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Abstract

Water temperature modeling in streams to support ecological restoration
by
Nathaniel L. Butler
Doctor of Philosophy in Engineering — Civil and Environmental Engineering
University of California, Berkeley

Professor James R. Hunt, Chair

Water temperature is a critical water quality parameter that affects salmonid survival by
influencing its metabolism and growth at all life stages. Stream temperature is an especially
important parameter in California rivers where it frequently limits the range of salmonids.
Anthropogenic activities have increased stream temperature and degraded spawning, holding,
and rearing habitats, and this has contributed to declines in salmonid populations in California.
Fisheries managers have a range of analytical and empirical tools available to assess and
guantify elevated stream temperature conditions, but many of these tools do not focus on
water temperature conditions at the spatial and temporal scales important to salmonids. My
research focuses on assessing water temperature at the watershed and upwelling hyporheic
scale which are critical to salmonid survival as stream temperature approaches thermal
tolerances.

| developed a model to calculate water temperature at locations throughout a watershed to
provide a method to evaluate the availability and connectivity of suitable thermal habitat
throughout a stream network. The model used a linear weighted average of the maximum and
minimum air temperatures of the current and 4 prior days. The weighting parameter is
dependent upon upstream drainage area enabling the application of the model to both small
tributaries and large mainstem streams. | used historical data from the Sonoma Creek, Napa
River, and Russian River watersheds to develop, test, calibrate, and partially validate the model.
Model results from Sonoma Creek and Napa River indicated it was generally able to estimate
daily average water temperature within 1.5°C of the observed water temperature. Data from
the Russian River highlighted the model was limited to streams without significant hydrologic
modifications or geologic constraints that forced groundwater to the surface.



A 1-D advection dispersion heat transport model was developed to quantify the upwelling
hyporheic temperature that provides cold water thermal refugia along a streambed for
salmonids. | analyzed hyporheic temperature measured at five sites in a previous research
program across sixteen kilometers of Deer Creek near Vina, California, to test, calibrate, and
partially validate the model. At three sites, | found the 1-D advection and dispersion were the
dominant heat transport mechanisms with model root mean square error less than 0.6°C. At
two sites, the model was not applicable because modeling results indicated that surface flow
rate variations, solar radiation, and multi-day flow paths also influenced the upwelling
hyporheic temperature. Modeling was valuable for highlighting the contribution of these
additional processes from that of 1-D advection dispersion. The availability of monitoring data
over the summer-fall period was essential for modeling upwelling temperature dynamics along
a semi-natural channel.
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CHAPTER 1
Overview

1.1 Introduction

Salmon leaping up cascading streams is one of the defining images of picturesque wild streams.
This vision of the migrating adult salmon is but one stage in a complex life history that
encompasses years over both large and small streams along with the vast ocean. As
anadromous fish, Pacific salmonids are born in freshwater streams, spend some portion of their
life rearing in freshwater streams, migrate to the ocean to mature to adulthood, and finally
return to freshwater to spawn. Due to the complexity of the Pacific salmonid life history,
salmonids are vulnerable to environmental changes at a range of spatial and temporal scales.
Severely declining salmonid populations in California and the Pacific Northwest during the past
decade prompted fisheries managers to scrutinize stream water quality to protect salmonids
and their habitats. Degraded stream habitat and water quality have extirpated salmonids from
much of their historical habitat and contributed to severely declining salmonid populations in
California and the Pacific Northwest during the past decade (Figure 1). Alterations in water
flow, flow timing, sediment loads, stream access, ocean access, riparian cover, water
temperature, and numerous other environmental factors have degraded salmonid stream
habitat and water quality. While all parameters influence salmonid survival, water temperature
is a critical parameter that affects salmonids at all life stages by directly influencing salmonid
metabolism and growth. A range of analytical and empirical tools are used to assess and
guantify elevated stream temperature conditions, but environmental resource managers still
struggle with assessing water temperature. My research focuses on assessing water
temperature at two different scales important to salmonids within thermally impaired streams.
First, | develop an empirical model to assess the basin scale trends in stream temperature
critical for salmonid migration and rearing. Second, | model hyporheic exchange to improve
understanding of the processes that contribute to the creation of thermal refugia in streams
through monitoring data analysis followed by quantitative modeling. Together these two
studies address the needs of fisheries managers for better ways of assessing stream water
temperature conditions at two spatial scales important for fisheries.
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Figure 1: Historical and current distribution of salmonids in California (Howard et al., 2011).
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dissertation.



1.2 Life-cycle of Pacific Salmonids

The life-history of salmonids can be divided into four distinct periods based on the environment
the salmonid occupies (Figure 2). First is the streambed gravel period where the salmonid
develops from a freshly laid egg to an alevin and then emergences from the gravel as fry. Next
is the first free-swimming freshwater stream period where the juvenile salmonid rears until
growing to a suitable size that it can smolt and migrate towards the ocean. The third period is
dominated by residency in the ocean where the salmonid smolt grows into an adult. The fourth
and final period is a second freshwater stream period where the adult, sexually mature salmon
migrates upstream to spawn in its natal stream where it first hatched as an egg.

GROWTH &
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Figure 2: Schematic of Pacific salmonid life-cycle (adapted from USFWS, 1995).

The life-cycle of the salmonid begins with the streambed gravel period where adults bury their
eggs in gravel nests called redds along cool, well-oxygenated streambeds. Eggs incubate in the
gravels for a period of time determined primarily by the water temperature but also by the
dissolved oxygen levels in the water. Salmonids are ectothermic so their developmental rate



and metabolism increase with temperature. Eggs require a certain amount of cumulative
warmth to initiate hatching usually listed as the number of “degree days” or “temperature
units” (TUs) until they hatch. This variation in the timing of hatching has enabled salmonids to
spawn in either fall or spring but still have eggs hatch at similar times when stream conditions
are optimal for growth, migration, and survival. Dissolved oxygen levels contribute to the
number of days until eggs hatch by determining how well the respiratory demands of the eggs
are met. Low dissolved oxygen levels increase the number of days until eggs hatch and reduce
the size of hatched alevin. Once eggs hatch, the alevins swim deeper into the gravel streambed
to hide until they absorb their yolk sacs. Water temperature and dissolved oxygen again play
an important role by determining how quickly and efficiently the yolk sac is absorbed and how
much alevins grow. Higher water temperature and lower dissolved oxygen increase metabolic
demands, so alevins grow less. Under low dissolved oxygen, alevin will be forced to migrate
laterally through the gravel streambed further reducing the yolk that can be converted into
growth. After the yolk is fully absorbed, alevins emerge from the gravel as fry and disperse
upstream or downstream to establish territories that they can use as rearing parr juveniles.

Parr juveniles are distinguished by their camouflage of spots and vertical bars called parr marks
along their sides.

Different salmonids exhibit different life-histories as juveniles, but all species have a free-
swimming period where they utilize stream habitats for growth before migrating to the ocean.
Juvenile salmonids select stream habitats to optimize growth by balancing food availability with
the energy cost of obtaining it. Each salmonid species has definable stream habitat preferences
that range from shallow, fast-moving water near riffles for Steelhead to deep, slow-moving
water in pools for Coho. Habitat preferences are not fixed and vary with time of year, body
size, competition with other salmonids, food availability, and water quality. Salmonids will
abandon habitats and seek out new ones if conditions become unfavorable for growth.
Salmonids spend anywhere from a few months to three years in streams feeding and growing
before eventually migrating towards the ocean.

Migration to the ocean is hardwired into many salmonid species, but the range of ages that
salmonids begin the migration indicates flexibility in timing. Generally, migration to the ocean
is undertaken only once the juvenile has reached a certain size threshold. Stream conditions
directly influence the proportion that migrates each year by influencing growth and whether
the juvenile can grow to meet the threshold to migrate to the ocean. Larger size increases
ocean survival odds, but every year in freshwater poses mortality risk due to food limitations,
high summer water temperatures, predation, and low stream flow conditions. Juveniles that
have reached the threshold size needed for migration to the ocean begin the journey during
spring as environmental conditions in the stream become less optimal for growth, stream flow
increases to enable passage downstream, and marine conditions become optimal for growth
(Quinn, 2005). Water velocity, day of the year, the location from which fish begin migration,
fish size, extent of parr juveniles-smolt transformation, and environmental conditions all affect
the downstream migration rate. Peak migration occurs when stream discharge peaks though
the relationship between migration rate and discharge varies with fish response to velocity and
habitat preference. At low stream velocities, salmonids may swim downstream faster than the



water velocity, while at higher velocities salmonids may move more discontinuously. Poor
stream conditions may further alter migration behavior by creating flow and water quality
barriers that salmon cannot pass (Madej et al., 2006). As salmon migrate downstream, their
biology transforms from parr juveniles to smolts preparing them for the ocean environment.
lon regulation, color, body morphology, metabolic and endocrine adjustments, and multiple
other biological changes occur during downstream migration as they adapt to ocean conditions.
As a final stage before entering the ocean, smolts spend time in estuaries to grow and utilize
the range of salinities to select optimal conditions as they complete their adaptation to ocean
conditions (Quinn, 2005). Length of estuary occupancy varies between species with Chinook
spending more time in estuaries progressively shifting to higher salinity water, while Coho
move rapidly through estuaries (Healey, 1980; McCabe et al., 1986; MacDonald et al., 1987).

Once in the ocean, salmonids spend one to four years growing before returning to their natal
stream to spawn. Genetic controls, smolt size, and ocean conditions all influence the age
salmonids reach maturity with rapidly growing salmonids reaching maturity sooner. Poor
ocean conditions that reduce food availability increase the time salmonids need to mature. As
salmonids approach sexual maturity, they use a combination of orienting their movements with
respect to the sun’s transit across the sky, the plane of polarization of light, and the magnetic
field of the earth to navigate back to their natal stream’s coastal region (Quinn, 2005).

The final period the salmonid life-cycle begins when salmonids reenter freshwater streams to
begin their upstream migration to their natal spawning grounds. Salmonids during this period
swim upstream from less than a kilometer to thousands of kilometers through complex stream
networks across a range of stream conditions to return to their birth stream. The homing
behavior of salmonids to return to their natal stream to spawn is a key component of the
salmonid life-cycle shared by 95-99% of all adults. Salmonids home to their natal streams using
magnetic field orientation and learned odor memories from the period they spent in streams
before migrating to the ocean. While only a small percentage of salmonids stray from spawning
in their natal stream, those salmonids play an important evolutionary role at colonizing any
viable stream habitats and spreading genetic diversity. Timing of upstream salmonid
migrations is most strongly controlled by genetic factors that have selected the salmonids that
return during the most favorable long-term average conditions of their natal streams (Siitonen
and Gall, 1989; Quinn and Adams, 1996). Timing variations in upstream migration between
populations and species corresponds to constraints on suitable environmental conditions for
upstream migration, physical access to spawning grounds, and a suitable number of “degree
days” so eggs hatch when stream conditions are optimal for juveniles. Upon reaching natal
spawning grounds, salmonids prepare redd nests, lay their eggs, and then guard their redd from
disturbance by other spawning salmonids. All salmonid species except O. mykiss are
semelparous so after a period of guarding their redd, salmonids die with their bodies providing
nutrients to the stream and surrounding landscape.



1.3 Declining Salmonids Populations

Salmonid fishery resources in the Pacific Northwest and California are dramatically declining
with many once plentiful salmonid populations now being listed as threatened or endangered
by the Endangered Species Act (Nehlsen et al., 1991; Moyle et al., 1995; Watanabe et al., 2005;
Roni et al., 2008). Declines in salmonids threaten the genetic reservoir upon which the future
evolutionary potential and viability of salmonids will depend as climate conditions change.
Preservation of the genetic resources of southern salmonid populations in California is
especially critical because these populations are adapted to warmer climactic conditions (Moyle
et al., 2008). There are two main scales of concern for preserving the genetic reservoir of
salmonids. The smallest scale of concern in the Endangered Species Act is the population.
Salmonids are grouped into populations by their tendency to spawn in a particular locality at a
particular season and not to interbreed substantially with salmonids from any other group
(Bjorkstedt et al., 2005). Populations are not reproductively isolated from each other with
genetic exchange occasionally occurring between populations as individuals stray between
spawning streams. Populations are grouped into Evolutionarily Significant Units (ESUs) that are
reproductively isolated and represent an important component of the evolutionary legacy of
the species (Moyle et al., 2008). Each ESU has unique genetic variability produced by past
evolutionary events to adapt the salmonid to its set of local environmental conditions.
Conservation of the genetic resources of each ESU is a priority of the Endangered Species Act to
ensure that salmonid evolution is not genetically constrained.

Declining salmonid populations also have measureable ecosystem and economic consequences.
Reduced salmonid populations threaten ecosystem productivity as fewer nutrients are
transported upstream. Salmonids migrating upstream to spawn transport marine nutrients
from their growth in the Pacific Ocean (Cederholm et al., 1999). Richey et al. (1975) showed
that salmonid spawner abundance altered the amount of nutrients released by comparing the
nutrient contribution from different sizes of spawning runs in the same system. Stable isotope
analysis of 3¢ and °N has verified that marine derived nutrients from salmonid carcasses
enhance watershed productivity (Mathisen et al., 1988). Kline et al. (1993) found higher stable
isotope ratios of >N in the biota of systems with anadromous salmon than systems without
salmon. Increased N from a controlled salmonid carcass experiment increased tree growth
and riparian productivity in a study of 11 small to medium sized streams in British Columbia
(Hocking and Reynolds, 2012). Reductions in salmonid spawners is hypothesized to reduce the
overall productivity of watersheds (Gresh et al., 2000; Wipfli et al., 2003; Wipfli et al., 2004;
Cram et al.,, 2011). The continued decline of fishery resources also threatens severe social and
economic consequences (Nehlsen et al., 1991; Frissell et al., 1996). The salmon fishing
moratorium in 2008 and 2009 resulted in a direct annual economic loss of millions of dollars
(BFC, 2010).

Salmonid species in California are especially imperiled with numerous populations reaching
record low numbers (Nehlsen et al., 1991; Myers et al., 1998; NMFS, 2012). A comprehensive
analysis of the status of California salmonids in 2008 found that 59% of the anadromous
salmonids were in danger of extinction. Based on current trends, the analysis estimated that



65% of California salmonids would be gone within 50 - 100 years (Moyle et al., 2008). Declines
in salmonid populations reached a critical junction in 1989 when only 550 winter-run Chinook
returned to the Sacramento River at Red Bluff. The winter-run Chinook population averaged
86,500 adults at Red Bluff between 1967 and 1969 so the historically low return in 1989
prompted the National Marine Fisheries Service (NMFS) to take action to protect salmonids. By
the end of 1990, the Sacramento River winter-run Chinook salmon were the first salmon
population listed as threatened under the Endangered Species Act and endangered by the state
of California (Nehlsen et al., 1991). Declines in other salmonid populations around California
since 1990 also spurred action and protection by the Endangered Species Act. Most California
Steelhead populations have been listed as threatened or endangered under the Endangered
Species Act (Jackson, 2007). Figure 3 shows that estimates of historic California Coho
populations statewide indicate that Coho numbers have declined by approximately 95% in the
past 50 — 60 years with both ESUs in California being listed as threatened or endangered (Moyle
et al., 2008; NMFS, 2012). The abundance of Chinook populations have declined significantly
from historic levels, but abundance trends for the different populations of Chinook have varied
widely. Conservation measures have increased Central Valley winter-run Chinook numbers to
an average 8,100 adult spawners per year with an estimated annual population increase of 28%
(Moyle et al., 2008). Between 1992 and 2005 Central Valley fall-run Chinook populations were
generally stable at around 450,000 fish per year, but abundance has recently plummeted to
historic lows (Moyle et al., 2008; Lindley et al., 2009). A complete closure of commercial and
recreational Chinook salmon fisheries was imposed for all of California in 2008 and 2009 by the
Pacific Fishery Management Council because Chinook salmon returns were at historic lows with
only 66,000 adult spawners returning in 2008 (Lindley et al., 2009; PFMC, 2010).
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Figure 3: Historical estimates of Coho salmon spawners (NMFS, 2012).



1.4 Causes for Declining Salmonid Populations in California

Pacific salmonids require a variety of habitats to complete their lifecycle and reproduce.
Disruption or destruction of any one of these habitats or environments reduces a population’s
viability. Ocean conditions, stream habitat, water quality, introduced and/or artificially
propagated fish stocks, land use, and overfishing are all frequently cited as the primary causes
for declining salmonid populations (Myers et al., 1998; Moyle et al., 2008; NMFS, 2012). Ocean
conditions are critical to salmonid survival, but fluctuate stochastically with inter-annual and
decadal-scale processes like the El Nino Southern Oscillation and the Pacific Decadal Oscillation
(NMFS, 2012; Wainwright and Weitkamp, 2013). Conditions that decrease ocean productivity
are believed to be responsible for low ocean survival of salmon (Barth et al., 2007), but the
relationship between ocean productivity and salmon survival is poorly understood (Moyle et al.,
2008). While ocean conditions affect adult salmonid survival, poor freshwater habitat
conditions are the primary cause for declines in salmonid population and compromising their
resilience to ocean variability (NMFS, 2012).

Much of the decline in California salmonid numbers is attributed to anthropogenic activities
that eliminated or degraded stream habitat needed by salmonids for different life stages
(Moyle et al., 2008; Lindley et al., 2009; Beer and Anderson, 2013). An extensive review of all
the different factors causing the decline of each salmonid population in California identified
numerous human activities contributing to declines in salmonid populations since no one factor
was entirely responsible (Moyle et al., 2008). Moyle et al. (2008) detailed how a combination
of many different factors and their non-linear total impact degraded salmonid habitat leading
to the currently low population numbers in California. The top five factors listed as affecting
anadromous salmonid populations in California were dams (impacting 75% of the California
populations), hatcheries (75%), logging (70%), water diversions (65%), and commercial and
recreational fisheries (65%). Other anthropogenic activities that were frequently listed included
urbanization, agriculture, mining, and stream modifications for flood protection.

Dams chiefly block access to upstream habitat, alter downstream flow patterns, and change
water quality. Central Valley salmonid populations have been especially impacted by dams.
Yoshiyama et al. (1996) estimated that 48% of historic salmonid stream habitat used for
spawning, holding, or migrating in the Central Valley basin has been lost primarily from dam
construction and flow diversions. Moyle et al. (2008) explained how 90% of spring-run Chinook
salmon historic stream habitat was blocked by Central Valley dams and resulted in spring-run
Chinook population declines. Dams can also have negative effects on downstream spawning
and rearing habitat. Gravel needed by salmonids for laying eggs is trapped behind dams which
degrades spawning habitat below dams. Dams can alter the thermal regime of streams by
releasing warmer surface water during summer months. Both the downstream migrating
smolts and upstream migrating adults are negatively affected by reductions in peak stream
flows and variations in their timing. In a synthesis of the literature, Poole and Berman (2001)
demonstrated reductions in peak flows also change the geomorphic controls that shape the
river and this reduces stream complexity and ultimately the available juvenile rearing and adult
holding habitats.



Hatcheries have negatively impacted salmonid populations by displacing wild populations and
decreasing genetic diversity that reduce the fitness of wild populations. Releases of large
numbers of hatchery salmonids into a stream reduces food availability for native species
leading to negative competitive interactions that reduce wild populations (Nickelson et al.,
1986; Spence et al., 1996). Increased competitive behavior and reduced food availability
combine to reduce growth rates so salmonids entering into the ocean are smaller and more
vulnerable to predation (Moyle et al., 2008). Hatcheries are also believed to reduce salmonid
populations by mingling the genetics of different salmonid populations (Williams, 2006).
Studies of hatchery raised salmonids indicate that they are less able to produce young that
survive to reproduce (Araki et al., 2007). The genetic effects of hatchery salmonids reproducing
with wild populations have contributed to the decline in California salmonid populations
(Waples, 1991; Moyle et al., 2008).

Logging contributed to declining salmonid populations by severely degrading spawning,
incubation, and rearing habitat. Much of logging’s worst damage to stream habitat occurred
during the 19" and early 20" century when splash and crib dams were used to transport logs
from harvest sites to downstream sawmills. These small, temporary dams stored enough water
to eventually float logs downstream, but they blocked upstream salmonid passage and scoured
away downstream habitat when they were breached. Logging, splash dams, reductions in
riparian vegetation, and increased erosion from road building all increased the sediment input
into streams. This additional sediment reduced stream complexity by burying suitable
spawning habitats, filling critical pool rearing habitats, and widening stream channels. Removal
of riparian vegetation and woody debris from stream channels combined with shallower water
flows also caused increased water temperature. Logging further degraded stream habitat
because less riparian vegetation reduced food availability in streams by simplifying aquatic food
webs (Moyle et al., 2008; NMFS, 2012).

Water diversions negatively impact salmonid populations primarily by reducing stream flows
during critical times, degrading water quality, and entraining migrating juveniles. Reduced
flows degrade habitat, increase salmonid mortality by dewatering stream habitat, increase
summer water temperatures, and increase deposition of fine sediments (NMFS, 2012).
Reduced stream flows from both large dam diversions along with smaller agricultural or
residential diversions impact salmonid survival at multiple locations in California. Water
diversions from Friant Dam combined with smaller diversions along the San Joaquin River
dewatered 60 miles of the San Joaquin River between the Friant Dam and the confluence with
the Merced River (Yoshiyama et al., 1996). The dewatering of the San Joaquin River is cited as
the primary cause of the extirpation of its Chinook salmon populations. Diversions from the
Shasta River resulted in the historically cold tributary becoming warmer than the thermal
tolerances of most salmonids (Moyle et al., 2008). In the Klamath River, increased summer
water temperatures from low flows increased adult mortality (Moyle et al., 1995). Water
diversions also impact stream water quality when water diverted for agriculture returns to the
river warmer and polluted with animal waste, higher nutrients and other toxics (Moyle et al.,
2008). In tributary creeks of the Russian River, diversions for frost protection in vineyards
reduced stream flow by as much as 95% over a period of hours dewatering riffles and



potentially causing salmonid mortality (Dietch et al., 2008). Diversions also cause mortality of
salmonids by entrainment. The federal Central Valley Project and the State Water Project are
estimated to have a maximum 10% mortality of juvenile Chinook when entrained juveniles are
salvaged and released downstream into predator-rich waters (Kimmerer, 2008).

Harvest of salmonid populations during recreational and commercial fishing has contributed to
salmonid population declines though regulation of fisheries is reducing its impact (Williams,
2006). The commercial harvest of larger, older Chinook salmon that produce more eggs per
female has resulted in spawning runs of mainly three-year-old salmon. Spawning runs
comprised of only one age class are vulnerable to population crashes when natural conditions
like drought result in poor survival one year. A diversity of age classes enable spawning runs to
repopulate more easily (Moyle et al., 2008).

While there have been many human activities that contribute to declining salmonid populations
in California, human activities frequently increase stream water temperature degrading
spawning, holding or rearing habitat. In the review of factors affecting salmonid populations,
increased water temperature was referenced as a detrimental outcome of human activities for
80% of salmonids populations (Moyle et al., 2008). Human activities have increased water
temperature in some streams so much that thermal barriers are created preventing migration
or leading to salmonid mortality (Strange, 2010). Water withdrawals from the Eel River to the
Russian River create thermal barriers in the upper mainstem Eel River in early spring restricting
juvenile migration (Moyle et al., 2008). Anthropogenic increases in water temperature are one
of the primary reasons for impaired stream habitat quality for salmonids (Lichatowich, 1999;
USEPA, 2003; Watanabe et al., 2005). The Federal Clean Water Act under Section 303(d) and
305(b) requires the California State and Regional Water Boards to list of all the water bodies
with impaired water quality in California. While only 15.8% of streams in California have been
assessed, Section 303(d) data can be used to approximate the frequency with which water
temperature impairs water quality. Fifty-one percent of the river miles assessed were impaired
due to water temperature and water temperature was the number one cause of impaired
water quality based on the recent Section 303(d) list data from 2010 (USEPA, 2015). Water
temperature is projected to become an even more frequent source of water quality impairment
for salmonids in California with expected climate change (Beer and Anderson, 2013).

1.5 Influence of Water Temperature on Salmonids

Water temperature is an important water quality parameter for aquatic ecosystems because of
its influences on primary producers, macroinvertebrates, and salmonids (Huntsman, 1942;
Hynes, 1970; Sweeney and Vannote, 1986; Ward, 1992; Sullivan et al., 2000; Wagner et al.,
2010). Each salmonid life stage and population has specific water temperature tolerances
determined by genetic variations suited to local conditions (Moyle et al., 2008; Strange, 2010).
While the literature remains divided, researchers are beginning to question whether studies of
thermal tolerances in more northern salmonid populations are applicable to southern salmonid
populations. Southern juvenile Steelhead were found to persist in rivers where daily water
temperature ranged from 17.4°C — 24.8°C (Spina, 2007) and where peak temperature reached
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25 —28°C (Carpanzano, 1996; SYRTAC, 2000), yet literature drawn primarily from more
northern Steelhead populations reported the preferred temperature of juvenile Steelhead as 10
—17°C (Moyle et al., 2008).

Water temperature directly influences almost every aspect of the life history of salmonids
including metabolism, behavior, and migration (Beschta et al., 1987; Groot et al., 1995; Spence
et al. 1996; Berman, 1998). Salmonids are ectothermic so water temperature influences
salmonid survival by affecting the efficiency of salmonid metabolism and growth. Water
temperatures greater than physiological optimums reduce growth, increase susceptibility to
disease, and lead to higher mortality rates (Fry, 1971; Torgersen et al., 1999; Sullivan et al.,
2000; Madej et al., 2006). Higher water temperature also negatively impacts other water
quality parameters critical to salmonid survival. Warmer water lowers the solubility of
dissolved oxygen hindering salmonid respiration (Ficklin et al., 2013). High water temperature
also creates thermal barriers that render upstream habitat inaccessible (Matthews and
Zimmerman, 1990; Ebersole et al., 2001; Strange 2010). Juvenile rearing, adult migration, and
adult holding are the life stages most vulnerable to variations in water temperature because
these life stages occupy stream ecosystem from late spring through early fall months when
stream temperatures peak.

1.6 Salmonid Strategies for Surviving High Water Temperature

Salmonids modify their behavior when ambient stream water temperatures exceed
temperature tolerances (Li et al., 1993; Nielsen et al., 1994; Matthews and Berg, 1997; Ebersole
et al., 2003). Salmon seek out thermal refugia where local stream water temperature is cooler
than ambient stream water temperature (Nielsen et al., 1994; Torgersen et al., 1999; Ebersole
et al., 2003). Vertical water temperature gradients or thermal stratification in pools can create
thermal refugia enabling salmonids to select water temperatures that balance their thermal
tolerances with food availability, dissolved oxygen, and holding behavior (Gibson, 1966; Keller
and Hofstra, 1983; Nielsen et al., 1994; Matthews and Berg, 1997; Ebersole et al., 2001,
Ebersole et al., 2003). Salmonids primarily occupy thermal refugia during the hottest parts of
the day when ambient water temperatures approach the lethal limit (Frissell et al., 1996;
Matthews and Berg, 1997; Ebersole et al., 2003). Studies found that salmon preferred cold
water refugia in thermally stratified pools (Keller and Hofstra, 1983; Nielsen et al., 1994;
Matthews and Berg, 1997; Tate et al., 2007), yet Frissell et al. (1996) and Ebersole et al. (2003)
observed salmonids occupying cold water patches along bars and riffles. In 1942 once
upstream habitat was cut off by Friant Dam construction, spring-run San Joaquin River Chinook
salmon were found holding in pools below the Friant Dam to survive summer water
temperatures greater than 22°C (Yoshiyama et al., 1996). Salmonids were observed traveling
up to 25 m to take advantage of cold water refuge, though it is believed they will travel much
greater distances (Li et al., 1993; Nielsen et al., 1994; Ebersole et al., 2001). If the demand for
thermal refugia exceeds the capacity, salmonids may be forced to migrate significant distances
or perish (Ebersole et al., 2001). In addition to providing suitable water temperature at specific
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locations, sufficiently spaced thermal refugia also longitudinally connects habitat (Ebersole et
al., 2003).

1.7 Management of Thermally Impaired Salmonid Stream Habitat

Water temperature that threatens salmonid survival is addressed by environmental resource
managers primarily through the provisions of the Endangered Species Act and the Clean Water
Act. Once a salmonid species is listed by the Endangered Species Act, federal, state, and local
agencies are directed to protect and restore the species. A recovery plan is required to focus
and prioritize threats and restoration actions needed to recover a salmonid species. The
National Oceanic and Atmospheric Administration’s (NOAA) National Marine Fisheries Service
(NMFS) in cooperation with other agencies and stakeholders is required to develop this
recovery plan. One of the first steps in recovery planning is to assess historical and current
stream conditions to develop realistic restoration goals. Historical salmonid populations are
estimated using the NMFS’s Intrinsic Potential model (Agarwal et al., 2005) and the recovery
plan develops restoration actions to improve water temperature in thermally impaired streams
along with the many other factors contributing to salmonid population declines (NMFS, 2012).

Management of thermally impaired stream habitat is also supported by the Clean Water Act
which regulates water quality standards including stream temperature (Poole et al., 2001; Allen
et al., 2007). The Clean Water Act requires states to determine whether water bodies meet
water quality standards that maintain beneficial uses for surface waters including protecting
salmonids and other threatened or endangered species. When water temperature exceeds
salmonid thermal tolerances in a stream and threatens their survival, the Clean Water Act
Section 303(d) requires that the stream be listed as an impaired water body. When the
Klamath and Shasta Rivers were listed on California’s 303(d) List of Impaired Water Bodies due
to high water temperatures, the Clean Water Act required local agencies to develop water
quality standards to assist in management and restoration actions (Flint and Flint, 2008).

1.8 Challenges to Addressing Thermally Impaired Stream Habitat

While much is being done to improve stream habitat conditions for salmonids, environmental
resource managers are limited in their tools for the assessment of current and historical
thermal conditions. One challenge frequently facing environmental resource managers is a lack
of sufficient water temperature data within watersheds that are being assessed. This difficulty
of determining the water quality in all California streams means only 16% of streams have been
assessed (USEPA, 2015). Monitoring programs are not able to fully sample all aquatic
environments within watersheds under the range of conditions that determine water
temperature suitability. Under these circumstances a combination of selective monitoring and
modeling is required for estimating water temperature conditions.
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Current models struggle to quantify the thermal suitability of aquatic habitats at two scales
important to salmonids. At the watershed scale, stream temperature models have been
developed (Brown and Barnwell, 1987; Sinokrot and Stefan, 1993; Mohseni et al., 1999;
Bartholow, 2000; Allen et al., 2008), but existing models require extensive data inputs, require
considerable effort to calibrate and validate, and are frequently region specific. These
requirements make existing temperature models often impractical for fisheries managers with
limited resources where temporal and spatial resolution is needed. There is thus a need for
relatively simple methods of modeling stream temperature using readily available data. The
NMFS currently assesses stream thermal habitat availability through a broad-scale intrinsic
potential model. In the model, an air temperature map using PRISM, an air temperature
interpolation data product, is generated first. The lowest August air temperature (LMAT) is
then correlated with historical data of salmonid presence to identify an air temperature
threshold above which salmonids are not found in streams. Areas with an air temperature
above the threshold have their intrinsic potential score zeroed out to indicate the stream
habitat is not suitable (Agrawal et al., 2005). Water temperature is never estimated by the
model. The intrinsic potential model provides an estimate of suitable thermal habitat only at a
broad watershed scale because the air temperature estimate has a spatial resolution of 2 km by
2 km and it is unable to provide stream-specific or reach-specific estimates of water
temperature that would benefit historical population estimates, recovery plans, and restoration
activities.

Water temperature models at the pool-riffle scale share the limitations of watershed scale
models, but also struggle to estimate critical thermal stream habitat including vertical
temperature gradients salmonids use to behaviorally thermoregulate. Numerous studies show
salmonids use vertical water temperature differences like those created by upwelling
subsurface flow to survive otherwise lethal stream temperatures, but most models do not
consider them for two key reasons. First, models do not attempt to estimate vertical
temperature gradients because the time scale of modeling is longer than the duration of
vertical temperature gradients. Most models determine water temperature at daily, weekly, or
monthly time scales while vertical water temperature gradients in streams form and are
dissipated on a daily time scale. Second, the processes that control vertical water temperature
gradients in streams are poorly known. Subsurface-surface water exchange is a key process
identified in the fisheries literature, but is not incorporated into stream temperature models
given uncertainties in mechanisms and subsurface heterogeneities (Ebersole et al., 2003;
Arrigoni et al., 2008; Burkholder et al., 2008). While there is recognition that subsurface-
surface water exchange occurs and creates critical cold water refugia in streams, a quantitative
understanding suitable for incorporation into predictive models is lacking (Ebersole et al., 2003;
Watanabe et al., 2005).

1.9 Objectives of the Dissertation

The primary objective of this dissertation is to develop methods to assess the thermal habitat of
streams at two scales critical to salmonid migration, rearing, and holding. This dissertation
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presents two separate studies that together address the needs of environmental resource
managers to estimate historical, current and future thermal habitat in streams. The studies
focus on two different locations because no one region had the combination of data over the
range of stream sizes and duration of monitoring data needed to test and validate models for
stream temperature. At the watershed scale, my first study focused on the Sonoma Creek,
Napa River, and Russian River watersheds with multiple years of data across a range of basin
sizes to develop a model that estimates daily water temperature. While the Intrinsic Potential
model used by NMFS could provide a broad-scale estimate of stream temperature across
watersheds, it could not estimate specific stream temperatures with its coarse spatial
resolution. The model developed in this first study takes the next step in estimating water
temperature by combining air temperature with the upstream drainage area to determine daily
average water temperature for individual streams along their entire length. The second study
is at the pool-riffle scale and uses nearly continuous subsurface-surface water temperature
data at Deer Creek near Vina, California, to model the upwelling temperature and subsurface
flow rates. In modeling upwelling temperature, the Deer Creek study also reveals how surface
flow influences subsurface-surface water exchange and the creation of thermal refugia.

1.10 Organization of the Dissertation

This chapter introduced the key background about salmonids, their declining populations, and
the challenges faced by environmental resources managers in assessing habitat conditions and
guiding restoration activities for salmonids using examples from California streams. While
there are many reasons given for the decline in salmonid populations in California, water
temperature is the focus of this research since it impairs more stream miles than any other
water quality parameter. Neither monitoring data nor current predictive models are able to
guantify thermal habitats within watersheds and more locally at the pool-riffle scale suggesting
a need for the integration of monitoring data with process-based modeling for assessing
thermal habitat for fisheries.

The remainder of the thesis is organized to address the two studies of thermal regimes critical
in assessing salmonid thermal habitat. Chapter 2 provides an overview of heat transport in
surface streams and the subsurface. Chapter 3 utilizes extensive monitoring data available in
the Napa River, Sonoma Creek, and the Russian River to develop, calibrate, and partially
validate a daily stream temperature model throughout these watersheds as a function of only
daily values of maximum and minimum regional air temperatures. Chapter 4 utilizes a unique
set of surface and subsurface water temperature data to develop, calibrate, and partially
validate a model for upwelled water temperature that locally determines thermal refugia on an
hourly basis. The last chapter provides a summary of the thesis, an integration of the two
separate studies, and speculation on challenges remaining in improving thermal habitat
assessment for aquatic habitat restoration.
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CHAPTER 2
Heat transport in the stream environment

2.1 Introduction

Water temperature is an important determinant in the survivability of salmonids in California
streams. However, assessment of water temperature is a challenge in Mediterranean climates
where the critical periods are the low-flow summer and fall seasons that also experience the
highest air temperatures. For juvenile and adult salmon that spend the summer and fall
seasons in streams, survival is dependent upon the thermal regimes experienced within the
watersheds. The time series of temperatures spatially distributed throughout the watershed is
controlled by a multitude of processes operating at various spatial and temporal scales. It is not
the intent in this thesis to use or develop a highly resolved water temperature model that
couples atmospheric, land surface, and subsurface heat and water transport processes. The
complexity of data inputs and limits of resolution for such models make them impractical or
incapable of assessing stream temperature at all the different spatial scales needed by fisheries
managers. Instead, the goal of this dissertation is to develop scale-appropriate models which
address stream temperature at the specific level of detail needed to characterize the processes
being considered. This research approach is guided by field-scale observations supported by
mechanistic insight with the intent to assess habitat suitability under historical, current and
future conditions. In support of that approach this chapter begins with two examples of water
temperature dynamics, one at a daily time scale and the other changing hourly. Daily stream
temperature throughout watersheds is addressed in Chapter 3 and hourly variations at the
streambed caused by upwelling subsurface water is covered in Chapter 4. These introductory
examples are followed by a summary of heat transport processes that contribute to stream
temperatures, a brief discussion of existing environmental heat transport models, and an
examination of statistical methods to evaluate temperature models for coastal watershed
habitat assessment.

The first example addresses water temperature within the network of streams in a watershed.
Spatial complexity arises from stream orientation, riparian shading, and local geologic
conditions that determine groundwater discharge and recharge. The Sonoma Creek watershed
has had an extensive monitoring program at multiple locations for daily maximum and
minimum water temperatures over multiple years in the summer and fall periods. Figure 2.1
plots the regional maximum and minimum air temperature along with the daily average water
temperature against the Julian/calendar day of year at four locations within Sonoma Creek for
11 days in 1999. These data suggest that water temperature within the watershed is strongly
correlated with a weighting of maximum and minimum air temperatures with watersheds
having smaller areas more dependent upon minimum air temperature. This analysis is explored
in Chapter 3 and develops a minimalist model with predictive capability based on meteorology
(air temperature) and a watershed property (area).
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Figure 2.1: Maximum and minimum air temperature from near Sonoma, California, and

average water temperature at four locations within Sonoma Creek. Chapter 3 describes the
locations and sources of these data.

The second example addresses the water temperature dynamics arising from surface —
subsurface exchange in Deer Creek, near Vina, California. At the 10 to 100 meter scale the
gravel channel consists of a dynamic sequence of pools, riffles, and gravel bars that add to
complexity in flow and stream habitat. A prior research program measured water temperature
at multiple locations along Deer Creek where dye tracer studies suggested stream water
infiltration into the subsurface and upwelling of that water on the other side of gravel bars.
Figure 2.2 plots water temperatures at a location 8 kilometers (5.0 miles) upstream of Deer
Creek’s confluence with the Sacramento River and illustrates the difference between the
downwelling and upwelling water temperature signals recorded every 15 minutes. The
downwelling stream water temperature has a daily periodic signal determined by daytime
heating and nighttime cooling with an amplitude of approximately 2.5°C. A similar signal is
observed for the upwelling temperature record, but the response is lagged in time by about 6 h
and the amplitude of the temperature fluctuations is reduced by about half. Surface-
subsurface exchange is a multi-scale process because the transport occurs over the reach scale
(10 m), but the hourly variations in water temperature at the upwelling location occurring at
the microscale (1 m) is a critical environment for salmonids to survive thermal stress. Thermally
sensitive fish avoid the hottest temperatures during the afternoon by congregating in the
upwelling site and then return to the main channel once it is cooler than the upwelling location
(Matthews and Berg, 1997). Chapter 4 applies a one-dimensional heat transport model for the
upwelled water temperature that is able to successfully model the time lag within upwelled
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water as an advective component of subsurface heat transfer in which the amplitude reduction
is controlled by thermal dispersion during heat transport through the gravel bar.
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Figure 2.2: Water temperature data from site RM 5.0 within Deer Creek near Vina, California,
showing downwelling water temperature and nearby upwelling water temperature for October
17-18, 2005. Data sources are covered in Chapter 4.

Existing stream temperature models are optimized for determining reach scale (10 m)
depth—-averaged water temperature, but this type of model does not work well for evaluating
temperature at the watershed (km) and upwelling hyporheic (1 m) spatial scales seen in the
above examples. The data inputs needed for modeling an entire stream network within a
watershed at the reach scale are impractical and/or frequently unavailable (Caissie et al., 2001).
Similarly, hyporheic exchange is not incorporated into existing temperature models because the
scale of upwelling is less than model resolution. Bartholow (1989) has recognized upwelling
hyporheic flow as important to the thermal habitat of salmonids and models are needed to
resolve this local process. The two examples in this section demonstrate the importance of
processes not included in existing models. The goal of this dissertation is to quantify these
processes so that they may be incorporated into future comprehensive stream temperature
models.

The next three sections provide a brief overview of 1) heat transport processes 2) modeling
approaches in both the surface water and subsurface, and 3) statistical evaluation of models.
This background on processes, models, and statistics provides guidance in the development of
separate water temperature models in Chapters 3 and 4.
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2.2 Heat Transport Processes

The examples in the previous section illustrate the temporal and spatial scales of surface water
temperatures that are critical in stream habitat assessment. Heat transport processes
important to 1-D transport in the surface water and in the subsurface are both considered in
this section. When heat transfer processes are incorporated into temperature models for
habitat assessment there is a need to represent the spatial and temporal scales appropriate for
aquatic organisms. However, models for environmental management require compromises
that lead to various combinations of fundamental descriptions and site-specific empirical
factors. For the case studies selected in this thesis, the available models for stream
temperature do not sufficiently represent these processes and a more data-driven approach
was adopted.

Within liquid water, heat content, H,, [J m'3], is frequently represented by temperature, T, [°C].
The proportionality is the liquid density, p,, [kg m?), times the specific heat capacity, ¢, [J kg'1
OC-I]:

Hy, = pwecy Ty (2.1)

While water density and specific heat capacity are functions of temperature, p,cy, is
approximately constant over the range of environmental water temperatures.

2.2.1 Radiative Heat Transfer

Radiative heat transfer to the stream occurs from both the short wave solar radiation and the
long wave black body radiation emitted by all objects (Brutsaert, 2006). Solar radiation arrives
at the earth at a nearly constant intensity referred to as the solar insolation constant. At a
particular location, the local insolation at the top of the atmosphere is determined by latitude,
time of day, and day of year. At the air-water interface of a stream the incident solar radiation
is further altered by scattering and absorption within the atmosphere by gases, aerosols, and
clouds along with local shading by topography and vegetation. Light scattered within the
atmosphere is diffuse and wavelength dependent while light absorption results in warming
through back radiation in the infrared, also referred to as long wave radiation (Bartholow,
1989). Radiative transfer of heat to surface waters thus depends not only on solar inputs but
also local meteorology, vegetation, and water turbidity (Figure 2.3).

Radiative heat flux is quantified by the Stefan-Boltzmann equation for radiative heat transfer:
Radiative Heat Flux = e o T* (2.2)

where € is the emissivity, a number between 0 and 1, o is the Stefan-Boltzmann constant [5.67
x 108 W m2K™?], and Tis absolute temperature [K]. Two flat objects, one hot at a temperature
of T, and one cooler at T, will have a net heat transfer from the hot to the cold object given by

Net Radiative Heat Flux = e o (Ty — T}) (2.3)
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When two environmental media have similar environmental temperatures, such as soil and

vegetation, the net radiative heat flux is minor compared to sensible and latent heat flux

discussed next. Derivations and descriptions of various empirical formulas to calculate the

radiative heat transfer at the air-water interface of a stream are found in Bartholow (1989),

Sinokrot and Stefan (1993), and Herbert (2011).
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Figure 2.3: Environmental factors influencing the amount of radiative heat transport to the

stream. Figure adapted from Bartholow (1989).

2.2.2 Sensible Heat Transfer

Fourier’s Law for diffusive heat transfer represents heat flux within a solid object as

proportional to thermal gradient with the proportionality given by a thermal diffusivity

K d (pyw cwT) _

F, = czch
Q™ dx - Pw Cw dx
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where the heat flux, Fq, has the units [J m? s, kis the thermal diffusivity [m?s?], and
frequently the variables p,, ¢, k are combined into a single term called the thermal conductivity
D m? st K. Heat transfer at environmental interfaces such as the air — water interface cannot
directly apply Fourier’s Law because the air and water fluid phases are not stagnant, but have
advective flows established by external forcing as well as convective mixing induced by thermal
instabilities. Sensible heat flux under these conditions is driven by the difference in
temperature of the water and the air with the proportionality factor being a heat transfer
coefficient, ¢:

FQ = @s(Ty — Ty ) (2.5)

where T, represents the bulk water temperature near the air — water interface and T, is the
bulk air temperature near the air — water interface. The heat transfer coefficient is a function
of water and air velocities that locally determine mixing near the interface.

2.2.3 Latent Heat Transfer

Liquid water evaporation requires latent heat to convert the water to a vapor state at a
constant temperature. Water evaporation therefore has the potential to lower liquid water
temperatures even when the air is warm. Latent heat transfer is proportional to the water
evaporation rate expressed as:

Fo= pulE (2.6)

where F. is the latent heat flux [J m™? s™], L. is the latent heat of vaporization [J kg'l], and E is the
volumetric evaporation flux [m®*m?s™orms?]. The water evaporation rate is represented as a
mass transfer coefficient, k. times the vapor pressure driving force:

E = ke[Pv(v)(Tw) - PW(Ta)] (2-7)

where P,°(T,,) is the saturation vapor pressure of water at the temperature of the water, T,
and P,(T,) is the actual partial pressure of water in the air having a temperature T,. The mass
transfer coefficient for water evaporation is dependent on wind speed determined through
various empirical functions (Allen, 2008; Wagner et al., 2010; Herbert et al., 2011).

2.2.4 Advective and Diffusive/Dispersive Heat Transfer

Heat transport into a section of stream occurs as water advects downstream and is mixed by
diffusive or dispersive processes. The advective heat flux, F, [J m?Zs'is quantified by:

F, =Upyc,Ty (2.8)
where U is the mean channel velocity [m s1.

Heat transfer within solids and stagnant fluids is described by Fourier’s Law (Equation 2.4)
based on thermal diffusion. In environmental media, additional diffusion processes arise from
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turbulence and shear dispersion. The total diffusive and dispersive heat flux is quantified
analogously to Fourier’s Law:

F, = —DW (2.9)
where the diffusive/dispersive heat flux, Fy, has the units [J m™ s'l], and D is a coefficient to
represent heat transport by molecular, turbulent, and shear dispersion processes [m*s™].
Molecular transport can dominate within stagnant films at the air-water interface and stably
stratified water columns, while turbulence and shear dispersion are dominant within flowing
surface waters and hydrodynamic dispersion occurs when heat is advected through porous
media.

2.2.5 Flow and Heat Transfer through Porous Media

Water flow and heat transport within the streambed arise from local subsurface (hyporheic)
flows and groundwater exchange. Granular media in the streambed is first characterized by
porosity, n [unitless]:

n = ‘ores (2.10)
Vtotal
which is the ratio of the volume of pore space, Vpores , to the total volume, Vi representative
of the bulk streambed at a spatial scale much greater than the size of the granular material but
less than the scale of bed sediment heterogeneities. Water flow through this pore space
advects heat and leads to the retardation in heat transport and dispersion due to heat
exchange with the solid materials.

The advection of water through porous media is described by Darcy’s Law:

dh
Uy = —Kp 2 (2.11)

where u,, is the Darcy approach velocity [m s™], Kj, is the hydraulic conductivity [m s™], and
dh/dx is the hydraulic gradient [m m™]. The Darcy velocity is the volumetric flow of water per
total cross-sectional area for the porous medium. The average pore water velocity is estimated
by dividing the Darcy velocity by porosity. The hydraulic conductivity is largely dependent upon
the size of the granular media and the viscosity of the fluid.

Molecular diffusion and hydrodynamic dispersion occur during the advection of a dissolved
tracer through porous media. Random molecular motions create molecular diffusion, while
hydrodynamic dispersion occurs as velocity distributions in subsurface pores cause mixing in
the direction of flow (Bear, 1979). This similarity between diffusion and dispersion of a tracer
allows formulation of the dispersion similar to Fick’s Law:

E, = _Dha (2.12)
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where F,, is the hydrodynamic dispersion mass flux [kg m™? s™], D, is a mass hydrodynamic
dispersion coefficient [m? s, and dC/dx is the tracer concentration gradient in the direction of
flow [kg m™]. The dispersion coefficient quantifies the net effect of both molecular diffusion
and hydrodynamic dispersion for tracers in porous media and is calculated from:

Dy, = Dy, + Apluy,| (2.13)

where Dy, is the molecular diffusion coefficient corrected for porosity and tortuosity [m?s™], A,
is the hydrodynamic dispersivity [m], and u,, is the Darcy velocity [m s™]. The hydrodynamic
dispersivity is scale dependent due to the scale dependence of heterogeneities in the porous
network (Neuman, 1990).

Heat transport through porous media by advection and dispersion is calculated from a heat
budget for an incremental volume of the porous media.

Hadvect,in + Hdisp,in = Hadvect,out + Hdisp,out + AHw + AHS (2-14)

where Hgavectin is the incoming heat from advection , Hyisp in is the incoming heat from
dispersion, Haavectout is the outgoing heat from advection, Hgisp out is the outgoing heat from
dispersion, AH,, is the change in heat in the pore fluid in the incremental volume, and AH; is the
change in heat in the solid phase in the incremental volume. Equation 2.14 can be expanded
and rewritten as:

Uy AYAZ(Ppy €y Tiy) x At + Fy xAyAzAL = uy AYAZ(py € Ty ) xax At
+Fy x1axAyAzAE + nA(py ey, Ty)AxAyAz + (1 — n)A(pscsTs)AxAyAz (2.15)

where u,, is the Darcy approach velocity, Ax, Ay, and Az are incremental distances in the x-, y-,
and z-direction [m], At is a small increment of time [s], Fy is the thermal dispersive flux in
porous media [J m?s™], ¢, is the heat capacity of the solid phase [J kg™ °C*], and T; is the
temperature of the solid phase. Equation 2.15 can be rewritten as:

(PwewTw) x+ax—(PwCwTw)x _ (FHx+Ax—FHx) _ AlpwewTw) _ A(pscsTs)
w o o = n——— +(1—-n) — (2.16)

Assuming that the density and heat capacity of the water and sediment are constant:

aT,,  9(Fy) AT, AT,
“UwPwClw 5 T 6_: = MPwlw 5 + (1 —n)pscs At (2.17)

The thermal dispersive flux in porous media is quantified analogously to a tracer substituting a
thermal hydrodynamic dispersion coefficient ar [m? s] for the mass hydrodynamic dispersion
coefficient D,. The thermal dispersive flux in porous media is modeled by:

a T

where the thermal hydrodynamic dispersion coefficient, ar, is the sum of molecular diffusion
and hydrodynamic dispersion and is given by:
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a; = K, +@=mK, + 2 |u,| (2.19)
n(pwcw) + (l_ n)pscs

where K, is the thermal conductivity of the pore fluid [W m™ K], K is the thermal conductivity
of the solids [W m™ K] (Anderson, 2005).

The overall one-dimensional advective-diffusive heat transfer equation then becomes

0Ty 92 (arpwewTw)

Ty o,
~UpPwlw T = NpyCy— -+ (1 —n)pscs—= (2.20)

Local equilibrium between the pore fluid and the solid is assumed so T, = T,. Additionally, the
thermal hydrodynamic dispersion coefficient, density, heat capacity of the fluid and the
sediment are assumed to be constant leading to:

oT 0%T oT
“UwPwCw 5 + arpycw o2 [nowew + (1 —n)pgc] ot (2.21)

Equation 2.21 is rearranged to highlight how heat transport in porous media is retarded by the
thermal characteristics of the fluid and solid phases.

Uy oT n ar 92T _ oT
- 1-1n\/ PsCs \| A+ 1-n\( psCs 2~ 5t
Heat transport will be slower than fluid transport and similarly, dispersion of heat is also
reduced because of heat exchange between the pore fluid and the solid phase. This mechanism
can be modeled like chemical contaminant retardation during flow and sorption in porous
media. In the review article by Rau et al. (2014), heat transport through the subsurface by
advection and dispersion is explored in greater depth including how the heat or thermal

velocity is retarded compared to the pore water velocity. The retardation of heat transport by
subsurface flow through porous sediments is represented by a retardation factor, R, defined as:

R=1+ (1_—”) (&) (2.23)

n Pwlw

(2.22)

Equation 2.22 can be rewritten to emphasize how advective and dispersive heat transport is
retarded.

uy 0T | ar 82T _ 9T

nR dx | nRox® ot (2.24)

Both the pore water velocity and the thermal dispersion coefficient are divided by R to account
for heat exchange between moving fluid and stationary solid phase. The advective component
of heat transport through porous media is related to the Darcy velocity by:

Thermal Velocity = u; = Z—‘I’; (2.25)
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Similarly the dispersive component of heat transport in porous media is retarded resulting in a
net thermal dispersion coefficient, ap [m?s™:

Net thermal dispersion coefficient = ap = Z—; (2.26)

Sediment properties such as hydraulic conductivity and the hydrodynamic dispersivity can vary
in space and direction given the complex bedded environment in alluvial channels (Anderson,
2005).

2.2.6 Surface-subsurface exchange in streams

The interaction of surface water and groundwater is an important component of the stream
ecosystem and influences the transport of dissolved constituents, biological activity, and
thermal conditions in the surface water and groundwater (Hester and Gooseff, 2010). The
surface-subsurface exchange between the stream and groundwater occurs through the
streambed beneath and adjacent to the stream in the hyporheic zone (Boulton, 2007). The
saturated region of the streambed where surface water and deep groundwater mix is generally
defined as the hyporheic zone and the interstitial water in this zone possesses characteristics of
both surface water and groundwater (White, 1993; Boulton et al., 1998; Hester and Gooseff,
2010). Stanford and Ward (1993) advanced the hyporheic corridor concept which theorized the
hyporheic zone existed along the entire length of streams as surface water flows over
accumulations of porous alluvium that contain groundwater. Further studies indicated the
hyporheic zone is spatially and temporally variable along streams with the extent depending on
the hydraulic conductivity in the streambed and fluvial plain, the stream stage, and the
geomorphology of the stream channel in the fluvial plain (Boulton et al., 1998; Woessner,
2000).

The transport of surface water through the hyporheic zone along flow paths that return to the
surface water is defined as hyporheic flow or exchange. Hyporheic exchange generally occurs
when variations in water surface profiles create spatial variations in hydraulic gradients along a
stream. Hyporheic exchange downwells when it enters the subsurface and upwells when the
hyporheic flow exits the subsurface and re-enters the surface water. Hyporheic flow is distinct
from groundwater flow in several different ways (Triska et al., 1989; White, 1993; Harvey et al.,
1996; Woessner, 2000) with most researchers agreeing that hyporheic flow is distinguished
from groundwater flow by having physical, chemical, and biological properties similar to the
surface water (Triska et al., 1989). For this thesis hyporheic exchange has residence times in
the subsurface less than a month and groundwater flow has residence times greater than a
month. While hyporheic exchange is described as downwelling and upwelling, it is actually a
multi-dimensional process with both vertical and horizontal components that occur across a
wide range of scales (Poole et al., 2008).

Heat is frequently used as a tracer to investigate the hyporheic exchange in streams (Constantz,
2008), but it is primarily used to quantify the rate of vertical subsurface flow (Hatch et al., 2006;
Lautz et al., 2010; Briggs et al., 2012). Stream temperature along the streambed and in the
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subsurface below the streambed is also frequently measured to quantify the influence of
hyporheic exchange on surface water temperature (Arrigoni et al., 2008; Burkholder et al.,
2008; Acufia and Tockner, 2009). Ock et al. (2015) documented how gravel augmentation in a
sediment-limited system promoted the formation of gravel bars increasing the hyporheic
exchange and thermal heterogeneity along the streambed. However, Boulton (2007) noted
that a more mechanistic understanding of hyporheic exchange is needed to effectively
incorporate it into river restoration activities and restore the ecological benefits of connectivity
between surface water and groundwater.

2.2.7 Influence of geomorphology on hyporheic flow

Hyporheic exchange is linked to the geomorphology of a stream because bedforms, channel
bends, and topography of the stream and surrounding land all influence the hydraulic head
driving hyporheic flow and the formation and shape of hyporheic flow paths (Woessner, 2000;
Poole et al., 2008; Boano et al., 2014). At the floodplain scale, variations in the valley,
streambed and water surface slope create large scale hydrostatic head differences that drive
hyporheic exchange through the alluvial sediment surrounding the stream (Poole et al., 2008;
Revelli et al., 2008). At the meander scale, geomorphology influences hyporheic exchange
when stream sinuosity forms large hydrostatic pressure gradients across meanders (Boano et
al., 2006; Cardenas, 2008). The bathymetry at the pool-riffle scale determines water surface
elevations as a function of flow rate (Vaux, 1968; White, 1993; Tonina and Buffington, 2007).
Hester and Doyle (2008) and Sawyer et al. (2011) found instream structures like large woody
debris alter water surface elevation differences that cause variations in hyporheic exchange.
Flow also can change the water surface elevation affecting both the near-bed pressure driving
exchange and the surface area available through which exchange can occur (Tonina and
Buffington, 2007). At high flows, the water surface elevation variations decrease as bedforms
are submerged altering the hydrostatic pressure head driving the hyporheic flow (Tonina and
Buffington, 2011). At lower flows, hyporheic flow increases as the emergence of bedforms
increases hydrostatic pressure head variations as differences in water surface elevation
increase, but very low flows could dewater side channels and shut off hyporheic flow (Boano et
al., 2014). Wroblicky et al. (1998) found both the amount and area over which hyporheic flow
occurred varied with changes in surface flow by as much as 50%. Local bathymetry and
subsurface flow paths are important factors in determining downwelling and upwelling
locations, but characterization methods are difficult to scale up to the multiple streambed
kilometers important for fisheries habitat assessment.

2.3 Modeling Stream Temperature

Modeling is necessary when there is insufficient data to assess the water temperature
conditions in streams or to determine how changes to the stream environment may affect
water temperature. Models can utilize available data to estimate existing stream conditions
through interpolation and, if the models are process-based, they can provide predictions of
water temperature when stream conditions are altered. Many models using a variety of
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methods have been developed to estimate stream temperature (Caissie, 2006). Either
deterministic or statistical modeling methods are used to account for the heat transport
processes driving stream temperature. Deterministic models estimate stream temperature by
directly calculating a heat budget for sections of one or more streams within a watershed.
Deterministic models are useful for quantifying how individual components of the heat budget
alter stream temperature, but have the major drawback of requiring significant data inputs
which are frequently unavailable. Statistical models identify trends in meteorological and/or
stream data to estimate water temperature. Statistical models frequently use air temperature
to estimate water temperature because the individual heat budget components influence air
and water temperature similarly (Caissie et al., 2001). While statistical models have the
advantages of requiring fewer inputs and being relatively simple compared to deterministic
models, they cannot be used for cause and effect scenario testing since individual heat budget
components are not resolved. Models vary significantly based on what processes are included,
how those processes are represented, and the spatial and temporal scales of interest. Models
developed for narrow, heavily forested streams frequently emphasize riparian canopy effects
on heat transport more than models developed for wide, sparsely vegetated streams.

2.3.1 Surface water temperature modeling

The Stream Network Temperature Model (SNTEMP), MNSTREM, BasinTemp, and a statistical

model (Caissie et al., 2001) are several standard models for simulating stream temperature. A
brief description of these models is summarized here as an indication of frequent approaches
to estimating stream temperature.

SNTEMP is a steady-flow, dynamic one-dimensional deterministic heat transport model that
estimates daily mean and maximum stream temperature (Bartholow, 1989). SNTEMP
subdivides a stream network into stream reaches with homogeneous properties and then
calculates the stream temperature for each reach based on a heat balance. It can estimate
stream temperature at time scales from monthly to daily. SNTEMP contains six modules: solar
radiation, solar shade, meteorological, heat flux, heat transport, and regression. The solar
radiation, solar shade, and meteorological modules provide input to the heat balance module.
The heat transport module sums short and long wave radiative heat, latent heat, sensible heat,
streambed conduction, advective and diffusive contributions, and stream friction to predict
incremental changes in stream temperature. The regression module does parameter fitting for
calibration and smooths and/or fills stream temperature data as needed. SNTEMP was
primarily designed to predict how alterations in flow regime and canopy cover would affect
stream temperature. The Stream Segment Temperature Model (SSTEMP) is a scaled down
version of SNTEMP that estimates water temperature for a single stream reach with
homogeneous properties for a fixed time increment (e.g. month, week, day) per model run
(Bartholow, 2010).

MNSTREM is also a steady-flow, one-dimensional, dynamic temperature model that calculates
hourly stream temperature (Sinokrot and Stefan, 1993). MNSTREM is a finite difference,
implicit numerical model that solves the one-dimensional heat advection dispersion equation
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while including a sink or source term to account for heat exchange with the stream
surroundings. The sink or source term is the sum of short wave radiation, long-wave radiation,
latent heat, sensible heat, and streambed conduction. The model requires the temperature
along the stream reach being modeled as an initial condition. As boundary conditions, the
numerical solution method also requires water temperature at the upstream boundary during
the modeling period and a constant longitudinal gradient of temperature at the downstream
boundary (Sinokrot and Stefan, 1993). MINSTREM is the foundation of the many other models
that estimate stream temperature variations using advection and dispersion with the net heat
flux.

BasinTemp combines geographic information system (GIS) based topographic, channel, and
vegetation information with a one-dimensional steady-state heat balance model to estimate
average weekly stream temperatures. BasinTemp subdivides streams into segments with
similar vegetation, topographic, and channel properties and then uses a solar radiation model
that accounts for riparian vegetation height to estimate the solar heat flux arriving at the
stream surface. BasinTemp assumes stream temperature is primarily influenced by solar
radiation, groundwater discharge, and sensible heat transfer from the air and uses a fitting
parameter to account for all other heat transport processes like evaporation. The goal of
BasinTemp is to estimate maximum summer stream temperatures assuming clear sky
conditions and air temperature is used as a fitting parameter if data are not available. While
explicitly including fewer heat transport processes than SNTEMP or MNSTREM, BasinTemp was
still able to arrive at average weekly stream temperature within 1°C for the three different
basins where it was calibrated in Northern California (Allen et al., 2007).

Caissie et al. (2001) take a different approach from SNTEMP, MNSTREM, or BasinTemp and
estimate the daily maximum stream temperature from air temperature data using a statistical
model. The model resolves daily stream temperature into a long-term annual cycle and a short-
term daily cycle. The model uses a Fourier series analysis or a sine function to determine the
long-term annual component by fitting two (Fourier series) or three (sine function) model
parameters from historical daily maximum air and water temperature data. The short-term
component is modeled by using a second order Markov process (Cluis, 1972) which has three
fitting parameters that must be determined from the air and water temperature data. In
Caissie et al. (2001), six years of daily data were used to calibrate the model for Catamaran
Brook, New Brunswick, Canada. A comparison of observed and calibrated model daily
maximum stream temperature produced an annual RMSE between 1.48°C and 1.62°C. Error
between the observed and modeled temperature varied between years and ranged from
approximately 5°C to less than 0.1°C with the error frequently being largest when stream
temperature briefly peaked during individual days (Caissie et al., 2001). The statistical model
was able to estimate daily maximum stream temperature, but required multiple years of daily
maximum air and water temperature data to calibrate the model to a single stream through the
fitting of five or six model parameters.
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2.3.2 Surface - subsurface exchange in stream temperature modeling

Existing surface water temperature models do not resolve groundwater or hyporheic exchange
at the scale important to salmonids. Stream temperature models account for the influence of
groundwater and hyporheic flow by the inclusion of a reach averaged vertical streambed heat
flux in the source or sink term (Herbert et al., 2011). Substantial site specific data are required
to include streambed heat flux term into surface water temperature models, yet the models
still do not resolve the hyporheic exchange within reaches.

While streambed heat transfer models are available, their application was largely in quantifying
streambed recharge rates. Equation 2.22 was solved to determine the velocity of vertical
subsurface flow to quantify local groundwater recharge or discharge based on site-specific
parameters and subsurface temperature data. Stallman (1965) determined a closed-form
analytical solution for 1-D advection dispersion through porous media using a sinusoidal
temperature function as the upper boundary condition. Stallman’s model calculates the
vertical subsurface water velocity from changes in amplitude and phase shift between
subsurface water temperature measured at two depths. Hatch et al. (2006) advanced the
model developed Stallman (1965) and refined by Goto et al. (2005) by applying a two-pass
forward-backward filter to measured subsurface water temperature to convert measured
temperature into a sinusoidal signal of the dominant daily temperature cycle needed as the
boundary condition for the analytical solution. The sinusoidal subsurface temperature at two
different depths was then used to calculate the vertical subsurface flow velocity from changes
in amplitude and changes in phase (Hatch et al., 2006). Another modeling approach uses
Dynamic Harmonic Regression (DHR) to isolate the daily cycle in subsurface water temperature
data measured at two depths followed by subsurface water velocity determination from the
amplitude and phase differences (Keery et al., 2007). Both the Hatch and the Keery modeling
approaches for determining the vertical subsurface water velocity were packaged together into
Ex-Stream (Swanson and Cardenas, 2011) and VFLUX (Gordon et al., 2012) models. Mechanistic
subsurface heat transport models are not currently well integrated into surface water
temperature models.

2.4 Statistical Evaluation of Stream Temperature Models

In the development of all models, it is necessary to address model calibration, validation, and
the assessment of model predictability using statistical measures of goodness of fit. Bartholow
(1989) discusses stream water temperature modeling approaches and the distinction between
calibration and validation. In calibration, model parameters are adjusted and model output is
compared with observational data to find a combination of model parameters that give the
best fit of the model to the observational data. Model validation involves evaluating the
calibrated model with data not used in calibration and statistically quantifying how well a
model calibrated on one data set can be used in fitting to a similar data set. The validation data
set could be observations from a different monitoring period, data available in a similar
location, or a combination of both.
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Statistical evaluation of model fit has been extensively discussed in the hydrologic sciences. In
this thesis, | assessed the goodness of fit of a model to data using the Nash-Sutcliffe efficiency,
the percent bias, and root mean square error or the root mean square error-observations
standard deviation ratio. These three statistical measures are primarily used to evaluate
models for surface runoff, streamflow, sediment transport, and nutrients, and were chosen to
evaluate how well temperature models performed because of their wide usage and acceptance
in hydrology (Moriasi et al., 2007).

The Nash-Sutcliffe efficiency (NSE) calculates variance between the model estimate and the
observed data (“noise”) then normalizes it by the variance in the actual observed data
(“information”). NSE quantifies how well the observed data agrees with the model estimation
and is given by:

2
n obs est
i=1(Yi -V )

n obs 2
Zizl(Yi _ymean,obs)

NSE =1— (2.27)

where Y is the ith observation for the constituent being evaluated, Y is the ith estimated

value, Y™ is the mean of the observed data, and n is the total number of observations. NSE
ranges from —oo to 1.0 with NSE equal to 1.0 being a perfect match between the observed data
and model estimate (Nash and Sutcliffe, 1970). NSE is sensitive to large differences between
the observed and estimated values due to the squared differences, so it is possible to obtain a
low NSE for a model if only a few points have very large differences between observed and
estimated values. A modified NSE has been suggested by Legates and McCabe (1999) that is
less sensitive, but it is not widely used and less accepted as a model performance statistic
(Moriasi et al., 2007).

The percent bias (PBIAS) quantifies the average tendency of the observed data to be greater
than or less than the model estimate with a value of 0 indicating that the model shows no bias.
PBIAS is expressed as a percentage of the bias and ranges from —oo to +oo. Positive values of
PBIAS indicate the model underestimates the observations, while negative PBIAS indicates the
model provides an overestimation (Gupta et al., 1999). PBIAS is quantified by:

pBlAS = Tl ¥E)100

n obs
Yim1 Y

(2.28)

The root mean square error-observations standard deviation ratio (RSR) is the root mean
square error (RMSE) between the model estimate and the observed data normalized by the
standard deviation of the observed data. RSR ranges from zero to a large positive value with 0
indicating the model estimate perfectly matches the observed data. The RMSE is calculated by:

obs est)?
i 0

i (Y
RMSEz‘/ . - (2.29)

where n is the number of observations. The RSR is calculated by:
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General model evaluation guidelines recommend using a visual assessment of agreement
between the observed data and model estimates along with the NSE, PBIAS, and RSR (Moriasi
et al., 2007). Visual agreement is typically the first step in model evaluation with a general
visual agreement indicating adequate calibration and validation (Singh et al., 2004).
Calculations of NSE, PBIAS, and RMSE or RSR are the next step to evaluate how well a model
performs. The range of values of NSE, PBIAS, and RMSE or RSR that determines acceptable
model performance is dependent on both the time scale of the model and the constituent
being modeled. Typically, model performance decreases for shorter time steps than longer
time steps. As the model time step decreases from monthly or weekly to daily, the range of
acceptable values for the NSE, PBIAS, and RMSE or RSR will increase (Moriasi et al., 2007). The
specific statistics used to evaluate the models developed in the dissertation are explained in the
individual chapters.

2.5 Next Steps

This dissertation presents a data driven analysis of stream temperature and develops two
separate models that quantify processes critical to assess salmonid survival within coastal
California. The watershed-scale temperature model in Chapter 3 and the hyporheic exchange
scale temperature model in Chapter 4 utilize relationships and processes that do not appear in
existing temperature models. At the watershed scale, the goal is to develop a model that uses
readily available data to provide a first order estimate of stream temperature in minimally
altered stream environments. At the hyporheic exchange scale, a 1-D subsurface model is
formulated for upwelling water temperature that can estimate localized thermal regimes at the
streambed. The water temperature models require calibration as do other stream temperature
models, and there is an attempt to generalize the modeling approach to permit application at
other time periods and nearby locations through a partial validation of the models. The
primary contribution of this dissertation is the development of models which are appropriate to
the needs of fisheries managers both across entire watersheds and at specific streambed
locations.
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CHAPTER 3

Modeling the spatial distribution of stream water temperatures within watersheds

3.1 Introduction

Habitat assessment requires estimates of environmental conditions within stream networks at
locations that cannot be continuously monitored. To assist in this effort techniques are needed
to take advantage of available measurements that are distributed spatially over the watershed
and temporally. This chapter explores the variation in stream water temperature in three well-
instrumented watersheds in coastal California. A model based on readily available air
temperature data to represent meteorological forcing and on upstream watershed area can
adequately capture stream temperature at points throughout two of the three watersheds.

The chapter is structured with an analysis of each watershed separately followed by cross-
watershed comparisons. The watersheds are shown in Figure 3.1 and there is a general
decrease in precipitation and increase in summer air temperature as distance from the coast
increases. For each watershed there is a description of the local climate, watershed
characteristics, land use, and the data utilized in the analysis. Selected data are shown followed
by the development of a local stream temperature model. Calibration and verification are
undertaken followed by an evaluation of the applicability of a stream temperature model
across the three watersheds addressing both temporal and spatial scaling.

3.2 Sonoma Creek Watershed

Sonoma Creek and its tributaries drain a watershed of approximately 430 km? into the San
Pablo Bay, the northern section of the San Francisco Bay. The Sonoma Creek watershed has an
elevation range from about 823 m in the headwaters to approximately 2 m above sea level at
the Sonoma Creek/Highway 121 bridge. Sonoma Valley has a Mediterranean climate with
warm summers and mild wet winters with an average annual rainfall of approximately 890 mm
(Leland, 2002). USGS has mapped about 748 km of “blue-line” (first order or greater) streams
in the watershed with Sonoma Creek, Schell Creek, and their tributaries forming the drainage
network of the valley. Sonoma Creek at its outlet is a fourth order stream running roughly
north-south in the center of the watershed for approximately 51 km through the cities of
Kenwood, Boyes Hot Springs, Sonoma, and Schellville (SEC, 2007). Land use is a mixture of
agricultural, rural residential, protected land, and urban/industrial where the City of Sonoma is
the largest city with a population of approximately 11,000. More than 50% of the watershed is
forested, but grazing, chaparral, and forested lands are increasingly being converted to
vineyards (SEC, 2007). Sonoma Ecology Center and the Southern Sonoma County Resource
Conservation District measured the percent total canopy cover along streams in the Sonoma
Creek watershed using a spherical densitometer according to the Department of California Fish
and Game California Salmonid Stream Habitat Restoration Manual protocols. The mean canopy
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Figure 3.1: Map of Sonoma Creek, Napa River, and Russian River watersheds.
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cover along Sonoma Creek was 70% over all reaches surveyed. The canopy cover ranged 36%
to 92% for all surveyed streams, and the watershed average canopy cover for streams was 81%
(SEC, 2006). The hydrology of the watershed has been altered by “drain and reclaim” practices
in wetlands, the Lake Suttonfield reservoir and on the order of 150 agricultural ponds, water
diversions, and groundwater pumping (SCPRMD, 2008). The Sonoma Valley historically has
been known for its abundance of artesian springs including hot springs north of the City of
Sonoma (SEC, 2006).

3.2.1 Data

Water temperature data were obtained from the Sonoma Ecology Center (SEC) and the U.S.
Geological Survey (USGS). The SEC measured water temperature data at 16 locations within the
Sonoma Creek watershed with gauges distributed along seven streams throughout the
watershed where upstream drainage areas varied from 2 km? to 189 km?. Figure 3.2 shows the
distribution of available water temperature gauges in the Sonoma Valley. Water temperature
gauges recorded data at various time intervals (hourly, every 1.5 hours, or every two hours)
primarily between May and September from 1998 to 2002. All available data for gauges were
retrieved, but only water temperature data from spring through fall were selected for analysis
because that is when peak temperatures would threaten salmonid survival. Dates are reported
in Julian/calendar day of year for convenience because the time period of interest spanned
across the October 1 water year boundary. Most gauges operated for one or two years
although two operated for five summer and fall seasons. The USGS stream gauging station at
Kenwood on Sonoma Creek reported daily maximum and minimum water temperatures, but
temperature records are frequently intermittent. Table 3.1 details the streams, upstream
drainage area, data source, and period of record for each of the Sonoma Valley water
temperature gauges.

The National Oceanic and Atmospheric Administration (NOAA) has long term maximum and
minimum air temperature records within the watershed only at the City of Sonoma. There are
five other NOAA weather stations located near the Sonoma Creek watershed. Table 3.2 lists the
all the air temperature stations and their distance from the Sonoma NOAA gauge and Figure 3.2
maps these locations.

USGS monitored surface water flows within Sonoma Creek at Kenwood and Agua Caliente
(Figure 3.2). The Agua Caliente gauge had discharge records from February 1955 to September
1981 and October 2001 to present. The period of discharge data partially overlapped with the
SEC water temperature data. The Agua Caliente USGS station has a drainage area of 151 km?.
The Kenwood station is located on Sonoma Creek northwest of the City of Kenwood with a
drainage area of 37.0 km? and has records from October 2008 to 2014.
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Figure 3.2: Sonoma Valley, California, showing the locations where discharge, air temperature,
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Table 3.1: Sonoma Creek watershed water temperature gauges

2010: 60—77,79 — 236,

Gauge Stream Upstream Source | Period Selected Data Use
Station Drainage (Year: Julian Days of Year)
Name Area*, km? ok
Asb-1 Ashbury Creek 2.07 SEC 1998: 182 —-300 Calibration
Cal-1 Calabazas Creek 9.32 SEC 1998: 175 -300 Validation
Cal-2 Calabazas Creek 10.1 SEC 1998: 175-300 Calibration
1999: 184 —-296 Validation
Car—1 Carriger Creek 14.5 SEC 1998: 247 -300 Calibration
1999: 184 —-296 Validation
2000: 173 -284 Calibration
2001: 188 —299 Validation
2002: 144 - 255 Calibration
Gra-1 Graham Creek 4.4 SEC 1998: 182 —300 Calibration
2000: 173 -284 Calibration
2001: 188 —299 Validation
2002: 143 —255 Calibration
Nat—1 Nathanson Creek 4.1 SEC 1998: 176 —300 Validation
Nat—2 Nathanson Creek 11.7 SEC 1998: 183 -300 Validation
Son-1 Sonoma Creek 15.0 SEC 1998: 173 — 300
1999: 184 - 296 Validation
2000: 173 -284 Only
2001: 187 —299
2002: 143 — 255
Son-3 Sonoma Creek 82.9 SEC 1998: 175 -300 Validation
1999: 184 —296 Only
Son-4 Sonoma Creek 123.0 SEC 1998: 197 —300 Validation
1999: 182 —295 Only
Son-5 Sonoma Creek 189.3 SEC 1999: 184 —295 Validation
2000: 173 —-284 Calibration
2001: 188 —299 Validation
2002: 144 -231 Calibration
Son-6 Sonoma Creek 189.3 SEC 1999: 204 —300 Validation
Son-7 Sonoma Creek 116.6 SEC 2000: 173 -284 Calibration
2001: 188 —299 Validation
2002: 143 — 255 Calibration
Son-8 Sonoma Creek 50.0 SEC 1998: 175-300 Calibration
ok 2000: 173 -284 Calibration
2001: 188 —299 Validation
2002: 143 -255 Calibration
Kenwood | Sonoma Creek 37 USGS 2009: 60 — 78, 80 — 215,
219, 234, 286 -294, Validation
296 - 300 Only
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238 - 244, 251 - 255,
257 - 266, 291 - 295,

298 —300
2011:

288 - 300
2012:

60 - 167, 169 - 201,
203 - 257, 259 - 286,

60— 80, 83 — 116,

118 - 200, 202 - 227,
229 - 241, 243 - 245,
248 - 275, 278 - 300

Stu—-1 Stuart Creek 7.5 SEC 1998: 183 —300 Validation
2001: 222 -300 Only
2002: 144 -255

Stu-2 Stuart Creek 8.3 SEC 2000: 198 —284 Calibration

* The SEC did not report the upstream drainage for gauge locations, so it was determined using
the USGS StreamStats program from gauge latitude and longitude coordinates.

** Period selected restricted to Julian Day of Year 60 to 300. Gaps indicate when no data was

available.

*** Son-8 was named Son-2 when data were collected data in 1998.

Table 3.2: Regional air temperature gauges

Weather
Station
Name

Station ID
Number

Coordinates
(Lat,Long)

Source

Period Selected
(Year: Julian Days of Year) *

Distance from
Sonoma NOAA
Station, km

Sonoma

48351

38.2994,
-122.4622

NOAA

1998
1999
2000
2001
2002
2009
2010

2011

2012

:1-365

:1-365

:1-366

:1-365

:1-365

:2-365

:2-6,8-13,15-27,
29-69,71-76,78 -
83, 85 -90, 92 - 97,
99 - 104, 106 — 111,
113 - 118, 120 - 125,
127 — 132, 134 - 139,
141 — 143, 145 — 146,
148 — 153, 155 — 160,
162 - 167, 169 — 174,
176 — 328, 330 — 358,
360 - 365

: 2-195,197 — 349,
351-365

:1-86,88— 150, 157 -
326, 328 - 366

0
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Petaluma 46826 38.2577, NOAA | 1998:1 - 365 13
AP -122.6077 1999:1-151, 182 - 365
2000: 1 -60, 92 - 366
2001:1-31, 60 - 246,
248 - 365
2002:1-365
Napa State | 46074 38.2777, NOAA | 1998:1-365 16
Hospital -122.2647 1999: 1 -365
2000: 1 -366
2001: 1-365
2002: 1-365
Napa CO AP | 93227 38.2102, NOAA | 1998: Not available 19
-122.2847 1999: Not available
2000: 245 — 366
2001: 1-365
2002: 1-365
Saint 47643 38.5066, NOAA | 1998: 1-120,122 - 149, 22
Helena -122.4713 151-181, 213 - 275,
277 — 365
1999:1-287,290-334
2000: 1 -366
2001: 1-365
2002:1-365
Santa Rosa | 47965 38.438, NOAA | 1998:1-365 25
-122.6977 1999:1-365
2000: 1-91, 153 - 366
2001:1-59, 152 - 365
2002:1 - 365

*Gaps indicate when no data was available.

| quality checked all data for missing data and consistency. | processed the water temperature
data into daily average values and partitioned them into calibrating and validating datasets.
When data were obviously out of range or missing, they were marked as unavailable and
excluded from averaging.

Eight of the 16 SEC water temperature gauges were selected for model calibration. These eight
locations represented a range in upstream drainage areas. At each of the eight calibration
gauges, data from the years 1998, 2000, and 2002, when available, were chosen for the
calibration data, while any data in 1999 and 2001 were set aside as validation periods to check
the temporal consistency of the model calibration. All gauges used for calibration and temporal
validation are referred to as CV gauges. All years of data from the remaining eight SEC gauges
were used only for validation to check the model’s spatial consistency within the Sonoma Creek
watershed and are called OV gauges. The USGS Kenwood gauge provided an additional check
on model calibration with a multi-year record that did not overlap with the SEC monitoring
program.
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3.2.2 Overview of Sonoma Data

Since air temperatures were available only at the City of Sonoma within the Sonoma Creek
watershed, air temperatures from the five weather stations surrounding the Sonoma Valley
were utilized to determine air temperature spatial variability. The daily average air
temperatures at each of the five surrounding gauges are plotted in Figure 3.3 against the daily
average air temperatures at the Sonoma NOAA gauge for 2002. The air temperatures at Napa
County Airport and Petaluma Airport are generally cooler in the summer than the City of
Sonoma reflecting their locations nearer to San Pablo Bay. The City of Sonoma air
temperatures are generally similar to the inland Napa River drainage basin air temperatures at
Saint Helena and the City of Napa (Figure 3.4). In the warmer months, Santa Rosa has more
variability in air temperatures probably reflecting the more frequent influence of onshore
marine air flows. This comparison suggests that the Sonoma air temperatures provide a
reasonable approximation to air temperature within the Sonoma Valley over a spatial distance
of 37 km.
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Figure 3.3: Variability in the air temperatures near the City of Sonoma.
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Figure 3.4: Air temperature at the Sonoma NOAA gauge was consistent with data from NOAA
gauges spanning the north-south axis of the Napa Valley at Saint Helena and Napa.

Stream flow in Sonoma Creek was analyzed at the Agua Caliente and Kenwood USGS gauges
from 2003 to 2012 to determine similarities in summer stream flow within the watershed.
Daily flow data from 2003 to 2012 at the USGS Agua Caliente gauge were normalized by the
upstream drainage area and plotted for the late spring through early fall period in Figure 3.5.
While the summer flows varied annually, the exponential decrease is typical when groundwater
release dominates stream flow (Tallaksen, 1995). Figure 3.6 shows that normalized Kenwood
flows are consistent with the Aqua Caliente gauge. Reported flows from the Kenwood gauge
are compromised when the normalized flow drops below 10% mm/day (or when the flow drops
below approximately 10™ cfs). The similarity of the recession curves at Kenwood and Agua
Caliente suggest that summer baseflow at other locations within Sonoma Creek, Q;, can be
estimated by:

Ai

Qi = Qac (3.1)

Aac

where Qucis the flow at Agua Caliente, A; is the upstream drainage area at the location for
which flow is being determined, A,cis the upstream drainage area at Agua Caliente.

39



[

— 2004
0 s 2005
10 s 2006 |
\ — 2007 | ]
J NS 2008
E . 2010
10 =
g 1
(.U' -
o ]
®
S -
O 10
o E
=
o L
L L
107 E
[ [ [ [ [

140 160 180 200 220 240
Day of Year

Figure 3.5: Flow per area at Agua Caliente on Sonoma Creek consistently had an exponential

decrease during the summer.
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Figure 3.6: Normalized flow recession curves for Kenwood and Agua Caliente on Sonoma Creek
during the summer of 2012.
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Figure 3.7 shows that the maximum and minimum water temperature in 2000 at Car-1 is
dampened in its fluctuations compared to the maximum and minimum air temperature in the
City of Sonoma. Additionally, the average water temperatures increased with an increase in
upstream drainage area (Figure 3.8). This suggests that at a minimum, air temperature and
upstream drainage area are important determinants of water temperature. | assumed that
summer stream discharge is low but non-zero during modeling resulting in water temperature
primarily being controlled by the local rather than upstream conditions.
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Figure 3.7: Maximum and minimum daily air temperature at the Sonoma NOAA station bound
maximum and minimum daily water temperature at the Car-1 gauge in the Sonoma Valley.
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Figure 3.8: Comparison of daily maximum and minimum regional air temperature from the
NOAA Sonoma gauge with daily average water temperature from four gauges in the Sonoma
Creek watershed for 1998.

3.2.3 Modeling of Stream Temperature

The data in the previous section support a model for daily water temperature based on a linear
weighted average of the maximum and minimum air temperatures of the current and some
number of prior days, N, to be determined by calibration:

(1-w)

Twater,est(ti) mzl_ i—-N Talr min(tj) + N+1 Zl_ i—-N Tair,max(tj) (3-2)

where Tyarer, est IS the estimated average daily water temperature [°C], N is the number of
preceding days used in the moving average, w is a linear weighting factor for the contribution of
minimum air temperature to water temperature, and Tgjr min and Tgjr max are the minimum and
maximum daily air temperatures [°C].

Calibration

The number of preceding days in the moving average, N, and value of the weighting factor for
each gauge, w, are determined by calibrating the model with air and water temperature data.
Table 3.1 lists the 8 gauges that make up the calibration dataset for the years 1998, 2000 and
2002. Data in 1999 and 2001 were reserved for validating the model performance. The model
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was calibrated in five steps using the Nash-Sutcliffe efficiency (NSE), the percent bias (PBIAS),
and the ratio of root mean square error to the standard deviation of the observations (RSR) to
guantify model goodness of fit.

Step 1: The initial weighting factors, w, for all N from zero to nine are calculated from
calibration data by using MATLAB's built-in function “fminsearch” which uses an unconstrained
nonlinear optimization of the derivative of equation 3.2. The w values differed by
approximately 0.01 between years. For each value of N from zero to nine, there is a set of w
values for each CV gauge (Figure 3.9). There is limited scatter in w values as N changes from 0
to 9.

Step 2: The weighting factor, w, for each calibration data set and N is correlated to the
upstream drainage area. The optimum value of w decreases as the drainage area increases and
is fitted to a log function:

w = C1l0910(Aupstream) +c (3.3)

where c; and ¢, are empirical coefficients that depend upon N values and A,pstream is the
drainage area upstream of the gauge [km?].

Step 3: The value of N that optimizes the model goodness of fit is determined by evaluating
the NSE, PBIAS, and RSR for each N from 0 to 9. Predicted daily water temperatures are
generated using the empirical correlation of w to watershed area for each N value for the
calibration years (Table 3.1). The variations in NSE, PBIAS, and RSR with N for the CV gauges are
plotted in Figure 3.10. While PBIAS shows no consistent dependence on N, both NSE and RSR
values are optimized for N = 4 so this N value will be used in all further modeling.
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Figure 3.9: Variations in minimum air temperature weighting factor, w, at each gauge for the
inclusion of N =0 to 9 days of prior data in the moving average of air temperatures.
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Figure 3.10: Variations in NSE, PBIAS, and RSR with N, the number of preceding days in the
moving average air temperature for all CV gauge data.

Step 4: With N = 4 fixed, the optimum relationships between w and upstream drainage area
was recalculated. Instead of using “fminsearch,” the optimum w value was determined for
each gauge by calculating the NSE, PBIAS, and RSR statics for a range of w values and selecting
the w value that best optimized all three statics. The optimum w values are plotted in Figure
3.11 against the upstream drainage area. Optimized w values determined using the NSE, PBIAS,
and RSR were within 0.01 of the values determined by “fminsearch” in Step 1.
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Figure 3.11: Optimum w value for each CV gauge for N = 4 in Sonoma Creek watershed.

Step 5: A final correlation of optimal w values to watershed area is determined and becomes:
w = —0.108 logyo(Aupstream) + 0.84 (3.4)

where drainage area is in km”. Equations 3.2 with N = 4 and 3.4 represent the calibrated model
to estimate the daily average water temperature for gauges along streams in the Sonoma Creek
watershed.

The five step iterative optimization process was done to ensure the model had the best
goodness of fit, but comparisons of NSE, PBIAS, and RSR statistics between the initial and final
calibration indicate some steps are optional. Table 3.3 summarizes the differences between
the initial goodness of fit statistics at the end of Step 3 for N = 4 and the final statistics at the
end of Step 5. The gauges show no significant difference between initial and final goodness of
fit. This indicates the MATLAB built-in function “fminsearch” sufficiently optimizes w so Steps 4
and 5 are unnecessary.
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Table 3.3: Comparison of initial and final CV gauge error statistics

Gauge NSE PBIAS, % RSR
Initial Calib | Final Calib Initial Calib | Final Calib Initial Calib | Final Calib

Asb-1 0.36 0.34 2.09 2.53 0.80 0.81
Cal-2 0.68 0.68 0.54 0.46 0.57 0.57
Car-1 0.43 0.43 1.54 1.36 0.76 0.75
Gra-1 0.41 0.41 0.10 0.29 0.77 0.77
Son-5 -0.54 -0.46 2.99 2.17 1.24 1.21
Son-7 -0.13 -0.18 -1.79 -2.55 1.06 1.09
Son-8 -1.76 -1.96 -7.39 -7.96 1.66 1.72
Stu-2 -0.14 -0.15 -4.81 -4.83 1.07 1.07

Two gauges bound the best (Cal-2) and poorest (Son-8) overall model performance based on
the NSE, PBIAS, and RSR measures. The model performance at Cal-2 represents the best fit of
the CV gauges. The modeled and observed water temperatures in 1998 at Cal-2 are plotted
against time in Figure 3.12 showing water temperature variations were well replicated by the
model, although there were limitations in the model performance at all the CV gauges. First,
the model tended to under-predict water temperature during cool conditions. Second, the
model over-predicted water temperature during the four high-temperature events depicted in
Figure 3.12. In a study of data from 584 stream temperature gauges across the USA, Mohseni
and Stefan (1999) observed the rate of increase in water temperature declined at high air
temperatures, and they proposed that increased evaporative cooling at high air temperatures
reduced the peak water temperature in streams. | speculate that the same explanation holds in
this watershed since the model tended to over-predict water temperature at many CV gauges
during heat waves because the model does not consider evaporative cooling. Third, the
modeled local maxima and minima had a tendency to occur after the observed water
temperature local maxima and minima by 1 - 2 days. This delay in the water temperature
model’s response to extremes in air temperature is believed to be a consequence of the
thermal mass of the water in stream pools buffering temperature change and the preceding
day moving average of the air temperature. During low-flow summer conditions, streams are
primarily small flows of water between large stream pools. The thermal mass of the water in
the pools stores and releases heat over several days buffering temperature changes in the
stream. The N preceding day moving average air temperature usually accounted for this
buffering affect, but the slower change in heat in pools produced a lag between modeled and
observed water temperature when water temperature peaked. The number of days in the
preceding day moving average attempts to represent the average residence time of the thermal
mass in pools.
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Figure 3.12: Model estimated water temperature data compared with the observed water
temperature data at the Cal-2 gauge in Sonoma Creek watershed for 1998.

Figure 3.13 plots the modeled and observed water temperature for the poorest performing CV
gauge (Son-8) against the day of the year in 2000 where the observed water temperature is less
than the modeled temperature. While the overall trends in the observed water temperature
are replicated, the modeled water temperature at Son-8 over-predicts and lags the observed
water temperature significantly more than any other CV gauge. Son-8 is located in a narrow
canyon with an upstream alluvial valley where groundwater is probably forced to the surface to
flow through the canyon (Figure 3.14). The water temperature record at Son-8 thus has a
component associated with a local contribution of cool groundwater that lowers the water
temperature compared to the model prediction. The watershed temperature model was not
intended to represent local sources of groundwater and such sites might be more readily
identified through topographic maps, aerial surveys and field observations. The role of
groundwater discharge in modeling is discussed in greater detail in Section 3.4.2, Example 3.
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Figure 3.13: Comparison of modeled and observed water temperature at Son-8 in 2000
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Figure 3.14: The location of Son-8 on a USGS topographic map suggests any upstream
groundwater is forced to the surface in the canyon causing localized cooling in the stream
temperature (adapted from USGS, Kenwood 2012 7.5’ Quadrangle, U.S. Topo).
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Validation

The calibrated model was validated first by evaluating the model goodness of fit statistics at the
eight SEC locations used for calibration (CV gauges) using data from years not included in the
calibration. Next, the model was validated by analyzing the model goodness of fit statistics for
all years of available data at the eight additional SEC locations along with the USGS Kenwood
gauge (OV gauges). This approach assessed the temporal consistency of the model calibration
and ascertained the model performance at additional locations within the watershed.

Model performance at CV gauges during the validation years, 1999 and 2001, was generally
consistent with the model performance during calibration years (Table 3.4). PBIAS was more
negative during validation 