranspiration

Evapotranspiration is not recorded at the stutty dicNamara, Chandler, and
Seyfried (2005) reported evapotranspiration eseésiat 41.5 cm for the UDCEW based
on a water balance study using the SHAW model ¢Rlager et al., 1996). Estimates for
the 2003/2004 year were calculated for an aggrdgagger balance analysis of the study
basin and are presented in the results sectidmfeport.

2.2.6 Flow Components

2.2.6.1 Streamflow

Streamflow at the UDCEW is recorded at three \emiations (Figure 2.1). The

upper weir (weir 1) is located centrally in the diglthird of the basin approximately 55
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m downstream of the main channel head. The miadie (weir 2) is located
approximately 25 m downstream from the upper wed @arks the beginning of the
lower third of the basin. The lower weir (weiri8)located approximately 16 m upstream
from the outlet and 45 m downstream from the midader. Streamflow is recorded in
fifteen-minute intervals at each weir using caawe rods.

During the 2003/2004 water year surface water fitgtdled in the channel above
the upper weir and disappeared approximately 2rntoupstream from the middle weir.
Streamflow began at the upper weir on tlize2ember 2003, but was intermittent until
consistent flows developed in late December. Stfleav at the middle weir intermittent

until 19 December 2003. Streamflow at the loweir was intermittent until early

150 — Lower Weir
125 —— Middle Weir

Upper Weir
100 "

Streamflow (L/min)
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25-Dec-03-
09-Jan-04
24-Jan-0
08-Feb-04-
23-Feb-04-
24-Mar-04 -
08-Apr-04 |y
23-Apr-04 -
08-May-04 -
23-May-04 -
07-Jun-04
22-Jun-04

Figure 2.9. UDCEW measured streamflow at the uppemiddle, and lower weirs
during the 2003-2004 water year.



61

January when consistent flow occurred throughhadlé weirs. Typically, the lower weir
is the last station to start recording streamflawirty the fall wetting period.

A hydrograph depicting streamflow for the 2003/20@ter year is shown in
Figure 2.9. The 2003/2004 water year was indieabiva winter-long snowpack at the
site. The snowpack was completely melted by 30cki@004. At the conclusion of the
snowmelt streamflow continued above the upper wisgppeared 2 m downstream of
the middle weir, and resurfaced midway betweemttuzlle and lower weirs. Seep
channels upstream from the upper weir were satlieatd puddled. By 02 April 2004,
streamflow occurred between the upper weir and@a several meters upstream from
the middle weir and resurfaced at the lower waiulgh the outlet. Streamflow ceased
at the site in mid-April 2004.

Streamflow beyond mid-April occurred following prneitation events and
followed a particular pattern. Late season stré@ambccurred mostly between the upper
and middle weir locations. Seep channels abovepper weir were saturated, but not
flowing, following precipitation events. Dependiog the intensity and frequency of
events, streamflow would occur from the upper weseveral meters upstream or
downstream of the middle weir, disappear belowstinéace, and then return at weir one
through the outlet. By late June the stream cHamag dry at all locations in the basin.
For the 2003/2004 water year, peak discharge ewetit® basin occurred in late
February, late March, and May of 2004 and corredpoesll with snowmelt (February

and March) and rainfall events (May) during theryea
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2.2.6.2_Soil Moisture

Soil moisture at the site is monitored at the mretidgical station and along
several transects. The patterns discussed hesslatg based on soil moisture data from
the meteorological station and exclude data froenltBR transects and the spatial near-
surface measurements discussed earlier. Datath®@TDR transects and spatial near-
surface measurements are presented in the resatisrsof this report. The 2000/2001
water year soil moisture profile from the meteogital station (for 5, 15, 30, 45, and 65
cm soil depths) is shown in Figure 2.10. Soil mows data from the meteorological
station for the 2003/2004 water year are not cotaglae to instrument malfunction.

The 2000/2001 water year is representative of ans@e water year at the UDCEW.
During the summer months soil moisture in the reeaface environment (5 to 30 cm)
remains constant at 0.05 to 0.08mr, and soil moisture at depth varies from 0.08 to
0.10 n¥/m®. Summer precipitation events occur mostly aseptilsnderstorm events and
have little effect on the soil moisture at the .sikdost of the summer precipitation at the
site is lost to evapotranspiration.

As the fall wetting period begins, frequent raireets begin increasing soil
moisture in the near-surface environment. Soilstuwe from 5 to 30 cm depth increases
rapidly and reaches 0.15 to 0.2%mr’. Soil moisture deeper in soil profile (30 to 66)c
remains constant at 0.05 to 0.08m water content.  Increased surface soil moisture
raises the potential for infiltration to depth. ilSooisture at depth exhibits a delayed
increase when compared to the near-surface enveonnifter the initial delay, soil
moisture at 45 cm depth rises sharply to 0.1518 &¥/m°. Soil moisture at 65 cm

depth rises more gradually from 0.15 to 0.2%mmi as the winter snowpack develops.
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Figure 2.10. Soil moisture content at 5, 15, 3054and 65 cm soil depth for the
2000/2001 water year as recorded at the meteorolagi station in the UDCEW.

During the late winter months, soil moisture stiab# with near-surface slightly
greater that soil moisture at depth. In springid@nowmelt and pulse rain-on-snow
events increase soil moisture at all depths. Asmser approaches soil moisture contents
in the near-surface begin to decline sharply duedoced water input and increased
evapotranspiration demands. A switching occuthénmoisture contents in the soil
profile. Soil moisture is greatest at the deepestions of the soil profile and lowest in
the near-surface environment (Figure 2.10). Asmanprogresses, soil moisture

continues to drop sharply at all depths and siasilat contents of 0.05 to 1.6/m’ at

depth and 0.03 to 0.08%m? in the near-surface.
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2.2.6.3_Groundwater

McNamara et al. (2005) closed a water budgetifetdDCEW based on recorded
data from 2000/2001 water year and evapotranspiraind deep percolation predictions
using the SHAW model (Flerchinger et al., 1996he BHAW model estimates a
DeepPerccomponent of the water balance. ThsepPerccomponent is calculated
(using a darcian flux) as water lost to verticatpl@ercolation in the soil profile
(Flerchinger et al., 1996). Tl@eepPerccomponent calculated for the 2000/2001 water
year was 18.8 cm (McNamara et al., 2005). Disousseyond the general estimation of
deep percolation is reserved for the results sectidhis report.

2.2.7 Previous Research

2.2.7.1 Dry Creek Experimental Watershed WRbtance

McNamara et al. (2005) calculated a water baldoicthe UDCEW using the
SHAW model (Flerchinger et al., 1996). The modshhbces water input and output by
calculating precipitationR); interception NT); evapotranspiratiorT); the change in
storage relative to the cano@S{anopy, SNOW §Ssnow), residue §Sesiaud, and soil §Ssoir);
water lost to pondingRonding; surface runoffRunof}; and water lost to vertical deep
percolation into the soil colum®éepPergy. The daily water balance equation is:

P — INT — ET- 0Scanopy- 0Ssnow= 0Stesidue- 0Ssoil — Ponding — Runoff —
DeepPerct Error =0 (2.1)

McNamara et al. (2005) assumed, based on fieldreasons, that thBeepPerc
component for the UDCEW constitutes water lossegaandwater and a lateral flow
component at the soil-bedrock interface. Flow gltive soil-bedrock interface is a lateral

flow source along a variable low permeable clagtat the base of the soil profile. The
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study substituted a bedrock floBF) component foDeepPerdn the daily water
balance equation and calculatd as:

BF = GWbut + Lout, (2.2)
whereGW,, is water lost to groundwater ahgl,; is lateral subsurface flow. The results
from the balance approach are summarized in Tallle 2

Table 2.4. SHAW calculated water balance for the@0 water year in the UDCEW
(McNamara et al., 2005).

Variable Value (cm)

Precipitation 56.8
ET 41.5

Storage in Canopy 0.0

Storage in Snow 0.0

Storage Residue 0.0
Bedrock Flow 18.8
Streamflow 14.3
Error -3.3

2.2.7.2_Streamflow Sources

Yenko (2003) used hydrometric and geochemical iaitavestigate the flow
sources contributing to streamflow in the UDCEWheTtudy examined the chemical
signature of precipitation, snowmelt, soil watdrgldow — 30 cm, deep — 60 cm), and
streamflow in the basin and used hydrograph separatoncentration-discharge
relationships, and end-member-mixing-analysis (EMNtAquantify flow sources in
basin. Concentration-discharge relationships ({€@@ul1) explore changes (hysteresis
effects) in solute concentrations at given discaesrgyenko (2003) identified a
“‘dominant” counter-clockwise hysteresis loop andrion” clockwise loop in the

concentration-discharge relationship between stileanand streamwater silica
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concentration. Yenko (2003) suggested that thateniclockwise loop indicates that a
freshwater source (i.e., precipitation) contributesarly event flow (early streamflow)

and that a more concentrated (greater silica) sofite, soil water) contributes to later
event flow (late streamflow).

The study further examined streamflow sources tiinaihydrograph separation
of old (pre-event) and new (event) water sourcesspring snowmelt event. The
analysis found that 59% of streamflow during snovnwas from event water (new
water in the basin), and that pre-event water (ohdeer in the basin) represented 41% of
the streamflow during the snowmelt event (Yenko300renko (2003) used an EMMA
approach to further study flow sources for the smel event and hypothesized that an
unsampled silica source must contribute to streasngdiince chemistry from deep soil
water, shallow soil water, groundwater, and snowic@lld not explain silica
concentrations in streamwater. Yenko (2003) asduimesilica source to be from the
soil-bedrock interface (weathered in place grar@tisoil horizon) and proposed a
hypothesized chemical end-member representatitteecfoil-bedrock source (assumed
silica concentration increased with depth).

Water geochemistry analysis was used to furthearsgp the components of the
streamflow hydrograph and found that 65% of stré@mtiuring snowmelt was from
event sources and that soil water and the hypabesioil-bedrock interface sources
contributed 7% and 28% of the flow respectivelyrike, 2003). Yenko (2003)
summarized that water discharge in the basin ismdadly variable in the cold season
and that flow sources in the basin are dependerbibmoisture conditions. The study

further noted that field observations and soil mo&s sensors (from mid-slope locations
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in the center of the basin) indicate that the gfile in the basin remains unsaturated
throughout the year.

Yenko (2003) concluded that the timing of streamflmitiation in late fall,
cessation in early spring), duration of streamflamwg the water balance (McNamara et
al., 2005) all suggest that streamflow in the basicomposed entirely of cold season

precipitation. The study furthers concluded that SBHAW water balance (McNamara et
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Figure 2.11. Counter-clockwise hysteresis loop (noentration decreases on rising
limb of hydrograph) in a concentration-discharge réationship observed by Yenko
(2003) at the UDCEW. The relationship would be resrsed for a clockwise loop
(concentration increases on the rising limb and deeases on the falling limb).
Figure from Yenko (2003).

al., 2005) demonstrates there is no regional gnoatet input required to quantify

streamflow in the basin. Yenko (2003) proposedélpossible explanations for the silica

source contributions to streamflow:
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» Alocalized subsurface saturated zone develogsemasin during the cold-
season;

= Soil water in the analysis was not representatibebasin overall, an additional
unsampled source of soil water exists elsewhetiearbasin; and/or

» Formation of a localized reservoir in the fractugednitic bedrock contributes to
streamflow during precipitation events.

2.2.7.3_Hillslope Connectivity

McNamara et al. (2005) used hydrometric field obsgons, combined one- and
two-dimensional flow models, and in-stream chemiaders to develop a conceptual
model of hillslope hydrologic connectivity and tbentrols on streamflow initiation and
cessation in the UDCEW. The study used hydromdtta and the one-dimension (1D)
SHAW (Flerchinger et al., 1996) model to calculateater balance for the 2000/2001
water year (Table 2.4). The SHAW output includesdpction of soil moisture at various
depths in the soil profile. Model results and nueed soil moisture data were used to
define five “preferred” soil moisture states in ttechment: 1) a dry period (summer),
2) transitional fall wetting period (wet-up), 3mdlux wet period (winter), 4) high flux
wet period (spring), and 5) transitional dryingipdr(drydown) (late spring to early
summer) (McNamara et al, 2005). The study suggdkatdransitions between the
periods are the result of water balance fluctuatiarrain, snow, snowmelt, and
evapotranspiration and that hydrologic transitibasveen the dry and wet periods are
not simultaneous with switches in vertical andraitéillslope hydrologic controls
(Grayson et al., 1997) commonly reported for sent-eimates (McNamara et al.,

2005).
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Grayson et al. (1997) proposed that throughfloseimi-arid landscapes switches
from vertical to lateral flowpaths as soil moista@nditions transition from a dry to wet
state (due to increased water delivery, i.e., ediindnd that the switch in flowpath
direction and transition in soil moisture statewcsimultaneously. McNamara et al.
(2005) show that this is not the case for the UDC&W that a lag in water delivery from
the snowpack during the cold season lengthensdhsition from dry to wet state.
McNamara et al. (2005) indicate that the transifrom the dry to wet state in the
UDCEW results from a shift in the balance betweeilable precipitation and
evapotranspiration demands and that the timingestitch is correlated with elevated
soil moisture contents as the site progresses tinentow flux to high flux wet period.

Stieglitz, Shaman, McNamara, and Engel (2003) megdhe concept of a dry
connectivity barrier to hydrologic switching fronertical to lateral flowpaths.
McNamara et al. (2005) evaluated the potentiatifgrpocket connectivity barriers at the
UDCEW and proposed that such hydrologic barriefta@mce the switching from
vertical to lateral flow at the site. The studyestigated vertical and lateral flow
switching mechanisms by combing the 1D water baamth a two-dimensional (2D)
hillslope flow model, HYDRUS2D (Simunek, Sejna, arah Genuchten, 1999).
Snowfall from the water balance was amended teesgmt rainfall in the 1D model and
was used to simulate humid flow conditions usingllRUS2D. The amendment of
snowfall to rainfall was used to simulate waterutgpdirectly to the soil surface rather
than to winter long storage in the snowpack. Mclenet al. (2005) hypothesized that
the snowpack slows delivery of cold season preatipi to the soil profile and may lead

to development of dry soil connectivity barrieResults from the 2D rainfall amended
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model produced a rapid delivery of soil moisturéepth in response to rainfall input;
this pattern is in contrast to observed more griadielasery of water from the snowpack
to deep soil layers (McNamara et al., 2005). Theifgs suggest the snowpack stores
potential soil water during the winter low flux sea and that the subsequent release of
water during snowmelt may wet-up dry soil pockatieas and facilitate hillslope
hydrologic connectivity (McNamara et al., 2005).

McNamara et al. (2005) characterized the soil moéspatterns and subsequent
controls on vertical and lateral fluxes using tleéirted soil moisture periods indicative of
change in water input and evapotranspiration. stiremary of the soil moisture periods
herein are from McNamara et al. (2005). Soil mosduring the summer dry period is
stable and remains around 0.05 to 0.G7wh During this period, evapotranspiration
exceeds precipitation, vertical fluxes dominate] e streambed remains dry. This
period is consistent with the “dry” state defingd®rayson et al. (1997) (McNamara et
al., 2005). The fall wetting period begins whelhfains wet-up the soil profile. Vertical
fluxes still dominate and the soil profile wetstapidly. Precipitation exceeds
evapotranspiration during this period and the wgttront progresses to the soil-bedrock
interface once field capacity is reached in the+se&aface environment. Soil moisture in
the near-surface is erratic during this period uuctuating rainfall inputs. As the fall
season progresses to winter, precipitation chateggsowfall and water input into the
soil profile is reduced. Soil moisture contentshia near-surface stabilize, marking the
beginning of the low flux wet period. McNamaraakt(2005) suggest that if the low flux
season occurs early enough in the fall deep sckgts may remain “relatively” dry

during most of the winter season.
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The winter wet — low flux — season is similar te thvet” state defined by
Grayson et al. (1997) with the exception that watputs are limited by the persistent
snowpack (McNamara et al., 2005). Precipitatioceexls evapotranspiration during this
period, but the availability of water is limited bye snowpack energy balance. Soll
moisture contents during this period are largeg¢yrésult of the precipitation type.
Vertical fluxes still dominate the flow of watertugh the soil profile. Lateral
subsurface flow along the soil-bedrock interface/ mecur where shallow soils exist, but
hillslope connectivity is likely limited by dry dgbockets in deeper soil profiles at mid-
slope locations in the basin (McNamara et al., 200%wus, upper and lower slopes
remain unconnected hydrologically. During thisipey streamflow typically begins
upstream from the upper weir (Figure 2.1) and $$ 1o the subsurface just upstream of
the middle weir. McNamara et al. (2005) suggest the losing stream contributes to a
near-stream saturated wedge between the streaombaitd the soil-bedrock interface.

The spring wet — high flux — period develops asrw&mperatures ripen and
melt the snowpack. The rate of water input incesaapidly and the site typifies the
“wet” state defined by Grayson et al. (1997). Wateuts greatly exceed
evapotranspiration and the controls on subsurfage $witch from vertical to lateral
fluxes. Streamflow during this period corresponddl with the rate of water input into
the soil column (McNamara et al., 2005). Soil mis at depth is at field capacity
during this period and lateral flow along the dmdrock interface occurs. McNamara et
al. (2005) note two key observations during thisqee cation concentration in
streamflow increases dramatically; streamflow osc¢brough the entire basin (no longer

is lost between the middle and upper weirs). Thdyssuggests that hillslope
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connectivity develops in this period and that th@eéased cation concentration in the
stream indicates a new source of streamwaterylikei the saturated wedge developed
during the previous hydrologic period (McNamaralet2005). These findings are
consistent with the increased silica concentrateported for the early portion of the
falling hydrograph (Yenko 2003). The final perisdhe late spring drying period and is
marked by the final snowmelt event. Soil moistaréhe near-surface declines and
evapotranspiration rates exceed water inputs.aiitew continues as deep soil layers
drain stored water from the previous period. Mcldearet al. (2005) note that
streamflow and flow along the soil-bedrock intedaease as mid-slope soil profiles dry
out and that the ion concentration in streamwatéigh through the remaining falling
limb of the hydrograph.

In summary, the findings of McNamara et al. (20€&)cur with the chemical
analysis by Yenko (2003). Both studies note in&esan ion concentrations following
the onset of streamflow and that streamflow ioncemtration remains high through the
falling limb of the hydrograph. Both studies susfghat a source other than event flow
and regional groundwater contributes to streamtfter the onset of snowmelt
(McNamara et al., 2005). It is proposed here Ibio#h studies lack spatial examination of
the basin and are limited by the use of data fremdampling locations. However, both
studies incorporate substantial basin-wide fielgerbations and concur regarding
sources of streamflow in the basin. This thessepdo add greater spatial extent to the
examination of hillslope hydrology in the UDCEW atadbuild on the conclusions

defined by Yenko (2003) and McNamara et al. (2005).
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3. METHODS

It is hypothesized here that streamflow initiataord cessation in the UDCEW is
controlled by seasonal fluctuations in soil moistpatterns. This study proposes
investigation into spatial and temporal patternsaih moisture and into the controls on
those patterns using TDR measurement techniquesudosgquent time-stability,
standard and geostatistical, and soil moisture mgppplications. TDR was chosen
based on the ease of its application, minimal catiibn requirements, and minor site
disturbance benefits. Given the uncertainty oetstability research applications to
semi-arid mountainous basins, time-stability metiogy was combined with standard
and variogram statistical techniques to investigate parameterize the controls on soil
moisture distributions in the UDCEW and to infee fhrocesses controlling streamflow
initiation and cessation. Ordinary block krigingswselected for the mapping
applications given the need to predict soil mosstarmultiple discrete areas between
sample locations and the mean was unknown. Rdsuoittsthis study were compared
with previous UDCEW studies and field observatitmexplain the overall governing

hillslope processes occurring in the study basin.
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3.1 Site Characterization

The study site was selected to coincide with agdidi scientific investigation into
streamflow generation and cessation along the Beaiset. The UDECW is subject of
multiple ongoing hydrologic studies and is welltrasnented (see discussion in section
2.2). The site has been characterized in prewstudies (Yenko, 2003; McNamara et al.,
2005), but this study provides the most expangpatial explanation of the site physical
and biological characteristics. A 10 x 20 m stgdy (57 sample locations) was
established at the UDCEW specifically for this st@Bigure 2.1). The site topography
was surveyed using a Topcon Total Station and A&y points. The site
characterization that follows is based on analgEife total station survey and physical
and biological data recorded at each point alorgthdy grid.

3.1.1 Terrain Analysis

Analysis of the controls on soil moisture and dleeivation and testing of terrain
and wetness indices required quantification ofdbé&gpography. Data from the site
survey were used to create a DEM (Figure 2.1)HferdDCEW. Elevation, aspect, and
land surface slope were obtained using the siteeguroted above and are shown in
Appendix A. Elevation was measured as the altinlateve mean sea level, aspect was
recorded as the azimuth angle, from 0 to°3@@rallel to the steepest downhill direction,
and land surface slope was defined as the rateawfge in elevation ir- andy-
directions. Digital terrain analysis software (daerf, 2.1 [Wood, 1996]) and the site

survey DEM were used to quantify land surface caityeconcavity, and profile, plan,
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mean, longitudinal, and cross-section curvaturep@xalix A). The program uses zero
(elevation), first (slope and aspect), and secoddrdifferentials (curvature and
convexity) to calculate topographic changes aldregandscape; a detailed explanation
of the algorithms is presented in Wood (1996).

The topographic wetness indices (Bevin and Kirk®79) and upslope
contributing areas for the land surface were catedl using TauDEM (Tarboton, 2003).
TauDEM is a digital terrain analysis software paogrthat interfaces with various
geographic information systems (GIS). The proguses the “Dinf” (D-Infinity)
(Tarboton, 1997) approach to determine the steemsatslope direction in a planar
triangular facet on a block centered grid for epictel in the DEM (Figure 3.1). The
steepest downslope direction determines the flowfmathe pixel and defines the
direction of upslope contributing area. The upslapea is then determined by pairing
upslope pixels with correlated downslope flow dil@ts. Tarboton (1997) provides a
detailed explanation of the “Dinf” approach ancegiew of the improvements “Dinf”
offers over previous methods of calculating upslopetributing areas.

3.1.2 Quantification of Observed Vegetation

Vegetation at the site was quantified to assesd hfluence on soil moisture
patterns. Percent cover was determined by estigm#te percent live canopy cover of
each plant observed in a 100 x 70 cm rectangutdrceitered over the sample location
(Daubenmire, 1959). Sampling occurred during tireng, summer, fall, and winter
periods to determine seasonal fluctuations in gregnt live canopy cover. Plants

observed at the site were grouped by root formr{&pel937) for later analysis. Root
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Figure 3.1. Block centered diagram illustrating tle “Dinf” approach defined by
Tarboton (1997). Figure is modified from Tarboton(1997).

form for each species was assumed consistent mgthobt forms observed by Spence
1937) in the Boise River Watershed. Root formgplants not included in the survey by
Spence (1937) were determined based on data irtlodbe Fire Effects Information
System Plant Database (FEIS Plant Database) maedtaly the United States
Department of Agriculture (USDA, 2005). The datdbarovides a synthesis of
literature on over 900 plant species in North Arceeland was originally developed in the
Intermountain Northwest, USA.

3.1.3 Collection and Analysis of Soils

Soil samples were taken at each point along thaysitid and were sieved to
guantify the coarse (> 2mm), sand (< 2 mm and 5 thfh), and fine (< 0.05 mm) soil
fractions. Soil texture mapping was needed to tiyasoil affects on soil moisture
distribution at the site. The samples were calédtom the soil profile using a vertically

inserted split spoon sampler. Soil depth at eadht @long the study grid was
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determined by vertically pounding a steel rod tigtothe soil profile to refusal. Maps of
the basin characteristics were created using ttdgkng methods within Surfer 8.0
(Golden Software, Inc.) surface mapping softwa @e included in the study area
description (Section 2.0) of this report. Additdwuletails on the site were obtained

through field observations and are included instugely area description (Section 2.0).

3.2 Hydrometric Data Collection

3.2.1 Precipitation and Streamflow Data Sources

Precipitation data for the study period were atgdifrom the meteorological
station at the site. Streamflow and stream stadge \dere obtained from ongoing
streamflow measurements recorded by capacitanseatdtie three weir locations within
the UDCEW (Figure 2.1). Calibration of the capaicte rods is maintained by other
researchers in the basin and is performed by rarsliggam gaging at the respective “V”
notch weirs. These data were required for modeleep soil moisture distributions and
to investigate catchment response to seasonalpjiedmn.

3.2.2 Soil Moisture Data Collection

3.2.2.1 Permanent TDR Instrumentation

Soil moisture at the study site was monitored tghotwo methods: permanently
installed TDR within soil pits and portable TDR rmaeements along the study grid. The
meteorological station and twenty soil pit locadeee transects in Figure 2.1) in the
basin are instrumented with permanently installBdRTprobes and record soil moisture

at varying depths in fifteen minute intervals dailjhe permanent TDR transects are
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perpendicular to the ephemeral stream flowing thhatlne catchment and TDR in these
locations are installed horizontally in soil pitsintervals of 5, 10, 20, 30 and 40 m along
the hillslope on northwest and southeast facingedo The soil pits represent near
stream and ridgetop locations. Data from theseumeents are stored to data loggers at
the site and downloaded on regular intervals. &lestruments were installed prior to
this study, however, data from several pit locatiare considered in this analysis.

3.2.2.2 Portable TDR Measurements

Spatial soil moisture data were needed to invatgitemporal and spatial
variability of soil moisture at the site. Perman€bR installations in the basin were
limited to the middle and lower third of the basiortable TDR methods provided a cost
effective method to collect soil moisture data bagide. Point near-surface (30
centimeters depth) soil moisture data were captusaty a portable TDR device along
the study grid. The sampling device consisted D& 100 wave generator (Campbell
Scientific, Inc.), laptop computer, PC-TDR softwérable tester), RG-58 TDR
connection cable, and TDR probe. The TDR 100 @egenerates a waveform that
travels through the connection cable and soil parizeback to the TDR 100 unit. The
PC-TDR software records the wave travel time, dates the soil dielectric constant
from wave travel time, and determines the respectoil moisture content @#m®) using
a specified calibration equation (Topp et al., 198filieu et al., 1986). The Ledieu et al.
(1986) equation was selected for this applicatadtiough both equations, Topp et al.
(1980) and Ledieu et al. (1986), perform well basedaboratory observations. An

overview of TDR applications and function is prosadin Section 1.2.6.4 of this report.
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TDR was selected for the study because it isyeadipted to a single person
mobile unit, is minimally destructive to the sigecurately and consistently measures soil
moisture to within 0.01 ffm?volumetric soil moisture content, and is readilgitable
and concurrent with other instrumentation in thelgtbasin. Calibration of the
instruments was performed in the laboratory usoilgy ®btained from the study site.

Soil from the study site was dried in an oven @& XD to a water content of 0.00*fm°.
Water was added to dried soil samples in knownmek! Volumetric soil moisture
contents were calculated and compared with TDR oreagents over a range of
volumetric soil moisture contents (Figure 3.2). R lheasurements were well correlated
with the known volumetric soil moisture contents<10.988). Additionally, soil
morphology at the UDCEW is well within the recomrdations (for clay and organic
content and salinity) (Jones et al., 2002) spetiite TDR. Thus, TDR was considered
an accurate and acceptable method to measure gigiune at the UDCEW.

Point near-surface measurements along the studiyvgre taken by horizontally
inserting the TDR probe through the upper 30 crihefsoil profile. Three
measurements were taken at each sampling locatieach sampling date and were
averaged to determine the respective point nedacisoil moisture content. Point near-
surface data along the study grid were capture8Bomccasions and occurred twice
weekly (winter and spring 2004) to by-weekly (f2003). Sampling dates during 2003
summer months were more widely spaced, approxignatéte monthly. Near-surface
measurements recorded from January through Feboi204 were removed from the
data set due to instrument error. The measurepsitd for study grid near-surface soil

moisture data was April 2003 through June 2004.
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Figure 3.2. Correlation of TDR measured soil moistre content and known
volumetric soil moisture content observed during laoratory calibration of TDR.

3.3 Prediction of Soil Moisture at Depth

3.3.1 Overview of SHAW Model

Near-surface soil moisture data often do not fakplain soil moisture
distributions at depth. Thus, soil water at ddjptithe soil-bedrock interface) was
simulated using the SHAW model (Flerchinger etE96). The model input parameters
include initial and concluding soil temperature avater profiles, initial snow depth,
hourly weather data (air temperature, wind speedidlity, precipitation, and solar
radiation), soil characteristics (depth, bulk dgnsaturated hydraulic conductivity, and

albedo), and general site characteristics (asplege, latitude, longitude, surface
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roughness, percent vegetative cover, albedo, anduethickness). The SHAW model
has been shown to simulate heat and water effactgibfreezing (Flerchinger and
Hanson, 1989; Flerchinger and Saxton, 1989a; Flegeh and Saxton 1989b), soll
temperature and plant water use (Flerchinger aexséh, 1991), evapotranspiration
(Flerchinger et al., 1996); and snowmelt and ru@lérchinger, Cooley, and Deng,
1994).

SHAW simulates a vertical 1D profile consistingtieé plant canopy and snow
covered upper layer, a residue layer, and a sofllpras defined by the user (Figure 3.3).
Each layer is considered as a separate node sirthation and interrelated heat, water,
and solute fluxes are considered through the stedilrofile (Flerchinger et al., 1996).
Water and heat fluxes for each node are simulatedsch user specified time step.
Snow accumulation and melt is determined from atpemergy and mass balance model
inclusive of solar and long-wave radiation excharsgasible and latent heat, surface
transfer, and snowpack vapor transfer (Flerchiegait., 1996). Soil freezing and
thawing simulation considers freezing-induced mossimigration, solute effects on frost
formation, and frozen soil runoff. Transpiratiomslation considers effects of a multi-
species canopy on heat and water fluxes and inglpdemeterization of solar and long-
wave radiation, turbulent transfer of heat and wedgor, and leaf transpiration
(Flerchinger et al., 1996). SHAW solves the engvgpter, and solute balance at each
time step and offers output inclusive of water hedg surface energy transfer, and snow
and frost depth summaries. Temperature, soil mn@stand solutes profiles are
generated for each time step. Flerchinger el@8P§) provides detailed descriptions of

the model components and equations.
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Figure 3.3. One dimensional conceptual profile simlated by the SHAW model as
depicted in Flerchinger et al. (1996).

3.3.2 Input Parameters for the SHAW Model

SHAW simulations for the 2003/2004 water year weggformed for each of the
57 points along the study grid. Initial and comthg soil temperature and water profiles,
hourly meteorological data, and initial snow def@tl®0 m) were input based on
measured values from the meteorological statidheasite. The simulation year was
from 1 October 2003 to 1 October 2004. The moofsugust and October coincide

with the driest conditions at the site. Soil maistduring these months was reasonably
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uniform through the UDCEW. Thus, soil temperatuard moisture contents recorded at
the meteorological station were considered sintilewughout the site. Precipitation was
assumed uniform in the catchment given the siZ#2(Rnf) and relief (65 m). Soil
texture was specified for each point as obtainechfthe sieve analysis of soil samples
from each modeled point. Elevation, aspect, slepg depth, and latitude for each
simulated point were derived from the site surveglues for surface roughness and wet
and dry surface albedo were estimated as 5.0,amd®.30 respectively for all simulated
points.

SHAW requires the user to specify plant charadiesisrom the simulation area.
Four plant groups were incorporated into the mogj@tesentative of the plant
communities observed at the site: 1) grassesabd,f2) sagebrush, 3) low shrubs, and
4) other shrubs. Plant height, biomass, and leaénision parameters were estimated for
each plant group based on the site vegetative gumfeoting depth at each point was
estimated based on the rooting system classificgiesented by Spence (1937) and
rooting depths as described in Section 2.2.3. hesd index (LAI) values were
estimated from literature based on percent coviteatespective point and were assigned
as follows: grasses and forbs, 0.48; sagebrugh; w shrubs, 0.40; and other shrubs,
0.70 (Flerchinger et al., 1996; Flerchinger and'k;12003). Leaf area index and plant
biomass were adjusted to reflect point specificcoltions for each point simulation.
All plant parameters estimated and the rangestohated LAl and biomass values are

presented in Table 3.1 below.
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Table 3.1. SHAW input parameters estimated for plat groups observed at the
UDECW. Estimates (except LAl and biomass) are bagdeon data reported by
Flerchinger et al. (1996).

Plant Group
Grasses/ Other
Parameter Estimated Forbs Sagebrust | Low Shrubsl  Shrubs
Plant Albedo 0.25 0.15 0.2 0.25
Min. Transpiration Temp. (°C) 10 7 10 10
Min. Stomatal Resistance (s/m 200 100 100 100
Stomatal Resistance Exponert 5 5 5 5
Critical L eaf Water Potential (n_“b -150 -300 -300 -300
Leaf Resistance (£ kg™ 3800( 76600( 67000( 33300(
Root Resistance <" kq™) 7700¢ 170000 | 160000 | 66700
Leaf Area Index 0.20-0.48 0.40-0.44 0.10-0/40 00.0.70
Plant Biomass (kg/z) 0.05-0.11 | 0.05-0.3 | 0.05-0.4(] 0.05-0.71

3.3.3 Model Calibration

The model was calibrated using measured near-gusfasit moisture data from
the study water year. Measured near-surface dptasented the vertically averaged soil
moisture in the upper 30 cm of the soil profilehu§, SHAW predicted soil moisture was
vertically averaged for the upper 30 cm of the paiffile and compared against measured
data to calibrate the model. Model calibrationalved adjustments to leaf area index,
plant biomass, and percent sand, silt and clay riibdel was most sensitive to these
parameters and was easily calibrated to obsernlees/ay adjusting these specified
parameters within reported ranges. Adjustment@getation parameters were within the
ranges shown in Table 3.1. Adjustments to sotlutexwere within plus or minus 3% of
the observed texture. Clay content was increagenterthe annual soil moisture
simulation was low and clay content was reduced&tiee annual soil moisture
simulation was high. Changing the vegetation patarns either reduced or increased

simulated soil moisture during the late wet-higixfand drydown periods.
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3.4 Water Balance Approach

An aggregated water balance (Flerchinger et 888} for the UDCEW was
calculated based on hydrometric data and SHAW tefaim the 2003/2004 water year.
The SHAW model (Flerchinger et al., 1996) was usesimulate water inputs and
outputs at 57 points along the study grid. Respeetreas represented by each point
were determined through area analysis using GI& réspective representative areas
were assumed to span 360 degrees out from the etbpgeint and to extend outward half
the distance to the nearest adjacent modeled pohe. SHAW compute®eepPerc
component (Equation 2.1) was assumed to représssds to groundwater and lateral
flow along the soil-bedrock interface (McNamaralet 2005) and was assumed
consistent with the approach of McNamara et al0$2@Equation 2.2). Weighted results
from each simulation were combined to form the aggted 2003/2004 water balance

model.

3.5 Investigation of the Controls on Soil Moisture

3.5.1 Definition of Soil Moisture States for th®GEW

Soil moisture states for this study were organipednalysis consistent with
those of McNamara et al. (2005). Thus, five “predfd states” were defined to represent
the hydrologic regimes observed at the site (FiGu 1) summer dry (dry), 2)

transitional fall wetting (wet-up), 3) low flux wier wet (wet-low flux), 4) high flux
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spring wet (wet-high flux), and 5) transitional oy (drydown). Near-surface measured
data were collected during all five states, but sneaments during the low-flux winter
wet period were not included in the analysis duastrument error. SHAW simulated
deep soil moisture data (soil moisture along thielsdrock interface) in this analysis
were included for all five states. Point valuesdach state (Appendix B) were described
for each point on the study grid as the mean véiremeasured and simulated) observed
at the respective point during the respective prefesoil moisture state. These mean

preferred state point values were used to statltianalyze the controls on soil moisture
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Figure 3.4. Soil moisture content observed at 185, 70, and 105 cm soil depth for
the 2003/2004 water year as recorded at the UDCEWRreferred soil moisture states
are illustrated by the gray captions (1 — Dry, 2 Wet-Up, 3 — Wet-Low Flux, 4 —
Wet-High Flux, and 5- Drydown) and dashed lines.
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spatial variability, to quantify soil moisture disiutions during each state, and to
examine (through mapping) temporal variability pagal patterns in soil moisture.

3.5.2 Standard Statistical Analysis

Correlations between soil moisture data and lanfhse site characteristics were
tested using the Pearson correlation coefficiergi@hent, 1993). The Pearson method
measures the linear association between two vasalifearson values greater than zero
indicate positive correlatiory {yariable increases as tk@ariable increases) and values
less than one indicate negative correlatipunafiable decreases as theariable
increases). A Pearson value of zero indicatesihvabrrelation was observed at the
sampled frequency. The point mean near-surfageleap soil moisture for each
respective state were tested for correlation viighfollowing variables: aspect; elevation;
slope; distance to the divide; upslope contributireg; soil depth; percent coarse, sand,
and fine soil fractions; distance to stream; pfaofile, mean, longitudinal, and cross-
section curvature; concavity and convexity; perdeetvegetative cover (by season);
maximum snow depth; snow density @ maximum snovitglemd snow water
equivalent (SWE) @ maximum snow depth.

A hypothesis test {est) was conducted to test for statistical sigaifce of the
influence or control on soil moisture exerted bgleaf the site characteristics noted in
the above paragraph. The null hypothesis wasstiibimoisture was not dependent on
the respective tested site characteristic (theispsde characteristic exerted no control
on the distribution of soil moisture at the sitdhe analysis required computation of a

test statistic defined as:
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t = (3.1)

wheret is the test statistic,is the Pearson correlation coefficient, and the number of
measurements (n = 57). The null hypothesis wagte] if | t | > terir, whereter is
defined as the point on the Studentstribution with degrees of freedam- 2 and
probability of exceedance equaldt2 (Maidment, 1993). The value selected for this
analysis was 0.05 and the resultipgvalue was 2.0045. The tested variable was
assumed to exert some control on soil moisture vilhemespective absolute valuet of
was greater than;. Control was estimated in terms of the calcul&edrson
correlation coefficientr] and the percentage of variability in soil moistexplained by
the respective controt?).

3.5.3 Temporal Stability Analysis

Temporal stability analysis was used to assessihdwidual sampled locations
deviated from site mean soil moisture conditiongrdypieach hydrologic regime. This
information provided insight into seasonal pattémsoil moisture at the site and
identified sites that exhibit stability over tim&uch sites could later be used to
consistently monitor mean soil moisture conditiahthe study basin without the
investment of extensive spatial investigation. Témaporal stability analysis required

calculation of soil water storag& at the greatest common depth (30 cm) and the mean

relative difference §(j)) in soil water storage observed at each sampkilin relative

to all sampling dates. Soil water storage wasutaled as
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S :ieizi (3.2)

where#; andz represent measured near-surface soil moisturerband the thickness of
the sampled soil profile (30 cm) respectively. Tinge averagé; (j) was used to
describe the difference between near-surface apelctad soil water storage for each
seasonal hydrologic regime and for the overall 20034 water year. The time average

0t (j) was calculated as

S (i)-S.(j
t(j):t(g 30 (3.3)
(1)

whereSt(j) is measured near-surface water storage atjtane §t(j) is site mean near-

surface soil water storage observed at fim€he time averaged values were plotted by
rank for each hydrologic regime to determine wtlsiths consistently represented basin
mean soil moisture conditions.

3.5.4 Geostatistical Analysis

3.5.4.1 Computation of Sample Variograms

Variogram analyses were used to investigate teahpariation of soil moisture
correlation lengths and to examine similaritiespatial variation of soil moisture and
site characteristics. Sample variograms were ket for mean near-surface and deep
soil moisture (at each sample location) for eachrsoisture state and for the following

site characteristics: aspect; elevation; slopgtadce to the divide; upslope contributing
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area, soil depth; percent coarse, sand, and fih&actions; distance to stream; plan,
profile, mean, longitudinal, and cross-section atuye; concavity and convexity; percent
live vegetative cover (by season); maximum snowttdegmow density @ maximum
snow depth; and snow water equivalent (SWE) @ maxiranow depth. Sample
variograms of site characteristics were visuallgnpared with soil moisture sample
variograms of each preferred state to gain insigbtpotential controls on soil moisture
patterns. Similarities in sample variograms wesguaned to represent similar spatial
patterns in soil moisture and the respective $itgacteristic and to be indicative of the
respective characteristic exerting some contradahmoisture distribution at the site.
The sample variograms were computed using Equat®and block kriging within the
geostatistical package in Surfer 8.0 (Golden Saftwimc.) surface mapping software.

3.5.4.2 Model Fitting the Theoretical Variagr

Correlation lengths for observed and simulatetimoisture patterns at the
UDCEW were modeled using omni-directional theoadti@riograms (Figure 3.1). The
approach provided insight into the temporal vatighin spatial correlation of soil
moisture patterns. The variograms were modelatgubie geostatistical component of
Surfer 8.0 (Golden Software, Inc.). The progratcudates and plots the sample
variogram based on Equation 1.3 and then allowsiske to model the theoretical
variogram by defining the bin and maximum lag wgjthumber of lag bins, degree of
anisotropy, nugget effect, and the appropriate finfoghetion(s). Fine tuning of the best-
fit curve is performed iteratively.

Several functions were tested in this analysidyoiing nested and un-nested

applications of exponential, power, spherical, cuaussian, and logarithmic
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approaches. Testing involve iterative best-fittg of the theoretical variogram
through the calculated values of the sample vaaiogr The un-nested spherical model
with a nugget effect provided the best-fit for theta and was, for consistency (Western

et al., 2004), applied for all data analyzed is gtudy. The spherical model is explained

by

2 2 3
7op(N) =2 +(1—"—2°J(1.5D - o.a(ﬂj ] h<a (3.4)
cp o°p a a

(=1 h>a

whereys(h) is the fitted theoretical variogram for a givew i), azolazp is the
normalized nugget, arais the range (Western et al., 2004).

The maximum lag distance (90 m) was set to onktha@lmaximum spatial extent
of the data (180 m) to minimize the influence @f lans representing few data pairs
(Bléschl and Grayson, 2000). The data set includBé6 data pairs. Lag bin width was
set to 13 m to insure a minimum of 30 data pairdgmebin. The number of bins (7) was
determined by dividing the maximum lag distance My bin width (13 m).
Theoretical variograms representing near-surfadedaep soil moisture were plotted for
each moisture state. The quality of variogranmfittvas measured by the root mean

square error (RMSE) (Western et al., 2004)

(3.5)

3 (755 (h) —ys(h))Tz

RMSEZ{
Ny
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wheren;, is the number of lag bins in the sample variogragm)). Correlation lengths
for near-surface and deep soil moisture were detiirgm the final fitted theoretical
variograms and compared by moisture state to ats@g®oral variation in spatial soil
moisture patterns.

3.5.5 Mapping of Soil Moisture Patterns

Spatial maps of near-surface and deep soil meistere created by block kriging
measured and modeled soil moisture point data Sutfier 8.0 surface mapping software.
Maps were generated for each sampling date andtaseéslally present and analyze
temporal fluctuations in soil moisture at the stgdg. The maps provided visual
depictions of soil moisture patterns and allowedcfamparison of spatial and temporal
soil moisture variability with inferences made fréine standard and geostatistical
analyses. The maps were also compared with maggeafharacteristics to visually
investigate potential controls on soil moisturdriisitions (correlations of soil moisture

contents and quantified physical and biologica sharacteristics).

3.6 Evaluation and Modification of Topographic andWetness Indices

3.6.1 Evaluation of Commonly Used Indices

The following commonly used indices were testedcfarelation with mean point
measured and predicted soil moisture contents septative of each preferred soll

moisture state:
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Equation Reference
In(ij (Bevin and Kirkby, 1979) (3.6)
tang
(ij (O'Loughlin, 1986) (3.7)
tang
( a Jx PlanC (Burt and Butcher, 1985) (3.8)
tang
PlanC (Burt and Butcher, 1985) (3.9)
ax PlanC (Burt and Butcher, 1985) (3.10)
(%j (Burt and Butcher, 1985) (3.12)
|n(ax ASP} (Gémez-Playa et al., 2001) (3.12)
tang
In(ax ASP (Gémez-Playa et al., 2001) (3.13)
In(a) (Western et al., 1999) (3.14)

Variables for the above equations are defined lé®Afs: a represents the specific
catchment ared, is the slope angle in degre®anCis plan curvature, andSP
represents aspect. Values for each index above eedculated for each of the fifty-
seven sampling points along the study grid. Cati@mhs between calculated indices and
near-surface and deep soil moisture for each smstore state were quantified using
Pearson correlation analysis, inclusive of the t@efoentioned test for significance. As
with other analyses in this study, mean observednaodeled soil moisture values were

used for each point during each state. The safalee Pearson correlation coefficient
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was used to quantify the variability of soil moigtexplained by the respective tested
index during the respective soil moisture state.

3.6.2 Modification of Indices

Modified wetness indices were created to inclidedbserved controls on soil
moisture distributions in the UDCEW. The contraighe site were inferred from the
before mentioned standard and geostatistical aealykssoil moisture patterns and basin

characteristics. The following modified indicesrev¢éested for predictive capability:

In(ax sdepth (3.15)
In (Yosandx sdepth (3.16)
In(sdepth (3.17)
In (SWEx sdepth (3.18)
In(ASPX%finesj (3.19)
tang
(axConvex (3.20)
(axLongQ (3.21)
(Yosmrcvrx sdepth (3.22)
(Yspgcvrx sdepth (3.23)
(Yowtrcvr) (3.24)
In (Waterlnput-ET) (3.25)

wherea is specific catchment area {nsdepthis soil depth (m)%sandand%finesare

the percentages of sand and fine grain classesat@sgly observed in the upper 30 cm of
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the soil profile;SWErepresents the snow water equivalent (cm) of tlogvpack at the
time of maximum snow deptBpsmrcvr, %spgcvr, and %wtrcvare the percent
vegetative cover observed during the summer, spaing winter season8SPrepresents
aspect (degreeg);is slope angle (degree§)pnvexs slope convexityt.ongCis
longitudinal curvature; and@/aterinputandET are the mean combined rainfall (cm) and
snowmelt (cm) input into and mean evapotranspinafoon) out of the soil column
respectively as determined for each point durirgpgaeferred soil moisture state.
Numerous other combinations were considered. Ems8.15 through 3.25 considered
variables for observed controls and, with the ekoapf Equations 3.20 and 3.21
(included to test correlation with topographic @tre and convexity), provided the best
combined parameterization of the observed contrAl®earson correlation analysis,
concurrent with previous applications in this stuags used to test the predictive
capability of the modified indices. Significancktloe parameterized relationships was

tested using the before mentionadst for significance.
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4. RESULTS

4.1 Water Balance Simulation

The presentation of the study results begins\irgt the SHAW simulated
2003/2004 water balance given the remainder otindy uses the water balance
parameters in the overall analysis. For the 20@BI2vater year precipitation occurred
predominately during the cold season and the baaintained a consistent snowpack
during the winter months. However, the maximunvedepth (approximately 68 cm),
cumulative precipitation (72.7 cm), and May raih{aR.7 cm) were all greater than
respective measurements in recent years. Additjoriae 2003/2004 water year
included a significant mid-winter snowmelt even¥6 reduction in snow depth) and
subsequent snow accumulation period. Stream hyapbgeaks (Figure 2.9) were
concurrent with snowmelt patterns observed and unedsn the basin.

4.1.1 Calibration Results

The SHAW 2003/2004 water year simulation was catéxt using vertically
averaged near-surface measurements from the midbResoil moisture surveys at the
site. Simulations were performed for each of tfig-6even sampling locations. As
discussed in Section 3.3.3, calibration of the rhoelguired adjusting leaf area index,
plant biomass, and soil properties for each sinangfTable 3.1). The remainder of the

site specific input parameters (aspect, elevataiityde, and slope) were clearly defined
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for each point and values for precipitation, amperature, and soil albedo were
consistent for all locations.

Representative calibration results from nine offtfig-seven simulations are
presented here due to the volume of simulationspcdea (Figures 4.1, 4.2, and 4.3).
The nine simulations presented depict variatiorthénthree main input parameters used
during calibration (soil depth, soil texture, arebetation). The modeled soil moisture
patterns are similar to observed patterns witHdhewing exceptions: simulated soil
moisture is higher for the late December obsernatiod remains higher slightly longer
on the falling limb during the drydown period. TBEIAW model simulates soil water
movement in a 1D profile and does not accountdteral inflow or outflow.
Modifications to the soil and vegetation properaefusted the respective soil moisture
curve to reflect seasonal variation in lateral floemponents. Modifications of soil
properties either increased or lowered the ovemlimoisture curve for the simulation
year. This approach was used when the model ymddrcted soil moisture for most of
the year. Modifications to the vegetation promsrivere used to reduce over predicted
soil moisture contents during the wet-low flux afrgfdown periods.

Calibration results are presented as observed ¥siswlated vertically averaged
near-surface (upper 30 cm of the soil profile) swiiisture contents (#fim*) at multiple
sites with varying soil depths, soil textures, aedetative communities (Figures 4.1, 4.2,
and 4.3). Simulations for locations with shalloeils (< 0.40 m) and low canopy cover
(< 25% annually) produced larger spikes in simulateil moisture as water input
fluctuated (Figures 4.1 and 4.3). Simulationsaiff moisture for locations with greater

percentages of coarse (> 2mm) and sand (< 2mmQ% @n) grain fractions more
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closely resembled observed soil moisture contdrats simulations in locations with
higher percentages of fine (< 0.05 mm) grain clagsggure 4.2). The simulated soil
moisture patterns corresponded well with the olespatterns in near-surface soil
moisture. It is important to note again that theded is limited to 1D simulation and
does not consider the influence of lateral flownfrapslope areas.

Simulations of deep soil moisture were comparett wieasured deep soil
moisture recorded at TDR instrumented soil pitdinithe study catchment (Figure 4.4).
Comparisons of measured deep soil moisture andaiesudeep soil moisture were only
used where simulation points were in close proxitatmeasurement locations and
where simulated and measured locations exhibitedasisite characteristics (aspect,
slope, vegetation, soil properties, and soil dep8ijnulations from sampling location 19
(approximately 1.6 meters immediately downslopenfa@TDR instrumented soil pit)
offered the nearest comparison point with obse@R soil moisture data. Simulated
deep soil moisture at location 19 corresponded witl observed TDR measured deep
soil moisture content at soil moisture contenttha0.07 to 0.16 Hm? range (Figure
4.4). Variability in model performance above Ori®m? soil moisture content was
largely attributed to 1D limitations and drift inogleled snowmelt rates. The final
weighted water balance (Table 4.1), based on stioaleesults, is concurrent with
previous research in the basin (McNamara et ab5p@xcept where noted in section
4.1.1 below, and suggests that simulation resudtsvall within reasonable limits.

4.1.2 2003/2004 Water Balance

The weighted aggregated water balance for the 2003/water year is

summarized in Table 4.1. Precipitation duringshely water year fell predominately as
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rainfall during the cold season, with 41% falligsmow. The water year included an
early winter deep snowpack, significant mid-wirdaowmelt period (66% reduction of
snow depth), and late season snowpack re-accuowlagiriod. The mid-winter melt
greatly increased water input (rainfall and snowjralring the winter season and
substantially shortened the winter-low flux seaasrescribed by McNamara et al.
(2005).

McNamara et al. (2005) produced water balanceth®tJDCEW 1999/2000 and
2000/2001 water years using the SHAW model. Tagproach simulated the respective
water year balances by modeling soil water fluxes single point. Simulation points 8
and 9 for the 2003/2004 water year were geogralicaated in close proximity to the
simulation points used by McNamara et al. (200H)ese locations represent the deepest
soil profiles observed at the UDCEW. Bedrock simiohs for these points (when
considered at a point scale) produced less bedimekPoint 8 — 24.95 cm, Point 9 —
26.45 cm) than the area weighted aggregated agp(84c28 cm) using the previously
noted 57 sampling locations in the basin. Thiggests that single point simulations by
McNamara et al. (2005) for the 1999/2000 and 200@I2vater years likely
underestimated bedrock flow generation over thehraént scale.

A comparison of the water budgets from McNamara .€f2005), the 2003/2004
water year, and simulation point 8 from the 2008/&2®ater year is presented in Table
4.2. The 2003/2004 water year produced approxina@®%o more precipitation than the
water years simulated by McNamara et al. (2003)e gercentage of precipitation
represented by bedrock flow was greater for theexgded 2003/2004 water budget than

the water budgets derived from single point simatet by McNamara et al. (2005) and
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this study for point 8. Additionally, the percegéaof precipitation represented by
evapotranspiration was less with the aggregatetbapp.

Based on the aggregated water budget for the 2008 &ater year,
evapotranspiration consumed 64.5% of the precipitgB0.1% for transpiration and
34.4% for evaporative losses) and 25.5% of theipitation flowed out of the UDCEW
as streamflow. Approximately 17.6% of the preeipdn infiltrated through the soll
column into groundwater storage (bedrock flow mistieamflow). The change in soil
storage and error components for the 2003/2004rwate represent approximately -
1.4% and -6.2% of the total precipitation respesyiv Surface runoff has not been
observed or recorded by runoff plots in the UDCEW¢®s instrumentation began in the
catchment in 1999. Cumulative water input and outpr the 2003/2004 water balance
are shown in Figure 4.5a.

4.1.3 Descriptions of Soil Moisture Periods foe #003/2004 Water Year

4.1.3.1 Summer Dry Period

Seasonal fluctuations in available water are cjedefined by the water balance
components shown in Table 4.3 and provide a framlievow defining characteristic soil
moisture periods at the study site. Precipita(®nand water input (INPUT) were
nearly equal to evapotranspiration (P/ET and INFEITIoth < 1) during the dry season
(10/01/03-11/11/03 and 07/29/04-10/01/04) for t6632004 water year. Bedrock flow
was non-existent during the dry period, suggedtiag soil water was lost to
evapotranspiration demands or stored in the sofllpr Soil moisture throughout the
soil profile during the period ranged from 0.04t069 n¥/m® (Figure 4.5b). Streamflow

was not observed at the site during this period.
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averaged near-surface soil moisture contents for agling points with 1.25 m (A -

Figure 4.1. Calibration results depicting simulate and observed vertically
Point 8); 0.70 m (B - Point 30); and 0.27 m (C - Ra 54) total soil depth.
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Figure 4.2. Calibration results depicting simulate and observed vertically



103

T3 n 83 © T3
c g c g c
¢ g g - d s 2 d
o L170- o o Fy0-d9<- o = Ly0-dog-
8 & ¥0-d8s-90 s & ¥0-d3s-90 S & ¥0-d8s-90
* ~70-bny-90 * ~70-6ny-90 * ~70-6ny-90
~0-INC-90 ~¥0-InC-90 ~¥0-INC-90
H70-unf-S0 H70-unp-go H0-unp-g0
- 70-AeN-G0 - 70-Re-G0 - 70-KeN-GO
- ¥0-1dv-70 - #0-1dv-v0 - ¥0-1dv-v0
- 70-JelN-%70 - 70-1elN-770 - ¥0-JelN-70
~0-094-20 ~¥0-994-20 ~¥0-094-20
H70-uer-zo H70-uer-zo H70-uer-zo
-£0-930d-20 -€0-99Q-20 -€0-99Q-20
- €0-AON-TO - €0-AON-TO - €0-AON-TO
T T T T T T MOL—OO-HO r T T T T T T MO|HOO|HO r T T T T T T MUO|HOO|._”O
o n o n o Lo o LN o n o n o n o Ln o Ln o o n o
™ N N — — o o 3 ™ N 2 1 — O o 3 3 2 N — — o o
O o ©o o o o o O O © o o o o o o o o O. o o o o
E\mEV 9lU0D BJINISION IO E\mEV uoD aInISIoO |I0S

Point 2pannual vegetative cover.
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averaged near-surface soil moisture contents for sgling points with 100% (A -

Figure 4.3. Calibration results depicting simulate and observed vertically
Point 9); 43% (B - Point 13); and 17%
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4.1.3.2 Fall Wet-Up Period

As the fall rains commenced in December 2003, RIBd INPUT/ET increased
to 5.39 and 4.55 respectively. Precipitation aatiewinput exceeded evapotranspiration
demands and the study area began to wet-up. MNdacs (upper 30 cm) and deep (30
to 70 cm) soil moisture contents increased fron7 @00.22 and 0.09 to 0.20°%m°
(Figure 4.5b). Soil moisture at the base of thepdsesoil profiles (depth > 70 cm)
remained near 0.07%m®. These events define the fall wetting period wgt The
2003/2004 wet-up period occurred from 11/11/03uglo12/15/03. The period marked
the beginning of bedrock flow (2 cm) (Figure 4.5djhough lateral flow during the
period would have been minimal given the minimalroek flow value. Capacitance
rods at the upper and middle weirs recorded tisé dievelopment of water in the channel

(Figure 4.5d) as streamflow developed.
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Table 4.1. Weighted aggregated water balance foné UDCEW 2003/2004 water
year as computed using the SHAW model. The calcukd values for Precipitation;
Precip Intercep; ET; Plant Transp; Canopy, Snow, Rsidue, and Soil Storage;
DeepPerc; Runoff; Ponded; and Error are weighted vimes based on the percent of
the total catchment area (shown in column 3). Theeighted values are summed to
provide catchment area values, shown as the totads$ the bottom of the table.

2003 - 2004 WATER BALANCE
CHANGE IN STORAGE

FRACTION PRECIP PLANT DEEP

AREA  OF TOTAL PRECIP INTERCEPT ET TRANSP CANOPY SNOW RESIDU SOIL PERC RUNOFF PONDED ERROR
POINT km? AREA cm cm cm cm cm cm Ecm cm cm cm cm cm
1 0.00041  0.02% 1.8¢ 0.2€ 112 057 0.0C 0.0C 0.0C -0.0:  0.8€ 0.0C 0.0C -0.11
2 0.00021  0.01% 0.97 0.1z 0.6¢ 0.3t 0.0C 0.0C 0.0C 0.0z 0.3¢ 0.0C 0.0C -0.0¢
3 0.00025  0.01¢ 1.1¢ 0.11 0.7¢  0.3€ 0.0C 0.0C 0.0C 0.0z 0.4 0.0C 0.0C -0.0¢
4 0.00027:  0.01i 1.28 0.1€ 0.81 0.4 0.0C 0.0C 0.0C 0.0 0.5 0.0C 0.0C -0.0¢
5 0.00022!  0.01¢ 1.0C 0.12 0.6¢ 0.3t 0.0C 0.0C 0.0C -0.01 037 0.0C 0.0C -0.0¢
6 0.00034  0.021 1.51 0.1¢ 1.0¢  0.57 0.0C 0.0C 0.0C 0.0z 052 0.0C 0.0C -0.0¢
7 0.00031  0.01¢ 1.41 0.1€ 0.9¢  0.5C 0.0C 0.0C 0.0C 0.0z 0.5¢ 0.0C 0.0C -0.1¢
8  0.00029  0.01¢ 1.3z 0.1€ 0.9C  0.5C 0.0C 0.0C 0.0C -0.0: 0.4 0.0C 0.0C -0.01
9  0.00028  0.013 1.2¢ 0.1€ 0.8¢  0.5C 0.0C 0.0C 0.0C -0.0: 0.4 0.0C 0.0C -0.0€
1C  0.00025  0.01¢ 1.18 0.1¢ 0.7¢  0.4C 0.0C 0.0C 0.0C 0.0z 0.4¢ 0.0C 0.0C -0.0¢
11 0.00063.  0.03¢ 2.8C 0.3¢ 1.8¢  0.9¢ 0.0C 0.0C 0.0C -0.08  1.1f 0.0C 0.01 -0.2(
12 0.00056!  0.03¢ 2.5% 0.27 1.7C  0.9¢ 0.0C 0.0C 0.0C -0.08  1.0¢ 0.0C 0.01 -0.17
12 0.000231  0.01¢ 1.0z 0.12 071 0.4C 0.0C 0.0C 0.0C 0.0z 037 0.0C 0.0C -0.0¢
14  0.00036;  0.02: 1.61 0.2¢ 1.06 0.5t 0.0C 0.0C 0.0C -0.01  0.6¢ 0.0C 0.0C -0.12
15 0.000201  0.01Z 0.8¢ 0.0¢ 0.5¢  0.2¢ 0.0C 0.0C 0.0C -0.01  0.3¢ 0.0C 0.0C -0.0€
16 0.00036!  0.02% 1.6¢ 0.21 115 0.5¢ 0.0C 0.0C 0.0C -0.0:  0.6¢ 0.0C 0.0C -0.17
17  0.000328  0.02( 1.4€ 0.1€ 1.0t 0.5€ 0.0C 0.0C 0.0C 0.0z 051 0.0C 0.0C -0.07
18  0.00037.  0.02% 1.6€ 0.0¢ 1.0 041 0.0C 0.0C 0.0C 0.0z 0.7z 0.0C 0.0C -0.07
1¢  0.00033  0.02] 1.5C 0.11 1.1C  0.5¢ 0.0C 0.0C 0.0C -0.0:  0.5¢ 0.0C 0.0C -0.1¢
2C 0.00028  0.01% 1.28 0.12 0.8  0.4C 0.0C 0.0C 0.0C 0.0z 054 0.0C 0.0C -0.11
21  0.00034.  0.02] 1.52 0.1¢ 1.0 0.4¢ 0.0C 0.0C 0.0C 0.0z 0.6 0.0C 0.0C -0.12
23 0.000371  0.02% 1.67 0.2z 115 0.5€ 0.0C 0.0C 0.0C 0.0z 067 0.0C 0.01 -0.1¢
24 0.00031  0.01¢ 1.3¢ 0.0¢ 092 0.4 0.0C 0.0C 0.0C -0.01 0.5 0.0C 0.0C -0.07
25 0.000331  0.02( 1.4€ 0.1€ 107  0.5¢ 0.0C 0.0C 0.0C 0.0z 0.5¢ 0.0C 0.0C -0.1¢
26 0.00030.  0.01f 1.3¢ 0.0¢ 0.9C 041 0.0C 0.0C 0.0C 0.0C 0.5¢ 0.0C 0.0C -0.1€
27 0.00021.  0.01% 0.97 0.1z 0.6 0.3t 0.0C 0.0C 0.0C -0.01  0.3¢ 0.0C 0.0C -0.11
28 0.00019:  0.01Z 0.8¢ 0.11 0.61  0.31 0.0C 0.0C 0.0C -0.01 037 0.0C 0.0C -0.1¢
2¢  0.00054  0.03: 2.42 0.1C 141  0.6C 0.0C 0.0C 0.0C -0.0¢  1.07 0.0C 0.0C 0.0z
3¢ 0.00020:  0.01% 0.9z 0.07 0.62  0.31 0.0C 0.0C 0.0C 0.0z 0.3€ 0.0C 0.0C -0.0¢
31 0.00022  0.01¢ 1.01 0.1C 0.6 0.3C 0.0C 0.0C 0.0C 0.0z 0.4C 0.0C 0.0C 0.0z
32 0.00022.  0.01% 0.9¢ 0.07 0.6¢  0.2¢ 0.0C 0.0C 0.0C 0.0z 0.3¢ 0.0C 0.0C 0.0z
33 0.00019  0.01: 0.87 0.0€ 0.5¢  0.2¢ 0.0C 0.0C 0.0C -0.01 0.3t 0.0C 0.0C 0.0z
34  0.00020.  0.01: 0.91 0.0¢ 0.6z  0.2¢ 0.0C 0.0C 0.0C -0.01 03¢ 0.0C 0.0C -0.0¢
35 0.00021'  0.01% 0.97 0.0¢ 0.5¢  0.2¢ 0.0C 0.0C 0.0C 0.0z 04z 0.0C 0.0C -0.01
3¢ 0.00023  0.01¢ 1.08 0.0€ 0.6z 0.2 0.0C 0.0C 0.0C 0.0C 0.51 0.0C 0.0C -0.1¢
37 0.00014;  0.00¢ 0.62 0.0z 0.3¢  0.1: 0.0C 0.0C 0.0C -0.01 0.3z 0.0C 0.0C -0.0¢
38 0.00024.  0.01¢ 1.07 0.07 0.6¢  0.3C 0.0C 0.0C 0.0C -0.01 052 0.0C 0.0C -0.12
3¢ 0.000220  0.01¢ 1.0C 0.17 0.6 0.3t 0.0C 0.0C 0.0C 0.0z 0.3¢ 0.0C 0.0C -0.0¢
4C  0.000211  0.01% 0.97 0.0% 0.5z  0.1¢ 0.0C 0.0C 0.0C -0.01 047 0.0C 0.0C -0.0¢
41 0.00018  0.011 0.8C 0.01 037  0.07 0.0C 0.0C 0.0C 0.0C 0.4% 0.0C 0.0C 0.0C
42 0.000200  0.01: 0.8¢ 0.02 0.51  0.1¢ 0.0C 0.0C 0.0C -0.01 044 0.0C 0.0C -0.0¢
43 0.00020:  0.01: 0.9¢ 0.02 0.5z  0.1¢ 0.0C 0.0C 0.0C -0.01 044 0.0C 0.0C -0.0¢
44 0.00022  0.01¢ 0.9¢ 0.02 057  0.2C 0.0C 0.0C 0.0C -0.01  0.4¢ 0.0C 0.0C -0.0€
45 0.00018  0.011 0.82 0.0¢ 0.47  0.1¢ 0.0C 0.0C 0.0C -0.01 042 0.0C 0.0C -0.07
46  0.00020:  0.01: 0.9¢ 0.0% 057 024 0.0C 0.0C 0.0C -0.01  0.4€ 0.0C 0.0C 0.1z
47 0.00019  0.01: 0.8¢ 0.02 0.5  0.1¢ 0.0C 0.0C 0.0C -0.01 044 0.0C 0.0C -0.0¢
48 0.00028  0.013 1.2¢ 0.0¢ 0.6¢  0.2¢ 0.0C 0.0C 0.0C 0.0z 0.6 0.0C 0.0C -0.07
5C 0.00012.  0.00% 0.5¢ 0.0z 0.3C 011 0.0C 0.0C 0.0C 0.0C 0.2¢ 0.0C 0.0C -0.0¢
51 0.00013.  0.00¢ 0.5¢ 0.0z 03¢  0.1: 0.0C 0.0C 0.0C 0.0C 0.31 0.0C 0.0C -0.0€
52 0.00013'  0.00¢ 0.6( 0.0¢ 0.3¢ 0.1 0.0C 0.0C 0.0C -0.01  0.2€ 0.0C 0.0C -0.0¢
54  0.00039:  0.02¢ 1.77 0.07 1.07 0.4z 0.0C 0.0C 0.0C 0.0z 0.8€ 0.0C 0.0C -0.1¢
55 0.00030!  0.01¢ 1.3¢ 0.1¢ 0.8¢8 0.3t 0.0C 0.0C 0.0C -0.01  0.6€ 0.0C 0.0C -0.1¢
56 0.00065!  0.04( 2.91 0.1z 167  0.67 0.0C 0.0C 0.0C 0.0¢ 1.4 0.0C 0.01 -0.1€
57 0.00035.  0.02: 1.57 0.0% 0.8/ 031 0.0C 0.0C 0.0C 0.0z 0.7z 0.0C 0.0C 0.02
58 0.00064  0.03¢ 2.8€ 0.2C 1.8 0.8 0.0C 0.0C 0.0C -0.06  1.1¢ 0.0C 0.01 -0.0€
228 0.00022  0.01¢ 0.9¢ 0.1C 0.7C 03¢ 0.0C 0.0C 0.0C 0.0z 0.4C 0.0C 0.0C -0.0¢
22k 0.00022'  0.01¢ 1.0C 0.07 0.6  0.3C 0.0C 0.0C 0.0C -0.01  0.3¢ 0.0C 0.0C -0.04

Totals 0.0z 1.0C 72.71 6.27 46.9: 219t 0.0C 0.0C 0.0C -1.0¢ 31.2¢ 0.0C 0.1t -4.4¢
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4.1.3.3 Winter Wet-Low Flux Period

As precipitation intensity increased in late Decendnd January the hydrologic
regime switched to the winter wet-low flux peridd®(16/03-01/08/04). This period is
typified by snowfall and the development of a widteng snowpack at the site. Soil
moisture in the upper profiles is nearly equal soitl moisture at depth, particularly at
the base of the deepest soil profiles, is lowen 8@l moisture in the near-surface and
mid-depth locations (Figure 4.5b). Soil moisturéhe base of the deepest profiles rises
gradually through the period (Figure 4.5b). Th@@Q001 water year produced a 117
day wet-low flux period (Table 4.3) and a persis@rowpack (McNamara et al., 2005).
The 2003/2004 water year produced a brief (24 dayler wet-low flux period followed
by melting of nearly two thirds of the snowpackidgrthe onset of the wet-high flux
period (01/09/04-05/28/04). The ratios P/ET anBWN/ET doubled during the
2003/2004 wet-low flux period, as precipitationajtg exceeded evapotranspiration.

For the 2003/2004 water year, soil moisture condiemning the wet low-flux
period remained near 0.22fm> through most of the catchment. Soil moisturéat t
base of deep profiles increased to 0.F4m (Figure 4.5b). Bedrock flow during the
wet-low flux period increased three times thathef tet-up period (Figure 4.5¢ and
Table 4.3). During the wet-low flux period stredomf at the site continued through the
upper and middle weirs and began at the lower (#&gure 4.5d).

4.1.3.4 Winter Wet-High Flux Period

The wet-high flux period is marked by a rapid irage in bedrock flow

production (Figure 4.5c). Cool February air tenapares contributed to snowpack
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Figure 4.5. Timing of hydrologic regimes during tle 2003/2004 water year: a -
cumulative water gains and losses, b — soil moistiobserved near simulation point
8, ¢ — aggregated and deep soil profile bedrock flosimulated by SHAW, and d —
streamflow recorded at the three weirs in the UDCEW Timing of the water inputs
and losses during the water year illustrates the #anoisture periods defined by
McNamara et al. (2005): 1 — dry, 2 — wet-up, 3 — w#ow flux, 4 — wet-high flux, and
5 - drydown. The periods are delineated for the ZIB/2004 water year as indicated
by the dashed lines above and number headings atetfiop of the figure.
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development as winter precipitation exceeded evapspiration demands during the
wet-high-flux period. As the period progressea iktarch of 2004, air temperatures
increased above 0°C and precipitation began fafineglominately as rainfall.
Evapotranspiration demands during the wet-high flaxod increased from 0.5 mm/day
to 1.56 mm/day by the conclusion of the period (&ab3). Bedrock flow peaked as
snowmelt and rainfall contributions increased watput (Figure 4.5c).

The snowpack was completely melted by mid-Marchwaatkr input decreased
(Figure 4.5a). Streamflow spiked to 80 L/min img&ebruary and peaked at
approximately 160 L/min in mid-March following meelgy of the snowpack (Figure
4.5d). Streamflow returned to near O L/min for thueation of the wet-high flux period.
By late May water input at the site decreased dtiaally while evapotranspiration
demands remained high. Near-surface soil moistoméent peaked near 0.24/m® in
late March and dropped to 0.07/m* in late May before returning to 0.22*/m° at the
end of the wet-high flux period (Figure 4.5b). Pemil moisture during the period
peaked in mid-March at 0.35°tm* and gradually declined before rising again to 0.20
m*/m® near the end of the period (Figure 4.5b).

4.1.3.5 Drydown Period

The drydown period (05/29/04-07/28/04) began immaiedly after near-surface
and deep soil moisture contents spiked at the étiteavet-high flux period in late May.
P/ET and INPUT/ET decreased below 1.0. Bedrock flaring the drydown period
decreased to 0.16 mm/day (1 cm for the entire dwydoeriod) before ceasing in mid-
June. Streamflow at the site spiked briefly (ta@80 L/min) at the onset of the

drydown period due to unusually high rainfall dgrihe month of May and then ceased
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in late June (Figure 4.5). By the end of the dwyd@eriod (07/28/04) near-surface soil
moisture content fell sharply to 0.05/m* and deep soil moisture decreased to 0.08

m*/m? (Figure 4.5b).

4.2 Temporal Stability

The standard deviation in soil moisture at the UD\Ciacreases as the site average
soil moisture content increases (Figure 4.6). Mlean relative difference (Equation 3.3)
in near surface soil water storage (Equation 22g&ch of the fifty-seven sampling
locations was determined for the dry, wet-up, wigtilux, and drydown soil moisture
periods. The values were ranked from highestwe#b for the respective periods to
investigate how individual points deviate from thean (Figure 4.7). The wet-low flux
period was excluded from this analysis becausesao-surface soil moisture
measurements were available for that period. Hheeg appear reasonably symmetric
about the mean for all investigated periods, witlhs deviations on the wetter end of the
curve for the wet-up and wet-high flux periods.gkmeral, individual points display
some variability in rank from period to period, boost points maintain similar ranks
through the year. Some ranks varied dramaticediy;fdry to wet periods and may
represent locations near preferred flowpaths. eikample, points 24 and 26 exhibit the
greatest mean relative difference during the wdtdngdown periods, but point 26
represents near and below mean conditions duragvét-up and dry periods.

Additionally, points showing the highest positivean relative difference - wettest

points relative to the mean — (19, 23, 24, 25826l 41) during the wet and drydown
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periods represent central basin locations. Thessibns are visible on spatial soil
moisture maps (Appendix C and Appendix D) as lacetiwith the highest soil moisture
contents for the water year and concur with sinedateep soil moisture patterns for the
wet and drydown periods.

Cumulative probability plots of soil water storagere constructed to locate points
representative of mean basin hydrologic conditermd to locate sites that were
consistently ranked one standard deviation ab@mésenting conditions near the site
maximum) or below (representing conditions nearsiteminimum) the mean (Figure
4.8). Sampling location 43 was consistently nkarrhean soil water storage for the
2003/2004 water year (Figure 4.8). Point 43 presid sample location for obtaining
mean basin hydrologic data throughout most of .y The variability in basin
hydrology is best described by points 19 and 43intPL9, mean rank of 54, was
consistently (with exception of dry period) onenstard deviation above the mean and
point 47, mean rank of 5, was consistently (witbeption of wet-up period) one standard
deviation below the mean for all periods of thedgtyear. Points 19 and 47 provide
insight into the basin maximum and minimum valumsefach period of the year.
However, soil water storage at point 19 was neantban for the dry period and soll
water storage at point 47 was closer to the meathéwet-up period. Thus, use of
temporal stability monitoring sites in the UDCEWaes6 improvements over randomly
selected monitoring locations; however, variabiditithe site cannot be completely
assessed through time-stability inferred sampliegtions. The time stability approach

provided insight into locations of possible var@abhturated subsurface source areas
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centralized in the basin during the wet-up and blgdjically wet season. These locations

are possible sources to streamflow initiation atgtte.
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Figure 4.6. Measured basin average near-surfaceismoisture content versus
standard deviation of measured observations for th003/2004 water year.

4.3 Analysis of Controls on Soil Moisture

4.3.1 Variogram Analysis

Sample and theoretical variograms of near-surfaggi(e 4.9) and deep soll

moisture (Figure 4.10) were calculated to exameetémporal variation in soil moisture

correlation lengths and to infer controls on theperal variation. Variograms of near-

surface data are not presented for the wet-lowgkrkod due to missing data.

Variograms for deep soil moisture during the wet-ftux period were calculated but are

not presented because the general form of thegranowas not appropriate for making
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inferences. The mean, correlation length, nuggityariance, and root mean square
error (RMSE) for each variogram are presented inlerd.4.

4.3.1.1_Assessment of Variogram Quality

The quality of the variograms was measured by &R (Equation 3.5) and
analysis of observed nugget effects. The variogganor is assumed zero where the
RMSE equals zero. The RMSE for all variogramsemésd was below 1.0. Overall,
RMSE values were less for the near-surface vanogrand indicate the near-surface data
better fit the spherical model than the simulateddsoil moisture data. However, the
majority of the data are well fitted to the sphatimodel (as evident by the low RMSE
values) and are stationary with the exception efpdsoil moisture data for the wet-low
flux period. Thus, the spherical model is appraigrifor the near-surface and simulated
deep soil moisture data and for this analysis.

Non-zero nuggets were noted for all variograms pixttee deep soil moisture
wet-low flux model. Non-zero nuggets indicate gade exist at points in very close
proximity and suggest possible measurement errgridrspacing too coarse to quantify
all processes. The largest nugget values for sidiace data were noted for the wet-up
and wet periods. This coincides with the wettestquls of the year and may be
indicative of TDR measurement errors. TDR measergmduring these periods may
include error associated with measuring through ¢hil cm) snow layers or frozen soil
near the soil surface. This type of error wouldnlitain the 0.01 Ym®reported for TDR
by Jones et al. (2002). The higher nugget valoethke wet-up period may also be

associated with the grid scale given the valuehigiger for the wet-up period in both the
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Figure 4.9. Sample and theoretical variograms ofear-surface soil moisture content
measured during the dry, wet-up, wet-high flux, anddrydown soil moisture states
during the 2003/2004 water year at the UDCEW. Theetical variograms were
modeled using the spherical model (Equation 3.4).
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Figure 4.10. Sample and theoretical variograms afeep soil moisture measured
during the dry, wet-up, wet-high flux, and drydown soil moisture states during the
2003/2004 water year at the UDCEW. Theoretical véwgrams were modeled using
the spherical model (Equation 3.4).
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Table 4.4. Descriptive statistics and variogram pameters calculated for near-
surface and deep soil moisture variograms of the P3/2004 water year.

Near Surface Soil Moisture Content

Mean | Correlation | Nugget Sill Variance| Root Mean
State (m*m® | Length (m) Square Error
Dry 0.054 120 0.00002| 0.000Q7 0.00005 0.0072B
Wet-Up 0.137 50 0.00023| 0.00046 0.00042 0.0240p
Wet-Low Flux - - - - - -
Wet-High Flux] 0.178 45 0.00005| 0.00115 0.00094 0.0332p
Drydown 0.140 50 0.00003| 0.00593 0.00030 0.0200B
Deep Soil Moisture Content
Mean | Correlation Nugget Sill Variance | Root Mear
State (m*m® | Length (m) Square Error
Dry 0.052 220 0.00002| 0.00040 0.00024 0.0159%
Wet-Up 0.130 85 0.00065| 0.00130 0.002Q0 0.0411pL
Wet-Low Flux - - - - - -
Wet-High Flux] 0.197 70 0.00012| 0.000348 0.00040 0.0202p
Drydown 0.110 60 0.00023| 0.00030 0.00044 0.0230B

near-surface data and the simulated bedrock flblae study grid may be too coarse to
accurately quantify all of the processes occurahfine scales during the wet-up period.
However, nugget values reported for this studyatiein the values commonly reported
in similar studies of soil moisture patterns owgk and small catchment scales
(Western et al., 2004) and are not large enougietiate the relationships indicated.

4.3.1.2 Controls on Soil Water Correlatiomths

Near-surface soil moisture correlation length daseel as the mean near-surface
soil moisture content increased. The maximum ¢atiom (120 m) length occurred
during the dry state. The shorter correlation teagluring the wet-up, wet-high flux,
and drydown periods are the result of multiple peses affecting the distribution of soil
moisture at the site and suggest the influencenflacal controls (lateral fluxes) on soll

moisture distributions. Longer correlation lengithshe dry period reflect the limited
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availability of near-surface water throughout tlasib and basin-wide similarities in the
processes acting on the near-surface environment.

Correlation lengths for deep soil moisture wereéhbgg (220 m) during the dry
period. The explanation for the maximum correlatiluring the dry period is concurrent
with the discussion above for the near-surfaceth\&kception of the dry period,
correlation lengths for deep soil moisture wereatgst (85 m) during the wet-up period
and were nearly equal (60 to 70 m) for the wet-Higk and drydown periods. Bedrock
flow peaked during the wet-high flux period. Howevbedrock flow during the wet-up
period is typically due to rainfall and resultsrfrauiniform distribution of water input.
Bedrock flow during the wet-low and wet-high flugnods results from snowmelt and
rainfall water input. Snow depth typically is natiform throughout the site due to
differences in wind patterns and solar radiatigvater input from snowmelt is not
uniform and may result in variation of water avhildy for bedrock flow generation.
Resulting correlation lengths for deep soil moistduring the wet-up period may have
been greater than that of other periods due toriferm availability of water input.
Additionally, evapotranspiration demands are lowirtythe wet-up period, reducing the
demand on water input.

The shorter correlation length for deep soil moiswuring the drydown period
occurs because bedrock flow is not spatially categl except during the wetter periods
of the year when water is readily available. Be#lrtbow is essentially non-existent
during the drydown period. However, deep soil mues contents during the dry and
drydown periods are higher than soil moisture catsten the near-surface environment

during the same periods. The near-surface envieohneceives minimal water input
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during the dry and drydown periods and losses watevaporative demands and rapid
deep soil infiltration of brief dry season rain atee Water input that does occur during
the driest periods is rapidly lost from the nearfaste by deep percolation and/or
evaporation. The amount of water available astiiebedrock interface is likely
dependent on local transpiration demands andratiitin rates (varying local controls).

4.3.2 Controls Inferred from Pearson Correlatioralsis

A Pearson correlation analysis was performed amn-serface and deep soil
moisture to determine correlations between siteadteristics and measured soil
moisture and simulated deep soil moisture. Thisstal significance of the correlations
was determined bytatest (Equation 3.1) for significance € 0.05). Correlations were
considered significant (soil moisture is dependenthe site characteristic) where the
calculated value was greater than the criticalalue (from the studenttsdistribution,n
- 2,n=57) (Maidment, 1993). The calculated criticahlue for all correlations was
2.0045. Results from the near surface and bedloakanalyses are summarized in
Tables 4.5 and 4.6. Positive Pearson coefficigrdsitive correlation) indicate that soil
moisture increases as the value of the respedtelsaracteristic increases; negative
Pearson coefficients (negative correlation) ingicadil moisture decreases as the value of
the respective site characteristic increases. &d@a value close to 1.0 indicates a
strongly positive correlation and Pearson valuesecto -1.0 indicate a strongly negative
correlation. Values near 0.0 are indicators ofkee&orrelation. The square of the
Pearson correlation coefficienf) is presented (Tables 4.5 and 4.6) to show the
percentage of soil moisture variability that is keped by each site characteristic.

Significant Pearson and values in Tables 4.5 and 4.6 are shown in boldl fon
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4.3.2.1 Controls on Near-Surface Soil Moistur

The percentage of variability explained by théedént controls varied with
hydrologic seasonality. During the dry period rearface soil moisture was positively
correlated with soil depth, % sand, and snow wstteniage (snow depth and SWE at
maximum snow depth) and was negatively correlatiéa @spect, convexity, and %
coarse. Variability during the dry period was begtlained by maximum snow depth
(15.8%). Near-surface soil moisture during the-ugperiod was solely correlated (+)
with aspect (explained 11.8% variability). For thet-high flux period, positive
correlations were found with soil depth, slopetatise to the divide, % sand, and snow
water storage variables; distance to the strean¥andarse were negatively correlated.
Distance to the divide (28.2%) and snow water gi@raariables (averaged 19.9%)
explained the most variability during the wet-ldwxf period. Near-surface soil moisture
in the drydown period was positively correlatedhagbil depth, distance to the divide, %
sand, and snow water storage variables. Varigliliting the drydown period was most
explained by distance to the divide (18.5%) andwswater storage variables (averaged
9.9%). For the 2003/2004 water year, near-sudadanoisture was positively
correlated with variables representing snow wataage, soil depth, % sand, and the
distance to the stream divide and was negativatgeladed with distance to the stream
channel and % coarse. Variables for snow wateagéo(averaged 49.5%) explained the
most variability in near-surface soil moisture digrthe water year.

4.3.2.2 Controls on Deep Soil Moisture

Controls on deep soil moisture (SHAW simulatedjenderived from a Pearson

correlation analysis of deep soil moisture datanftbe 2003/2004 water year and site
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characteristics of the UDCEW. The analysis wast@nt with that of near-surface soll
moisture (Section 4.3.2.1). Deep soil moisturerduthe dry period was positively
correlated with soil depth and snow water storagé;depth and snow water storage
explained 11.2% and 9.4% of the variability respety. The controls on deep soil
moisture during the wet-up period were diversehlie strongest correlations occurring
with soil depth (-), distance to the stream (+pwmwater storage (-), aspect (+), and
distance to the divide (-). Variability during thwet-up period was best explained by soil
depth (43.2%), snow water storage (26.9%), andulst to the stream and divide (27.2%
and 18.0%). The significant controls on deep saiisture during the wet-low flux
period were soil depth (-) and contributing argawith soil depth explaining 19.0% of
the variability and contributing area explainin§%. of the variability. Controls on deep
soil moisture during the wet-high flux were as dsesas the wet-up season, and
represented both local and non-local variablestadice to the divide (+), snow water
storage (+), aspect (-), convexity (-), and sodgarties (soil depth and %sand) (+)
exerted the greatest influence on deep soil ma&stariability during the wet-high flux
period and explained 23.0%, 12.8%, 8.0%, 7.1%,7/&acf the variability respectively.
Deep soil moisture during the drydown period washmfluenced by distance to the
divide (+), snow water storage (+), and slope (F)e variability during the drydown
period was best explained by distance to the di{dde8%) and snow water storage
(9.9%). On the annual scale (2003/2004 water ydetance to the divide was the sole
statistically significant influence on deep soilistare, explaining 9.7% of the variability

in deep soil moisture.
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4.3.3 Controls Inferred by Spatial Mapping of N&arrface and Deep Soil Moisture

The final investigation into potential controls swil water distribution is
presented in spatial maps of measured near-swstalcaoisture (Appendix C) and
simulated deep soil moisture (Appendix D) projedtadvarious dates during the
2003/2004 water year. The maps were generatetbbl kriging in the Surfer 8.0
mapping software package. Maps for dates in eadbg(no data for wet-low flux near-
surface) show the temporal variation in the spalistribution of near-surface and deep
soil water for the 2003/2004 water year. The mapse compared with spatial maps of
site characteristics (Figures 2.1 - elevation,2s?il properties, 2.3 — vegetative cover,
2.4 —topography, 2.5 — curvature and convexitg, 27 — snow distribution at maximum
depth) to infer controls on soil moisture during thater year.

4.3.3.1 Spatial Patterns of Near-Surface Moikture

The chronology of spatial mapping at the UDCEW destrates the seasonal
variability in the spatial distribution of near-face soil moisture. The maps for the dry
period most closely resemble maps of soil deptlh thie higher soil moisture occurring
in areas with deeper soils. Similar patterns atechwith maps of the % coarse and sand
grain fractions. Soil moisture during the dry pédrivas greater with lower % coarse and
greater % sand grain fractions.

Spatial mapping of the wet-up period was best hetdy maps of aspect. Soll
moisture during this period was greater along trtheastern to eastern half of the basin,
where aspect was more southeasterly. These seatidine basin experience oscillating
melt periods of shallow early-season snowpackshByconclusion of the wet-up period

near-surface soil moisture was highest in the aéptrtion of the catchment near the
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main channel head. No maps are presented favehéow flux period due to missing
data.

Soil moisture early in the wet-high flux period wgreatest in the central portion
of the catchment near the channel head and justabe upper weir. This area
maintained the highest near-surface soil moistargent for the duration of the wet-high
flux period. The spatial maps of near-surface saisture for the wet-high flux period
most resemble spatial maps of profile and planature, concavity and convexity,
distance to the divide, slope, and the Bevin an#thi€i (1979) wetness index. Near-
surface soil moisture content during the wet-lowxfperiod was greatest where slope is
gentle, plan curvature is positive, and profilevature is negative. These features are
consistent with the area near the channel headland the main channel immediately
upstream of the upper weir. These locations weeditst sites to display saturation of
the stream channel and development of stream statjein the water year. The
increased influence of topography (local contraijilg the wet-low and wet-high flux
periods suggests a switch from non-local to localtil as the site progresses from the
wet-up to winter wet periods.

Spatial mapping of the early drydown period mdssely matches spatial maps
of hillslope curvature, convexity, and concavityear-surface soil moisture during this
period remained greatest near the channel heapisinabove the upper weir, where the
topography is concave. The late season drydowrs mgsimilar to the map of soil
depth, with near-surface soil moisture being greatere deep soils exist.

In summary, the spatial mapping time series sugdhat near-surface soil

moisture during the dry period is uniform, with héy soil moisture contents occurring in
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locations with deep soils (vertical control). Agtbasin wets up, near-surface soil
moisture content is greatest near the channel &weddhe upper weir. This pattern
continues through most of the year and suggestshtbse areas may be source areas for
streamflow generation. Aspect (vertical - locahizol) exerts the most influence during
the wet-up period. This supports the Pearson latioa analyses in Section 4.3.2.
Topographic controls (lateral, non-local) appeagtert more influence on the
distribution of near-surface soil moisture durihg wet-high flux period than other
periods of the year. The spatial patterns of se#iace soil moisture in the early
drydown period are similar to the late wet-highxfjeeriod. As drydown continues, the
controls switch from topography (non-local) to veat controls (local control) due to
evaporative demands and lack of water input froenaimosphere and lateral soil water
delivery. This switch is evident by the similaggiin the maps of soil depth and middle
to late drydown near-surface soil moisture maps.

4.3.3.2 Spatial Patterns of Deep Soil Mogstur

The time series spatial maps of deep soil moisteertified similar seasonality to
the controls on soil water distribution at the UDEE Maps of the dry period deep soil
moisture illustrate near uniform conditions in deeg moisture, with higher soil
moisture contents in deep soil pockets. The weabarpd began with bedrock flow
generation (based on SHAW results) in the northraortheastern parts of the catchment
where the shallowest and coarsest soils existl. n8nsture contents in deep soil
locations, centralized in the basin, maintainedstume contents similar to dry period
conditions. As the period continued, bedrock fiaareased throughout the basin, but

was greatest where the % sand was the highess. igavident by the similarities in the
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12/19/03 map of deep soil moisture and the map e&f@ for the site. Additionally, the
12/19/03 deep soil moisture map plots nearly asnverse of the soil depth map,
indicating that deep soil moisture for this dateswess where deep soils exist.

Spatial maps of deep soil moisture during the ketflux period are inversely
similar to maps of soil depth and spring vegetatioeer. This suggests that deep soll
moisture during the wet-low flux season was greatéere soils are shallow and
vegetative cover is minimal. The map of aspea afgpears to simulate deep soil
moisture projections for the wet-low flux perioAs the period progressed into January
of 2004, deep soil moisture was centralized inclitehment and was greatest near the
channel head and upslope of the upper weir. Tdtiem is similar to the near-surface
soil moisture pattern discussed in Section 4.38d identifies the development of a
subsurface variable source area near the main ehaead and the upper weir.

Maps of deep soil moisture for the wet-high fllecipd demonstrate the
complexity of processes acting during this periéarly wet-high flux maps (01/08/04)
resemble maps of aspect, soil depth and % co&rsep soil moisture and bedrock flow
during high water input periods was greatest wisasdlow coarse soils exist along
southeasterly exposures. By mid-winter deep soistare maps were more correlated
with maps of maximum snow depth and snow watenedgemt. The switch was due to a
more uniform coverage of snow and reduced watartinPeep soil moisture during this
period was largely a function water input from gmewpack. As the wet-high flux
period progressed into late May, water input framfall increased and deep soll

moisture was again greatest on southeasterly aspbetre soils are shallow and coarse.
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Deep soil moisture during the drydown period wasimal. Early drydown maps
show the influence of the maximum snow depth. hesgeriod progressed, deep soil
moisture distributions most closely resembled na@spect and % spring cover. Deep
soil moisture in the drydown period was influentgdranspiration of deep soil water
and evaporation of near-surface soil moisture. éMaiput during this period was
minimal and the controls on soil water distribusdrecame more vertical than lateral.
This is indicated by the similarity of deep soilistare maps to aspect and inverse
correlation with increasing spring cover.

Clearly, the time series spatial mapping of neasfase and deep soil moisture
indicates a seasonal switch in the controls onvgaiiér distribution. The findings of the
mapping analyses are consistent with the variogmaghPearson correlation analysis and
suggest that the seasonal controls switch fromecatiflocal) fluxes during the late
drydown, dry, and early wet-up periods to a comtaomeof lateral (non-local) and
vertical (local) fluxes during the late wet-up, vetv flux, wet-high flux, and early
drydown periods. Soil depth appeared to exergtkatest influence on soil moisture
patterns on an annual basis. The observed seaseitetiing of controls is not
commonly parameterized in wetness indices to ptéadisin hydrologic responses.
Investigation of these limitations in commonly usegetness indices is presented in

Section 4.4.
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4.4 Analysis of Commonly Used Wetness Indices

Many commonly used topographic and wetness indloasot represent the
controls observed at the UDCEW and in other semieavironments. Yet, these
indices are often employed by researchers to pgredichment hydrologic responses to
precipitation events. Numerous commonly used esligere calculated for the UDCEW
and compared against measured near-surface sa@tureand simulated deep soill
moisture to evaluate the predictive capabilityre indices. The correlation analysis was
consistent with all other Pearson correlation asegdypresented in this thesis. The indices
tested are identified in Section 3.6.1 as EquatB®6shrough 3.14. The results of the
analysis are presented in Table 4.8.

4.4.1 Correlation of Indices with Measured Nearf&te Soil Moisture

Only two of the commonly used indices tested wetmé to be significantly
correlated with measured near-surface soil moistiteke UDCEW. The la(x aspect
index (Gomez-Playa et al., 2001) explained 8.8%hefvariability in near-surface soll
moisture content for all dates of measurement. iftdex was also significantly
correlated with near-surface soil moisture forwre-high flux and drydown periods,
explaining 8.2% and 8.8% variability respectiveResults from the analyses of the
controls on soil moisture at the site suggestaikpect exerts significant control on soil
moisture during the wet-up and dry periods. Tlius,not surprising that an index

inclusive of this control demonstrates significaatrelation. However, the correlation is
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quite low and the index is only significant for twbthe four soil moisture periods tested
(wet-low flux not tested due to missing data). Ti{@) index (Western et al., 1999) also
was significantly correlated with all dates and wet-high and drydown periods. The
index explained 10.1%, 10.4%, and 7.9% of the seadiace soil moisture variability at
the UDCEW for the all dates, wet-high flux, anddivwn periods. Pearson correlation
analysis of the controls at the UDCEW failed tadfgignificance in correlation of the
specific catchment area)(and near-surface soil moisture contents measirtée site
and sample frequency selected for this study. HWewehe controls that vary with
elevation (indirect contributing area, contributeuga increases with decreases in
elevation) — soil depth, soil texture, distancéh® divide, distance to the stream — were
significant for the 2003/2004 water year and fa wet periods. This could explain why
the index was significantly correlated with the vaegh flux and drydown periods.

4.4.2 Correlation of Indices with Simulated D&l Moisture

None of the commonly used indices tested were fitgnitly correlated with deep
soil moisture for the 2003/2004 UDCEW water ye&tatistically significant correlations
among commonly used indices and simulated deeprengture were found in the wet-
up and wet-low flux periods only. O’Loughlin’s (88) index &/tang) significantly
explained 7.6% of deep soil moisture variability floe wet-low flux period. Burt and
Butcher’s (1985) indicesd(tans) x plan curvaturg and @/f) significantly explained
9.1% and 7.6% of the deep soil moisture variabfbitythe wet-low flux period
respectively. Burt and Butcher’s (1985) indela6 curvatur@ was significantly
correlated with deep soil moisture, explaining 7.6Bthe variability in deep soil

moisture content for the wet-up period. In additithe In&) index by Western et al.
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(1999) was positively correlated with deep soil stmie for the wet-up period. The
index In@) explained 7.8% of deep soil moisture variabifday the wet-up period.

4.4.3 Overall Performance of Common Wetness Isdice

The indices tested were more correlated with dedpmoisture than near-surface
soil moisture. The positive correlations notedwdeep soil moisture were exclusively
during the wet-up and wet-low flux periods wheretat fluxes (non-local controls) are
occurring. Thus, the hydrologic processes durmgé periods are more similar to the
processes occurring in humid landscapes (whereesgtindices perform well). The
overall performance of the indices was poor, arrdetations were much lower than
those reported in studies from humid climates (\&feset al., 1999 for review). These
findings support the assumption that many of theroonly topographically based
wetness indices are poor predictors of seasonatglin soil moisture patterns

represented in semi-arid landscapes like the UDCEW.

4.5 Performance of Modified and New Wetness Indice

Modified indices (Equations 3.15 through 3.25) evdeveloped for this study that
were inclusive of the controls observed at the UMCEThe indices were calculated and
tested for correlation (Pearson correlation ang)ysith measured near-surface and
simulated deep soil moisture data from the UDCEAb{& 4.9). Numerous indices were
derived, but those presented (Equations 3.15 thr82b) most accurately incorporated

the observed controls.
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45.1 Correlation of Modified New Indices with Meaed Near-Surface Soil Moisture

The modified indices offered significant improverteover the commonly used
indices (Equations 3.6 through 3.14) (Table 4Bpwever, the variability explained by
significant correlations was still quite low (bel@8%). The greatest improvement in
predictive capability was achieved with the inde(SMWEx soil depth. This suggests
that parameterization of available water and sailewstorage capability may provide the
best explanation of soil moisture patterns in sdowinated semi-arid headwater
catchments. The IBWEXx soil deptl) index explained 21.5% of the all dates variapilit
and 11.5%, 23.1%, and 9.7% of the variability dgtine dry, wet-high flux, and
drydown periods. Indices incorporating variabl@sdurvature and topography
performed poorly, but the index & soil depth, natural log of contributing area and
soil depth, was significantly correlated with me&snents for the dry (explained 8.4%
variability) and wet-up (explained 9.4% variabi)ityeriods. Including soil depth in
indices improved predictability for all periods.

The strongest correlations for significant indieess found in the wet-high flux
period. Soil moisture conditions during the wegthflux period in the UDCEW more
closely resembles steady state conditions thatesstimdices were originally derived for.
A process (representing available water and evapspiration demands) based index,
In(water input — EJ, explained 12.7% of the variability in near-sadasoil moisture
observed for all dates of measurement and wasfisigmily correlated soil moisture
conditions during dry and wet periods of the yeHne variation in index performance

across different periods highlights the complexityrocesses occurring and the poor
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overall performance suggests that index parametesiz of controls on near-surface soil
moisture may not be an effective tool in predictiog water distribution.

4 5.2 Correlation of Modified and New Indices wmmulated Deep Soil Moisture

Results from the Pearson correlation analysis epd®il moisture and modified
and new wetness indices indicate predictabilitwetness indices in semi-arid climates
can be improved through substitution of variabfeBdative of the processes occurring.
The most significant improvement was found with itidex Infvater input — ET. This
index was significantly correlated with simulatesk@ soil moisture for all periods and
for the entire 2003/2004 water year. The indeXarpd 28.0% of the variability of
deep soil moisture on the annual scale. The irarusf soil propertiespil depthand%
sang in indices offered improved predictive capability parameterizing the vertical
flux influences (local control) of evapotranspicatiand soil water storage.

Deep soil moisture during the dry season was bgdaimed by In(Vater Input —
ET) (20.0% of the variability). The most significasdrrelation during the wet-up period
was found with INBWEX soil deptl). The predictability of this index (explained 9%
variability) for the wet-up season is somewhat gaipg, asSWE(measured at maximum
depth) measurements were from the wet-high fluxogerThe index I{% sandx soil
depth also performed well (explained 50.1% variability) the wet-up period,
illustrating the influence of soil texture durirfgetfall wetting period. Deep soil moisture
during the wet-low flux period was well correlat@gebarly 50% variability explained)
with multiple indices that includesbil depth The index In{vater Input — EYexplained
50.7% of the variability during the wet-low flux fp@d. The wet-high flux period was

well best explained by ISMWEXx soil depth) (explained 12.9% variability) and the
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In(Water Input — EY process index (explained 11.6% variability). Timduence of soil
depth was noted in this study, but the effect ovature was expected given the
influence of topography during the wet period af tkear. Deep soil moisture variability
during drydown was best explained by indexfater Input — E}, explaining 15.1% of
the variability. Although modified indices offer@dproved correlations with measured
and simulated deep soil moisture contents, theatly@oor performance (over 50%
variability still unexplained with most indices) cbmmonly used and modified indices
indicates that index approaches to predictingraoilsture patterns in semi-arid climates
are complex and, although efficient as shortcut@gghes, may not be effective methods

for simulating hillslope processes in semi-ariddscapes.
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5. DISCUSSION

The primary purposes of this study were to providgght into the hillslope
processes that govern streamflow initiation andaiésn at the UDCEW and to apply
that insight into the testing of new and modifieetmess indices that accurately depict the
processes occurring. Yenko (2003) demonstratedighr hydrograph separation and
concentration-discharge relationships (SectiorB22 that streamflow sources at the
UDCEW are dependent on soil moisture conditionthécatchment. McNamara et al.
(2005) further demonstrated that the soil moispaterns that govern streamflow at the
site are the result of seasonal fluxes in ver{icalal) and lateral (non-local) controls on
soil moisture. Both studies were based on data adew points in the basin. Therefore,
a more complete spatial analysis was needed toiegahe controls on soil moisture at

the site and to explain the processes governiegilow generation and cessation.

5.1 Seasonal Controls on Soil Moisture

5.1.1 Seasonal Controls on Near Surface Soil Moisture

Variogram, Pearson correlation, and spatial mappimalyses of near-surface and
deep soil moisture patterns identified seasonahtran in the controls on soil moisture at
the UDCEW site. At the UDCEW, near-surface soiishae content during most of the

year is well correlated with variables representliggance to the divide, soil depth, soll
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texture, and snow water storage. Soil depth astilndy site is shallowest near ridge
locations, soil texture is coarser on southeastasmf upper slopes, and snow depth
typically increases with distance from the dividehus, the similarities in Pearson
correlations (Section 4.3.2) of near-surface saiisture patterns and distance to the
divide, soil depth, soil texture, and snow waterage are likely the result of correlations
between the respective variables and could be iegulaising one of these three site
moisture periods except wet-up. This seems logasathe wet-up season marks the
beginning of a new water year and near-surfacensoiture during that period should be
more correlated with new precipitation than prdeion from the pervious water year.
Snow water storage however appears to be an inmpaatrol on near-surface soil
moisture for most of the year. This is expecteeiprecipitation at the site falls mostly
during the cool season. The snowpack serves emgstfor cool season precipitation,
slowly releasing water to the soil column.

Water input during the summer dry period is miriarad the distribution of soil
water is controlled by evaporation from the neafasie and plant use (transpiration) of
deep soil water. The dominant controls on neaflasarsoil moisture during the dry
period are soil depth, % coarse and sand graitidres; and aspect. These controls are
representative of vertical (local) controls on sodisture. Aspect dictates the amount of
solar radiation received at the surface and infleerevaporation. Soil texture influences
near- surface soil moisture as coarse soils prayidater hydraulic conductivity during
the wet season and are well drained following tleélgh flux season. Thus, itis

expected that soils with a lower percentage ofsmagrains would maintain a higher soil
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moisture content during the dry season. Shallais abthe site would also be well
drained following the wet-high flux period and wdubse remaining soil moisture to
evaporative losses during the dry summer. Thustions with deeper soils maintain
higher soil moisture during the dry season.

Water input during the fall wet-up period exceedaporative and transpiration
demands. High water input delivers water verticdifough the soil column (local flux).
Shallow soils maintain high soil moisture contemsil the moisture content reaches a
threshold for lateral flow generation (non-locahtrol). Soil water movement through
deep soil profiles is slower (greater vertical gladistance) and the timing of lateral flow
is delayed. Near-surface soil water movement duthie wet-up period is dominated by
aspect, soil texture, and slope. The combinedoati@nd lateral controls for this period
demonstrate the variation in the timing of the icattto lateral switch. Locations
receiving higher solar radiation (southerly aspddtely receive more water input in the
form of snowmelt than due areas with northerly expes. Northerly aspects often
develop a shallow snowpack in the wet-up period dietays water input. Therefore,
aspect provides some vertical control on watertin@oil texture offers a combined
influence of vertical and lateral control througdried infiltration (vertical) and lateral
conductivity rates. Topographic slope providesléteral influence as soils wet-up
beyond the vertical control threshold. Discussiegarding the transition from the fall
wet-up to the wet-low flux period is reserved fee@ soil moisture discussion given the
lack of near-surface moisture content data for piegiod.

The controls on near-surface soil moisture durregwet-high flux period are

similar to the wet-up period and are representeddniycal - local - (soil properties and
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snow water storage) and lateral - non-local - @lapd hillslope shape) controls. Water
input during the wet-high flux period greatly exdeeevaporative and transpiration
demands and flow through the soil column is max@dig-igure 4.5c). The spatial
patterns in near-surface soil moisture at the UDGHMhNg the wet-high flux period are
largely dictated by topography and vertical andriatconductivity of soil column.

The drydown period is marked by increased evapspiaation rates, decreased
water input, and a resulting switch from combingtdal and vertical influences to
vertical fluxes. The soil profile dries out vetilly, with the near-surface losing water to
evaporative demands. Deep soils store water fremwviet-high flux period and provide
water for plant transpiration. As the drydown pdrprogresses, soil texture exerts even
more vertical (local) control on near-surface sadisture as represented in the dry
period.

5.2.1 Seasonal Controls on Deep Soil Moisture

The controls on deep soil moisture, like thosthannear-surface, at the UDCEW
exhibit seasonality. On an annual scale, deepsmisture at the UDCEW is largely
controlled by snow water storage (dictates timihgater input) and soil properties (soil
depth and porosity). Deep soil moisture duringdheperiod is controlled by the
capacity of soil water storage (soil depth and pityp and transpiration of deep soill
water. The variogram, spatial mapping, and indasedyses suggest that plants at the
study site have more influence on deep soil masstioan on the near-surface. This study
does not investigate whether hydraulic lift by p&aoccurs at the UDCEW, but it is
assumed that most of the plants transpiring irdtlyeseason are deep rooted species

using deep soil moisture.
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Deep soil moisture patterns during the wet-upqekare largely related to aspect
(vertical control) and the type (rainfall or snoWfand quantity of fall precipitation.
During the fall season, southerly aspects recestemnput from oscillating snowmelt
events (northerly exposures accumulate snow) alidedevater vertically through the
soil profile. Shallow and coarser soils at the sitore rapidly conduct fall season water
input through the profile to the soil-bedrock iiéee. As the deep soil moisture contents
reach field capacity in shallow soil locations, théuence of lateral controls
(topographic, non-local control) develops. Theitignof the combined vertical and
lateral control during the wet-up period dependshenamount of water input (dependent
on the type — rainfall or snowfall - and quantifypoecipitation) and ceases with the onset
of the wet-low flux period (water input reduced daestorage in developing snowpack).

The wet-low flux season is typically marked by tevelopment of a winter long
snowpack. Water input (rainfall and snowmelt) de$ the length of this period. Cold
and wet winters produce long wet-low flux periodsl avarmer wet winters produce
short wet-low flux periods. McNamara et al. (2086ygested that the switch from
vertical to lateral controls on soil moisture i tdDCEW is slow due to the gradual
release of winter precipitation in the form of smoglt. Grayson et al. (1997) defined
preferred states in soil moisture distributiongemi-arid landscapes and suggested the
change from the dry to wet season includes a ttaaidition from local (vertical fluxes)
to non-local (lateral fluxes) controls on soil ntaig. It is proposed here that the
transition from vertical to lateral controls at tH®CEW is dependent on the length of
the wet-low flux season. Vertical controls domentte site during the wet-low flux

period, but, if early winter air temperatures suppainfall and rapid snowmelt, a short
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duration winter low-flux period results and cauaesapid transition from vertical to
lateral controls on near-surface and deep soilton@s The timing of streamflow peaks
at the study site is largely related to the lerajttvet-low flux season (Figure 4.5).

The conclusion of the wet-low flux season markslibginning of the switch
from vertical to lateral dominance of soil moistditexes. Water input during this period
greatly exceeds evapotranspiration demands anddetlow is maximized (Figure
4.5¢). The controls on deep soil moisture distidouat the UDCEW during the wet-high
flux period are similar to annual controls in huralonates, but also include vertical
controls. Soil moisture patterns during the wefhhfiux period are largely dictated by
topography (curvature, concavity, contributing a@ad the available water in the
remaining snowpack. The wet-high flux period iertttontrolled laterally (non-locally)
by topography and lateral hydraulic conductivitgi{groperties) and vertically (locally)
by the available of water input and infiltrationeas.

The drydown state begins as water input decreadew l@vapotranspiration rates
(Figure 4.5). As drydown progresses, a switcthendontrols on deep soil moisture
occurs. Deep soil water moisture during this persocontrolled by evapotranspiration
demands and precipitation. As water availabilgglches the vertical fluxes
(evapotranspiration) dictate the upward or downwao¥ement of the remaining water
in the soil profile and lateral controls cease.dkyogic connection between upper and

lower slopes discontinues and streamflow ceases.
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5.2 Streamflow Initiation and Cessation

Streamflow initiation and cessation during the 22004 water year was well
synchronized with timing of seasonal changes ihreoisture controls. Bedrock flow
began early in the water year (middle of the wepapod) (Figure 4.5c¢). Precipitation
during this period was mostly rainfall and rapidifiltrated to the soil-bedrock interface.
Oscillating snowmelt events during the early wet-fux period resulted in an early
switch from vertical to lateral controls as indeétoy spatial mapping of near-surface
(Appendix C) and deep (Appendix D) soil moistuildne onset of streamflow near the
channel head early in the wet-up period indicategsponse to bedrock flow in the near-
stream environment. However, lateral flow wasswdficient to connect upper and lower
slopes and generate streamflow to the middle wiivo possible explanations exist:
upper and lower bedrock flow sources were discaedeor bedrock flow was channeled
into fractures or a deep soil source area neastteam channel.

McNamara et al. (2005) proposed that dry pocketsidislope deep soils at the
site may act as a disconnect on lateral flow frgapear slopes during the wet-low flux
season. For the 2003/2004 water year, soil m@stata from a TDR instrumented soil
pit in a mid-slope deep soil location was usedt@stigate the concept of deep soill
barriers to lateral flow (Figure 5.1). Soil moisgicontent at the base of the soil profile in
the soil pit lagged behind soil moisture contentthie upper and middle portions of the
soil profile (Figure 5.1). In early March, soil mture contents throughout the soil

profile were nearly equal, with soil-bedrock interé having the highest soil moisture
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content. The hydrograph peak for the 2003/200&myaar (Figure 2.9) corresponds
with the point on the graph in Figure 5.1 whererreeaface, mid-depth, and deep soil
moisture contents become nearly equal.

Additional insight into soil moisture movementdaep soil profiles was gained
by plotting bedrock flow generation in deep andlsiasoil locations (Figure 5.2).
Bedrock flow generation in shallow soils (Figur@t®.occurs earlier in the year and is
greater than bedrock flow generation in locatiofits weep soil profiles (Figure 5.2a). It
is proposed here that an unquantified componewetiup period bedrock flow from
upper slope shallow soils (northern portion of taechment, Figure 5.3) flows laterally
downslope into deep soil locations and increasigsmgnsture contents in the middle
portion of deep soil profiles. Further lateralidety of soil moisture from or through
deep soil profiles is delayed until soil moistuoatents throughout the deep soil profile
are nearly equal at all depths (Figure 5.1). Typscally occurs at the UDCEW at the
onset of the wet-high flux, when bedrock flow isximaized (Figure 4.5).

Spatial mapping of soil moisture during the wet(ngar-surface, Figure 5.4a)
and wet-low flux (deep soil, Figure 5.4b) periodentified the development of a variable
subsurface source area near the channel head ametiately upstream from the upper
weir. Anderson et al. (1997) noted a similar sewaea responsible for streamflow
initiation in a steep unchanneled basin in the GnmegQoast Range. The study identified
bedrock flow through a weathered bedrock layer gle soil-bedrock interface. Lateral
flow through the bedrock layer intersected soilevatfiltrating vertically in the soll
profile near the channel head. The combined fldlgdeveloped a variable subsurface

source area that dictated streamflow generation.
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This study proposes that bedrock flow generatededJDCEW from shallow
coarse soils in the northeastern portion of thénb@sgure 5.3) during the wet-up and
wet-low flux period fuels the development of a aufsce source area near the channel
head above the upper weir. Early season streannfiitiates with the growth of the
source area as lateral flow develops with the $wfitam vertical to lateral controls in
shallow soil locations during portions of the wetperiod. For the 2003/2004 water
year, this occurred in late December to early JanuBelow the upper weir streamflow
was delayed due to deep soil dry pocket barrierkaferal flow) noted in mid-slope
locations in this region of the basin. Therefategamflow through the upper and middle
weirs is dependent on the development of the stdiseisource area above the upper
weir and the subsequent hillslope connection okupd lower slopes adjacent to the
channel between the upper and middle weirs.

Yenko (2003) used stream chemistry analyses tdifglencounter-clockwise
hysteresis loop of silica concentration in streaatewat the study site (Figure 5.1). The
results demonstrated that silica concentrationreasn water at the UDCEW were lower
on the rising limb of the hydrograph than on thHérfg limb. Yenko (2003) suggested
that this indicates activation of a flow sourcehngtreater silica concentration as
snowmelt progresses and catchment soil moistureeotmincreases. Yenko (2003)
further suggested that the silica increases imstveater on the falling limb were linked
to flow along the soil-bedrock interface. It ioposed here that the source may also be
from stored water in the variable source area tieachannel head or from the saturated
wedge (between the upper and lower weirs) idedtifig McNamara et al. (2005). In

either case, the stream chemistry supports theepdo¢ a subsurface variable source
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area near the channel head that is fueled by bledlave from upper slopes during the
late wet-up and early wet-low flux periods.

Growth of the subsurface source area during thdaveflux period coincides
with increases in bedrock flow and streamflow (FFegu2.11, 4.5¢c and 4.5d). However,
the significant rises in the stream hydrographdalind the bedrock flow hydrograph
(Figure 5.5). Freer et al. (2002) and Buttle ameDidnald (2002) demonstrated that
controls on coupled flowpaths (vertical and latena&y vary with water input. Both
studies determined that preferred vertical anddafeowpaths increased the rate of water
delivery downslope, but that the lateral delivegswlependent first on the vertical

connection. At the UDCEW, the vertical connectil@velops first in the northeastern
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Figure 5.1. Soil moisture content (ffm® measured at 15, 45, and 105 cm depth in a
TDR instrumented pit on the northwest facing slopéetween the upper and middle
weirs at the UDCEW. The location is representativef the deep soil region between
soil moisture sampling points 5, 13, and 8 (Figur2.1). Figure illustrates soil

moisture patterns (dry soil pockets described by Mdamara et al. (2005)) that occur
at various depths in deep soil profiles between thgoper and middle weirs.
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Figure 5.2. Differences in the timing and quantityof simulated bedrock flow at deep
(&) (> 1 m) and shallow (b) (< .45 m) soil locatiaon the northwest facing slope
between the upper and middle weir. Aggregated bedck flow from the area
weighted water using 57 sampling points is shown d&ise light gray line. Deep soll
simulations noted in the figure are for points locged in mid- to lower slope
positions. Shallow soil simulations noted in thedure are for points near ridgelines
immediately upslope of the deep soil simulation pois (a).
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portion of the basin where wet-up and early wet-fae water input is high (oscillating
snowmelt events occur due to aspect) and infitiratd the soil-bedrock interface is rapid
through shallow, coarse soils. Lateral connectiglmsequently develops and transports
soil water downslope to a growing variable substgfsource area. Similar processes
occur in the remainder of the basin as the wet-flighperiod approaches. There is a
resulting lag in streamflow generation between svag these processes are spatially and
temporally disconnected early in the water year.

Early streamflow through the upper weir was lodhi® subsurface during the
early portion of the wet-low flux period for theusy year. McNamara et al. (2005)
identified the development of a saturated wedge/den the upper and middle weir that
forms as the stream loses water to the subsurfacesuggested here that the timing of
streamflow through all three weirs is the resulbhpdirologic connection between the
subsurface variable source area near the chanaeldmel the upper weir and the
saturated wedge identified by McNamara et al. (20@reamflow then through all three
weirs marks the hydrologic connection (breach eflt#y in spatially and temporally
separated processes) of the vertical and latenapthths from the slopes above the upper
weir through the catchment outlet.

Late May rainfall produced a peak in streamflowaornent with a spike in
bedrock flow, suggesting full hillslope connectimmd the continuance of lateral flow
dominance. The concurrence in streamflow, bedfiogk and precipitation pulses may
indicate translation of a pressure wave throughotsen. Torres et al. (1998) found that

precipitation on wet soils with steep water ret@mtturves near the near-zero range can
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Figure 5.3. Spatial maps of mean bedrock flow (cnfpr each soil moisture periods
of the 2003/2004 water year. Maps identify locaties of early season (wet-up and
wet-low flux periods) bedrock flow production in the northern portion of the
catchment where shallow soils exist. Bedrock floproduction in deep soil locations
(darker areas in wet-low flux map) is delayed untithe wet-high flux period.
produce small pulses in hydraulic head that drapgd draining of pre-event water. This
type of event during the wet-high flux period (fia§] limb of the hydrograph) would
support the findings of Yenko (2003) that the fadllimb of the annual hydrograph is
made up of pre-event water (stored early seasant exeger).

During the drydown period for the 2003/2004 watesr streamflow was lost to
the subsurface between the middle and lower wsitsydrologic connection ceased.
Streamflow continued through the upper weir intoelaf 2004 before streamflow

cessation at the site in late June. The onséieo$tream losing water between the middle

and lower weir indicates the dominance of vertitadles and the disconnect of spatially
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Figure 5.4. Spatial maps of mean measured near-dace (a) and simulated 1D deep
(b) soil moisture contents (MYm?®) for respective soil moisture periods of the
2003/2004 water year. Near-surface (a) maps idefytidevelopment of a subsurface
variable source area in the central portion of thébasin during the wet-up period.
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linked lateral processes. Streamflow at the s#eahtinues as the variable subsurface

source area and saturated wedge become disconnected

5.3 Parameterizing Controls on Soil Moisture and Strearflow Generation

The distribution of soil moisture in the UDCEWGcentrolled by switches
between vertical and lateral processes that vatty the hydrologic regime. Testing of
commonly used indices to distribute hillslope pssss indicated that many wetness
indices do not depict the controls identified & WDCEW. For both the near-surface
and deep soil environments, modified indices indlreaof the observed controls
produced improved correlation between indices adhwisture patterns. The results
indicate that wetness indices indicative of proesss humid climates are not applicable
to semi-arid landscapes like the UDCEW and thapteéictive capability of such
indices can be improved by incorporating valid colstinto the parameterization.

The varied seasonal predictive capability by thelified indices supports
assumptions that the processes acting in the sttdyvary with soil moisture period and
that indices representative of seasonal fluctuatinrvertical and lateral controls are
needed to simulated seasonal processes. Thelear@edicting vertical (local) control
improved predictive capability for all periods, demstrating that topography (non-local
control) exerts less control on processes in semil@ndscapes than in humid climates.
The most significant improvement was found by idahg a process based index
(In[water input— ET]) that described the most important variable imisarid hydrology,

water availability. The use of topographic wetniesiices for hydrologic modeling in
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semi-arid landscapes requires multi-index approathe include the switches in
seasonal controls on soil moisture distributions tat accurately depict the differences
in the processes that differentiate semi-arid laagss from the humid environments

from which indices were originally derived.
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6. CONCLUSIONS

The hypotheses in this study were that streamftotiation and cessation at the
study site are controlled by catchment soil moestonditions and that many commonly
used wetness indices do not accurately depictribeepses occurring in the UDCEW.
Investigation of the controls on soil moisture wasbined with a water budget analysis
to provide insight into hillslope processes govegstreamflow at the site. Streamflow
generation at the UDCEW is the result of hydrolaghanection between a bedrock flow
fueled subsurface variable source area near thenehhead and a saturated wedge
beneath the stream channel in the central porfidinedbasin. The hydrologic connection
driving streamflow is dependent on the controlsoih moisture at the site. The controls
on soil moisture are the result of the hydrologigime. Switching of vertical to lateral
controls depends on available water during thewpednd wet-low flux periods of the
year.

Parameterizing the site-specific controls on sailsture improved the predictive
capability of wetness indices. The greatest impnoent was achieved by parameterizing
variables representing available water input (S\Mft) soil water storage (soil depth).
These findings suggest that water input and thaagpof the soil to store water may be
the most important variables for simulating soilistare patterns in snow dominated
semi-arid headwater catchments. The seasonabildyian the controls on soil moisture

observed at the UDCEW suggests that the complekipyocesses dictating catchment
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responses in semi-arid climates requires paramaatem of seasonal components. Many
commonly derived indices parameterize steady gtateesses indicative of humid
climates. In semi-arid landscapes, such statgsamaur during brief periods of year.
Thus, index approaches in semi-arid landscapesthé& UDCEW, likely require multiple
indices to accurately distribute hillslope hydratogrocesses. Furthermore, the low
correlations (best correlation in this study wa%%& commonly used and modified
indices with soil moisture patterns suggests tbatrols undefined in this study may be
necessary to more fully explain the variabilitysmil moisture distributions in semi-arid
landscapes like the UDCEW.

This study provides spatial support to the findingdMcNamara et al. (2005) and
Yenko (2003). Further research into fracture nekwand soil water residence times at
the site might better explain the downward deliveng/or storage of bedrock flow
source water for streamflow generation and aid aw@ment of parameterizing hillslope

processes and distributed hydrologic modeling mUDCEW.
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Characterization of UDCEW Sampling Locations
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UTM NAD 1927 Soil Upslope Slope Distance

Northing Easting  Elevation Aspec! Slope Depth  Upper 30 cm of Soil Profile  Contributing Distance tc to Stream Wetnes:

Point (m) (m) (m) @) () (m) % Coarse % Sand % Fines Area (m’) Divide (m) (m) Index
1 4842070.870 569374.071 1600 91.53 30.20 0.61 11 81 8 26.87 3.326 10.00 4.28

2 4842087.093 569381.715 1602 133.21 16.12 0.46 17 76 7 a04.9 39.80 45.00 6.65

3 4842089.761 569371.579 1603  146.76 22.96 0.40 17 7 6 5.09 2773 31.21 2.27

4 4842072.865 569361.985 1606 69.32 30.34 0.46 18 74 7 13.67 9.994 20.00 2.82

5 4842074.042 569352.580 1609 66.70 22.04 0.91 14 81 6 3353 1.654 19.14 4.43

6 4842092.870 569359.380 1606 114.12 14.59 0.56 19 74 7 @F74. 40.78 2.00 9.86

7 4842097.210 569344.620 1606 105.73 8.52 0.21 26 69 5 567.56 41.76 12.07 8.44

8 4842099.802 569330.510 1611  75.36 26.14 1.25 17 75 7 4513 4.934 27.07 4.34

9 4842104.604 569318.342 1615 67.34 19.92 0.94 22 76 2 36.15 0.234 12.07 4.64

10  4842106.391 569308.825 1619 7496 17.18 0.34 16 78 6 5,00 2.093 17.07 2.26

11 4842106.753 569300.665 1623 69.98 20.08 0.34 19 74 7 10.17 21.04 19.14 3.66

12 4842080.649 569323.334 1619  48.32 13.32 055 16 7 6 500 7611 42.07 2.53

13 4842079.603 569334.274 1615 66.40 21.92 1.04 19 7 4 29.99 27.47 34.14 4.03

14 4842058.372 569335.299 1617 88.40 18.79 0.43 12 83 5 11.99 18.80 48.28 3.25

15  4842074.651 569344.583 1612  65.82 24.60 0.64 15 79 6 38.50 33.47 29.14 4.58

16 4842132.975 569291.298 1623 108.60 22.53 0.34 18 77 5 7.83 40.40 24.14 2.57

17 4842130.965 569300.776 1620 112.50 16.14 1.07 15 79 6 5.00 52.70 14.14 2.42

18  4842129.947 569316.211 1616 186.93 14.77 0.30 28 69 3 2428. 56.23 17.07 7.76

19 4842125.860 569328.560 1620 215.06 28.58 0.64 17 80 3 2111 40.29 17.07 3.11

20  4842122.392 569341.008 1620 203.61 12.90 0.43 19 75 6 547.6 30.14 19.14 5.19

21 4842118.131 569352.345 1618 164.26 25.00 0.43 16 75 8 5.68 14.60 43.28 1.79

23 4842153.248 569337.940 1628 225.68 15.73 0.37 20 74 5 9.31 33.47 50.36 3.10

24 4842156.425 569324.995 1626 208.85 20.81 0.70 25 71 4 3717 3951 21.21 5.13

25 4842158.787 569310.970 1627 174.55 23.03 0.46 14 76 10 8220. 54.44 15.00 3.60

26 4842160.025 569296.516 1627 157.28 20.04 0.37 22 75 4 3867. 62.30 0.00 7.33

27  4842160.858 569285.839 1622 116.17 22.89 0.46 14 79 7 969.1 51.92 40.36 5.35

28 4842161.380 569277.397 1635 111.04 15.73 0.46 12 80 8 5.00 44.39 47.43 2.24

29  4842164.148 569268.839 1638 101.33 18.68 0.37 17 76 7 464.6 3570 59.50 551
30 4842181.957 569274.249 1639 131.22 18.37 0.70 21 75 5 111.7 46.79 52.43 3.32
31  4842180.837 569286.184 1636 127.51 14.07 0.27 19 76 5 5.00 57.41 7.07 2.47
32  4842180.435 569299.050 1634 191.24 1558 0.34 11 83 6 8a34. 45.82 20.00 5.92
33 4842177.541 569310.615 1635 198.45 18.52 0.30 15 80 5 017.0 40.57 39.14 3.67
34 4842175503 569321.258 1635 180.28 20.92 0.46 12 82 6 430.2 37.22 39.14 4.34
35 4842173.963 569333.273 1634 207.24 24.37 0.67 21 74 5 122.2 34.38 38.28 3.56
36 4842173.204 569345.341 1636 204.65 15.52 0.34 16 80 4 811.0 2131 74.50 3.46
37  4842170.455 569354.847 1636 169.40 13.19 0.38 16 78 7 5.00 3.53 81.00 2.50
38 4842190.696 569339.194 1641 161.86 9.44 0.27 14 81 5 9.68 0.381 74.50 3.77
39  4842191.638 569332.218 1641 178.38 7.66 0.76 19 78 3 49.75 16.27 58.28 5.70
40 4842192.258 569320.724 1642 170.70 12.94 0.24 17 78 4 5.00 23.08 54.14 2.58
41 4842192.839 569312.037 1642 207.82 20.25 0.24 18 77 5 5.00 34.39 39.14 1.90
42 4842196.620 569300.350 1646 198.02 25.83 0.24 21 73 6 3249 3827 37.07 3.94
43 4842197.622 569290.077 1645 173.88 31.61 0.24 25 69 6 691.1 41.64 15.00 4.85
44 4842197.443 569278.634 1645 146.75 39.50 0.24 24 71 5 0325 3444 21.21 3.84
45 4842218.897 569276.329 1653 152.60 10.57 0.24 17 77 6 6.88 16.88 41.21 3.22
46 4842217.453  569290.452 1651 172,99 16.45 0.30 21 76 3 619.2 2284 35.00 3.97
47 4842215.699 569302.085 1650 152.93 19.49 0.24 23 74 4 9.13 21.24 61.21 3.36
48 4842212.859 569312.638 1649 153.57 15.98 0.27 21 74 5 5.00 7.73 59.14 2.25
50  4842228.780 569296.335 1655 158.35 10.90 0.27 19 74 6 821 6.14 65.00 3.41
51  4842230.455 569284.921 1657 140.87 11.82 0.24 43 53 4 500 7.68 52.07 2.83
52 4842230.733  569277.708 1656 160.66 14.82 0.49 24 71 4 015.0 0.64 56.21 5.49
54  4842197.134 569266.376 1648 153.65 25.52 0.27 27 67 6 3111 29.39 66.57 2.63
55 4842217.009 569266.813 1653 154.79 9.67 0.27 19 76 5 14.57 11.43 45.36 5.17
56 4842182.966 569261.766 1643 125.58 21.65 0.46 25 69 6 7275 29.19 59.50 3.76
57  4842138.050 569280.432 1631 107.20 33.38 0.49 12 80 8 5.00 30.54 34.14 1.60
58 4842138.840 569268.619 1637 108.49 17.35 0.46 14 81 4 5.00 16.77 51.21 2.30
22A  4842154.622 569354.463 1632 196.10 15.11 0.35 18 7 6 4310. 3.15 53.28 3.47
22B  4842129.618 569354.111 1625 188.69 26.58 0.58 30 65 6 0 59 4.87 50.00 2.17
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1

©oOoO~NOObhWN

Cross Percent Percent Perceni Maximum Snow Density SWE (cm) ai
Profile Planar Mean Longitudinal  Sectior Cover Cover Cover Snow at Max Max
Point Curvature Curvature Curvature Curvature Curvature C oncavity Convexity Summer Spring Winter Depth (cm) SnowDepth Snow Depth
-0.69 0.42 -1.49 -1.21 -0.28 -2.47 -0.50 50 41 20 58.4 0.311 177
-0.54 0.32 -0.75 -0.64 -0.11 -1.30 -0.20 70 60 16 56.4 0.334 427
0.19 3.48 -0.70 0.21 -0.91 -2.00 0.61 51 26 0 57.3 0.299 6.73
0.09 0.70 -0.16 0.11 -0.27 -0.56 0.23 96 86 35 59.4 0.302 7.10
-0.11 0.71 -0.44 -0.14 -0.29 -0.61 -0.26 70 56 31 60.5 0.303 247
-0.24 2.61 -0.94 -0.26 -0.68 -1.40 -0.48 96 69 11 61.4 0.276 .66 6
-0.46 1.93 -0.98 -0.50 -0.48 -1.20 -0.77 15 10 0 64.2 0.315 008.
-0.11 0.31 -0.29 -0.15 -0.14 -0.34 -0.24 55 40 6 68.3 0.340 1709.
-0.02 0.89 -0.34 -0.02 -0.32 -0.66 -0.03 100 100 100 68.5 20.3 8.89
0.37 1.27 0.01 0.44 -0.44 -1.25 1.27 65 60 12 65.1 0.310 7.98
0.37 -0.14 0.46 0.42 0.04 -0.02 0.94 75 26 6 62.2 0.310 7.56
0.65 -1.00 0.88 0.69 0.19 0.33 1.43 36 31 4 63.8 0.321 8.09
0.71 -0.47 1.08 0.89 0.19 0.35 1.81 60 45 20 63.0 0.315 7.89
0.05 -2.24 0.61 0.05 0.55 0.09 1.12 55 41 5 61.1 0.312 7.56
-0.15 0.62 -0.48 -0.20 -0.28 -0.73 -0.23 75 75 5 61.4 0.308 487
-0.83 0.32 -1.45 -1.27 -0.18 -2.58 -0.32 100 100 100 41.9 329. 5.43
-0.45 0.34 -0.68 -0.55 -0.13 -1.30 -0.06 60 60 10 46.1 0.347 6.17
-0.26 1.80 -0.75 -0.28 -0.46 -1.06 -0.43 5 5 0 57.8 0.307 76.8
0.14 0.32 0.03 0.19 -0.16 -0.52 0.58 30 21 5 54.6 0.325 7.03
0.53 -0.62 1.04 0.73 0.31 0.54 1.54 25 25 0 55.7 0.330 7.31
1.05 -0.55 1.73 1.46 0.27 -0.22 3.68 30 27 1 52.9 0.303 6.41
0.26 -0.37 0.41 0.30 0.11 0.03 0.78 20 20 5 50.6 0.325 6.48
-0.10 1.25 -0.62 -0.12 -0.50 -1.07 -0.18 30 10 0 51.4 0.320 456
0.29 -0.27 0.47 0.37 0.11 0.07 0.87 25 20 0 51.6 0.311 6.29
0.13 0.55 -0.05 0.16 -0.21 -0.48 0.38 42 22 1 49.6 0.293 5.73
-0.20 -0.23 -0.16 -0.28 0.12 -0.57 0.24 21 11 1 49.3 0.282 52 5.
0.79 -0.32 1.12 0.99 0.13 0.25 1.99 40 30 0 48.5 0.279 5.39
-0.21 1.27 -0.68 -0.25 -0.43 -0.87 -0.48 55 55 1 47.4 0.279 285
0.21 0.45 0.09 0.25 -0.16 -0.76 0.94 55 55 15 474 0.262 4.94
0.08 0.13 0.05 0.09 -0.05 -0.10 0.19 5 5 0 41.4 0.197 3.21
-0.09 1.29 -0.51 -0.10 -0.41 -0.90 -0.12 30 26 5 52.9 0.287 915
0.34 -0.92 0.74 0.41 0.34 0.62 0.87 25 25 1 64.2 0.309 7.89
0.69 -0.52 1.34 1.05 0.29 0.56 2.13 36 16 5 55.9 0.309 6.86
0.45 1.14 0.07 0.60 -0.54 -1.23 1.36 15 10 0 46.2 0.311 5.67
0.38 -0.45 0.62 0.46 0.16 0.29 0.95 26 26 1 54.2 0.300 6.43
0.16 -0.48 0.36 0.19 0.17 0.17 0.55 36 36 6 52.0 0.289 5.97
0.52 -2.15 1.05 0.56 0.49 0.43 1.67 16 6 0 51.4 0.311 6.29
0.67 0.36 0.65 0.76 -0.11 -0.22 1.52 21 6 1 48.5 0.307 5.86
0.04 -0.47 0.31 0.06 0.25 -0.20 0.82 65 16 3 50.8 0.295 5.94
0.87 -0.63 1.40 1.13 0.27 0.06 2.74 42 8 2 52.7 0.287 6.01
-0.43 1.58 -1.31 -0.58 -0.73 -1.66 -0.96 5 5 0 485 0.270 05.2
0.10 0.39 -0.09 0.16 -0.25 -0.67 0.48 20 10 2 45.4 0.259 4.68
-0.55 0.13 -1.01 -0.93 -0.09 -1.88 -0.14 15 10 1 45.4 0.257 644
-0.15 0.93 -0.29 -0.15 -0.14 -0.43 -0.16 45 16 4 43.2 0.254 334
1.00 0.55 1.27 161 -0.34 -1.05 3.59 65 41 5 37.2 0.262 3.83
1.07 -0.09 1.65 1.60 0.05 -0.04 3.35 5 1 0 44.8 0.265 4.65
0.64 -1.20 1.07 0.72 0.35 0.40 1.74 36 41 6 55.4 0.265 5.75
0.30 0.17 0.29 0.34 -0.05 -0.79 1.38 66 36 10 435 0.265 451
0.74 -1.35 1.22 0.84 0.39 0.67 1.77 51 51 10 42.0 0.261 4.32
0.60 1.02 0.40 0.65 -0.25 -0.55 1.35 70 61 15 43.0 0.259 4.40
0.33 -0.15 0.58 0.50 0.08 -0.02 1.18 5 5 0 46.2 0.262 4.80
1.04 -0.45 1.23 112 0.10 0.15 2.30 55 55 10 49.6 0.251 491
-0.14 0.46 -0.30 -0.16 -0.14 -0.90 0.30 81 71 15 442 0.283 .98 4
-0.14 -1.03 0.31 -0.20 0.52 -0.80 1.43 55 45 0 60.7 0.319 376
0.68 -0.80 1.04 0.79 0.26 0.51 1.58 40 40 0 59.0 0.315 7.32
0.06 -1.36 0.44 0.06 0.38 0.09 0.80 50 32 5 51.2 0.303 6.08
0.09 -1.61 0.91 0.13 0.78 0.04 1.77 70 70 5 43.6 0.291 5.06
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APPENDIX B

Summary of Near-Surface Soil Moisture Contents Meaged at the UDCEW



Sample Date
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Sample Point 4/6/03 4/7/03 4/9/03 4/10/03 4/11/03 4/17/03 6/24/03 7/11/03 8/1/03 8/23/03
1 0.208 0.263 0.201 0.133 0.193 0.135 0.077 0.054 0.065 0.120
2 0.200 0.225 0.192 0.094 0.160 0.109 0.070 0.064 0.049 0.102
3 0.196 0.219 0.143 0.134 0.182 0.090 0.066 0.071 0.048 0.100
4 0.191 0.179 0.187 0.175 0.159 0.114 0.061 0.050 0.046 0.087
5 0.195 0.224 0.186 0.120 0.187 0.125 0.065 0.051 0.062 0.084
6 0.238 0.213 0.138 0.182 0.145 0.125 0.054 0.077 0.042 0.082
7 0.130 0.204 0.116 0.125 0.239 0.111 0.045 0.063 0.041 0.080
8 0.176 0.180 0.175 0.165 0.161 0.155 0.065 0.050 0.042 0.074
9 0.188 0.197 0.145 0.110 0.161 0.103 0.056 0.062 0.054 0.108
10 0.198 0.214 0.147 0.107 0.142 0.115 0.038 0.048 0.055 0.047
11 0.135 0.192 0.135 0.124 0.139 0.110 0.049 0.036 0.036 0.056
12 0.185 0.199 0.155 0.090 0.169 0.135 0.054 0.062 0.051 0.135
13 0.187 0.230 0.182 0.114 0.177 0.135 0.100 0.074 0.057 0.110
14 0.194 0.234 0.192 0.096 0.158 0.142 0.053 0.051 0.057 0.075
15 0.194 0.211 0.201 0.149 0.182 0.151 0.073 0.056 0.055 0.060
16 0.168 0.206 0.190 0.081 0.160 0.109 0.080 0.045 0.052 0.034
17 0.198 0.227 0.164 0.120 0.167 0.111 0.054 0.032 0.060 0.060
18 0.178 0.207 0.129 0.126 0.124 0.110 0.051 0.052 0.046 0.061
19 0.205 0.215 0.186 0.159 0.186 0.131 0.066 0.060 0.055 0.060
20 0.126 0.122 0.116 0.086 0.114 0.082 0.050 0.040 0.053 0.041
21 0.182 0.201 0.118 0.111 0.150 0.092 0.045 0.036 0.034 0.052
23 0.235 0.238 0.147 0.185 0.119 0.138 0.054 0.026 0.052 0.046
24 0.278 0.278 0.289 0.233 0.289 0.189 0.075 0.069 0.052 0.072
25 0.201 0.169 0.157 0.160 0.172 0.092 0.050 0.046 0.035 0.040
26 0.256 0.281 0.262 0.260 0.119 0.220 0.061 0.043 0.031 0.037
27 0.196 0.231 0.160 0.145 0.118 0.108 0.086 0.073 0.046 0.062
28 0.240 0.325 0.231 0.147 0.253 0.126 0.086 0.061 0.048 0.063
29 0.194 0.229 0.220 0.066 0.134 0.132 0.038 0.062 0.052 0.066
30 0.184 0.176 0.152 0.172 0.154 0.108 0.070 0.056 0.041 0.066
31 0.203 0.127 0.152 0.095 0.085 0.090 0.058 0.060 0.049 0.060
32 0.202 0.192 0.190 0.137 0.144 0.126 0.055 0.042 0.050 0.063
33 0.229 0.229 0.167 0.215 0.193 0.152 0.064 0.071 0.047 0.058
34 0.236 0.200 0.174 0.170 0.112 0.099 0.061 0.072 0.057 0.056
35 0.116 0.143 0.162 0.185 0.207 0.132 0.072 0.059 0.046 0.052
36 0.179 0.134 0.161 0.142 0.112 0.144 0.111 0.057 0.062 0.121
37 0.166 0.106 0.153 0.152 0.145 0.113 0.055 0.062 0.045 0.062
38 0.143 0.121 0.171 0.067 0.084 0.112 0.039 0.046 0.045 0.081
39 0.162 0.159 0.148 0.108 0.136 0.114 0.040 0.053 0.049 0.072
40 0.118 0.136 0.147 0.119 0.094 0.114 0.045 0.067 0.041 0.066
41 0.143 0.177 0.099 0.180 0.140 0.148 0.054 0.043 0.053 0.067
42 0.118 0.121 0.118 0.105 0.087 0.110 0.045 0.069 0.043 0.054
43 0.153 0.203 0.159 0.149 0.125 0.132 0.051 0.064 0.049 0.062
44 0.095 0.189 0.114 0.120 0.108 0.114 0.047 0.063 0.045 0.052
45 0.171 0.122 0.165 0.084 0.088 0.090 0.054 0.049 0.033 0.049
46 0.157 0.143 0.150 0.113 0.099 0.079 0.010 0.047 0.055 0.052
47 0.132 0.152 0.124 0.069 0.112 0.104 0.046 0.045 0.050 0.052
48 0.140 0.157 0.135 0.093 0.096 0.088 0.050 0.038 0.046 0.056
50 0.143 0.172 0.142 0.139 0.078 0.128 0.050 0.042 0.042 0.065
51 0.146 0.132 0.102 0.117 0.173 0.066 0.047 0.046 0.039 0.082
52 0.135 0.131 0.128 0.085 0.096 0.067 0.041 0.045 0.038 0.055
54 0.119 0.123 0.126 0.105 0.080 0.144 0.058 0.045 0.039 0.067
55 0.129 0.172 0.121 0.117 0.129 0.113 0.055 0.060 0.034 0.072
56 0.189 0.168 0.133 0.149 0.139 0.092 0.063 0.059 0.043 0.039
57 0.211 0.198 0.146 0.098 0.198 0.133 0.069 0.064 0.069 0.048
58 0.188 0.134 0.159 0.151 0.173 0.104 0.059 0.041 0.054 0.056
22A 0.200 0.145 0.154 0.121 0.128 0.127 0.055 0.057 0.046 0.047
22B 0.186 0.147 0.118 0.107 0.108 0.085 0.047 0.042 0.073 0.062

Statistics 4/6/03 4/7/03 4/9/03 4/10/03 4/11/03 4/17/03 24303 7/11/03 8/1/03 8/23/03
Mean 0.178 0.186 0.158 0.131 0.145 0.118 0.058 0.054 0.048 0.067
SD 0.039 0.047 0.037 0.040 0.044 0.027 0.016 0.012 0.009 0.022
cv 4.607 4.000 4.339 3.262 3.320 4.379 3.615 4.619 5.488 3.080
Maximum 0.278 0.325 0.289 0.260 0.289 0.220 0.111 0.077 0.073 0.135
Minimum 0.095 0.106 0.099 0.066 0.078 0.066 0.010 0.026 0.031 0.034
Range 0.183 0.219 0.190 0.194 0.211 0.154 0.101 0.051 0.042 0.101

Observations 57 57 57 57 57 57 57 57 57 57
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Sample Date

Sample Point __9/11/03 10/28/03 11/11/03 11/18/03 11/23/03 12/19/03 3/4/04 3/9/04 3/11/04 3/16/04
1 0.049 0.049 0.052 0.073 0.074 0.165 0.197 0.200 0.249 0.257
2 0.050 0.050 0.086 0.135 0.149 0.243 0.187 0.212 0.309 0.223
3 0.041 0.052 0.049 0.129 0.142 0.252 0.190 0.208 0.290 0.188
4 0.037 0.050 0.053 0.100 0.069 0.122 0.192 0.197 0.230 0.256
5 0.033 0.040 0.055 0.095 0.091 0.159 0.187 0.192 0.222 0.289
6 0.051 0.040 0.054 0.091 0.128 0.185 0.197 0.212 0.206 0.199
7 0.051 0.050 0.068 0.115 0.063 0.157 0.192 0.217 0.272 0.165
8 0.049 0.037 0.057 0.085 0.090 0.160 0.187 0.188 0.224 0.258
9 0.043 0.034 0.052 0.136 0.117 0.157 0.190 0.192 0.212 0.181
10 0.026 0.041 0.038 0.112 0.069 0.150 0.190 0.190 0.236 0.207
11 0.037 0.051 0.068 0.068 0.107 0.129 0.189 0.191 0.222 0.231
12 0.064 0.049 0.059 0.092 0.102 0.128 0.188 0.192 0.189 0.201
13 0.049 0.047 0.066 0.076 0.056 0.159 0.186 0.190 0.246 0.235
14 0.053 0.061 0.048 0.104 0.116 0.181 0.188 0.188 0.251 0.249
15 0.050 0.053 0.082 0.071 0.100 0.179 0.187 0.188 0.245 0.232
16 0.043 0.062 0.034 0.051 0.070 0.095 0.117 0.128 0.252 0.207
17 0.054 0.049 0.047 0.094 0.110 0.174 0.193 0.197 0.239 0.261
18 0.057 0.044 0.067 0.088 0.064 0.180 0.232 0.242 0.302 0.242
19 0.057 0.048 0.041 0.190 0.121 0.187 0.212 0.218 0.279 0.260
20 0.050 0.025 0.047 0.124 0.068 0.148 0.202 0.200 0.144 0.143
21 0.039 0.040 0.052 0.100 0.079 0.190 0.196 0.209 0.203 0.160
23 0.041 0.041 0.063 0.142 0.103 0.154 0.180 0.197 0.302 0.351
24 0.041 0.045 0.041 0.145 0.121 0.196 0.276 0.283 0.343 0.321
25 0.039 0.053 0.081 0.154 0.080 0.181 0.197 0.207 0.327 0.317
26 0.050 0.061 0.064 0.070 0.120 0.189 0.272 0.280 0.348 0.438
27 0.045 0.049 0.050 0.075 0.057 0.117 0.205 0.210 0.244 0.262
28 0.064 0.022 0.060 0.074 0.057 0.156 0.182 0.192 0.220 0.263
29 0.063 0.058 0.080 0.072 0.078 0.105 0.173 0.187 0.255 0.167
30 0.041 0.055 0.059 0.086 0.141 0.172 0.203 0.208 0.257 0.211
31 0.046 0.050 0.065 0.088 0.075 0.155 0.196 0.227 0.202 0.110
32 0.056 0.061 0.058 0.102 0.124 0.169 0.204 0.207 0.253 0.167
33 0.050 0.061 0.068 0.076 0.074 0.177 0.155 0.192 0.305 0.224
34 0.052 0.046 0.082 0.076 0.106 0.237 0.225 0.222 0.244 0.215
35 0.053 0.062 0.055 0.058 0.053 0.175 0.207 0.210 0.210 0.266
36 0.054 0.072 0.045 0.075 0.055 0.236 0.180 0.190 0.321 0.217
37 0.061 0.059 0.046 0.084 0.071 0.204 0.133 0.203 0.212 0.197
38 0.039 0.050 0.079 0.078 0.072 0.107 0.087 0.217 0.219 0.297
39 0.057 0.055 0.079 0.076 0.082 0.142 0.136 0.198 0.232 0.196
40 0.044 0.067 0.085 0.104 0.108 0.178 0.141 0.252 0.205 0.152
41 0.050 0.048 0.046 0.140 0.093 0.192 0.183 0.313 0.356 0.321
42 0.045 0.040 0.044 0.105 0.066 0.145 0.173 0.192 0.238 0.156
43 0.034 0.041 0.052 0.110 0.090 0.169 0.197 0.241 0.305 0.270
44 0.030 0.037 0.050 0.108 0.089 0.153 0.222 0.222 0.279 0.152
45 0.049 0.043 0.081 0.112 0.101 0.204 0.178 0.166 0.241 0.185
46 0.033 0.030 0.060 0.094 0.099 0.185 0.211 0.208 0.242 0.229
47 0.042 0.038 0.056 0.076 0.078 0.183 0.140 0.154 0.255 0.184
48 0.044 0.042 0.047 0.090 0.075 0.181 0.146 0.228 0.191 0.175
50 0.062 0.035 0.062 0.163 0.124 0.205 0.134 0.287 0.252 0.181
51 0.049 0.035 0.060 0.148 0.079 0.180 0.142 0.272 0.156 0.192
52 0.041 0.036 0.058 0.042 0.049 0.164 0.140 0.181 0.189 0.149
54 0.041 0.053 0.060 0.112 0.090 0.254 0.184 0.192 0.177 0.156
55 0.048 0.037 0.056 0.148 0.070 0.170 0.173 0.171 0.173 0.157
56 0.041 0.038 0.051 0.076 0.116 0.169 0.189 0.193 0.240 0.228
57 0.043 0.056 0.060 0.081 0.067 0.196 0.204 0.210 0.269 0.234
58 0.048 0.035 0.054 0.073 0.107 0.155 0.181 0.196 0.252 0.304
22A 0.047 0.030 0.062 0.103 0.115 0.135 0.223 0.252 0.289 0.212
22B 0.035 0.037 0.060 0.116 0.094 0.225 0.194 0.211 0.254 0.128

Statistics 9/11/03 10/28/03 11/11/03 11/18/03 11/23/03 /1903 3/4/04 3/9/04 3/11/04 3/16/04
Mean 0.047 0.046 0.059 0.099 0.091 0.172 0.185 0.209 0.247 0.222
SD 0.009 0.011 0.013 0.030 0.025 0.034 0.033 0.032 0.047 0.061
Ccv 5.442 4.397 4.689 3.320 3.630 5.001 5.687 6.485 5.296 3.649
Maximum 0.064 0.072 0.086 0.190 0.149 0.254 0.276 0.313 0.356 0.438
Minimum 0.026 0.022 0.034 0.042 0.049 0.095 0.087 0.128 0.144 0.110
Range 0.038 0.050 0.052 0.148 0.100 0.159 0.188 0.185 0.212 0.328

Observations 57 57 57 57 57 57 57 57 57 57
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Sample Point____3/19/04 3/23/04 3/30/04 4/2/04 4/9/04 4/¥9/0 _4/23/04 5/1/04 5/4/04 5/13/04
1 0.245 0.222 0.193 0.175 0.178 0.148 0.200 0.164 0.138 0.204
2 0.217 0.168 0.187 0.172 0.136 0.115 0.175 0.132 0.122 0.183
3 0.179 0.163 0.180 0.154 0.131 0.117 0.135 0.111 0.094 0.168
4 0.196 0.231 0.194 0.179 0.169 0.135 0.172 0.129 0.128 0.145
5 0.272 0.218 0.204 0.185 0.170 0.149 0.201 0.163 0.121 0.166
6 0.176 0.177 0.195 0.159 0.162 0.127 0.190 0.119 0.096 0.149
7 0.157 0.162 0.161 0.147 0.146 0.125 0.151 0.109 0.095 0.137
8 0.258 0.203 0.204 0.188 0.159 0.153 0.180 0.168 0.148 0.204
9 0.198 0.182 0.192 0.162 0.161 0.140 0.187 0.149 0.148 0.190
10 0.181 0.184 0.182 0.144 0.160 0.125 0.154 0.116 0.100 0.163
11 0.192 0.189 0.152 0.156 0.137 0.112 0.140 0.121 0.085 0.122
12 0.228 0.216 0.199 0.178 0.160 0.136 0.188 0.117 0.112 0.141
13 0.227 0.200 0.199 0.177 0.174 0.155 0.184 0.144 0.117 0.093
14 0.195 0.204 0.198 0.189 0.154 0.141 0.148 0.164 0.120 0.164
15 0.226 0.218 0.200 0.174 0.171 0.161 0.182 0.156 0.095 0.186
16 0.222 0.186 0.176 0.138 0.138 0.115 0.120 0.138 0.102 0.177
17 0.215 0.190 0.199 0.176 0.152 0.112 0.160 0.124 0.097 0.119
18 0.243 0.162 0.149 0.167 0.198 0.181 0.200 0.132 0.110 0.234
19 0.272 0.248 0.213 0.184 0.169 0.143 0.160 0.152 0.113 0.215
20 0.083 0.134 0.116 0.120 0.105 0.118 0.105 0.090 0.088 0.136
21 0.174 0.162 0.170 0.140 0.100 0.105 0.129 0.085 0.070 0.129
23 0.226 0.235 0.199 0.167 0.161 0.117 0.180 0.153 0.143 0.206
24 0.305 0.264 0.263 0.243 0.212 0.194 0.228 0.142 0.137 0.201
25 0.206 0.201 0.172 0.169 0.158 0.094 0.229 0.141 0.132 0.197
26 0.427 0.325 0.281 0.274 0.240 0.213 0.222 0.179 0.141 0.229
27 0.177 0.196 0.210 0.172 0.174 0.125 0.164 0.153 0.108 0.160
28 0.274 0.217 0.232 0.195 0.162 0.164 0.218 0.137 0.102 0.165
29 0.253 0.178 0.190 0.173 0.199 0.135 0.189 0.165 0.090 0.185
30 0.181 0.180 0.171 0.159 0.135 0.112 0.166 0.119 0.099 0.185
31 0.132 0.136 0.145 0.144 0.120 0.079 0.120 0.126 0.067 0.185
32 0.183 0.185 0.183 0.188 0.132 0.153 0.171 0.133 0.106 0.184
33 0.244 0.269 0.185 0.160 0.138 0.154 0.176 0.135 0.117 0.197
34 0.198 0.161 0.195 0.159 0.144 0.099 0.136 0.108 0.087 0.184
35 0.249 0.227 0.198 0.175 0.170 0.148 0.175 0.137 0.105 0.183
36 0.174 0.230 0.174 0.177 0.163 0.131 0.115 0.137 0.108 0.094
37 0.153 0.124 0.146 0.158 0.105 0.123 0.164 0.102 0.106 0.187
38 0.197 0.151 0.149 0.137 0.117 0.112 0.142 0.112 0.095 0.164
39 0.179 0.162 0.148 0.143 0.130 0.106 0.144 0.109 0.099 0.160
40 0.185 0.188 0.151 0.224 0.117 0.111 0.146 0.129 0.113 0.229
41 0.211 0.243 0.228 0.219 0.146 0.143 0.176 0.179 0.144 0.190
42 0.131 0.118 0.135 0.110 0.096 0.096 0.123 0.099 0.085 0.137
43 0.157 0.137 0.155 0.168 0.141 0.099 0.141 0.102 0.084 0.133
44 0.132 0.122 0.132 0.144 0.118 0.095 0.080 0.094 0.077 0.085
45 0.122 0.115 0.129 0.138 0.108 0.097 0.083 0.096 0.085 0.142
46 0.171 0.135 0.165 0.155 0.105 0.087 0.108 0.094 0.082 0.120
47 0.138 0.148 0.146 0.119 0.132 0.100 0.133 0.107 0.096 0.145
48 0.161 0.141 0.148 0.147 0.103 0.089 0.119 0.120 0.098 0.162
50 0.175 0.148 0.147 0.116 0.110 0.067 0.121 0.090 0.103 0.138
51 0.153 0.095 0.090 0.098 0.088 0.062 0.102 0.085 0.061 0.109
52 0.134 0.130 0.137 0.124 0.093 0.054 0.117 0.087 0.076 0.124
54 0.157 0.132 0.180 0.143 0.139 0.085 0.132 0.093 0.074 0.168
55 0.133 0.141 0.166 0.135 0.102 0.089 0.124 0.086 0.086 0.158
56 0.185 0.129 0.163 0.143 0.119 0.092 0.090 0.081 0.065 0.141
57 0.219 0.214 0.199 0.175 0.166 0.165 0.178 0.142 0.131 0.153
58 0.189 0.193 0.191 0.142 0.111 0.161 0.164 0.116 0.145 0.179
22A 0.223 0.195 0.154 0.178 0.136 0.118 0.168 0.132 0.100 0.217
22B 0.163 0.149 0.154 0.165 0.101 0.082 0.119 0.115 0.131 0.136

Statistics 3/19/04 3/23/04 3/30/04 4/2/04 4/9/04 4/19/04 /23404 5/1/04 5/4/04 5/13/04
Mean 0.197 0.181 0.177 0.163 0.143 0.122 0.155 0.125 0.105 0.164
SD 0.054 0.045 0.033 0.031 0.032 0.032 0.036 0.026 0.023 0.035
Ccv 3.664 4.062 5.283 5.336 4.500 3.806 4.297 4.838 4.628 4.736
Maximum 0.427 0.325 0.281 0.274 0.240 0.213 0.229 0.179 0.148 0.234
Minimum 0.083 0.095 0.090 0.098 0.088 0.054 0.080 0.081 0.061 0.085
Range 0.344 0.230 0.190 0.175 0.151 0.159 0.149 0.099 0.088 0.148

Observations 57 57 57 57 57 57 57 57 57 57
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Sample Date
Sample Point___5/20/04 __5/25/04 __5/30/04 6/2/04 6/13/04 60w/ _6/24/04 __ 6/30/04

1 0.222 0.163 0.185 0.139 0.138 0.121 0.074 0.118
2 0.213 0.196 0.144 0.134 0.127 0.116 0.096 0.104
3 0.224 0.168 0.187 0.151 0.126 0.113 0.102 0.119
4 0.194 0.121 0.174 0.162 0.117 0.111 0.082 0.090
5 0.221 0.181 0.189 0.151 0.134 0.130 0.119 0.117
6 0.240 0.159 0.178 0.153 0.116 0.113 0.104 0.108
7 0.178 0.156 0.176 0.112 0.123 0.112 0.101 0.100
8 0.203 0.164 0.182 0.156 0.131 0.120 0.108 0.135
9 0.221 0.168 0.172 0.161 0.133 0.139 0.144 0.145
10 0.190 0.148 0.131 0.104 0.089 0.104 0.081 0.099
11 0.177 0.158 0.147 0.130 0.083 0.101 0.090 0.087
12 0.231 0.146 0.168 0.131 0.121 0.116 0.097 0.117
13 0.206 0.147 0.210 0.135 0.125 0.145 0.125 0.139
14 0.202 0.154 0.171 0.174 0.112 0.117 0.106 0.101
15 0.231 0.165 0.185 0.164 0.134 0.130 0.096 0.110
16 0.163 0.103 0.186 0.145 0.133 0.106 0.115 0.110
17 0.213 0.145 0.159 0.134 0.119 0.100 0.105 0.116
18 0.174 0.254 0.207 0.157 0.140 0.145 0.180 0.113
19 0.185 0.149 0.178 0.151 0.142 0.133 0.106 0.140
20 0.141 0.165 0.107 0.107 0.064 0.090 0.083 0.090
21 0.201 0.142 0.136 0.130 0.121 0.082 0.087 0.119
23 0.239 0.213 0.246 0.192 0.141 0.128 0.112 0.098
24 0.264 0.251 0.266 0.292 0.233 0.227 0.156 0.143
25 0.243 0.176 0.206 0.171 0.113 0.106 0.081 0.130
26 0.227 0.183 0.259 0.246 0.207 0.191 0.155 0.144
27 0.225 0.167 0.183 0.169 0.095 0.101 0.091 0.108
28 0.230 0.190 0.172 0.176 0.100 0.135 0.112 0.110
29 0.172 0.168 0.183 0.155 0.105 0.099 0.119 0.115
30 0.180 0.141 0.188 0.157 0.117 0.133 0.083 0.122
31 0.179 0.117 0.186 0.122 0.115 0.126 0.096 0.092
32 0.213 0.159 0.200 0.145 0.134 0.152 0.128 0.131
33 0.256 0.176 0.167 0.101 0.112 0.140 0.095 0.118
34 0.239 0.185 0.232 0.144 0.127 0.135 0.099 0.109
35 0.246 0.218 0.247 0.195 0.165 0.166 0.127 0.159
36 0.135 0.102 0.190 0.185 0.110 0.143 0.153 0.145
37 0.202 0.174 0.169 0.162 0.137 0.101 0.106 0.097
38 0.158 0.139 0.152 0.107 0.099 0.112 0.097 0.112
39 0.172 0.125 0.141 0.100 0.106 0.111 0.096 0.109
40 0.179 0.156 0.232 0.139 0.146 0.125 0.116 0.119
41 0.230 0.201 0.276 0.211 0.152 0.119 0.094 0.131
42 0.179 0.130 0.145 0.106 0.119 0.118 0.115 0.105
43 0.198 0.158 0.174 0.160 0.143 0.086 0.100 0.126
44 0.134 0.121 0.156 0.106 0.104 0.122 0.124 0.102
45 0.155 0.139 0.143 0.103 0.112 0.085 0.084 0.094
46 0.175 0.151 0.158 0.129 0.131 0.100 0.086 0.105
47 0.161 0.102 0.142 0.110 0.094 0.134 0.095 0.114
48 0.172 0.136 0.152 0.122 0.104 0.124 0.109 0.098
50 0.179 0.139 0.094 0.099 0.143 0.104 0.115 0.093
51 0.156 0.096 0.133 0.076 0.083 0.073 0.076 0.104
52 0.166 0.141 0.132 0.101 0.104 0.064 0.089 0.114
54 0.191 0.184 0.197 0.155 0.117 0.121 0.121 0.108
55 0.208 0.153 0.171 0.133 0.111 0.124 0.099 0.097
56 0.190 0.117 0.179 0.118 0.101 0.111 0.093 0.129
57 0.220 0.160 0.206 0.172 0.170 0.149 0.111 0.102
58 0.223 0.156 0.246 0.181 0.130 0.109 0.110 0.107
22A 0.252 0.181 0.182 0.142 0.119 0.115 0.086 0.097
22B 0.223 0.158 0.160 0.122 0.115 0.109 0.082 0.090
Statistics 5/20/04 5/25/04 5/30/04 6/2/04 6/13/04 6/17/04 6/24/04 6/30/04
Mean 0.200 0.158 0.180 0.146 0.124 0.120 0.105 0.113
SD 0.032 0.032 0.037 0.037 0.027 0.026 0.021 0.017
Ccv 6.305 4.960 4.794 3.914 4.548 4.576 4.918 6.816
Maximum 0.264 0.254 0.276 0.292 0.233 0.227 0.180 0.159
Minimum 0.134 0.096 0.094 0.076 0.064 0.064 0.076 0.087
Range 0.129 0.157 0.181 0.216 0.169 0.163 0.104 0.072

Observations 57 57 57 57 57 57 57 57



173

APPENDIX C

Time Series Spatial Maps of Measured Near-Surfaceo® Moisture in the UDCEW
During the 2003/2004 Water Year
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APPENDIX D

Time Series Spatial Maps of Simulated Deep Soil Msture in the UDCEW During
the 2003/2004 Water Year
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