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1.0 Introduction

Fresh water is important to many aspects of agaaticterrestrial life: food,
shelter, oxygen, protection, temperature manageraadthydration. Problems arise
from the limited supply of fresh water available &m ever-increasing number of uses.
Managing this limited resource is vital given thhewging demand from industry,
agriculture, municipalities, and recreation. Alsmnagers must consider natural
ecosystems under stress from these anthropogessqes)., grazing and mining).

The effects of these anthropogenic uses on thealacosystems are amplified by the
increasing pace of climate change (e.g., PanagantieDimou, 1996; Lettenmaier et
al., 1999; Arnell and Liu, 2001; Snyder et al., 20Bower et al., 2004; Sophocleous,
2004; Barnett et al., 2005; Hatch, et al., 200B)ere have been declining levels of
water availability in many streams and aquiferpeesally in the summer months,
throughout the western United States (Winter etl&98; Sophocleous, 2000;
Bachman et al., 2005; Hatch et al., 2006). Witlards to natural ecosystems, the
interaction between ground water and surface waiespecially important for riparian
systems to stabilize temperatures because theygbecaneas of increased biological
activity. To appropriately manage the ripariantegss it is vital to understand and
guantify these interaction zones. Therefore, iasireg our knowledge about the
complexities and dynamics found in the fresh watgaply, specifically between
surface and ground water sources, is criticalrfgeroving our management strategies.

Ground water is water that has passed throughattke’'s subsurface and
arrived at the water table as recharge and suwater is water on the earth’s surface
generally in the form of ponds, lakes, rivers, atréams (Dingman, 2002). While
these have traditionally been managed as sepantiieethey are in reality one
common source. An important aspect in surfacertoHgd water interaction is that a
change in the quantity of surface water will relate change in the water’s source. In
riparian systems, this relates to precipitationchipercolates through the soil within
the watershed and becomes ground water. The gneated can be identified and
quantified if it flows into a river. Quantificatioof ground water flows will provide



further understanding of spatial and temporal pastef the interactions between
surface and ground water. (Constantz, 1998; Kathas., 2006b).

One limiting issue in understanding the dynamiairebf streams in the past
was locating ground water inflows. Hydrologist¥@éahown that stream
temperatures can be used to better understangdhneldgic dynamics within a
riverine system (Atwell et al., 1971; Ingebritserak 1992; Constantz et al., 1994;
Hondzo and Stefan, 1994; Johnson and Jones, 2@0@nE 2004, Selker et al.,
2006a; Selker et al., 2006b). Inflows can be leddahrough temperature
measurements that are continuous in time and tardis, however past technology
could not give sufficiently high resolution readéngver space and time to achieve
this. Over the past decade, Distributed Tempezadensing (DTS) has been
developed and applied in a new way, identifyingugibwater inflows. The DTS
system uses fiber optic technology to measure tesyoes along the entire fiber. The
temperature measurement is made by passing addight’ through the fiber optic; the
light from the laser passes through the glass sisdattered back to a sensor that
counts returning photons. These photons retutimeanitial wavelength and, due to
Raman scattering, wavelengths just above and glethbthis value. The measurement
distance along the fiber optic cable is determiineoh the time of arrival of the back
scattered light at the receiver. The intensityhefshorter returning wavelength is
highly dependent on the temperature, and is caledStokes. To improve accuracy,
measurements are averaged spatially and tempatodtigrease the number of photons
counted. The most common applications of DTS wergifpeline monitoring, oil well
monitoring, power cable and fire detection systé@mattan and Meggitt, 2000).

The possibility of applying DTS technology irethatural sciences has created
much interest from hydrologists, ecological scigistiand geologists. This technology
has been used in previous experiments (Selker, &06b; and Westhoff et al., 2007)
in headwater streams to identify ground water inflocations. Although Selker et al.
(2006b) and Westhoff et al. (2007) used DTS to meastream temperature to
guantify lateral inflow; this was not the first tintemperature had been used for this

purpose. Temperature is a proven way to quanéiyggand losses to streams, either



through measurement of stream temperature or tthenlagerial (Stallman, 1965;
Lapham, 1989; Silliman et al., 1995; Constantz,81¥2onstantz et al., 2003; Becker
et al., 2004; Niswonger et al., 2005). Past teadpee methods were based on point
measurements. A DTS system has the ability to kem@oral resolution from
seconds to months. Also, these same temperatiasumements can be taken at
thousands of locations along the fiber optic callleese measurements can be done
either discretely or on an averaged basis. Thequemtity of temperature data
available through the DTS technology makes it edsi®ocate multiple cool water
inflows to a river.

The objective of this research is to improve upmrating discrete cool water
inflows to the Walla Walla River near Milton Freeieig Oregon through the use of a
DTS system. These cooling inflows can then bers¢pd between ground water
inflows and hyporheic exchange sites (locationsreviseirface water enters the
streambed and re-emerges down gradient). The dneater inflows can be
guantified from the temperature measurements arfidcguwater flows. Also, the
depth of hyporheic exchange can be quantified byutating the volumetric heat
capacity of the hyporheic exchange from an enetglgbt. This research also
examines the possible relationship between theslen@ter inflows and the locations
trout and salmon may reside in during summertinekpemperatures. The fish
locations will be taken from a Fish and Wildlifergely that was completed at the
study reach while the instrumentation was in pigetween July 30and August 24,
2007).



2.0 Literature Review

Ground water to surface water interaction has la@earea under critical
review. This section of the thesis will give areoxew of the cooling processes
found in surface waters, how temperature can be asea tool to analyze these
processes, some of the ecological impacts of tesiyrer, and how the DTS system
can be used to improve upon the current hydrolpgieipals for ground water to
surface water interaction.

Only recently have water managers and the legésybegun to look upon
ground water and surface water as a single inteexed source and managed them
as such (Harvey and Fuller, 1998; Winter et al98)9 For the most part they have
been managed as two distinct sources. With incrgagater demands however,
incorporating the interplay between these watepkepin our calculations has been
essential for land managers (Stonestrom and Cdas@2003). Not only is ground
water a necessary component for aquatic ecosysiehas become important
politically. Water rights disputes between grouvater and surface water users are
increasingly common. Despite the legal distinctiiey are, in fact, drawing from a
common pool of water. Methods to account for stefavater diversions, ground
water pumping, and return flows are therefore resrgs(Harvey and Fuller, 1998).

The contribution of ground water to surface wai@s heen well established.
Field work and data analysis have shown that grouetér can make up a large
percentage of the surface water budget (Winter8,19981, 1983, 1986). One of the
most difficult tasks for computing the water budfgetsurface waters is the field
identification of ground water upwelling sites (Laed Hynes, 1977; Lee, 1985).
Silliman and Booth (1993) made a significant metiiodical contribution to
guantifying ground water inflows through temperataoreasurements of the streambed
and the surface water. In the past, for hydrotsds locate ground water to surface
water interface and quantify ground water dischaoggurface water, extensive arrays
of boreholes and piezometers were used (Wintet§;1®8noyer and Anderson, 1989).

Past monitoring was completed through a multitudeethods. Hydrologists would
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install heat flow meters (Kerfoot, 1987; Ballar®96) and complete hydraulic testing
with minipiezometers (Lee and Cherry, 1978) angbage meters (Lee and Cherry,
1978; Lee and Hynes, 1977; Carr and Winter, 198@wsand Prepas, 1990; Shaw et
al., 1990; Avery, 1994; Landon et al., 2001; Paulseal., 2001). To further
understand the ground water component, hydrologisigel vertical streambed
temperature profiles (Lapham, 1989; Silliman et395; Constantz and Thomas,
1996; Constantz, 1998; Bartolino and Niswonger,91®9yar et al., 2000) and
perform tracer tests (Lee et al., 1980; HarveyRadcala, 1993; Meigs and Bahr,
1995). These monitoring systems are intensiveeapensive to employ, may alter
the natural flow in the stream, and are unablestea small-scale spatial exchanges
through the streambed (Conant, 2004).

A more recent development in locating ground watiows to surface water
has been through remote sensing. For example teeseasing using FLIR (Forward
Looking InfraRed) is used to find discrete locatiaf inflows and has been well
established through the work of Nelson et al. (3984d Atwell et al. (1971). FLIR
has high spatial resolution and can be sampledrplaae. FLIR images indicate the
temperatures of the land and water surface, sholetaions where ground water
seepage near the stream banks occurs. One drawbBEIR is that the image
encompasses only a snapshot in time. Distincthetseen ground water and surface
water temperatures are controlled by weather imdiwariations, meaning during
certain times of year some sources may be misSethermore, FLIR does not
penetrate the water column; cold water is denseisarks, so groundwater upwelling
locations may not be visible. Finally, FLIR doex give insight into the ground
water exchange dynamics that time series data w@ildnan and Booth, 1993).

Temperature can be measured through other metlesitels FLIR imaging to
find ground water fluxes into the surface wateteays (Stonestrom and Constantz,
2003). Building on early work by Bredehoeft angp&opolous (1965) and Stallman
(1965), temperature profiles have been successiaghyg in basins to estimate ground
water recharge and discharge rates (Cartwrigh®);1Baniguchi, 1993; Taniguchi,
1994; Ferguson et al., 2003; Anderson, 2005).intasés of ground water discharge



are most reliable when the difference between sarnfeater and ground water
temperatures are at a maximum. At this point, tieetke largest difference in
temperature and any variance between the true tatope and the measured
temperature will less significantly affect the camgal flux. At sites of focused
ground water inflows, there are abrupt changeengitudinal temperature
measurements. These ground water inflow sitemare stable than the surface
water, which is not directly influenced by the gnduvater inflows because ground
water dampens the extremes found in the surfacerwahine (Stonestrom and
Constantz, 2003; Conant, 2004; Lowry et al., 200Ii)e temperature differences
between the surface and ground water inflows magtiserved by a shift in the
surface water temperature when compared to thd trethe longitudinal profile of
the surface water temperatures for a particulartré&elker et al., 2006b).

2.1 Temperature and the Energy Budget

To use temperature to find ground water inflows endifferentiate this flow
from hyporhiec exchange, it is necessary to undedsthe processes that give rise to a
river's temperature. Stream temperature is infbeeinby many processes; solar
radiation, air temperature, wind speed, shadetivelaumidity, percent shade, aspect,
ground temperature, precipitation, surface watiéows, and hyporheic exchanges.
Other sources of energy for stream temperaturedectonduction of temperature to
the stream substrate (Crittenden, 1978; Hondzdsaeidn, 1994; Evans et al., 1995;
Johnson and Jones, 2000), evaporation and sehsialeexchange with the
atmosphere (Sinokrat and Stefan, 1993; Webb andd/H#®97; Johnson and Jones,
2000), and energy contributed by advection fronugtbwater (Ingebritsen et al.,
1992; Sinokrat and Stefan, 1993; Webb and Zhar@y/;1@onstantz, 1998; Johnson
and Jones, 2000).

The three major processes that contribute to peakmeat reduction are
shade, ground water inflows, and hyporheic excha@ygar radiation on the water
surface is the major input of thermal energy to hstreams (Beschta et al., 1987,
Sinokrat and Stefan, 1993; Webb and Zhang, 199isim and Jones, 2000).
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Shading is known for blocking solar radiation, tmeducing the stream’s heat during
the day when the solar radiation would be expetdeifectively warm the surface
water (Davies and Nelson 1994; Hostetler 19911 lal.e 1994, Naiman et al., 1992;
Poole and Berman, 2001). Ground water inputs gegontinuous summer cooling
by adding water to the stream at distinct locatiatnthe annual average air
temperature (here only summer time is considerethia is when the cable was
deployed) (Westhoff et al., 2007). Hyporheic exadd®averages in time the river
temperature, cooling mid-day peak temperature jaeréasing nighttime low
temperature. This temperature modification occus tt the increased time water is
held at the location of hyporheic exchange (Le&51®elson, 1991; Silliman and
Booth, 1992; Stonestrom and Constantz, 2003). etilese processes of river heat
reduction will be further considered in up comimgtsons of this thesis.

Through analysis of the temperature data we hopedantify ground water
inflows and hyporheic exchange in the river, bdtkwbich could provide cold water
refugia for fish. These refugia are expected téob@d through the longitudinal
temperature profiles acquired by the DTS. If tbeif optic cable goes through an
unmixed zone of cool water, it is expected the €abll have a cooler signature until
the cool water inflow thoroughly mixes with the e water. The temperature offset
may not differ between a ground water input andolypic exchange, both cooling
the river during the heat of the day, at a singl#psshot in time. The large difference
between ground water and hyporheic exchange floM$&witnessed during the
night, as ground water carries the average yeartgmperature and the hyporheic
exchange will carry a lagged temperature signdtora the river earlier in the day. It
is anticipated that the return flow from the hypsdexchange will show an increase
in temperature during the night and a decreasagltine day.

Hyporheic exchange is stream water that entersiaipgediment and re-
emerges further downstream, it is a process tleattes surface water refugia but at a
much smaller temporal and spatial scale than grovatdr exchange (Naiman and
Bilby, 1998). Hyporheic exchange is pressure dri{ehibodeaux and Boyle, 1987;
Savant et al., 1987; Stanford and Ward, 1988; @retkal., 1989; Williams, 1989;
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Hendricks and White, 1991; White, 1993; Hutchinaod Webster, 1998; Wondzell
and Swanson, 1999; Stonestrom and Constantz, Zadnt, B., Jr, 2004) and is
caused by pool-to-riffle sequences, slope charayespbstacles found in the stream
bed, such as a log jam. Hyporheic exchange ictiweaarea in current hydrologic
research and is poorly understood due to the dynapace and time nature and
difficulty of measurement. (Larkin and Sharp, 198@¢ Harvey and Bencala, 1993)
The increased attention to hyporheic exchange l@asrsthat it is present in most
rivers (Boulton et al., 1998; Naiman et al., 19@8nter et al., 1998). Water in the
hyporheic exchange locations can range from 100&% water to a mixture
dominated by ground water (Hinkle et al., 2001he Wvork here will concentrate on
the thermal affects that this zone may have orasarivater bodies and the possible
guantification of such affects.

Hyporheic exchange time lag is determined by twogonents; the tortuous
path the water is required to take and the heatagpof the combined water and bed
material. Hyporheic water will have the averagagerature for the time duration it
was flowing through the porous media of the sulbstaad will be dampened due to
the heat capacity of the gravel and water it hasdl through (see Figure 2.1 for
examples of hyporheic exchange). For examplégifsurface water enters the
substrate and later re-enters the river, it withg#he temperature the average surface
water had for the same time duration the wateriw#ise subsurface. The re-entering
water would also have a decrease in temperaturéodihe lack of solar radiation
input for the duration it flowed through the bedteral and would have an additional
drop in temperature due to the volumetric heat ciépa the hyporheic exchange

zone versus that of the water alone.



Pool and riffle

oWy 1IN

Meandering

Figure 2.1 Surface water-ground water interactiohyiporheic exchange. With (a) a
pool and riffle sequence and (b) with stream meen@Winter et al., 1998).

When considering a cooled section of stream dimyporheic exchange it is
important to define the hyporheic exchange by ersid time. Residence time must
be used to distinguish between a ground waterunfiod something more closely
related to hyporheic exchange if considering DTi8erature data. For this research
the residence time has been approximated to b&® worder to simplify
calculations for differentiating the daily lag imettemperature measurement through
the hyporheic exchange site. To distinguish betvtee ground water flow and the
hyporheic flow from continuous temperature dataj geed only average together
multiple weeks of data. If the cold water souc@ifact ground water, then once
averaged, the temperature signature should renfdiis. is because ground water
maintains the yearly average air temperature, wwahld be distinctly lower than the
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average mid-summer stream temperature. At a twcati ground water inflow the
surface water should be cooler for nighttime, dagtiand for the average water
temperature, during warm summer months. Hypor&eshange, on the other hand,
would cool the peak daytime river temperatures Heait these same locations during
the low nighttime river temperatures of summerheathan providing net cooling,

hyporheic exchange simply moderates daily temperaxtremes.

2.2 Tracers

The previous section discussed that the subsuidaogortant for stabilizing
surface water temperature and recharging surfatersvaOne way to gain insight into
the interactions between surface and subsurfacersgstems is through the use of
tracers. This approach can be particularly udefulinderstanding flow patterns and
the timing of subsurface waters (Flury, and WalD30 Tracers have been proven
useful for illuminating transport and transformatwithin subsurface flow systems.
Use of tracers can improve knowledge of subsurflages, giving new insight to the
hydrological cycle; identifying subsurface flow ca@ttions, velocities, and dispersion
are all common uses of tracers (Flury and Wai, 2003

Tracers are chemicals, biological masses, isotapesything else that can be
detected at different points along the hydrologicle. Tracers used in hydrologic
systems come in two main categories, added andah#tacers. Added tracers are
artificially incorporated in known quantities atnse point in the hydrologic cycle and
then are detected at another point along the cydeally there are very low to no
background concentrations of these tracers so #wegydetected will come from the
added source. Natural tracers include chemiaaispérature, or isotopes that are
found in the natural setting and can be detectekiffatent amounts throughout the
hydrologic cycle (Bencala et al., 1987).

Much research has been completed using added cilenaicers to find
ground water patterns and flows to surface wat&rese studies did not quantify
ground water inflows based on the tracer inforrmati€hemical tracers for ground

water applications work well if the concentratidrttte chemical in the ground water
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is uniform and significantly different than the fage water (Cook et al., 2003). If the
concentration difference from ground water to stefevater is not detectible, or if
measuring the chemical tracer is costly, anothehateshould be considered.

Temperature may be used as a tracer (Kobayaslb, Sbfainley and Peters,
1988; Kobayashi et al., 1999). One study comphead (as a natural tracer) to
bromide (as an added tracer) (Constantz et al3)20@mploying the heat and solute
ground water transport model VS2DH (Healy and Rod806), showed that both
bromide and natural temperature differences irstteam could be used to find
ground water and surface water exchange sites. eCalx (2007) compared
temperature with selected commonly measured waiaitg parameters and also
found that temperature could be used as an inmsttescer to evaluate spatial and
temporal patterns of surface water and ground veatenange. Temperature as a
natural tracer has an added benefit of differentigbetween temporal variations in
ground water inflows.

Temperature used as a hydrologic tracer has seagvahtages. The signal
arrives naturally and will continue to arrive asdaas the ground water and surface
water are connected. Measurement of temperatuobist and relatively
inexpensive. It also has the additional advantdget contaminating the local
environment with introduced chemicals (Stonestrowh @onstantz, 2003; Kalbus et
al., 2006a). One disadvantage is that the interaxcttannot be seen through
temperature measurements if the surface water ranchd water are near the same
temperature. The importance of using natural teaerch as temperature, over added

tracers to find cool water inflows rivers can nog/fhrther understood.

2.3 Distributed Temperature Sensing

Using temperature as a tracer is made robust Witfapplication of the DTS
technology. The DTS system sends light down therfoptic cable and as the light
interacts with the glass in the fiber optic cableogtion is scattered, with some
returning toward the source. A portion of thistemad light is at the original laser

energy and another portion of the light is adsored reemitted at wavelengths just
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above (“Stokes”) and just below (“anti-Stokes”) threginal wavelength due to Raman
scattering (Wait and Newson, 1995; Selker et 8062). The back-scattered light has
important properties that reflect the temperatdrne glass at the scattering location.
Specifically, anti-Stokes intensity is related empntially to the temperature of the
fiber, while the Stokes is much less temperatupeddent. Thus, the temperature is
linearly related to the log of the ratio of the I8ts and anti-Stokes intensities (Selker
et al., 2006b). The distance for each recordeghéeature measurement is based on
the speed of light and the time it took for théatigignal to return to the receiver.

By the Central Limit Theorem the precision of teeperature measurements will
increase with the square root of the integratiaeriral, so for a very precise
temperature reading, a longer integration timedgiired in order to have more
photons counted by the receiver. Also, a moregshwlaser can give more photons
to count, again increasing the precision. (Sekeal., 2006b)

To deploy a DTS system it is necessary to calidieesystem to the cable
planned for use prior to field installment (via thegilent Configuration Wizard) and it
may be necessary to calibrate the temperature maasuts post-collection (with at
least two known temperatures along the cable)calibrate the DTS to the specific
cable the temperature offset, gain (a paramet@kminto account the slope), and
attenuation ratio of the fiber are needed. To fimeloffset, gain, and attenuation ratio
two known temperatures are necessary along the.cdllis can be done with either
two temperature baths or running the DTS in thebtksended configuratioihe
ongoing auto-calibration present in a double-endedsurement further simplifies the
calibration process and improves measurement ancbrsacontinuously correcting
the attenuation ratifrufillaro et al., 2007) The offset and gain of the calibration
should not change for the cable after the initadibzation, but the attenuation ratio
may need re-calibrating if the DTS is not run ia ttouble-ended configuration. The
attenuation ratio can change for the cable if ikesamany bends, or if the layout of
the cable is changed. Calibration is very impdrfanan accurate temperature

reading. However, if interested in precise tempeeachanges and do not care about
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the temperature itself the manufacturer’s calibratf the DTS system is reliable.
The calibration of the DTS from Agilent is typicalbrecise on the order of 0.TL

There are several different types of DTS systenadae. The DTS systems
range in cost, power consumption, resolution, amdlility. The Optimum DTS for a
particular use depends on how the project chatiatitsr correspond to these variables.
This research project required a unit that haddoergy consumption for remote use,
durability for field deployment, and low cost. R&gion was of concern, but it was
thought that all units would be adequate to megtials. In retrospect, more
variables needed to be considered beyond the mstrtitself, such as the loss of the
fiber optic cable.Agilent's DTS (N4386A), which came to the marketMiay 2006,
was selected. This system was designed for reemyieonmental applications. This
DTS operates on less than 40 W at 12 V within asrafjng temperature range of 10
to 60°C (other systems operate from 85-150W at a max¢eatyre of 40C). Also,
the Agilent DTS can report temperature every malang the cable, but if more
precise readings are desired the Agilent DTS ctagrate over a longer distances of
cable (Selker, et al., 2006a). The precision efitistrument doubles if the distance of
integration is changed from 1 meter intervals ®rheter intervals. The system
consists of a computer with software installeddata retrieval and saving. The
software creates ASCII files with temperaturess|ake distances along the attached
fiber optics cable, and the number of measuremaintpalong the cable.

Before the DTS technology was available for envinental applications,
temperature was taken through point measurem@ns. concern of point
measurement methods is that the longitudinal réisolis low and there is a risk that
some inflows may be missed (Kalbus et al., 2006bhe DTS system overcomes this
by providing continuous temporal and longitudirehperature measurements. The
DTS will measure a temperature shift for incomingtev at a different temperature
than the stream temperature trend prior to thdilghinflow (Selker et al., 2006b).
This measurement may not be able to find the sstalilows into large rivers, but it
can show many of the significant flows that wouttar over a reach and fall outside

the standard deviation in the surface water temipera When the temperature of an
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inflow is within the standard deviation of the DWasurement of the river’s
temperature, the inflow will not be statisticalljfdrent and not be able to
differentiate from the noise found within the DT ®asurements.

One concern with the use of fiber optic cable @&mperature measurements
was the time response upon a change in temperaturas been shown that fiber
optic cable has a fast temperature response thijacgbting made of PVC and steel
cable, found to be less than a 10 second respwnsdrom unpublished studies for a
Brusteel fiber optic cable from Brugg.

If care is taken in calibration and high qualitydr optic cable is purchased,
temperature resolution of 0.12 and spatial resolution down to 0.5 m with tempora
resolution down to 3 seconds along standard fipac communication cables with
lengths of up to 30,000 m are all possible (depsndn the DTS machine used,
manufacturers and models vary) (Selker et al., 2pMbffett et al., 2007). There are
tradeoffs between theses specifications; shortegration distances and times will
have higher uncertainty in the temperature measeméesn

This technology has opened new possibilities fmirenmental sensing. The
fiber is deployable in many different configuratipmue to the flexibility of the cable
allowing measurement in many new areas (measureshantair shed or the snow
through a net configuration, down a sinuous strearnhe creation of a high
resolution pole through wrapping the fiber arourfeMC pipe). Measurements that
seemed impractical before seem manageable, suakiag thousands of
measurements at points longitudinally down a rarat collecting data from the
network continuously for months. Using the DTS Imoek for this research will give
the needed measurements to separate the coolinféders between ground water

and hyporheic exchange.

2.4 Ground water to surface water interaction
One approach to quantify surface-to-ground watiractions is to monitor
temperature variations in surface waters due targtonflows (Lee, 1985; Nelson,

1991, Silliman and Booth, 1993). The use of terapge as a natural tracer has
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become increasingly common because it can be nezhstth relative ease in a
channel to obtain high resolution temporal andiapetformation. (Hatch, et. al.,
2006; Constantz and Thomas, 1996; Selker et abl20festhoff et al., 2007).
Riverine systems are very dynamic and the userdd series temperature data can
increase understanding of the changing sourcdswf f

Temperature was used to identify the interactiawben the surface water and
ground water system by Rorabaugh (1956). He wesagdrature measurements to
estimate the stream loses below the Ohio River, BElat has been used as a tracer of
surface water and ground water exchanges and taifjunese exchanges (Silliman
and Booth, 1993; Silliman et al., 1995). Muchhigtprevious research concentrated
on areas of stream loss (Constantz et al., 2088alysis of temperature profiles has
shown point measurement of ground water flow bdnstaeams. The temperature
differences found on a diurnal and seasonal basipatially a function of the
different temperatures between the stream andstessam sediment (Rorabough,
1963; Stephens and Heermann, 1988; Constantz @084, Constantz and Zellweger,
1995; Constantz and Thomas, 1996). Through comtimgurface water temperature
measurements, areas of gain to a stream from gnoatet can be found (Selker et al.,
2006b; Westhoff et al., 2007).

Fiber optic cable (Brusense, Brugg, Switzerland3 watalled in the Maisbich,
a ground water fed, first order stream in Luxemigowith a DTS (Sentinel DTS-LR,
Sensornet, London, England) system. Surface \ilatealong the study reach was
determined through DTS and flow measurements. chleges in temperature at
points of ground water input allowed for accuragBreates of point-wise ground
water inflows based on an energy balance coupléddavwnass balance (Selker et al.,
2006b).

As seen by Selker et al., (2006b) a loss in @strean be assumed when either
upstream flows are larger than downstream flowsyleen the upstream and
downstream flow readings are the same and groutel wdlows are witnessed. It is
difficult to find where these losses occur throlgyhgitudinal surface water

temperature measurements. Through a distributepgemature sensing (DTS) system,
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the gains can be found through the longitudinalaser water temperature
measurements and if discharge is not significatifferent between upstream and
downstream measurements we can conclude thatdahesome losing sections within
this stream, as well as areas gaining. A los#, dradual or abrupt, only results in a
gradual change of the temperature profile due &mghs in warming and cooling
patterns; it will reduce the volume and flow of tineer which will give more solar
radiation per volume of water in the same chanhaps. Such losses might be
guantified through a complete mass and energy balgor the stream; however,
energy budgets of this precision are difficult atural streams. To have the most
distinct temperature difference, in order to estarground water inflows from surface
flow measurements, data should be retrieved foegiof low flow so that any increase
in flow can be attributed to ground water inflondamot directly from precipitation
(Kalbus et al., 2006b). In-stream flows measutegva points along a stream reach,
accounting for stream diversions and tributaryaws first, can be used to determine
if a stream is gaining or losing. If downstreamwlis greater than upstream flow, the
stream gains; if downstream flow is less than gh&tneam flow, the stream loses
water to the aquifer (Riggs, 1972; Stonestrom aodstantz, 2003).

Exchange direction can be determined through stiezdhrsediment
temperature measurements. In a gaining reaclsetfiements will take on the ground
water temperature, and therefore the sedimentdewmé a stable temperature. On the
other hand, losing reaches will take on the surfeater temperature, which generally
follow the diurnal daily temperature cycle (Wintdral., 1998; Stonestrom and
Constantz, 2003; Kalbus et al., 2006a). For thegse of this thesis, surface water
temperature alone will be used to locate gainingiqgues of the study reach, based on
a method that was established by Selker et al.6@0elker et al. (2006b), and
Westhoff et al. (2007). It is much more diffictdtuse only surface water
temperatures to find the losing portions of a rjvard stream temperature reduction is
much more dependent on gaining cool water thammsindg warmer water.

Since ground water temperature is generally stifobeighout the year, the

temperature difference can be interpolated betwleeground water and the surface
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water to differentiate the ground water inflowsnfréthe surface water. During the
warmest and coldest times of the year there witheemost dramatic temperature
difference between the surface and ground watepli®sp(Stonestrom and Constantz,
2003; Conant, 2004), allowing for easier differahan.

Through the use of the DTS system cool water ingléovthe river can be
located during summer months for the entire lemdttme study reach. An important
byproduct of locating the temperature drops indingace water is determining the
cool water inflows. Fluxes usually are calculafi@dthe ground water-to-surface
water interface through an application of Darcgw [(Darcy, 1856) which states that
water flux is a function of hydraulic gradient amgtraulic conductivity. A second
method is based on a water budget; ground waterilootion is computed in this
method as the difference between the inflow anflamt For the mixing zones or
areas of hyporheic exchange either of the methadse used (Kalbus et al., 2006b).

2.5 Ecological considerations

The temperature data gathered to estimate groutet wad hyporheic
exchange can be valuable to ecologists to ideatifysystem dynamics within a river.
Temperature-dependent water quality and geocheimioaksses can be calculated
based on the locations found through temperatugsuarements (Selker et al., 2006b).
Also, identification of habitat and migration patte based on temporal and thermal
conditions (Torgersen et al., 1999; Selker et28lQ6b) can be employed to determine
the extent of expected distribution of selecteccise

Maintaining a specific temperature range in surfgaeers is vital for many
different aquatic habitats. The cooling of summnrae surface water occurs from
subsurface water emerging to the surface. Thesgidms are important because cold-
water fish species have begun to decline in pojulatue to physiological effects
from warming waters. The river waters have warmeel td many anthropogenic
causes. These anthropogenic causes include deatiegere-chanalization, broader

streams from lack of root systems and impacts ateys, and disconnection of flood
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plains (Resh et al., 1988; Hornung and Reynold851.9Warming to many surface
waters has also been attributed to climate chaRgbd] et al., 1996).

Due to the increase in temperature and the decneassilable water, the
amount and location of surface and ground wateha&xge are increasingly important
to identify for ecosystem considerations of temperasensitive fish species. For
example, anadromous salmon and many trout reqoé@fg temperature ranges to
successfully develop, migrate, and spawn (Powe0;1Baltz et al., 1987; Curry and
Noakes, 1995; Curry et al., 1995; Halupka, 2006n&strom and Constantz, 2003).
To protect these cold-water species ways must nedfto continue to keep our
surface waters cool; locating cooling sourceswssg first step (Silliman and Booth,
1993). Stream temperature is also a critical patanto other ecosystems within the
stream. Temperature controls rates of metabolisennumber of aquatic insects,
growth, decomposition, and solubility of gaseswa#i as many other processes and
biotic interactions (Beitinger and Fitzpatrick, P9Beschta et al., 1987; Harvey et al.,
1998; Johnson and Jones, 2000). Hyporheic exchangeases stream temperature
regulation and nutrient cycling (Hendricks and Whit991; Wood and Petts, 1999;
Hatch et al., 2006), both of which are importamtdquatic habitat (Power et al., 1999;
Hayashi and Rosenberry, 2002; Alexander and Cai28@8; Hatch et al., 2006).

The Intergovernmental Panel on Climate Change (lH&2001 employed
several Global Climate Models and expects a 10 ihcrease in mean global
temperature within the next 100 years. This mayehadevastating impact on cold
water fish (Ficke et al., 2007). Many rivers atr@ams in Oregon have been
determined to be in violation of the Clean Watet éwe to high temperatures by the
Environmental Protection Agency (EPA) (DEQ, 200%)out and salmon populations
in many of these systems are of concern becaube @levated temperatures and
have experienced die off during warm summer periddigh water temperature has a
significant influence on salmonid behavior and dgitoyLi et al., 1994). Several
species of cold-water fish locate thermal refugiaesal degrees cooler than ambient
water temperatures (Torgersen et al., 1999; Ebeeetal., 2003) during summer.

Fish are known to move into cooler ground wateimgsrfor refuge from excessively
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warm stream temperatures (Power et al., 1999) ui@&tevater discharge increases
biological abundance, diversity, and biogeochentgaling (McClain et al., 2003;
Hunt, 2006; Lowry, 2007). Fish find these coolrd water sources not just for
refuge but also because the flow between surfaterwad ground water creates
habitat for species that are part of the food chainhese fish (Harvey et al., 1998).

When water temperatures are outside of a fishglrrange during the cold
of winter or the heat of summer, ground water bezomcrucial component of river
habitat. Ground water provides areas of warmerwati®w in the winter, and in the
summer, ground water is important for maintainirsgkarge and moderating surface
water temperatures. Learning more about thesendramater distribution pathways is
critical to developing plans to protect these spe¢Power et al., 1999).

Habitat suitable for rainbow trou®cor hynchus mykiss) is temperature
dependent, with the lethal limit taken to be°25(Hokanson et al., 1977; Jobling,
1981; Bjornn and Reiser, 1991; Matthews and Be9§7). There is a rich supply of
literature on the importance of cool water refugiasalmonids during summer
periods of high water temperatures (e.g., Gibs8661Keller and Hofstra, 1983;
Berman and Quinn, 1991; Matthews et al., 1994;9¢ieland Kiorboe, 1994). In a
study by Matthews and Berg (1997), areas of striemnperatures which remained
cool due to ground water seeps during summer maathsistently had more trout
than did areas with higher water temperatures. Qfegon Department of
Environmental Quality (DEQ) has temperature TMDIadg] maximum daily loads)
for the Walla Walla River in Oregon (this studye$iset to below 18C for salmonid
and trout rearing from spring to early fall. Alstyring spawning for these two
species (January'to June 1%, 2007) 13C water is necessary. For Bull trout
spawning, the temperature should$éd2°C. (DEQ, 2005)

Salmon and trout begin to experience serious effgictemperatures below
their chronic lethal limits. Temperatures seledigdhese fish correlate with their
optimal temperatures for growth, around 17 °C (Mi@and Cech, 2001). Increases in
stream temperature below lethal levels have bededi to increased fish mortality of
cold water fish (Brett, 1952; Beschta et al., 1988Cullough, D., 1999), increased
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occurrence of disease (Becker and Fugihara, 1@n#)increases in competition
between species (Reeves et al., 1987; Johnsoroaed,2000). The trout and salmon
species are the focus for this thesis becausestteethe species found within the

Walla Walla River that most depend on cool tempeeat for their life cycle. Thus,
locating and understanding the cool water inflosvgiial to further protect these two
species. This research was carried out in thdwwedtern United States where salmon
and trout are important to commercial fishing, eation, and are good indicator
species for the current condition of aquatic ectesys (Cairns, 1974).
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3.0 Materials, Methods, and Theory

3.1 Instrumentation

The primary instrument used in this project wasAhdent N4386A
Distributed Temperature Sensor.
Table 3.1 Key specifications for the Agilent N4386RJfillaro et al., 2007)

Key specifications for Agilent]
N4386A DTS Environment
Operating Temperature

Distance Range 8 km | Range -10to 60 C
Spatial Resolution
(minimum) 1m Storage Temperature -40t0 80 C
Temperature Resolution | 0.01 K | Supply Voltage 10to 30 V DC

15 W at room
Temperature temperature, 40 W
Repeatability 0.1 K | Power maximum

Within the DTS housing a Fujitsu Stylistic ST50@@let PC was placed in
order to run the DTS Configurator version 3.0 amddata saving. Two 1000m
lengths of Kaiphone’s Mini armored fiber optic cablThe cable was duplex, multi-
mode, graded index, 50/125, armored (stainlest\wtapped), black jacketed in PE,
and had aramid strength members. End connectodstog®nnect the cable to the
DTS were APC e2000s. Where the two 1000m cables aamnected and where the
last cable doubled back, female/female e2000 adaptere used. The cable was tied
into place along the river using 1/2 inch rebakesadriven 1/3 of a meter into the
streambed approximately every 75 meters. The Gp&c cable was held onto the
rebar with zip ties. Aerial cable hangers were alsed to secure the cable at three
locations where the cable was purposefully ouhefwater.

Flow measurements were taken using cross-sectiatalof the channel and
by using a flow meter according to the “Standare&kapng Procedure for Stream flow
Measurement” (EPA, 2004) (completed by the WalldlaMBasin Watershed
Council). Immediately prior to taking the cable ofithe river two ice baths were
placed along it for system calibration. One icenbas placed near the DTS and one

at the midway where the two cables were connecigghroximately 20 meters of
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cable were placed into each bath. A digital da¢mér thermometer (VWR model
61220-601) with a resolution of 0.001 °C and arusacy of + 0.05 °C was used to
take temperature measurements along the cablendhd ice baths to field check the
DTS temperature measurements. Digital photoseéiie were taken at locations
identified by a Garmin Geko 301 GPS. Meteorologilzda was downloaded from the
LeFore ETo station (identification #TOACI1) southtloe research location to check
for DTS system errors (sudden jumps in temperatata). Data interpretation was
done through the use of Microsoft Excel 2003 andLiélla R2007a.

A snorkel fish survey conducted by the Fish anddWé Service parallel to
the DTS installation was completed on 8/16/200TCbyrtney Newlon, Marshall
Barrows, and Ryan Koch of the USFWS, Columbia RRKisheries Program Office,
Vancouver, WA. The survey started at the downatread of cable and ended at

Mauer Lane.

3.2 Site

Milton Freewater, Oregon, USA is within the Wallzalld Watershed, which spans
Oregon and Washington (see Figure 3.1a and 3. southern end of the site was
at Mauer lane just north of the city of Milton Fvester. Measurements continued
north 2 km along the river’s thalweg ending primatwell-known swimming hole, to
reduce the likelihood of tampering and vandalisppreximately 500m south of the
Washington State border. (Figure 3.2). The DTS plased at the end of Mauer Lane
(Figure 3.2). This location was chosen based @eeed ground water emergences as
advised by project collaborator Bob Bower from YMalla Walla Basin Watershed
Council and the availability of line power.

The Walla Walla River is habitat to threatened andangered species such as the
Columbia River Salmon, Steelhead Trout, and Bubiutr The upper geology of the
study area consists of a shallow gravel aquifepr@amately 20 to 30m) on top of a
deep fractured basalt rock aquifer. The Walla Walhtershed is a 1,758 square mile
area with a majority found in the southeast coni@iVashington (figure 3.1a). The

headwaters originate in the Blue Mountains of Onegbthe eastern boundary of the
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watershed. The climate is characterized by had, axmmers and cold, wet winters.
Summer temperatures in the basin soar frequentgezk38° C (100° F) and fall
below freezing in the winter. This watershed reesileetween 12 and 16 inches of
annual precipitation (PRISM, 2002), most of whisltontained in the annual snow
pack (Baldwin and Stohr, 2007). The near-streagetagion found at this site consists
of grasses, blackberry vines, willows, alders atti@ioriparian species (Volkman,
2003). The majority of the water drafted from thiger is used for agriculture, some
of which eventually returns to the river. Mosttloé properties surrounding the study
reach were either riparian lands or agriculturalof.

i
|
i
1
1
i
i
1

Figure 3.1a Map of the general research locatimdecencompasses the Walla Walla
Watershed which crosses the Oregon/Washington Bgi@eogle, 2008)
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Figure 3.1b Map of study reach location on the W#alla River within the Walla Walla Watershed
(www.wallawallawatershed.org)
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3.3 Objectives and Methods

The objectives of this research is to further ustierd ground water and
hyporheic exchange flows as revealed by accuratpeeture readings from the DTS
for longitudinal temperatures of the Walla Wallav&L These inflows were separated
between ground water and hyporheic exchange. tfeemflows were compared to
fish distribution along the study reach. For thasticular project it was most
important to get accurate temperature differencepace and time to identify and
qguantify cool water inflows. This was completedthking measurements of the river
every hour for a three-week duration (July'36 August 24, 2007).

The methodology for the research in this thesisbeaaplit into two groups;
those methods from before data collection and thftee data collection. Prior to data
collection consisted of cable selection and caldegment in the thalweg of the river.
After the data collection included the initial dataaning by calibrating the system,
smoothing the diurnal temperature, and temperath@a@surement noise reduction.
The analysis of the data was completed by compahn@gverage daytime and
nighttime temperatures through a correlation coigffit. Once completed ground
water inflow was quantified and an estimated deptiyporheic exchange was
calculated.

The data was calibrated and processed to locasgyp@errors in the data;
some of the time steps from the DTS were flawefterAhe initial data processing the
data set was used to find and differentiate aréaeaing within the stream. Finally,
the cooled river sections were compared with the=i$8 and Wildlife Service
(USFWS) snorkel fish survey to see if patterns g@ebetween fish location during

summer daytime temperature and cool water inflows.

3.3.1 Initial data processing

The temperature data was collected through douldegemeasurements,
which was possible because the fiber optic caldpdd back to the Agilent DTS.
Double-ended measurements were a new capabilithéoAgilent DTS as of July

2007. This function passes light one directiotigh the fiber optic cable then
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passes light the opposite direction through théegalowing for automatic correct for
the attenuation ratio (loss of optical energy thay create a false temperature change)
and the gain (slope). Double-ended measuremeaotdcshe used when attenuation
ratio and gain may be inaccurate due to poor i or multiple sharp bends in the
fiber optic cable.

DTS data from fiber optic cables generally reqpost-collection calibration
to be corrected for temperature gain and offsétenmeasurement. In the case of
double-ended measurements, only offset must baelfolihe data was collected on
two cables, resulting in two unique offsets, onedach cable. First estimates for
these offsets can be obtained prior to data cadledty using the Calibration Wizard
found in the Agilent DTS Configurator software pagk, but generally, these values
must be adjusted after returning from the fielghtecisely address effects of
connectors and other non-calibrated elements.

For this study, data acquisition was completedughothe DTS Configurator
software version 3.0 available for the Agilent D3ystem. The data was then
imported to MATLAB, a powerful numerical computeogram that allows for easy
manipulation of matrices. The DTS temperature measents were double-checked
with a hand measurement of the ice bath with timeltreeld precision temperature
probe (Figure 3.4). An ice or water bath that $joehhanges temperature and a second
temperature measuring device are important to atdithe DTS temperature
measurements. Redundant temperature data mayetded calibration of the fiber
optic cable was not properly completed prior taadatquisition from the DTS system.
For this research the offset correction made use(3fC known temperature provided
by two ice baths with 20m of submerged cable imd&oyure 3.3). The temperature
measurements from the ice bath were averaged &geththe 20 meter length and
for one hour in time. The averaged ice bath teatpes was then compared with the
ice bath temperature taken with the hand-held teatpe probe. The upstream ice
bath was found to be -0.00€ and the downstream bath to be 0.012° C. The
difference between these two temperatures was fanddised for the temperature
offset of the entire cable.
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The longitudinal temperature profiles were therttgband viewed in a movie
setting through MATLAB as multiple traces viewedabgh time. This movie
making process (not presented in this thesis)ed s view stream dynamics through
time, possibly locating temperature patterns fatitahal evaluation or possible
erroneous data.

For this study a true or absolute temperature ngg@iccuracy) is not as
important for final data interpretation as the iptio quantify spatial and temporal
changes in temperature (precision). Since the @asrun in double-ended mode the
software adjusts for an incorrect slope of thedragtomatically, giving precise
measurements of temperature change. If a singipeeature measurement is taken at
a specific location on the fiber optic cable, thieis location is heated and an
additional temperature measurement is taken, ffereince between the two
temperatures is an attribute of the DTS itself eathot be adjusted through
calibration. The DTS has a high precision wherkilog at the temperature difference
between two temperatures as long as the slopdpamtesser amount, the gain of the

trace is correct.

3.3.2 Energy Budget Calculations

For this thesis we used the water budget (base¢deoconservation of mass) in
conjunction with the conservation of energy to difgthe ground water inflows to
the surface water. First presented are simpletdizdne methods to see possible
effects of different cooling components. The diéi® components that are considered
in this research are: how shade may block the satdation from increasing stream
temperatures, the effect ground water will haveaoling a stream, and the effect the
hyporheic exchange will have on cooling a stream.

Shade is a surface process that effects streametatmpe. Shading blocks
short-wave solar radiation from adding energy togstream. This blocked solar
radiation would have otherwise increased streanpéeature. This form of cooling is

actually better stated as heat blockage than amalamboling influence. Shade does
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not universally reduce the temperature, but radiremishes the rate of energy input
during the daytime.

For this study it is important to quantify the effe of solar radiation upon the
water surface. Once the calculations are compktading effects on a localized
scale can be determined (at our study reach iicpkat). To find the change in
temperature expected for a 50 meter shaded sadftitve river, it is necessary to
know the travel time of the water for the 50 met#ne solar energy expected for the
particular setting (location, time of year, anddiof day), and the channel width for
the 50 meter shaded section of river. The totatggnabsorbed based on the density,
volume, and heat capacity of water for the 50 mstetion can then be found and the
expected temperature change determined. Shadihigenncluded in the
calculations, but will not be located through DT8asurements.

Cold water refugia have been defined as portiormidhce water where the
water temperature is colder than the daily maxintemmperature of the adjacent well-
mixed flow of water. These refugia provide localccwater within the surface waters
of warm streams, affording potential thermal refémecold water fishes during
periods of heat stress for energy conservationnf@arand Quinn, 1991; DEQ, 2006;
Ebersole et. al., 2003). Examples of common artasld water refugia are: water
entering from subsurface flow, input from sprinigd, slope seeps, and tributaries
which have not mixed with surface stream flow. Bgtound water upwelling and
hyporheic exchange can provide cold water refugiaese locations are often found
near islands, pools, and rock out-croppings aldreas banks (Berman and Quinn,
1991).

This study concentrates on detection of cool wafsws using a DTS
system. The goal is to calculate the effect eaohrgl water inflow and hyporheic
exchange will have on the temperature in the stadgh on the Walla Walla River.
This is completed through energy budget calculatizased on the computed flows
expected at a ground water site and the calculatlkoinetric heat capacity at a site of

hyporheic exchange.
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The correlation coefficient was used to locate ewater inflows and to
distinguish them between ground water and hyporieitbange water. The absolute
value of the correlation coefficient of 1.0 is afpet correlation and anything greater
than 0.8 is well correlated. If a 0.7 correlatawefficient was chosen, sites other than
refugia would be included; these sites may incldelep pools of water and sites of
high noise in the data. If a 0.9 correlation wasdiwe would not include many of the
refugia sites because they are naturally variahtecaly sites where the cable is out of
the water or connector sites will be found. Thigrelation coefficient was completed
for running 15 meter sections of the temperatutassd that had been averaged for
three meter lengths. Fifteen meter sections weee tor the correlation coefficient
because this length recorded distinguishable grewatdr inflow and hyporheic
exchange sites at above a 0.8 correlation withawltiding areas that were due to
noise in the temperature measurements or possilelyaldeep pools. The inflows
that are cooler both at night and daytime, givingpaitive correlation coefficient
result in a ground water inflow. The second typeam| water inflows are when the
inflow is colder in the day but warmer at nightyigg a negative correlation
coefficient and resulting in a location of hyporhekchange. The correlation
coefficient shows the locations of temperature gleahat are distinguishable outside
of the measurement noise. These locations caoreared with locations we have
visually determined to be ground water or hyporleichange in order to see if the
correlation coefficient can be used to easily famdl differentiate the locations of cold
water refugia from the DTS temperature profile.

A ground water inflow can be located by using tseeies longitudinal surface
water temperature traces. The average tempernatofite for cool summer nighttime
data (3am to 7am) was processed and comparedheitiiverage temperature profile
of the peak summer daytime data (6pm to 10pm).sé&traces were compared with
the total average temperature trace of the rivethfe study duration (Figures 3.5, 3.6
and 3.7, respectively). When the comparison wasgpbeted, locations where sudden
steps or slopes downward in the DTS data, that atetfee same location throughout

the daily temperature cycle, were considered tgrband water inflow sites.
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Locating areas of continuous temperature shifinigartant when removing
other factors that may contribute to cooled logaiof surface water during daily peak
temperatures. It can be argued that these coodad are due to riparian shading,
wind, hyporheic exchange, or evapotranspiratiéqfowever, when nighttime
temperature change is similar to daytime and olvavarage temperature trends, we
are able to remove the temperature signature thgth® from environmental factors
that give a false cooling signal.

A heat balance equation to calculate ground wasehdrge from
measurements of stream temperatures and surfaee fleat was developed by
Kobayashi et al. (1999) and was used by Beckelr €2@04) andKalbus et al. (2006).
In their research a streamas divided into reaches where temperature measutsm
were taken and a balanced equation was set uploGalestream temperatuiea
function of the ground water discharge ralbe, difference in stream water and ground
water temperatureatream flow, and additional heat gains and lodsesigh the
stream surface. This approach will also calculag¢eground water inflow based on
the flow and temperatures of the surface waterthedjround water. The difference
between their method and the one chosen for thdyss that the Kobayashi method
has also incorporated the surface heat flux istestimations. However, these are
considered to be constant over the stream, anbeaeglected for this data analysis.

Flow contributions along a reach can be separatedsurface and subsurface
flow using temperature, through application of masd heat conservation. For this
study a slightly modified versions of the Kobayastass and energy balance
equations for flows and temperatures were usedkéEet al., 2006b; Westhoff et al.,
2007; Tufillaro et al., 2007).

Mass balance, Q, =Q *Q

Energy balance, T,Q, =T,Q, +TQ
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Where Q is dischargerf/s), T (°C) is the water temperature and the subscripts

d is downstream flow, u upstream flow and | isdaténflow. The ratio betweeHQ—'
d

can be derived by solving the mass and energy talaquations above:

Q _ Tl

Qd TI _Tu
The determination o& from temperature measurements can be done oriig if t

d
lateral inflow significantly alters the stream watiemperature. Thus, the more
precisely temperature can be measured, the mouveadely inflows can be quantified.
An assumption that is implicit in these equatianthat over the time interval

Q

d

between the night and day temperature profileenl — are constant. The approach

assumes there is full mixing soon after the growater enters the stream, and that the
temperature over the cross section of the streawonstant. These equations also
assume that the flow is constant over time and vafies due to ground water sources
(Westhoff et al., 2007). Other assumptions aherd is no bed conduction loss; there
is negligible solar, long wave, and evaporativet lezahange; and that there is
negligible direct gain or loss through evaporatma precipitation.

We can move from quantifying each ground water firffar a depiction of the
ground water system see Figure 3.8) to how grousiteémnflows will change surface
water DTS measurements. The expected reactidreadfummertime surface water
temperature due to gains from a ground water infliNustrated in Figure 3.9. Ata
location of ground water inflow we expect that digrsummer the temperature trace
will show reduction in temperature both day andhhigrhis is the case as long as
summertime surface water temperatures are abowevdrage yearly air temperature,
which is the temperature of incoming ground watenf shallow sources.

Ground water inflows can be found through the dsearrelation coefficient
computed for spatial changes in daytime to nighgttemperatures. That is to say that

at locations of ground water emergence we expeaderge of cooling with
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downstream flow for both day and nighttime DTS dafhe temperature change is
determined from 10m before the ground water inflogation to 10m after the ground
water inflow location. To use the correlation daéént to locate the ground water
inflows the surface water temperature of the avetag nighttime and average peak
daytime are used. The temperature data showingrthand water locations can be
plotted to ensure that the locations are not orggsitive correlation, but are in fact
areas of cooling. Based on visual inspection]sefpositive from the correlation
coefficient can be seen in the data at areas dfreayus warming or at a fiber optic
cable junction site, both will be discussed latéach of the ground water inflows that
were found can be quantified using the coupled @vagion of mass and energy

equation from Selker et al., (2006b).

GROUMD-WATER
SYSTEM

Figure 3.8 Depiction of ground water system (Wall€88).
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Figure 3.9 Example of what is expected from a tfem® a ground water inflow site
during summertime temperatures.

Hyporheic exchange sites are found through thestairon coefficient
however, a negative correlation also occurs insavdgere the cable is out of the water
and recording air temperatures. Thus, identifozadbf hyporheic exchange needs to
be validated. Areas with cable exposed to thevélihave a greater temperature
difference than the surface water between the m@gtitday temperatures allowing
visual inspection of the traces to easily differatet between the sites that are
hyporheic exchange and the sites that are air exbcable.

Most hyporheic exchange occurs in pool to rifflgeences, with water
entering the sediment after the pool and comingbthe sediment after the riffle.
During the warm times of day this creates a sldybp in the temperature at the
hyporheic exchange site, and during the cooler bimaght it gives an increase in
temperature at the same site (Figure 3.10). Thasge is due to the time it took the
water to pass through the sediment. For the perpbthis thesis exchanges longer
than 1day duration are not considered in our detextion of hyporheic exchange.
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Hyporheic flow longer than a one day residence tane occur; examples of these
longer duration hyporheic exchanges include whsacandary channel, braided
channel, or meander bend is present in the suwaterway (Vervier and Naiman,
1992; Harvey and Bencala, 1993; Wondzell et aB61Wondzell and Swanson,
1999). These longer duration exchanges cannaiwelfthrough the three week
duration data that we have available. In essdahesg locations of hyporheic
exchange make the temperature of the surface weter stable, bringing the surface
water back to the daily average temperature. Thesetemperature characteristics
along with the porosity of the streambed will bediso calculate the depth and width

Hyporheic Exchange
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Figure 3.10 Depiction of expected temperature chdragmn hyporheic exchange
during summer.

of hyporheic exchange flows. These same paramef#rdefine the water’s travel
time through the hyporheic exchange zone (Wonde®ll Swanson, 1999).
Let us look at the collective cooling from hyporhexchange between the

surface water and the bed material over a secfionay. For these calculations the
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hyporheic volume will be considered a continuousing zone throughout the entire
length of the river. To estimate this overall hgipgic exchange we can consider the
difference in temperature from the average daitygeratures to the average peak
daily temperature for the upstream portion of #ch and compare it to this same
measurement for the downstream portion of the streBhe upstream and
downstream portions of the reach are considerée the first and last 50 meters of
in-stream fiber optic cable, respectively; boundamgl800m section of the river. This
will serve as the upper and lower boundary forergy balance.

The energy balance is used to find the mass ofrrabtequired to match the
actual in-stream temperature change we see inatae dhe amount of energy coming
into the reach minus the energy leaving the reaa$t mqual the energy stored within
the reach (see Figure 3.11). The energy balanteevwused to find the amount of
energy that must go into the hyporheic exchangevahdne of surface water. The
stored energy can be put in terms of thermal hegaa@ty for the hyporheic exchange
and surface water to determine the depth of thetingic exchange. To determine the
depth of hyporheic exchange that is evenly distebwver the entire river bottom
from the stored energy term we will use the surfaea of the hyporheic exchange.

To calculate the depth of hyporheic exchange ther sadiation is equally
distributed across the river reach, the quantitgrotind water inflow are of equal
magnitude at each inflow site, and the ground wafeows are restricted to the
discrete locations found through the DTS tempeeateadings. The ground water
inflows are included in the calculation for hyparhexchange depth because we are
basing the hyporheic exchange depth on the heatitgpf the hyporheic exchange
site and to find the heat capacity we will neethtdude the ground water energy for
the conservation of energy equation that is ugadimportant feature of this river
reach is that the flow from the upstream to the mstveam portion of the reach does
not change. This is justified by the flow measueats along the reach completed by
Bob Bower from the Walla Walla Basin Watershed Guiuthat shows upstream to
downstream measurements to be within the 10% enenval of the measurement

method (personal communication, Bob Bower, Oct@0€7). Since the flow



42

measurements are within the 10% error intervalgetigeno statistical difference
between the upstream and downstream flows. Lasilgy radiation, ground water
inflow, and hyporheic exchange are assumed todentijor processes contributing to
river cooling and are therefore the major composi@nthe energy balance and are the
main processes taken into account for this theBige long wave radiation,
evaporation, and air exchange (convection) willumeped into one term. The value
for this term was estimated using a calibratedggnbalance via the software Heat
Source v. 7.0 (ODEQ, 2005), energy balance softiveewas calibrated and updated
for the Walla Walla River in the summer of 2005.

We can now look at the method developed to findettigected volumetric heat
capacity for the hyporheic exchange. Prior touakion a conceptual model may
help to understand the major contributions and malks the channel energy budget
in question (see Figure 3.11 and 3.12). Usingdbreeptual model we can find the
thermal mass of the hyporheic exchange by usirapaesvation of energy balance
equation. For the conservation equation we neadc¢ount for all the major inputs
and outputs of energy, depicted in Figure 3.11e ifiput energies to this system are
the inflowing surface water energy, the solar epettge ground water energy. The
out flow of energies include the losses of surfaager to ground water, the lumped
term for the convection, evaporation, and long waekation energies, and the water
energy leaving the study reach. The energiesbsiltalculated as a flux in joules per
second.

The objective here is to determine the thermal mébyporheic exchange.
This was completed by computing the energy fluxés and out of the control
volume to find the rate of change of stored enevlgin the control volume. Since
the control volume contains a known volume of stefevater the thermal mass of
hyporheic exchange can be separated and computed.

The energy balance for this study is based ondh&a volume in Figure
3.13. This control volume comes from the instaatars energies for the study reach
assuming all flows of water are steady. The cdmptume consists of the incoming

energy of the water [1], the incoming solar radiatenergy [2], the ground water
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energy into the reach [3], the ground water enexgyof the reach [4], the lumped
energy term (from the energy for evaporation, cotiga, and long wave radiation)
[5], the outgoing energy of the water [6], and shared energy (going into hyporheic
exchange and the surface water). Conduction &ddrtional energy in the system.
The control volume contains both the river watet Hre conduction of river water to
bed material (the hyporheic exchange site). Tloeeethe conduction term is
incorporated into the stored energy in the contobime.

The energy balance is based on the conservatienesfjy and can be written
as the rate of change of stored energy is equhbktdifference between the total
incoming energy (B and the total out going energydE
Rate of change of stored energy within the contotlme = E [J/s] = & — Eo
For the purpose of this study it can be stated as:

Rate of change of stored energy = (incoming watergy + solar radiation energy +
ground water energy in) — (ground water energy+oluimped energy + outgoing
water energy)
Where the energy stored remains in the materidlimihe control volume, including
the surface water and the hyporheic exchange zone.
The energy fluxes are denoted:
water energy in = HJ/s]
solar radiation energy =s[E)/s]
ground water energy in ;HJ/s]
ground water energy out dJ/s]
lumped energy term = B/s]
water energy out = #J/s]
In this notation the energy balance can be wrigign
Ec=(B+E+Ey)— (Bt B+ E)
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The makeup of each energy flux within the energiaihce can now be
determined. The energy fluxes will be computeddive for the difference between
the inflowing and outgoing energy giving the ratelsange of stored energy within
the control volume (see Figure 3.14 for concemtashpened temperature at outflow
due to hyporheic exchange). First the inflowingrggy flux is computed. The
incoming water energy [1] is computed at the pemity to the control volume by
finding the incoming temperature (°C]). All temperatures are referenced to 0°C to
insure correct energy flux calculations. To conepthie energy flux the temperature is
multiplied by the volumetric thermal heat capadcifyvater (G = 4.18 x 16 J/°C i,
for water at 20°C) and the flow into the study fe&@[m*/s]) to determine the inflow
energy.

Ei= CGuw(Tw(Qs)

Solar radiation follows a diurnal pattern and isrtéfore a function of time.

The energy input from solar radiation (S) [2] wagw@red from weather station data
in the Walla Walla River Basin near the study rea€he net solar energy flux is
computed as the solar radiation as a functionneé tmultiplied by the fraction of the
river's surface area (R [i}) that is exposed to the solar radiation. Becahsesolar
radiation does not directly impact the shaded portif the river, the surface area will
be multiplied by the fraction of area that is exgub$o the solar radiation. In this case
10% of the river was shaded so the surface areanu#iplied by a shade factor (F) of
0.9.

Es= S(R)(F)

The energy of the ground water inflow [3] can le¢etimined by finding the
temperature of the ground water inflowy(¥ 14°C). The energy flux is computed by
multiplying by the volumetric thermal heat capaafywater and the total ground
water flow in the reach (Q= 0.36 ni/s).

Egi = Cow(Tgi)(Qqi)

The energy for the ground water outflow [4] isetetined similarly, taking its

temperature to be equal to that of the surfacernvdtine control volume, J[°C].

The flow data for the study reach shows no sigaiftcchange in water from the
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inflow to the outflow; since we have determinedtttinere is cold water flowing into
the reach their must be an equal amount of wateririig out of the reach. For this
particular case the ground water outflow we takke@qual to the ground water
inflow (Qgo = 0.36 n/s).

Ego = Cow(Tev)(Qgo)

The lumped energy term (L [J/SPnrepresenting evaporation, convection and
long wave radiation [5] was obtained from Heat $eur. 7.0 (ODEQ, 2005), an
energy model that has been calibrated for thig neach. This term for our study
reach was determined by using the Heat Sourcenation from August 2002, giving
an estimate for this study (summer of 2007). Asnsa Figures 3.15 and 3.16 the
climatic data for August in these two years is amitherefore 2002 data can be used
as an approximation for 2007. The energy takem firteat Source is then multiplied
by the surface area of the river reach.

E =L(R)

The energy flux out of the river reach [6] is dateed in the same manner as
the energy into the reach. The volumetric heaaciy of water and the flow of the
reach are multiplied by the downstream temperdaflyg CJ).

Eo = Cu(Ta)(Qs)

The conceptual model (Figure 3.12) above also psrta the energy balance
necessary to find the functional volume of the higpac exchange. The hyporheic
exchange depicted in the model along with the saréaea of the hyporheic exchange
can be used together to find the functioning deptihis zone. Some assumptions
made for this calculation are that the hyporhechaxige is continuous along the study
reach and is directly below the surface water,cooting in on the sides of the
channel. The second assumption stated abovelewiden there is such a large
width of surface water to depth of water ratio.e$& assumptions help to keep this
calculation as a stripped down simple formula tip lggiantify the hyporheic
exchange. The same idea of the continuous hypoéxehange can be used to find
the depth for discrete zones of hyporheic exchatingeglepth will be much greater in

discrete locations of hyporheic exchange becawessdme amount of cooling must
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Lumped Energy Term Varification
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Lumped Energy Term Verification
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take place in a shorter distance. Both continamesdiscrete hyporheic exchange are
important to consider, but the DTS instrument jgsadde to pin point the discrete
locations based on the peak hot and cold daily ézatpre profiles.

Depth of the hyporheic exchange can be found thraogsideration of the control
volume (Figure 3.13). Since we have the calcutetio the rate of change of stored
energy for the control volume (hyporheic exchanlges purface water) and we know
the volumetric heat capacity for water and the imaerial, the volume of water above
the hyporheic exchange site, and the porosity@btd material to be 0.3 (Constantz
et al., 1996; Edwards, 1998), we are able to caleihe volume of the hyporheic
exchange site. Since the porosity of the bed natsrD.3 we know that the bed
material takes up 0.7 of the volume in the hypartegichange site, this will be used to
help calculate the volume of the hyporheic excheasiige

The energy stored within the control volume [s]) resides in both surface
water and the water sediment mix of the hyporheahange. The depth of hyporheic
exchange calculation is based on the energy storn@ control volume that is not
stored in the surface water.

The energy balance will be based on the volumbtat capacities of the
different material within the control volume anc tstored energy within the control
volume. The stored energy within the control voduwill be integrated over time in
order to find the cumulative energy the thermal sraE{¢he hyporheic exchange must
account for. From Figure 3.17 we can see a mddehat the control volume
contains. Using this model (containing a knowruveé of surface water), the
volumetric heat capacity of the sediment, and ¢neperature change of the control
volume over a specific time period we can derivequnation to determine the depth

of the hyporheic exchange.
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Figure 3.17 Conceptual model of continuous hypark&change.

The terms used for this derivation are denoted:
E.= Rate of change of stored energy within the cdmptume (J/s)
V = Total volume of control volume @
Vi, = Total volume of hyporheic (
V., = Total volume of water above hyporheic exchargeez(n’)
T = Temperature of the control volume for time diora{°C)
t = Time duration the calculation was completed (s)
Cw = Thermal volumetric heat capacity of control vokid?C nr)
Cw = Thermal volumetric heat capacity of watefGIfr)
Cvs = Thermal volumetric heat capacity of sedimerfiGt?)
SA = Surface area of hyporheic zoné’m
Dy, = Depth of hyporheic zone (m)
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We begin with the previously calculated energyexdowithin the control volume and

find:
dt

This can be integrated as:

j T = o j it
C(NVCV
Giving:
AT = E, At
C(N cv

Now we can expand the control volume terms to ipoate the materials involved.
c.V, =C, (v, +03v,)+C 07V,
This can be substituded in for the control voluerans:

AT = E, At
C,.(\v,+03v,)+C 07,

The volume of hyporheic exchange can be computed as

ME,

v = AT
=
03C,, + 0.7C,,

- CWVVW

Once the volume of the hyporheic exchange has bedeunlated the depth of the
exchange can be found by simply dividing the calt@d volume by the surface area
the hyporheic exchange occurs over (for our caskave made the assumption that
the hyporheic exchange occurs over the entire teaigtl width of the channel).

Vh

Dh:§
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3.3.3 Fish Survey

During this study, the USFWS conducted a survey erfiih found in this
reach of the Walla Walla River. The survey deteedithe number of fish and
species found throughout the study reach duringnndaytime temperatures. The
surveyors recorded the cable distances when theg tmanschool of fish during their
snorkel survey which started at the downstream seofithe study reach and went up
the river to the end of the study reach. This §ghvey will be used to determine if

the fish populations are locating the cold watelows during warm daytime periods.
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4.0 Reaults

4.1 Calibration and Jitter Removal of DTS Data

The temperature offset for post calibration of BNES data was determined to
be approximately 5C by checking ice bath temperatures using a highugen
VWR temperature probe, which has a temperature rgsolaf 0.002 C. This was
determined through calculating the difference betwtbe VWR temperature
measurement and the temperature measurement gite DTS for the ice bath.

The upstream ice bath was found to be -0°@@&nd the downstream bath to be
0.012° C. The two fiber optic cables used for thigly meet at the ice bath at the
1030 meter mark. This junction is noticeable intdmaperature measurements
because at this point the temperature profile steogke in the record due to the
barrel connector. In Figure 4.1 it is easy totbe¢ the ice slurry baths are not read as
zero by the DTS system, giving the necessity ferdfiset correction. The entire
temperature profile was adjusted for this offsege@btemperatures that will be close to
the true stream temperature.

The offset was found to be a reduction of the DT&sueements by 5.02
Celsius. Figure 4.2 shows the basic trace acqfiiomd DTS viewed through MatLab
that has been adjusted for the offset. This traoesghe temperature averaged for one
hour every meter along the 2000 meter study reach.

When the temperature data was viewed in the MatLabexformat, a jitter
(typically between 0.5 to 1.0° C) was seen, wheralita was displaced either up or
down (movie not presented in this thesis). Thig€eji was first seen in an ice
temperature bath. The temperature should not uatiange within the bath, but
some jumps were noticed. Through discussions W&HXTS manufacturer it was
learned that this defect reflected a firmware def@dth is prominent when the
instrument is used in double-ended mode with highk fiber optic cable (our case).
The jitter seen was not due to true temperaturaggmfrom the river and therefore it

was necessary to remove before further data intewtpye took place. This jitter was
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corrected for by first plotting temperature verthestime for the DTS measurements
(Figure 4.3). The plotted river temperature shdaltbw a smooth pattern due to the
influence of air temperature, solar radiation, #rehigh thermal heat capacity of
water. This was not the case with the jitter preserthe data set needed to be
smoothed out post collection. To accomplish theatmng, a 5hr running average of
the hourly temperatures was taken to get an adjusteperature measurement (see
Figure 4.4). For the running average a sectiomft®77 to 1425 meters along the
river was used because it showed quality water terperaith no spikes due to air
temperature. The differences between the averagepgerature and the true
temperature were found and added to the entireselatar the duration of the study.

This gave a new adjusted temperature dataset tedukfar all calculations.

4.2 Cold Water Refugia

The temperature data was viewed at several difféirastintervals throughout
the day to see how nighttime temperature changediffay from the ones during the
daytime (see Figures 3.5 and 3.6). The temperadatgewere averaged throughout
space and time to find locations where there was)aremus drop in the surface
water temperature; possibly indicating areas of eakr inflow (see Figure 4.5).
The three meter average nighttime (3am to 7am) ¢éeatyre was plotted along with
the three meter average hot daytime (6pm to 10pmperature in Figure 4.5 to see if
the dynamics expected between hyporheic interaztoes and ground water inflows
would become noticeable in this dataset.

The flow survey done by the Walla Walla Basin WdtedsCouncil
(WWBWC) at the time of the DTS and fish study foawtrage stream flow of 0.9
m3/s (Table 4.1) for the entire river reach with aroepf 10 % for the cross-sectional
flow measurement method used (Bob Bower, per comeation, 2007). The flow
data was necessary to help quantify the ground wtew to our study reach. The
ground water temperature is also necessary fordimbined conservation of mass and

conservation of energy equation used to quantibyigd water inflow.



Un-Calibrated Temperature Data for the Walla Walla River
8/22/2007 - 8/23/2007 For ice baths all data should be zero degrees

and air temperatures at same point should
have same temperature, implying a need for
offset and possibly slope correction
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Table 4.1 Surface water flow measurements and eéxiground water inflows.
Shaded ground water inflow neglected in averagesaloennector effect.

Surface
Ground Water | Water Temperature ( C) Ground Water
Flows
Start (m)[ Stop (m)| (cfs) | Tg | Ti To Flow (cfs) | Flow (n)
315 355 32.8 14 17.96 17.87 0.76 0.02
460 500 34.2 14] 18.04 17.96 0.69 0.0%
630 705 32.5 14 18.1p 18.00 0.98 0.03
918 940 32.6 14 18.04 17.84 1.70 0.0%
978 1008 32.1 14 17.92 17.72 1.73 0.0%
1610 1643 32.9 14| 18.2Q 18.00 1.64 0.0%
1900 2048 30.4 Averagd 1.25 0.04]
Average 32.9

The data from ground water wells in the same aqinfiicate the average ground
water temperature for July of 2006 (most recent)datae 14° C. The ground water
inflow sites were determined through the correlatioefficient from cool nighttime to
the warm daytime temperature of the surface watgu(gi4.5). Any place that the
two dropped in unison was designated as ground wadkth@ distance that the drop
lasted was recorded (see Figure 4.6 for specigskitAt each identified ground water
inflow the temperatures from 10m before the dropGm after the temperature drop
were recorded and the ground water inflows were diightising (Table 4.1).

The traces for peak daytime temperature and forrgbttime temperature
(Figures 3.5 and 3.6) can be examined for hyporetbange as well. The overall
average will not show any temperature shift or wibwtvery little temperature
structure for the location of hyporheic exchang®wever, when comparing the peak
daily to the cool nightly temperatures the locatdrinyporheic exchange should be
noticeable. Remembering that these locations easebn as temperature drops during
the peak daily surface water temperatures, but divigd in temperature at the same
location during the low nightly temperatures (seguFe 4.7 for possible hyporheic
exchange sites). The temperature shift betweert amghdaytime temperatures at
these hyporheic exchange sites are a negativeaorecoefficient (Figure 4.5).
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4.3 Calculations

4.3.1 Solar Radiation

For this section the influence of solar radiatisraonsidered. This calculation
will be used to understand the expected magnitudieec$olar radiation from sunrise
to mid-day and the amount shade will reduce thiasarwater temperature. To
complete this calculation we will use the solar radg a shade factor (the shade
changes diurnally on the channel, we have usedhade expected during the mid-day
peak solar radiation), and the channel’s surfaea.af he total solar radiation will be
determined based on the surface area of the wateisthffected by the solar
radiation. Using the Lefore Eto meteorologicalistatiata for the study duration we
found the average hourly values of solar radiatitom sunrise to sunset. The length
for the site specific channel values was taken filoenDTS measurements and the
width was determined from a field visit (the widthist precise and therefore can be
considered an assumed width). The calculatioth®effect of shading at peak solar
radiation can be completed as follows:
Peak solar radiation: 1000 Wrmr 1000 J/ (rfs) (NASA, 2008)
Example shaded channel distance: 50 m
Average channel width: 10 m
Average water depth: 0.1 m
Heat capacity of water: 1 cal/ (gram °C) or 4.18dam °C)
Water flow (Q): 32 cfs or 0.9 #s
Velocity = Q / cross-sectional area

= 0.9 n/s / (0.1m*10m) = 0.9m/s
Time of water travel = distance / velocity

=50m/0.9 m/s=55s
Water mass = density * volume

= 1g/cn? (1000cm*10cm*5000cm) = 5.0*19
Total Solar radiation = Travel time * solar enefggurface area

=55.12s * 1000 J/ (f8) * 500 nf = 2.76*10 J
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Energy per water mass
=2.76*10 J / (5.0*10g) = 0.55 J/g
Change in water temperature from 50m of shade
=0.55J/g/(4.18J/ (g °C))=0.13 °C

4.3.2 Ground Water

To quantify the expected down stream temperatutieamiver due to ground
water inflow, it is necessary to use the flow and terafure of the upstream water and
average it with the flow and temperature of each gglouvater inflow site. The
following is a simple calculation to quantify theexft a ground water inflow has on
the surface water temperature in our study reatheiWalla Walla River, Oregon.
Surface water flow, 32 cfs or 0.9°fs; average ground water inflow quantified (table
4.1), 1.4 cfs or 0.04 ¥fs; surface water average peak summer daytime tetoperto
be 20.44C found from averaging the daytime temperature froentemperature
measurements in Figure 4.6; and ground water termerd 4°C .

After mixing (weighted average) the expected dowrastréemperature is
= (0.9 n¥/s * 20.44C + 0.04 ni/s *14°C)/ (0.04 ni/s +0.9 ni/s) = 20.18C

This calculation suggests that there is an avedlageease of 0.268C to the
surface water per ground water site. All sites dohawe the same flow, but here we
have used the average flow expected for the tygicalnd water site along the study
reach (see Table 4.2 for flow data). This valuesisful when determining how much
each ground water site throughout the study reaghdeerease the river’s overall
temperature. Also, the calculated temperature deserfom ground water is
important to find the expected energy stored indnlgpic exchange, which is
discussed later in this thesis.

As discussed earlier, the ground water inflow sikeégure 4.6) have a strong
positive correlation coefficient because in summenths the ground water inflows
are continuously at a cooler temperature thandhfase water flow. Both nighttime
and daytime temperatures at these sites will beectlodn the surface water



Table 4.2 Ground water inflows calculated; theanflfrom 1980 to 2045m was neglected in averagedaltiee possible end
effects that could be giving a false decreasenmptrature reading at this site. Standard devistidrsurface water
temperature of the 10m section before and 10maseafter the ground water inflow are given.

Temperature ( C) Temperature ( C)
Ground Surface Cold Standard | Ground Standard | Ground
Water Water Nighttime Deviation | Water Warm Daytime Deviation | Water
Start | Stop | Flows Flow Flow
(m) (m) [ (m"3/s) | Tg Ti To (m"3/s) Ti To (m"3/s)
240 | 260 0.93]14]16.98 | 16.94 0.06 0.01 | 20.45 20.30 0.02 0.02
600 | 630 0.97 | 14| 17.38 | 17.23 0.04 0.05 | 20.47 20.33 0.03 0.02
918 | 940 0921141757 |17.38 0.11 0.05 | 20.08 19.78 0.07 0.05
970 | 1000 0.91]14|17.55] 17.15 0.03 0.12 | 19.88 19.65 0.01 0.04
1330 | 1345 092114 (1773|1761 0.02 0.03 ] 19.98 19.84 0.03 0.02
1445 | 1455 092 ]14[17.84]|17.69 0.08 0.04 | 19.91 19.82 0.04 0.01
1825 | 1835 0.91]14(17.89|17.82 0.02 0.02 | 20.13 19.92 0.05 0.03
1925 | 1950 0.93]14(17.81 | 17.57 0.08 0.06 | 20.00 19.70 0.06 0.05
1980 | 2045 0.86 | 14 | 17.55 | 16.70 0.27 | 19.77 18.97 0.14
Average 0.05 Average 0.03
Average Inflow 0.04

L9
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temperatures found upstream to these sites; ome@aas Figure 4.8. In Figure 4.8
the highlighted section of the graph shows that tie¢mighttime temperature and the
daytime temperature both have a cooling trendimltitation which, according to our
definitions, is a ground water inflow.

Using the nighttime temperature change at meters-®30, using the ground

water inflow calculation we find:

17.38°C-17.57 Cj — 0.05ms

Q, =0.9m’/s* (
14.0°C-17.57°C

And for a daytime temperature change at the saositm we find:

19.78°C-20.08°Cj — 0.05n%s

Q, =0.9m’/s* [
14.0°C-20.08°C

this represents about 5 % of the total stream flewground water site.

4.3.3 Hyporheic Exchange

For this discussion hyporheic exchange will be abiarized as an area where
surface water drops below the bed material intcsthesurface where it is not directly
affected by solar radiation for duration of up teealay. The water then re-emerges
to combine with the surface water. The temperatutke hyporheic exchange is
based on the diurnal temperature cycle and thexefas important to set the passage
of water through the hyporheic exchange to six siolirthe duration of water passage
through the gravel was less than six hours it geeted that downstream temperatures
would not cool off to the same degree that weradbin the measurements. The
water would not carry the temperature signaturmfeocooler time of day, but rather a
signature from a time of day slightly prior to tteeorded time. Likewise, if the time
of travel were much longer than the six hours,rgér lag in the temperature would
be expected and it will begin to re-enter the stredth a signature close to the
average daily or average weekly temperature. ypbhheic exchange is defined by a
longer duration it will be difficult to locate thugh DTS measurements. Water
emerging with residence time greater than one dhy®designate as a ground water

for the purpose of this study.
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For the hyporheic exchange we are interested dirfgithe depth of the
hyporheic exchange that is necessary for the tesmtyrers we have recorded along the
fiber optic cable. For the data interpretatioB;laour travel time for water through the
gravel will be used to further simplify the calditens. Through the energy balance
incoming and outgoing calculated energies are tsédd the necessary rate of
change of stored energy in our control volume mstvhere any excess energy must
have gone. The energy balance can be used tthincte of change of stored energy
in the control volume with the assumption thathlgporheic exchange is continuous
over the entire study reach (1.7 km). In ordeutther understand the calculation it
has been broken up into energy budget componedtsaoulated for each hour from
sunrise to peak solar radiation (the example catmns will be for 1pm, peak solar
radiation for the Walla Walla River in August, 2007
Incoming energy, & Cow(Tu)(Qs)

4.18 x 16 J/(°Cm®) * 20.64°C* 0.9 m*/s = 7.8 x 10J/s
Solar radiation energy,s& S(R)(F)

1011 J/srh* 20000 T * 0.9 =/1.6 x 16J/s
Ground water energy in,gE= Cow(Tgi)(Qgi)

4.18 x 16 J/(°Cm®) * 14°C* 0.32 n?/s = 1.9 x 10J/s
Ground water energy outg&= Cow(Tev)(Qqo)

4.18 x 16 J/(°Cm®) * 20.45°C * 0.32 nt/s = 2.0 x 10 J/s
Lumped energy term, E L(R)

88.2 J/sm* 20000nt = 1.5 x 16 J/s
Outgoing energy, & Cw(Ta)(Qs)

4.18 x 16 J/(°Cm®) * 20.35°C * 0.9 /s = 7.7 x 10J/s
The rate of change of stored energy would be tbenting energies minus the
outgoing energies,&E (E + E+ Ej) — (Ego+ B + B) =6.5X 16 J/s

This was done for all hours from sunrise to thekpmal-day solar radiation
(Table 4.3) and the sum was computed. The depttediiyporheic exchange can now

be found from the cumulative amount of energy tixnt into storage. This depth can
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be computed with the known volumetric heat capauiyoth water and sediment in
the control volume, the porosity of the bed mateaad the known volume of surface
water.

Table 4.3 Calculated hourly energy fluxes.

Hour Ei (J/s) Es (J/s) | Egi (J/s) | Ego (J/s) El (J/s) Eo (J/s) Ec (J/s)
5am 5.4E+07 | 2.2E+05 | 1.9E+07 | 2.0E+07 2.8E+06 | 5.8E+07 | -8.2E+06
6am 5.7E+07 | 2.1E+06 | 1.9E+07 | 2.1E+07 2.8E+06 | 6.0E+07 | -5.7E+06
7am 6.1E+07 | 4.5E+06 | 1.9E+07 | 2.2E+07 2.6E+06 | 6.3E+07 | -3.5E+06
8am 6.5E+07 | 7.5E+06 | 1.9E+07 | 2.3E+07 2.4E+06 | 6.5E+07 | -1.4E+05
9am 7.0E+07 | 9.7E+06 | 1.9E+07 | 2.5E+07 2.0E+06 | 7.0E+07 1.6E+06
10am 7.3E+07 | 1.2E+07 | 1.9E+07 | 2.6E+07 1.6E+06 | 7.3E+07 | 3.1E+06
llam 7.6E+07 | 1.3E+07 | 1.9E+07 | 2.7E+07 1.5E+06 | 7.5E+07 | 4.3E+06
12pm 7.7E+07 | 1.5E+07 | 1.9E+07 | 2.7E+07 1.4E+06 | 7.6E+07 | 6.1E+06
1pm 7.8E+07 | 1.6E+07 | 1.9E+07 | 2.7E+07 1.5E+06 | 7.7E+07 | 6.5E+06

Sum 4.0E+06

The apparent heat capacity of the hyporheic exahahguld equal the heat
capacity of the overlaying water (& plus the heat capacity of the sediment)C
(2.64 x 16 J/(°C m*)) (Kulongoski and Izbicki, 2008) and the watetlie hyporheic
exchange combined. Using these values we maylatddie apparent hyporheic
exchange depth. The heat capacities used are gtiorao the volumes of water (Y
and hyporheic exchange yMnust be incorporated. These volumes are negessar
calculate the depth of hyporheic exchange. Thamelfor the hyporheic exchange is
based on porosity for the alluvium; the stream toederial for the study has an
assumed porosity of 0.3. Once the volume for fporheic exchange is found, the
depth can be derived by dividing the volume bydtgace area (SA) for the reach;
17,080 M. For a continuous hyporheic exchange in thisysteedch we can calculate

the volume as:
* * N
32406* 40*10°J /s _ 418*10°J/m3°C

V, = 53C__ —__=55301°
0.3* 4.18*1C°J /m*°C +0.7* 2.64* 10°J / m*°C

VH/SA = Depth
5530n% /17080 M= 0.32 m
0.3 m *100 cm/m =30 cm
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Having assumed that there is 10 cm surface wassept above these
locations of hyporheic exchange (based on fields)ithe same methodology as used
for the continuous hyporheic exchange above ispabée for discrete locations of
hyporheic exchange with one exception; the suréaea of allowable exchange has

been limited. The volume of the discrete hyporleichange will still be the same:

3240G* 40*10°J /s

- - 418*10°J/m*°C
V, = 53C__ —__=55301°
0.3*4.18*10°J/m°°C +0.7* 2.64*1C°J /m*°C
However the surface area of interaction has changed
5530 nt / 3100 M = giving 1.8 m of depth per site.

Individual locations, determined through the negatiorrelation coefficient between

night and daytime surface water temperature measnts, of hyporheic exchange

can be seen in Figure 4.9.

4.4 Fish locations

The last objective of this research was to compaedJSFWS fish survey with
the locations of cool water refugia that had beeterinined through the correlation
coefficient. The USFWS survey was overlain ontijigorheic and ground water sites
found through the stream analysis. This was dorse¢af the cold water fish species
are congregating in cool water inflows during thermvest times of the day. Through
this comparison the number of cold water fish foahthese sites is compared to the
total amount of cold water fish found over the enteach (see Figure 3.3 for satellite
imagery of the stream reach). Table 4.4 showsishdocation data collected by the
USFWS during their fish survey completed for thedgtreach. Through the cool
water location data and the fish survey data, atgreinderstanding of where fish may
be located to avoid warm river temperatures infadla Walla River may be realized.
The percentage of fish congregating at cold watirgia sites and whether they are
cold water species is seen in Table 4.5 and isugdssd later in this thesis. Ultimately,
this may provide valuable information for the putien of these species.
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Table 4.4

Snorkel surveys completed on 8/16/2007. This suwey

completed by Courtney Newlon, Marshall Barrows, and

Ryan Koch of the USFWS, Columbia River Fisheries
Program Office, Vancouver, WA.

Snorkeling started at the downstream end of caiide a
ended at Maurer Lane.

Cable Cable Hat.

start end CHK Nat. CHK O. mykiss | Redside N. Adult
(meters) | (meters) | juv juv juv Sh. Dace | suckerpikeminnow | Chinook
13 45 0 24 12 200 200 60 100 0
58 85 0 17 10 50 150 10 25 0
68 94 3 6 7 80 150 20 15 0
111 141 2 25 21 100 150 20 20 3
192 228 3 8 20 50 250 100 25 0
438 462 2 75 30 200 300 10 30 0
496 527 0 15 4 25 500 25 5 0
604 627 0 160 22 200 400 35 25 0
645 660 0 20 0 250 200 100 10 0
698 712 0 144 25 100 200 40 15 0
733 756 0 26 3 50 300 25 15 0
860 883 1 194 55 300 500 100 50 0
948 1018 0 15 35 50 100 0 5 0
1045 1068 2 40 18 50 100 10 10 0
1120 1135 0 19 8 50 20 5 2 0
1154 1180 1 40 25 150 300 40 30 0

V.



Table 4.2 (continued)

1318 1332 1 16 15 20 150 5 2 0
1366 1398

4 128 60 100 400 60 30 0
1550 1564 0 41 27 20 250 0 3 0
1616 1664 0 105 63 200 550 75 100 0
1787 1798 0 23 5 18 55 0 3 0
1845 1886 1 75 38 100 200 50 25 0

Hat.

CHK Nat. CHK O. mykiss | Redside N. Adult

juv juv juv Sh. Dace | suckerpikeminnow | Chinook

Totals 20 1216 503 2363 5425 790 545 3
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Table 4.5 Fish locations from USFWS survey in catioe with sites of refugia

Shading for locations with ground
water inflow or hyporheic exchange
Chinook
Cable start| Cable end | Distance Salmon and
(meters) | (meters) (meters) | All fish Rainbow Trout
1987 1955 32 596 36
1942 1915 27 262 27
1932 1906 26 281 16
1889 1859 30 341 51
1808 1772 36 456 31
1562 1538 24 647 107
1504 1473 31 574 19
1396 1373 23 842 182
1355 1340 15 580 20
1302 1288 14 524 169
1267 1244 23 419 29
1140 1117 23 1200 250
1052 982 70 205 50
955 932 23 230 60
880 865 15 104 27
846 820 26 586 66
682 668 14 209 32
634 602 32 782 192
450 436 14 341 68
384 336 48 1093 168
213 202 11 104 28
155 114 41 489 114
% stream length in
refugia with fish present 17.8
Cold water
All Fish | species
Total Individuals residing
in refugia 5810 1015
% of Individuals residing
in refugia 53 59
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5.0 Discussion

When the data analysis was first underway somessarose that had to be
managed for; this included the high noise in tlEitacset and the jitter from the DTS.
The temperature profiles for this study had higls@pothe standard deviation in the
data is 0.52C. This high noise is probably due to the higlsloable used (discussed
further in the concluding remarks of this thesisjl the short distance that was used to
integrate the temperature over (one meter). Feojitier found in this data set a
smoothing average was employed to have the ddtavfthe smooth daily
temperature variations that are occurring in thtena setting. Still some small
bumps in the data remain. These bumps, seen imd-#g3, may represent true
temperature variations that occur in this riveheTiver is completely regulated
during the time of year the cable was deployede tEmperature changes may be due
to water being drafted or diverted for agricultugestream of the study reach (per
communication with WWBWC, 25 June 2008).

5.1 Solar Radiation Blocked

Solar radiation is the largest contributor to rikheat and is therefore important
to understand. It is equally important to underdtevhat happens to the river
temperature when the solar radiation is blockesad8g blocks solar radiation, in
essence, cooling a stream reach by reducing thddaeh(Hostetler, 1991; Naiman et
al., 1992; Davies and Nelson, 1994; Li et al., 19dole and Berman, 2001). The
magnitude of reduced heating from shading can ée geough simple calculations
that account for the heat capacity of water, tharsadiation input, the surface area of
the river, and the flow for the river. The objeetis to see if these calculations will
show that the heat blocked from a shaded stretehriokr reach will be noticed in the
DTS temperature profile of the study reach.

Let us consider the difference a 50-meter patchatling would have on a
2000-meter section of river. The addition of arbéter patch of shade would result in

a 0.13°C reduction in the peak downstream temperatursees in the results section.
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This calculation was completed using the peak surimme solar radiation of 1000
Watt/nt, as discussed earlier. This gives the basic stateting of what may be
expected for a small section of shade in a 200@&ns=gment of river in a location
similar to the Walla Walla River where this studgsacompleted. Due to the high
noise in our measurements and the gradual natwgerfaice water cooling from shade
we are unlikely to detect the discrete temperathenges from shade, in our study
reach. A single patch of shade will have a tempegachange that would fall within
the standard deviation of a single trace.

Now consider our study site in the Walla Walla Rispecifically. A majority
of the river had limited vegetative cover during fieak solar radiation. There was
approximately triple the amount of shade from theva example, 150-meters of
shade over the entire 2000-meter stretch that wagged. This suggests a maximum
of 0.47 ° C mid-day reduction of temperature oreewater flows from the top to the
bottom of the 2000-meter study reach. Since #ngperature change in the natural
setting is gradual for the river reach (shadinig idistinct locations covering the entire
river at some locations, and is in patchy spot®fber locations) sudden drops in the
DTS temperature trace due to the shaded sectienswaexpected. Cumulatively
these shaded sections have an effect on the rgiaoig a net change of temperature
for the entire study reach of 0.47 ° C. This shbew re-vegetating a river may
decrease the river's temperature significanthoiinpleted over a long stretch of the
river. Shading a river can have a large cumulaitect on decreasing the river’s
overall daily temperature. This is especially tfoethose rivers that need a 1 or 2 °C
drop in the peak temperature for their TMDLs. Bgding an additional 300 meters
of the study reach we would expect approximately’& drop in the temperature of
the outflow of the reach during peak temperatures.

This same calculation can be used to find solatifgeéor the entire 2000
meter reach un-shaded. When calculated for pefkstdar radiation, an increase in
temperature by about 40 times this amount or &£3vas found. If the 2000 meter
study reach was not shaded the water temperaturl wrease 5.3 ° C from

beginning to end of the study reach. Throughwésan see that when a river reach
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has its vegetative cover completely removed, we exggect some devastating affects
on cool water dependent fish species. The shag® miut create any sudden changes
in structure in the temperature profile that wogilee rise to thermal refuge for
surface water species; however it does keep tlee fiom maximized temperatures.
For the study reach the heat blocked by shasgeaigered and is therefore
difficult to quantify and locate through the DTS asarements. Much of this study
reach has full sun exposure and is not well shadéas study will take into account
the effect shade will have on blocking solar radmatbut will not try and find an
example of shading using the DTS measurementseThay be a reduction in
temperature for the entire river due to shadefdouhe study reach it is difficult to

locate specific changes from the DTS temperatute dize to stream shade.

5.2 Refugia

The hyporheic exchange and ground water inflowsgfégures 4.6 and 4.7)
were found by using DTS temperature data. Thamecof the river that were
identified through the correlation coefficient ather hyporheic exchange or ground
water inflow were then visually checked to sednd tocations agreed with our
understanding of what a ground water inflow or hjygic exchange location would
look like from temperature profiles of the rivelVe have created a method to
continuously locate areas along any particularnieach that give the most amount of
cooling. These locations can be differentiated mathtained in order to help ensure
that cooling at the hyporheic exchange and grouatgmsites during peak
temperatures continues.

One concern with temperature measurements frordTt&system is the
magnitude of the temperature change that the DT&umes from the cool water input
to the river. The DTS is giving a reading everytenebut the water flowing from the
hyporheic exchange may not fully mix for severateng, so a false reading for the
amount of cooling occurring to the surface watenfrhyporheic exchange or ground
water input may be seen. If the surface wateoixompletely mixed with the cool

water inflow a larger drop in temperature for eaobl water inflow site would be
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used in the calculations, giving calculated coolewanflows that are larger than

reality.

5.2.1 Ground Water Inflow

The ground water inflow sites were chosen baseith®@positive correlation
coefficient between the night and daytime tempeestu This was then visually
inspected to make sure that the temperature patigrected for ground water is found
from the data determined to be ground water thrdbglcorrelation coefficient.

Areas that are not accepted as ground water irgltas are discussed later. For an
example of ground water inflow see Figure 4.8,dbeelation coefficient for the site
is 0.95. The expectation for a strong positive@ation for a ground water location is
a sudden drop in temperature for both night andtitiag temperatures. Surface water
temperatures will not show a sudden decrease ipdeature continuously for the
three week average day and three week averagdimgtiemperatures unless a
cooling source enters the river. For the data filoenWalla Walla River, locations
that have the characteristics seen in example Eg& are considered ground water
sources. Through the DTS method we have succhskfaated cool ground water
inflows to the study reach. This information vkt useful for the Walla Walla Basin
Watershed Council to help protect cold water fisithie region.

The ground water inflows were based on the sunfaater flows found in the
river at one hour of the day. This river fluctusaie surface water flow during the
summer months due to withdrawals upstream. Thetuliing surface water flows
will give a fluctuating computed ground water iMipthis was not accounted for in
this thesis. The surface water flows from the lgingpur flow survey were used to
show the utility of the hyporheic exchange caldolanot for accurate daily ground

water flow measurements.

5.2.2 Hyporheic Exchange
The apparent global hyporheic exchange and evidemdecal hyporheic

exchange were also considered in this researck.difference in energy inflows and
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outflows to the study reach will show the amoungeérgy the hyporheic exchange
must have stored. For the hyporheic exchangeilleaion to find the incoming water
temperature the first 50 meters of DTS surface mtateperature data were used. For
the outgoing water temperature the last 50 metelsI§ water temperature data were
used. By subtracting the average daily temperdtane the peak daily temperature
for the upstream section, we find a 1°Z3average daily and when the same is done
for the downstream section we get a 0@8average daily increase. Making this
calculation we see that the upstream temperatuegehis greater than the
downstream temperature change. So a questiow#sabrought up is what happened
to this excess temperature? We think that thisbeaexplained through the hyporheic
exchange sites in the river.

The stored energy in the control volume gives theessary thermal mass for
the hyporheic exchange in order for the downstresamperature of the study reach to
have a temperature lower than what would be fohralgh the energy budget if no
hyporheic exchange was considered. Becauseitheoeassumed depth we can use
the heat capacity of the hyporheic exchange arfdciarea of the river to determine
the necessary depth of the hyporheic exchange.

From what has been calculated for the thermal rob®e hyporheic exchange
the necessary depth for this zone can now be foliings depth is the distance that
surface water had to continuously infiltrate irtte streambed for the entire reach
length in order to create the energy exchange nkefedehe downstream temperature
found in the DTS temperature profile.

The effective depth that the surface water flow#d the hyporheic is
approximately 30 cm. This is on the same ordehaft5-15cm range that Harvey et
al. (1998) found for similar stream bed porositytfas study (0.3). This indicates that
approximately 50 percent of the total water is cardlly in hyporheic exchange, or
that an additional 9.6 cm of water can be founthensediment below the 10 cm of
surface water that is flowing along the streammeac

It is important to consider locations of hyporhekchange that may be located

through the DTS temperature measurements; thesbeadescrete hyporheic
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exchange sites. The same calculations as useorfitinuous hyporheic measurement
were for the effective depth of the hyporheic exg®at each of the discrete
hyporheic exchange locations. Each site is assumkdve had 10 cm of surface
water above them so a majority of the water flomrsugh the porous media of the
stream bed. The nine locations where the distrgterheic exchange takes place will
be used; this is based on a -0.8 correlation aoeffi or less.

By changing the calculation from a continuous hyedr exchange to discrete
locations of exchange, while maintaining all othspects of the study channel equal,
each hyporheic site would have approximately 1.8&mselepth of exchange. This
depth for a single hyporheic exchange site is coaipa with some of the findings by
Fellows et al. (2001) where one of the streambeir study had a hyporheic exchange
depth of 2.04 meters. This means that below theni@f water on the surface there is
an additional 50 cm of water within the sedimenthat 80 percent of the total
amount of water is flowing through hyporheic exopaiat these locations. This does
not seem impractical from what was seen in thel fiflhese calculations show that
this new method of locating and describing hyparleichange continuously along a
river reach looks to be comparable to past researtiis method has advantages over
past methods in that it will continuously locate thyporheic exchange and show the
temperature dynamics found at the research siteadélitional aspect of the method is
the use of simple calculations to find the depthygorheic exchange sites.

Once the negative correlation has been validatethyporheic exchange site
can be used to quantify the expected depth of sadithat is needed for the amount
of cooling that had taken place. For the repregea site chosen in Figure 4.9 from
distance 705 to 720m the correlation coefficieatrfrFigure 4.5 is found to be -0.83.
From Figure 4.9 we can see that at night the tenperature increases approximately
0.1 °C at this location and during the day timerilier temperature decreases
approximately 0.2 °C at the same location. Theudation was completed for this site
that shows the hyporheic depth of exchange foetagproximately 1.8 m in order to

reduce the temperature of the water by the amadented in the DTS data.
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In reality both global and localized hyporheic natetion processes take place,
but the analysis completed thus far will be enoteghelp identify these locations in
the DTS data from the research site. One additiomat must be made; some of the
calculations done here were based on assumptiotisefalata, or data from a different
year, or from low quality data. If higher qualdgta that represented the exact times
considered were used the calculated hyporheic egehdepth would become much
more accurate.

The river characteristics that are used for theutations for the global
hyporheic exchange were not very accurate and aaddy be off by 25%. So let us
consider a situation where the river charactesstiake the river cooler, which should
give a hyporheic exchange that is not as deepwilVeay that the river is 7.5 m wide
instead of 10 m, the flow is 1.1%= instead of 0.9 i¥s, the 35% of the channel is
shaded instead of 10%, and all other factors withain the same. This would give a
negative 4.5 m depth of hyporheic exchange. Tlaama that for these new river
characteristics and the temperature change ofahieat volume we would actually
need the hyporheic exchange to increase the tetapea the river. Another
possibility is that the river characteristics makearmer situation than we have
shown. Now the river is 12.5 m wide instead ofr,Gthe flow is 0.7 rils instead of
0.9 nt/s, the 0% of the channel is shaded instead of Hfball other factors will
remain the same. For these river characteristiddlae same temperature change for
the control volume the global hyporheic exchangeldmeed to be 2.7 m in depth.
We can see how accurate measurements of the rolefacteristics are important to
give accurate measurements of hyporheic exchangé.de

We can also consider how hyporheic exchange chahgeasser temperature.
For the original hyporheic exchange calculationfive the control volume’s outflow
temperature from sunrise to daily peak solar ramhao have changed by°E. If
there is no hyporheic exchange (such as a bedeadh) we would see this change to
be 7°C and if the hyporheic exchange was doubled we aviadl the temperature
change of the river from sunrise to the daily psallar radiation to be 3C. During

peak solar radiation the temperature of the rivepped by 0.EC from the bedrock
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scenario to the hyporheic exchange found in owutations then dropped another

0.1°C when the hyporheic exchange was doubled.

5.3 Fish Response to Cold Water Inflows

Cross-analysis of the fish survey with the DTS ddiaws that 60% of the cold
water fish (salmonids and trout) were found in¢bkl water inflow locations that
make up 18% of the river, showing that the areastiied by the DTS to be either
ground water or hyporheic exchange had over thmeestthe density of cold water
fish population than the overall stream. In additiwhen cold water fish and warm
water fish are combined, 53% of the fish are foom#l8% of the river at these cold
water inflows (see Table 4.5). This shows thattobshe cold water fish will reside
at these cold water inflows during warm summer mentA cold water inflow does
not seem to be the only attribute that determirstsgdresence. An additional 13% of
the river reach consisted of cold water inflows thgt not have fish present. This
suggests that cold water inflows are not the soleedfor cold water fish movement,

but are one of the defining attributes.

5.4 Difficulties

This research was new and exploratory which ledday difficulties along
the way. In this section we will disclose someta problems that were faced so
projects in the future will not follow the same Ipat

One such difficulty came up when visually validgtime cool water inflows
determined through the correlation coefficient. &saonally the cool water inflows
were not found at the locations where they weresetqul from the correlation
coefficient analysis. An example of this was wiies cable was out of the water as
seen in Figure 5.1 from 1570 to 1583 meters. Taishappen when the cable is
moved around by the water during high flows (if dadble is not well anchored to the
river bed) or when people or animals drag the cabteof the water. The cable is also
taken out of the water when there is a connectdrtbe cable is placed into an ice or

water bath. At these locations you may find ainperatures show up in the data.
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These locations are easy to identify; they will davstrong negative correlation
similar to the hyporheic exchange sites, but thepterature will follow the diurnal
cycle (warm in the day and cold at night), unlike expectations for a cool water
refugia. This is because the DTS will be measuittregair temperature which has
greater peaks than the surface water temperakaethis study the air temperatures,
were removed prior to data interpretation.

Unexpected warm water additions to the river adieddditional problem
with data analysis. This discrepancy was founthédata when using the correlation
coefficient to locate cool water inputs. It coblel seen as a continuous warm water
inflow, such as an agricultural return flow (segufe 5.1 from a distance of 1627 to
1634 meters for an example). The correlation caefit for this site is strongly
positive (0.95) which would lead us to believesiaiground water inflow. Visual
inspection reveals the opposite of what is expefted ground water inflow. Instead
of the expected ground water temperature changeofain temperature both day and
night) an increase in temperature both day andt msglound, possibly giving the
signature that would be expected from an agricaltaturn flow or some other warm
water supply continuously entering the river as toication.

When barrel connectors (a female / female conngster Figure 5.2 at the
1030 meter distance) are present, there is anasen@ the amount of light that
escapes; giving more loss. In this circumstanch teg night and day time
temperature will either remain at an extremely toglow temperature (Figure 5.3).
This is for a short distance and has much highgditude than the temperature
variations that are expected. This large loskasite of the barrel connecter will give
more noise in the signal for the remainder of tle@asurements. Another problem is
that the connectors themselves have shown tempem@d@pendency, this was seen in a
project completed at Lake Tahoe (accepted for patiin at Water Resource
Research, 2008). In addition, it is important &wvérthe connectors be sealed from
water. For this reason in this project the conmrsctemained out of the water which
gives us an increased amount of air temperatuee dite sections of river where this

occurs can be removed from the data set so thaytwill not impact any data
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analysis. However, due to the double-ended natiutfee temperature measurements,
the locations have already increased the noiseeofeimperature measurements. This
barrel connector affect shows that fusing cablgstteer may be a better option than

trying to use the barrel connector.
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6.0 Concluding Remarks and Suggestionsfor Future Studies

Through continuous temperature analysis we havarbeglocate cool water
inflows to surface water. Once these areas ofant®n are found they can be
identified as either ground water or hyporheic exae (depending on the designated
timescales used) and quantified. Using the teniperaneasurements and stream data
we can begin to determine the approximate depthwbavould expect for the
hyporheic exchange. The research has also us@destalculations to estimate
expected temperature changes for a river from asing shade, known ground water
inputs, and from any hyporheic exchange that maydeerring or new hyporheic
exchange zones planned in future projects. Thipégature data is also being used in
correlation with fish surveys to locate areas dfitad; fish rely on during peak day
time temperatures and see if the fish locatioretedb sites of cool water refugia
found through DTS temperature analysis.

Cooling of surface waters during peak temperatisr@aportant for the future
of surface water ecosystems. With increasing teatpees worldwide do to climate
change, it is important to find new ways to examaefine, and measure cool water
inflows. We have presented the basics behind wagmiriver due to solar radiation.
We briefly described the affects of shading orvarrreach, quantified the amount of
energy that is blocked by shading, and transldtectd effective temperature
reduction of the river. Then cold water inflowsitltool peak temperatures, possibly
sources of cold water refugia (ground water inflamsl hyporheic exchange sites),
were found. These sources of cool water were tesedlculate the cooling expected
on the study reach in the Walla Walla River. ThHemdata was used to quantify
ground water inflows and the depth of the hyporkgichange throughout the study
reach. The data from the DTS was used to locatedbl water inflows for peak day
time temperatures during the summer months. Bypewimg the nighttime to peak
daytime temperatures through the correlation coefit the hyporheic exchange sites
were separated from the ground water inflows. Thaie the WWBWC locations that

can be protected for cold water inflows into theesrito try to meet the TMDLs (Total
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Maximum Daily Load) for temperature. Finally, tbeld water sites were matched
with a US Fish and Wildlife Service survey to seté cold water fish were
congregating at these cold water sites during tiemadaytime temperatures. We
found that 60% of the cold water fish were gathgrm18% of the river where cool
water inflows were present. It is also importanhbte that 56% of the cold water
inflows had the cold water fish present. The agder inflows (ground water and
hyporheic exchange) make up approximately one-thfittie river’s total length. We
have given a method to locate cool water inflond determine where approximately
60% of the cold water fish are located during sumdagtime temperatures. We now
know that 60% of the fish are in 18% of the rivaddhat through the DTS
measurements we can narrow the search for thedevedér fish to 32% of the river.

This project has given new insight into river dynesithrough the use of
distributed temperature measurement. This datdeamluable to land managers in
determining locations that deserve special praiadti order to maintain cool water
flows to the river and has shown how different colter fish species rely on the cold
water inflows for habitat during the warm summemtig. We gave a simple
overview on how cooling of surface waters may lggesented in a natural setting and
how this may look quantitatively.

A few problems did arise during the data acquisiand interpretation that
should be briefly reviewed. DTS technology hashbesed in the environmental
sciences for only a few decades and is still nedffinew. The technology is coming
along quickly, but there are a few problems thatens2en during our field
deployment. One of these issues is calibratiah@kystem. Calibrating the DTS to
your specific cable is very important, but can béadlt, especially when multiple
cables are used. Each section of cable must lrated using two different known
temperatures for each calibrated cable in ordgeta correct calibration for both gain
and offset. Recently, Agilent created a doubleeehtheasurement which corrects for
attenuation constantly along the cable which iseatgmprovement for the
technology; however this has increased the ovecadle of the temperature

measurements. Since noise has a significant effetine-scaled measurements, a



92

high quality cable is important. One of the cahlesd in this study had a large
amount of loss (on the order of 8dB once connestere added) which got attributed
to both ends of the cable due to the double-ends=atsorement setup. A cable should
have less than 1dB/km loss to maintain minimal @aisthe measurement when using
the double ended setting. Also, it is importantiaimize the number of connectors
used as they have a much greater loss than a fsgime. The fusion splices are
another issue; they are a necessary evil. Therfugplice is a learned skill and some
of the field deployable units are finicky and demhawery clean environment. It is
important to be well prepared before attemptingoius in the field.

Additional problems became evident during datarpretation. The cable
doubles back at the 2061 meter mark, at this gbere is a large drop in temperature.
This drop may be where the ground water table teeativer's elevation, but it could
also be due to a large loss and possibly some effeats from the connector at this
location. This data had a slight “jitter” in thaily temperatures. The jitter was an
artifact of the Agilent DTS; it was noticed becatise water temperature did not
follow the daily air temperature and daily soladiegion pattern. The daily air
temperature and daily solar radiation data setg wkatted and viewed on an hourly
basis and no jumps were seen. When the DTS daaiesaed on an hourly basis for
the entire stream we could see jumps in the datarong, since water changes
temperature slowly due to solar radiation andeaingerature these jumps were
determined to be instrument noise and have sinee beught to the attention of
Agilent.

DTS measurements are an excellent way to recorgeieture data for an
entire stream reach continuously over time. Téchhology can be used in the future
for the Walla Walla Basin Watershed Council, ordblyers, to show cold water
inflows into a river. An additional season of datauld greatly help clarify some of
the findings presented in this thesis. It wouldwlus to determine if the ground
water inflows are still occurring in the same lagas and how the hyporheic
exchange sites might change year to year. We @stdinvestigate whether the fish

are still in the same cold water refugia as obskmehe summer of 2007. We might
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be able to determine if the large cool water zdrtbeend of the 2061 meters of cable
was indeed a ground water upwelling. This coulddomd by increasing the reach
length approximately 100 meters on the downstreaanoé the reach. If this location
continued to show a large cooling we would knowt thare is a large interaction with
the ground water occurring. If it had disappearetiad moved down to the new cable
end, we would know that there is either a probleith the cable layout or the DTS
itself.

Due to the high amount of light loss in the cabite, low spatial resolution of
1m, and capturing the data only % of the time éesihe temperature measurements
from the project have high noise. We expect td fidB loss for 1km of cable
distance, so for this project we would expect 4uf{s Ifor the 4km of cable we were
getting data from. However, for this project wellzetotal loss of 12dB, which is a
93.7% loss of light and is 33.7% less light tharatwlvas expected. Since noise goes
with the lighf°> a quality cable would give 2.5 times less nois@nging spatial
resolution from 1m to 1.5m would give 1.4 timesslesise, and capturing data every
15 minutes instead of every hour would give 2 titess noise; giving a possible total
noise reduction of 7 times; therefore improving taéulated ground water inflow
and hyporheic exchange depth quantities.

This research attempts to further introduce the BEE8nology as an important
new technology for environmental analysis. The [@&8 be a useful tool in many
areas of ecological engineering. Newer DTS ins&nt® may not have as many of the
problems that were noticed in this instrumentgjiih data, lack of temperature
validation until the end of the project, the usdigh loss fiber optic cable, increased
care in the deployment and retrieval of the cabtdgast with a 5 man crew if relying
on man power), and loss of data due to the instnimet taking as much data as
expected due to the nature of the double-endedurezasnt setting. Recently, a
competing company has made steps toward a new Pii@dhat will automatically
calibrate the cable to the DTS system. This dgaraknt would be great progress in
making the DTS a tool for land managers of all ilswes; as calibration is one of the

more problematic features of the current technalogy
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There was a large learning curve in the use of B3 8 tool for ecosystem
science during this project. Future work can mythis account to get through
instrument set-up, deployment, and interpretatidhaut some of the same issues
arising. Additional studies using the DTS systémoutd have a better data set to work
with if the problem items listed above are takeo imccount. This should improve the
temperature measurements greatly, reducing the moigvels that will allow easier
determination of the temperature changes in ties sit refugia.

This report will be sent to Bob Bower and the WWBWoGurther their
threatened and endangered fish projects in the bdiswill be added to the general
research that has occurred in the basin in coripmetith Oregon State University
over the past decade. It will also be used foctzal management that may come
from increased knowledge of the locations of thel @aater locations found

throughout the study reach.
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1.0 Introduction

Fresh water is important to many aspects of agaaticterrestrial life: food,
shelter, oxygen, protection, temperature manageraadthydration. Problems arise
from the limited supply of fresh water available & ever-increasing number of uses.
Managing this limited resource is vital given thhewging demand from industry,
agriculture, municipalities, and recreation. Alsm@nagers must consider natural
ecosystems under stress from these anthropogessq@s)., grazing and mining).

The effects of these anthropogenic uses on thealacosystems are amplified by the
increasing pace of climate change (e.g., PanagantieDimou, 1996; Lettenmaier et
al., 1999; Arnell and Liu, 2001; Snyder et al., 20Bower et al., 2004; Sophocleous,
2004; Barnett et al., 2005; Hatch, et al., 200B)ere have been declining levels of
water availability in many streams and aquiferpeesally in the summer months,
throughout the western United States (Winter etl&98; Sophocleous, 2000;
Bachman et al., 2005; Hatch et al., 2006). Witfards to natural ecosystems, the
interaction between ground water and surface watespecially important for riparian
systems to stabilize temperatures because theygbecaneas of increased biological
activity. To appropriately manage the ripariantegss it is vital to understand and
guantify these interaction zones. Therefore, iasireg our knowledge about the
complexities and dynamics found in the fresh watgply, specifically between
surface and ground water sources, is criticalrfgeroving our management strategies.

Ground water is water that has passed throughattk’'® subsurface and
arrived at the water table as recharge and suwiater is water on the earth’s surface
generally in the form of ponds, lakes, rivers, atréams (Dingman, 2002). While
these have traditionally been managed as separtiieethey are in reality one
common source. An important aspect in surfacertoHgd water interaction is that a
change in the quantity of surface water will relate change in the water’s source. In
riparian systems, this relates to precipitationchiipercolates through the soil within
the watershed and becomes ground water. The gneatet can be identified and
quantified if it flows into a river. Quantificatioof ground water flows will provide



further understanding of spatial and temporal pastef the interactions between
surface and ground water. (Constantz, 1998; Kadbas., 2006b).

One limiting issue in understanding the dynamiairebf streams in the past
was locating ground water inflows. Hydrologist¥@éahown that stream
temperatures can be used to better understangdhneldgic dynamics within a
riverine system (Atwell et al., 1971; Ingebritserak 1992; Constantz et al., 1994;
Hondzo and Stefan, 1994; Johnson and Jones, 2@0@nE 2004; Selker et al.,
2006a; Selker et al., 2006b). Inflows can be ledahrough temperature
measurements that are continuous in time and tardis, however past technology
could not give sufficiently high resolution readéngver space and time to achieve
this. Over the past decade, Distributed Tempezadensing (DTS) has been
developed and applied in a new way, identifyingugibwater inflows. The DTS
system uses fiber optic technology to measure tesyoes along the entire fiber. The
temperature measurement is made by passing addigit through the fiber optic; the
light from the laser passes through the glass sisdattered back to a sensor that
counts returning photons. These photons retutimeainitial wavelength and, due to
Raman scattering, wavelengths just above and gletbthis value. The measurement
distance along the fiber optic cable is determiinech the time of arrival of the back
scattered light at the receiver. The intensityhefshorter returning wavelength is
highly dependent on the temperature, and is caledStokes. To improve accuracy,
measurements are averaged spatially and tempatodtigrease the number of photons
counted. The most common applications of DTS wergifpeline monitoring, oil well
monitoring, power cable and fire detection systé@mattan and Meggitt, 2000).

The possibility of applying DTS technology irethatural sciences has created
much interest from hydrologists, ecological scigtistiand geologists. This technology
has been used in previous experiments (Selker,&06b; and Westhoff et al., 2007)
in headwater streams to identify ground water inflocations. Although Selker et al.
(2006b) and Westhoff et al. (2007) used DTS to mmeastream temperature to
guantify lateral inflow; this was not the first tintemperature had been used for this

purpose. Temperature is a proven way to quanéiyggand losses to streams, either



through measurement of stream temperature or tthenlagerial (Stallman, 1965;
Lapham, 1989; Silliman et al., 1995; Constantz,81¥2onstantz et al., 2003; Becker
et al., 2004; Niswonger et al., 2005). Past teaipee methods were based on point
measurements. A DTS system has the ability to kem@oral resolution from
seconds to months. Also, these same temperatiasumements can be taken at
thousands of locations along the fiber optic callleese measurements can be done
either discretely or on an averaged basis. Thequemtity of temperature data
available through the DTS technology makes it edsiocate multiple cool water
inflows to a river.

The objective of this research is to improve upmating discrete cool water
inflows to the Walla Walla River near Milton Freeieg Oregon through the use of a
DTS system. These cooling inflows can then bers¢pd between ground water
inflows and hyporheic exchange sites (locationsreviseirface water enters the
streambed and re-emerges down gradient). The dneater inflows can be
guantified from the temperature measurements aridcguwater flows. Also, the
depth of hyporheic exchange can be quantified byutating the volumetric heat
capacity of the hyporheic exchange from an enetglgbt. This research also
examines the possible relationship between theslenater inflows and the locations
trout and salmon may reside in during summertinekpemperatures. The fish
locations will be taken from a Fish and Wildlifergely that was completed at the
study reach while the instrumentation was in pigegween July 30and August 24,
2007).



2.0 Literature Review

Ground water to surface water interaction has la@earea under critical
review. This section of the thesis will give areoxew of the cooling processes
found in surface waters, how temperature can be asea tool to analyze these
processes, some of the ecological impacts of tesiyrey, and how the DTS system
can be used to improve upon the current hydrolpgieipals for ground water to
surface water interaction.

Only recently have water managers and the legasybegun to look upon
ground water and surface water as a single inteexted source and managed them
as such (Harvey and Fuller, 1998; Winter et al98)9 For the most part they have
been managed as two distinct sources. With incrgagater demands however,
incorporating the interplay between these watepkepin our calculations has been
essential for land managers (Stonestrom and Cdas@2003). Not only is ground
water a necessary component for aquatic ecosysiehas become important
politically. Water rights disputes between grouvater and surface water users are
increasingly common. Despite the legal distinctisney are, in fact, drawing from a
common pool of water. Methods to account for stefavater diversions, ground
water pumping, and return flows are therefore resrgs(Harvey and Fuller, 1998).

The contribution of ground water to surface wat@s heen well established.
Field work and data analysis have shown that groueteér can make up a large
percentage of the surface water budget (Winter8,19981, 1983, 1986). One of the
most difficult tasks for computing the water budfgtsurface waters is the field
identification of ground water upwelling sites (Laed Hynes, 1977; Lee, 1985).
Silliman and Booth (1993) made a significant metiiodical contribution to
guantifying ground water inflows through temperataoreasurements of the streambed
and the surface water. In the past, for hydrotsdgs locate ground water to surface
water interface and quantify ground water dischaoggurface water, extensive arrays
of boreholes and piezometers were used (Wintei§;1®8noyer and Anderson, 1989).

Past monitoring was completed through a multitudeethods. Hydrologists would
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install heat flow meters (Kerfoot, 1987; Ballar®96) and complete hydraulic testing
with minipiezometers (Lee and Cherry, 1978) angbage meters (Lee and Cherry,
1978; Lee and Hynes, 1977; Carr and Winter, 198a@wsand Prepas, 1990; Shaw et
al., 1990; Avery, 1994; Landon et al., 2001; Paulseal., 2001). To further
understand the ground water component, hydrologisigel vertical streambed
temperature profiles (Lapham, 1989; Silliman etE395; Constantz and Thomas,
1996; Constantz, 1998; Bartolino and Niswonger,91%9yar et al., 2000) and
perform tracer tests (Lee et al., 1980; HarveyReadcala, 1993; Meigs and Bahr,
1995). These monitoring systems are intensiveeapensive to employ, may alter
the natural flow in the stream, and are unablestea small-scale spatial exchanges
through the streambed (Conant, 2004).

A more recent development in locating ground watiows to surface water
has been through remote sensing. For example teeseasing using FLIR (Forward
Looking InfraRed) is used to find discrete locatiaf inflows and has been well
established through the work of Nelson et al. (398ad Atwell et al. (1971). FLIR
has high spatial resolution and can be sampledrplaae. FLIR images indicate the
temperatures of the land and water surface, sholetoaions where ground water
seepage near the stream banks occurs. One drawbBEIR is that the image
encompasses only a snapshot in time. Distincthetseen ground water and surface
water temperatures are controlled by weather imdiwariations, meaning during
certain times of year some sources may be misSethermore, FLIR does not
penetrate the water column; cold water is densesarks, so groundwater upwelling
locations may not be visible. Finally, FLIR doex give insight into the ground
water exchange dynamics that time series data w@ildnan and Booth, 1993).

Temperature can be measured through other metlesil$els FLIR imaging to
find ground water fluxes into the surface wateteays (Stonestrom and Constantz,
2003). Building on early work by Bredehoeft angp&opolous (1965) and Stallman
(1965), temperature profiles have been successistyg in basins to estimate ground
water recharge and discharge rates (Cartwrigh®);1Baniguchi, 1993; Taniguchi,
1994; Ferguson et al., 2003; Anderson, 2005).intasés of ground water discharge



are most reliable when the difference between sarfeater and ground water
temperatures are at a maximum. At this point, tigetke largest difference in
temperature and any variance between the true tatope and the measured
temperature will less significantly affect the camgal flux. At sites of focused
ground water inflows, there are abrupt changeengitudinal temperature
measurements. These ground water inflow sitemare stable than the surface
water, which is not directly influenced by the gnduvater inflows because ground
water dampens the extremes found in the surfacerwhine (Stonestrom and
Constantz, 2003; Conant, 2004; Lowry et al., 200IiH)e temperature differences
between the surface and ground water inflows maydiserved by a shift in the
surface water temperature when compared to thd trethe longitudinal profile of
the surface water temperatures for a particulartr¢8elker et al., 2006b).

2.1 Temperature and the Energy Budget

To use temperature to find ground water inflows endifferentiate this flow
from hyporhiec exchange, it is necessary to undedsthe processes that give rise to a
river's temperature. Stream temperature is infbeeinby many processes; solar
radiation, air temperature, wind speed, shadetivelaumidity, percent shade, aspect,
ground temperature, precipitation, surface watiéows, and hyporheic exchanges.
Other sources of energy for stream temperaturedectonduction of temperature to
the stream substrate (Crittenden, 1978; Hondzdsaeidn, 1994; Evans et al., 1995;
Johnson and Jones, 2000), evaporation and sehsialeexchange with the
atmosphere (Sinokrat and Stefan, 1993; Webb andd@H#®97; Johnson and Jones,
2000), and energy contributed by advection fronugtbwater (Ingebritsen et al.,
1992; Sinokrat and Stefan, 1993; Webb and Zhargy/;1@onstantz, 1998; Johnson
and Jones, 2000).

The three major processes that contribute to peakmeat reduction are
shade, ground water inflows, and hyporheic excha@ygar radiation on the water
surface is the major input of thermal energy to nstreams (Beschta et al., 1987,
Sinokrat and Stefan, 1993; Webb and Zhang, 199isim and Jones, 2000).
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Shading is known for blocking solar radiation, tmeducing the stream’s heat during
the day when the solar radiation would be expetdeifectively warm the surface
water (Davies and Nelson 1994; Hostetler 1991 lal.e 1994, Naiman et al., 1992;
Poole and Berman, 2001). Ground water inputs gegontinuous summer cooling
by adding water to the stream at distinct locatiatnhe annual average air
temperature (here only summer time is considerethia is when the cable was
deployed) (Westhoff et al., 2007). Hyporheic exad@averages in time the river
temperature, cooling mid-day peak temperature jaeréasing nighttime low
temperature. This temperature modification occues th the increased time water is
held at the location of hyporheic exchange (Le&51®elson, 1991; Silliman and
Booth, 1992; Stonestrom and Constantz, 2003). &tiese processes of river heat
reduction will be further considered in up comimgtsons of this thesis.

Through analysis of the temperature data we hopedantify ground water
inflows and hyporheic exchange in the river, bdtkwbich could provide cold water
refugia for fish. These refugia are expected téo@d through the longitudinal
temperature profiles acquired by the DTS. If tiheif optic cable goes through an
unmixed zone of cool water, it is expected the ealll have a cooler signature until
the cool water inflow thoroughly mixes with the e water. The temperature offset
may not differ between a ground water input andolypic exchange, both cooling
the river during the heat of the day, at a singl#psshot in time. The large difference
between ground water and hyporheic exchange floM$&&witnessed during the
night, as ground water carries the average yeartgmperature and the hyporheic
exchange will carry a lagged temperature signdtora the river earlier in the day. It
is anticipated that the return flow from the hypsidhexchange will show an increase
in temperature during the night and a decreaseagltine day.

Hyporheic exchange is stream water that entersiaipgediment and re-
emerges further downstream, it is a process tleattes surface water refugia but at a
much smaller temporal and spatial scale than grovatdr exchange (Naiman and
Bilby, 1998). Hyporheic exchange is pressure dri{fehibodeaux and Boyle, 1987;
Savant et al., 1987; Stanford and Ward, 1988; @retkal., 1989; Williams, 1989;
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Hendricks and White, 1991; White, 1993; Hutchinaod Webster, 1998; Wondzell
and Swanson, 1999; Stonestrom and Constantz, Zad#nt, B., Jr, 2004) and is
caused by pool-to-riffle sequences, slope charayebspbstacles found in the stream
bed, such as a log jam. Hyporheic exchange ictiweaarea in current hydrologic
research and is poorly understood due to the dynapace and time nature and
difficulty of measurement. (Larkin and Sharp, 198@¢ Harvey and Bencala, 1993)
The increased attention to hyporheic exchange l@asrsthat it is present in most
rivers (Boulton et al., 1998; Naiman et al., 19@8nter et al., 1998). Water in the
hyporheic exchange locations can range from 100&% vater to a mixture
dominated by ground water (Hinkle et al., 2001he Tvork here will concentrate on
the thermal affects that this zone may have orasarfvater bodies and the possible
guantification of such affects.

Hyporheic exchange time lag is determined by twagonents; the tortuous
path the water is required to take and the heatagpof the combined water and bed
material. Hyporheic water will have the averagagerature for the time duration it
was flowing through the porous media of the sulstaad will be dampened due to
the heat capacity of the gravel and water it hasdl through (see Figure 2.1 for
examples of hyporheic exchange). For examplégifsurface water enters the
substrate and later re-enters the river, it withg#he temperature the average surface
water had for the same time duration the wateriw#ise subsurface. The re-entering
water would also have a decrease in temperaturéodihe lack of solar radiation
input for the duration it flowed through the bedteral and would have an additional
drop in temperature due to the volumetric heat ciépa the hyporheic exchange

zone versus that of the water alone.



Pool and riffle

oWy 1IN

Meandering

Figure 2.1 Surface water-ground water interactiohyiporheic exchange. With (a) a
pool and riffle sequence and (b) with stream meen@#&inter et al., 1998).

When considering a cooled section of stream dimyporheic exchange it is
important to define the hyporheic exchange by ersid time. Residence time must
be used to distinguish between a ground waterunfiod something more closely
related to hyporheic exchange if considering DTrBerature data. For this research
the residence time has been approximated to b&® hworder to simplify
calculations for differentiating the daily lag imettemperature measurement through
the hyporheic exchange site. To distinguish betwhe ground water flow and the
hyporheic flow from continuous temperature dataj geed only average together
multiple weeks of data. If the cold water souc@ifact ground water, then once
averaged, the temperature signature should renfdiis. is because ground water
maintains the yearly average air temperature, wwahld be distinctly lower than the
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average mid-summer stream temperature. At a twcati ground water inflow the
surface water should be cooler for nighttime, dagtiand for the average water
temperature, during warm summer months. Hypor&eshange, on the other hand,
would cool the peak daytime river temperatures Hedit these same locations during
the low nighttime river temperatures of summerheathan providing net cooling,

hyporheic exchange simply moderates daily temperaxtremes.

2.2 Tracers

The previous section discussed that the subsuidaogortant for stabilizing
surface water temperature and recharging surfatersvaOne way to gain insight into
the interactions between surface and subsurfacersgstems is through the use of
tracers. This approach can be particularly udefulinderstanding flow patterns and
the timing of subsurface waters (Flury, and WalD30 Tracers have been proven
useful for illuminating transport and transformatwithin subsurface flow systems.
Use of tracers can improve knowledge of subsurflages, giving new insight to the
hydrological cycle; identifying subsurface flow ca@ttions, velocities, and dispersion
are all common uses of tracers (Flury and Wai, 2003

Tracers are chemicals, biological masses, isotapesything else that can be
detected at different points along the hydrologicle. Tracers used in hydrologic
systems come in two main categories, added andah#tacers. Added tracers are
artificially incorporated in known quantities atnse point in the hydrologic cycle and
then are detected at another point along the cydeally there are very low to no
background concentrations of these tracers so #wegydetected will come from the
added source. Natural tracers include chemicaispérature, or isotopes that are
found in the natural setting and can be detectekiffatent amounts throughout the
hydrologic cycle (Bencala et al., 1987).

Much research has been completed using added cilenaicers to find
ground water patterns and flows to surface wat@rese studies did not quantify
ground water inflows based on the tracer inforrmati€hemical tracers for ground

water applications work well if the concentratidrttte chemical in the ground water
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is uniform and significantly different than the fage water (Cook et al., 2003). If the
concentration difference from ground water to stefevater is not detectible, or if
measuring the chemical tracer is costly, anotheéhateshould be considered.

Temperature may be used as a tracer (Kobayaslb, Sbfainley and Peters,
1988; Kobayashi et al., 1999). One study comphead (as a natural tracer) to
bromide (as an added tracer) (Constantz et al3)20@mploying the heat and solute
ground water transport model VS2DH (Healy and Rod8086), showed that both
bromide and natural temperature differences irstteeam could be used to find
ground water and surface water exchange sites. eCalx (2007) compared
temperature with selected commonly measured waiaitg parameters and also
found that temperature could be used as an inmsttescer to evaluate spatial and
temporal patterns of surface water and ground veatenange. Temperature as a
natural tracer has an added benefit of differentigbetween temporal variations in
ground water inflows.

Temperature used as a hydrologic tracer has seagvahtages. The signal
arrives naturally and will continue to arrive andaas the ground water and surface
water are connected. Measurement of temperatuobist and relatively
inexpensive. It also has the additional advantdget contaminating the local
environment with introduced chemicals (Stonestrawh @onstantz, 2003; Kalbus et
al., 2006a). One disadvantage is that the interaxitannot be seen through
temperature measurements if the surface water ranchd water are near the same
temperature. The importance of using natural teaerch as temperature, over added

tracers to find cool water inflows rivers can nog/fhrther understood.

2.3 Distributed Temperature Sensing

Using temperature as a tracer is made robust Witfapplication of the DTS
technology. The DTS system sends light down therfoptic cable and as the light
interacts with the glass in the fiber optic cableogtion is scattered, with some
returning toward the source. A portion of thistemad light is at the original laser

energy and another portion of the light is adsored reemitted at wavelengths just
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above (“Stokes”) and just below (“anti-Stokes”) tireginal wavelength due to Raman
scattering (Wait and Newson, 1995; Selker et 8062). The back-scattered light has
important properties that reflect the temperatdréne glass at the scattering location.
Specifically, anti-Stokes intensity is related empntially to the temperature of the
fiber, while the Stokes is much less temperatupeddent. Thus, the temperature is
linearly related to the log of the ratio of the I8#s and anti-Stokes intensities (Selker
et al., 2006b). The distance for each recordeghéeature measurement is based on
the speed of light and the time it took for théatigignal to return to the receiver.

By the Central Limit Theorem the precision of teeperature measurements will
increase with the square root of the integratiaeriral, so for a very precise
temperature reading, a longer integration timedgiired in order to have more
photons counted by the receiver. Also, a moregvilaser can give more photons
to count, again increasing the precision. (Sekkeal., 2006b)

To deploy a DTS system it is necessary to calidteesystem to the cable
planned for use prior to field installment (via thegilent Configuration Wizard) and it
may be necessary to calibrate the temperature maasuts post-collection (with at
least two known temperatures along the cable)calibrate the DTS to the specific
cable the temperature offset, gain (a paramet@k®into account the slope), and
attenuation ratio of the fiber are needed. To fimeloffset, gain, and attenuation ratio
two known temperatures are necessary along the.cdllis can be done with either
two temperature baths or running the DTS in thebtkyended configuratiohe
ongoing auto-calibration present in a double-endedsurement further simplifies the
calibration process and improves measurement ancbsacontinuously correcting
the attenuation ratifrufillaro et al., 2007) The offset and gain of the calibration
should not change for the cable after the initadibzation, but the attenuation ratio
may need re-calibrating if the DTS is not run ia ttouble-ended configuration. The
attenuation ratio can change for the cable if ikesamany bends, or if the layout of
the cable is changed. Calibration is very impdrfanan accurate temperature

reading. However, if interested in precise temppeeachanges and do not care about
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the temperature itself the manufacturer’s calibratf the DTS system is reliable.
The calibration of the DTS from Agilent is typicalbrecise on the order of 0.0

There are several different types of DTS systenadlae. The DTS systems
range in cost, power consumption, resolution, amdlility. The Optimum DTS for a
particular use depends on how the project chatiatiter correspond to these variables.
This research project required a unit that haddoergy consumption for remote use,
durability for field deployment, and low cost. R&gion was of concern, but it was
thought that all units would be adequate to megtials. In retrospect, more
variables needed to be considered beyond the mstrtitself, such as the loss of the
fiber optic cable.Agilent's DTS (N4386A), which came to the marketMiay 2006,
was selected. This system was designed for reemieonmental applications. This
DTS operates on less than 40 W at 12 V within asrafjng temperature range of 10
to 60°C (other systems operate from 85-150W at a max ¢eatyre of 40C). Also,
the Agilent DTS can report temperature every malang the cable, but if more
precise readings are desired the Agilent DTS ctagrate over a longer distances of
cable (Selker, et al., 2006a). The precision efitistrument doubles if the distance of
integration is changed from 1 meter intervals ®rheter intervals. The system
consists of a computer with software installeddata retrieval and saving. The
software creates ASCII files with temperaturessake distances along the attached
fiber optics cable, and the number of measuremaintpalong the cable.

Before the DTS technology was available for envinental applications,
temperature was taken through point measurem@nms. concern of point
measurement methods is that the longitudinal réisolis low and there is a risk that
some inflows may be missed (Kalbus et al., 2006bhe DTS system overcomes this
by providing continuous temporal and longitudirehperature measurements. The
DTS will measure a temperature shift for incomingtev at a different temperature
than the stream temperature trend prior to thdileghinflow (Selker et al., 2006Db).
This measurement may not be able to find the sstaliows into large rivers, but it
can show many of the significant flows that wouttar over a reach and fall outside

the standard deviation in the surface water tentpera When the temperature of an
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inflow is within the standard deviation of the DW&asurement of the river’s
temperature, the inflow will not be statisticalljfdrent and not be able to
differentiate from the noise found within the DT ®asurements.

One concern with the use of fiber optic cable &mperature measurements
was the time response upon a change in temperaturas been shown that fiber
optic cable has a fast temperature response thijacgbting made of PVC and steel
cable, found to be less than a 10 second respmnedrom unpublished studies for a
Brusteel fiber optic cable from Brugg.

If care is taken in calibration and high qualitydr optic cable is purchased,
temperature resolution of 0.92 and spatial resolution down to 0.5 m with tempora
resolution down to 3 seconds along standard fipac communication cables with
lengths of up to 30,000 m are all possible (depsndn the DTS machine used,
manufacturers and models vary) (Selker et al., apMffett et al., 2007). There are
tradeoffs between theses specifications; shortegration distances and times will
have higher uncertainty in the temperature measeméesn

This technology has opened new possibilities fmirenmental sensing. The
fiber is deployable in many different configuratspmue to the flexibility of the cable
allowing measurement in many new areas (measureshantair shed or the snow
through a net configuration, down a sinuous strearnhe creation of a high
resolution pole through wrapping the fiber arourfeMC pipe). Measurements that
seemed impractical before seem manageable, suakiag thousands of
measurements at points longitudinally down a rawsat collecting data from the
network continuously for months. Using the DTS Imoek for this research will give
the needed measurements to separate the coolinféders between ground water

and hyporheic exchange.

2.4 Ground water to surface water interaction
One approach to quantify surface-to-ground watiractions is to monitor
temperature variations in surface waters due targtonflows (Lee, 1985; Nelson,

1991, Silliman and Booth, 1993). The use of terapge as a natural tracer has
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become increasingly common because it can be neghsth relative ease in a
channel to obtain high resolution temporal andiapatformation. (Hatch, et. al.,
2006; Constantz and Thomas, 1996; Selker et abl20&esthoff et al., 2007).
Riverine systems are very dynamic and the userdd Series temperature data can
increase understanding of the changing sourcdswf f

Temperature was used to identify the interactiawben the surface water and
ground water system by Rorabaugh (1956). He wesagdrature measurements to
estimate the stream loses below the Ohio River, BElat has been used as a tracer of
surface water and ground water exchanges and taifjudnese exchanges (Silliman
and Booth, 1993; Silliman et al., 1995). Muchhiktprevious research concentrated
on areas of stream loss (Constantz et al., 2088alysis of temperature profiles has
shown point measurement of ground water flow bdnstaeams. The temperature
differences found on a diurnal and seasonal basipartially a function of the
different temperatures between the stream andstesam sediment (Rorabough,
1963; Stephens and Heermann, 1988; Constantz @084, Constantz and Zellweger,
1995; Constantz and Thomas, 1996). Through comtimgurface water temperature
measurements, areas of gain to a stream from gnoatet can be found (Selker et al.,
2006b; Westhoff et al., 2007).

Fiber optic cable (Brusense, Brugg, Switzerland3 watalled in the Maisbich,
a ground water fed, first order stream in Luxemigowith a DTS (Sentinel DTS-LR,
Sensornet, London, England) system. Surface \ilatealong the study reach was
determined through DTS and flow measurements. cheges in temperature at
points of ground water input allowed for accuraggreates of point-wise ground
water inflows based on an energy balance coupléddavwnass balance (Selker et al.,
2006b).

As seen by Selker et al., (2006b) a loss in @astrean be assumed when either
upstream flows are larger than downstream flowsyleen the upstream and
downstream flow readings are the same and groutelwdlows are witnessed. It is
difficult to find where these losses occur throlghgitudinal surface water

temperature measurements. Through a distributepgesature sensing (DTS) system,
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the gains can be found through the longitudinalaser water temperature
measurements and if discharge is not significatifferent between upstream and
downstream measurements we can conclude thatdaresome losing sections within
this stream, as well as areas gaining. A los#, dradual or abrupt, only results in a
gradual change of the temperature profile due &mghs in warming and cooling
patterns; it will reduce the volume and flow of tineer which will give more solar
radiation per volume of water in the same chanhaps. Such losses might be
guantified through a complete mass and energy balgor the stream; however,
energy budgets of this precision are difficult atural streams. To have the most
distinct temperature difference, in order to estarground water inflows from surface
flow measurements, data should be retrieved foegiof low flow so that any increase
in flow can be attributed to ground water inflondamot directly from precipitation
(Kalbus et al., 2006b). In-stream flows measutesva points along a stream reach,
accounting for stream diversions and tributaryaws first, can be used to determine
if a stream is gaining or losing. If downstreamwlis greater than upstream flow, the
stream gains; if downstream flow is less than gh&tneam flow, the stream loses
water to the aquifer (Riggs, 1972; Stonestrom aodstantz, 2003).

Exchange direction can be determined through stiezohrsediment
temperature measurements. In a gaining reaclsetfiements will take on the ground
water temperature, and therefore the sedimentdené a stable temperature. On the
other hand, losing reaches will take on the surfeater temperature, which generally
follow the diurnal daily temperature cycle (Wintdral., 1998; Stonestrom and
Constantz, 2003; Kalbus et al., 2006a). For thegse of this thesis, surface water
temperature alone will be used to locate gainingiguas of the study reach, based on
a method that was established by Selker et al.6@0elker et al. (2006b), and
Westhoff et al. (2007). It is much more diffictdtuse only surface water
temperatures to find the losing portions of a rjvard stream temperature reduction is
much more dependent on gaining cool water thamsindg warmer water.

Since ground water temperature is generally stidobeighout the year, the

temperature difference can be interpolated betwleeground water and the surface
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water to differentiate the ground water inflowsnfréthe surface water. During the
warmest and coldest times of the year there witheemost dramatic temperature
difference between the surface and ground watepli®gp(Stonestrom and Constantz,
2003; Conant, 2004), allowing for easier differanhan.

Through the use of the DTS system cool water ingloovthe river can be
located during summer months for the entire lemdttme study reach. An important
byproduct of locating the temperature drops inding¢ace water is determining the
cool water inflows. Fluxes usually are calculafi@dthe ground water-to-surface
water interface through an application of Darcgw [(Darcy, 1856) which states that
water flux is a function of hydraulic gradient amgtraulic conductivity. A second
method is based on a water budget; ground waterilootion is computed in this
method as the difference between the inflow anflamt For the mixing zones or
areas of hyporheic exchange either of the methadse used (Kalbus et al., 2006b).

2.5 Ecological considerations

The temperature data gathered to estimate groutet wad hyporheic
exchange can be valuable to ecologists to ideatifysystem dynamics within a river.
Temperature-dependent water quality and geochemmioaksses can be calculated
based on the locations found through temperatugsuarements (Selker et al., 2006b).
Also, identification of habitat and migration patte based on temporal and thermal
conditions (Torgersen et al., 1999; Selker et28lQ6b) can be employed to determine
the extent of expected distribution of selecteccise

Maintaining a specific temperature range in surfga&ers is vital for many
different aquatic habitats. The cooling of summirae surface water occurs from
subsurface water emerging to the surface. Thesgidms are important because cold-
water fish species have begun to decline in pojulatue to physiological effects
from warming waters. The river waters have warmeel td many anthropogenic
causes. These anthropogenic causes include deatiegere-chanalization, broader

streams from lack of root systems and impacts ateys, and disconnection of flood
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plains (Resh et al., 1988; Hornung and Reynold851.9Warming to many surface
waters has also been attributed to climate chaRgbd] et al., 1996).

Due to the increase in temperature and the decneasilable water, the
amount and location of surface and ground wateha&xge are increasingly important
to identify for ecosystem considerations of temperasensitive fish species. For
example, anadromous salmon and many trout reqoé@fs temperature ranges to
successfully develop, migrate, and spawn (Powe0;1Baltz et al., 1987; Curry and
Noakes, 1995; Curry et al., 1995; Halupka, 2006n&strom and Constantz, 2003).
To protect these cold-water species ways must inedfto continue to keep our
surface waters cool; locating cooling sourceswssg first step (Silliman and Booth,
1993). Stream temperature is also a critical patanto other ecosystems within the
stream. Temperature controls rates of metabolisennumber of aquatic insects,
growth, decomposition, and solubility of gaseswa#i as many other processes and
biotic interactions (Beitinger and Fitzpatrick, P9Beschta et al., 1987; Harvey et al.,
1998; Johnson and Jones, 2000). Hyporheic exchangeases stream temperature
regulation and nutrient cycling (Hendricks and Whit991; Wood and Petts, 1999;
Hatch et al., 2006), both of which are importamtdquatic habitat (Power et al., 1999;
Hayashi and Rosenberry, 2002; Alexander and Cai28@8; Hatch et al., 2006).

The Intergovernmental Panel on Climate Change (lH&2001 employed
several Global Climate Models and expects a 1%0 ihcrease in mean global
temperature within the next 100 years. This mayehadevastating impact on cold
water fish (Ficke et al., 2007). Many rivers atr@ams in Oregon have been
determined to be in violation of the Clean Watet éwe to high temperatures by the
Environmental Protection Agency (EPA) (DEQ, 200%jout and salmon populations
in many of these systems are of concern becaube @levated temperatures and
have experienced die off during warm summer periddigh water temperature has a
significant influence on salmonid behavior and gitoyLi et al., 1994). Several
species of cold-water fish locate thermal refugiaesal degrees cooler than ambient
water temperatures (Torgersen et al., 1999; Ebeetal., 2003) during summer.

Fish are known to move into cooler ground watemgsrfor refuge from excessively
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warm stream temperatures (Power et al., 1999) ui@&tevater discharge increases
biological abundance, diversity, and biogeochentgaling (McClain et al., 2003;
Hunt, 2006; Lowry, 2007). Fish find these coolgrd water sources not just for
refuge but also because the flow between surfaterwwad ground water creates
habitat for species that are part of the food cfainhese fish (Harvey et al., 1998).

When water temperatures are outside of a fish'@lrrange during the cold
of winter or the heat of summer, ground water bezomcrucial component of river
habitat. Ground water provides areas of warmerwati®w in the winter, and in the
summer, ground water is important for maintainirsgkdarge and moderating surface
water temperatures. Learning more about thesendraater distribution pathways is
critical to developing plans to protect these spe¢Power et al., 1999).

Habitat suitable for rainbow trou®cor hynchus mykiss) is temperature
dependent, with the lethal limit taken to be°25(Hokanson et al., 1977; Jobling,
1981; Bjornn and Reiser, 1991; Matthews and Be®9§7). There is a rich supply of
literature on the importance of cool water refugiasalmonids during summer
periods of high water temperatures (e.g., Gibs8661Keller and Hofstra, 1983;
Berman and Quinn, 1991; Matthews et al., 1994;9¢ieland Kiorboe, 1994). In a
study by Matthews and Berg (1997), areas of striemnperatures which remained
cool due to ground water seeps during summer maathsistently had more trout
than did areas with higher water temperatures. Qfegon Department of
Environmental Quality (DEQ) has temperature TMDIadgl maximum daily loads)
for the Walla Walla River in Oregon (this studyegiset to below 18C for salmonid
and trout rearing from spring to early fall. Alstyring spawning for these two
species (January'to June 1%, 2007) 13C water is necessary. For Bull trout
spawning, the temperature should$éd2°C. (DEQ, 2005)

Salmon and trout begin to experience serious effgictemperatures below
their chronic lethal limits. Temperatures seledigdhese fish correlate with their
optimal temperatures for growth, around 17 °C (Mig@and Cech, 2001). Increases in
stream temperature below lethal levels have bededi to increased fish mortality of
cold water fish (Brett, 1952; Beschta et al., 1988Cullough, D., 1999), increased
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occurrence of disease (Becker and Fugihara, 1@n8)increases in competition
between species (Reeves et al., 1987; Johnsoroaed,2000). The trout and salmon
species are the focus for this thesis becausestteethe species found within the

Walla Walla River that most depend on cool tempeest for their life cycle. Thus,
locating and understanding the cool water inflosvgiial to further protect these two
species. This research was carried out in théwwedtern United States where salmon
and trout are important to commercial fishing, eation, and are good indicator
species for the current condition of aquatic ectesys (Cairns, 1974).
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3.0 Materials, Methods, and Theory

3.1 Instrumentation

The primary instrument used in this project wasAhdent N4386A
Distributed Temperature Sensor.
Table 3.1 Key specifications for the Agilent N4386RJfillaro et al., 2007)

Key specifications for Agilent]
N4386A DTS Environment
Operating Temperature

Distance Range 8 km | Range -10to 60 C
Spatial Resolution
(minimum) 1m Storage Temperature -40t0 80 C
Temperature Resolution | 0.01 K | Supply Voltage 10to 30 V DC

15 W at room
Temperature temperature, 40 W
Repeatability 0.1 K | Power maximum

Within the DTS housing a Fujitsu Stylistic ST50@@let PC was placed in
order to run the DTS Configurator version 3.0 amddata saving. Two 1000m
lengths of Kaiphone’s Mini armored fiber optic cablThe cable was duplex, multi-
mode, graded index, 50/125, armored (stainlest\wtapped), black jacketed in PE,
and had aramid strength members. End connectodstog®nnect the cable to the
DTS were APC e2000s. Where the two 1000m cables waa@mnected and where the
last cable doubled back, female/female e2000 adaptere used. The cable was tied
into place along the river using 1/2 inch rebakesadriven 1/3 of a meter into the
streambed approximately every 75 meters. The bb&c cable was held onto the
rebar with zip ties. Aerial cable hangers were alsed to secure the cable at three
locations where the cable was purposefully ouhefwater.

Flow measurements were taken using cross-sectiatalof the channel and
by using a flow meter according to the “Standare&k@png Procedure for Stream flow
Measurement” (EPA, 2004) (completed by the WalldlaMBasin Watershed
Council). Immediately prior to taking the cable ofithe river two ice baths were
placed along it for system calibration. One icenbahs placed near the DTS and one

at the midway where the two cables were connecigghroximately 20 meters of



22

cable were placed into each bath. A digital da¢mér thermometer (VWR model
61220-601) with a resolution of 0.001 °C and arusacy of + 0.05 °C was used to
take temperature measurements along the cablendhd ice baths to field check the
DTS temperature measurements. Digital photoseoétie were taken at locations
identified by a Garmin Geko 301 GPS. Meteorologilzda was downloaded from the
LeFore ETo station (identification #TOACI1) southtloe research location to check
for DTS system errors (sudden jumps in temperatata). Data interpretation was
done through the use of Microsoft Excel 2003 andLiéla R2007a.

A snorkel fish survey conducted by the Fish anddWé Service parallel to
the DTS installation was completed on 8/16/200TCbyrtney Newlon, Marshall
Barrows, and Ryan Koch of the USFWS, Columbia RRKisheries Program Office,
Vancouver, WA. The survey started at the downatread of cable and ended at

Mauer Lane.

3.2 Site

Milton Freewater, Oregon, USA is within the Wallzalld Watershed, which spans
Oregon and Washington (see Figure 3.1a and 3g.southern end of the site was
at Mauer lane just north of the city of Milton Fvester. Measurements continued
north 2 km along the river’s thalweg ending primatwell-known swimming hole, to
reduce the likelihood of tampering and vandalisppraximately 500m south of the
Washington State border. (Figure 3.2). The DTS plased at the end of Mauer Lane
(Figure 3.2). This location was chosen based @eeed ground water emergences as
advised by project collaborator Bob Bower from YMalla Walla Basin Watershed
Council and the availability of line power.

The Walla Walla River is habitat to threatened andangered species such as the
Columbia River Salmon, Steelhead Trout, and Bubiufr The upper geology of the
study area consists of a shallow gravel aquifepr@amately 20 to 30m) on top of a
deep fractured basalt rock aquifer. The Walla Walhtershed is a 1,758 square mile
area with a majority found in the southeast conf@iVashington (figure 3.1a). The

headwaters originate in the Blue Mountains of Ornegbthe eastern boundary of the
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watershed. The climate is characterized by had, axmmers and cold, wet winters.
Summer temperatures in the basin soar frequentgezk38° C (100° F) and fall
below freezing in the winter. This watershed reesilsetween 12 and 16 inches of
annual precipitation (PRISM, 2002), most of whisttontained in the annual snow
pack (Baldwin and Stohr, 2007). The near-streagetagion found at this site consists
of grasses, blackberry vines, willows, alders ati@ioriparian species (Volkman,
2003). The majority of the water drafted from thir is used for agriculture, some
of which eventually returns to the river. Mosttloé properties surrounding the study
reach were either riparian lands or agriculturaliofs.

i
|
i
1
1
i
i
1

Figure 3.1a Map of the general research locatimdecencompasses the Walla Walla
Watershed which crosses the Oregon/Washington Bdi@eogle, 2008)
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Figure 3.1b Map of study reach location on the W#alla River within the Walla Walla Watershed
(www.wallawallawatershed.org)
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3.3 Objectives and Methods

The objectives of this research is to further ustéerd ground water and
hyporheic exchange flows as revealed by accuratipdeature readings from the DTS
for longitudinal temperatures of the Walla Wallav&L These inflows were separated
between ground water and hyporheic exchange. tfeemflows were compared to
fish distribution along the study reach. For thasticular project it was most
important to get accurate temperature differencepace and time to identify and
qguantify cool water inflows. This was completedthking measurements of the river
every hour for a three-week duration (July'36 August 24, 2007).

The methodology for the research in this thesiskeaaplit into two groups;
those methods from before data collection and thftee data collection. Prior to data
collection consisted of cable selection and caldegment in the thalweg of the river.
After the data collection included the initial dataaning by calibrating the system,
smoothing the diurnal temperature, and temperath@a@surement noise reduction.
The analysis of the data was completed by compdhn@gverage daytime and
nighttime temperatures through a correlation coigffit. Once completed ground
water inflow was quantified and an estimated deptiyporheic exchange was
calculated.

The data was calibrated and processed to locasgipp@errors in the data;
some of the time steps from the DTS were flawefterAhe initial data processing the
data set was used to find and differentiate aréaeaing within the stream. Finally,
the cooled river sections were compared with the=$8 and Wildlife Service
(USFWS) snorkel fish survey to see if patterns g@ebetween fish location during

summer daytime temperature and cool water inflows.

3.3.1 Initial data processing

The temperature data was collected through douldegemeasurements,
which was possible because the fiber optic caldpdd back to the Agilent DTS.
Double-ended measurements were a new capabilithéoAgilent DTS as of July

2007. This function passes light one directiotigh the fiber optic cable then
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passes light the opposite direction through théegabowing for automatic correct for
the attenuation ratio (loss of optical energy thal create a false temperature change)
and the gain (slope). Double-ended measuremeaotdcshe used when attenuation
ratio and gain may be inaccurate due to poor i or multiple sharp bends in the
fiber optic cable.

DTS data from fiber optic cables generally reqpiost-collection calibration
to be corrected for temperature gain and offséténmeasurement. In the case of
double-ended measurements, only offset must belfolihe data was collected on
two cables, resulting in two unique offsets, onedach cable. First estimates for
these offsets can be obtained prior to data cadledty using the Calibration Wizard
found in the Agilent DTS Configurator software pagk, but generally, these values
must be adjusted after returning from the fielghtecisely address effects of
connectors and other non-calibrated elements.

For this study, data acquisition was completedughothe DTS Configurator
software version 3.0 available for the Agilent D3ystem. The data was then
imported to MATLAB, a powerful numerical computeogram that allows for easy
manipulation of matrices. The DTS temperature mieasents were double-checked
with a hand measurement of the ice bath with thmeltreeld precision temperature
probe (Figure 3.4). An ice or water bath that $joehanges temperature and a second
temperature measuring device are important to atdithe DTS temperature
measurements. Redundant temperature data mayetdedi calibration of the fiber
optic cable was not properly completed prior taadatquisition from the DTS system.
For this research the offset correction made use(fC known temperature provided
by two ice baths with 20m of submerged cable ihd&oyure 3.3). The temperature
measurements from the ice bath were averaged tgeththe 20 meter length and
for one hour in time. The averaged ice bath teatpee was then compared with the
ice bath temperature taken with the hand-held teatpe probe. The upstream ice
bath was found to be -0.00€ and the downstream bath to be 0.012° C. The
difference between these two temperatures was fanddised for the temperature
offset of the entire cable.
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The longitudinal temperature profiles were therttgb and viewed in a movie
setting through MATLAB as multiple traces viewedabgh time. This movie
making process (not presented in this thesis)ed s view stream dynamics through
time, possibly locating temperature patterns fatitgahal evaluation or possible
erroneous data.

For this study a true or absolute temperature ngg@iccuracy) is not as
important for final data interpretation as the i¥ptio quantify spatial and temporal
changes in temperature (precision). Since the @aSsrun in double-ended mode the
software adjusts for an incorrect slope of thedragtomatically, giving precise
measurements of temperature change. If a singipeeature measurement is taken at
a specific location on the fiber optic cable, thieis location is heated and an
additional temperature measurement is taken, ffereince between the two
temperatures is an attribute of the DTS itself eathot be adjusted through
calibration. The DTS has a high precision wherkilog at the temperature difference
between two temperatures as long as the slopdapamtesser amount, the gain of the

trace is correct.

3.3.2 Energy Budget Calculations

For this thesis we used the water budget (basedeoconservation of mass) in
conjunction with the conservation of energy to difgthe ground water inflows to
the surface water. First presented are simpletdiszne methods to see possible
effects of different cooling components. The diéi@ components that are considered
in this research are: how shade may block the satkation from increasing stream
temperatures, the effect ground water will haveaoling a stream, and the effect the
hyporheic exchange will have on cooling a stream.

Shade is a surface process that effects streametatnpe. Shading blocks
short-wave solar radiation from adding energy tostrteam. This blocked solar
radiation would have otherwise increased streanpéeature. This form of cooling is

actually better stated as heat blockage than aralacboling influence. Shade does
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not universally reduce the temperature, but radiramishes the rate of energy input
during the daytime.

For this study it is important to quantify the effe of solar radiation upon the
water surface. Once the calculations are complgtading effects on a localized
scale can be determined (at our study reach iicpkat). To find the change in
temperature expected for a 50 meter shaded sadftitve river, it is necessary to
know the travel time of the water for the 50 met#ne solar energy expected for the
particular setting (location, time of year, anddiof day), and the channel width for
the 50 meter shaded section of river. The totatggnabsorbed based on the density,
volume, and heat capacity of water for the 50 mstetion can then be found and the
expected temperature change determined. Shadlhigenncluded in the
calculations, but will not be located through DT8asurements.

Cold water refugia have been defined as portiormidhce water where the
water temperature is colder than the daily maxinteimperature of the adjacent well-
mixed flow of water. These refugia provide localccwater within the surface waters
of warm streams, affording potential thermal refémecold water fishes during
periods of heat stress for energy conservationnf@arand Quinn, 1991; DEQ, 2006;
Ebersole et. al., 2003). Examples of common artasld water refugia are: water
entering from subsurface flow, input from sprinigd, slope seeps, and tributaries
which have not mixed with surface stream flow. lBBgtound water upwelling and
hyporheic exchange can provide cold water refugiaese locations are often found
near islands, pools, and rock out-croppings aldreas banks (Berman and Quinn,
1991).

This study concentrates on detection of cool watlsws using a DTS
system. The goal is to calculate the effect eaohrgl water inflow and hyporheic
exchange will have on the temperature in the stadgh on the Walla Walla River.
This is completed through energy budget calculatizased on the computed flows
expected at a ground water site and the calculaikoinetric heat capacity at a site of

hyporheic exchange.
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The correlation coefficient was used to locate ewater inflows and to
distinguish them between ground water and hypor&eitbange water. The absolute
value of the correlation coefficient of 1.0 is afpet correlation and anything greater
than 0.8 is well correlated. If a 0.7 correlatawefficient was chosen, sites other than
refugia would be included; these sites may incldelep pools of water and sites of
high noise in the data. If a 0.9 correlation wasduiwe would not include many of the
refugia sites because they are naturally variahtecaly sites where the cable is out of
the water or connector sites will be found. Thigelation coefficient was completed
for running 15 meter sections of the temperatutassd that had been averaged for
three meter lengths. Fifteen meter sections weee tor the correlation coefficient
because this length recorded distinguishable grewatdr inflow and hyporheic
exchange sites at above a 0.8 correlation withaltiding areas that were due to
noise in the temperature measurements or possilelyaldeep pools. The inflows
that are cooler both at night and daytime, givingpaitive correlation coefficient
result in a ground water inflow. The second typeam| water inflows are when the
inflow is colder in the day but warmer at nightyigg a negative correlation
coefficient and resulting in a location of hyporhekchange. The correlation
coefficient shows the locations of temperature gleahat are distinguishable outside
of the measurement noise. These locations caoreared with locations we have
visually determined to be ground water or hyporleichange in order to see if the
correlation coefficient can be used to easily famdi differentiate the locations of cold
water refugia from the DTS temperature profile.

A ground water inflow can be located by using tiseeies longitudinal surface
water temperature traces. The average tempernartofite for cool summer nighttime
data (3am to 7am) was processed and comparedheitfiverage temperature profile
of the peak summer daytime data (6pm to 10pm).sé&ti@ces were compared with
the total average temperature trace of the rivethfe study duration (Figures 3.5, 3.6
and 3.7, respectively). When the comparison waspbeted, locations where sudden
steps or slopes downward in the DTS data, that atetfee same location throughout

the daily temperature cycle, were considered tgrband water inflow sites.
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Locating areas of continuous temperature shifiigartant when removing
other factors that may contribute to cooled log#iof surface water during daily peak
temperatures. It can be argued that these coodad are due to riparian shading,
wind, hyporheic exchange, or evapotranspiratitfowever, when nighttime
temperature change is similar to daytime and olvavarage temperature trends, we
are able to remove the temperature signature thgth® from environmental factors
that give a false cooling signal.

A heat balance equation to calculate ground wasehdrge from
measurements of stream temperatures and surfaee fleat was developed by
Kobayashi et al. (1999) and was used by Beckelr €2@04) andKalbus et al. (2006).
In their research a streamas divided into reaches where temperature measumtsm
were taken and a balanced equation was set uploGalestream temperatuiea
function of the ground water discharge ralbe, difference in stream water and ground
water temperaturetream flow, and additional heat gains and lodsesigh the
stream surface. This approach will also calculag¢eground water inflow based on
the flow and temperatures of the surface waterthedjround water. The difference
between their method and the one chosen for thdyss that the Kobayashi method
has also incorporated the surface heat flux istestimations. However, these are
considered to be constant over the stream, antbeaeglected for this data analysis.

Flow contributions along a reach can be separatedsurface and subsurface
flow using temperature, through application of masd heat conservation. For this
study a slightly modified versions of the Kobayastass and energy balance
equations for flows and temperatures were usedkétet al., 2006b; Westhoff et al.,
2007; Tufillaro et al., 2007).

Mass balance, Q, =Q,+Q

Energy balance, T,Q, =T.Q,+TQ
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Where Q is dischargerf®/s), T (°C) is the water temperature and the subscripts

d is downstream flow, u upstream flow and | isdaténflow. The ratio betweeHQ—'
d

can be derived by solving the mass and energy talaquations above:

Q _Ta-T,

Qd TI _Tu
The determination o&' from temperature measurements can be done orilg if t

d
lateral inflow significantly alters the stream watiemperature. Thus, the more
precisely temperature can be measured, the mouveadely inflows can be quantified.
An assumption that is implicit in these equatianthat over the time interval

Q

d

between the night and day temperature profileenl — are constant. The approach

assumes there is full mixing soon after the growater enters the stream, and that the
temperature over the cross section of the streawonstant. These equations also
assume that the flow is constant over time and wafies due to ground water sources
(Westhoff et al., 2007). Other assumptions ahered is no bed conduction loss; there
is negligible solar, long wave, and evaporativet lezahange; and that there is
negligible direct gain or loss through evaporatma precipitation.

We can move from quantifying each ground water frffar a depiction of the
ground water system see Figure 3.8) to how grousiteémnflows will change surface
water DTS measurements. The expected reactidreadummertime surface water
temperature due to gains from a ground water infliNustrated in Figure 3.9. Ata
location of ground water inflow we expect that digrsummer the temperature trace
will show reduction in temperature both day andhhigrhis is the case as long as
summertime surface water temperatures are abowevdrage yearly air temperature,
which is the temperature of incoming ground waten¥ shallow sources.

Ground water inflows can be found through the Userrelation coefficient
computed for spatial changes in daytime to nighgttemperatures. That is to say that

at locations of ground water emergence we expeaderue of cooling with
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downstream flow for both day and nighttime DTS dafhe temperature change is
determined from 10m before the ground water inflogation to 10m after the ground
water inflow location. To use the correlation da#ént to locate the ground water
inflows the surface water temperature of the avetag nighttime and average peak
daytime are used. The temperature data showingrthand water locations can be
plotted to ensure that the locations are not orggsitive correlation, but are in fact
areas of cooling. Based on visual inspection|sefpositive from the correlation
coefficient can be seen in the data at areas dfreayus warming or at a fiber optic
cable junction site, both will be discussed latéach of the ground water inflows that
were found can be quantified using the coupled @vagion of mass and energy

equation from Selker et al., (2006b).

GROUMD-WATER
SYSTEM

Figure 3.8 Depiction of ground water system (Wall€88).
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Figure 3.9 Example of what is expected from a tfem® a ground water inflow site
during summertime temperatures.

Hyporheic exchange sites are found through thestairon coefficient
however, a negative correlation also occurs insavdgere the cable is out of the water
and recording air temperatures. Thus, identifazabf hyporheic exchange needs to
be validated. Areas with cable exposed to thevélihave a greater temperature
difference than the surface water between the @gttday temperatures allowing
visual inspection of the traces to easily differatet between the sites that are
hyporheic exchange and the sites that are air expcable.

Most hyporheic exchange occurs in pool to rifflgsences, with water
entering the sediment after the pool and comingobthe sediment after the riffle.
During the warm times of day this creates a sldybp in the temperature at the
hyporheic exchange site, and during the cooler bingght it gives an increase in
temperature at the same site (Figure 3.10). Thasge is due to the time it took the
water to pass through the sediment. For the perpbthis thesis exchanges longer
than 1day duration are not considered in our detextion of hyporheic exchange.
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Hyporheic flow longer than a one day residence tane occur; examples of these
longer duration hyporheic exchanges include whsacandary channel, braided
channel, or meander bend is present in the suwaterway (Vervier and Naiman,
1992; Harvey and Bencala, 1993; Wondzell et aB61Wondzell and Swanson,
1999). These longer duration exchanges cannaiwelfthrough the three week
duration data that we have available. In essahesg locations of hyporheic
exchange make the temperature of the surface weter stable, bringing the surface
water back to the daily average temperature. Thesetemperature characteristics
along with the porosity of the streambed will bediso calculate the depth and width

Hyporheic Exchange
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Figure 3.10 Depiction of expected temperature chdragm hyporheic exchange
during summer.

of hyporheic exchange flows. These same paramet#rdefine the water’s travel
time through the hyporheic exchange zone (Wondu®ll Swanson, 1999).
Let us look at the collective cooling from hyporhexchange between the

surface water and the bed material over a secfionar. For these calculations the
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hyporheic volume will be considered a continuousing zone throughout the entire
length of the river. To estimate this overall hglpgic exchange we can consider the
difference in temperature from the average daitygeratures to the average peak
daily temperature for the upstream portion of #&ch and compare it to this same
measurement for the downstream portion of the strebhe upstream and
downstream portions of the reach are considerée the first and last 50 meters of
in-stream fiber optic cable, respectively; boundamg1l800m section of the river. This
will serve as the upper and lower boundary for @ergy balance.

The energy balance is used to find the mass ofriabtequired to match the
actual in-stream temperature change we see inatae dhe amount of energy coming
into the reach minus the energy leaving the reaa$t mqual the energy stored within
the reach (see Figure 3.11). The energy balanteevwused to find the amount of
energy that must go into the hyporheic exchangevahdne of surface water. The
stored energy can be put in terms of thermal hegaa@ty for the hyporheic exchange
and surface water to determine the depth of thetingic exchange. To determine the
depth of hyporheic exchange that is evenly distebwver the entire river bottom
from the stored energy term we will use the surfaea of the hyporheic exchange.

To calculate the depth of hyporheic exchange ther sadiation is equally
distributed across the river reach, the quantitgrotind water inflow are of equal
magnitude at each inflow site, and the ground wafeows are restricted to the
discrete locations found through the DTS tempeeateadings. The ground water
inflows are included in the calculation for hyparhexchange depth because we are
basing the hyporheic exchange depth on the heatitgpf the hyporheic exchange
site and to find the heat capacity we will neethtbude the ground water energy for
the conservation of energy equation that is ugadimportant feature of this river
reach is that the flow from the upstream to the mstveam portion of the reach does
not change. This is justified by the flow measueats along the reach completed by
Bob Bower from the Walla Walla Basin Watershed Guiuthat shows upstream to
downstream measurements to be within the 10% erenval of the measurement

method (personal communication, Bob Bower, Oct@€7). Since the flow
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measurements are within the 10% error intervalgetigeno statistical difference
between the upstream and downstream flows. Lasilgy radiation, ground water
inflow, and hyporheic exchange are assumed todentlijor processes contributing to
river cooling and are therefore the major compoménthe energy balance and are the
main processes taken into account for this theBige long wave radiation,
evaporation, and air exchange (convection) willumeped into one term. The value
for this term was estimated using a calibratedggnbalance via the software Heat
Source v. 7.0 (ODEQ, 2005), energy balance softiWveewas calibrated and updated
for the Walla Walla River in the summer of 2005.

We can now look at the method developed to findettgected volumetric heat
capacity for the hyporheic exchange. Prior touakion a conceptual model may
help to understand the major contributions and mplk# the channel energy budget
in question (see Figure 3.11 and 3.12). Usingdbieeptual model we can find the
thermal mass of the hyporheic exchange by usirapaesvation of energy balance
equation. For the conservation equation we nea@dc¢ount for all the major inputs
and outputs of energy, depicted in Figure 3.11e ifiput energies to this system are
the inflowing surface water energy, the solar epettoge ground water energy. The
out flow of energies include the losses of surfaager to ground water, the lumped
term for the convection, evaporation, and long waekation energies, and the water
energy leaving the study reach. The energiesbsiltalculated as a flux in joules per
second.

The objective here is to determine the thermal mésyporheic exchange.
This was completed by computing the energy fluxés and out of the control
volume to find the rate of change of stored eneavlgin the control volume. Since
the control volume contains a known volume of stefevater the thermal mass of
hyporheic exchange can be separated and computed.

The energy balance for this study is based ondh&a volume in Figure
3.13. This control volume comes from the instaatars energies for the study reach
assuming all flows of water are steady. The cdmptume consists of the incoming

energy of the water [1], the incoming solar radiatenergy [2], the ground water
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energy into the reach [3], the ground water enexgyof the reach [4], the lumped
energy term (from the energy for evaporation, cotiga, and long wave radiation)
[5], the outgoing energy of the water [6], and shared energy (going into hyporheic
exchange and the surface water). Conduction &ddrtional energy in the system.
The control volume contains both the river wated Hre conduction of river water to
bed material (the hyporheic exchange site). Tloeeethe conduction term is
incorporated into the stored energy in the contobime.

The energy balance is based on the conservatienesfjy and can be written
as the rate of change of stored energy is equbktdifference between the total
incoming energy (B and the total out going energydE
Rate of change of stored energy within the contotlme = E [J/s] = B — Eo
For the purpose of this study it can be stated as:

Rate of change of stored energy = (incoming watergy + solar radiation energy +
ground water energy in) — (ground water energy+oluimped energy + outgoing
water energy)
Where the energy stored remains in the materidlimihe control volume, including
the surface water and the hyporheic exchange zone.
The energy fluxes are denoted:
water energy in = HJ/s]
solar radiation energy =[E)/s]
ground water energy in ;HJ/s]
ground water energy out dJ/s]
lumped energy term = B/s]
water energy out = #J/s]
In this notation the energy balance can be wrigi&n
Ec=(B+E+Ey)— (Bt B+ E)
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The makeup of each energy flux within the energiaiice can now be
determined. The energy fluxes will be computeddive for the difference between
the inflowing and outgoing energy giving the ratelsange of stored energy within
the control volume (see Figure 3.14 for conceptarhpened temperature at outflow
due to hyporheic exchange). First the inflowingrgly flux is computed. The
incoming water energy [1] is computed at the pemity to the control volume by
finding the incoming temperature (°C]). All temperatures are referenced to 0°C to
insure correct energy flux calculations. To conepthie energy flux the temperature is
multiplied by the volumetric thermal heat capadcifyvater (Gw = 4.18 x 16 J/°C i,
for water at 20°C) and the flow into the study fe&@[m?/s]) to determine the inflow
energy.

Ei= CGuw(Tw(Qs)

Solar radiation follows a diurnal pattern and isrtéfore a function of time.

The energy input from solar radiation (S) [2] wagw@ired from weather station data
in the Walla Walla River Basin near the study reache net solar energy flux is
computed as the solar radiation as a functionneé¢ tmultiplied by the fraction of the
river's surface area (R [if) that is exposed to the solar radiation. Becahsesolar
radiation does not directly impact the shaded portif the river, the surface area will
be multiplied by the fraction of area that is exgub$o the solar radiation. In this case
10% of the river was shaded so the surface areanuéiplied by a shade factor (F) of
0.9.

Es= S(R)(F)

The energy of the ground water inflow [3] can le¢edmined by finding the
temperature of the ground water inflowy(¥ 14°C). The energy flux is computed by
multiplying by the volumetric thermal heat capaafywater and the total ground
water flow in the reach (Q= 0.36 ni/s).

Egi = Cow(Tgi)(Qqi)

The energy for the ground water outflow [4] isetetined similarly, taking its

temperature to be equal to that of the surfacernvedtine control volume, J[°C].

The flow data for the study reach shows no sigaiftcchange in water from the
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inflow to the outflow; since we have determinedtttinere is cold water flowing into
the reach their must be an equal amount of wateririig out of the reach. For this
particular case the ground water outflow we takke@qual to the ground water
inflow (Qgo = 0.36 n/s).

Ego = Cow(Tev)(Qgo)

The lumped energy term (L [J/SPnrepresenting evaporation, convection and
long wave radiation [5] was obtained from Heat $eur. 7.0 (ODEQ, 2005), an
energy model that has been calibrated for thig neach. This term for our study
reach was determined by using the Heat Sourcenation from August 2002, giving
an estimate for this study (summer of 2007). Asnga Figures 3.15 and 3.16 the
climatic data for August in these two years is amitherefore 2002 data can be used
as an approximation for 2007. The energy takem firteat Source is then multiplied
by the surface area of the river reach.

E =L(R)

The energy flux out of the river reach [6] is dateed in the same manner as
the energy into the reach. The volumetric heaaciy of water and the flow of the
reach are multiplied by the downstream temperaflyg CJ).

Eo = Cu(Ta)(Qs)

The conceptual model (Figure 3.12) above also psrta the energy balance
necessary to find the functional volume of the higeec exchange. The hyporheic
exchange depicted in the model along with the saréaea of the hyporheic exchange
can be used together to find the functioning deptinis zone. Some assumptions
made for this calculation are that the hyporhechaxige is continuous along the study
reach and is directly below the surface water,conting in on the sides of the
channel. The second assumption stated abovelewiden there is such a large
width of surface water to depth of water ratio.e$& assumptions help to keep this
calculation as a stripped down simple formula tip lgeiantify the hyporheic
exchange. The same idea of the continuous hypoéxehange can be used to find
the depth for discrete zones of hyporheic exchatingegepth will be much greater in

discrete locations of hyporheic exchange becalssdme amount of cooling must
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Figure 3.14 Expected temperature from the energgéiucompared to the actual temperature with hygiorxchange.
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Lumped Energy Term Varification
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Figure 3.15 Wind speed comparison between 20023 for the Walla Walla River near Milton-Freewat®regon.
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Lumped Energy Term Verification
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take place in a shorter distance. Both continamesdiscrete hyporheic exchange are
important to consider, but the DTS instrument jsatde to pin point the discrete
locations based on the peak hot and cold daily ézatpre profiles.

Depth of the hyporheic exchange can be found thraogsideration of the control
volume (Figure 3.13). Since we have the calcutatiw the rate of change of stored
energy for the control volume (hyporheic exchanlges purface water) and we know
the volumetric heat capacity for water and the imaderial, the volume of water above
the hyporheic exchange site, and the porosity@btd material to be 0.3 (Constantz
et al., 1996; Edwards, 1998), we are able to caleihe volume of the hyporheic
exchange site. Since the porosity of the bed natisrD.3 we know that the bed
material takes up 0.7 of the volume in the hypartegichange site, this will be used to
help calculate the volume of the hyporheic excheasiige

The energy stored within the control volume [s]) resides in both surface
water and the water sediment mix of the hyporheahange. The depth of hyporheic
exchange calculation is based on the energy stordx@ control volume that is not
stored in the surface water.

The energy balance will be based on the volumbtat capacities of the
different material within the control volume ancttstored energy within the control
volume. The stored energy within the control voduwill be integrated over time in
order to find the cumulative energy the thermal sraEghe hyporheic exchange must
account for. From Figure 3.17 we can see a mddehat the control volume
contains. Using this model (containing a knowruveé of surface water), the
volumetric heat capacity of the sediment, and ¢nepeerature change of the control
volume over a specific time period we can deriveqnation to determine the depth

of the hyporheic exchange.
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Figure 3.17 Conceptual model of continuous hypark&change.

The terms used for this derivation are denoted:
E.= Rate of change of stored energy within the cdmotume (J/s)
V = Total volume of control volume (n
Vi, = Total volume of hyporheic (
Vi, = Total volume of water above hyporheic exchargeez(n?)
T = Temperature of the control volume for time dioa{°C)
t = Time duration the calculation was completed (s)
Cw = Thermal volumetric heat capacity of control vokid?C nr)
Cw = Thermal volumetric heat capacity of watefGIfr)
Cvs = Thermal volumetric heat capacity of sedimerftGt?)
SA = Surface area of hyporheic zoné’m
Dy, = Depth of hyporheic zone (m)
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We begin with the previously calculated energyexdowithin the control volume and

find:
dt

This can be integrated as:

j T = o j dt
C(NVCV
Giving:
AT = E At
C(N cv

Now we can expand the control volume terms to ipeate the materials involved.
c.V, =C, (v, +03v,)+C 07V,
This can be substituded in for the control voluerants:

AT = E, At
C,.(\v,+03v,)+C 07V,

The volume of hyporheic exchange can be computed as

ME,

v = AT
=
03C,, + 0.7C,,

- C:WVVW

Once the volume of the hyporheic exchange has ta&lenlated the depth of the
exchange can be found by simply dividing the caltad volume by the surface area
the hyporheic exchange occurs over (for our casbave made the assumption that
the hyporheic exchange occurs over the entire teagtl width of the channel).

Vh

Dh:§
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3.3.3 Fish Survey

During this study, the USFWS conducted a survetherfish found in this
reach of the Walla Walla River. The survey detaedithe number of fish and
species found throughout the study reach duringnndaytime temperatures. The
surveyors recorded the cable distances when thag taa school of fish during their
snorkel survey which started at the downstreamaeof the study reach and went up
the river to the end of the study reach. This §shvey will be used to determine if

the fish populations are locating the cold wat#ioims during warm daytime periods.
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4.0 Reaults

4.1 Calibration and Jitter Removal of DTS Data

The temperature offset for post calibration of NES data was determined to
be approximately 5C by checking ice bath temperatures using a highugen
VWR temperature probe, which has a temperaturdutso of 0.002 C. This was
determined through calculating the difference betwine VWR temperature
measurement and the temperature measurement gitbe DTS for the ice bath.

The upstream ice bath was found to be -0°:@@&nd the downstream bath to be
0.012° C. The two fiber optic cables used for #tigly meet at the ice bath at the
1030 meter mark. This junction is noticeable intdmaperature measurements
because at this point the temperature profile sheogke in the record due to the
barrel connector. In Figure 4.1 it is easy totbe¢ the ice slurry baths are not read as
zero by the DTS system, giving the necessity ferdfiset correction. The entire
temperature profile was adjusted for this offsegebtemperatures that will be close to
the true stream temperature.

The offset was found to be a reduction of the DTe&asurements by 5.02
Celsius. Figure 4.2 shows the basic trace acqfiiomd DTS viewed through MatLab
that has been adjusted for the offset. This trasesghe temperature averaged for one
hour every meter along the 2000 meter study reach.

When the temperature data was viewed in the Mathawie format, a jitter
(typically between 0.5 to 1.0° C) was seen, whieeedata was displaced either up or
down (movie not presented in this thesis). Thitseli” was first seen in an ice
temperature bath. The temperature should not uatiange within the bath, but
some jumps were noticed. Through discussions th#lDTS manufacturer it was
learned that this defect reflected a firmware def@dch is prominent when the
instrument is used in double-ended mode with higls fiber optic cable (our case).
The jitter seen was not due to true temperaturaggmfrom the river and therefore it

was necessary to remove before further data irg&fon took place. This jitter was
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corrected for by first plotting temperature verthestime for the DTS measurements
(Figure 4.3). The plotted river temperature shdaltbw a smooth pattern due to the
influence of air temperature, solar radiation, #re@high thermal heat capacity of
water. This was not the case with the jitter pnése the data set needed to be
smoothed out post collection. To accomplish theamng, a 5hr running average of
the hourly temperatures was taken to get an adjusteperature measurement (see
Figure 4.4). For the running average a sectiomft®77 to 1425 meters along the
river was used because it showed quality water ¢zatpre with no spikes due to air
temperature. The differences between the averagegerature and the true
temperature were found and added to the entireselatar the duration of the study.

This gave a new adjusted temperature datasetusdzefor all calculations.

4.2 Cold Water Refugia

The temperature data was viewed at several diffé¢irae intervals throughout
the day to see how nighttime temperature changgdiffar from the ones during the
daytime (see Figures 3.5 and 3.6). The temperaatsewere averaged throughout
space and time to find locations where there waanéinuous drop in the surface
water temperature; possibly indicating areas of w@ter inflow (see Figure 4.5).
The three meter average nighttime (3am to 7am) ¢éeatyre was plotted along with
the three meter average hot daytime (6pm to 10pmperature in Figure 4.5 to see if
the dynamics expected between hyporheic interaztioies and ground water inflows
would become noticeable in this dataset.

The flow survey done by the Walla Walla Basin Wsitexd Council
(WWBWC) at the time of the DTS and fish study fouawrage stream flow of 0.9
m®/s (Table 4.1) for the entire river reach with aroeof 10 % for the cross-sectional
flow measurement method used (Bob Bower, per congation, 2007). The flow
data was necessary to help quantify the groundrwatew to our study reach. The
ground water temperature is also necessary fordh#ined conservation of mass and

conservation of energy equation used to quantibyigd water inflow.



Un-Calibrated Temperature Data for the Walla Walla River
8/22/2007 - 8/23/2007 For ice baths all data should be zero degrees
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offset and possibly slope correction
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Figure 4.1 The un-calibrated graph shows eightiotitemperature profile for the reach. The dupiaile used shows a
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Table 4.1 Surface water flow measurements and ledézliground water inflows.
Shaded ground water inflow neglected in averagesalgonnector effect.

Surface
Ground Water | Water Temperature ( C) Ground Water
Flows
Start (m)[ Stop (m)| (cfs) | Tg | Ti To Flow (cfs) | Flow (n)
315 355 32.8 14 17.96 17.87 0.76 0.02
460 500 34.2 14] 18.04 17.96 0.69 0.0%
630 705 32.5 14 18.1p 18.00 0.98 0.03
918 940 32.6 14 18.04 17.84 1.70 0.0%
978 1008 32.1 14 17.92 17.72 1.73 0.0%
1610 1643 32.9 14| 18.2Q 18.00 1.64 0.0%
1900 2048 30.4 Averagd 1.25 0.04]
Average 32.9

The data from ground water wells in the same agunféicate the average ground
water temperature for July of 2006 (most recena)dtat be 14° C. The ground water
inflow sites were determined through the corretatoefficient from cool nighttime to
the warm daytime temperature of the surface waigufe 4.5). Any place that the
two dropped in unison was designated as groundr\aatkthe distance that the drop
lasted was recorded (see Figure 4.6 for specifgski At each identified ground water
inflow the temperatures from 10m before the drofpQm after the temperature drop
were recorded and the ground water inflows werantified using (Table 4.1).

The traces for peak daytime temperature and forrgbttime temperature
(Figures 3.5 and 3.6) can be examined for hyporetbange as well. The overall
average will not show any temperature shift or slibw very little temperature
structure for the location of hyporheic exchang®wever, when comparing the peak
daily to the cool nightly temperatures the locatodrinyporheic exchange should be
noticeable. Remembering that these locations easebn as temperature drops during
the peak daily surface water temperatures, butldhi@e in temperature at the same
location during the low nightly temperatures (segufFe 4.7 for possible hyporheic
exchange sites). The temperature shift betwedrt aigd daytime temperatures at
these hyporheic exchange sites are a negativeaoorecoefficient (Figure 4.5).
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20.6 18,5
% m W L —— Day Temeprature
, fk ﬂAVL\ 1Y% |83
204 v Hh Y"HUA
—— Night Temperature
+18.1
20.2 I I
‘ 1179
HiAY
n \MW LJ\Q ] w o
) {177 <
< >
: ! \ ||l ...
S 198 El T — - —— 4 175 8
: il s
: | :
% 1173 5
S 196 +———— I N i min S
1171
19.4
16.9
192 | <Possible Ground
Water Inflows 1 167
19 ; ; ; ; ; ; ; ; 16.5

130 230 330 430 530 630 730 830 930 1030 1130 1230 1330 1430 1530 1630 1730 1830 1930 2030
Distance (m)

Figure 4.6 Possible locations of ground water infidor the Walla Walla River study site based angerature data from 30
July to 20 August 2007.

€9



Correlation between Cold Night and Warm Day Temperatures

20.6

ol M

20 1

19.8

Day Temperature (C)

s

19.4 ~
19.2 <Possible
Hyporheic Exchange
19

—— Day Temeprature

—— Night Temperature

Il

)
w«

130 230 330 430

530 630 730 830 930 1030 1130 1230 1330 1430 1530

Distance (m)

1630

1730 1830 1930

2030

185

T 18.3

T 17.7

175

T 16.9

T 16.7

Night Temperature (C)

Figure 4.7 Possible locations of hyporheic exchdongéhe Walla Walla River study site based on terafure data from 30

July to 20 August 2007

¥9



65

4.3 Calculations

4.3.1 Solar Radiation

For this section the influence of solar radiatisraonsidered. This calculation
will be used to understand the expected magnitfitteecsolar radiation from sunrise
to mid-day and the amount shade will reduce thiasarwater temperature. To
complete this calculation we will use the solanatidn, a shade factor (the shade
changes diurnally on the channel, we have usedhade expected during the mid-day
peak solar radiation), and the channel’s surfaea.af he total solar radiation will be
determined based on the surface area of the weteistaffected by the solar
radiation. Using the Lefore Eto meteorologicatistadata for the study duration we
found the average hourly values of solar radiatiom sunrise to sunset. The length
for the site specific channel values was taken ftloenDTS measurements and the
width was determined from a field visit (the widshnot precise and therefore can be
considered an assumed width). The calculatioth®effect of shading at peak solar
radiation can be completed as follows:
Peak solar radiation: 1000 Wrmr 1000 J/ (rfs) (NASA, 2008)
Example shaded channel distance: 50 m
Average channel width: 10 m
Average water depth: 0.1 m
Heat capacity of water: 1 cal/ (gram °C) or 4.18dam °C)
Water flow (Q): 32 cfs or 0.9 #s
Velocity = Q / cross-sectional area

= 0.9 n/s / (0.1m*10m) = 0.9m/s
Time of water travel = distance / velocity

=50m/0.9 m/s=55s
Water mass = density * volume

= 1g/cn? (1000cm*10cm*5000cm) = 5.0*19
Total Solar radiation = Travel time * solar enefggurface area

=55.12s * 1000 J/ (f8) * 500 nf = 2.76*10 J
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Energy per water mass
=2.76*10 J / (5.0*10g) = 0.55 J/g
Change in water temperature from 50m of shade
=0.55J/g/(4.18J/ (g °C))=0.13 °C

4.3.2 Ground Water

To quantify the expected down stream temperatutieanmiver due to ground
water inflow, it is necessary to use the flow amghperature of the upstream water and
average it with the flow and temperature of eacdugd water inflow site. The
following is a simple calculation to quantify thBeet a ground water inflow has on
the surface water temperature in our study reathaiwWalla Walla River, Oregon.
Surface water flow, 32 cfs or 0.9°fs; average ground water inflow quantified (table
4.1), 1.4 cfs or 0.04 ¥fs; surface water average peak summer daytime tatoipe to
be 20.44C found from averaging the daytime temperature froentemperature
measurements in Figure 4.6; and ground water teatyrer, 14°C .

After mixing (weighted average) the expected dotweasn temperature is
= (0.9 n¥/s * 20.44C + 0.04 ni/s *14°C)/ (0.04 ni/s +0.9 ni/s) = 20.18C

This calculation suggests that there is an avedlageease of 0.28C to the
surface water per ground water site. All sitesidbhave the same flow, but here we
have used the average flow expected for the tygicalnd water site along the study
reach (see Table 4.2 for flow data). This valuesisful when determining how much
each ground water site throughout the study reaamhdecrease the river’s overall
temperature. Also, the calculated temperatureedeser from ground water is
important to find the expected energy stored indnlgpic exchange, which is
discussed later in this thesis.

As discussed earlier, the ground water inflowss{tégure 4.6) have a strong
positive correlation coefficient because in summenths the ground water inflows
are continuously at a cooler temperature thandhfase water flow. Both nighttime
and daytime temperatures at these sites will bé&ectiman the surface water



Table 4.2 Ground water inflows calculated; theanflfrom 1980 to 2045m was neglected in averagedaltiee possible end
effects that could be giving a false decreasenmptrature reading at this site. Standard devistidrsurface water
temperature of the 10m section before and 10maseafter the ground water inflow are given.

Temperature ( C) Temperature ( C)
Ground Surface Cold Standard | Ground Standard | Ground
Water Water Nighttime Deviation | Water Warm Daytime Deviation | Water
Start | Stop | Flows Flow Flow
(m) (m) [ (m"3/s) | Tg Ti To (m"3/s) Ti To (m"3/s)
240 | 260 0.93]14]16.98 | 16.94 0.06 0.01 | 20.45 20.30 0.02 0.02
600 | 630 0.97 | 14| 17.38 | 17.23 0.04 0.05 | 20.47 20.33 0.03 0.02
918 | 940 0921141757 |17.38 0.11 0.05 | 20.08 19.78 0.07 0.05
970 | 1000 0.91]14|17.55] 17.15 0.03 0.12 | 19.88 19.65 0.01 0.04
1330 | 1345 092114 (1773|1761 0.02 0.03 ] 19.98 19.84 0.03 0.02
1445 | 1455 092 ]14[17.84]|17.69 0.08 0.04 | 19.91 19.82 0.04 0.01
1825 | 1835 0.91]14(17.89|17.82 0.02 0.02 | 20.13 19.92 0.05 0.03
1925 | 1950 0.93]14(17.81 | 17.57 0.08 0.06 | 20.00 19.70 0.06 0.05
1980 | 2045 0.86 | 14 | 17.55 | 16.70 0.27 | 19.77 18.97 0.14
Average 0.05 Average 0.03
Average Inflow 0.04

L9
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temperatures found upstream to these sites; ome@aas Figure 4.8. In Figure 4.8
the highlighted section of the graph shows thalh Itloé¢ nighttime temperature and the
daytime temperature both have a cooling trendimlttation which, according to our
definitions, is a ground water inflow.

Using the nighttime temperature change at metess-¥30, using the ground

water inflow calculation we find:

17.38°C-17.57 Cj — 0.05ms

Q, =0.9m’/s* (
14.0°C-17.57°C

And for a daytime temperature change at the saositm we find:

19.78°C-20.08°Cj — 0.05n%s

Q, =0.9m°/s* [
14.0°C-20.08°C

this represents about 5 % of the total stream flewground water site.

4.3.3 Hyporheic Exchange

For this discussion hyporheic exchange will be abiarized as an area where
surface water drops below the bed material intcsthesurface where it is not directly
affected by solar radiation for duration of up teealay. The water then re-emerges
to combine with the surface water. The temperatutke hyporheic exchange is
based on the diurnal temperature cycle and thexefas important to set the passage
of water through the hyporheic exchange to six siolirthe duration of water passage
through the gravel was less than six hours it geeted that downstream temperatures
would not cool off to the same degree that weradbin the measurements. The
water would not carry the temperature signaturmfeocooler time of day, but rather a
signature from a time of day slightly prior to tteeorded time. Likewise, if the time
of travel were much longer than the six hours,rgér lag in the temperature would
be expected and it will begin to re-enter the stredth a signature close to the
average daily or average weekly temperature. ypbhheic exchange is defined by a
longer duration it will be difficult to locate thugh DTS measurements. Water
emerging with residence time greater than one dhy®designate as a ground water

for the purpose of this study.
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For the hyporheic exchange we are interested dirfgithe depth of the
hyporheic exchange that is necessary for the tesmtyrers we have recorded along the
fiber optic cable. For the data interpretatioB;laour travel time for water through the
gravel will be used to further simplify the calditens. Through the energy balance
incoming and outgoing calculated energies are tsédd the necessary rate of
change of stored energy in our control volume mstvhere any excess energy must
have gone. The energy balance can be used tthincte of change of stored energy
in the control volume with the assumption thathlgporheic exchange is continuous
over the entire study reach (1.7 km). In ordeutther understand the calculation it
has been broken up into energy budget componedtsaoulated for each hour from
sunrise to peak solar radiation (the example catmns will be for 1pm, peak solar
radiation for the Walla Walla River in August, 2007
Incoming energy, & Cow(Tu)(Qs)

4.18 x 16 J/(°Cm®) * 20.64°C* 0.9 m*/s = 7.8 x 10J/s
Solar radiation energy,s& S(R)(F)

1011 J/srh* 20000 T * 0.9 =/1.6 x 16J/s
Ground water energy in,gE= Cow(Tgi)(Qgi)

4.18 x 16 J/(°Cm®) * 14°C* 0.32 /s = 1.9 x 10J/s
Ground water energy outg&= Cow(Tev)(Qqo)

4.18 x 16 J/(°Cm®) * 20.45°C * 0.32 nt/s = 2.0 x 10 J/s
Lumped energy term, E L(R)

88.2 J/sm* 20000nt = 1.5 x 16 J/s
Outgoing energy, & Cw(Ta)(Qs)

4.18 x 16 J/(°Cm®) * 20.35°C * 0.9 n’/s = 7.7 x 10J/s
The rate of change of stored energy would be tbenting energies minus the
outgoing energies,&E (E + E+ Ej) — (Ego+ B + B) =6.5X 16 J/s

This was done for all hours from sunrise to thekpmal-day solar radiation
(Table 4.3) and the sum was computed. The depttediiyporheic exchange can now

be found from the cumulative amount of energy tixnt into storage. This depth can
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be computed with the known volumetric heat capauiyoth water and sediment in
the control volume, the porosity of the bed mateaad the known volume of surface
water.

Table 4.3 Calculated hourly energy fluxes.

Hour Ei (J/s) Es (J/s) | Egi (J/s) | Ego (J/s) El (J/s) Eo (J/s) Ec (J/s)
5am 5.4E+07 | 2.2E+05 | 1.9E+07 | 2.0E+07 2.8E+06 | 5.8E+07 | -8.2E+06
6am 5.7E+07 | 2.1E+06 | 1.9E+07 | 2.1E+07 2.8E+06 | 6.0E+07 | -5.7E+06
7am 6.1E+07 | 4.5E+06 | 1.9E+07 | 2.2E+07 2.6E+06 | 6.3E+07 | -3.5E+06
8am 6.5E+07 | 7.5E+06 | 1.9E+07 | 2.3E+07 2.4E+06 | 6.5E+07 | -1.4E+05
9am 7.0E+07 | 9.7E+06 | 1.9E+07 | 2.5E+07 2.0E+06 | 7.0E+07 1.6E+06
10am 7.3E+07 | 1.2E+07 | 1.9E+07 | 2.6E+07 1.6E+06 | 7.3E+07 | 3.1E+06
llam 7.6E+07 | 1.3E+07 | 1.9E+07 | 2.7E+07 1.5E+06 | 7.5E+07 | 4.3E+06
12pm 7.7E+07 | 1.5E+07 | 1.9E+07 | 2.7E+07 1.4E+06 | 7.6E+07 | 6.1E+06
1pm 7.8E+07 | 1.6E+07 | 1.9E+07 | 2.7E+07 1.5E+06 | 7.7E+07 | 6.5E+06

Sum 4.0E+06

The apparent heat capacity of the hyporheic exahahguld equal the heat
capacity of the overlaying water (& plus the heat capacity of the sediment)C
(2.64 x 16 J/(°C m*)) (Kulongoski and Izbicki, 2008) and the watetlie hyporheic
exchange combined. Using these values we maylatddie apparent hyporheic
exchange depth. The heat capacities used are gtiorao the volumes of water (Y
and hyporheic exchange yMnust be incorporated. These volumes are negessar
calculate the depth of hyporheic exchange. Thamelfor the hyporheic exchange is
based on porosity for the alluvium; the stream toederial for the study has an
assumed porosity of 0.3. Once the volume for fporheic exchange is found, the
depth can be derived by dividing the volume bydtgace area (SA) for the reach;
17,080 M. For a continuous hyporheic exchange in thisysteedch we can calculate

the volume as:
* * N
32406* 40*10°J /s _ 418*10°J/m3°C

V, = 53C__ —__=55301°
0.3* 4.18*1C°J /m*°C +0.7* 2.64* 10°J / m*°C

VH/SA = Depth
5530n% /17080 M= 0.32 m
0.3 m *100 cm/m =30 cm
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Having assumed that there is 10 cm surface wassept above these
locations of hyporheic exchange (based on fields)ithe same methodology as used
for the continuous hyporheic exchange above ispabée for discrete locations of
hyporheic exchange with one exception; the suréaea of allowable exchange has

been limited. The volume of the discrete hyporleichange will still be the same:

3240G* 40*10°J /s

- - 418*10°J/m*°C
V, = 53C__ —__=55301°
0.3*4.18*10°J/m°°C +0.7* 2.64*1C°J /m*°C
However the surface area of interaction has changed
5530 nt / 3100 M = giving 1.8 m of depth per site.

Individual locations, determined through the negatiorrelation coefficient between

night and daytime surface water temperature measnts, of hyporheic exchange

can be seen in Figure 4.9.

4.4 Fish locations

The last objective of this research was to compaedJSFWS fish survey with
the locations of cool water refugia that had beeterinined through the correlation
coefficient. The USFWS survey was overlain ontijigorheic and ground water sites
found through the stream analysis. This was dorse¢af the cold water fish species
are congregating in cool water inflows during thermvest times of the day. Through
this comparison the number of cold water fish foahthese sites is compared to the
total amount of cold water fish found over the enteach (see Figure 3.3 for satellite
imagery of the stream reach). Table 4.4 showsishdocation data collected by the
USFWS during their fish survey completed for thedgtreach. Through the cool
water location data and the fish survey data, atgreinderstanding of where fish may
be located to avoid warm river temperatures infadla Walla River may be realized.
The percentage of fish congregating at cold watirgia sites and whether they are
cold water species is seen in Table 4.5 and isugdssd later in this thesis. Ultimately,
this may provide valuable information for the putien of these species.
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Table 4.4

Snorkel surveys completed on 8/16/2007. This suwey

completed by Courtney Newlon, Marshall Barrows, and

Ryan Koch of the USFWS, Columbia River Fisheries
Program Office, Vancouver, WA.

Snorkeling started at the downstream end of caiide a
ended at Maurer Lane.

Cable Cable Hat.

start end CHK Nat. CHK O. mykiss | Redside N. Adult
(meters) | (meters) | juv juv juv Sh. Dace | suckerpikeminnow | Chinook
13 45 0 24 12 200 200 60 100 0
58 85 0 17 10 50 150 10 25 0
68 94 3 6 7 80 150 20 15 0
111 141 2 25 21 100 150 20 20 3
192 228 3 8 20 50 250 100 25 0
438 462 2 75 30 200 300 10 30 0
496 527 0 15 4 25 500 25 5 0
604 627 0 160 22 200 400 35 25 0
645 660 0 20 0 250 200 100 10 0
698 712 0 144 25 100 200 40 15 0
733 756 0 26 3 50 300 25 15 0
860 883 1 194 55 300 500 100 50 0
948 1018 0 15 35 50 100 0 5 0
1045 1068 2 40 18 50 100 10 10 0
1120 1135 0 19 8 50 20 5 2 0
1154 1180 1 40 25 150 300 40 30 0

V.



Table 4.2 (continued)

1318 1332 1 16 15 20 150 5 2 0
1366 1398

4 128 60 100 400 60 30 0
1550 1564 0 41 27 20 250 0 3 0
1616 1664 0 105 63 200 550 75 100 0
1787 1798 0 23 5 18 55 0 3 0
1845 1886 1 75 38 100 200 50 25 0

Hat.

CHK Nat. CHK O. mykiss | Redside N. Adult

juv juv juv Sh. Dace | suckerpikeminnow | Chinook

Totals 20 1216 503 2363 5425 790 545 3
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Table 4.5 Fish locations from USFWS survey in catioe with sites of refugia

Shading for locations with ground
water inflow or hyporheic exchange
Chinook
Cable start| Cable end | Distance Salmon and
(meters) | (meters) (meters) | All fish Rainbow Trout
1987 1955 32 596 36
1942 1915 27 262 27
1932 1906 26 281 16
1889 1859 30 341 51
1808 1772 36 456 31
1562 1538 24 647 107
1504 1473 31 574 19
1396 1373 23 842 182
1355 1340 15 580 20
1302 1288 14 524 169
1267 1244 23 419 29
1140 1117 23 1200 250
1052 982 70 205 50
955 932 23 230 60
880 865 15 104 27
846 820 26 586 66
682 668 14 209 32
634 602 32 782 192
450 436 14 341 68
384 336 48 1093 168
213 202 11 104 28
155 114 41 489 114
% stream length in
refugia with fish present 17.8
Cold water
All Fish | species
Total Individuals residing
in refugia 5810 1015
% of Individuals residing
in refugia 53 59
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5.0 Discussion

When the data analysis was first underway somessarose that had to be
managed for; this included the high noise in tlEitacset and the jitter from the DTS.
The temperature profiles for this study had higls@pothe standard deviation in the
data is 0.52C. This high noise is probably due to the higlsloable used (discussed
further in the concluding remarks of this thesisjl the short distance that was used to
integrate the temperature over (one meter). Feojitier found in this data set a
smoothing average was employed to have the ddtavfthe smooth daily
temperature variations that are occurring in thtena setting. Still some small
bumps in the data remain. These bumps, seen imd-#g3, may represent true
temperature variations that occur in this riveheTiver is completely regulated
during the time of year the cable was deployede tEmperature changes may be due
to water being drafted or diverted for agricultugestream of the study reach (per
communication with WWBWC, 25 June 2008).

5.1 Solar Radiation Blocked

Solar radiation is the largest contributor to rikheat and is therefore important
to understand. It is equally important to underdtevhat happens to the river
temperature when the solar radiation is blockesad8g blocks solar radiation, in
essence, cooling a stream reach by reducing thddaeh(Hostetler, 1991; Naiman et
al., 1992; Davies and Nelson, 1994; Li et al., 19dole and Berman, 2001). The
magnitude of reduced heating from shading can ée geough simple calculations
that account for the heat capacity of water, tharsadiation input, the surface area of
the river, and the flow for the river. The objeetis to see if these calculations will
show that the heat blocked from a shaded stretehriokr reach will be noticed in the
DTS temperature profile of the study reach.

Let us consider the difference a 50-meter patchatling would have on a
2000-meter section of river. The addition of arbéter patch of shade would result in

a 0.13°C reduction in the peak downstream temperatursees in the results section.



78

This calculation was completed using the peak surimme solar radiation of 1000
Watt/nt, as discussed earlier. This gives the basic stateting of what may be
expected for a small section of shade in a 200@&ns=gment of river in a location
similar to the Walla Walla River where this studgsacompleted. Due to the high
noise in our measurements and the gradual natwgerfaice water cooling from shade
we are unlikely to detect the discrete temperathenges from shade, in our study
reach. A single patch of shade will have a tempegachange that would fall within
the standard deviation of a single trace.

Now consider our study site in the Walla Walla Rispecifically. A majority
of the river had limited vegetative cover during fieak solar radiation. There was
approximately triple the amount of shade from theva example, 150-meters of
shade over the entire 2000-meter stretch that wagged. This suggests a maximum
of 0.47 ° C mid-day reduction of temperature oreewater flows from the top to the
bottom of the 2000-meter study reach. Since #ngperature change in the natural
setting is gradual for the river reach (shadinig idistinct locations covering the entire
river at some locations, and is in patchy spot®fber locations) sudden drops in the
DTS temperature trace due to the shaded sectienswaexpected. Cumulatively
these shaded sections have an effect on the rgiaoig a net change of temperature
for the entire study reach of 0.47 ° C. This shbew re-vegetating a river may
decrease the river's temperature significanthoiinpleted over a long stretch of the
river. Shading a river can have a large cumulaitect on decreasing the river’s
overall daily temperature. This is especially tfoethose rivers that need a 1 or 2 °C
drop in the peak temperature for their TMDLs. Bgding an additional 300 meters
of the study reach we would expect approximately’& drop in the temperature of
the outflow of the reach during peak temperatures.

This same calculation can be used to find solatifgeéor the entire 2000
meter reach un-shaded. When calculated for pefkstdar radiation, an increase in
temperature by about 40 times this amount or &£3vas found. If the 2000 meter
study reach was not shaded the water temperaturl wrease 5.3 ° C from

beginning to end of the study reach. Throughwésan see that when a river reach
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has its vegetative cover completely removed, we exggect some devastating affects
on cool water dependent fish species. The shag® miut create any sudden changes
in structure in the temperature profile that wogilee rise to thermal refuge for
surface water species; however it does keep tlee fiom maximized temperatures.
For the study reach the heat blocked by shasgeaigered and is therefore
difficult to quantify and locate through the DTS asarements. Much of this study
reach has full sun exposure and is not well shadéas study will take into account
the effect shade will have on blocking solar radmatbut will not try and find an
example of shading using the DTS measurementseThay be a reduction in
temperature for the entire river due to shadefdouhe study reach it is difficult to

locate specific changes from the DTS temperatute dize to stream shade.

5.2 Refugia

The hyporheic exchange and ground water inflowsgfégures 4.6 and 4.7)
were found by using DTS temperature data. Thamecof the river that were
identified through the correlation coefficient ather hyporheic exchange or ground
water inflow were then visually checked to sednd tocations agreed with our
understanding of what a ground water inflow or hjygic exchange location would
look like from temperature profiles of the rivelVe have created a method to
continuously locate areas along any particularnieach that give the most amount of
cooling. These locations can be differentiated mathtained in order to help ensure
that cooling at the hyporheic exchange and grouatgmsites during peak
temperatures continues.

One concern with temperature measurements frordTt&system is the
magnitude of the temperature change that the DT&umes from the cool water input
to the river. The DTS is giving a reading everytenebut the water flowing from the
hyporheic exchange may not fully mix for severateng, so a false reading for the
amount of cooling occurring to the surface watenfrhyporheic exchange or ground
water input may be seen. If the surface wateoixompletely mixed with the cool

water inflow a larger drop in temperature for eaobl water inflow site would be



80

used in the calculations, giving calculated coolewanflows that are larger than

reality.

5.2.1 Ground Water Inflow

The ground water inflow sites were chosen baseith®@positive correlation
coefficient between the night and daytime tempeestu This was then visually
inspected to make sure that the temperature patigrected for ground water is found
from the data determined to be ground water thrdbglcorrelation coefficient.

Areas that are not accepted as ground water irgltas are discussed later. For an
example of ground water inflow see Figure 4.8,dbeelation coefficient for the site
is 0.95. The expectation for a strong positive@ation for a ground water location is
a sudden drop in temperature for both night andtitiag temperatures. Surface water
temperatures will not show a sudden decrease ipdeature continuously for the
three week average day and three week averagdimgtiemperatures unless a
cooling source enters the river. For the data filoenWalla Walla River, locations
that have the characteristics seen in example Eg& are considered ground water
sources. Through the DTS method we have succhskfaated cool ground water
inflows to the study reach. This information vkt useful for the Walla Walla Basin
Watershed Council to help protect cold water fisithie region.

The ground water inflows were based on the sunfaater flows found in the
river at one hour of the day. This river fluctusaie surface water flow during the
summer months due to withdrawals upstream. Thetuliing surface water flows
will give a fluctuating computed ground water iMipthis was not accounted for in
this thesis. The surface water flows from the lgingpur flow survey were used to
show the utility of the hyporheic exchange caldolanot for accurate daily ground

water flow measurements.

5.2.2 Hyporheic Exchange
The apparent global hyporheic exchange and evidemdecal hyporheic

exchange were also considered in this researck.difference in energy inflows and
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outflows to the study reach will show the amoungeérgy the hyporheic exchange
must have stored. For the hyporheic exchangeilleaion to find the incoming water
temperature the first 50 meters of DTS surface mtateperature data were used. For
the outgoing water temperature the last 50 metelsI§ water temperature data were
used. By subtracting the average daily temperdtane the peak daily temperature
for the upstream section, we find a 1°Z3average daily and when the same is done
for the downstream section we get a 0@8average daily increase. Making this
calculation we see that the upstream temperatuegehis greater than the
downstream temperature change. So a questiow#sabrought up is what happened
to this excess temperature? We think that thisbeaexplained through the hyporheic
exchange sites in the river.

The stored energy in the control volume gives theessary thermal mass for
the hyporheic exchange in order for the downstresamperature of the study reach to
have a temperature lower than what would be fohralgh the energy budget if no
hyporheic exchange was considered. Becauseitheoeassumed depth we can use
the heat capacity of the hyporheic exchange arfdciarea of the river to determine
the necessary depth of the hyporheic exchange.

From what has been calculated for the thermal rob®e hyporheic exchange
the necessary depth for this zone can now be foliings depth is the distance that
surface water had to continuously infiltrate irtte streambed for the entire reach
length in order to create the energy exchange nkefedehe downstream temperature
found in the DTS temperature profile.

The effective depth that the surface water flow#d the hyporheic is
approximately 30 cm. This is on the same ordehaft5-15cm range that Harvey et
al. (1998) found for similar stream bed porositytfas study (0.3). This indicates that
approximately 50 percent of the total water is cardlly in hyporheic exchange, or
that an additional 9.6 cm of water can be founthensediment below the 10 cm of
surface water that is flowing along the streammeac

It is important to consider locations of hyporhekchange that may be located

through the DTS temperature measurements; thesbeadescrete hyporheic
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exchange sites. The same calculations as useorfitinuous hyporheic measurement
were for the effective depth of the hyporheic exg®at each of the discrete
hyporheic exchange locations. Each site is assumkdve had 10 cm of surface
water above them so a majority of the water flomrsugh the porous media of the
stream bed. The nine locations where the distrgterheic exchange takes place will
be used; this is based on a -0.8 correlation aoeffi or less.

By changing the calculation from a continuous hyedr exchange to discrete
locations of exchange, while maintaining all othspects of the study channel equal,
each hyporheic site would have approximately 1.8&mselepth of exchange. This
depth for a single hyporheic exchange site is coaipa with some of the findings by
Fellows et al. (2001) where one of the streambeir study had a hyporheic exchange
depth of 2.04 meters. This means that below theni@f water on the surface there is
an additional 50 cm of water within the sedimenthat 80 percent of the total
amount of water is flowing through hyporheic exopaiat these locations. This does
not seem impractical from what was seen in thel fiflhese calculations show that
this new method of locating and describing hyparleichange continuously along a
river reach looks to be comparable to past researtiis method has advantages over
past methods in that it will continuously locate thyporheic exchange and show the
temperature dynamics found at the research siteadélitional aspect of the method is
the use of simple calculations to find the depthygorheic exchange sites.

Once the negative correlation has been validatethyporheic exchange site
can be used to quantify the expected depth of sadithat is needed for the amount
of cooling that had taken place. For the repregea site chosen in Figure 4.9 from
distance 705 to 720m the correlation coefficieatrfrFigure 4.5 is found to be -0.83.
From Figure 4.9 we can see that at night the tenperature increases approximately
0.1 °C at this location and during the day timerilier temperature decreases
approximately 0.2 °C at the same location. Theudation was completed for this site
that shows the hyporheic depth of exchange foetagproximately 1.8 m in order to

reduce the temperature of the water by the amadented in the DTS data.
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In reality both global and localized hyporheic natetion processes take place,
but the analysis completed thus far will be enoteghelp identify these locations in
the DTS data from the research site. One additiomat must be made; some of the
calculations done here were based on assumptiotisefalata, or data from a different
year, or from low quality data. If higher qualdgta that represented the exact times
considered were used the calculated hyporheic egehdepth would become much
more accurate.

The river characteristics that are used for theutations for the global
hyporheic exchange were not very accurate and aaddy be off by 25%. So let us
consider a situation where the river charactesstiake the river cooler, which should
give a hyporheic exchange that is not as deepwilVeay that the river is 7.5 m wide
instead of 10 m, the flow is 1.1%= instead of 0.9 i¥s, the 35% of the channel is
shaded instead of 10%, and all other factors withain the same. This would give a
negative 4.5 m depth of hyporheic exchange. Tlaama that for these new river
characteristics and the temperature change ofahieat volume we would actually
need the hyporheic exchange to increase the tetapea the river. Another
possibility is that the river characteristics makearmer situation than we have
shown. Now the river is 12.5 m wide instead ofr,Gthe flow is 0.7 rils instead of
0.9 nt/s, the 0% of the channel is shaded instead of Hfball other factors will
remain the same. For these river characteristiddlae same temperature change for
the control volume the global hyporheic exchangeldmeed to be 2.7 m in depth.
We can see how accurate measurements of the rolefacteristics are important to
give accurate measurements of hyporheic exchangé.de

We can also consider how hyporheic exchange chahgeasser temperature.
For the original hyporheic exchange calculationfive the control volume’s outflow
temperature from sunrise to daily peak solar ramhao have changed by°E. If
there is no hyporheic exchange (such as a bedeadh) we would see this change to
be 7°C and if the hyporheic exchange was doubled we aviadl the temperature
change of the river from sunrise to the daily psallar radiation to be 3C. During

peak solar radiation the temperature of the rivepped by 0.EC from the bedrock
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scenario to the hyporheic exchange found in owutations then dropped another

0.1°C when the hyporheic exchange was doubled.

5.3 Fish Response to Cold Water Inflows

Cross-analysis of the fish survey with the DTS ddiaws that 60% of the cold
water fish (salmonids and trout) were found in¢bkl water inflow locations that
make up 18% of the river, showing that the areastiied by the DTS to be either
ground water or hyporheic exchange had over thmeestthe density of cold water
fish population than the overall stream. In additiwhen cold water fish and warm
water fish are combined, 53% of the fish are foom#l8% of the river at these cold
water inflows (see Table 4.5). This shows thattobshe cold water fish will reside
at these cold water inflows during warm summer mentA cold water inflow does
not seem to be the only attribute that determirstsgdresence. An additional 13% of
the river reach consisted of cold water inflows thgt not have fish present. This
suggests that cold water inflows are not the soleedfor cold water fish movement,

but are one of the defining attributes.

5.4 Difficulties

This research was new and exploratory which ledday difficulties along
the way. In this section we will disclose someta problems that were faced so
projects in the future will not follow the same Ipat

One such difficulty came up when visually validgtime cool water inflows
determined through the correlation coefficient. &saonally the cool water inflows
were not found at the locations where they weresetqul from the correlation
coefficient analysis. An example of this was wiies cable was out of the water as
seen in Figure 5.1 from 1570 to 1583 meters. Taishappen when the cable is
moved around by the water during high flows (if dadble is not well anchored to the
river bed) or when people or animals drag the cabteof the water. The cable is also
taken out of the water when there is a connectdrtbe cable is placed into an ice or

water bath. At these locations you may find ainperatures show up in the data.
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These locations are easy to identify; they will davstrong negative correlation
similar to the hyporheic exchange sites, but thepterature will follow the diurnal
cycle (warm in the day and cold at night), unlike expectations for a cool water
refugia. This is because the DTS will be measuittregair temperature which has
greater peaks than the surface water temperakaethis study the air temperatures,
were removed prior to data interpretation.

Unexpected warm water additions to the river adieddditional problem
with data analysis. This discrepancy was founthédata when using the correlation
coefficient to locate cool water inputs. It coblel seen as a continuous warm water
inflow, such as an agricultural return flow (segufe 5.1 from a distance of 1627 to
1634 meters for an example). The correlation caefit for this site is strongly
positive (0.95) which would lead us to believesiaiground water inflow. Visual
inspection reveals the opposite of what is expefted ground water inflow. Instead
of the expected ground water temperature changeofain temperature both day and
night) an increase in temperature both day andt msglound, possibly giving the
signature that would be expected from an agricaltaturn flow or some other warm
water supply continuously entering the river as toication.

When barrel connectors (a female / female conngster Figure 5.2 at the
1030 meter distance) are present, there is anasen@ the amount of light that
escapes; giving more loss. In this circumstanch teg night and day time
temperature will either remain at an extremely toglow temperature (Figure 5.3).
This is for a short distance and has much highgditude than the temperature
variations that are expected. This large loskasite of the barrel connecter will give
more noise in the signal for the remainder of tle@asurements. Another problem is
that the connectors themselves have shown tempem@d@pendency, this was seen in a
project completed at Lake Tahoe (accepted for patiin at Water Resource
Research, 2008). In addition, it is important &wvérthe connectors be sealed from
water. For this reason in this project the conmrsctemained out of the water which
gives us an increased amount of air temperatuee dite sections of river where this

occurs can be removed from the data set so thaytwill not impact any data
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analysis. However, due to the double-ended natiutfee temperature measurements,
the locations have already increased the noiseeofeimperature measurements. This
barrel connector affect shows that fusing cablgstteer may be a better option than

trying to use the barrel connector.
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6.0 Concluding Remarks and Suggestionsfor Future Studies

Through continuous temperature analysis we havarbeglocate cool water
inflows to surface water. Once these areas ofant®n are found they can be
identified as either ground water or hyporheic exae (depending on the designated
timescales used) and quantified. Using the teniperaneasurements and stream data
we can begin to determine the approximate depthwbavould expect for the
hyporheic exchange. The research has also us@destalculations to estimate
expected temperature changes for a river from asing shade, known ground water
inputs, and from any hyporheic exchange that maydeerring or new hyporheic
exchange zones planned in future projects. Thipégature data is also being used in
correlation with fish surveys to locate areas dfitad; fish rely on during peak day
time temperatures and see if the fish locatioretedb sites of cool water refugia
found through DTS temperature analysis.

Cooling of surface waters during peak temperatisr@aportant for the future
of surface water ecosystems. With increasing teatpees worldwide do to climate
change, it is important to find new ways to examaefine, and measure cool water
inflows. We have presented the basics behind wagmiriver due to solar radiation.
We briefly described the affects of shading orvarrreach, quantified the amount of
energy that is blocked by shading, and transldtectd effective temperature
reduction of the river. Then cold water inflowsitltool peak temperatures, possibly
sources of cold water refugia (ground water inflamsl hyporheic exchange sites),
were found. These sources of cool water were tesedlculate the cooling expected
on the study reach in the Walla Walla River. ThHemdata was used to quantify
ground water inflows and the depth of the hyporkgichange throughout the study
reach. The data from the DTS was used to locatedbl water inflows for peak day
time temperatures during the summer months. Bypewimg the nighttime to peak
daytime temperatures through the correlation coefit the hyporheic exchange sites
were separated from the ground water inflows. Thaie the WWBWC locations that

can be protected for cold water inflows into theesrito try to meet the TMDLs (Total
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Maximum Daily Load) for temperature. Finally, tbeld water sites were matched
with a US Fish and Wildlife Service survey to seté cold water fish were
congregating at these cold water sites during tiemadaytime temperatures. We
found that 60% of the cold water fish were gathgrm18% of the river where cool
water inflows were present. It is also importanhbte that 56% of the cold water
inflows had the cold water fish present. The agder inflows (ground water and
hyporheic exchange) make up approximately one-thfittie river’s total length. We
have given a method to locate cool water inflond determine where approximately
60% of the cold water fish are located during sumdagtime temperatures. We now
know that 60% of the fish are in 18% of the rivaddhat through the DTS
measurements we can narrow the search for thedevedér fish to 32% of the river.

This project has given new insight into river dynesithrough the use of
distributed temperature measurement. This datdeamluable to land managers in
determining locations that deserve special praiadti order to maintain cool water
flows to the river and has shown how different colter fish species rely on the cold
water inflows for habitat during the warm summemtig. We gave a simple
overview on how cooling of surface waters may lggesented in a natural setting and
how this may look quantitatively.

A few problems did arise during the data acquisiand interpretation that
should be briefly reviewed. DTS technology hashbesed in the environmental
sciences for only a few decades and is still nedffinew. The technology is coming
along quickly, but there are a few problems thatens2en during our field
deployment. One of these issues is calibratiah@kystem. Calibrating the DTS to
your specific cable is very important, but can béadlt, especially when multiple
cables are used. Each section of cable must lrated using two different known
temperatures for each calibrated cable in ordgeta correct calibration for both gain
and offset. Recently, Agilent created a doubleeehtheasurement which corrects for
attenuation constantly along the cable which iseatgmprovement for the
technology; however this has increased the ovecadle of the temperature

measurements. Since noise has a significant effetine-scaled measurements, a
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high quality cable is important. One of the cahlesd in this study had a large
amount of loss (on the order of 8dB once connestere added) which got attributed
to both ends of the cable due to the double-ends=atsorement setup. A cable should
have less than 1dB/km loss to maintain minimal @aisthe measurement when using
the double ended setting. Also, it is importantiaimize the number of connectors
used as they have a much greater loss than a fsgime. The fusion splices are
another issue; they are a necessary evil. Therfugplice is a learned skill and some
of the field deployable units are finicky and demhawery clean environment. It is
important to be well prepared before attemptingoius in the field.

Additional problems became evident during datarpretation. The cable
doubles back at the 2061 meter mark, at this gbere is a large drop in temperature.
This drop may be where the ground water table teeativer's elevation, but it could
also be due to a large loss and possibly some effeats from the connector at this
location. This data had a slight “jitter” in thaily temperatures. The jitter was an
artifact of the Agilent DTS; it was noticed becatise water temperature did not
follow the daily air temperature and daily soladiegion pattern. The daily air
temperature and daily solar radiation data setg wkatted and viewed on an hourly
basis and no jumps were seen. When the DTS daaiesaed on an hourly basis for
the entire stream we could see jumps in the datarong, since water changes
temperature slowly due to solar radiation andeaingerature these jumps were
determined to be instrument noise and have sinee beught to the attention of
Agilent.

DTS measurements are an excellent way to recorgeieture data for an
entire stream reach continuously over time. Téchhology can be used in the future
for the Walla Walla Basin Watershed Council, ordblyers, to show cold water
inflows into a river. An additional season of datauld greatly help clarify some of
the findings presented in this thesis. It wouldwlus to determine if the ground
water inflows are still occurring in the same lagas and how the hyporheic
exchange sites might change year to year. We @stdinvestigate whether the fish

are still in the same cold water refugia as obskmehe summer of 2007. We might
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be able to determine if the large cool water zdrtbeend of the 2061 meters of cable
was indeed a ground water upwelling. This coulddomd by increasing the reach
length approximately 100 meters on the downstreaanoé the reach. If this location
continued to show a large cooling we would knowt thare is a large interaction with
the ground water occurring. If it had disappearetiad moved down to the new cable
end, we would know that there is either a probleith the cable layout or the DTS
itself.

Due to the high amount of light loss in the cabite, low spatial resolution of
1m, and capturing the data only % of the time éesihe temperature measurements
from the project have high noise. We expect td fidB loss for 1km of cable
distance, so for this project we would expect 4uf{s Ifor the 4km of cable we were
getting data from. However, for this project wellzetotal loss of 12dB, which is a
93.7% loss of light and is 33.7% less light tharatwlvas expected. Since noise goes
with the lighf°> a quality cable would give 2.5 times less nois@nging spatial
resolution from 1m to 1.5m would give 1.4 timesslesise, and capturing data every
15 minutes instead of every hour would give 2 titess noise; giving a possible total
noise reduction of 7 times; therefore improving taéulated ground water inflow
and hyporheic exchange depth quantities.

This research attempts to further introduce the BEE8nology as an important
new technology for environmental analysis. The [@&8 be a useful tool in many
areas of ecological engineering. Newer DTS ins&nt® may not have as many of the
problems that were noticed in this instrumentgjiih data, lack of temperature
validation until the end of the project, the usdigh loss fiber optic cable, increased
care in the deployment and retrieval of the cabtdgast with a 5 man crew if relying
on man power), and loss of data due to the instnimet taking as much data as
expected due to the nature of the double-endedurezasnt setting. Recently, a
competing company has made steps toward a new Pii@dhat will automatically
calibrate the cable to the DTS system. This dgaraknt would be great progress in
making the DTS a tool for land managers of all ilswes; as calibration is one of the

more problematic features of the current technalogy
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There was a large learning curve in the use of B3 8 tool for ecosystem
science during this project. Future work can mythis account to get through
instrument set-up, deployment, and interpretatidhaut some of the same issues
arising. Additional studies using the DTS systémoutd have a better data set to work
with if the problem items listed above are takeo imccount. This should improve the
temperature measurements greatly, reducing the moigvels that will allow easier
determination of the temperature changes in ties sit refugia.

This report will be sent to Bob Bower and the WWBWoGurther their
threatened and endangered fish projects in the bdiswill be added to the general
research that has occurred in the basin in coripmetith Oregon State University
over the past decade. It will also be used foctzal management that may come
from increased knowledge of the locations of thel @aater locations found

throughout the study reach.
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