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Water temperature in rivers and streams is an important factor for aquatic ecosystem
health. Measurement of stream temperature has traditionally been accomplished by
point temperature measurements, continuous point temperature loggers, and more
recently, airborne remote sensing techniques such as Forward-Looking Infrared Radar
(FLIR) or Thermal Infrared Radiometry. While each of these measurement techniques
has certain advantages, none allows for the combined spatial and temporal information
provided by Distributed Temperature Sensing (DTS). DTS employs fiber optic signals
to measure temperature and is a relatively new temperature measurement technology
for hydrologic sensing applications.

Nine DTS stream temperature datasets were collected in the Middle Fork John
Day River (MFJDR) as part of a basin-wide stream monitoring effort. The datasets

encompassed five 1-3 kilometer long reaches, some monitored over three summers



(2009-2011). In contrast to existing stream temperature measurement technologies,
DTS can provide stream temperature data in both the spatial and temporal domains.
Techniques and challenges of interpreting DTS stream temperature data were
documented, and three applications of the technology to stream temperature
monitoring were explored.

Cold water patches, potentially used by fish as thermal refugia during stream
temperature maximums, were located using DTS. No identified cold patch exceeded
2.31°C cooler than ambient stream temperature. Tributary inflows provided some of
the most temperature-differentiated cold patches. These findings provide a reference
for the degree of thermal heterogeneity in the MFJDR system and beg the question of
whether fish respond to small (<3°C) spatial temperature variations. Theoretical
predictions of stream mixing potential (Richardson number and cavity flow mixing
predictions) suggested that increasing stream thermal heterogeneity would require
channel modification to decrease stream flow velocity in select areas.

The combined spatial and temporal coverage of a DTS stream temperature
dataset on the Oxbow Conservation Area allowed diagnosis of a 2°C longitudinal
stream temperature decrease observed in multiple Thermal Infrared Radiometry (TIR)
and Forward-Looking Infrared Radiometry (FLIR) datasets collected on that reach.
Advection velocity and channel depth, rather than groundwater or tributary inflows,
were the main cause of the decrease, and the magnitude of the decrease peaked in the
early afternoon, disappearing completely by evening. This finding suggests caution for
interpretation of FLIR and TIR stream temperature datasets, which represent snapshot

temperature measurements. For these datasets, knowledge of flow conditions (velocity



and depth) may help avoid misinterpretation of temporally-transient temperature
anomalies.

Diurnal slope periodicity was observed in linear-like spatial trends in four DTS
datasets, and an analysis was made to examine this subtle spatially and temporally
varying phenomenon. The phase of the diurnal slope variation differed between river
reaches, suggesting that propagation of larger-scale thermal waves might be one
driving mechanism. Temporally-constant offsets between slope magnitudes within

reaches suggested some intra-reach differences in heat fluxes.
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Chapter 1 — Introduction

Water temperature in rivers and streams is an important factor for aquatic ecosystem
health. Following passage of the Clean Water Act in 1972, stream temperature in United
States water bodies has come under increasing regulation. Section 303 of the Clean Wa-
ter Act requires states to define water temperature standards. In the Pacific Northwest
states, these temperature standards are often defined by fish health criteria. This focus
is motivated by the temperature sensitivity of aquatic habitat, relative to other water
body uses, and by the protection of certain Pacific Northwest fish populations under the
federal Endangered Species Act (ESA). Stream temperature standards and river-specific
Total Maximum Daily Load (TMDL) levels developed by states provide the basis for
state regulatory action on thermal pollution. The development of these programs entails
extensive stream temperature measurement and modeling, and achievement of regula-
tory goals and aquatic habitat benchmarks depends on a robust understanding of stream
temperature dynamics.

Stream temperature varies in both time and space. Temporal variation occurs
on the scale of seasons, weeks, and days; diurnal temperature cycles can be large, over
15°C in some systems (Brown and Krygier, 1970; Constantz et al., 1994). Spatial stream
temperature variation is generally more subtle, though one researcher identified temper-
ature differences of up to 9°C over distances of meters (Nielsen et al., 1994). Given

the turbulent conditions typical within most rivers and streams, mixing prevents strong



spatial temperature gradients. For most fluvial systems, one-dimensional (longitudinal)
advection-dispersion models with large distance steps (50-100 meters) are considered
adequate for modeling temperature for habitat appraisal (ORDEQ, 2012).

Though gradients are rarely strong, spatial variation in stream temperature can
still be significant for temperature-sensitive aquatic species, and spatially-discrete cold
patches are frequently cited as significant habitat features (Torgersen et al., 1999; Eber-
sole et al., 2003; RDG, 2007; BOR, 2008). Additionally, understanding the causes of
spatial temperature variation is useful for temperature model design and improvement.
Researchers have examined spatial variation in stream temperature at the watershed-
level of kilometers (Torgersen, 1997; Caissie et al., 2007; Johnson and Jones, 2000),
at the reach-level of hundreds of meters (Torgersen et al., 1999; Loheide and Gorelick,
2006; Schmidt et al., 2006; Lowry et al., 2007), and at the microscale of meters (Nielsen
et al., 1994; Ebersole et al., 2003).

Variation at all scales derives from water flow conditions and from variation
in heat fluxes, each of which depends on a number of meteorological, hydraulic, and
landscape parameters. Water flow conditions include flow volume and velocity, as well
as inflows, which may include tributaries, groundwater, and hyporheic water inflows.
An understanding of the heat flux terms can start from the equation for total stream

thermal energy

(I)stream - (I)radiation + (I)conduction + q)latent + q)sensible (11)

where the energy of the stream (Pgycq,) 1S the sum of longwave and shortwave radiation



Heat Transfer Processes

Longwave (Direct) (Diffuse) Convection Evaporation

/ [/

Stream Cross
Section
«—Bed

Subsurface flow inputs Conduction
(Groundwater,
Hyporheic Water)

Figure 1.1: Stream heat transfer processes (Boyd and Kasper, 2004)

(Pradiation), streambed conduction from the temperature gradient between the substrate
and water interface (P onduction ), latent heat from evaporation (®;,4.,,¢), and sensible heat
from the air temperature (P, sin.) (Boyd and Kasper, 2004). These energy components
are summarized in Figure 1.1.

Stream headwaters tend to exhibit the temperature of local groundwater, with
temperature evolving in a downstream direction due to net energy fluxes. A longitudi-
nal stream temperature profile at the watershed scale was demonstrated by FLIR data

collected between 14:30 and 16:00 in the John Day Basin in August 1994. (Figure 1.2).
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Figure 1.2: Longitudinal stream temperature in the Middle Fork John Day River (top)
and the North Fork John Day River (bottom), as measured by Forward-Looking Infrared
Radar during 14:30-16:00 August 5 and 8,1994 (Torgersen et al., 1999)



At the watershed scale, stream temperatures increased in a downstream direc-
tion. This pattern reflects stream heating due to solar heat fluxes during daytime hours.
At the reach scale, temperature trends exhibited more heterogeneity, increasing in some
reaches and decreasing in others. These inter-reach variations are often attributed to dif-
ferences in channel shading, width-to-depth ratio, tributary inflows, and different rates
of groundwater/ hyporheic water inflow (Torgersen et al., 1999; Poole and Berman,
2001). At the scale of meters, a smaller scale than that displayed in Figure 1.2, thermal
heterogeneity may also be present, and has been reported by a number of researchers
(Nielsen et al., 1994; Ebersole et al., 2001, 2003; Huff, 2009). Temperature variations
at this small scale have been attributed to groundwater seeps, unmixed tributary inflows,
temperature stratification in pools, the hyporheic exchange processes associated with
riffles, among other causes (Nielsen et al., 1994; Ebersole et al., 2003; Storey et al.,
2003; Huff, 2009).

Measurement of stream temperature has traditionally been accomplished by point
temperature measurements (Baltz et al., 1987; Nielsen et al., 1994; Ebersole et al.,
2003), continuous point temperature loggers (Sinokrot and Stefan, 1993; Johnson and
Jones, 2000; Bayley and Li, 2008), and more recently, airborne remote sensing tech-
niques such as Forward-Looking Infrared Radar (FLIR) (Figure 1.2) (Torgersen et al.,
1995, 1999; Loheide and Gorelick, 2006) or Thermal Infrared Radiometry (TIR) (Torg-
ersen et al., 2001). While each of these measurement techniques has certain advantages,
none allows for the combined spatial and temporal information provided by Distributed
Temperature Sensing (DTS). DTS employs fiber optic signals to measure temperature

and is a relatively new temperature measurement technology for hydrologic sensing ap-



plications (Selker et al., 2006b). Commonly-available DTS systems can measure tem-
perature to a resolution of 0.1°C at 1 meter spatial intervals and 1 minute time intervals,

over a cable length of 5 kilometers (van de Giesen et al., 2012).

1.1  Scope of Study

The goal of this research is to explore the spatial and temporal patterns of stream tem-
perature variation, and to describe the use of DTS for monitoring and analyzing those
patterns. Chapter 2 evaluates the presence and importance of cold water patches within
the Middle Fork John Day River (MFJDR) and evaluates theoretical mixing potential
to assess the validity of cold patch measurements. Chapter 3 applies DTS data to in-
vestigate a temperature anomaly observed in TIR and FLIR datasets collected on the
MEFIDR. The diagnosed cause of the anomaly provides an important lesson for TIR and
FLIR dataset interpretation. Chapter 4 explores techniques and challenges of DTS de-
ployment in streams. Two types of potential data artifacts in stream temperature DTS
measurements are discussed. Chapter 5 employs DTS data in both the temporal and
spatial domains to assess longitudinal stream temperature trends. Potential causes of

those trends are assessed.



Chapter 2 — Cold Patch Survey

2.1 Introduction

Stream temperatures exceeding certain lethal limits pose a hazard to fishery health
(Brett, 1956); however, some researchers have shown that fish are capable of behav-
ioral thermoregulation, identifying and holding in sections of stream that are relatively
cooler than others (Kaya et al., 1977; Nielsen et al., 1994; Torgersen, 1997). These
cold water patches may serve as “thermal refugia” for fish, allowing them to thrive or
survive under ambient thermal conditions that are stressful or lethal (Ebersole et al.,
2001, 2003).

Cold water patches in streams, alternately referred to as “’cold pools”, ”cool wa-
ter areas”, and stratified pools” (Ebersole et al., 2003), have been studied by multiple
researchers (Bilby, 1984; Ozaki, 1988; Keller et al., 1990; Nielsen et al., 1994; Eber-
sole et al., 2001, 2003). They are generally defined as spatially-distinct stream areas
(i.e. constrained to a single stream pool or limited to one channel width in length) with
temperatures cooler than nearby stream areas (i.e. within a 10-meter radius or located
upstream of the pool of interest). The temperature of the nearby stream areas has typi-
cally been referred to as “ambient” temperature.

Cold patches at least 3°C cooler than ambient stream temperature were reported

in three northwestern California streams (Nielsen et al., 1994) and in nine northeastern



Oregon creeks in the Snake River basin (Ebersole et al., 2001, 2003). These studies used
a combination of point temperature measurements and temperature loggers, and two of
the studies found a positive correlation of fish presence with cold water patches, suggest-
ing that fish were using the patches as thermal refugia. Ebersole et al. (2003) surveyed
16 kilometers of creeks (third-order or larger streams in the Grande Ronde portion of the
Snake River basin) and located 57 cold water patches at least 3°C cooler than ambient
stream temperatures. Many of the patches identified were attributed to groundwater or
tributary inflows. Nielsen et al. (1994) identified thermal stratification in stream pools,
and pool-bottom temperatures as much as 9°C lower than ambient stream temperatures.
These pools all possessed unique physical characteristics to which Nielsen et al. (1994)
attributed the extreme stratification measured: some were channel backwater areas with
cool water inflows, some were partially separated from mainstem flow by gravel bars
and fed by tributaries, and some had long pool residence times (2.5-9.3 hours).

The Middle Fork John Day River in northeastern Oregon is a fourth to sixth
(6+) order stream harboring runs of ESA-listed spring Chinook salmon and steelhead.
Torgersen et al. (1995, 1999) proposed that cold water areas were associated with fish
presence in this system. The 1995 study found that spring Chinook salmon were consis-
tently located in cold water patches 1°C - 3°C cooler than ambient stream temperatures,
and asserted that cold water patches were most often found in pools. However, the 1999
study found no evidence of thermal stratification in deep pools of the MFDJR. That
study found that spring Chinook salmon were likely to be located in MFJDR reaches
with relatively cool daytime temperatures, but no association was found with microscale

cold patch features. River restoration planners have speculated that disturbances to the



channel have reduced the number of off-channel and in-channel thermal refugia in the
MFIDR system and have suggested that corrective actions may be possible (RDG,
2007; BOR, 2008).

The objective of this chapter is to assess whether cold patches are significant
thermal features in the current MFDJR system and to test whether thermal stratification
aids in their development. During the summers of 2009-2011, Distributed Temperature
Sensing (DTS) datasets were collected over five reaches of the Middle Fork John Day
River in northeastern Oregon. These datasets provided stream temperature information
at ten-minute time intervals and one-meter spatial intervals over each reach, and were
ideally suited to cold patch detection. The cold patch survey covered a total of 7.2 kilo-
meters of stream distance, with some reaches surveyed on both right and left river banks
and/or over multiple years. Additionally, vertical temperature profiles were collected to
measure the current degree of thermal stratification in the MFJDR system. The results
of these DTS and vertical temperature measurements were then discussed in light of

theoretical computations for thermal mixing potential.

2.2 Site Description

The Middle Fork John Day River is a 117-kilometer long stream in northeastern Oregon
(Figure 2.1). It extends from headwaters near Austin, OR (1300 meters elevation) to
confluence with the North Fork John Day River near Ritter, OR (670 meters elevation).
It is classified as a fourth to sixth (6+) order stream (BOR, 2010). Monthly average

streamflow peaks in April, with an average discharge of 21.2 cubic meters per second
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Figure 2.1: Map of the Middle Fork John Day River subbasin in northeastern Oregon.
Five reaches monitored for stream temperature are identified.

3
(ﬂ) measured at the United States Geological Survey (USGS) gauging station in Ritter,
5

OR from 1930-2010. Monthly average streamflow is lowest in September, with 0.91
m??’ average discharge (USGS, 2012). Daily average air temperature has a maximum
monthly average, 18.8°C, in July, and a minimum monthly average, -0.9°C, in December
(Agrimet, 2012). During the summer field season (July-September), diurnal fluctuations
in air temperature are typically between 5°C and 30°C (Appendix A).

The study site consists of five 1-3 kilometer-long reaches of the MFIDR, named
Forrest, Oxbow1, Oxbow2, Oxbow3, and RPB (Figure 2.1). With the exception of the
upstream end of Oxbow3, all monitored reaches flow through wide, alluvial meadows
(Figure 2.2 and Figure 2.2). Streamside vegetation consists of sedges and grasses, with

scattered taller shrubs and trees. The upstream end of Oxbow3 flows through an alluvial

canyon and is shaded by a relatively greater density of shrubs and trees (Figure 2.2).



11

Y e

Forrest reach at 118°31°33.82W, 44°35°53.11”N, facing northwest and downstream

Oxbowl1 reach at 118°40°48.67W, 44°39°16.91”N, facing north and downstream

Oxbow3 reach at 118°38°10.76W, 44°38°35.74”N, facing southwest and downstream

Figure 2.2: Photos of the study reaches
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Over the entire MFJDR basin, 80% of floodplain area contains low vegetation
or open areas, 14% contains small trees and shrubs, and 6% contains large trees (BOR,
2008). Landuse immediately adjacent to the study reaches consists primarily of un-
grazed grassland. The Oxbow Conservation Area and the Forrest Conservation Area,
in which four of the five monitored reaches are located, have been managed for ripar-
ian habitat by the Confederated Tribes of the Warm Springs Reservation of Oregon
(CTWSRO) since 2001-2002. This management includes elimination of cattle grazing
from 50-150 meter-wide riparian corridors. Outside these corridors, cattle grazing is
permitted but restricted in intensity. Upland areas in the vicinity of the MFJDR are pri-
marily managed by the United States Forest Service (USFS) for logging, with ponderosa
pine (pinus ponderosa) constituting the dominant tree species.

Historical landuse in the MFJDR basin, since the entrance of European explor-
ers and settlers in the early 1800s, has mostly consisted of beaver trapping, gold mining,
logging, homesteading, cattle grazing, and railroad and road construction. The first
beaver trappers were reported to have entered the area in 1811, and beaver populations
were largely eliminated by 1847 (McAllister, 2008). Gold mining began in the basin
in the 1860’s, with the most intense and mechanized mining activity occurring between
1939 and 1942 (McDowell, 2000). Permanent settlement began in the 1880’s (McAl-
lister, 2008), with cattle grazing likely following settlement. A railroad was constructed
in the alluvial valley in 1910, and was operated until about 1930 (McDowell, 2000).
Throughout the 20th century, settlers accommodated cattle grazing by removing shrubs
and trees from the alluvial valley and by performing channel straightening and modifica-

tions, both for improvement of grazing land and for grass irrigation (McDowell, 2000).
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In 2001-02, the properties encompassing the two largest alluvial valleys in the upper
MFIJDR was acquired by CTWSRO, and the elimination of cattle grazing from riparian
corridors on those properties soon followed. Anecdotal evidence suggests that vege-
tation height adjacent to the stream has increased since the elimination of streamside

grazing.

2.3  Methods

Five reaches (Figure 2.1, Section 2.2) of the MFJDR were monitored for stream temper-
ature using DTS technology. The Forrest and Oxbow1 reaches were monitored during
three consecutive summer field seasons (2009-2011). The Oxbow?2 and Oxbow3 reaches
were monitored during the 2011 field season, and the RPB reach was monitored during
the 2010 field season.

Table 2.1 displays monitoring dates, length, and dataset properties for each of
the nine installations. Some DTS installations were made with one cable in the channel
thalweg, and some were made with two cables, each located within 1.5 meters of the
stream banks (right bank/left bank). Flow rates were measured at the upstream and
downstream ends of each installation with a Marsh-McBirney flow meter. Where a range
of flow rates are listed, two measurements were made within the monitoring period.
It should be noted that an error of approximately 5% of the flow rate applies to all
measurements. For the Oxbow?2 reach, the listed downstream flow rate represents the
loss of approximately 25% of the stream flow volume to the Oxbow Conservation Area

South Channel at river kilometer 95.20. River kilometer values are based on DEQ (2010)
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and are presented as location references only. The full reach length” indicated for each
installation is measured at a higher spatial resolution and is a more accurate measure
of stream distance. The Oxbow?2 installation ends in the North Channel of the Oxbow
Conservation Area, at that channel’s confluence with Granite Boulder Creek. Because
the North Channel was excluded from the stream kilometer accounting system used
by DEQ (2010), an estimated river kilometer (River Km: 794.55”) was listed for the
confluence of Granite Boulder Creek with the North Channel.

The monitored reaches were chosen based on access permission and relevance
to ongoing stream restoration projects and planning. Forrestl was located within the
portion of MFJDR classified as a fourth order stream. Oxbow1, Oxbow2, and Oxbow3
were located within a portion classified as a fifth order stream. RPB was located within
an unclassified portion of the MFJDR that was downstream of a sixth order stream

(BOR, 2010).



15

Jo ¥T°0 /60°0 :A2eaNd30 1350 R(]
SWD /G0 — T80 :21eY MO[d Weaa}surmog
SWID /670 — [8°0 :21ey mo]{ weansdp
€589 — Tt 69w aly

ML e9 . T6.8TT
‘NLOYEE Fr.tt i ploo) weansdn
SI919W 78 /658 lp3us yoeay |Ind
uoneersul yueq sy SHueq a7
25 TzZ1das-5T1dag (poLiag Bunojuow

0T0Z ‘Yoeay a4y

£z71d

prbny-gzbny 17Ny

Jp 100 sA2RINDIR 13sRIRQ
SWD £9°0— 6970 :218Y MO WIEIISUMO]
SWD £9°0— £9°0 :@3eY Mmol4 weansdn
GGGH—GR96 JW BALY
. 946, 8C.8TT

‘NEFLE 81 " PIo0) weansdp
51919 FEET (YASua Yreay |In4
:o_ﬁ__m.._m:_m..w.,.,__f_h

103JU0

1T0Z ‘Yoesy m_son_xo

-TTHNY (poiag bt

D TT'0 tA2eaND2E 135R1R(]

SWD /70— TG0 1918y MO[4 WeISUMO(]

SWD £9°0 — 69°0 23eY Mmol4 weansdn

{PUURYD IO Y], S6 16, — §6'56 S 1A
W.L8 Gt 8E8TT

‘N.E0DE8E b "pro0o) weansdpn

51219 980 T (pSua yaeay |In4

uonejelsul Sampey

W-Z TNy :poag Bunoyuopy

1102 ‘Yoeay Zmogxo

pzbn

1o 0€°0 /8170 :A2eand0e J3s5R1R(]
SWID g7 191eY /MO Weauysumo
SWI3 55°(0 121y Mmo|4 weaaysdn
8L T6— 00776 W 1=4ly

W, TS 8.0F.8TT
‘M, TS 65 81 ploo) wealnsdn
SI9IPWGTET //TRT (\pSuaq yoeay |In4
uonejelsul yueq sty Hueq a1
Tidas-Fidas ipotiaq Bunonuopw

6002 Y223y TMOgXQ

20970 /9¢°0:A2eandde Jasele(]
SWIDG /() 13)RY AMO[4 LUeIIISUMO(]
SWI3 €770 191y mo|4 weaaysdn
88'T6— 0T Th Wi 19AlY
WML ST T.0F-8TT

‘M,6E95 8t " plood wealnsdn
SI919W 9G 8T /REET (\pSua yoeay |In4
:o_.._m__ﬁm.:_ yueg iy Hueq .._u,..m.._

Ghny-gk ouo
0T0Z "yoeay Hgonxo

D0 90°0 :A2RANI2R 135RIR(]
SWD 80°T — 69°T 1918 MO[4 WIRAIISUMO(]
SW QT — §6°T 238y Mmol4 weansdp
P8 T6—GT 76 W) 2AlY

W.TT0.0v.8TT
‘N.6E'5G.8E.bt "p1oo) weansdpn
51919W 9T 7 (pSua ypeay (n4
uonejeIsul Sampey
FTBNY-0EINT I PoLag Buttouoy

1107 ‘YoesYy TMOGX0

_-.._- q . -.Jﬁl_ _. —_ .rU \u__ h.-_

D LT°0/TT 0 A2eIN0R Jasele(
SWD GG°0 1218y MO|4 Weasumog
SWID TE() 191ey moj4 weansdn
8580T—S8°60T Wi =AlY
M.S6TTTE8TT
‘NST'SESEtt 'plood weansdn
SI919W QRS T /065 T YRSua yaeay Ind
uoneelsul yueq WSy Squeqg 1=
SZINf-TZINgipoliag Bupoyuopw

6002 ‘Yoeay 3531104

Jp 8070 1A0RINIDR BSRIR(Q

SUD TE0— 810 218y Mo Weansumoq

SWD£€°0 — 6E°0 21eY mop4 weansdn

80T —S8°60T U Aily
MSE'TTTE.8TT

‘NSTSE.SEbE pao0) weansdpn

S193aW T/ T JYadua yoeay |n4

uone|elsul Samey

pEiny-gTHny (poliad Bupoliuom

0T0Z ‘Yoe=Y 1531104

Jp TT°0 :AeANDDR JaseIR(])
SWDGS () — 060 1218Y MO[4 LRI SUMO(]
SWOTH 0 — 05°0 1218y Mmo]4 weansdpn
957801 —G8°60T ‘Ui 12a1y

M.SO T TC.8TT
‘N.ST'SP.SEbE "ploo) weansdn
s1213W 9T (pSua] yoeay [In4
uone|esul Samjey
V-97jnfpoLiad Bugonuopy

TTOZ ‘Yoeay s34

ghiny-gbny ¥#on

~AAIIN 9Y) U SUOHR[[RISUT ST JO ATRWIWINg (] S[qRL




16

2.3.1 DTS Installation

The nine DTS installations employed a fiber optic cable manufactured by AFL Telecom-
munications, consisting of two Giga-Link 600 multimode fibers protected by a stainless
steel loose tube, a resin-stabilized fiberglass sheath, and a meter-marked polyurethane
jacket, completing the cable to a 2.5 millimeter diameter. The cable was installed either
in the stream channel thalweg or, for channel edge temperature measurement, within 1.5
meters of the channel banks. The cable was observed to sink in all water conditions ex-
cept the most turbulent, and alluvial rocks were placed to secure the cable where the risk
of cable movement was high. Four different DTS instruments were used for data col-
lection: an Agilent N4386A, two SensorTran Gemini instruments, and an AP Sensing
Linear Pro Series instrument. The installations were powered by custom-designed solar
trailers. The DTS temperature readings were calibrated to at least three point tempera-
ture measurements collected by Onset HOBO Water Temp Pro v2 dataloggers. One or
two of these logger measurements were made within 0°C ice baths, co-located with 25-
50 meters of cable, and two to eight of the measurements were made within the stream

itself, co-located with 2-25 meters of cable.

2.3.2 Dataset Analysis

The nine DTS datasets employed in this study each consisted of four to thirteen days and
between one and three kilometers of stream temperature data, collected at ten-minute
time intervals and one-meter distance intervals. This spatial resolution constrained the

measurement to detection of cold patches that were at least one meter in longitudinal
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length.

The value of cold patches for fish habitat is greatest when stream temperature is
warmest, so the datapoints collected during the hottest hours of the day were the points
of interest for detection and measurement of cold patches.

Previous studies have suggested that cold patches are often associated with cool
water inflows. During the time of day when stream temperature peaks (typically late
afternoon), tributary water, groundwater, and hyporheic water inflows have the potential
to be cooler than mainstem stream water. The conceptual model in Figure 2.3 displays
these three types of inflows, the expected diurnal temperature variation of the inflows
relative to the mainstem stream temperature, and the location of a thalweg fiber optic
cable installation.

The “temperature differentiation” of cold patches refers to how much cooler the
patch is than surrounding water temperatures. High differentiation occurs when the tem-
perature of the cool water inflow is much lower than ambient stream temperature and
when the inflow quantity is large relative to the rate at which the inflow mixes with
mainstem water. Therefore, the two factors affecting cold patch temperature differenti-
ation are the difference between inflow temperature and mainstem temperature and the
quantity of cool water inflow. Over the timescale of hours, the quantity of groundwa-
ter, hyporheic water, and tributary water inflows is not expected to vary significantly.
Groundwater and hyporheic water inflows (henceforth referred to as subsurface in-
flows™) are expected to have temperatures that are relatively constant in time, relative to
mainstem temperature diurnal variation (Figure 2.3). During the hours of peak mainstem

water temperature, the difference between mainstem and subsurface inflow tempera-
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tures is expected to vary little, relative to the magnitude of the difference. Therefore, the
temperature differentiation of subsurface water-fed cold patches has little time-variance
during the late afternoon period. On the other hand, tributary water temperatures vary
significantly throughout the day and may approach or exceed mainstem water tempera-
tures during the hottest parts of the day (Figure 2.3). The difference between tributary
water temperature and mainstem temperature has the potential to vary significantly in
time, relative to its magnitude. Because of this variation, the temperature differentiation
of cold water patches fed by tributaries has the potential to be time-dependent during
the hours of peak stream temperature. To facilitate cold patch detection, cold patches

fed by subsurface inflows were tallied differently than patches fed by tributary inflows.
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2.3.2.1 Cold Patches Fed by Subsurface Inflows

DTS data from the period of each day when mainstem temperature was hottest were
identified. To adequately capture the daily temperature maximums, a dataset-specific
four-hour period was selected. For example, in the RPB dataset, the hours of 15:10 -
19:10 were well-centered around the daily stream temperature maximum, while for the
Forrest 2011 dataset the hours of 14:30-18:30 encompassed the maximum (Figure 2.4).
For consistency of presentation, the same four-hour period was applied to every day
within the dataset. This simplification was determined to have no significant impact
on the dataset analysis, as the temporal shifting of maximum stream temperatures was

minimal within each dataset.
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Each four-hour period was time-averaged. Because subsurface water-fed cold
patches have little time variance during the late afternoon period, the time-averaging
process reduced dataset noise without affecting the detected temperature differentiation
of cold patches. The time-averaging resulted in one daily maximum longitudinal stream
temperature profile (“Daily Maximum Profile”) based on the hottest four hours of each

day of monitoring (Figure 2.5).
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Daily Maximum Profiles were then split into between three and eight segments
based on the locations of linear slope breaks. The number of segments was dataset-
specific and the segment locations remained constant over each monitoring period. A
linear regression line was then fit to each segment, with a unique slope and intercept
value generated for each Daily Maximum Profile. Portions of the Daily Maximum Pro-
files immediately impacted by known surface water tributary inflows (prior to complete
mixing of tributary and mainstem water) were not included in the regression line fitting.
Figure 2.6 displays the Daily Maximum Profile, with regression lines, from the hottest

day of each dataset. This figure is discussed further in Section 2.4.2.
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Because the regression lines were based on a longitudinal series of stream tem-
perature samples, they closely fitted the observed linear stream temperature patterns.
The regression lines were taken to represent “ambient” mainstem stream temperature
at each location. Thus, a negative deviation of the Maximum Daily Profile from the
regression line could be viewed as a cold patch (either groundwater-fed or hyporheic
water-fed). The Maximum Daily Profiles retained the one-meter spatial resolution of
the raw DTS data, so cold patches that were at least one meter in longitudinal length
would be detected.

The maximum temperature differentiation of subsurface water-fed cold patches,
equivalent to the maximum negative deviation of the Maximum Daily Profile from the

regression line, was computed for each segment of each reach.

2.3.2.2 Cold Patches Fed by Tributary Inflows

Tributary-fed cold patches were evaluated at each ten-minute interval over the hottest
four hour period of each day. Computing tributary-fed cold patch magnitude at ten-
minute intervals, as opposed to over daily four-hour averages, allowed for more accurate
estimation of maximum magnitude, since temperature differentiation of tributary-fed
cold patches had the potential to change rapidly. Cold water patches at tributary conflu-
ences were assessed by comparing the DTS-measured stream temperature upstream of
the tributary to the minimum DTS temperature measurement due to the tributary. Within
each dataset, the maximum difference between these two temperatures was recorded. A

total of five creeks (Davis Creek, Vinegar Creek, Butte Creek, Vinegar Creek, and Gran-
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ite Boulder Creek) were evaluated, some over multiple years.

In addition to the tributary-fed cold patches, one subsurface water-fed cold patch
was evaluated at ten-minute intervals. This cold patch had the highest temperature dif-
ferentiation of all the subsurface water-fed cold patches detected (1.28°C cooler than
ambient stream temperature) and is discussed further in Section 2.4.2. The evaluation
of this subsurface inflow at a higher temporal resolution was justified as a check on the
subsurface water-fed cold patch measurement method (described above), providing an

upper limit of cold patch magnitude due to subsurface inflows.

2.3.3 Vertical Temperature Measurements

Thermal profile measurements were made in two 1.5-meter deep pools, referred to as
Pooll in Oxbow]1 and Pool2 in Oxbow2. These pools represented the slowest-flowing
and deepest sections within the study reaches, and were known to be used by spring Chi-
nook salmon for late-summer holding. Measurements were made in Pooll on September
7-11, 2009 and in both Pooll and Pool2 on August 19, 2011. The 2011 measurements
were made with a Fluke 1524 thermometer that had a precision of £0.002°C. Four depth
measurements were made at a few locations within each pool, in both the morning and
late afternoon. The 2009 measurements were made using two Onset HOBO Water Temp
Pro v2 temperature loggers, installed at depths of 0.15, 0.85, and 1.45 meters below the
water surface, and protected from direct sunlight by PVC tubing. A photograph of the
installation is included in Figure 2.7. This measurement set-up was repeated at three

locations within Pooll, and only data from the top (0.15 meter depth) and bottom (1.45
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meter depth) temperature loggers were included in the final analysis. Because the pre-
cision of the loggers was +0.2°C, a calibration was required to detect the subtle vertical
temperature differences present in the pool. Nighttime temperature measurements were
used for this purpose, under the assumption that, without insolation, nighttime vertical
temperatures of slow-moving, relatively shallow water bodies tend to become uniform
(Nielsen et al., 1994; Bormans and Condie, 1997). Thus, the difference between the top
and bottom logger temperatures during the hours of 3:00 and 5:00 was viewed as a 0°C

difference datum.
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2.4 Results

2.4.1 DTS Dataset Visual Assessment

The nine DTS datasets displayed in Figure 2.6 represent late afternoon stream temper-
ature data from five MFJDR reaches, some monitored over three summers. Several
features are worthy of note. First, spatial variation over the 800 to 2200 meter-long
datasets was limited to less than 2.5°C in magnitude. This visual observation jibes with
the results of the cold patch analysis discussed below. Second, tributary junctions caused
step-like decreases in stream temperature in many cases, suggesting that tributaries pro-
vide thermal heterogeneity in this system. Synoptic discharge measurements made dur-
ing the course of this study generally indicated that flow accumulation in those reaches
was primarily gained at tributary junctions. Third, linear-like longitudinal slopes were
visible in most segments of most datasets. The properties of these sloped segments are
discussed further in Section 5. Fourth, there are significant differences between right
bank and left bank temperatures in some, but not all, datasets. These differences may
relate to dataset accuracy (Table 2.1) or to other factors, such as differences in solar

radiation received on the measurement cable (Section 2.1).
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2.4.2 DTS Analysis Results

2.4.2.1 Cold Patches Fed by Subsurface Water Inflows

Table 2.2 displays the maximum negative deviations (Section 2.3.2) detected in each
segment of each reach, as computed over the full monitoring period of that reach. High-
lighted values are significant, exceeding the dataset noise of two standard deviations
(Table 2.1). Over the 79 total monitoring days, or a total monitored length of 7.2 undu-
plicated kilometers (some of those monitored over three seasons or with two-bank mon-
itoring focus), no DTS temperature measurement exceeded 1.28°C degrees lower than
the regression lines fitted to the Maximum Daily Profiles.

The coldest detected patch, located on the left bank of Oxbow1 during the 2010
installation, corresponds to a location suspected to have significant subsurface inflow
from two tributaries (Ruby Creek and the Oxbow South Channel irrigation ditch). These
tributaries intersect each other at a location 120 meters upgradient from the mainstem.
From this intersection, a channel carries a portion of the mixed tributary water northward
towards the mainstem through a channel bordered by coarse mine tailings on both its
right and left banks. The remaining portion of the flow is directed from the intersection
westward through the irrigation ditch. In August 2011, flow in that ditch was observed to
taper off and end a few hundred meters downstream. Any flow lost from the ditch would
be expected to flow downgradient (northward) towards the mainstem. The hydraulic
gradient between the Oxbow South Channel irrigation ditch and the mainstem is 0.03
meters per meter (estimated from LiDAR), and the intervening floodplain consists of

mine tailings, a typically coarse soil material likely to have high hydraulic conductivity.
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2.4.2.2 Cold Patches Fed by Tributary Water Inflows

Maximum stream temperature decreases due to tributary inflows ranged between 0.03°C
and 2.31°C (Table 2.3). The subsurface inflow detected on the left bank of Oxbow1 dur-
ing the 2010 installation was additionally measured at ten-minute intervals. At this tem-
poral resolution and measurement accuracy, the maximum stream temperature decrease

caused by this inflow was 1.94°C.



32

Table 2.2: Maximum cold patch magnitudes, as estimated by the maximum negative
deviation of DTS measurements from segment-specific regression lines. Highlighted
values are significant, exceeding the dataset noise of two standard deviations.

Forrest Reach, 2011
Segment1: -0.09°C
Segment 2: -0.07
Segment 3: -0.54
Segment4: -0.56
Segment5: -0.06
Segment6: -0.39

Segment 1: -0.13°C
Segment2: -0.06
Segment 3: -0.12
Segment4: -0.06
Segment5: -0.07
Segment6: -0.10
Segment7: -0.04

Segment1: -0.50°C
Segment 2: -0.66

ForrestReachJZ(]lo e

Forrest Reach,zoog S

Oxbow1 Reach, 2011
Segment 1: -0.05°C
Segment 2: -0.15
Segment 3: -0.09
Segment4: -0.11
Segment5: -0.11
Segment6: -0.03
Segment7: -0.03

Segment8: -0.02
Oxbowl Reach, 2010

Segment 1: -1.28°C
Segment2: -0.41
Segment 3: -0.38
Segment4: -0.21

Oxbound Reach, 000

Segment 1: -0.44°C
Segment 2: -0.19
Segment 3: -0.31

Oxbow?2 Reach, 2011
Segment 1: -0.09°C
Segment 2: -0.20
Segment 3: -0.08

Oxbow3 Reach, 2011
Segment 1: -0.04°C
Segment 2: -0.05
Segment 3: -0.06

RPB Reach, 2010
Segment 1: -0.16°C
Segment 2: -0.33
Segment 3: -0.22
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2.4.3 Vertical Temperature Measurement Results

Figure 2.7 displays timeseries of vertical temperature profiles measured in Pooll on
September 7-11, 2009. Table 2.4 displays the vertical temperature profile point mea-

surements made on August 19, 2011 in Pooll and in Pool2.
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Table 2.3: The maximum magnitudes of cold patches associated with tributary in-
flows, computed as the greatest difference between ambient mainstem temperature and
tributary-impacted temperature during the four-hour period with warmest mainstem
temperatures. The temperature impact of Granite Boulder Creek, at the downstream
end of Oxbow?2, is not fully represented, as the cable installation captured just a small

portion of that tributary’s inflow.
Greatest stream temperature
Monitoring Reach, drop due to tributary inflow
Creek Name Year (°c)
............. DavisCreek | Forrest Reach, 2009 | ~ ~ ~~ -088
............. DavisCreek | Forrest Reach, 2010  ~ ~ ~ -020
............. DavisCreek | Forrest Reach, 2011 |~~~ -197
__________ Vinegar Creek | Forrest Reach, 2009 | 065
.......... Vinegar Creek | Forrest Reach, 2010 |~~~ -1.75
__________ Vinegar Creek | Forrest Reach, 2011 |~~~ -1v71
............. Butte Creek | Oxbow?2 Reach, 2011 | 079 ...
Granite Boulder Creek | Oxbow2 Reach, 2011 | - 107
........... Beaver Creek | Oxbowl Reach, 2009 | =209 ...
___________ Beaver Creek | Oxbowl Reach, 2010 |~~~  -231 .
Hyporheic Inflow,
............... Left Bank | OxbowlReach, 2010 | 195 .
........... Beaver Creek | Oxbowl Reach, 2011 | 003 ...
Hyporheic Inflow,
Left Bank Oxbow1l Reach, 2011 1.10
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Table 2.4: Vertical temperature measurements made in Pooll and Pool2, August 19,
2011. Measurements were made with a thermometer of accuracy £0.002°C.

44°38'33.90"N,
118°39'15.40"W

Approximate Pool Depth {meters) 1.5 1.5

S AugustlgAugustlgAugustlQAugustlQ AugustlBAugustlB
2011 2011 2011 2011 2011 2011

Date/Time 9:00 16:00 16:04 16:08 8:20 16:40

Temperature, Top (°C)

{Approx. 0.15 m depth) 12,128 13.560 18.604 18.707 12.014 20.041

Temperature, Mid-Top (°C)

{Approx. 0.5 m depth) 12,104 18.527 18.579 18.691 11.987 20.009

Temperature, Mid-Bottom {°C)

{(Approx. 1.0 m depth) 12103 18.512 18.565 18.687 11.987 20.007

Temperature, Bottom {°C)

{Approx. 1.45 m depth) 12.101 13.494 18.545 18.692 11.986 20.007

2.4.4 Stream Mixing Potential

Cold water patch formation requires both cool water supply (tributary inflow, groundwa-

ter or hyporheic water inflows) and kinetic conditions that prevent mixing. Poole and

Berman (2001) suggested that stream temperature patterns can be explained by com-

bining factors external to the stream system (heat fluxes, inflows) and factors internal

to the stream (flow velocity, depth). To explore the feasibility of cold patch formation

in the MFJDR, the results of DTS and vertical temperature measurements have been

used to inform and serve as a reference point for theoretical estimates of stream mix-

ing/stratification potential.
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2.4.4.1 Richardson Number

The Richardson number, a dimensionless ratio of potential to kinetic energy, has been
used in the fields of aviation and oceanography to assess the importance of potential
energy effects (such as density stratification) and kinetic energy effects (such as turbu-
lent mixing) in the media of air and water. Nielsen et al. (1994) created a river-specific
Richardson number equation, based on bulk channel characteristics, to assess the degree
of thermal stratification and turbulent mixing in stream pools. Thermal stratification is
likely at Richardson numbers greater than one.

A version of the Richardson number based on channel-averaged hydraulic pa-

rameters is
Ap
— X *
o 7 Q (2.1)
W x U3

where the Richardson number (R7) is a function of gravity (g), stream discharge (Q)),

R =

stream width (1), channel-averaged flow velocity (U), and the normalized density dif-
A
ference ratio (_p) between the cool, pool-bottom water and the bulk stream water at

ambient temperature (Nielsen et al., 1994).
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To assess the mixing potential of pools in the MFJDR, the equation above was
applied to the downstream end of the Oxbow?2 reach, an area known to contain many
deep, slowly-flowing pools. Hydraulic parameters required for the Richardson number
computation included stream discharge, channel width, and average velocity. On August
13, 2011, measurements of these parameters were made at two locations in that reach,
corresponding to just upstream of Cross Section 1 and to Cross Section 18 (Figure 2.8).
In order to compute the Richardson number at more locations within the reach, a HEC-
RAS hydraulic model was constructed to estimate channel velocities at eighteen cross
sections along the reach. The model was based on a LiIDAR DEM (WSI, 2008), on
field estimates of water depth made in August 2011, and on an upstream flow rate, 0.52

3
m measured in the North Channel just downstream of the South Channel divergence.

5
The discharge measurement was made with a Marsh McBirney flow meter on August
13, 2011. Model-computed velocity values at Cross Section 1 and Cross Section 18
were compared to measured values. At Cross Section 1, which was five meters down-
stream of the actual measurement location, the model-computed velocity was 0.18 %,
as compared to a measured value of 0.24 % At Cross Section 18, the model-computed
velocity was 0.31 % as compared to a measured value of 0.23 % Details of the model
are included in Appendix C.

Thermal parameters required for the fluvial Richardson number computation in-
clude cool, pool-bottom temperature and ambient stream temperature. For this analysis,
two sets of thermal parameters were used. The first set of parameters was based on ver-

tical stream temperature profile measurements (Section 2.4.3), and represented a “field

measurement” scenario. The second set of parameters represented a “hypothetical sce-
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nario” of maximum thermal stratification, which provided a theoretical upper bound on
stratification potential.

The field measurement scenario consisted of a Richardson number based on the
maximum vertical temperature difference observed during the 2009 and 2011 thermal
profile measurements. That maximum difference, 0.2°C, was observed in Pooll on
September 9, 2009 between 9:00 and 10:00 (Figure 2.7). Although this difference was
measured in Pooll, rather than in Pool2, it was based on temporally continuous strat-
ification measurements and was considered to represent a conservative upper bound
on thermal stratification in both pools. The 9:00 DTS temperature measurement from
August 13, 2011 at the bottom of Pool2, 14.0°C, was defined as the pool-bottom tem-
perature, and 0.2°C was added to that pool-bottom value to estimate an ambient stream
temperature of 14.2 °C.

For the hypothetical scenario, a large, cold groundwater inflow was assumed.
Specifically, the coldest reasonable value for groundwater temperature, generally con-
sidered to be the average annual air temperature, was used as pool-bottom temperature.
In this part of the MFJDR, the average annual air temperature is 8°C (Agrimet, 2012).
Ambient stream temperature was defined as the maximum stream temperature measured
within Oxbow?2 on August 13, 2011, 21.5°C.

Table 2.5 displays the field measurement scenario and hypotheticial scenario
Richardson numbers computed for eighteen locations within Oxbow?2 (Figure 2.8). The
hydraulic parameters used to make the computation are also displayed. The slowest
channel-averaged streamflow velocity (0.03 %) was computed at Cross Section No. 7,

which corresponded to the location of Pool2. As a cross-check, this channel-averaged
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velocity is at the lower end of the range of velocities measured in Pooll in September
2009 (0.03 % -0.19 %). The thermal parameters used in the computation are discussed
above. The field measurement scenario Richardson numbers were all less than one,
as expected given the minimal thermal stratification measured. Under the hypothetical
scenario, several exceedences of unity occurred (highlighted values in Table 2.5), and
the maximum value was 29.7, computed in Pool2. These exceedances suggest that
thermal stratification is possible in those locations if very cool pool-bottom temperatures
existed. In Pool2, a vertical differential as low as 0.3°C, the difference between 21.5°C
and 21.2°C, is sufficient to produce a Richardson number exceeding unity. However, the
hypothetical scenario results demonstrate that the hydraulic conditions in Oxbow?2 are
much less conducive to thermal stratification than were those reported by Nielsen et al.
(1994). They reported Richardson numbers greater than 500,000 resulting from pool
top-to-bottom temperature differences of only 3-9°C or less. It was noted that Pool2
had a residence time of 0.3 hours, while the pools reported by Nielsen et al. (1994) had
residence times of 2.5 to 9.3 hours, the longer residence times corresponding to larger

pool volume-to-discharge ratios.
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Yambient Pambient

L,
H ; Ab = Ycool — Yambient
h cool Pambient
-
L, - ﬁ

Figure 2.9: Simple conceptual model depicting a streambed cavity with skimming over-
flow.

2.4.4.2 Cavity Purging by Channel Overflow

While the Richardson number computations described above apply to channel-averaged
flow conditions, an alternative conceptualization of thermal stratification incorporates
longitudinal variation in channel morphology. A dense fluid partially protected within a
recessed cavity from the main channel flow is depicted in Figure 2.9. A fluid of specific
weight Yampient and density pgumpien: flows at a free stream velocity V' and depth D over
a cavity filled with fluid of specific weight 7...;. Geometric parameters are specified as
D, the depth of channel flow, H, the height of the cavity, h, the depth of cool water
within the cavity, and L, and L,, cavity length parameters.

Purging of dense fluids from cavities due to skimming channel overflow is a fluid

mechanics problem that has been addressed by researchers for a variety of applications
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(Brigggs et al., 1990; Armfield and Debler, 1993; Debler, 1996; Strang and Fernando,
2004). Debler (1996) showed by experimental data that rectangular cavities (Ly=L5)
are rapidly purged of dense liquid for densimetric Froude numbers greater than 1.5-2.
Debler and Armfield (1997) applied the principle that the work done to remove dense
fluid from the cavity must be equal to the flux of turbulent kinetic energy into the cavity,
and developed a non-dimensional equation for the purging rate of dense fluid from the
cavity.

Results from these studies were applied to MFJDR data in an attempt to test
and explain the DTS measurement results. The cavity could represent any streambed
structure containing relatively dense water. For this example, it was likened to an in-
stream pool. The depth of the channel upstream of the pool was taken to be D, the
depth of the pool below the upstream channel bed was taken to be H, and the length
of the pool was taken to be L. It was proposed that ambient stream temperature in the
channel was warmer than pool-bottom temperature, causing the specific weight of the
pool bottom water ..., to be lower than that of the overflowing fluid. The geomorphic
or hydraulic likelyhood of this scenario was not tested here.

To apply the results of Debler (1996) to this flow situation, the densimetric
Froude number was computed for the MFJDR pool “cavity”. The Froude number was

defined as F'r = ————, the ratio of free stream velocity (V") to the square root of

VAbx H

scaled fluid buoyancy difference Ab = Jeool — Yambient

multiplied by cavity depth (H).
Pambient
Typical free stream velocity in an MFJDR pool was taken to be 0.1 T, pool depth below
s
upstream channel bed level or “cavity” depth (H) was taken to be 0.75 meters, and the

buoyancy difference was taken to be 0.62%, equivalent to the difference between fresh
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water at 22°C and at 19°C. These values produce a Froude number of 1.46, a border-
line value that suggests the system could barely sustain a cavity filled with water 3°C
cooler than ambient. Additionally, as has been discussed above, vertical temperature
differences of 3°C magnitude were not detected in the MFJDR system during this study.

To apply the results of Debler and Armfield (1997), the MFJDR variables were
used in their equation for cavity purge rate. To simplify the computation, the assumption
was made that the depth of dense fluid (h) was steadily equal to half of the cavity height

(H), resulting in the equation:

2% Kppx DV x Fr?
Q= I N 2.2)

Ty Ty
(1+5) - 5)
where the purge rate for the whole cavity, (), is a function of channel depth (D), free

stream velocity (), densimetric Froude number (Fr = ), the cavity depth

v
VDb H
(H), and an efficiency coefficient (K gr), for which Debler and Armfield (1997) pro-
posed some empirical values.

To apply the equation above to the MFJDR system, the following parameter val-
ues were selected: D=1 meter, VV=0.1 meter per second, Ab=0.62%, based on a 22°C
ambient temperature and a 19°C cool temperature, H=0.75, Fr=1.46, L;=8 meters,

Lo=5 meters, and K g7=0.001, a value which Debler and Armfield (1997) proposed for

L
aspect ratio (A = El) values around 10. Based on those values, (), the rate at which

3 3

cool fluid is removed from the cavity, was 2.3x 1074 ﬁ, or2.8x107° m per meter of
s 5

stream length. This value was within the range of groundwater flux rates to the MFJDR

estimated by Hopson (1997), based on field measurements of hydraulic gradient and
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soil conductivity. This range of flux rates, computed for a location within the Forrest
Conservation Area, had an upper bound of 5.1x10~* m?:s’ per meter of stream length.
Even a purge rate computed using only a 1°C temperature difference (Ab=0.22%) was
within the range of groundwater flux values that Hopson measured. This equivalency
between estimated cavity purge rate and field measurements suggests that portions of
the MFJDR receive groundwater flux adequate to sustain a cold water “cavity” in the
streambed. However, it is important to note that actual flow conditions in the MFJDR
may differ significantly from the laboratory conditions upon which the Debler and Arm-

field (1997) study was based. In particular, the value for K g7 is likely to be sensitive to

channel and cavity geometry that is not captured by the aspect ratio.

2.5 Discussion

The cold water patches with which Nielsen et al. (1994) and Ebersole et al. (2003)
found correlations with fish presence were at least 3°C cooler than ambient stream tem-
peratures. No cold patch measured in the MFJDR during this study exceeded 2.31°C
cooler than ambient stream temperature. The present study covered 7.2 kilometers of
the MFJDR. It is possible that cold patches with greater temperature differentiation are
present in other, unmeasured, portions of the river. However, the results of this study
suggest that the MFJDR has a lower density of cold water patches, defined as patches at
least 3°C cooler than ambient temperatures, than were observed in some creeks of the
Snake River basin Ebersole et al. (2003). The maximum vertical temperature difference

(bottom to top of a pool) that was measured in this study was approximately 0.2°C, well
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beneath the 3-9°C vertical differences measured by Nielsen et al. (1994).

Differences between this study and those earlier works should be emphasized.
This study focused rigorously on the hours of maximum stream temperature for cold
patch detection. The other two studies collected temperature measurements throughout
the day or throughout the afternoon (12:00 to 18:00). The four-hour averaging procedure
employed for subsurface water-fed cold patch detection in this study may have slightly
reduced estimates of patch magnitude. However, the most differentiated cold patch
identified from that analysis was additionally measured over ten-minute intervals, so an
upper bound for subsurface-fed cold patch magnitude was determined.

The results of this study provide an estimate for spatial thermal heterogeneity
in the current MFJDR system and provide a baseline against which river restoration
planners might make comparison for projects that aim to create thermal refugia in the
MFIDR system. The results also provide a context for asking whether historical thermal
heterogeneity in the historical MFJDR system was higher.

Torgersen et al. (1995) concluded that fish in the Middle Fork John Day River
were responding to cold water patches 1°C - 3°C cooler than habitat within a 10 meter
radius. However, other fish behavior studies have focused on temperature differences
greater than 3°C. Anecdotal evidence suggests that, during late summer, many MFJDR
salmon hold in one of three pools, Pooll in Oxbowl1, Pool2 in Oxbow2, and a pool
in Forrest a few hundred meters upstream of Vinegar Creek. These locations were not
identified during this study to contain significant cold patches. Two of these locations
(Pool2 and the Forrest pool) were located within a few hundred meters upstream of cold

creeks, but fish were not observed to be holding closer to creek mouths. Further research
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would be needed to assess whether fish respond to spatial temperature differences less
than 3°C, such as those observed in the MFJDR system.

Results from the DTS datasets reported here suggest that tributaries are an im-
portant source of summertime temperature heterogeneity in the MFJDR. Cold water
patches were observed at tributary confluences, and some tributary inflows caused a
step-like decrease in the ambient stream temperature, potentially significant for down-
stream temperature potentials. Given this importance of tributaries in the MFJDR sys-
tem, the consideration of tributary condition, including the condition of tributary fans
and the tributary-mainstem junctions, may be a useful exercise for restoration planning.
Most tributaries of the MFJDR flow through forested watersheds and a tributary fan be-
fore joining the mainstem. Some tributary fans are highly vegetated, providing stream
shading, but also possibly reducing streamflow by evapotranspiration effects. Some
tributaries flow through unshaded fans, and some break into multiple smaller stream
channels over the fan. At tributary-mainstem junctions, flow conditions are often highly
turbulent, facilitating quick mixing of tributary water with the mainstem, but failing
to provide spatially sustained cooler temperatures or hydraulic conditions conducive to
fish holding. Gravel bars are evident downstream of Granite Boulder Creek and Big
Boulder Creek, two of the largest tributaries in the upper mainstem MFJDR, but signif-
icant gravel bars are not apparent at other tributary confluences. Large woody debris
at tributary-mainstem junctions might have the effect of slowing streamflow or creating
pools.

The difference in cold patch magnitude between the MFJDR and the northwest-

ern California creeks reported by Nielsen et al. (1994) or some Snake River basin creeks
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reported by Ebersole et al. (2001) and Ebersole et al. (2003) suggests a fundamental dif-
ference in processes between these systems. Physical differences between the MFJDR
and the California creeks are immediately evident. Pools in the California creeks were
located in channel backwaters, were partially separated from the mainstem flow by
gravel bars and fed by tributaries, or had long pool residence times of 2.5 to 9.3 hours,
as compared to residence times of <0.3 hours in the MFJDR pools that were evaluated.
Differences between the MFJDR and the Snake River basin streams were not pinpointed
as part of this research, but likely relate to stream size and morphology.

Results of Richardson number and cavity purging computations supported the
lack of observed stratified pools seen in the temperature data collected during this study.
The combination of hydraulic conditions (flow volume, velocity, depth) and thermal
conditions (cool tributary/ groundwater/ hyporheic water inflow rates and temperature)
are predicted to be non-conducive, or barely conducive, to vertical temperature strati-
fication. This result is consistent with the finding of Torgersen et al. (1999) that deep
pools in the MFJDR were not thermally stratified. The lack of thermal stratification
in the MFJDR is significant for FLIR and TIR image data processing, suggesting that
the surface temperatures measured by those images are consistent with temperatures
throughout the water column. The estimation of cavity purging rate, possibly applica-
ble to transport from a cool water pool in the MFJDR, resulted in a purge rate lower
than available estimates of groundwater flux to the MFJDR, suggesting that portions
of the MFJDR receive groundwater influx adequate to sustain a cold water “cavity” in
the streambed. However, it is possible that the experimental conditions upon which the

cavity purge rate equation was based do not match natural flow conditions, resulting in
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an underestimate of actual stream mixing processes.

There is evidence to suggest that constructing a deep, cool, backwater pool, sim-
ilar to those encountered by Nielsen et al. (1994), may be possible within the Oxbow1
reach. From July 30-August 11, 2011, temperature measurements were made within an
off-channel mine tailings pond that was separated from the mainstem by a 2-5 meter
thick man-made gravel bar. The diurnal temperature signal in the pond was significantly
dampened compared to the MFJDR temperature signal, fluctuating just 2°C on a diur-
nal cycle, and remaining 4°C below the ambient stream temperature during the hottest
times of the day (Figure 2.10). This data suggests that the temperature conditions for a
cooler backwater area may be present at this location, if the pool were connected to the
channel at its downstream end. However, the pond was observed to be covered with a
layer of aquatic plant material during the summer months, and it is unknown whether

the dissolved oxygen conditions within the pond would be suitable for fish.
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Temperature Measurements, July 31-August 11, 2011
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Figure 2.10: A pond adjacent to the MFJDR Oxbow]1 reach has a dampened diurnal
temperature signal, as compared to the mainstem temperature.
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With regard to constructed features that provide thermal heterogeneity, separa-
tion from mainstem flow conditions seems to be key to cool patch development (Nielsen
et al., 1994). In this study, the slowest predicted channel-averaged streamflow velocity
in the mainstem MFJDR (in Pool2) was 0.03 % The slowest measured streamflow
velocities (in Pooll) were 0.03 % -0.19 % Constructed features would likely need to
create flow conditions with velocities as slow or slower than these values.

The DTS measurements reported in this chapter allowed for a comprehensive
survey for cold patches over 7.2 kilometers of the Middle Fork John Day River. The
results suggest that cold patches, where they exist, are not more than 2.31°C cooler
than ambient stream temperatures, suggesting that the habitat benefit from existing cold

patches is minimal. Further research would be needed to assess whether historical ther-

mal conditions were different, and, if so, whether restoration options are feasible.
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Chapter 3 — Interpretation of Remotely Sensed Temperature Datasets

3.1 Introduction

Stream temperature has been identified as an important fish habitat variable (Brett,
1956; Kaya et al., 1977; Baltz et al., 1987; Nielsen et al., 1994; Torgersen et al., 1999;
Ebersole et al., 2003). Measurement of stream temperature has traditionally been ac-
complished by point temperature measurements (Baltz et al., 1987; Nielsen et al., 1994;
Ebersole et al., 2003), continuous point temperature loggers (Sinokrot and Stefan, 1993;
Johnson and Jones, 2000; Bayley and Li, 2008), and more recently, airborne remote
sensing techniques such as Forward-Looking Infrared Radar (FLIR) (Torgersen et al.,
1995; Loheide and Gorelick, 2006) or Thermal Infrared Radiometry (TIR) (Torgersen
et al., 2001).

TIR and FLIR datasets have been used for regulatory (TDML) development
(WSI, 2005; DEQ, 2010), for large-scale stream temperature monitoring (Faux et al.,
2001), for restoration planning (Bouwes, 2005), and for fish habitat research (Torg-
ersen, 1997; Torgersen et al., 1999, 2007). An example of FLIR datasets collected on
two forks of the John Day River (the Middle Fork and North Fork) is displayed in Fig-
ure 3.1.

Airborne remotely sensed temperature datasets represent “‘snapshot” tempera-

ture measurements; an airborne survey can cover 50 kilometers of stream distance in
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Figure 3.1: Longitudinal stream temperature in the Middle Fork John Day River (top)
and the North Fork John Day River (bottom), as measured by Forward-Looking Infrared
Radar during 14:30-16:00 August 5 and 8,1994 (Torgersen et al., 1999)
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under an hour. Because stream temperature maximums are of greatest interest for many
fish habitat and temperature monitoring programs, most FLIR and TIR temperature sur-
veys are conducted during the summertime and during the afternoon period when stream
temperatures peak, generally between 11:00 and 18:00.

The temporal limitation of FLIR and TIR datasets is typically addressed by
continuously-recording point temperature loggers deployed before and during the air-
borne survey (Torgersen et al., 2001). However, these loggers lack the continuous
spatial data coverage for adequate characterization of spatially and temporally varying
temperature patterns.

Distributed Temperature Sensing (DTS), a relatively new temperature measure-
ment technology for hydrologic applications (Selker et al., 2006b), can provide high-
resolution stream temperature information in both the spatial and temporal domains.
DTS employs fiber optic technology, measuring temperature along a fiber optic cable
by the backscattering of laser light pulses. Commonly-available DTS systems can mea-
sure temperature to a resolution of 0.1°C at 1 meter spatial intervals and 1 minute time
intervals, over a cable length of 5 kilometers (van de Giesen et al., 2012).

This chapter describes an anomalous stream temperature pattern observed in
FLIR and TIR datasets collected in the Middle Fork John Day River (MFIDR) in north-
eastern Oregon. Co-located with that anomalous reach, a DTS dataset collected between
August 12-25, 2011 allowed for a close examination of spatial and temporal stream tem-
perature variation. An analysis diagnosed the observed temperature anomaly with an
unexpected cause, and the results have significance for interpretation of FLIR and TIR

datasets in this and other fluvial systems.
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3.2 Anomaly in TIR and FLIR datasets

Figure 3.2 depicts four TIR or FLIR datasets collected in the MFJDR. All measurements
were collected during the month of August, between the hours of 11:00 and 17:00. Spe-
cific collection times, where available, are displayed in the figure. The red and green
lines in those graphs highlight an area of decreasing stream temperature. The red line
in each graph indicates the upstream end of the reach of interest, Oxbow?2, and approxi-
mately corresponds to point *2 in Figures reffig:Oxbow2day - reffig:Oxbow2night. The
green line approximately corresponds to point *1 in those figures. Two additional FLIR
datasets, collected on August 9, 1995 and August 26, 1996, are not depicted here but
also exhibited temperature decreases of similar magnitude at the indicated location. The

reach in which the decrease is located will be referred to as “Oxbow?2”.
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The Oxbow?2 reach is near the upstream end of a wide, alluvial valley. Two
tributaries, Butte Creek and Granite Boulder Creek, enter the mainstem within the reach,
and the reach intercepts the alluvial fans of both creeks. Just downstream of the first
tributary, Butte Creek, approximately 25% of the flow is lost to a side channel (the
South Channel). This flow is not regained until downstream of the Oxbow?2 reach. The
upstream end of the reach has a riffle-run morphology typical for the Middle Fork John
Day River. The downstream end of the reach is a man-made channel, remnant from
historic mining operations, that is both deep and slow-flowing.

Initial observation of these channel characteristics suggested some hypotheses
for the cause of the temperature decrease in Oxbow?2. First, subsurface inflows (ground-
water or hyporheic water) are likely suspects for causing longitudinal stream tempera-
ture decreases, particularly where streams intercept alluvial fans. Second, the presence
of tributaries within the reach suggested that some or all of the decrease might be at-
tributable to cool tributary inflows. Third, decreases in stream temperature down a reach
might be caused by a negative net heat flux, such as might result from increased shading,
evaporation, or differences in bed conduction. The loss of 25% of flow from the reach
at the side channel is unusual, but flow losses typically increase daytime stream temper-
ature, rather than decrease it. Fourth, advection in fluvial systems may influence stream
temperature patterns, and the observed differences in channel morphology between the

upstream and downstream portions of Oxbow2 might influence temperature.
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3.3 Methods

To test the hypotheses proposed to cause the observed temperature decrease, three forms
of data were collected. First, a DTS stream temperature dataset was collected in the
Oxbow?2 reach between August 12 and August 25, 2011. The dataset, which had 1-meter
spatial resolution and ten-minute temporal resolution, provided higher spatial resolution
and better temporal data coverage than the TIR and FLIR datasets. Second, synoptic
discharge measurements were made over the Oxbow2 reach and the upstream reach
(“Oxbow3”) to test for flow increases due to subsurface inflows on the reach. Third,
visual observations of reach shading and bed material type both within Oxbow?2 and
upstream were made in an attempt to detect possible causes of longitudinal heat flux
variation. Fourth, a simple temperature model was constructed for the Oxbow?2 reach,

allowing assessment of advection and heat flux effects on stream temperature.

3.4 Results

3.4.1 Comparison of TIR and FLIR with DTS

One day (August 23-24, 2011) from the DTS dataset collected on the Oxbow?2 reach
(point *2 to point *3) is displayed in Figures 3.3 - 3.4. The immediately upstream

Oxbow3 reach (point *1 to point *2) is additionally displayed.
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As can be seen in the figures, stream temperature on this day ranged between
14°C and 23°C. Furthermore, the shape of the diurnal temperature profiles varied through-
out the day and night. At 12:00 and 13:00, stream temperature at the downstream end of
Oxbow?2 (point *3) was 2°C cooler than that at the upstream end of the reach (point *2).
This longitudinal decrease corresponded to the location of the decrease observed in the
TIR and FLIR datasets. The DTS dataset provided some additional temporal informa-
tion about the decrease. It was transient, developing in the morning to early afternoon
(9:00-13:00), and slowly dissipating throughout the later afternoon. By 17:00, tempera-
tures at the two ends of the reach were about equal. In the early evening, temperature at
the upstream end of Oxbow?2 dropped more quickly than that at its downstream end. By
19:00, the downstream end was 1.8°C warmer than the upstream end.

The temperature profile behavior described above was observed on every day
of the monitoring period August 12-25, 2011. Figure 3.5 demonstrates that the diurnal
stream temperature signal at the downstream end of the Oxbow?2 reach (point *3 in
Figures 3.3 - 3.4) lagged the signal at its upstream end (point *2). The magnitudes of
the two signals are approximately equal. A minimization of square differences between

the two curves revealed that the time lag was 70 minutes.



63

"110T ST-TI
1Isn3ny ‘Yorar 7moqxQ Y} JO Spu weansumop pue wearnsdn oy je [eudis arnjerodwd) weans euani(q ¢ I3

areq
Sc/80 £2/80 1¢/80 61/80 L1180 S1/80 €1/80
T T T T T T T
- h —Zl
| ] i __ i Y ] .V—.
__ 1 _. " !
| __ | _
i _ _._ __.
= \ _ __ ! , 91 &
__ , | | 2
i | _ / __ ! _ m
[
| _ >
3
~ 8l @
=4
o
| ©
s
— 0c
— \ -1cC
Be| synuiw oz
Wwealjsumog —
weansdn—— | LOZ ‘g 1snbBny-z | 1snBny ‘Ysesy gmogxQ ‘einjelsdiis | weens
T T | | | | | | | | ¥z




64

During the DTS monitoring period, the temperature of shallow groundwater in
the vicinity of the Oxbow?2 reach was measured at location 44°38°41.96”N, 118°39°33.81”W.
At a depth of two meters below ground surface, the groundwater temperature ranged
between 9.6°C and 9.7°C. Because the shallow groundwater temperature was well be-
low the nighttime low stream temperatures in the Oxbow?2 reach (approximately 12°C),
groundwater inflows to the reach would be expected to lower stream temperature at all
times of day.

Two features of the DTS dataset provided evidence that groundwater inflows
were not the cause of the upstream-downstream temperature difference observed in
Oxbow?2. First, Figure 3.5 reveals that the downstream signal is not offset lower than
the upstream signal, as would be expected if cool groundwater inflows, which lower
both daytime and nighttime temperatures, were prominent along the reach. Second,
the highest magnitude of upstream-downstream difference in temperature occurred at
approximately 13:00 each day during the monitoring period, while the highest stream
temperatures occurred around 16:00. If groundwater inflows did cause the observed
difference, then the largest difference would be expected during the hour of warmest
stream temperature, when groundwater temperature and stream temperature were most
differentiated.

Although the DTS dataset provided preliminary evidence against groundwater
inflows causing the observed temperature decrease, synoptic discharge measurements
were made along the Oxbow?2 and Oxbow3 reaches to test for the presence of subsurface

inflows.
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3.4.2 Synoptic Discharge Measurements

To test whether subsurface inflows might be augmenting flow in the Oxbow2 reach,
synoptic discharge measurements were made on August 1, 13, and 24, 2011. Because of
a cold, wet summer, discharge levels and groundwater levels were relatively high during
the month of August, and especially on August 1. All measurements were made with a
Marsh-McBirney flow meter. Figure 3.6 displays measurement locations and Table 3.1
displays measurement results. Over one section of Oxbow?2 (point B to point D) the flow
gain down the reach exceeded the expected difference accuracy of (£10%) (USGS,
2010), an indicator that diffuse inflows may be significant in this segment. However, an
irrigation ditch (Figure 3.6) was inadvertently omitted from the synoptic measurement,
and much of the gain is expected to be due to this unmeasured inflow. Additionally,
even if diffuse flows were significant, this section corresponded to the upstream end
of Oxbow?2, not to the downstream end where most of the 13:00 upstream-downstream

temperature difference was observed.
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The Granite Boulder Creek alluvial fan borders the Oxbow?2 reach on its northern
bank. Tributary alluvial fans typically contain coarse sediments and have high ground-
water levels fed by the adjacent tributary. A reasonable conceptual model consists of
the tributary losing flow to its alluvial fan aquifer, which subsequently loses water to
the hydraulic lowest point, the mainstem channel. To test whether Granite Boulder
Creek might fit this conceptual model, the tributary discharge was measured at the top
(44°39°23.91”N, 118°38°50.55”W) and at the bottom of the alluvial fan on August 1,
2011. A slight flow gain of +0.6% was detected over this reach. This result indicates
that Granite Boulder Creek, at least on that date, was not losing groundwater to its al-
luvial fan at a significant rate, suggesting that flow from the alluvial fan aquifer to the

Oxbow?2 reach was low.

3.4.3 Visual Channel Condtion Observations

Visual observation of channel conditions and streamside vegetation were made in the
Oxbow2 and Oxbow3 reaches. The upstream end of Oxbow3 flowed through an alluvial
canyon and had slightly taller streamside vegetation than downstream areas. Otherwise,
no longitudinal differences in stream shading were noted. Oxbow3 and the upstream
end of Oxbow?2 had riffle-run morphology typical for the MFJIDR. Streambed in these
areas was cobble. The downstream end of Oxbow?2 was a man-made channel, remnant
from historic mining operations, that was both deep and slow-flowing. The streambed
in this portion of the reach was largely silt-covered.

Visual observations suggested no obvious differences in solar heat flux between
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the downstream and upstream ends of Oxbow2. On the other hand, differences in bed
material between these two areas had the potential to cause differing streambed heat flux
terms. Additionally, the observation of deep, slowly-flowing water at the downstream
end of Oxbow?2 suggested advection effects on temperature.

The influence of heat flux variation or advection velocity on the stream temper-
ature patterns observed in the Oxbow?2 reach were assessed by use of a simple stream

temperature model.

3.4.4 Simple Stream Temperature Model

The laggged temperature behavior of the downstream end of the Oxbow2 reach, rel-
ative to its upstream end, suggested that streamflow velocity might play a role in the
observed temperature profile behavior. Deep, slowly-flowing pools were observed in
the midstream to downstream portion of the Oxbow?2 reach. Those pools were part of a
manmade channel remnant from mining operations of the 1940’s.

To examine the possibility that advection velocity and flow depth largely ex-
plained the observed temperature pattern, a simple stream temperature model was con-
structed. As the upstream boundary condition, the DTS-measured stream temperature
at the upstream end of Oxbow2 was used. No heat fluxes were added to the water in
the model reach, and water moved in the model reach at the average advection veloc-
ity, which was computed by use of a HEC-RAS hydraulics model. Flow conditions on

3 3

August 24, 2011 (0.63 m measured at the upstream end of Oxbow?2, and 0.47 m mea-
s S

sured in the North Channel, just downstream of the South Channel divergence), thirty-
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six channel cross sections defined by a LIDAR DEM (WSI, 2008), and water depth
field estimates made in August 2011 were inputs to the model. Details of the HEC-RAS
model are discussed in Appendix C. The uncertainty of the modeled velocities were not
computed.

The performance of the simple stream temperature model was evaluated by
assessing the correspondence between the modeled stream temperature and the DTS-
measured stream temperature. Figure 3.7 depicts the model results superimposed on
the stream temperature measurements. Average advection velocity, as computed by the
HEC-RAS model, is plotted below the model output graph. Sharp transitions between
low-velocity cross sections and high-velocity cross sections indicate that a greater num-
ber of model cross sections would have been beneficial. Despite this shortcoming, the
model captures the 2°C longitudinal stream temperature decrease observed in the 12:00

and 13:00 DTS stream temperature traces.
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An alternate way of conceiving this simple stream temperature model is to con-
sider a hypothetical experiment. The experiment entails releasing imaginary parcels of
water at five-minute intervals from the upstream end of the Oxbow?2 reach. As a rule,
each parcel retains the temperature it had at the moment of its release and floats down-
stream at the average flow velocity. Because the temperature of each imaginary parcel is
constant as it floats down the reach, it is effectively exposed to no heat fluxes or ground-
water inflows within the reach. Each parcel spends one hour and twenty-five minutes
within the reach. If the parcel temperatures match the temperature of the stream water
immediately surrounding them (i.e. modeled temperature matches measured tempera-
ture), then evidence exists that the stream water and the imaginary parcels may have
been exposed to similar thermal influences (i.e. an upstream boundary condition with
an absence of heat flux or groundwater inflows).

The simple stream temperature model (or imaginary water parcels) replicated
the measured stream temperature profiles at 12:00 and 13:00, suggesting that the 2°C
stream temperature decrease observed at this time of day might have been the result of
flow velocities over the reach. The ability of the model to reproduce this temperature
decrease without the inclusion of spatially-varying heat fluxes or groundwater inflows
suggests that these factors did not cause the observed decrease. The presence of Butte
Creek within the reach also influenced mainstem temperature, suppressing downstream
temperatures slightly during most hours of the day.

An advection and depth-related process was proposed to cause the longitudi-
nal temperature decrease that peaked at 12:00 and 13:00. Over the downstream half of

Oxbow?2, the temperature impact of heat fluxes to the deep pools was dampened by a
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lower surface area to volume ratio. The relatively shallow water at the upstream end of
Oxbow?2 heated more quickly than the deep water downstream. In the morning, the deep
pools at the downstream end of Oxbow2 warmed not because of solar heat fluxes (at that
time of day, the cumulative heat flux received per unit volume of water was small), but
rather because of warmer water advecting into the pools from upstream areas. That
advection process explained the correspondence between longitudinal stream tempera-
ture and the simple stream temperature model in the morning and early afternoon hours.
As the afternoon progressed, the cumulative impact of positive solar heat fluxes began
to overcome the thermal inertia of the deep pools, and to increase pool temperatures.
Meanwhile, the solar maximum was passed, and temperature in the shallow upstream
areas stopped rising. An equalizing of upstream and downstream temperatures occured

around 17:00 on August 23.

3.5 Conclusions

The results of DTS dataset analysis and synoptic discharge measurements described in
this chapter indicate that the temperature decrease observed along the Oxbow2 reach
in the MFJDR airborne remotely sensed temperature datasets was unlikely to be due to
groundwater inflows. Rather, it appeared that the decrease was an early-afternoon phe-
nomenon caused by slow flow velocities in a deep, pool-filled reach. Tributary inflows
from Butte Creek and Granite Boulder Creek also contributed to the observed decrease.

These findings indicate that the time of day of TIR and FLIR dataset collection is

important. Like the blind men describing an elephant, spatially and temporally limited
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stream temperature measurements sometimes fail to capture the full picture of stream
temperature dynamics. An understanding that deep, slow-moving sections of stream can
exhibit lagged temperature behavior and that temperature patterns can vary temporally

is helpful for accurate interpretation of TIR and FLIR river temperature datasets.
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Chapter 4 — Data Artifacts in DTS Stream Temperature Measurements

4.1 Introduction

Distributed Temperature Sensing (DTS) is a relatively new temperature measurement
technique for hydrologic sensing applications (Selker et al., 2006b). It employs fiber
optic technology to make spatially and temporally continuous temperature measure-
ments at distance intervals as narrowly spaced as 0.25 meters and time intervals as small
as one second. Selker et al. (2006b) explored uses of the technology in a variety of
hydrologic systems, including fluvial, lacustrine, glacial, and manmade.

For stream temperature applications, DTS has been deployed in the Maisbich, a
first-order stream in Luxembourg (Selker et al., 2006a), Allequash Creek in northern
Wisconsin (Lowry et al., 2007), a forested stream in the H.J. Andrews Experimental
Forest in Oregon (Roth et al., 2010), the Walla Walla River in northeastern Oregon
(Gryczkowski, awaiting publication), and select reaches of the Middle Fork John Day
River (MFJDR) in northeastern Oregon (Huff, 2009; Arik, 2011).

The spatial continuity of DTS is based on use of fiber optic cable as the temper-
ature sensor. In theory, the temperature of the cable equilibrates with the temperature
of the medium with which it is in contact, allowing for thermal sensing of the medium.
In practice, temperature measurement may be biased because equilibration of the cable

temperature with the medium of interest is prevented by external heat fluxes to the cable.
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Nielson et al. (2010) investigated the biasing of DTS water temperature measurements
by the solar heating of a submersed fiber optic cable. Krause et al. (2012) investigated
temperature patterns of streambed sediments and found that measurement accuracy was
greatly improved by full burial of the fiber optic cable within the sediment. Without
burial, cable contact with turbulent water would have introduced an external heat flux
that would have reduced the quality of sediment temperature measurements.

In the summers of 2009 to 2011, fifteen DTS stream temperature datasets were
collected on six 1-3 kilometer-long reaches of the MFJDR. The present study draws
from experience gained during those deployments to explore techniques and challenges
of DTS deployment in streams. Two types of potential data artifacts in stream tempera-
ture DTS measurements are discussed: streambed influence on DTS measurements and

data artifacts due to solar radiative heating of the fiber optic cable.

4.2 DTS Deployment in Fluvial Systems

DTS employs the principle that the back scattered light within an optical fiber has a
temperature-dependent component. A pulse of laser light directed down a glass optical
fiber weakens with distance, due to interactions with the glass. These interactions result
in the backscattering of a portion of the incident light. The backscattered signal consists
of a spectrum of wavelenghs, with certain wavelength bands arriving at greater intensi-
ties than others. Two sets of these bands, the Stokes and anti-Stokes Brillouin bands and
the Stokes and anti-Stokes Raman bands, can be separately used to calculate tempera-

ture. Because it provides superior performance for cables shorter than 10 kilometers in
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length, most DTS systems marketed for environmental sensing applications are based
on the Raman band data (Selker et al., 2006b; Tyler et al., 2009), with the ratio of the
intensity of the anti-Stokes Raman band to that of the Stokes Raman band exponentially
related to fiber temperature.

Stream temperature typically varies subtly in the spatial dimension, so DTS de-
ployments in stream settings require high accuracy. DTS data accuracy is positively
related to length of measurement time, with integration of the backscatter data from
more laser pulses allowing for higher-accuracy statistical representation of cable tem-
perature. For Raman-based instruments, measurement error (°C) is proportional to cable

length, spatial resolution, and length of measurement time as follows

D« N

4.1
7 4.1

F x

where the error (£) is proportional to linear cable distance from the DTS instrument
(D), the number of resolved spatial intervals over that distance (/V), and the time length
over which the measurement is integrated (7') (Selker et al., 2006b).

Temperature patterns of interest in rivers occur on a variety of scales. Because
deployment of fiber optic cable in rivers is typically labor-intensive, and because data
accuracy is dependent on cable length, feasible distances for stream DTS installations
are typically four kilometers or less. Maximum fiber optic cable length and minimum
measurement spatial resolution are also subject to certain DTS instrument constraints.
A researcher selecting a cable length, spatial resolution, and integration time for a mea-

surement must balance data precision needs with the instrument capability, the variation
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in time and space of the thermal system being measured, and the feasibility of the cable
installation.

Cable for river installations may be exposed to high-velocity flow, moving rocks,
and human/animal disturbance. As a result, the cable must be durable, and stainless steel
is often used as the structurally protective layer. This layer imposes a minimum feasible
cable weight and reel size. For a 2000-meter cable reel, a weight of 25 kilograms and a
reel diameter of 0.5 meter is minimum, with 40 kilograms and 0.75 meters more typical.
Larger, heavier cable reels pose some challenges for maneuverability, although use of
a boat or pontoon can facilitate installation under most conditions. High flow velocity,
shallow or deep water, and presence of in-stream obstructions can all pose a challenge
for cable installation, and a well-designed manual or boat-mounted deployment system
is crucial for success.

DTS data must be calibrated to at least three independent temperature measure-
ments per section of cable in order to accurately compute temperature from the raw
Stokes/ anti-Stokes backscatter data. Accuracy of the calibrated dataset is related to the
accuracy of these independent measurements. Instrument precision and the uniformity
of temperature conditions at each reference measurement location are key for ensuring
absolute accuracy of DTS measurements. For summertime stream installations, it is rec-
ommended that one independent measurement be made within a 0°C ice bath. The large
temperature difference between ice bath and stream provides a high-quality correction
factor for temperature-varying data error. At least two independent temperature mea-
surements should be made within the stream itself. Choosing well-mixed and shaded

stream locations for these measurements can improve their accuracy. Co-locating each
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measurement with 15-50 meters of coiled cable also improves calibration quality. Cal-
ibration techniques and the biases they address are discussed at length in other work
(Smolen and van der Spek, 2003; Tyler et al., 2009; Huff, 2009; Arik, 2011; van de
Giesen et al., 2012; Hausner et al., 2011).

Post-calibration, DTS data often requires a quality control review. Measurement
accuracy can be assessed by comparison of the data with the independently measured
temperatures. To identify areas where cable misplacement may have caused measure-
ment artifacts, inspection for anomalous datapoints and review of cable placement field
notes is beneficial. For stream temperature datasets, any location where the cable con-
tacts air, rather than water, should be flagged. Riffles, shallow water, and cross-stream
obstructions are often associated with cable exposure to air, so field documentation of
stream conditions can assist in the quality control process. Additionally, shallow water
increases exposure of the cable to more intense solar radiation, possibly biasing DTS
measurements higher than the surrounding water temperature (Nielson et al., 2010).
However, because water temperature in shallow areas also may increase due to higher
insolation per unit volume, the biasing effect of direct cable exposure is difficult to reli-

ably identify during the data inspection process.
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4.3 Data Artifacts in DTS Stream Temperature Measurements

4.3.1 Streambed influence on DTS measurements

Cable contact with the streambed has the potential to influence DTS temperature mea-
surements under certain conditions. Cobble-dominated streambeds do not strongly in-
fluence DTS measurements because they contact the cable minimally, allow turbulent
flow above the cable, and equilibrate quickly with water temperature. However, soft
silt streambeds have the potential to envelop the cable in material that is not in thermal
equilibrium with the flowing water. An example of a silt streambed impacting DTS mea-
surements is shown in Figure 4.2. This DTS measurement was made in a slow-flowing
stream channel containing a series of soft, silt beds formed where milfoil plants trapped
fine sediments (Figure 4.1). The dense fiber optic cable sank into the silt beds and the
resulting contact reduced excursions in both minimum and maximum stream temper-
atures. Temperature measurements made within and above a soft silt bed with Onset
HOBO Water Temp Pro v2 temperature loggers revealed that the beds had a lagged and
dampened diurnal temperature signature relative to the surrounding water temperature
(Figure 4.3). The diurnal temperature range within the beds was a third of the range of

the ambient stream temperature.
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Figure 4.1: A milfoil bed within the MFJDR trapped fine sediments, creating a soft silt
streambed feature.
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Conveniently, fiber optic cable used in DTS installations is typically denser than
water. This feature limits cable floating and exposure to air, which is beneficial for
stream temperature dataset quality. Additionally, the cable position on the channel bot-
tom is useful in some river applications for assessing pool-bottom temperature or sub-
surface inflows. However, because the dense cable is almost always in contact with the
streambed, measures must be taken to identify data features that are due to streambed
contact, rather than to temperature conditions in the ambient streamflow. For stream
temperature datasets, streambed influences constitute data artifacts, and proper docu-
mentation of cable location and stream conditions can help to identify those artifacts

and prevent data misinterpretation.

4.3.2 Influence of solar radiative heating on DTS measurements

Fiber optic cable used for river temperature monitoring typically is protected by a dark,
UV light-resistant outer jacket. Because of its color, the cable jacket enhances the ca-
ble’s absorption of solar radiative heat. Nielson et al. (2010) investigated the biasing
effect of this cable heating on DTS water temperature measurements. They determined
that the biasing effect is significant for DTS measurements made at shallow depths in
clear, low-velocity water bodies. They predicted a temperature increase of 0.1°C to be
caused by cable insolation at depths of 0.1, 0.3, and 0.5 meters with axial water flow at
0.57,0.47, and 0.32 %, respectively.

The depth-velocity combinations for which Nielson et al. (2010) predicted sig-

nificant effects of cable insolation are present in many locations of the MFJDR. Dis-
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section of a DTS stream temperature dataset heavily influenced by cable heating can
highlight associated data artifacts and data interpretation techniques. For the following
dataset, detailed documentation of cable placement helped to identify those areas where
cable insolation, or lack of insolation, affected water temperature measurements. The
following discussion presents an analyis of a late afternoon DTS dataset collected on
the MFJDR (Figure 4.4).

The displayed dataset is a four-hour average of water temperatures (15:10-19:10).

This time period (late afternoon) and the time-averaging procedure itself are significant
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for data interpretation, as will be discussed below. Time-averaging improves the accu-
racy of DTS data, and is commonly used for dataset analysis (Huff, 2009; Arik, 2011).

A prominent feature of Figure 4.4 is the consistently higher temperatures recorded
on the right bank of the stream, as compared to the left bank. This difference was caused
by sun exposure: this northern-flowing reach received the afternoon sun on its east-
ern (right) bank, while the left bank remained mostly shaded. Because depth-velocity
combinations within the reach match those identified to allow insolation-caused bias-
ing effects in DTS data (Nielson et al., 2010), it is possible that some of the observed
temperature difference measured between the right and left banks is a data artifact.

In Figure 4.4, Circle No. 1 highlights a low point in measured right bank tem-
perature at the upstream end of the reach. At this location, right bank and left bank
cables were co-located and coiled together, shaded beneath cobbles and a bridge. Be-
cause these features provided more shading than was available downstream, the right
bank temperature at this location was cooler than the downstream temperatures. As was
mentioned above, it is possible that downstream measured temperatures were biased
higher due to radiative heating of the cable.

Circle No. 2 identifies a sharp negative deviation of temperature on the right
bank at a distance of 140 meters. Similar negative spikes were also observed at distances
of 20, 510, and 785 meters. These negative spikes are attributed to locations where the
cable came near the water surface, slightly contacting air. The diurnal air temperature
signal near the MFJDR at this time of year has a larger magnitude (approximately 5°C
to 30°C (Tara O’Donnell, unpublished field data) than does the diurnal stream tem-

perature signal (approximately 12°C to 24°C). Additionally, water temperatures lag air
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temperatures by several hours. Thus, a sharp temperature gradient exists at the air-water
interface, particularly in the evening and morning. Because the four-hour DTS data av-
erages depicted in Figure 4.4 included the early evening, when air temperatures were
much cooler than water temperatures, locations where the cable slightly contacted air
exhibited cooler temperatures. It is assumed that these negative spikes were only identi-
fied on the left bank of the channel because that area was shaded in the late afternoon. It
is possible that early evening air temperature over the sunny right bank was significantly
warmer than that over the shaded left bank.

Circle No. 3 highlights a cable location with depressed temperature. This was
a calibration point, where 20 meters of cable were coiled and placed beneath stream
cobbles. It is possible that the cobbles provided shade which lowered the measured
temperature, or that the presence of the cobbles influenced the measured temperature by
shading and limiting turbulent flow around the cable.

A sharp, positive temperature spike is highlighted in Circle No. 4. This spike
is one of many along the reach associated with solar radiative heating of the cable.
It represents a data artifact that appears to bias the temperature measurement upward
0.2°C - 0.3°C. Characteristic of this type of artifact, the spike is sharp, and measured
temperatures before and after the spike are approximately equal. The spike was likely
associated with one of many riffles observed along the reach. A technique to estimate
unbiased water temperature in the region of the spikes is to connect the temperatures
upstream and downstream of the spikes. The dashed blue and red lines in Figure 4.4
represent an estimate of stream temperature less biased by cable heating.

While the right bank temperature was consistently higher than the left bank tem-
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Figure 4.5: A wide, slow-flowing section of the RPB reach. Flow conditions here inhib-
ited channel mixing and caused the temperature difference indicated by Circle No. 3 in
Figure 4.4

perature, this difference became greatest between 300 and 500 meters downstream (Ar-
row No. 5). Over this section, the channel was both slowly-flowing and wide, minimiz-
ing cross-channel mixing. (Figure 4.5).

Arrow No. 6 identifies an area where left bank and right bank temperatures
are approximately the same. This area corresponds to a channel-spanning riffle. This
riffle redirected flow briefly towards the west, playing the dual role of mixing water and

exposing the left bank of the channel to direct sunlight.
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The left bank temperature downstream of the channel-spanning riffle was higher
than that upstream of the riffle (Arrow No. 7). This step-like temperature increase was
likely due to the channel-wide mixing that occurred within the riffle.

The DTS dataset features described in this section highlight the importance of
a sound quality control procedure to identify stream temperature data artifacts. Field
documentation of cable location and consideration of the impact of cable heating on

daytime stream temperatures can help eliminate data misinterpretation.

4.4 Conclusions

Stream temperature patterns change in both space and time, and DTS can be a useful
technology for monitoring stream temperature. The impacts of data artifacts in DTS

datasets can be minimized by the following measures:

e External heat fluxes to the cable, such as those resulting from direct solar radia-

tion, should be avoided where possible, or properly identified where not possible

e Detailed documentation of cable placement can help identify areas where the ca-
ble temperature may not have equilibrated with water temperature, such as might
happen if the cable contacts air or if turbulent water flow around the cable is pre-

vented.

e Preventing data artifacts at calibration locations and ensuring that an adequate
length of cable (10-50 meters) is included at each calibration location can help

improve calibration quality.
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The application of DTS should be chosen carefully, to ensure that the value of
the data is worth the cost of its deployment. Arik (2011) estimated that the cost to
collect and analyze two days of DTS data on a one kilometer river reach was $10,000-
$12,000. DTS is well-suited to river reaches of one to four kilometers in length, where
flow conditions permit safe cable deployment. Spatial temperature variation in streams
is often subtle, and it is necessary to verify that DTS instrumentation and set-up are
adequate to detect the thermal features of interest. A quality control process can help to
identify data artifacts such as those caused by streambed temperature or cable heating.
Under the proper conditions, DTS is capable of providing valuable temporal and spatial

stream temperature information.
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Chapter 5 — DTS Analysis of Longitudinal Stream Temperature Patterns

5.1 Introduction

In the Pacific Northwest, regulation of stream temperature is increasingly enforced under
the U.S. EPA Clean Water Act and state-specific Total Maximum Daily Load (TDML)
standards. River-specific temperature TDMLs define the level of thermal pollution each
river can withstand without exceeding water quality standards. The development of
TDMLs requires a detailed understanding of how stream temperature varies longitudi-
nally, and models designed during standard development must accurately capture lon-
gitudinal temperature patterns (ORDEQ, 2012). In Oregon, a not-for-profit water con-
servancy, The Freshwater Trust, has created a temperature credit program, designed to
offset thermal pollution in one part of a basin with temperature mitigation in another.
The design of thermal offset programs, like the design of TDML standards, requires a
detailed understanding of longitudinal temperature patterns in streams.

DTS datasets, which provide stream temperature data in both the spatial and
temporal domains, can shed light on reach-scale stream thermal processes that may
have an impact on the larger-scale longitudinal trends of interest for regulatory and
temperature credit development. This section presents an analysis of the longitudinal
temperature trends observed in four DTS stream temperature datasets collected on the

Middle Fork John Day River.
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The Middle Fork John Day River is a fourth to sixth (6+) order stream (BOR,
2010) located in the Columbia Basin in northeastern Oregon. During the summers of
2010 and 2011, DTS temperature measurements were collected over three 1-3 kilome-
ter long reaches of the MFJDR. One of the reaches (Forrest) was monitored during both
summers, two reaches (Oxbowl and Oxbow3) were monitored in 2011. The moni-
tored reaches were chosen based on access permission and relevance to ongoing stream
restoration projects and planning. These reaches were monitored for temperature in the
stream thalweg, the portion of the stream that carries the majority of the flow. Other
reaches in the MFJDR basin were monitored for temperature near their right and left
banks. These bank measurements were not as appropriate for longitudinal trend analy-
sis as the thalweg measurements were. Table 2.1 displays dataset properties for each of

the four DTS installations.
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5.2 Longitudinal Stream Temperature Trends

Figures 5.1 - 5.4 display longitudinal temperature profiles from the four DTS installa-
tions: Forrest reach on August 22, 2010 and on July 29, 2011, Oxbow3 reach on August
12, 2011, and Oxbow]1 reach on August 6, 2011. Linear-like longitudinal temperature
trends were observed in each of the four datasets. Some of these trends exhibited pos-
itive slopes (increasing temperature with downstream distance), some exhibited nega-
tive slopes (decreasing temperature with downstream distance), and some had diurnally
varying slopes. The locations of slope breaks defined segments. While the slope of
these segments varied diurnally, their locations did not. The slope breaks defining most
segments were visually identifiable at all times of day.

Based on the slope break locations, segments were defined in each dataset. Seg-
ment boundaries (slope breaks) are indicated by vertical dotted lines in the top sections
of Figures 5.1 - 5.4. First-order regression lines were fitted to each segment. The slopes
of these regression lines were allowed to change through time, generating a time series
of slope values for each segment. The slopes of most segments were observed to vary
on a diurnal cycle throughout each monitoring period. Four days of the segment slope

time series from each dataset are displayed on the bottoms of Figures 5.1 - 5.4.
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It was noted that the segment slopes from Forrest during the 2010 monitoring
period were twice as large as most segment slopes from the other reaches. This feature
may relate to flow volume. The upstream discharge during the Forrest 2010 monitoring
period receded from 0.39 to 0.33 m??) (between August 14 and August 26, 2010), which
were lower flow rates than those during the 2011 monitoring period, when discharge
receded from 0.55 to 0.41 m??: (between July 27 and August 7, 2011). Also, the For-
rest 2010 flow rates were much lower than the upstream flow volume in the Oxbow1
and Oxbow3 reaches, which were as high as 1.55 %3 and 0.67 m?i”’ respectively. It is
reasonable to expect a river with low flow volume to heat and cool more quickly than a
river with high flow volume, under the influence of the same heat fluxes. Higher surface
area to volume ratio in a low-flow river allows for greater impact of heat fluxes, per unit
volume.

The significance of linear-like longitudinal temperature increases and decreases
(henceforth referred to as “temperature slopes”) is manifold. Temperature slopes on the
order of 1°C change per kilometer were observed, and this magnitude has implications
for downstream temperature potentials. Spatial temperature variation in a stream chan-
nel also suggests spatially varying heat flux, or a temporally changing upstream bound-
ary condition. Understanding these processes would be useful for improving stream
temperature modeling. Finally, all other factors equal, a steeper decreasing slope in
one segment than in another might suggest a higher volume of cool groundwater or hy-
porheic water inflow, which could be useful information for river restoration planning.

The following analysis aims to determine causal mechanisms for the observed tempera-

ture slopes and for the time-varying behavior of the segments.
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Longitudinal Stream Temperature Profile, Forrest Reach, August 22, 2010
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Figure 5.1: Forrest reach longitudinal temperature profiles from August 22, 2010 and
segment slopes from August 20-24, 2010
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Longitudinal Stream Temperature Profile, Forrest Reach, July 29, 2011
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Figure 5.2: Forrest reach longitudinal temperature profiles from July 29, 2011 and seg-
ment slopes from July 28-August 1, 2011



Longitudinal Stream Temperature Profile, Oxbow3 Reach, August 12, 2011
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Figure 5.3: Oxbow3 reach longitudinal temperature profiles from August 12, 2011 and
segment slopes from August 11-15, 2011
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Longitudinal Stream Temperature Profile, Oxbow! Reach, August &, 2011
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5.3 Potential Drivers of Temperature Slopes

While it is likely that no one process was responsible for inter-segment slope differences
or the temporal slope variation, the diurnal periodicity of the slope values suggested
one or more diurnally-changing processes as drivers. An exploratory list of potential
explanations was considered, including tributary inflows, groundwater inflows, large-
scale, advection-transported heat waves, and spatial heat flux variations. The likelithood

of each of these drivers causing the observed slope periodicity was assessed.

5.3.1 Tributary Inflows

Tributary water temperatures vary on diurnal cycles, with those cycles rarely matching
the diurnal temperature cycle of the mainstem. Time lags in temperature maximums
or differences in magnitude or offset are common. Tributaries that descend from high
elevations, that are well-shaded, or that transport significant volumes of groundwater or
snowmelt tend to have a lower maximum temperature than the mainstem. Unshaded
tributaries are more likely to exceed mainstem temperatures in the hottest part of the
day. In the MFJDR, nighttime tributary temperatures are typically cooler than those of
the mainstem, due to the smaller flow volumes and higher elevations of tributaries. To
make any determination of tributary influences on temperature slopes, some information
about tributary temperature must be known.

Segment 1 of Oxbow1 (Figure 5.4), exhibited a slope behavior out of phase with
the other segments in the reach. It was known that the Ruby Creek/ South Channel

Irrigation Ditch tributary joined the mainstem 50 meters upstream of Segment 1. This
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tributary flowed slowly over hundreds of meters of unshaded meadow and mine tailings
before confluence with the mainstem. High solar exposure and slow flow speed gave
this tributary the potential to be warmer than the main channel, especially during the
warmest hours of the day (12:00 to 18:00). It was hypothesized that this warm inflow
could raise stream temperature in the main channel, and the negative slope observed
in Segment 1 could be driven by that upstream warm temperature influence. If this
were true, the slope should be most negative during the hours of the day when the
difference between tributary and mainstem temperature was greatest. An examination
of Figure 5.4 reveals that the slope of Segment 1 is indeed most negative during the
hours of 12:00 to 18:00, which is the time of day when that maximum difference would
be expected. Additionally, the maximum negative magnitude of the Segment 1 slope
decreased steadily between August 5 and August 9. This decrease might have been
related to a concurrent decrease in tributary flow levels observed in that period. Finally,
it should be noted that a cool, subsurface inflow was suspected to enter the channel near
the downstream end of Segment 1. This inflow was discussed further in Section 2.4.2.1.

Segment 1 of the Forrest reach, in both 2010 and 2011, also exhibited a consis-
tently negative slope and periodicity out of phase with the other segments in the reach.
It seemed possible that an upstream tributary was also responsible for this behavior;
Placer Gulch joins the mainstem 25 meters upstream of Segment 1. However, no infor-
mation was known about the diurnal temperature behavior of Placer Gulch. The slope of
Segment 1 was most negative during the hours when stream temperatures were coolest
(0:00 to 12:00), and this seemed an unlikely time for Placer Gulch temperatures to be

warmer than those of the mainstem.
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5.3.2 Groundwater Inflows

Groundwater temperature remains relatively constant diurnally. Deep groundwater tem-
perature varies little even seasonally, and its temperature is often assumed constant,
equal to the average annual air temperature (Huff, 2009) (approximately 8°C in the
MFIDR (Agrimet, 2012)). Shallow groundwater temperature varies seasonally and
is slightly warmer than deep groundwater temperature in the summer months. In Au-
gust 2011, groundwater temperatures measured in the Forrest and Oxbow Conservation
Areas ranged between 9°C and 14°C (Appendix D). Because typical MFJDR stream
temperature range in the month of August is between 12°C and 24°C, groundwater tem-
perature is cooler than stream temperature throughout most of the day. Thus, groundwa-
ter inflows lower daytime stream temperature, and may slightly raise nighttime stream
temperature in some locations. If the quantity of groundwater inflow remains constant
through time, then stream temperature would be most impacted by groundwater inflows
when the temperature difference between the stream and groundwater is the greatest. In
the MFJDR, this period corresponds to stream temperature maximums between 12:00
and 18:00. Thus, any temperature slope influenced by groundwater inflows would be
most negative during this time of the day. The only segment that exhibited this behav-
ior was Segment 1 of Oxbow1. However, as described previously, the behavior of this

segment appeared to be related to an upstream warm inflow.
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5.3.3 Thermal and Hydrodynamic Waves

Thermal waves and hydrodynamic waves have been studied in fluvial settings in the con-
text of the outflows from dams and hydropower facilities (Khangaonkar and Yang, 2008;
Toffolon et al., 2010). A fluvial thermal wave is caused by a discrete outflow of a certain
temperature suddenly released into a river of a different temperature. The outflow water
moves down the channel at the river advection velocity, and downstream thermometers
would detect the passage of the outflow water as a thermal wave. Hydrodynamic waves
travel not at the advection velocity, but rather at the wave celerity, which depends on
river depth. They arise when constant temperature water is released continuously from
an upstream source. The combination of the upstream constant-temperature boundary
condition, advection, and diurnal thermal forcing impacts the magnitude of the diurnal
temperature range at regular distances from the constant-temperature source. For exam-
ple, at a distance of 5 kilometers from the source, the daily range of stream temperatures
might be dampened, while the daily temperature range at a distance 10 kilometers from
the source might be amplified. While there are no dams on the Middle Fork John Day
River, the possibility exists that thermal or hydrodynamic waves might develop through
other forcing mechanisms (such as tributary or spring inflows).

No definite determination could be made as to whether hydrodynamic waves
were present in the MFIDR. However, a few aspects of Figures 5.1 - 5.4 were examine
to assess the likelyhood that thermal waves might be present and might have been the
cause of the slope periodicity observed.

Most of the reach segments observed in this analysis (Segments 2-4 of Forrest,
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Segments 1-3 of Oxbow3 and Segments 4-5 of Oxbow1) displayed periodicity in phase
with the other segments in their reach. At the advection velocity typical in the MFJDR
0.3 % to 0.6 %), the crest of a thermal wave would be expected to pass through a
2000-meter reach in 55 to 110 minutes. Within any given reach, all segments would be
expected to exhibit a slope response from a thermal wave within a relatively short time
period. This was indeed the behavior observed in the slope periodicity graphs. During
both the 2010 and 2011 monitoring periods in the Forrest reach, the segment slopes were
most positive between 18:00 and 0:00. In Oxbow3 and for Segments 4-5 of Oxbowl,
the slopes are most positive between 6:00 and 18:00. Furthermore, in Oxbow3, the
slope vs. time curves mirrored each other closely, suggesting a single process driving
temporal slope variation, at least in that reach. It was hypothesized that thermal waves
were responsible for the synchronous slope behavior.

To test the hypothesis, predicted thermal wave propagation time was compared
to the difference in response time between the Forrest reach and the Oxbow3 reach.
Thermal waves advect at the average flow velocity (Toffolon et al., 2010), between 0.3
? and 0.6 ? for the MFJDR. According to DEQ (2010), the center of the Oxbow3
reach is located 12 kilometers downstream of the Forrest reach. However, the distance
scale of the DEQ (2010) study was biased shorter than the actual channel distance (com-
pare DEQ (2010) stream kilometer distances to field-measured reach lengths in Table
2.1). Therefore, it is likely that Oxbow3 is actually located 15-20 kilometers down-
stream of Forrest. Over that distance range and the estimated advection velocity range,
a thermal wave would travel from Forrest to Oxbow3 in 6.9 to 18.5 hours. The observed

lag time between the rising limb of the slope vs. time curve for the Forrest reach (16:00)
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and and the rising limb of the curve for the Oxbow3 reach (7:00, the next day) was 15
hours, which is within that predicted range. While this analysis was cursory, it pro-
vides some support for the possibility that a thermal wave advecting down the MFJDR
channel might help explain the slope periodicity in the Forrest and Oxbow3 reaches.
Contradicting the finding described above, some evidence against thermal waves
causing the slope periodicity was seen in the shape of the slope versus time curves. If a
heat wave were advecting down the channel, the top halves of the curves would represent
the leading limb of the wave, and the bottom halves would represent the falling limb.
Symmetry between these two halves should be expected for a thermal wave of regular
waveform. Instead, the slope verses time curves in Figures 5.1 - 5.4 had only distinct
top halves. The bottom halves were poorly defined and not matching in shape. There
is a possibility that dispersion could weaken the trailing limbs of such large-scale “heat

waves”, similarly to how dispersion affects the trailing limbs of flood waves.

5.3.4 Heat Flux Variation

Even if the diurnal periodicity of the slopes is explained by an upstream forcing mecha-
nism such as a thermal wave, within-reach processes must also be present to cause slope
differences between segments. Specifically, the net heat flux received by the stream must
vary between segments. To test this possibility, heat fluxes were computed at five-meter
intervals along the Forrest reach between July 28 - August 1, 2011. Ttools, a spatial data
analysis tool, was applied to a LIDAR DEM (WSI, 2008) to measure stream topography

and shading. This information, along with meteorologic and hydrologic data measured
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during the 2011 Forrest monitoring period, was input to Heat Source, a stream tem-
perature modeling software that employs the algorithms described in Boyd and Kasper
(2004). Spatial variation in net heat to the stream was assessed by comparing the 11:00
to 17:00 averages of net heat flux for every five-meter increment along the reach. The
period 11:00 to 17:00 was chosen because it encompasses the late morning/ early after-
noon solar conditions, which influence afternoon stream temperature, as well as the late
afternoon conditions, when some parts of the stream become shaded. Figure 5.5 depicts

along-reach and inter-segment variation in the 11:00 to 17:00 average heat flux.
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According to heat flux computations, Segment 1 consistently received the low-
est net heat flux during the 11:00 to 17:00 time period, and Segment 3 consistently re-
ceived the highest flux. The difference between these highest and lowest heat fluxes was
approximately 12% - 18%, a difference likely attributable to water surface top width,
channel aspect, and shading. As can be seen in Figure 5.2, the difference between the
slopes of Segment 1 and Segment 3 was 0.002°C per meter during most of the day,
but approximately 0.0005°C per meter (0.5°C per kilometer) during the afternoon time
period (12:00-18:00).

To translate the 12% - 18% difference between Segment 1 and Segment 3 aver-
age heat fluxes into a temperature gain differential, an idealized heat transfer model was
used. The largest difference in average net heat flux between Segment 1 and Segment
3 was approximately 50 watts per square meter (%). The outputs of the Heat Source
computations indicated that 90% of the net heat flux difference between segments was
attributable to the direct solar radiation heat flux term. Because direct solar radiation is
received on the water’s top surface (not through the streambed), the heat transfer model
was simplified by assuming that all the 50 % inter-segment heat flux differential was
received through the top surface. One cubic meter of water, if assumed to have a uniform
depth of 0.3 meters, has a top surface area of 3.33 m?. This cubic meter parcel of water
could be expected to receive a differential heat flux (H) of 167 W, or 167 joules (J)
over the time period (At) of one second. Assuming water at 20°C, the water parcel has
a mass (m) of 998 kilograms and a specific heat capacity coefficient (c,) of 4182 joules

per kilogram-degree Celcius (

J
). According to the idealized heat transfer model
kg x° C
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AT  H
At c,xm

°C per second. For typical flow speeds in the MFIDR of 037 . 0.6@, the water parcel
s s

would travel 200 meters in 333-667 seconds. During this time, its temperature would

, the parcel of water would experience a temperature increase of 4x107°

increase by 0.013°C - 0.027°C . This longitudinal rate of temperature change (0.065°C
- 0.135°C per kilometer) is less than a third of the difference in segment slopes between
Segment 1 and Segment 3 (0.5°C per kilometer) during the 12:00 to 18:00 period.

The idealized heat transfer model described above indicated that the Heat Source-
computed heat fluxes failed to fully explain the observed inter-segment slope differ-
ences. This failure may be due to the time of day for which the comparison was made
(12:00 to 18:00), when the difference in slopes between Segment 1 and Segment 3
was least pronounced. It may relate to the model quality: the model assumed constant
streambed thermal conductivity, thermal diffusivity, and porosity over the entire reach.
Although unlikely to affect results significantly, bed conduction from deep alluvium was

not included in the model.

5.4 Conclusions

The analysis described in this section reached no certain conclusions for the causes of
the observed segment slope differences among these four DTS datasets. However, a
tributary inflow was identified as a likely driving mechanism for the slope behavior of
Segment 1 of the Oxbow 1 reach. The periodicity of segment slopes suggested that the
passage of a thermal wave might be a driving mechanism for the slope behavior. The

phase shift between slope periodicity of the Forrest reach and slope periodicity of the
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Oxbow3 reach (15 hours) fell within a range of predicted lag times based on thermal
wave advection velocity and downstream distance. An effort was made to quantify
the differences in heat fluxes between two segments and to compare that difference to
observed differences in slope. The model-predicted heat fluxes did not fully explain the
observed slope differences. The results of this analysis may provide the basis for future

investigation.
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Chapter 6 — Conclusion

This research has explored features of the spatial and temporal patterns of stream tem-
perature variation, and described the use of DTS for monitoring and analyzing those
patterns.

A cold patch survey in the Middle Fork John Day River (MFJDR) in northeastern
Oregon found no cold patch exceeding 2.31°C cooler than ambient stream temperature
and that tributary inflows provided some of the most temperature-differentiated cold
patches. These findings are significant for fish habitat assessment, and agree with the
speculation of some river restoration practitioners that disturbances to the channel have
reduced the number of off-channel and in-channel thermal refugia in the MFJDR system
(RDG, 2007; BOR, 2008).

The theoretical potential for cold patch formation in the MFJDR was estimated
by applying a Richardson number computation and cavity flow mixing predictions to
field measurements made in that system. The results of those computations generally
supported the lack of observed stratified pools seen in the temperature data collected
during the study. The highest Richardson number value computed during this study
was 29.7, and it was based on thermal conditions that have yet to be measured in the
MEFIDR or any other fluvial system (13°C pool top-to-bottom temperature difference).
Additionally, that Richardson number was much lower than those computed in northern

California streams by Nielsen et al. (1994) (>500,000), suggesting that the potential for
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thermal stratification in MFJDR pools is lower than in those streams. The estimation
of cavity purging rate (()), possibly applicable to transport from a cool water pool in
the MFJDR, resulted in a purge rate lower than available estimates of groundwater flux
to the MFJDR, suggesting that portions of the MFIDR receive groundwater influx ad-
equate to sustain a cold water “cavity” in the streambed. However, it is possible that
the experimental conditions upon which the cavity purge rate equation was based do
not match natural flow conditions, resulting in an underestimate of actual stream mixing
processes.

Restoring thermal heterogeneity in the MFJDR system would likely require
channel modification that protects cool-water areas from mainstem flow. The cool
stream pools described by (Nielsen et al., 1994) were channel backwater areas, were
partially separated from mainstem flow by gravel bars and fed by tributaries, or had
long pool residence times (large pool volume-to-discharge ratios). Few such areas exist
in the MFJDR system. The questions of whether they existed historically or whether
constructed versions could be stable in the current system are up for debate. Tempera-
ture within an off-channel pond near one of the MFJDR study reaches (Oxbow1) was at
least 4°C cooler than mainstem temperatures in August 2011. However it is unknown
whether that pond would retain its thermal and physical character if connected to the
main channel and whether dissolved oxygen conditions within the pool would be suit-
able for fish habitat.

DTS dataset analysis and synoptic streamflow measurements indicated that a
temperature anomaly observed in TIR and FLIR datasets collected on the MFJDR was

not caused by groundwater inflow. Rather, low advection velocity in a deep, slowly-
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flowing reach appeared to cause a time lag of the diurnal temperature signal within the
reach. This finding, and the fact that TIR and FLIR datasets are generally collected dur-
ing summertime afternoons when the effect is potentially greatest, recommends caution
for interpreting FLIR and TIR stream temperature datasets. Knowledge of hydraulic
flow conditions could be useful for preventing data misinterpretation.

Techniques and challenges of DTS deployment in streams was explored. The
potential for DTS data artifacts due to external heat fluxes on the fiber optic cable sensor
were discussed. Conditions under which streambed contact with the fiber optic cable
could impact stream temperature measurements were described. Dissection of a DTS
stream temperature dataset heavily influenced by solar radiative heating of the fiber optic
cable pointed out associated data artifacts and data interpretation techniques.

Longitudinal stream temperature trends in the MFJDR exhibited slopes on the
order of 1°C change per kilometer. This magnitude of longitudinal temperature evo-
lution has implications for downstream temperature potentials. Temporal variation of
these slopes was also measured, and the variation exhibited a diurnal periodicity in most
monitored river segments. Analysis of this periodic behavior was unsuccessful in con-
vincingly identifying causal mechanisms, but the likelihoods of various mechanisms
were explored.

Stream temperature patterns change in both space and time, and DTS can be a
useful technology for monitoring stream temperature. Its application should be chosen
carefully, to ensure that the value of the data is worth the cost of its deployment. Arik
(2011) estimated that the cost to collect and analyze two days of DTS data on a one

kilometer reach was $10,000-$12,000. DTS is well-suited to river reaches of one to
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four kilometers in length, where flow conditions permit safe cable deployment. Spatial
temperature variation in streams is often subtle, and it is necessary to verify that DTS
instrumentation and set-up are adequate to detect the thermal features of interest. Under
the proper conditions, DTS is capable of providing valuable information about fluvial

thermal features.
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Appendix A — Air temperature data summary, 2009-2011
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Appendix B — Large-scale versions of the graphs in Figure 2.6
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Appendix C — Oxbow2 HEC-RAS hydraulic model
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Appendix D — Groundwater temperature data summary, June-August, 2011
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