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ABSTRACT

Water resources face increasing stress from climate change that may not result in
uniform vulnerability to hydrologic response across all watersheds. | compare over 100
years of historical hydrologic data from seven seasonally snow-dominated watersheds
near Salt Lake City, Utah to identify how watershed landscapes interact with climate
variability to control hydrologic partitioning. Mean annual precipitation (790 mm - 1290
mm) and temperature (3.3°C - 6.9°C) differ primarily as a function of watershed
elevation. Mean annual streamflow, normalized by watershed area (150 mm to 820 mm),
differs primarily as a function of mean precipitation. Precipitation and temperature
exhibit similar interannual variability. However, due to the unique landscape
characteristics of the watersheds, streamflow values exhibit large differences in
interannual variability between the watersheds. Interannual variability in precipitation
explains between 46%-73% of the annual variability in streamflow. Surprisingly, the
remaining variability does not correlate to annual or seasonal temperature. Instead,
interannual variability in subsurface storage and snowmelt processes further reduce the
uncertainty in annual streamflow. Together, precipitation, storage, and snowmelt explain
nearly all (96%-98%) of the annual variability in streamflow. Storage accounts for a
legacy effect of past climate on streamflow that varies between watersheds based on
subsurface characteristics. The rate of snowmelt affects the snowpack’s infiltration

efficiency and is primarily controlled by solar radiation, varying between watersheds



based on hillslope shading characteristics. These controls on hydrologic partitioning
indicate that subsurface and topographic characteristics control the differential sensitivity

of watersheds to changes in climate.
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CHAPTER 1

INTRODUCTION

1.1 Water Challenges in Utah

Water supply variability causes tremendous disruption to society. Threats of
flooding and drought lurk at opposite ends of the spectrum of water availability. While
evidence of the tension between people and water extends back many millennia to the
beginning of civilizations (Hassan, 2010; Juuti et al., 2007), the recent history in the state
of Utah provides ample illustration of this delicate balance. For example, drought in 1977
led to widespread economic losses ranging from losses in crops, livestock, and farmland
to a 50% revenue reduction in an otherwise booming ski industry (Hughes et al., 1978).
Merely 6 years later, flooding in 1983 led to overflowing rivers being channeled down
streets in Salt Lake City and statewide damages in excess of $250 million (Anderson et
al., 1984). Utah has used the lessons learned from these disasters to better prepare for and
prevent the negative outcomes of similar climate events in the future (Bowles et al., 1980;
Wieczorek et al., 1989). However, Utah, as well as every other community influenced by
water availability in the world, faces challenges from climate change that may make
conventional assumptions learned from past hydrologic events and trends obsolete (N. S.
Christensen et al., 2004; Maurer & Duffy, 2005; Milly et al., 2008). Rather than

designing water management strategies adapted for the range of historical observations,



hydrologic systems must be understood and managed as environments with differential
responses to dynamic supplies and demands.

Approximately one sixth of the world’s population relies on mountain watersheds
for their water supply (Barnett et al., 2005). In many of these areas, including Utah and
the rest of the Western United States, population growth increases the demands on these
vital water resources (Arnell, 1999; Utah Foundation, 2014; Yigzaw & Hossain, 2016).
More people will not only require more water for drinking, but more importantly will
require more food (grown using water), more energy (produced using hydropower and
other water-intensive processes), and more industrial manufacturing, all while having a
similar reliance on ecosystem services (Burnham et al., 2016; Gleick, 2003). At the same
time that a growing population increases the demand on water resources, it will also
increase the area of built infrastructure that must be protected from extreme flooding
events (Hollis, 1975).

Climate change further exacerbates water resource challenges. Human-induced
climate change is projected to cause an increase in extreme precipitation events that are
expected to speed up the hydrologic cycle (Hirabayashi et al., 2013; Oki & Kanae, 2006).
Numerous studies indicate reductions in streamflow throughout the Western United
States will occur as a result of projected climate changes due to the increased
evapotranspiration from warmer temperatures and reductions in mountain snow pack
(Barnett et al., 2005; Barnett & Pierce, 2008; N. S. Christensen et al., 2004). Advances in
climate modelling allow for ensemble models to run many iterations to project
probabilistic future climate scenarios (Meehl et al., 2007; Milly et al., 2008). The models

provide an increasing ability to quantify how vulnerable different regions are to changes



in temperature and precipitation under current and future natural and anthropogenic

emissions scenarios (Fowler et al., 2007; Maraun et al., 2010).

1.2 The Role of the Watershed

Regional and downscaled models improve the precision and accuracy of climate
projections in local regions (Vrac et al., 2007). It is at these local scales that water
managers make decisions that will affect stakeholders that can include drinking water
users, agriculture, and ecosystem services. Of course, water planners must provide
projections of future water availability, not simply projections of temperature and
precipitation (Barnett et al., 2005; Gosling & Arnell, 2016). Therefore, the relationship
between climate and the hydrologic response within individual watersheds will facilitate
the risk posed by future climate change to societies.

Inputs to headwater mountain watersheds are generally straightforward; they can
be measured on the surface of a delineated catchment area through point-source
measuring devices and interpolated over vast areas (Hornberger et al., 2014). Subsurface
inputs are generally minimal in mountainous headwater catchments (Hornberger et al.,
2014). Therefore, precipitation constitutes the major addition of water into the catchment.
Precipitation can occur as either rain or snow, with snow making up between 50% and
80% of the mean annual precipitation in mountain watersheds in Northern Utah,
depending primarily on watershed elevation (NRCS National Water and Climate Center,
2017).

Hydrologic partitioning is a term used to describe the processes that divide water

inputs into different outputs. Water availability, both to human and to atmospheric



demands, can only be calculated through an understanding of the partitioning of inputs,
typically precipitation, through a watershed.

Water exits the catchment through streamflow, evapotranspiration, groundwater
throughflow, and man-made diversions. Due to the accessibility of streamflow, most
human diversions in mountain catchments come from surface water (Hely et al., 1971).
For the purpose of this study, man-made diversions are aggregated into streamflow totals.
The streamflow, water not lost to atmospheric demands, typically constitutes the amount
of water available for human use or management. Groundwater throughflow is one of the
primary contributors to the valley aquifer, even though it is not a major source of
catchment output (Hely et al., 1971; Manning & Solomon, 2005). Most water exits the
watershed via streamflow or evapotranspiration.

Total evapotranspiration is the combination of all water lost to atmospheric
demands, including evaporation, sublimation, and transpiration. Evaporation, by
definition, occurs at a wet surface where liquid moisture vaporizes. This may happen
directly at the surface or in the shallow subsurface where water vaporizes within the soil
matrix before diffusing into the atmosphere (Penman, 1948; Xiao et al., 2011). Similar
processes, in addition to sublimation, may occur within a snowpack (DeWalle & Rango,
2008).

Precipitation that infiltrates into the subsurface is available to transpiration from
vegetation. Plants draw moisture from the soil through their roots, which can extend tens
of meters into the subsurface (Canadell et al., 1996). Annual transpiration typically
begins as the amount of solar radiation increases during the spring and continues until

solar radiation decreases in the fall or the soil moisture the vegetation draws from



depletes past the permanent wilting point. All evapotranspiration from saturated soil
conditions is limited by available energy, typically from solar radiation and ambient
temperature, at a rate referred to as potential evapotranspiration (Hornberger et al., 2014).
Actual evapotranspiration may be less than potential evapotranspiration when the ground
is not completely saturated or when plants limit transpiration by closing their stomata (L.
Christensen et al., 2008; Hornberger et al., 2014; Penman, 1948).

Streamflow, in contrast to evapotranspiration, generally consists of excess water
unable to be retained in the watershed’s surface and subsurface reservoirs, flowing
downgradient due to gravity until it exits the catchment. Streamflow consists of a quick
and a slow response to mobile water added to the watershed from storms or snowmelt
(Hornberger et al., 2014). Both types of streamflow generation typically consist of water
that has been stored in the watershed subsurface for more than a year (Brooks et al.,
2015; Godsey et al., 2009). A quick response occurs when new water enters preferential
flowpaths in the subsurface of the watershed and displaces stored water, forcing it
downgradient and into stream channels (Bazemore et al., 1994; Frisbee et al., 2012;
Sklash & Farvolden, 1979; Williams & Melack, 1991). In snow-dominated watersheds,
the majority of quick flow is a response to snowmelt. Initial snowmelt during the early
spring saturates the subsurface and increases subsurface hydrologic connectivity (Croft,
1944b; McNamara et al., 2005). Snowmelt pulses during the late spring and early
summer occur when hydrologic connectivity in the subsurface is typically the greatest,
allowing the meltwater pulse to directly influence the level of streamflow (Croft, 1944D).
In contrast, late summer storm events that occur when there is low soil moisture content

and high vegetation demand may not generate a quick flow response when the storm



water fails to adequately saturate the subsurface (Croft & Monninger, 1953).

A slow streamflow response occurs as groundwater slowly flows downgradient
through the porous subsurface of the watershed until reaching a stream channel. Unlike
quick response that can subside minutes to days after an event, the slow response can be
sustained for months or years after an event and, therefore, is often an accumulation of
many years of hydrologic events (McNamara et al., 2011). Slow flow is typically
governed by Darcy’s Law for groundwater flow, which states that the discharge from a
porous media relates to the pressure gradient and hydraulic conductivity of the aquifer
(Hornberger et al., 2014). Therefore, slow flow combines climatological supply and
demand with physical watershed characteristics. The relative amount of water stored in
the subsurface, which is conducive to past precipitation supply and atmospheric demand,
in combination with topography controls the pressure gradient in a watershed. Hydraulic
conductivity is a property of the permeability of the porous aquifer.

Partitioning of precipitation to evapotranspiration and streamflow determines the
amount of available water resources. Climate conditions influence partitioning through
the supply and timing of precipitation and through controls on the energy balance. In the
absence of precipitation changes, current models suggest warming temperature trends
will directly correlate to streamflow and water availability through increased losses to
atmospheric demands. This simplifies watershed partitioning, allowing for predictions of
watershed vulnerability to climate change without necessitating decades-long research to
understand every aspect of catchment partitioning. However, these assumptions may
make too many simplifications. Watershed characteristics influence partitioning through

controls on the routing and residence time of water through the catchment. If these



controls on partitioning are significant, watershed vulnerability to climate change may
vary between catchments in similar climate regimes and cause inaccurate projections of
future water availability to be made.

In this thesis, | present a review of the expected hydrologic response to climate
change in snow-dominated mountain headwater catchments in the Intermountain West of
the United States. Using an extensive historic dataset, | examine whether simple climate
metrics, including precipitation and temperature, can explain the variable partitioning that
exists in catchments that experience similar climate forcing. Lack of correlation between
temperature and variable partitioning suggests that water availability projections should
not be entirely temperature-dependent. Instead, the importance of variable interannual
subsurface storage and snowmelt provides guidance to identifying the watershed

characteristics that significantly control partitioning.



CHAPTER 2

PRESENT STUDY

2.1 Introduction

Societies and ecosystems rely on adequate water resources for current and future
sustainability. However, water resources face increasing demands from population
growth (Arnell, 2004; VVorosmarty et al., 2000) and increasing stress from climate
changes that affect the supply of water, through precipitation, and the evaporative
demands on water in watersheds (Barnett et al., 2005; Bates et al., 2008; Trenberth,
2011). As climate conditions change, water management decisions must be made to
anticipate and mitigate the impacts of future water availability and extreme hydrologic
events (Bardsley et al., 2013; Barnett & Pierce, 2008; Gleick, 1989). It has been
recognized, however, that future decisions cannot be made under the assumption of long-
term statistical stationarity in watersheds (Milly et al., 2008). Instead, predicting the
amount of water available for increasing demands presents a challenge that must be
solved through a physical understanding of how changing climate conditions will
manifest in watershed hydrologic systems (Kirchner, 2006).

Numerous studies have identified the expected response of streamflow to climate
change at both global (Arnell, 1999; Milly et al., 2005; Nijssen et al., 2001) and

continental climate scales (Cayan et al., 2008; Gosling & Arnell, 2016). However,



regional and individual watersheds exhibit differential responses to climate at scales
relevant for catchment management decisions (Chase et al., 2016; Pourmokhtarian et al.,
2017). Watershed-specific characteristics affect the partitioning of precipitation to
streamflow (Troch et al., 2013; Zapata-Rios et al., 2015). Some approaches attempt to
account for variable partitioning through differences in catchment elevation (Dingman,
1981; Tennant et al., 2015), geology and soils (Mayer & Naman, 2011; Wolock &
McCabe, 1999), and vegetation (Bosch & Hewlett, 1982; Zhao et al., 2010). However,
transferable metrics based on intrabasin watershed processes that link climate forcing and
landscape partitioning with streamflow remain elusive (Beven, 2006; Brooks et al.,
2015).

Snow-dominated mountain watersheds are especially important, providing water
for nearly 1/6 of the world’s population and most of the population in the western United
States (Bales et al., 2006; Barnett et al., 2005). In the western United States, climate
change has been linked to reduction in April 1 snow water equivalent (N. S. Christensen
et al., 2004; Hamlet et al., 2005; Mote, 2006), more winter precipitation falling as rain
rather than snow (Barnett et al., 2008; Knowles et al., 2006), changing snowmelt rates
(Barnett et al., 2005; Harpold et al., 2012), and the timing of the spring snowmelt pulse in
streamflow (Barnett et al., 2008; Cayan et al., 2001; Clow, 2009; Stewart et al., 2005).
The precise impact of climate forcing on watershed snowpacks depends on landscape
characteristics, such as slope aspect and vegetation cover, which control the surface
energy balance (Croft, 1944b; Hinckley et al., 2014; Zapata-Rios et al., 2015). Although
we currently lack the ability to adequately model snowpack changes within ungauged

basins (Barnhart et al., 2016; Biederman et al., 2015), it is clear that significantly
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different hydrologic responses should be expected from different controlling factors
(Bales et al., 2006; Foster et al., 2016).

Salt Lake City in northern Utah relies on water that primarily originates in
continental mountain watersheds. Over 60% of the water resources for the approximately
one million people who live in the semiarid valley originates as surface water in the
Wasatch Mountains and nearly all of the remaining 40% consists of groundwater
recharged from mountain precipitation or comes from surface water from other nearby
mountains (Bardsley et al., 2013; Hely et al., 1971). Water resources in the region will
face increasing demands as the population of Salt Lake County is expected to increase by
60% within the next 35 years (Utah Foundation, 2014). Current hydrologic models for
Salt Lake City area watersheds indicate future streamflow will decrease by 1.8% - 6.2%
for every 0.56°C of warming based on increased evapotranspiration losses from a
lengthening of the growing season (Bardsley et al., 2013). The combined stress of the
increase in demands and the decrease in supply necessitates a rigorous, physically-based
understanding of how regional-scale climate conditions will affect localized water
resources within different landscapes.

Growing reliance on mountain catchments in the Intermountain West leads to an
increasing demand for accurate models of water availability at local watershed scales.
However, the hydrologic cycle within a catchment has the potential to be affected by
many different landscape features that would alternately cause watersheds with similar
climate forcing to experience different responses in water resources. Therefore, | ask the
question: How do landscapes differentially interact with climate to affect streamflow?

Building on the foundation from this question, | further ask: Can I identify simple and
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transferable metrics that can incorporate the influence of landscapes to more accurately

predict streamflow?

2.2 Site Description

2.2.1 Location and Landscape

The study area is located in the intermountain region of the Western United
States; specifically, in the Wasatch Mountain Range east of Salt Lake City, Utah (Figure
2.1). The Wasatch Mountains are the western-most range of the Rocky Mountains at a
latitude of approximately 41° N and border the Basin and Range physiographic province
on their western edge. Over the past 10-12 million years, the range was uplifted by a
normal fault on the eastern edge of the Salt Lake Valley, exposing rock layers ranging
from Middle Proterozoic to Tertiary in age (Ehlers et al., 2003; Granger, 1953; Nichols &
Bryant, 1990). This uplift raised the mountains, which now peak at 3500 meters above
sea level, over 2200 meters above the valley floor at 1300 meters above sea level.

The seven watersheds included in this study have creeks that flow from their
headwaters in the Wasatch Mountains into the Salt Lake Valley where they connect with
the Jordan River before reaching the Great Salt Lake. These creeks all flow generally
from east to west through canyons that are oriented towards the west. From north to
south, the creeks are: City Creek (CC), Red Butte Creek (RB), Emigration Creek (EC),
Parleys Creek (PC), Mill Creek (MC), Big Cottonwood Creek (BC), and Little
Cottonwood Creek (LC). Daily streamflow observations from the Salt Lake City
Department of Public Utilities date back to 1902 in CC, EC, PC, MC, and BC; 1911 in

LC; and from the USGS date back to 1961 in RB, with monthly observations in RB from
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1942 - 1960.

Stream gauges on all of the creeks are located near the mouths of the canyons at
relatively similar elevations, ranging from 1380 m to 1650 m with a mean of 1510 m. The
highest average watershed elevation occurs at 2700 m in the southernmost watershed,
LC, and average elevation lowers progressively to the north until reaching 1960 m in RB,
where average elevation begins to increase toward the north (Table 2.1). Maximum
elevations within individual watersheds generally occur on the northern or southern,
rather than the western, margins of the watersheds. Similar to average watershed
elevation, the highest maximum elevation occurs at 3500 m in the southernmost
watershed, LC, and decreases to 2530 m in RB before increasing again to the north.

The northern watersheds: CC, RB, EC, PC, and MC are underlain almost entirely
by Upper Cretaceous — Cambrian sedimentary carbonates and clastic layers, consisting
primarily of sandstone and limestone (Granger, 1953; Nichols & Bryant, 1990). The
Parleys Canyon Syncline runs through PC with a fold axis that trends from SW to NE and
plunges toward the NE and dominates the geologic structure of the northern watersheds
(Nichols & Bryant, 1990). As a result, sedimentary layers on the flanks of the syncline in
CC, RB, southern PC, and MC are tilted to a nearly vertical orientation in some places
(Ehleringer et al., 1992; Nichols & Bryant, 1990). Late to Middle Proterozoic shale,
siltstone, and quartzite dominate the western portion of BC while Oligocene quartz
monzonite dominates the western portion of LC (Granger, 1953; Nichols & Bryant,
1990). Eastern portions of BC and LC contain sedimentary layers similar to the northern
watershed, ranging from Middle Proterozoic to Triassic (Granger, 1953; Nichols &

Bryant, 1990). The eastern portions of BC and LC also include Oligocene diorite and
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monzonite plutons (Nichols & Bryant, 1990). Extensive glacial activity during the last
glacial maximum (approximately 10 — 50 ka) in BC and LC, and to a more limited degree
in CC and MC, reshaped the landscape by scouring soils from the surface and, in some
cases, redistributing this soil in moraines further down the canyon (Atwood, 1909; Biek
etal., 2010).

Differences in elevation and the underlying geologic structure control topographic
characteristics, causing differences in slope aspect and topographic shading. Similarly,
the extent of glacial processes and the characteristics of the underlying geologic structure
control the hydrologic properties of the subsurface.

The distribution of vegetation in the seven watersheds reflects elevational
gradients, presence of a well-developed soil profile, as well as energy and water
availability. Ecosystems range from low elevation desert scrub to high elevation alpine
meadow (Ehleringer, 1988). Densely vegetated riparian communities supporting stands
of cottonwood, boxelder, and birch trees exist adjacent to the creeks and their tributaries
(Ehleringer et al., 1992). Other major ecosystem types include: grasslands, typically
found at low elevation, south-facing slopes; scrub oak and scrub maple, typically found
throughout the low- to mid- elevations; and aspen/conifer forests, typically found at
higher-elevation, north-facing slopes (Ehleringer, 1988; Ehleringer et al., 1992).
Minimally-vegetated rock outcroppings and talus slopes exist throughout all watersheds,

but are most common in BC and LC (Table 2.1).
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2.2.2 Climate

The Intermountain West climate is generally semiarid with tremendous
precipitation and temperature variability due to a large range of elevation and varying
topography (“Western Water Assessment,” 2017). In general, the climate becomes cooler
and wetter with increasing elevation. Weather patterns typically move from west to east,
losing moisture over the Maritime mountain ranges near the West coast before reaching
the Intermountain West (Wise, 2012). As a result, this region receives less precipitation
than the Maritime ranges but more than the Continental ranges further east (Armstrong &
Armstrong, 1987).

Seasonally, most precipitation (50% - 80%) occurs during the winter as snowfall
rather than during the summer as rain (NRCS National Water and Climate Center, 2017;
“Western Water Assessment,” 2017; Wise, 2012). At a latitude of 41°N, the angle of the
sun in the sky varies drastically throughout the year, causing large fluctuations in the
energy input to the environment. Based on elevation and topography, seasonal snowpack
typically begins to accumulate in October or November, peaks during March or April,
and finishes ablating between May and July (NRCS National Water and Climate Center,
2017).

The climate observed in the Salt Lake Valley (elevation 1300 m) is representative
of a semiarid environment. The mean monthly temperature in Salt Lake City ranges from
-1.4°C in January to 25.9°C in July. Mean annual precipitation is 410 mm, with a
monthly peak in April of 50 mm and a minimum in July of 15 mm (Western Regional
Climate Center, 2017). In contrast, the Wasatch Mountains east of the valley generate

more rainfall and have lower temperatures due to orographic uplift and elevational lapse
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rates (Hely et al., 1971). For example, at an elevation of 2700 m, the Alta climate station
in Little Cottonwood Canyon ranges from -5.8°C in January to 16.9°C in July while
averaging 1400 mm of annual precipitation (Western Regional Climate Center, 2017). In
addition to the climate variability caused by elevational gradients, climate can also be
affected by the orientation of individual watersheds to incoming storm systems and
topographic complexities affecting small-scale atmospheric interactions (Schultz et al.,
2002; Steenburgh & Alcott, 2008).

Future climate projections indicate a warming trend throughout the study area
(Bardsley et al., 2013; Scalzitti et al., 2016). Future precipitation projects generally
indicate that the study area is in a transitional zone of no future trends between
decreasing precipitation trends in the Southwest US and increasing precipitation trends in
the Northwest US (Bardsley et al., 2013). However, extreme precipitation events are
expected to increase in frequency (Garfin et al., 2013). Historic snowpack observations
and models of future snowpack conditions indicate a likely decline in snowpack and an
earlier onset of spring snowmelt throughout the Western US (Clow, 2009; Harpold et al.,
2012; Stewart et al., 2004). Similarly, projections indicate a shift in the timing of snow
cover, as the magnitude of snowpack extending into late-spring and summer is expected

to decline (Garfin et al., 2013)

2.3 Methods
2.3.1 Approach
This thesis organizes over 100 years of historical hydrologic data from seven

watersheds into 75 metrics that could plausibly be used to predict annual streamflow. An
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evaluation of streamflow and these 75 metrics compares the hydrology of the seven
watersheds as well as the historical distribution and trends of the datasets. Correlations
between streamflow and predictive metrics provide insight to the factors controlling the
amount of streamflow and the partitioning of water within a catchment. The approach for
this is described in the following sections and consists of 1) development of hydrologic
metrics; 2) analysis of hydrologic metrics; 3) prediction of streamflow; and 4)

consideration of vegetation controls on stored water.

2.3.2 Development of Hydrologic Metrics

Precipitation, temperature, and relative humidity data originate from Parameter-
elevation Regression on Independent Slopes Model (PRISM) climate records (PRISM
Climate Group, 2015). PRISM calculates historical precipitation and temperature datasets
interpolated using climate-elevation regressions and historic climate station data (Daly et
al., 2008). Coverage of monthly precipitation (in mm), temperature (in °C), and dew
point temperature (in °C) is available at 4km grid size resolution across all of the
watersheds for water years 1896 — 2014. Watersheds consist of a combination of 6 — 19
partial or whole grid cells, based on the size and orientation of the watershed.

For precipitation in each watershed, the data value of each 4km grid is weighted
by the fractional area of the given grid that is contained within the given watershed. The
summation of all watershed grid values weighted by the fractional area results in the total
monthly value for the entire watershed. By definition, this value remains in the one-
dimensional unit of mm and is therefore comparable between watersheds, unlike volume,

which is dependent on watershed area.
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For temperature and dew point temperature in each watershed, the data value of
each 4km grid is weighted by the fractional area of the given watershed that is contained
within the given grid. The summation of all watershed grid values weighted by the
fractional area results in the mean monthly value for the entire watershed.

Mean temperature and dew point temperature convert to relative humidity using
the August-Roche-Magnus approximation (Alduchov & Eskridge, 1996; Lawrence,

2005):

aTg
eb+Tq

Relative Humidity = 100 * — (2.1)
eb+T

where a and b are empirical constants equal to 17.625 and 243.04, respectively, Tq is dew
point temperature in °C, and T is mean temperature in °C.

Annual and seasonal metrics are created for precipitation, temperature, and
relative humidity. Seasons include fall (September — November), winter (December —
February), spring (March — May), and summer (June — August). Annual metrics are
compiled using the water year, which begins October 1 and ends September 30. The
summation of precipitation over all included months results in the annual or seasonal
value. The mean temperature or relative humidity of all included months results in the
corresponding annual or seasonal value.

Daily streamflow discharge data, provided by Salt Lake Public Utilities, is
available for CC, EC, PC, MC, and BC during water years 1902 — 2014 and in LC during

water years 1911 — 2014. Streamflow discharge data, provided by the USGS National
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Streamflow Information Program, are available for RB at a monthly time step during
water years 1942-1961 and at a daily time step during water years 1962 — 2014. For each
watershed, streamflow discharge divided by watershed area results in normalized
streamflow values in one-dimensional mm units comparable to precipitation values. Total
annual streamflow aggregates daily or monthly streamflow values over each water year
(October — September).

Relative levels of each watershed’s subsurface stored water manifest in winter
baseflow in seasonally snow-dominated watersheds (Peralta-Tapia et al., 2015; Winter,
2007). Winter baseflow is calculated as the mean streamflow during December and
January. During this time, incoming precipitation has a minimal contribution to
subsurface storage or streamflow because it remains above the surface in the snowpack.
Additionally, during this time, evapotranspiration does not affect the level of subsurface
storage because vegetation is largely dead or dormant (Weaver & Mogensen, 1919;
Winter et al., 1998). Therefore, winter baseflow represents the relative level of subsurface
storage in each watershed (Wittenberg & Sivapalan, 1999).

Snowmelt causes a distinct increase in daily streamflow from winter baseflow
before returning back to baseflow conditions after the snowpack has melted. The onset of
snowmelt is objectively identified in the hydrograph as the day that streamflow exceeds
three standard deviations of mean December and January streamflow. To ensure that this
increase indicates the beginning of seasonal melt and not a short-term climatic event,
streamflow must remain above three standard deviations of baseflow for at least three
consecutive days. Therefore, to identify the start of snowmelt using streamflow

observations, the following equation is used for each water year:
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Q4&Q4:+1&Qq4, > 3 * (Standard Deviation(Q,)) (2.2)

where Qq is daily streamflow and Q is daily streamflow during December and January.
Snowmelt ends when streamflow returns to baseflow conditions from the previous
winter. Specifically, this is calculated as the first day after the day of peak streamflow
where daily streamflow is within three standard deviations of the previous mean
December and January streamflow. To ensure this day is not an outlier, streamflow must
remain within three standard deviations of baseflow for at least three consecutive days.

Using these objective streamflow metrics, snowmelt rate is calculated:

Qmelt

Melt Rate = -
melt duration

(2.3)

where melt rate is calculated in mm/day, melt duration is the total number of days
between the start and end of snowmelt, and Qmert is the summation of daily streamflow, in

mm, during the snowmelt duration.

Water yield, a dimensionless value, represents the fraction of annual precipitation

partitioned to annual streamflow. Water yield is calculated as

) Annual Streamflow
Water Yield =

: 2.4
Annual Precipitation 24)

Water yield is correlated to landscape characteristics including elevation, aspect, slope

steepness, and land cover using linear regression analysis. To test whether correlations
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are dependent on any single watershed, this regression analysis is repeated while omitting
each watershed.

Precipitation that is not partitioned to streamflow is often categorized as
evapotranspiration (ET) because losses to groundwater tend to be small (Hornberger et

al., 2014). Therefore, ET is calculated as
ET =P —Q. (2.5)

Because ET typically represents a large outflow of precipitation from a watershed,
vegetation, a dominant controller of ET, presumably plays an important role in watershed
partitioning (Hornberger et al., 2014). However, a portion of precipitation is not available
to vegetation, represented by a stormflow pulse that discharges from the watershed
during storm or snowmelt events (Brooks et al., 2011). Stormflow (S) is separated from

baseflow (U) using the recursive filter

1-—
Ui = Uiy +——=(Q + Qx-n), (2.6)

Uk < Qk

Sk = Qr — Uy

where the filter parameter, a, is set to 0.925 (Lyne & Hollick, 1979; Voepel et al., 2011).
The total amount of annual precipitation available to atmospheric demands, or wetting

(W), is calculated as
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W=pP-S5. (2.7)

Identified by Horton (1933) and developed by Troch (2009), the Horton Index is a
dimensionless watershed metric that represents the water use efficiency of atmospheric
demands on plant-available water (Troch et al., 2013). The annual Horton Index is

calculated as

HI = —. (2.8)

2.3.3 Analysis Hydrologic Metrics
Typical watershed hydrologic conditions are identified and compared using the
mean to quantify central tendencies and the range and standard deviation to quantify
variability. Correlations between similar metrics in different watersheds are quantified
using the Pearson correlation coefficient. Interannual trends in hydrologic metrics are
analyzed using linear regressions over the entire period of record as well as iteratively
over all 30-year time spans to determine the consistency of the significance and extent of

trends.

2.3.4 Prediction of Streamflow
The correlation between annual precipitation and annual streamflow is quantified
using linear regression analysis. This analysis is performed using the combined data from
every watershed to create one regression as well as by separating data by watershed to
create seven unique regressions in order to compare partitioning between watersheds.

This comparison is made to determine whether differences in precipitation completely



22

control streamflow response or if watershed landscape characteristics may influence
partitioning.

After accounting for the correlation with precipitation, remaining streamflow
variability is correlated to the hydrologic metrics in Table 2.2 through a multiple linear
regression analysis that iteratively adds the metric with the most predictability until the
R? of the correlation is improved by less than 0.03. Potential for collinearity in the
hydrologic variables exists because the similarities between the variables may cause them
to be correlated. However, while there may be statistical correlation between the
variables, the factors all behave independently of each other on an annual basis and so
they have the potential to account for unique variability in streamflow. Collinearity may
cause multicollinearity in a multiple linear regression model. While multicollinearity
does not affect the fit of the overall model, it can reduce the significance of individual
variables and may affect the regression coefficients. Therefore, caution is used in
interpreting the regression coefficients. Further analysis into the regression coefficients,
not included in this thesis, should begin by analyzing the variance inflation factor for

each of the multiple linear regressions.

2.3.5 Quantifying Winter Baseflow and Snowmelt Rate Variability

2.3.5.1 Background

Due to the significance of winter baseflow and snowmelt rate in the prediction of
streamflow variability, I further explored the controls on these two variables in order to

link them to watershed climate and landscape characteristics.
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2.3.5.2 Winter Baseflow

I conduct a multiple linear regression analysis of winter baseflow for each
watershed using hydrologic variables from the previous water years to predict the
subsequent winter’s baseflow. Hydrologic variables that are tested in this analysis
included the antecedent September and October precipitation; previous annual, winter
(November — April), and summer (May — October) precipitation; the percent of annual
precipitation that occurred during the previous winter; previous average annual, winter
(November — April), and summer (May — October) temperature; previous snowmelt rate,
duration, start day, and end day; and the previous winter’s baseflow. To account for lag
effects that may extend past the previous year, all of these variables, except the
antecedent September and October precipitation, are tested for 4 years previous to the
winter baseflow. Variables that significantly correlate to winter baseflow (p < 0.05) and
measurably reduce winter baseflow uncertainty (R? > 0.05) are included in the final

multiple linear regression model.

2.3.5.3 Snowmelt Rate

Surface snowpack measurements are available at six locations throughout the
watersheds, ranging in elevation from 2040 m to 2931 m, through the National Resource
Conservation Service (NRCS) Snow Telemetry (SnoTel) observation sites (Figure 2.1)
(NRCS National Water and Climate Center, 2017). The period of record for these sites
varies because they were not all constructed during the same year: complete observations
began in 1980 (Parley’s Summit), 1988 (Brighton), 1989 (Lookout Peak), 1990

(Snowbird and MillD), and 2000 (Louis Meadow). In general, mean precipitation (870
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mm — 1390 mm) and temperature (3.2°C- 6.2°C) at the SnoTel sites fall within or near
the range of mean watershed values. Daily snow water equivalent (SWE) observations
are used from each site’s first year of record until 2014. The average of all six SnoTel
sites provides a seventh data series. The daily surface snowmelt rate is calculated as the
difference in SWE from one day to the next.

Annual surface snowmelt amount at each site is calculated as the peak SWE, in
mm, for that year, using the assumption that all the snow that ablates after peak
accumulation melts and that the majority of snowmelt from the snowpack occurs during
this period. The number of days between the date of peak SWE and the date that SWE
equals zero is the surface snowmelt duration. Dividing the surface snowmelt amount by
the surface snowmelt duration provides the surface snowmelt rate, in mm/day. While
similar to the snowmelt rate calculated for the entire watershed using daily streamflow
observations, the surface snowmelt rate, calculated from SnoTel SWE observations,
represents only the snowmelt processes as they occur at specific locations on the surface
of the watersheds. A multiple linear regression analysis is used to compare the surface
snowmelt rate with the watershed snowmelt rate. The remaining variability in this
regression analysis is compared to the snowmelt amount and duration at both the SnoTel

and watershed scale using a linear regression analysis.

2.3.6 Consideration of VVegetation Controls on Stored Water
Satellite imagery, through the moderate-resolution imaging spectroradiometer
(MODIS) Normalized Difference Vegetation Index (NDVI) from the Global MOD13Q1

data, provides an opportunity to examine the vegetation response to climate conditions
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and partitioning in the watersheds (MODIS, 2015). NDVI data are available in 16 day
intervals at a spatial resolution of 250 meters during 2000 — 2014. Once downloaded,
NDVI pixels are delineated by watershed. Additionally, a USGS Gap Land Cover raster
from 2000 with 30 meter resolution is used to crop out non-vegetated land cover,
including water bodies and rock outcroppings/talus slopes. NDVI pixel data are averaged
over the entire watershed area for each 16-day time step. The peak NDV1 value in each
year for each watershed is used to estimate the maximum vegetation productivity during
the growing season. NDV1 values are analyzed similar to the analysis of the hydrologic
metrics described above.

Annual vegetation productivity, represented by NDVI, is correlated to the annual
Horton Index using linear regression analysis. Additionally, to compare the previous
summer’s vegetation productivity and the subsequent winter baseflow, | compare the
peak NDVI1 value to the subsequent winter baseflow value using a linear regression

analysis.

2.4 Results
2.4.1 Annual Climate and Landscape Features/Hydrology

2.4.1.1 Annual Precipitation

The mean annual precipitation ranges from 790 mm in PC to 1290 mm in LC
(Table 2.3; Figure 2.2). Annual precipitation for each of the seven watersheds does not
experience a significant (p<0.05) trend over time (Table 2.4).

Annual precipitation during the period of record covers substantial variability

common throughout the Intermountain West, with precipitation ranging from 420 mm to
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2135 mm. The standard deviation of annual precipitation varies, but is always between
20-21% of the mean. Interestingly, interannual variability within individual catchments
overlaps from 740 mm to 1330 mm, meaning that every watershed had at least 1 year
within this range of annual values. Interannual precipitation variability correlates between
watersheds with Pearson R values between 0.93 — 1.00 (Table 2.5). The similarity of
precipitation variability is expected since the watersheds are fairly close together and

because of overlap in the PRISM data between watersheds.

2.4.1.2 Annual Temperature

The mean annual temperature ranges from 6.9°C in PC to 3.3°C in LC (Table 2.3;
Figure 2.3). The watersheds experience differences in mean annual precipitation and
temperature primarily are associated with elevation (Table 2.6). As shown in Table 2.3,
the watershed (LC) with the highest annual precipitation had the lowest annual
temperature. Conversely, the watershed (PC) with the lowest annual precipitation had the
highest annual temperature.

Annual temperature during the period of record covers substantial variability
common throughout the Intermountain West, with annual temperature ranging from
1.1°C to0 9.9°C (Figure 2.3). The standard deviation of annual temperature is 0.8°C for all
watersheds, except LC (0.9°C), indicating that watersheds exhibit similar interannual
temperature variability (Table 2.3). All watersheds experience at least 1 year of overlap
within the range of 4.9° C - 6.0°C. Similar to precipitation, the interannual temperature
variability correlates between watersheds with Pearson R values between 0.93 — 1.00

(Table 2.5), which is expected since the watersheds receive similar regional climate



27

patterns and because of overlap in the PRISM data between watersheds.
A significant (p<0.001) warming trend (0.07° - 0.10°C / decade) exists in every
watershed throughout the entire period of record, with the greatest rate of change between

1964 — 2014 (0.31° - 0.52°C) (Table 2.4).

2.4.1.3 Relative Humidity

Mean annual relative humidity is fairly similar between watersheds, ranging from
47% in PC to 51% in LC (Table 2.3). Figure 2.4 illustrates the interannual variability of
relative humidity. No trend in relative humidity exists over the entire period of record
(p>0.05). However, during the period of the greater rate of warming (1964 — 2014),
relative humidity decreases significantly in every watershed with rates ranging from
-0.8% to -1.8% / decade in PC and LC, respectively (p<0.01) (Table 2.4).

Annual relative humidity values during the period of record cover substantial
variability common throughout the Intermountain West, ranging from 39% to 60% in MC
and LC, respectively. All seven watersheds have a similar amount of variability around
the mean during this period, with standard deviation between 3% - 4%. All watersheds
experience at least 1 year of overlap within the annual relative humidity range of 40% and
53%. Interannual relative humidity variability correlates between watersheds with

Pearson R values between 0.90 — 1.00 (Table 2.5).

2.4.1.4 Seasonal Results

Winter, spring, summer, and fall climate generally follows spatial and interannual

temporal patterns that are similar to annual climate patterns (Table 2.7). Winter is the
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wettest and coldest season: precipitation, on average, accounts for 33 — 37% of the annual
total, relative humidity is typically 13 — 16% greater than the annual mean, and
temperature is typically 9-10°C cooler than the annual mean (Figures 2.5-2.7). Spring is
warmer, but nearly as wet as winter: precipitation, on average, accounts for 31 — 33% of
the annual total, relative humidity is typically 1% less than the annual mean, and
temperature is typically 2°C cooler than the annual mean. Summer is the driest and
warmest season: precipitation, on average, accounts for 10-12% of the annual total,
relative humidity is typically 11-13 percentage points less than the annual mean, and
temperature is typically 10-11°C warmer than the annual mean. Summer precipitation has
notably greater interannual variability (0.51 > coefficient of variation > 0.45) than annual
or other seasonal precipitation. Fall is slightly warmer and drier than spring: precipitation,
on average, accounts for 21-23% of the annual total, relative humidity is typically 1-2
percentage points less than the annual mean, and temperature is typically 1°C warmer
than the annual mean.

An interannual warming trend over the entire period of record is significant for
the spring, summer, and fall seasons (p < 0.05). Warming during spring and fall occurs at
a similar rate to annual warming (0.07 — 0.10°C/decade), except in PC and BC during the
spring where the trend is not significant at p < 0.05. Summer temperature increases at a
slightly more rapid rate than annual warming (0.08 — 0.13°C/decade). In contrast, during
the period from 1964 — 2014 when annual warming is most significant, the rate of
increase in temperature is greatest during the spring (0.44 — 0.63°C/decade), similar to the
annual rate during the summer (0.33 — 0.53°C/decade), and least during the winter (0.23

—0.48°C/decade) and fall (0.21 — 0.41°C/decade).
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2.4.1.5 Streamflow

Mean annual streamflow (normalized by watershed area) ranges from 147 mm in
EC to 814 mm in LC (Table 2.3). Annual streamflow ranges from a minimum of 10 mm
in EC to a maximum of 1570 mm in LC (Figure 2.8). The standard deviation of
streamflow ranges from 27% in EC to 71% in LC of the mean respective streamflow,
which is higher and more variable between watersheds than for precipitation or
temperature (Table 2.3). Interannual streamflow is less correlated between watersheds
(Pearson R: 0.83 — 0.98) than either precipitation or temperature (Table 2.5).

Interestingly, in spite of widespread warming over the last 50 years, there was no

significant (p<0.05) trend in annual streamflow in any watershed (Table 2.4).

2.4.1.6 Winter Baseflow

Mean winter baseflow, defined as the average daily streamflow during December
and January, ranges from 0.12 mm/day in EC to 0.53 mm/day in LC (Table 2.3). The
total accumulated winter baseflow typically represents between 4% in LC — 10% in MC
of annual streamflow. Streamflow is stable during the period classified as winter
baseflow, with standard errors of the mean less than 3% of the mean streamflow during
these months (Table 2.8).

Figure 2.9 presents the range and interannual variability in winter baseflow,
ranging from 0.02 mm/day to 1.14 mm/day. The standard deviation of winter baseflow
ranges from a low of 20% of the mean in EC and a high of 63% of the mean in CC.
Correlation of interannual winter baseflow variability between watersheds is less than

that of streamflow, with Pearson R ranging from 0.41 — 0.85 (Table 2.5). Winter
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baseflow exhibits no significant trend over the entire period of record, except for a slight
increase in LC (0.014 mm/day / decade, p<0.05) (Table 2.4). Interestingly, no trend in
any watershed is significant during the period of greatest warming (1964-2014) (Table
2.4).

In four of the seven watersheds (RB, PC, BC, and LC), September and October
precipitation preceding winter baseflow positively correlates (0.11 < R? < 0.35) to the
winter baseflow, with slopes ranging from 2.3E-04 in RB to 7.7E-04 in BC (Table 2.9).
In every watershed, the annual precipitation during the water year preceding winter
baseflow correlates to the winter baseflow (0.09 < R? < 0.38). In five of the seven
watersheds (CC, RB, PC, MC, and LC), the relationship is positive, with slopes ranging
from 1.5E-05 in LC to 1.8E-04 in MC, while the relationship is negative in the remaining
two, with a slope of -5.5E-05 in EC and -5.1E-05 in BC. Similarly, in all seven
watersheds, snowmelt characteristics predict the subsequent winter baseflow. Snowmelt
rate is important (0.08 < R? < 0.17) in six of the watersheds (CC, RB, EC, PC, MC, and
BC), with a negative slope of -6.0E-3 in EC and positive slopes in the remaining five
watersheds ranging from 6.6E-2 in PC to 2.2E-1 in MC. Snowmelt duration predicts
subsequent winter baseflow (0.06 < R? < 0.19) in three watersheds (EC, BC, and LC)
with a positive correlation ranging from 8.7E-4 in EC to 1.1E-3 in LC. Finally, in two
watersheds, the antecedent winter baseflow predicts the following winter baseflow with a
positive correlation of 0.39 in LC (R? =0.12) and 0.50 in EC (R? = 0.17). Importantly,
both antecedent annual and seasonal temperature did not add predictability to the winter

baseflow.
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2.4.1.7 Annual Snowmelt

The initiation and duration of snowmelt varies between watersheds, with
snowmelt typically beginning earliest in RB (February 26) and latest in LC (April 5), and
ending between July 30 (RB) and October 9 (MC) (Table 2.3; Figure 2.10). Snowmelt
duration is shortest in LC (153 days) and longest in MC (201 days). On average, 67% -
83% of annual streamflow occurs during the snowmelt duration. The mean annual
snowmelt rate ranges from 0.74 mm/day to 4.45 mm/day in EC and LC, respectively
(Table 2.3; Figure 2.11).

The initiation of snowmelt is considerably less variable (standard deviation ranges
from 14 days to 25 days) than the end of snowmelt (standard deviation ranges from 36
days to 70 days). The standard deviation of the snowmelt rate is between 23% in BC and
57% in EC of the respective watershed mean snowmelt rate.

Generally, warming temperature trends do not correspond to snowmelt trends.
Snowmelt rate does not experience a significant trend over either the entire period of
record or over the period of greatest warming (1964-2014) (Table 2.4). Five of the seven
watersheds (CC, EC, PC, BC, and LC) experience a trend towards an earlier end of
snowmelt during the entire period of record; however, only two (CC and PC) of these
trends are also significant during the period of greatest warming. Conversely, one
watershed, LC, experiences a trend toward a later end of snowmelt during the entire
period of record. Only one watershed, PC, experiences a trend toward an earlier start of
snowmelt during the entire period of record and only one watershed, LC, experiences a
trend toward an earlier start of snowmelt during the period of greatest warming.

Surface snowmelt rate, derived from SnoTel observations, averages 16 mm/day
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across the six SnoTel sites during the period of record, with the slowest snowmelt
typically occurring at Louis Meadow (11 mm/day) and the fastest snowmelt typically
occurring at Snowbird (25 mm/day) (Figure 2.12). Notably, these snowmelt rates are, in
general, an order of magnitude greater than the watershed snowmelt rates calculated
through daily streamflow analysis. The annual average snowmelt rate from all six SnoTel
sites corresponds significantly (p < 0.01) with the watershed snowmelt rates from each
watershed individually with slopes between 0.07 (CC) and 0.18 (LC) and R? values
between 0.39 (LC) and 0.61 (MC) (Table 2.10). Remaining variability positively
correlates to the observed snowmelt duration at the SnoTel sites (Table 2.11). The daily
SnoTel maximum snowmelt rate annual pattern mirrors the annual pattern of incoming
solar radiation with snowmelt rate decreasing from the fall to winter and subsequently
increasing from the winter until the snowpack is completely ablated in the summer

(Figure 2.13).

2.4.1.8 Annual Water Yield

Mean annual water yield, or the fraction of annual precipitation partitioned to
streamflow (Q/P), ranges from 0.18 to 0.63 in EC and LC, respectively. Annual water
yield ranges from 0.01 to 0.88, indicating that nearly any fraction of precipitation may be
partitioned to streamflow during a single year (Figure 2.14). Interannual water yield
variability between watersheds correlates less than that of precipitation, with Pearson R
values ranging from 0.46 to 0.94 (Table 2.5). This is in contrast to strong coherence
between catchments in precipitation (Pearson R values between 0.93 — 1.00).

Annual water yield exhibits no trend over time during the period of record within
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five of the seven watersheds (p>0.01). However, the water yield decreased in BC
throughout the entire period of study at a rate of -0.006/decade (p = 0.011) due primarily
to a negative trend from 1906 to 1949 that averaged -0.04/decade. Conversely, the water
yield increased in LC throughout the entire period of study at a rate of +0.007/decade (p
=0.016) due primarily to a positive trend from 1948 to 1988 that averaged +0.04/decade.
Watershed mean annual water yield significantly (p < 0.01) correlates to two of
ten landscape characteristics: elevation and percent of area with rock outcrops (Table
2.12) with R? values of 0.73 and 0.82, respectively. Higher water yield correlates to
watersheds with higher elevation and watersheds with a greater fraction of rock outcrop
(i.e. watersheds with less vegetated area). The other landscape features, including aspect,
steepness, and vegetation type, do not correlate to water yield. It should be noted, if LC is
removed from this analysis, no significant correlation exists due to the limited elevation

range and limited variability in rock outcrop.

2.4.1.9 Annual Evapotranspiration

Mean annual calculated evapotranspiration ranges from 470 mm in LC, with the
highest mean elevation, to 680 mm in MC, with the third highest mean elevation,
illustrating that evapotranspiration is not merely a function of watershed elevation (Table
2.13; Figure 2.15). Annual evapotranspiration ranges from a minimum of 157 mm in LC
to a maximum of 1132 mm in MC (Figure 2.15). Within-watershed standard deviation of
evapotranspiration is between 17% (RB) and 29% (LC) of the mean value (Table 2.13).
Variability is not highly correlated between all watersheds, with Pearson R values

ranging from 0.48 to 0.97 (Table 2.14). No trend over time exists in evapotranspiration,
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except for a -11 mm/decade trend (p = 0.017) in LC during the entire period of record

that is not significant (p<0.05) during the period of greatest warming (Table 2.15).

2.4.1.10 Annual Stormflow and Baseflow

Annual baseflow typically accounts for 80% - 90% of annual streamflow, while
stormflow accounts for the other 10% - 20%. Annual stormflow and annual baseflow
generally reflect streamflow patterns and trends. Mean annual baseflow ranges from 120
mm in EC — 650 mm in LC, while mean annual stormflow ranges from 20 mm in EC to
160 mm in LC (Table 2.13; Figures 2.16 and 2.17). The standard deviation of annual
baseflow ranges from a low of 26% (LC) to a high of 71% (EC) of the mean and the
standard deviation of annual stormflow range from a low of 31% (LC) to a high of 77%
(EC) of the mean (Table 2.13). Variability between watersheds correlates similar to that
of streamflow, with Pearson R values for annual baseflow between 0.81 and 0.98 and
Pearson R values for annual stormflow between 0.88 and 0.96 (Table 2.14). No trend
over time exists in annual baseflow or annual stormflow over the entire period of record
or during the period of greatest warming (1964 — 2014), except in LC where a slightly
significant (p = 0.030) decrease in annual stormflow exists from 1964 — 2014 (Table

2.15).

2.4.1.11 Annual Wetting

Annual wetting represents the annual amount of water added to a watershed
available to vegetation, calculated as the difference between annual precipitation and

annual stormflow. Mean annual wetting ranges from 760 mm in PC to 1120 mm in LC
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(Table 2.13; Figure 2.18). Annual wetting ranges from a minimum of 416 mm in EC to a
maximum of 1880 mm in LC (Figure 2.18). Wetting exhibits similar variability to
precipitation in every watershed, with the standard deviation between 19% - 21% of the
mean value in every watershed (Table 2.13). Pearson R values between 0.88 — 1.00
indicate that the correlation of interannual variability is also similar to precipitation
(Table 2.14). No trend exists in wetting over the entire period of record or during the

period of greatest warming (Table 2.15).

2.4.1.12 Annual Horton Index

The Horton Index represents the fraction of annual plant-available water
partitioned to annual evapotranspiration, calculated as the annual evapotranspiration
divided by annual wetting. Annual Horton Index ranges from 0.42 in LC to 0.85 in EC
over the period of record (1902 — 2014) (Table 2.001; Figure 2.19). Standard deviation of
mean watershed Horton Index values ranges from 0.06 in MC to 0.09 in EC (Table 2.13).
Interannual variability correlates strongly between only a few of the watersheds, with
Pearson R values ranging from 0.41 to 0.93 (Table 2.14). Horton Index increases in BC
(+0.007 / decade; p = 0.004) over the entire period of record and in PC (+0.02 / decade; p
=0.009) and MC (+0.01 / decade; p = 0.039) over the period of greatest warming.
Conversely, Horton Index decreases in LC (-0.007 / decade; p = 0.014) over the entire

period of record (Table 2.15).
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2.4.2 Prediction of Annual Streamflow

Annual streamflow significantly correlates to annual precipitation both on an
aggregate watershed-basis and for individual watersheds, as illustrated in Figure 2.20. On
an aggregate watershed-basis (shown as a dashed line in Figure 2.20), the expected
streamflow initiation occurs at 526 mm of annual precipitation and increases by 0.84 mm
for every mm increase in precipitation. Correlations between annual streamflow and
annual precipitation within individual watersheds, also shown in Figure 2.20, illustrate
differences in the streamflow and precipitation relationship between the seven
watersheds. The expected amount of precipitation needed to induce streamflow ranges
from 123 mm — 454 mm in BC and EC, respectively. Similarly, increase in streamflow
per mm increase in precipitation ranges from 0.34 mm - 0.71 mm in MC and LC,
respectively. These values are presented in Table 2.16 as the slope of the lines for each
watershed in Figure 2.20.

Much of annual streamflow variability is correlated to precipitation in each
watershed, with R? values for the correlation ranging from 0.44 to 0.73 in EC and LC,
respectively, which represents the highest correlation of any metric in this analysis.
However, considerable streamflow variability remains. Surprisingly, annual temperature
does not add any predictability to streamflow after accounting for annual precipitation.

Multiple linear regression is used to determine other metrics that will contribute to
improved streamflow prediction. Multiple linear regression analysis indicates that four
metrics reduce annual streamflow uncertainty to less than 5% in every watershed (Figure
2.21 and Table 2.17). In all seven watersheds, three of these four metrics consist of

annual precipitation, winter baseflow, and snowmelt rate. The snowmelt duration further
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reduces uncertainty in all watersheds except RB, where it is replaced by the end date of
snowmelt.

Similar to the varying degrees of predictability that precipitation adds to
streamflow, R? values in Table 2.17 show that the variables added through the multiple
linear regression analysis add different amounts of predictability to streamflow in the
different watersheds: winter baseflow ranges from 0.06 in LC to 0.22 in MC, snowmelt
rate ranges from 0.07 in LC to 0.25 in EC, snowmelt duration ranges from 0.04 in MC to
0.11 in LC, and snowmelt end date is 0.04 in RB. Also, correlation slopes for each of the
variables in the multiple linear regressions, shown in Table 2.17, vary between
watersheds. Therefore, the expected influence of a change in any one of these metrics on
the resulting streamflow will also vary between watersheds. The 70 other hydro-climate
metrics, from Table 2.2, that are analyzed in the multiple linear regression do not add

significant predictability (R? > 0.03) to streamflow.

2.4.3 Vegetation Controls on Water Stored in the Subsurface

2.4.3.1 Annual Peak NDVI

Annual NDVI patterns in every watershed represent a substantial seasonal
transition between winter and summer due to the land surface coverage of a winter
snowpack (Figure 2.22). During the snow-free summer growing season, NDVI exhibits a
smaller transition representative of spring vegetation green-up and summer/fall die-off.
The timing of vegetation growth in the watersheds and the timing of streamflow’s return
to winter baseflow conditions from spring snowmelt suggest that vegetation may

influence the amount of stored water in the subsurface carried over to the next water year.
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Interannual NDV1 variability is presented below through the annual peak NDVI, a simple
and straightforward measure of vegetation greenness during the growing season.

Mean annual peak NDVI during the period of record (2000 — 2015) ranges from
0.61in LC t0o 0.79 in RB (Figure 2.23). Each watershed experiences relatively minor
interannual peak NDVI variability, with the standard deviations between 0.02 — 0.03
(Table 2.18). Variability between all the watersheds, however, does not correlate to a
similar extent with Pearson R values ranging from 0.48 — 0.94 (Table 2.14). Throughout
the 16 years of available NDVI data, three of the seven watersheds exhibit increasing
peak NDVI over time (p<0.05): +0.02/decade in MC and +0.03/decade in BC and LC
(Table 2.18). However, during this time period (2000 — 2014), there is no significant
(p<0.05) trend in temperature data (Table 2.18).

Peak NDVI, a measure of vegetation greenness, positively correlates with
subsequent winter baseflow in six of the seven watersheds (all except LC); however, the
correlation is significant at p<0.05 in only two watersheds: CC (p = 0.046) and RB (p =

0.030) (Table 2.19).

2.4.3.2 NDVI and Horton Index Correlation

The correlation between peak NDVI and the Horton Index, illustrated in Figure
2.24, generally shows that in general, vegetation in wetter watersheds (those with lower
Horton Index values) shows less of a response to drying than in drier watersheds, with
slopes ranging from 0.006 in LC to -0.24 in PC (Table 2.20). However, this correlation is
not significant at p<0.01 in any of the watersheds, with p values ranging from 0.03 in PC

t0 0.97 in MC.
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2.5 Discussion
2.5.1 Factors Affecting Streamflow in Study Area Watersheds

The spatial correlation between annual watershed precipitation, temperature, and
relative humidity of the watersheds to the east of Salt Lake City, Utah evaluated in this
study suggests that the watersheds experience similar climate regimes. In the absence of
clear understanding of how catchments may differentially impact partitioning in response
to future climate change, water resource predictions are made that implicitly assume that
watersheds within a certain region all behave along a single climate-controlled continuum
(Barnett et al., 2005; N. S. Christensen et al., 2004; Milly et al., 2005). The difference in
mean annual values between the sites makes them an ideal setting to test whether
watersheds with historically warmer temperatures can be considered adequate analogues
for the hydrologic behavior of watersheds that may experience warming in the future.
Overlap in the range of annual climate conditions provides an opportunity to test whether
the watersheds have similar hydrologic responses to similar climate forcing.

Multiple lines of evidence suggest that these watersheds do not all partition
precipitation similarly. First, tremendous differences in water yield values and
streamflow variability, even though watersheds have similar climate variability and some
have similar climate conditions, indicates that the fraction of precipitation partitioned to
streamflow varies between watersheds. Similar regional climate forcing between all the
watersheds supports the hypothesis that watershed characteristics cause differential
partitioning of precipitation (Croft, 1944b; Geroy et al., 2011; Zapata-Rios et al., 2015).
Landscape characteristics such as elevation and vegetated area may explain some of the

differences in water yield due to their influence on evapotranspiration and the amount
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and type of precipitation (Table 2.12) (Hunsaker et al., 2012). Importantly, though, no
individual landscape characteristic fully explains the variability between watersheds.

Tremendous differences in streamflow standard deviation relative to the mean,
even though all watersheds have similar precipitation standard deviation relative to the
mean, indicates that streamflow response to changes in precipitation varies between
watersheds. Furthermore the significant variation in incremental water yield (the mm
increase in streamflow for every mm increase in precipitation), ranging from 0.34 to 0.71,
indicates that other factors influence streamflow.

Finally, no simple climate metric adds considerable predictability to streamflow
in addition to annual precipitation. Instead, one landscape-controlled variable (winter
baseflow), and three variables controlled by a combination of climate and landscape
(snowmelt rate, snowmelt duration, and last day of snowmelt) further reduce streamflow
uncertainty to less than 5% in every watershed. In addition to significantly correlating (p
<0.05) statistically to streamflow, each of these variables, as discussed below, has a
physical basis for adding unique predictability to streamflow. This implies that a robust
prediction of the hydrologic response that may occur as a result of a shift in long-term
precipitation cannot be made simply by assuming a response similar to other watersheds
with climate conditions analogous to those that may be forcing the watershed in the
future. Rather, projections of hydrologic response to future climate change must stem
from research that quantifies the demands on subsurface water available to baseflow and
relates snowmelt processes to hydrologic partitioning (Barnhart et al., 2016; Croft, 1946;

Deshmukh & Singh, 2016).
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2.5.2 Temperature and Hydrologic Partitioning

Surprisingly, temperature does not add predictability to annual streamflow after
accounting for precipitation. Similarly, historic warming trends and the related decreases
in relative humidity in all watersheds do not result in subsequent trends in streamflow,
evapotranspiration, or hydrologic partitioning (Table 2.4). This indicates that historic
partitioning displays no direct, identifiable response to temperature trends or variability
during the time frames considered, contrary to the modeled future impact that
temperature will have on streamflow in these specific watersheds and similar watersheds
throughout the Western United States (Bardsley et al., 2013; Barnett et al., 2005). Due to
the importance of snowmelt metrics and winter baseflow on streamflow in every
watershed, the effects of a warming climate on annual streamflow should be addressed
through energy budget changes to the snowpack, especially as it melts (Foster et al.,
2016), and through multiyear water balance changes affecting the level of available

stored water (Brooks et al., 2015).

2.5.3 Baseflow and Streamflow Generation
| identify a simple, transferable metric, winter baseflow, which represents the
relative amount of available stored water and correlates to streamflow in all the study
watersheds (Wittenberg & Sivapalan, 1999). Typically, streamflow is expected to be a
combination of concurrent climate conditions and a memory of previous climate
conditions through the release of water stored in the watershed (Hornberger et al., 2014).
However, the intra-annual stability of winter baseflow confirms the expected dissociation

between streamflow and concurrent climate conditions during the months of December
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and January (Table 2.8). Throughout various climates and geophysical regions, research
strongly suggests that the majority of stream water, even during storm events, has
interacted with the subsurface for a substantial period of time, rather than primarily
running over the surface to a stream channel (Godsey et al., 2009; Kirchner, 2003).
Hydrologic modelers often account for available subsurface water through intensive
measurements focused entirely on soil moisture (Croft, 1946; McNamara et al., 2005;
Yaseef et al., 2010). However, studies of subsurface storage generally lack precise and
transferable definitions, methods, and metrics that can be readily applied to capture
processes at a watershed scale (McNamara, 2011). Differences in the patterns of winter
baseflow between watersheds with similar climate patterns reflect differences in
vegetation and subsurface characteristics that control the amount of water that can be
stored in a watershed’s subsurface and the residence time of the stored water (Wittenberg
& Sivapalan, 1999; Zhang et al., 2016). Therefore, a watershed’s correlation to winter
baseflow indicates the system’s ability to buffer annual climate variability and the
importance of antecedent climate effects on future hydrologic response (Potter & Zhang,
2007). For example, in LC, where winter baseflow explains only 6% of streamflow
variability, the effects of changes to climate conditions that influence the partitioning of
stored water will impact streamflow much less than the effects of similar changes in MC,
where winter baseflow explains 22% of streamflow variability (Table 2.17).

Due to the significance of winter baseflow in the prediction of streamflow
variability (Table 2.17), | further explored the controls on winter baseflow in order to link
it to watershed climate and landscape characteristics. Winter baseflow, indicative of

catchment storage, primarily reflects antecedent precipitation and the fate of snowmelt
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from the previous spring (Table 2.9). The influence of these two factors on winter
baseflow may extend more than 1 year past when they occur due to the importance of 1
year’s winter baseflow predicting the next year’s winter baseflow in two of the
watersheds. Patterns of the influence of precipitation on winter baseflow do not appear to
relate to watershed characteristics. However, the importance of September and October
precipitation in two watersheds suggests that the seasonal decrease in atmospheric
demands may allow for preferential partitioning of fall precipitation to streamflow (Croft,
1946). The importance of the partitioning of snowmelt on winter baseflow further
highlights the critical role of factors that influence catchment-scale melt processes.

Due to the large fraction of precipitation partitioned to evapotranspiration in many
watersheds, vegetation productivity has been suggested to be a controlling factor of the
partitioning in subsurface storage (Brooks et al., 2015; McDowell et al., 2008; Peel,
2009). Using the Horton Index, Brooks et al. (2011) characterized catchments with a
Horton Index less than 0.66 as energy-limited and greater than 0.66 as water-limited,
thereby identifying watersheds where vegetation productivity is more likely to control the
partitioning of subsurface water. However, the substantial uncertainty in the relationship
between NDVI and HI throughout these seven watersheds (Table 2.20) suggests that
vegetation productivity does not significantly correlate to concurrent water availability
alone, even in RB, EC, PC, and MC where the Horton Index suggests vegetation is water-
limited. One alternate hypothesis is that partitioning may be dependent on the size,
relative fullness, and residence time of the catchment groundwater aquifer. Therefore, the
effects of annual climate variability on concurrent year vegetation timing and

productivity may be ineffective at completely capturing subsurface storage variability and
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the resulting streamflow response. Vegetation greenness positively correlates with winter
baseflow in six of the seven watersheds, suggesting that similar factors may control the
supply of water to both atmospheric demands and baseflow generation while, at the same
time, the atmospheric demand may not substantially deplete the amount of water

available to baseflow generation.

2.5.4 Snowmelt Rate and Streamflow Generation

In all watersheds, snowmelt rate is an important control on streamflow variability.
Snowmelt timing, represented by snowmelt duration in six watersheds and the snowmelt
end date in the seventh, is also important in every watershed. Once the snowpack absorbs
enough energy in the spring to reach 0°C, most of the snow ablates through melting,
rather than sublimating or evaporating (Croft, 1944a; Hood et al., 1999). Previous studies
have shown that the nearly all of the snowmelt infiltrates into subsurface (Croft, 1944b).
Once in the subsurface, the snowmelt generally seeps downward through the shallow
subsurface (vadose zone) until reaching saturation (infiltration-excess), which allows the
water to flow laterally through the subsurface (Barnhart et al., 2016; McNamara et al.,
2005). Therefore, a snowpack with a fast melt rate can bring the soil to its infiltration-
excess capacity more quickly than a slowly-melting snowpack, resulting in more efficient
lateral vs. vertical movement of the snowmelt (Barnhart et al., 2016). The activation of
shallow flowpaths through a faster snowmelt leads to a relative increase in streamflow
during the concurrent year (Tague et al., 2008). This suggests that snowmelt-driven
subsurface partitioning is a significant streamflow-generation process in watersheds that

spans a wide range of seasonal snowpack conditions and subsurface landscape
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characteristics (Molotch et al., 2009; Seyfried et al., 2009). The groundwater depth,
aspect-controlled soil moisture content, and subsurface hydraulic conductivity can
differentially affect the sensitivity of these snowmelt-induced flowpaths (Hinckley et al.,
2014; Liu et al., 2013; Tague et al., 2008).

Due to the significance of snowmelt rate in the prediction of streamflow
variability (Table 2.17), | further explored the controls on snowmelt rate in order to link it
to watershed climate and landscape characteristics. Snowmelt occurs at a much faster rate
at the SnoTel sites compared to the watershed snowmelt rate (derived from streamflow
observations). Difference between SnoTel and watershed may be due to greater snowfall
totals at the SnoTel sites compared to mean watershed snowfall as SnoTel sites generally
over-represent high accumulation areas and the SnoTel sites are located well above mean
watershed elevations (Molotch & Bales, 2006). However, such factors do not account for
differences on the scale of an order of magnitude, with the remaining difference likely
accounted for by the storage and transmittance of the snowmelt through the subsurface
(McNamara et al., 2005). A longer SnoTel snowmelt duration results in a faster
watershed snowmelt rate than expected when compared to the SnoTel snowmelt rate
(Table 2.11). This relationship suggests that a longer melt increases subsurface saturation,
resulting in increased groundwater connectivity and snowmelt-induced streamflow, thus
increasing the watershed snowmelt rate.

Energy from solar radiation is the primary control on the intra-annual snowmelt
rate, with the maximum melt rate increasing throughout the spring and summer due to the
increase in incoming solar radiation (Figure 2.13) (DeWalle & Rango, 2008). Therefore,

snowpacks that exist later into the spring or summer will melt faster than those that ablate
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earlier in the year. Consequently, interannual winter precipitation amount variability will
impact the snowmelt rate, as larger snowpack will typically persist later in the year than
smaller snowpack. This may help to explain why precipitation correlation with winter
baseflow varies from positive to negative between watersheds (Table 2.9) because, while
more precipitation increases the supply of water available to be partitioned to baseflow,
more precipitation also causes a later, and hence faster, snowmelt, which preferentially
partitions water to streamflow rather than to stored water available to baseflow
generation.

Snowmelt is physically driven by energy input into a ripe snowpack. Variable
climate conditions affect the energy balance during the snowmelt period. For example,
more winter snowfall can lead to a snowpack that peaks and lasts later into the spring and
summer when daily solar radiation is greater (Trujillo & Molotch, 2014), warmer
temperatures can shift melt timing to earlier in the spring when there is less solar
radiation and lower the melt rate (Clow, 2009; Harpold et al., 2012), and increased
humidity can add energy to the snowpack through longwave radiation and latent heat
transfer from increased condensation onto the snowpack. Future climate change has the
potential to affect snowmelt rate and timing. However, the lack of a trend in the timing or
rate of melt to correspond with an increase in temperature suggests that there may be
feedbacks between the effect of temperature and humidity on the melting snowpack that
are not yet fully understood or that the increase in temperature is not yet significant
enough to cause a shift in snowmelt to exceed natural variability. Watershed
characteristics that affect the surface energy balance, such as elevation, slope aspect,

hillshading, and vegetation shading, have been linked to snowmelt rate (Lyon et al.,
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2008; Molotch et al., 2009; Rinehart et al., 2008). As a result, the sensitivity of snowmelt

rate and timing to future climate change will vary.
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Figure 2.1. Map of Study Area in Northern Utah. These seven headwater catchments all
drain from east to west but have a range of topographic, geologic, and vegetative
characteristics. From north to south, the watersheds are: City (CC), Red Butte (RB),
Emigration (EC), Parleys (PC), Millcreek (MC), Big Cottonwood (BC), and Little
Cottonwood (LC). Six Natural Resource Conservation Service (NRCS) Snow Telemetry
(SnoTel) monitoring sites exist across a range of elevations, aspects, and shading
characteristics within the study area: 1) Louis Meadow, 2) Lookout Peak, 3) Parleys
Summit, 4) MilID, 5) Brighton, and 6) Snowbird.



Table 2.1. Summary of Watershed Landscape Characteristics. Watersheds cover a broad range of landscapes with some similarities
between certain watersheds and many differences. Mean elevation covers a range of over 1300 m. While the creeks all flow from east
to west, the predominant slope aspect varies from south-facing to north-facing.

Area Mean Mean Slope Aspect (% facing each direction) Land Cover (% of area)
Watershed ) o Geology

(km?)  Elev(m) Slope (°) | North East South West Forest Shrub  Desert  Rock
cC 46 2084 23.8 23.9 15.1 39.7 21.4 41 50 5 1 Sedimentary carbonates and clastic
RB 19 2076 254 22.8 16.1 395 21.6 36 58 5 0 Sedimentary carbonates and clastic
EC 41 1963 21.0 19.6 20.4 38.4 21.6 20 66 7 1 Sedimentary carbonates and clastic
PC 135 2102 19.7 334 16.7 28.7 21.2 44 37 13 0 Sedimentary carbonates and clastic
MC 56 2344 27.0 36.8 144 27.3 21.6 69 26 1 2 Sedimentary carbonates and clastic
BC 127 2607 24.9 31.9 18.6 25.1 245 63 14 4 17 Metamorphic quartzite
LC 71 2698 27.1 36.5 115 28.8 23.2 39 16 4 38 Igneous intrusive

09



Table 2.2: Predictor Variables Used in a Multiple Linear Regression Analysis of
Streamflow Variability. Using climate and streamflow datasets, 75 hydrologic variables
are created to compare with annual streamflow variability. These variables cover over

100 years of hydrologic variability.
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Metric

Period of
Record

Source

Precipitation

Annual (Oct. 1 - Sep. 30)

Seasonal (Winter, Spring, Summer, Fall)

Seasonal as Percent of Annual

Monthly (12 individual months)

Previous Year Annual (Oct. 1 — Sep. 30)

Previous Year Seasonal (Winter, Spring, Summer, Fall)
Temperature

Annual (Oct. 1 - Sep. 30)

Seasonal (Winter, Spring, Summer, Fall)

Monthly (12 individual months)

Previous Year Annual (Oct. 1 — Sep. 30)

Previous Year Seasonal (Winter, Spring, Summer, Fall)
Relative Humidity

Annual (Oct. 1 - Sep. 30)

Seasonal (Winter, Spring, Summer, Fall)

Monthly (12 individual months)

Previous Year Annual (Oct. 1 — Sep. 30)

Previous Year Seasonal (Winter, Spring, Summer, Fall)
Winter Baseflow
Snowmelt Start Date
Snowmelt End Date
Snowmelt Duration
Snowmelt Rate

1896 - 2014

1896 - 2014

1896 — 2014

1902 - 2014
1902 - 2014
1902 - 2014
1902 - 2014
1902 — 2014

PRISM

PRISM

PRISM

SLC Public Utilities and USGS
SLC Public Utilities and USGS
SLC Public Utilities and USGS
SLC Public Utilities and USGS
SLC Public Utilities and USGS
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Table 2.3: Hydro-climate Metrics” Central Tendency and Variability. For each metric, the
mean covers a range of values throughout the seven watersheds. Climate variability
around the mean is similar between all watersheds; however, streamflow variability
around the mean has a much larger range, similar to snowmelt and winter baseflow

metrics.

CC RB EC PC MC BC LC

Annual Precipitation (mm)
#of Years 119 119 119 119 119 119 119
Mean 846 799 791 815 921 1041 1290
Standard Deviation 176 169 166 167 188 218 274
Annual Mean Temperature (°C)
#of Years 119 119 119 119 119 119 119
Mean 6.7 6.8 6.9 6.3 5.2 4.2 3.3
Standard Deviation 0.8 0.8 0.8 0.8 0.8 0.8 0.9
Annual Mean Relative Humidity (%6)
#of Years 119 119 119 119 119 119 119
Mean 495 489 479 469 489 504 512
Standard Deviation 3.1 3.0 2.8 2.8 3.4 3.7 3.7
Annual Streamflow (mm)
#of Years 110 72 105 107 111 107 99
Mean 322 183 147 227 242 507 814
Standard Deviation 113 106 105 124 88 147 217
Annual Water Yield
#of Years 110 72 105 107 111 107 99
Mean 038 0.21 018 026 026 049 0.63
Standard Deviation 0.08 0.09 0.10 0.11 0.06 0.08 0.08
Snowmelt Start Date (Day of Water Year)
# of Years 108 48 102 104 97 109 100
Mean 168 149 159 159 173 174 187
Standard Deviation 18 16 17 17 25 14 15
Snowmelt End Date (Day of Water Year)
# of Years 108 48 102 104 97 109 100
Mean 355 303 313 317 374 336 340
Standard Deviation 50 60 53 46 70 44 36
Snowmelt Rate (mm/day)
#of Years 106 48 100 103 92 107 99
Mean 127 0.86 0.74 085 087 246 445
Standard Deviation 0.42 0.44 042 041 029 056 1.03
Winter Baseflow (mm/day)
#of Years 111 51 110 110 105 111 102
Mean 041 0.25 012 019 038 051 053
Standard Deviation 0.08 0.08 0.07 0.06 0.12 015 0.12
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Figure 2.2. Precipitation Time Series. In the seven watersheds, annual precipitation
ranges from 420 mm to 2135 mm during 1896 — 2014 with watershed means ranging
from 780 to 1290 mm. All watersheds experienced annual precipitation between 740 mm
and 1330 mm during the period of record. There is no significant trend in annual
precipitation over time.
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Table 2.4. Trends over Entire Period and Period of Greatest Warming. This table presents
the amount of change over time in climatic and hydrologic variables over the entire
period of record and 1964 — 2014, which was chosen because it is the period of the

greatest rate of change in annual temperature. Only variables with significant (p<0.05)
trends are presented. The significant warming trend is reflected in a drying trend in
relative humidity but is not yet evident in streamflow. Two ** denotes significance at
p<0.001; One * denotes significance at p<0.01; No asterisk denotes significant at p<0.05.

Change Per Decade

CC RB EC PC MC BC LC
Annual Precipitation (mm)
Entire Dataset NA NA NA NA NA NA NA
1964 - 2014 NA NA NA NA NA NA NA
Annual Mean Temperature (°C)
Entire Dataset  0.07**  0.07**  0.07** 0.07** 0.08**  0.07** 0.10**
1964 -2014 0.26** 0.25** 0.20** 0.20** 0.34**  0.36** 0.40**
Annual Mean Relative Humidity (%)
Entire Dataset NA NA NA NA NA NA NA
1964 -2014  -1.1**  -1.0** -0.8* -0.8* -1.4%* -1.6%* -1.8%*
Annual Streamflow (mm)
Entire Dataset NA NA NA NA NA NA NA
1964 - 2014 NA NA NA NA NA NA NA
Annual Water Yield
Entire Dataset NA NA NA NA NA -0.0064 0.0069
1964 - 2014 NA NA NA -0.022  -0.014 NA NA
Snowmelt Start Date (days)
Entire Dataset NA NA NA -1.1 NA NA NA
1964 - 2014 NA NA NA NA NA NA -34
Snowmelt End Date (days)
Entire Dataset ~ -4.4* NA -5.1* -4.2* NA -2.9 3.2*
1964 - 2014 -10 NA NA -13* NA NA NA
Snowmelt Rate (mm/day)
Entire Dataset NA NA NA NA NA NA NA
1964 - 2014 NA NA NA NA NA NA NA
Winter Baseflow (mm/day)
Entire Dataset NA NA NA NA NA NA 0.014**
1964 - 2014 NA NA NA NA NA NA NA
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Figure 2.3. Temperature Time Series. In the seven watersheds, annual temperature ranges
from 1.1°C to 9.9°C during 1896 — 2014 with watershed means ranging from 6.6°C to
3.3°C. All watersheds experienced annual temperature between 4.9° - 6.0°C during the
period of record. Temperature significantly warms in each watershed, with the greatest
rate of warming occurring from 1964 to 2014.



Table 2.5: Correlation of Interannual Hydro-climate Variability between Watersheds.
Annual precipitation (PPT), annual temperature (T), annual relative humidity (RH),
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annual streamflow (Q), winter baseflow (Q Base), snowmelt rate (MR), snowmelt start

day (Start), and snowmelt end day (End). Climate variability is similar between

watersheds, illustrated by high Pearson R values. Streamflow variability is less correlated
than climate variability. Interannual variability is least correlated for winter baseflow and

snowmelt metrics as these are controlled by unique watershed landscape features.

Pearson R
Watersheds PPT T RH Q QBase MR Start End
CC; RB 1.00 100 1.00 098 0.84 0.88 054 0.72
CC; EC 099 099 098 094 059 089 052 0.72
CC; PC 098 098 098 09 0.69 086 0.65 0.69
CC; MC 098 099 099 093 071 082 0.49 0.66
CC; BC 095 098 097 090 063 0.72 051 0.70
CC; LC 093 09 093 089 054 0.72 035 0.48
RB; EC 1.00 099 0.99 097 076 093 0.70 0.70
RB; PC 099 099 099 09 083 094 059 0.75
RB; MC 098 099 098 093 084 082 048 0.68
RB; BC 095 097 097 092 085 081 0.23 0.79
RB; LC 093 095 092 088 0.68 080 0.18 0.61
EC; PC 1.00 100 1.00 094 054 090 0.63 0.69
EC; MC 098 097 097 089 049 0.77 032 0.57
EC; BC 095 095 094 088 055 0.74 0.20 0.66
EC; LC 093 093 090 083 042 069 016 043
PC; MC 099 097 097 093 070 082 0.39 0.61
PC; BC 096 095 094 091 074 0.77 0.48 0.68
PC; LC 093 093 090 088 069 0.68 0.28 0.42
MC; BC 099 099 099 089 0.76 076 0.28 0.56
MC; LC 097 098 097 083 052 0.67 0.13 045
BC; LC 099 099 098 087 0.66 068 047 0.49
Minimum 093 093 090 0.83 0.42 0.67 0.13 042
Mean 097 097 096 0.91 0.67 0.79 0.41 0.62
Maximum 100 100 1.00 0.98 0.85 094 070 0.79
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Table 2.6: Climate Means and Elevation. A linear regression analysis of mean watershed
climate gradients with respect to watershed elevation shows a strong correlation for both
annual precipitation and temperature, and a weaker correlation for relative humidity. The
correlation between precipitation and elevation is expected as a result of orographic
uplift. The correlation between temperature and elevation is similar to a typical moist
adiabatic lapse rate.

Correlation
with elevation

Annual Precipitation

Slope (mm/km) 602
R? 0.84
p Value >0.01
Annual Temperature
Slope (°C/km) -4.98
R? 0.97
p Value >0.001
Annual Relative Humidity
Slope (%/km) 4.11
R? 0.60

p Value 0.025
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Figure 2.4. Relative Humidity. In the seven watersheds, annual mean relative humidity
ranges from 39% to 60% during 1896 — 2014 with watershed means ranging from 47% to
51%. All watersheds experienced annual mean relative humidity between 40% and 53%
during the period of record. No trend in relative humidity exists over the entire period of
record (p>0.05). However, during the period of the greater rate of warming (1964 —
2014), relative humidity decreases significantly in every watershed with rates ranging
from -0.8% to -1.8% / decade in PC and LC, respectively (p<0.01).
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Table 2.7. Seasonal Climate Metrics Means and Variability. Fall (Sep., Oct., and Nov.)
winter (Dec., Jan., Feb.), spring (Mar., Apr., May), and summer (Jun., Jul., Aug.) climate
generally follow spatial and interannual temporal patterns that are similar to annual
climate patterns. The majority of precipitation falls during the coldest seasons (winter and
spring), while the hottest season, summer, is typically also the driest.

CC RB EC PC _MC BC LC

Fall Precipitation (mm)
Mean 188 182 182 182 203 223 288
Standard Deviation 70 68 67 67 76 84 112
Winter Precipitation (mm)
Mean 299 271 269 260 318 374 479
Standard Deviation 102 95 94 89 106 130 165
Spring Precipitation (mm)
Mean 272 257 252 248 300 334 397
Standard Deviation 86 82 79 77 93 106 129
Summer Precipitation (mm)
Mean 87 88 89 91 100 110 127
Standard Deviation 44 44 44 44 47 50 57
Mean Fall Temperature (°C)
Mean 73 7.4 7.6 73 6.0 50 41
Standard Deviation 1.1 1.1 11 1.1 11 1.1 11
Mean Winter Temperature (°C)
Mean -30 -29 -30 -32 -41 -48 -55
Standard Deviation 1.4 14 14 14 14 14 15
Mean Spring Temperature (°C)
Mean 52 53 5.4 50 33 2.1 1.0
Standard Deviation 14 1.4 1.4 1.4 1.4 1.4 1.4
Mean Summer Temperature (°C)
Mean 173 174 176 173 157 147 136
Standard Deviation 1.1 1.1 1.0 11 1.1 11 1.1
Mean Fall Relative Humidity (%)
Mean 475 46.6 454 454 483 495 50.4
Standard Deviation 4.7 4.6 4.2 4.3 5.1 55 55
Mean Winter Relative Humidity (%6)
Mean 654 650 636 618 628 631 64.3
Standard Deviation 3.8 3.8 35 34 43 46 438
Mean Spring Relative Humidity (%6)
Mean 48.7 48.1 471 46.0 47.7 494 4938
Standard Deviation 45 4.4 4.2 4.1 4.8 5.1 5.2
Mean Summer Relative Humidity (%0)
Mean 36.4 359 352 345 37.0 397 401
Standard Deviation 4.2 4.1 4.0 3.9 4.5 4.9 4.8
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Figure 2.5. Seasonal Precipitation. Most precipitation occurs during the winter and spring
seasons. Summer is the driest season. Fall accounts for nearly 25% of annual
precipitation. Error bars indicate one standard deviation from the mean seasonal value,

indicating similar interannual variability in precipitation between watersheds.
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Figure 2.6. Seasonal Temperature. Mean winter temperature is below freezing in every
watershed. Temperature peaks during the summer season and is transitional during the
spring and fall. Error bars indicate one standard deviation from the mean seasonal value,
indicating nearly identical interannual variability in temperature between watersheds.
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Figure 2.7. Seasonal Relative Humidity. Relative humidity peaks during the winter and is
a minimum during the summer. Error bars indicate one standard deviation from the mean
seasonal value, indicating nearly identical interannual variability in relative humidity
between watersheds.
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Figure 2.8. Streamflow Time Series. In the seven watersheds, mean annual streamflow,
normalized by watershed area, ranges from 7 mm to 1568 mm during 1896 — 2014 with
watershed means ranging from 147 to 814 mm. There is no significant trend in annual
streamflow over time.
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Figure 2.9. Winter Baseflow Variability in the Seven Watersheds. Box and whisker plots
present the range of median values from 0.12 mm/day to 0.53 mm/day during 1896 —
2014. There is a significant amount of interannual variability in winter baseflow in each
watershed.
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Table 2.8. Winter Baseflow Intra-annual Variability. The standard error of mean winter
baseflow represents the daily variability of streamflow during December and January
within a given year. The low range of standard error values indicates that streamflow is
relatively stable during these months. This signifies that the main influence on
streamflow during these months comes from water stored in the subsurface rather than
incoming precipitation, which mainly adds to the snowpack at this time. The values of the
standard error of the mean are substantially lower than the interannual variability of
winter baseflow.

Standard Error of Mean December - January Streamflow (mm/day)

1902 - 2014 CC RB EC PC MC BC LC
Minimum 1.0E-03 8.3E-04 1.8E-18 ©5.6E-04 1.3E-03 24E-03 2.6E-03
Mean 3.7E-03 3.9E-03 3.7E-03 4.0E-03 9.4E-03 7.6E-03 8.6E-03

Maximum 13E-02 19E-02 22E-02 22E-02 5.8E-02 27E-02 3.2E-02




76

Table 2.9: Multiple Linear Regression of Winter Baseflow Predictors. Precipitation,
snowmelt, and winter baseflow from the Previous Year (PY) add predictability to winter
baseflow variability. Factors that were included in the regression analysis but did not add
predictability include: the previous year’s annual and seasonal temperature, the start and
end date of snowmelt, and all precipitation, temperature, and snowmelt variables from 2-

4 years prior to the winter baseflow.

PY Sept & Oct PY Annual PY Snowmelt PY
Precipitation Precipitation ~ PY Snowmelt Duration Baseflow  Remaining
(mm) (mm) Rate (mm/day) (days) (mm/day) Error
City Creek
Estimate 1.1E-04 0.104
Predictability Added (%) 34.9 15.4 49.7
Red Butte
Estimate 2.3E-04 8.3E-05 0.097
Predictability Added (%) 15.1 375 13.6 33.8
Emigration
Estimate -5.5E-05 -0.006 8.7E-04 0.496
Predictability Added (%) 16.0 121 19.1 17.0 35.7
Parleys
Estimate 4.4E-04 7.5E-05 0.066
Predictability Added (%) 12.8 213 8.4 57.5
Millcreek
Estimate 1.8E-04 0.220
Predictability Added (%) 38.4 16.7 44.8
Big Cottonwood
Estimate 7.7E-04 -5.1E-05 0.14 1.1E-03
Predictability Added (%) 111 325 8.6 5.7 42.1
Little Cottonwood
Estimate 6.2E-04 1.5E-05 1.1E-03 0.39

Predictability Added (%) 34.9 8.8 5.7 115 39.1
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Figure 2.10. Snowmelt Timing. Day of water year values correspond to the number of
days after October 1, the start of the water year. When the end of snowmelt occurs after
the start of the next water year, the end date of snowmelt continues to reference the year
snowmelt began, allowing for values greater than 365. Snowmelt start date typically
ranges from February 26, in RB to April 5 in LC. Snowmelt end date typically ranges
from July 30 in RB to October 9 in MC. Snowmelt start and end dates are used to
calculate the snowmelt duration.
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Figure 2.11. Snowmelt Rate Interannual Variability. Snowmelt rate is calculated as the
amount of snowmelt divided by the snowmelt duration. Snowmelt rate ranges from 0.15
in EC to 7.92 in LC. There is significant interannual variability in snowmelt rate within
each watershed.
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Figure 2.12: SnoTel-derived Snowmelt Rate. Six different SnoTel sites are within the
watershed boundaries. A seventh data series is calculated as the mean of the six SnoTel
sites. SnoTel sites are arranged here from north (left) to south (right). Five of the six
SnoTel sites, all except Snowbird, have statistically similar mean snowmelt rates.
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Table 2.10: Regression Model of SnoTel Snowmelt Rate and Watershed Snowmelt Rate.
Snowmelt rate from six SnoTel sites, as well as the average of all six sites, is correlated
to the hydrograph-derived watershed snowmelt rate in each of the seven watersheds.
SnoTel snowmelt rate is generally an order of magnitude greater than the watershed
snowmelt rate. In six of the seven watersheds (all except MC), the average snowmelt rate
from all six SnoTel sites explains the most variability in the watershed snowmelt rate. In
MC, the Louis Meadow SnoTel site explains the most variability.

CcC RB EC PC MC BC LC
Louis Meadow
Coefficient 0.04 0.05 0.05 0.06 0.03 0.06 0.09
R2 0.23 0.27 0.28 0.27 0.58 0.15 0.17
p Value 4.0E-02 2.7E-02 3.0E-02 3.4E-02 6.4E-03 8.4E-02 8.0E-02
Lookout Peak
Coefficient 0.03 0.05 0.05 0.05 0.01 0.07 0.06
R? 0.15 0.27 0.21 0.29 0.01 0.26 0.06
p Value 8.5E-02 2.7E-02 509E-02 2.8E-02 3.2E-01 2.9E-02 1.9E-01
Parley's Summit
Coefficient 0.03 0.04 0.04 0.08 0.03 0.04 0.12
R2 0.01 0.09 0.06 0.29 0.18 0.00 0.22
p Value 3.0E-01 1.4E-01 21E-01 27E-02 12E-01 3.6E-01 5.3E-02
Mill D
Coefficient 0.05 0.07 0.06 0.07 0.03 0.10 0.10
R2 0.30 0.34 0.28 0.31 0.29 0.36 0.17
p Value 2.0E-02 1.3E-02 2.9E-02 2.2E-02 6.2E-02 1.1E-02 7.7E-02
Brighton
Coefficient 0.05 0.06 0.06 0.06 0.03 0.08 0.10
R? 0.24 0.24 0.16 0.19 0.11 0.19 0.14
p Value 3.8E-02 3.5E-02 8.6E-02 6.7E-02 1.8E-01 5.7E-02 1.0E-01
Snowbird
Coefficient 0.03 0.03 0.03 0.04 0.00 0.05 0.09
R2 0.18 0.22 0.19 0.15 0.00 0.27 0.35
p Value 6.6E-02 4.5E-02 6.7E-02 9.6E-02 8.0E-01 2.8E-02 1.5E-02
Average
Coefficient 0.08 0.10 0.10 0.11 0.05 0.13 0.17
R? 0.43 0.56 0.51 0.52 0.46 0.48 0.41

p Value 4.6E-03 8.6E-04 2.6E-03 2.2E-03 1.9E-02 2.6E-03 8.1E-03
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Table 2.11. Snowmelt Correlation Residuals and Snowmelt Variables. SnoTel snowmelt
rate and watershed snowmelt rate correlation residual values are significantly (p<0.05)
and positively correlated to the SnoTel snowmelt duration.

CC RB EC PC MC BC LC

Hydrograph Melt Amount (mm)
Coefficient 1.1E-03  1.7E-03 1.7E-03 2.2E-03 7.3E-04 1.5E-03 1.5E-03
R? 0.19 0.29 0.22 0.27 0.06 0.16 0.19
p Value 58E-02 23E-02 53E-02 34E-02 25E-01 8.0E-02 6.7E-02
Hydrograph Melt Duration (days)
Coefficient  1.0E-03 ~ 2.1E-03 6.8E-04 4.7E-04 3.1E-04 -3.3E-03 -2.6E-04
R? 0.00 0.00 0.00 0.00 0.00 0.00 0.00
p Value 49E-01 33E-01 6.9E-01 8.7E-01 6.3E-01 4.2E-01 9.7E-01
SnoTel Melt Amount (mm)
Coefficient 5.8E-04  7.3E-04 7.4E-04 8.2E-04 43E-04 7.1E-04 1.6E-03
R? 0.11 0.18 0.17 0.18 0.19 0.03 0.18
pValue 13E-01 65E-02 7.8E-02 7.0E-02 12E-01 24E-01 7.6E-02
SnoTel Melt Duration (days)
Coefficient 25E-02  3.5E-02 3.2E-02 3.8E-02 1.2E-02 3.7E-02 7.8E-02
R? 0.31 0.56 0.48 0.56 0.32 0.25 0.60
pValue 19E-02 7.6E-04 3.6E-03 13E-03 5.0E-02 3.3E-02 7.3E-04
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Figure 2.13. SnoTel Snowmelt Rate and Solar Radiation. Snowmelt rate follows a similar
annual pattern as the incoming solar radiation. Maximum snowmelt rate decreases from
the start of the snow season in late September until December and then increases from
approximately March 1 until the snowpack completely ablates.
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Figure 2.14. Water Yield Time Series. Annual water yield is defined as the fraction of
annual precipitation that is partitioned to annual streamflow, with typical values ranging
from 0 to 1. Throughout the period of record, the water yield is different between
watersheds. The significant variability of water yield within and between watersheds
indicates that nearly any fraction of precipitation may be partitioned to streamflow during
any given year.



Table 2.12: Water Yield and Landscape Correlation. Linear regression analysis of
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watershed mean annual water yield predicted by landscape characteristics indicates that
only elevation and rock land cover significantly correlate (p < 0.01) to watershed mean
water yield. Water yield increases as both elevation and the fractional rock area increase.

Regression Slope R? P-Value
Elevation (m) 5.17E-04 0.73  9.32E-03
Slope Steepness (°) 3.34E-02 0.18 1.89E-01
North-Facing Aspect (%0) 1.2 0.10 2.51E-01
East-Facing Aspect (%) -3.3 0.17 1.93E-01
South-Facing Aspect (%) -1.2 0.04 3.19E-01
West-Facing Aspect (%) 10.6 0.49 4.75E-02
Forest Land Cover (%0) 2.48E-03 0.00 5.99E-01
Shrub Land Cover (%) -6.12E-03 0.46  5.60E-02
Desert Land Cover (%) -1.69E-02 0.00 4.12E-01
Rock Land Cover (%) 1.08E-02 0.82 3.24E-03




85

Table 2.13: Hydrologic Partitioning Metrics” Central Tendency and Variability. For each
metric, the mean and standard deviation cover a range of values throughout the seven

watersheds.
CC RB EC PC MC BC LC
Annual Evapotranspiration (mm)
#of Years 110 72 105 107 111 107 99
Mean 525 635 642 609 684 532 468
Standard Deviation 109 108 119 109 139 128 137
Annual Stormflow (mm)
#of Years 110 51 105 107 111 107 99
Mean 38 25 24 29 28 87 159
Standard Deviation 20 21 19 19 13 29 50
Annual Baseflow (mm)
#of Years 110 51 105 107 111 107 99
Mean 284 171 123 149 215 420 654
Standard Deviation 95 97 87 79 77 120 172
Annual Wetting (mm)
#of Years 110 51 105 107 111 107 99
Mean 808 807 765 758 899 952 1122
Standard Deviation 155 173 146 151 180 195 224
Annual Horton Index
#of Years 110 51 105 107 111 107 99
Mean 065 080 085 081 076 056 042
Standard Deviation 0.08 009 0.09 008 0.06 0.08 0.09
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Figure 2.15. Evapotranspiration Time Series. In the seven watersheds, annual
evapotranspiration ranges from 157 mm to 1132 mm during 1902 — 2014 with watershed
means ranging from 470 mm to 680 mm. There is no significant trend in annual
evapotranspiration over time, except for a decrease of -11mm / decade in LC that is
significant (p = 0.017) during the entire period of record, but not significant during the
period of greatest warming (1964 — 2014).



Table 2.14: Correlation of Interannual Hydrologic Partitioning Variability between
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Watersheds. Annual evapotranspiration (ET), annual stormflow (S), annual baseflow (U),

annual Horton Index (HI), and Normalized Differential Vegetation Index (NDVI).

Wetting variability is similar between watersheds, illustrated by high Pearson R values.
Interannual variability is least correlated for Horton Index and evapotranspiration as these
are controlled by unique watershed landscape features.

Pearson R

ET S U W HI NDVI
CC; RB 097 09 098 100 093 0.83
CC; EC 093 092 093 099 084 0.87
CC; PC 092 093 095 098 083 0.88
CC; MC 089 091 092 097 084 0.87
CC; BC 083 089 089 094 076 0.79
CC; LC 057 084 088 090 055 061
RB; EC 095 096 097 100 093 0.92
RB; PC 095 094 09 099 092 0091
RB; MC 092 091 091 098 080 0.70
RB; BC 084 085 093 09 081 061
RB; LC 054 08 087 093 064 048
EC; PC 094 094 093 099 0.88 094
EC; MC 087 090 087 098 071 0.74
EC; BC 080 083 087 094 068 0.60
EC; LC 048 080 082 088 045 048
PC; MC 093 091 091 099 0.74 0.80
PC; BC 084 08 090 095 065 0.70
PC; LC 051 084 087 090 049 052
MC; BC 087 086 088 098 074 094
MC; LC 056 085 081 09 041 0.82
BC; LC 068 085 085 098 050 0.9
minimum 048 080 081 088 041 048
mean 080 088 090 096 0.72 0.76
maximum 097 096 098 100 093 094
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Table 2.15. Hydrologic Partitioning Trends over Entire Period and Period of Greatest
Warming. This table presents the amount of change over time in hydrologic partitioning
over the entire period of record and 1964 — 2014, which was chosen because it is the
period of the greatest rate of change in annual temperature. Only coefficients with
significant (p<0.05) trends are presented. Two ** denotes significance at p<0.001; One *

denotes significance at p<0.01; No asterisk denotes significant at p<0.05.

Change Per Decade

CC RB EC PC MC BC LC
Annual Evapotranspiration (mm)
Entire Dataset NA NA NA NA NA NA -11
1964 -2014 NA NA NA NA NA NA NA
Annual Stormflow (mm)
Entire Dataset NA NA NA NA NA NA NA
1964 -2014 NA NA NA NA NA NA -12
Annual Baseflow (mm)
Entire Dataset NA NA NA NA NA NA NA
1964 -2014 NA NA NA NA NA NA NA
Annual Wetting (mm)
Entire Dataset NA NA NA NA NA NA NA
1964 -2014 NA NA NA NA NA NA NA
Annual Horton Index
Entire Dataset NA NA NA NA NA 0.007* -0.007
1964 -2014 NA NA NA 0.021* 0.012 NA NA
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Figure 2.16. Annual Baseflow Time Series. In the seven watersheds, annual baseflow
ranges from 7 mm to 1269 mm during 1902 — 2014 with watershed means ranging from
120 mm to 650 mm. There is no significant trend in annual baseflow over time.
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Figure 2.17. Annual Stormflow Time Series. In the seven watersheds, annual stormflow
ranges from 0 mm to 313 mm during 1902 — 2014 with watershed means ranging from 20
mm to 160 mm. There is no significant trend in annual stormflow over time, except for a
decrease of -12mm / decade in LC that is significant (p = 0.030) during the period of
greatest warming (1964 — 2014), but not significant during the entire period of record.
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Figure 2.18. Annual Wetting Time Series. In the seven watersheds, annual wetting ranges
from 416 mm to 1880 mm during 1902 — 2014 with watershed means ranging from 750
mm to 1120 mm. There is no significant trend in annual wetting over time.
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Figure 2.19. Horton Index over Time. Horton Index ranges from 0.14 in LC to 0.99 in
EC. There is significant interannual variability in Horton Index within each watershed.
No significant trend is present in Horton Index during the period of record.
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Figure 2.20. Correlation between Precipitation and Streamflow. Annual precipitation
correlates well with annual streamflow. Statistical values of the correlations for each
watershed are presented in Table 2.16. The black dashed line represents the correlation of
precipitation and streamflow for all seven watersheds combined, which would be useful
for a broad view analysis. However, it is clear that the points for each watershed are
grouped together, rather than randomly scattered around the black dashed line.
Correlations between annual streamflow and annual precipitation within individual
watersheds illustrates differences in the streamflow and precipitation relationship
between the seven watersheds.
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Table 2.16: Regression Analysis Statistics for Precipitation and Streamflow. These
statistics correspond with the correlations in Figure 2.20. The slope of the line indicates
the mm of increase in streamflow for every mm increase in precipitation, or the
incremental water yield. The X intercept indicates the amount of precipitation necessary
to initiate streamflow. R? values between 0.44 — 0.73 indicate that while precipitation
accounts for significant streamflow variability, other factors also influence streamflow.
Differences in these statistics indicate the variable degree of importance and impact that
precipitation has on streamflow variability in each watershed.

CC RB EC PC MC BC LC ALL

Xintercept (mm) 225 446 454 398 218 123 129 526
Slope 052 049 044 046 034 055 0.71 0.85

R? 060 060 044 060 054 067 073 0.72
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Figure 2.21: Predicted Streamflow Values from Multiple Linear Regression Analysis.
The predicted values for streamflow are generated by developing separate equations for
each watershed using the coefficients and intercept values for precipitation, winter
baseflow, snowmelt rate, snowmelt duration, and snowmelt end date, as shown in Table
2.17. Observed streamflow is predicted for each watershed within 96% accuracy.
Predicted and observed streamflow are plotted along with a one to one line that represents
a perfect prediction.
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Table 2.17: Multiple Linear Regression Analysis of Streamflow Variability. Four metrics
in each watershed predict streamflow with less than 4% remaining error, or over 96%
accuracy. Figure 2.21 plots the predicted streamflow using the equations provided in this
table and the observed values of the metrics used. The degree of influence (coefficient)
and predictability added (R?) of each metric varies by watershed.

Melt Melt Melt End  Remaining
Intercept  Precipitation  Baseflow Rate Duration Day Error
City Creek
Coefficient -139 0.036 203 183 0.62
R? 0.61 0.17 0.15 0.04 0.02
Red Butte
Coefficient -206 -0.048 238 179 0.76
R? 0.64 0.15 0.14 0.04 0.03
Emigration
Coefficient -73 -0.017 209 179 0.52
R? 0.46 0.21 0.25 0.05 0.04
Parleys
Coefficient -85 -0.007 239 165 0.56
R? 0.59 0.15 0.17 0.05 0.03
Millcreek
Coefficient -78 0.019 171 203 0.32
R? 0.60 0.22 0.11 0.04 0.03
Big Cottonwood
Coefficient -266 0.026 246 148 1.62
R? 0.69 0.15 0.10 0.05 0.02
Little Cottonwood
Coefficient -519 0.024 273 147 3.27

R? 0.73 0.06 0.07 0.11 0.02
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Table 2.18. NDVI Mean, Variability, and Trend. The mean covers a range of values
throughout the seven watersheds. A significant increase in NDVI exists in three
watersheds. However, a significant temperature trend does not exist over a similar period
of time. Only coefficients with significant (p<0.05) trends are presented. Two ** denotes
significance at p<0.001; One * denotes significance at p<0.01; No asterisk denotes

significant at p<0.05.

CcC RB EC PC MC BC LC
NDVI
Mean 073 079 0.70 0.74 0.78 0.70 0.61
Standard Deviation 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Trend (Change/Decade)
NDVI (2000-2015) NA NA NA NA 0.018 0.030* 0.029**
NA NA NA NA NA NA NA

Temperature (°C) (2000-2014)
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Figure 2.22: NDIV Time Series. NDVI reaches its peak during the growing season.
Variation in NDVI within each growing season is less than 0.2 and represents remotely
sensed changes in plant greenness. Different watersheds and different years exhibit
unique patterns in plant greenness throughout the growing season. Greater variability
occurs during the spring and fall when NDVI values represent a mixture of vegetation
greenness and snow cover. To highlight changes in the growing season, winter minimum
values (often ~0) are not shown.
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Figure 2.23. Annual Peak NDV1 Variability. Peak NDVI ranges from 0.58 in LC to 0.83
in RB. There is significant interannual variability in peak NDV I within each watershed.
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Table 2.19: Regression Analysis of NDVI and Winter Baseflow. A positive correlation
exists in all watersheds except LC, suggesting that NDVI and winter baseflow likely are
supplied through similar processes. However, this relationship is significant (p < 0.05) in
only CC and RB, suggesting a lack of widespread interconnected between the sources for

vegetation and baseflow generation.

Slope P Value R?
City Creek 1.97 0.046 0.23
Red Butte 1.73 0.030 0.28
Emigration 0.86 0.163 0.08
Parleys 0.63 0.359 0.00
Millcreek 2.70 0.092 0.15
Big Cottonwood 3.16 0.121 0.12
Little Cottonwood -0.97 0.664 0.00
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Figure 2.24. NDVI and Horton Index Correlation. In general, vegetation in wetter
watersheds (those with lower Horton Index values) show less of a response to drying than
in drier watersheds. Significant variability around these trends may be due to the
influence of the relative amount of stored water from previous years on vegetation
growth. Specific correlation coefficients and goodness of fit for the regression in each
watershed is presented in Table 2.20.
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Table 2.20: Horton Index and NDVI Correlation. Regression coefficients for the
relationships presented in Figure 2.24.

CC RB EC PC MC BC LC

Xintercept 080 089 084 0.94 0.78 0.72 0.61
Coefficient -0.11 -0.12 -0.15 -0.24 -0.003 -0.045 0.006
R? 0.057 012 012 0.26 0.00 0.00 0.00

Pvalue 020 011 012 0.03 0.97 0.57 0.93
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