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ABSTRACT
A reliable isotopic hydrograph separation is possible for a snow melt event if

spatial and temporal variability in §'0, and travel time to the stream can be taken into
account. Spatial variability of melt §'°0 cannot be accounted for with elevation, slope, or
aspect. Standard deviations of "0 on the meter scale range between 1.29%o and 0.40%o.
Results of hydrograph separations of the 2003 melt in the Bogus Experimental Catchment
using various methods to account for the new water 80 range from 44.8% to 99.4% old
water. The proposed method of constructing a new water isotopic signal by distributing a
daily averaged isotopic time series across the basin yields an old water fraction of 68.1%.

A hydrograph separation using silica yields similar results.
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1. INTRODUCTION

The majority of hydrograph separation studies since 1969 (Pinder and Jones,
1969) have concluded that nonevent water (old water) dominates runoff events (Buttle,
1994). Prior to this time, event water (new water) was thought to travel quickly overland
to a stream and cause an increase in discharge. Many hydrologic models currently in use
are based on the overland flow runoff generation mechanism. Dunne and Black (1970g;
1970b) proposed a mechanism of subsurface flow runoff generation based on
hydrometric studies. The introduction of the conservative tracer-based hydrograph
separation technique has confirmed the results of Dunne and Black and lead to the current
conception of how water moves through a catchment. Improving tracer methods to
explain hydrologic pathways and incorporating those methods into hydrologic models
continue to be topics at the forefront of hydrologic research. This thesis attempts to
improve hydrograph separations during snowmelt events.

A two-component hydrograph separation study separates an event hydrograph
into contributions from the new and old water reservoirs. The new water is defined as
any water that is introduced into the basin during the hydrograph event, and the old water
is defined as any water that exists in the basin prior to the event. The majority of
hydrologic events have chemically different old and new water reservoirs. Tracking the
chemistry of the stream and the two contributing reservoirs allows the stream to be
separated into new and old water contributions. Based on equations for conservation of

mass, the quantity of old water contributing to a storm hydrograph is:
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where Q is the discharge, C is the tracer concentration, and the subscripts s, n, and o refer
to the total streamflow, the new component of flow, and the old component of flow
respectively (McNamara, Kane, and Hinzman, 1997). This hydrograph separation
equation is explained in more detail in Section 1.2. Reliable results from the hydrograph
separation equation are contingent upon well-defined conservative tracer concentrations
for new, old, and stream waters.

A conservative tracer is one that does not change in concentration as water moves
through a catchment during a hydrologic event. A commonly used tracer is the stable
isotope ‘20, an isotope of oxygen that occurs naturally in water. Since 20 is a part of the
water molecule and not an ion dissolved in the water, chemical reactions of the tracer
while in the hill slope are minimized.

The isotopic hydrograph separation works well on rain events (Sklash and
Farvolden, 1979), as they are commonly of short duration and have relatively persistent
isotopic chemistries compared to snowmelt events. Because changes in isotopic
concentration arise from phase changes common in a snowpack, the isotopic chemistry of
snowmelt is observed to be significantly variable in time (Figure 1.1) (Taylor, Feng,
Kirchner, Osterhuber, Klaue, and Renshaw, 2001). Large errors in a hydrograph
separation result from the wide range of values that can be used for the new water
concentration in Equation 1. Recent studies have addressed temporal variations
(enrichment) in snow melt 80 throughout the melt event (Taylor, Feng, Williams, and
McNamara, 2002), but implementation of methods to account for observed spatial

variability are limited.



Spatial variability in snowmelt isotopic chemistry is observed on the catchment
scale in response to elevation, distance from the ocean, and latitude (Dansgaard, 1964;
Ingraham, 1998; Ingraham and Taylor, 1986; Siegenthaler and Oeschger, 1980). Spatial
variability in isotopic melt chemistry is also expected to vary on the meter-scale similar
to melt volumes as observed by Williams, Sommerfeld, Massman, and Rikkers (1999).
Small-scale controls on variability may include, snow redistribution in response to abrupt
changes in vegetation and complicated pathways of melt through the snowpack.

This thesis contributes to methods that define a new water input for Equation 1
during snowmelt events. Specific objectives of this thesis include 1) evaluating the
spatial and temporal variation of snow melt §*°0 in the snowpack in the Bogus
Experimental Catchment (BEC), 2) demonstrating the wide range of possible outcomes
for Equation 1 depending on the new water chemistry used, 3) developing a method of

combining measured melt chemistry into a new water isotopic input for Equation 1 that
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Figure 1.1. Typical '°0 enrichment of melt from an Alaska snowpack on the North
Slope of the Brooks Range (Modified from Taylor et al., 2002).



takes into account spatial and temporal variation, and 4) estimating new and old water
contributions using the developed hydrograph separation technique.
1.1 Project Scope

The evaluation of isotopic variability in snowmelt and new methods of accounting
for that variability in the BEC contributes to hydrograph separation research dating to
1967 (La Sala, 1967). Although steady improvements have been made in hydrograph
separation techniques, there is a need to improve methods of obtaining a reasonable new
water isotopic concentration for snow melt events. As snow melts, phase changes in the
snowpack enrich melt. Factors such as elevation and aspect should affect large-scale
spatial variability, while preferred pathways through the snowpack and vegetation should
affect small-scale spatial variability. A very significant, but often overlooked source of
error in new water chemistry is the time it takes melt in the upper portion of the
catchment to travel to the stream. Only by accounting for all of these factors can one be
confident in a new water melt chemistry.

The completion of a hydrograph separation study in the BEC during the 2003
melt season supports a large-scale investigation of cold season hydrologic pathways in
the semiarid Dry Creek Experimental Watershed composed of rangelands and forests
north of Boise, Idaho. Ongoing studies in the Dry Creek Experimental Watershed
examine hill slope processes and their relations to watershed functions. Results from
such studies will be incorporated into watershed models, which predict and evaluate
water resources and flood hazards (Weiler and McDonnell, 2004).

The Dry Creek Experimental Watershed is a 28 km? basin that sustains flow

throughout the summer in the absence of any significant precipitation. It is composed of



numerous valleys with intermittent and perennial streams. A better understanding of how
mesoscale watersheds function relies on studies of different subcatchments in which
various hydrologic conditions prevail.

Yenko, McNamara, and Chandler (2001) conducted hydrologic investigations in
the 0.01 km? Treeline Site of the Dry Creek Experimental Watershed, which contains an
intermittent stream that flows from November through May most years. Sixty percent of
the snowmelt event hydrograph is contributed by new water according to a hydrograph
separation during the melt of 2001 using silica as a conservative tracer. The melt event
hydrograph is dominated by new water because the shallow sandy soils limit the amount
of soil water that can be stored in the catchment. New water from snowmelt overwhelms
the soil water that is left from the previous year.

The Bogus Experimental Catchment (BEC) is a 0.6 km? headwater basin with a
perennial stream that receives the majority of its annual precipitation as snow. It is
bigger than the Treeline Site and it is made of many subcatchments that contain either an
intermittent stream or perennial stream. An isotopic hydrograph separation in the BEC
separates the 2003 snowmelt event into a new water contributing reservoir and an old
water contributing reservoir. Associated inferences about cold season processes that
govern contributing reservoirs to streamflow may lead to more dependable watershed
models, which facilitate better land management policies for rangelands and forests, as
well as more accurate flood predictions and contaminant response tactics for all semiarid

watersheds.



1.2 Background

Scientists have been performing hydrograph separations on various scales to
identify contributing reservoirs to streamflow during hydrologic events for over 50 years.
This paper contributes to the methodology of obtaining a new water concentration to be
used in a snowmelt hydrograph separation by accounting for spatial and temporal
variability in snowmelt chemistry.

Hydrograph separations based on the mass balance equation using a conservative
tracer must consider all five assumptions summarized by Buttle (1994).

1. There is a significant difference between the isotopic chemistry of the
new and old components of streamflow.

2. The isotopic signature of new water is constant in space and time, or
any variations can be accounted for.

3. The isotopic signature of old water is constant in space and time, or
any variations can be accounted for.

4. Contributions of water from the vadose zone must be negligible, or the
isotopic content of soil water must be similar to that of groundwater.

5. Contributions to streamflow from surface storage are negligible.

Also implied by the hydrograph separation equation is an instantaneous delivery
assumption, which assumes that melt chemistry measured anywhere in the catchment will
affect the stream chemistry immediately. The instantaneous delivery assumption is
referred to as assumption 6 in this thesis.

Two problem assumptions with respect to snowmelt isotopic hydrograph
separation that are addressed in this thesis are: 1) both the spatial and temporal variability

of assumption 2, and 2) instantaneous delivery implication of assumption 6.



1.2.1 Assumption 2: New water is Temporally and Spatially Constant.

Variability in the isotopic chemistry of snowmelt originates from phase changes
in water. %0 is an isotope of water that occurs far less often than *°0. The §'°0 of
precipitation depends on the history of that water in terms of origin and temperature
during phase changes. Since *20 is a heavier atom, water molecules with **0 form
stronger bonds with other water molecules. Water molecules with *°0 will therefore
preferentially melt from ice and evaporate from water leaving a parent phase enriched in
0. Colder environments facilitate larger degrees of fractionation because the molecular
structure of water is more organized and more specific to allowing *°0 into it. When
water is warmer, the molecular structure is less specific, and allows 20 to be
interchangeable with °0. Negative concentrations of %0 reflect the fact that most
terrestrial water originates by evaporating from the ocean, thus being depleted in **0
compared to the parent oceanic water.

Methods used to quantify the new water chemistry during snowmelt events have
evolved steadily. Little attention was paid to melt chemistry as early studies used an
average isotopic value from snow cores collected on one day. Now, studies are
beginning to account for complex temporal and spatial isotopic variations in melt water.

1.2.1.1 Snow Cores

Early studies collected and melted bulk snow cores to represent the new water
chemistry, which was assumed constant in time and space (Rodhe, 1981); (Bottomley,
Craig, and Johnston, 1986). However, Taylor, et al. (2002) and Hooper and Shoemaker

(1986) conducted field experiments indicating a significant difference in isotopic content



between meltwater and snow samples. It is therefore necessary to collect melt samples to
characterize new water chemistry.

1.2.1.2 Temporal Variability of $*¥0 Meltwater

Melt chemistries collected over time from one location are reported by Martinec
(1975) and Dincer, Payne, Florkowski, Martinec and Tongiorgi (1970). Both studies
assume a constant mean chemistry value for the new water and state that there is little
areal and time variations about the mean value. Genereux (1998) and Hooper and
Shoemaker (1986), however, observed an isotopic signal that varies significantly over
time. Taylor, Feng, Kirchner, Osterhuber, Klaue, and Renshaw (2001) conduct
laboratory and field experiments on temporal variations in 50 and observe an isotopic
enrichment during snowmelt (Figure 1.1). Taylor et al. (2002) quantify the errors
associated with neglecting the observed isotopic enrichment and show that the
hydrograph separation underestimates old water contributions during early melt and
overestimates old water during late melt. Therefore, measurements of snowmelt must be
made repetitively throughout the event to sufficiently represent new water concentrations.

1.2.1.3 Spatial Variability of 8*20 in Melt Water

Many studies have implied spatial variations in isotopic chemistry by using more
than one melt collection location. Moore (1989) collected meltwater from eight melt
lysimeters during a melt event and reported daily averages between —20.05%. and
-17.41%o with standard deviations between 0.66%. and 0.76%.. However, the study uses
a grand mean from all lysimeters on all days as a constant new water value because

temporal variations in chemistry and routing of new water could not be accounted for.



This approach takes into account some spatial variation, but does not consider time
variations in melt chemistry.

Hooper and Shoemaker (1986) use isotopic chemistry from two melt lysimeters to
represent new water in a 0.42 km? watershed. An average isotopic value is used when
samples are taken from both locations at the same time. Spatial variability is reported to
average 3.8%o in deuterium between the two sampling points, which are approximately
300 m apart in distance and 220 m apart in elevation. Differences in isotopic values are
attributed to rain events that occurred regularly during the melt event.

Shanley, Kendall, Smith, Wolock, and McDonnell (2002) collect melt water from
four locations with different aspects in a 0.41 km? basin. Small scale variability is
reported to range between 1%o and 3%o in '°0. Variability was accounted for by taking
a daily arithmetic mean §'°0 value stating that the variability is small compared to §'°0
differences between meltwater and groundwater.

The use of daily means is the first step in taking into account basin wide
snowmelt chemistry over time, but very few collection locations are sampled in large
basins. Melt 8*°0 is difficult to characterize because many factors can effect the melting
processes in the snowpack and thus affect the 50 concentration of the snowmelt.
Catchment scale factors such as elevation, aspect, wind redistribution, vegetation, and
slope culminate with smaller scale factors such as melt pathways and local topography to
give a significantly variable 5'°0 signal in time and space.

1.2.2 Assumption 6: Instantaneous Delivery of Snow Melt to the Stream.

A spatially and temporally constant new water '°0 value does not require

accounting for melt water travel times for different parts of the catchment. The constant



10

new water 5'°0 value is simply used for the entire hydrograph event, even though the
actual snowmelt period covers a relatively short fraction of the event hydrograph (Figure
1.2 a.). The horizontal dashed line in Figure 1.2 b represents the constant C, value to be
used in the hydrograph separation if the measured melt 820 is time constant. The
constant 8*°0 value represents areas close to the stream early in the hydrograph event and
represents areas with greater distance to the stream later in the event.

Time variations in 8?0 values force one to distribute a new water chemistry
signal across a catchment according to a travel time to the stream (Figure 1.2). The §'°0
enrichment in the shaded box represents the C,, values measured from melt samples
during the melt event. That same enrichment curve then needs to be distributed in time to

account for the time it takes melt to move from the hill slope to the stream.
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Figure 1.2. Plot demonstrating the effect of a time varying new water 8'%0 signal
compared to a constant $'°0 value. Time varying new water curves are
distributed in time according to the distance that the snowmelt must travel to
the stream.
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Several authors have dealt with the instantaneous delivery assumption by
acknowledging that melt from one day does not completely exit the basin on the same
day. The melt at the basin outlet is represented as the sum of receding discharge series,
each of which represent the melt from one of the previous days (Martinec, 1975);
(Martinec, Siegenthaler, Oeschger, and Tongiorgi, 1974). The use of a receding
discharge series infers that it takes some amount of time for melt chemistry measured
inthe basin to affect the stream. However, the receding discharge series is never used to
account for variable melt chemistry moving through the basin. It is used to model the
flow at the basin outlet and an average snowpack chemistry value is used in the
hydrograph separation.

Determining a reliable new water input chemistry is also complicated by the need
to distribute point measurements across the entire basin (Taylor, et al., 2002). This thesis
develops a method of constructing, distributing, and delivering a snowmelt chemistry

time series to the stream and avoids the instantaneous delivery assumption.



2. SITE DESCRIPTION

2.1 Geographic Location
The Bogus Experimental Catchment (BEC) is located approximately 16
kilometers north of Boise, Idaho in Boise County (Figure 2.1). It is the northern most

headwater catchment within the Dry Creek Experimental Watershed.
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*IicCall
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*ldaho City

*Twirrkalls
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9

Figure 2.1. Location Map of the Bogus Experimental Catchment showing the
location of melt buckets and elevation.
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2.2 Physical Description

The BEC is a 0.6 square kilometer headwater basin ranging in elevation from
1684 meters to 2135 meters. It is underlain by fractured granite typical of the Idaho
Batholith. Soils are described as the Zimmer-Eagleson Complex by the SSURGO Soil
Survey conducted in 1976 by the U.S. Department of Agriculture, Natural Resources
Conservation Service. The soils overlying the granitic bedrock are thin (approximately
0.5m) and coarse (between sandy loam and loamy sand). The steep northern headwalls
of the basin are mostly exposed, weathered granite, while the ridges, valley bottom, and
east and west slopes have varying depths of soil.

Vegetation is typical of forests and rangelands of mid elevation Boise Front
Mountains. Large trees cover a very small portion of the basin and are exclusively
Pseudotsuga menziesii (Douglas Firs) and Pinus ponderosa (Ponderosa Pines), while the
majority of the basin is covered with Ceanothus spp. (buck brush) and Prunus spp. (bitter
and choke cherry shrubs).

The average temperature at the Bogus Experimental Watershed was 6.47°C
during the 2003 melt season, slightly higher than the 6.17°C 5-year average as recorded
by the NRCS Bogus Basin SNOTEL site, approximately 200 meters north of the basin.
The maximum snow depth was 58.2 cm, lower than the 5 year average of 65.4 cm.
Annual total precipitation was 69.3 cm, above the 5 year average of 67.6 cm.

The perennial pool drop stream in the Bogus Experimental Catchment originates
from one dominant spring in the rocky headwall, and is fed subsequently by 2-3 lesser

springs originating as swampy marshes within a meter of the stream. Several water
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tracks also feed the stream during snowmelt that quickly stop flowing as the snow pack

decreases. Average daily discharge from the 2003-2004 water year is 0.0028 m?/s.
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3. METHODS
An 80 signal of snowmelt that effects stream chemistry during a snowmelt
event is constructed as an input to a two-component hydrograph separation equation. The
hydrograph separation for the 2003 snowmelt event is performed using a mixing model
based on the steady state form of the mass balance equation and mass balance equation

with a conservative tracer:
Q,(t) = Q,(t) + Q, (1), (2)

Q. (NG, (1) = Qo (NG, (1) +Q, (NG, (1), (3)

where Q is the discharge, C is the tracer concentration, t is the time, and the subscripts s,
n, and o refer to the total streamflow, the new component of flow, and the old component
of flow respectively (McNamara, et al., 1997). The portion of streamflow from old water

reservoirs at any time t is solved by substituting Equation 2 into Equation 3 and yields:

C.®-C,®

Q. (1) =Q, C.(0-C.(0)°

(4)
All variables in Equation 4 must be quantified in order to complete a successful
hydrograph separation.

The focus of this thesis is to develop a method to account for the spatial and
temporal variability of C, (Section 4.2). We derive methods for calculating a C,, time
series that incorporates temporal and spatial variability as well as delivery time, which

ultimately leads to an estimation of Q,. The performance of the isotopic hydrograph



16

separation is evaluated by comparing the results to a separation of the same event using
silica as a tracer.
3.1 Qs: Stream Gauging

The Bogus Experimental Catchment is defined by the location of a gauging
station on the Bogus Stream. The gauging station consists of a Global Water WL400-15
pressure transducer and Campbell Scientific 547A conductivity / temperature probe in
conjunction with a Campbell Scientific CR10X data logger. The pressure transducer is
placed in a constrained feature in the stream where it is unlikely that the shape of the
stream will change. Discharge is calculated by the use of a depth-discharge rating curve
constructed by simultaneously measuring depth and discharge (Figure 3.1). Dilution
gauging was employed to measure discharge because the stream is commonly too small

to gauge with a conventional flow meter (Dingman, 2002). A discharge hydrograph is
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Figure 3.1. Rating curve of the Bogus Stream relating stream stage to stream
discharge.
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constructed from the stage hydrograph based on the rating curve, which is the best fit
function to the stage discharge points.
3.2 Cs: Stream Water Chemistry

Stream water chemistry is collected from the stream by hand or by an
autosampler. Water sampled for 820 is collected in 20 ml glass vials with inverted cone
caps to ensure the complete volume of the container is full of melt and no evaporative
fractionation can take place. Bottles are clearly marked with a permanent marker and
stored at room temperature until being shipped to University of Alaska Fairbanks Stable
Isotope Facility to be analyzed. &°H and 80 values are measured using pyrolysis-EA-
IRMS. This method utilizes a ThermoFinnigan MAT high temperature elemental
analyzer (TC/EA) and Conflo Il interface with a Delta+XL Mass Spectrometer. Two to
three replicates were run for quality control on all melt and stream samples.

Samples for silica are collected in high-density polyethylene bottles, filtered
through 0.7 pm filters, and acidified with hydrochloric acid. Bottles are clearly marked
with a permanent marker and refrigerated until being shipped to Utah State University
Analytical Laboratories (USUAL) where cations are identified by flow injection analysis
with a ThermoFinnigan Inductively Coupled Plasma Machine and Chloride was
measured using a Lachat Quickchem 8000.

3.3 Cy: OIld Water Chemistry

Old water chemistry is assumed to be the stream water chemistry during low flow

conditions before the melt event (La Sala, 1967). It is assumed that the only 