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Water temperature is an essential property of a stream. Temperature regulates
physical and biochemical processes in aquatic habitats. Vdaictossrelatedto

climatic conditions, landscape characteristics, and channel structure directly influence
stream temperature. Numerous studies indicate that increased average air temperature
during the past century has led to stream warming across the world. Theftrend o
stream warming was also present in spified) watersheds, where summer flow has
decreased. In addition, anthropogenic practices that alter the natural landscape and
channel structure, such as forest management, agriculture, and ountngutedio
streamwarming For example, deforested and unshaded stream reaches or dredged
channelsverewarmer than shaded reaclaglmeandering streams. Stream
temperatures in North American lotic habitats are of a specific concern thesrto
significant economic, dtural, and ecological value. With climate projections

indicating that air temperature will only continue to rise throughout the 21st century,
cold- or coolwater organisms, especially fishasll be affected Therefore, there is a
strong need to bettenderstand the impacts of changing climate, riparian landscape,

and channel structur e o nassstirestaingthends heat



historic thermal regime iimpactedsites and mitigag the impacts of future climate

change.

This study looksnto the relative influences of the differdattorson a st r eambs h
budget with threenanuscriptsone on stream temperature response to diel timing of

air warming, one on stream temperattggponseo changes in air temperature, flow,

and ripariarvegetation, and one on stream temperature response to air warming and

channel reconstructiohused thesoftwareHeatSourceversion 8.05 to simulate

stream temperature for all three analyses along the Middle Fork John Day River,

Oregon USATwo of the mauscriptsvereapplied to an upper 37 km section of the

Middle Fork John Day Rivepresented in chapter 2 ang &here thehird

manuscriptvasappliedto a 1.5km section.

The sensitivity analysisf stream temperature responselie timing of airwarming

(Chapter 2: D&l Timing of Warmer Air under Climate Change Affects Magnitude,

Timing, and Duration of Stream Temperature Chamges based oscenarios

represenng uniform air warmingpver the diel periodjaytime warmingand

nighttime warmingUniform warming of air temperature is a simple representation of
increases in the average daily or monthly
met hodé. The delta method relies on adding
time-seriesdata This constantalue is the difference (deltagtveenbase case

average air temperatures and the projected one. Scenarios of daytime or nighttime
warming represent conditions under which most of the warming of the air occurs

during the daytime or the nighttime, respeely. | simulatel the stream temperature

response to warmer air conditions of *2and +4°C in daily average for all three

cases ohir warming conditions. The threases of different diel distributions air
warminggenerated -tlay average daily maxmm stream temperatu(@DADM)

increases of approximately +1°8 + 0.1°C at the downstream end of the study

sectionrelative to the base cada most parts of the reactihe three distributions of

air warming generated different ranges of stream tempesatdifferen7¥ DADM

values differentdurations of stream temperature changes, and different average daily



temperatures. Changes of stream temperatareout of phase with imposed
changes of air temperature. Therefarighttime warming of air temperats would
cause the greatest increasenaximum dailystream temperaturevhich typically

occurs during the daytime

The sensitivity analysisf the relative influences of changes in air temperature,
stream flow, and riparian vegetation on stream teaipeg(Chapter 3: Assessing
Stream Temperature Response to Cumulative Influence of Changing Air
Temperature, Flow, and Riparian Vegetatior)is study summarizkstream
temperature simulation in 36 scenarios representing possible manifestations of 21st
century climate conditions and land management strategies. In addition to existing
conditions (base case) of flow, air temperature, and riparian vegetation, scenarios
consisted of: two air temperature increases 4 and 4°C, two stream flow

variations of+30% and-30%, three spatially uniform riparian vegetation conditions
that create averages of effective shade 7%, 34%, andif@ @gdlition to 14% for

base case conditions. Results suggest that variation in riparian vegetation was the
dominantfactorinfluencing stream temperature because it regulates incoming
shortwave radiation, the largest heat input to the stream, wdrikgtion instream

flow has a negligible influenc®esults indicated thatncreasing the effective shade
along the study section, paularly in the currently unshaded sectioosuld mitigate
the influence of increasing aemperatureand would reduce stream temperature
maximabelowcurrent valuegven under future climate conditions of warmer air
With the small influence it hadhcreasing stream flow reduced thHeADM under

low shade conditiongdowever increasing stream floshowedcounterintuitive

results as it contributed to incréagstreamtemperature maximahen the stream

was heavily shaded.

The applied studgxaminedhe stream temperature response to restoration practices
and their potential to mitigate the influence of warmer air condi{iGhspter 4:
Estimating Stream Temperature Response to Restoring Channel and Riparian



Vegetation and the Potential to Mitigate \Wer Air Conditions) This study focused
on a 1.5 km section along the upper part of the Middle Fork DalyfRiver that was
modified due to pastnthropogenic activitiesf mining for gold and timber harvest.
Currently, the riparian vegetation of the stugiie is mostly shrubs and stands of short
trees. Restoration designs call for the restoration of both the channel structure and
replantingthe riparian vegetatiorsimulation esultsshowedthatthe 7DADM was
higher in the restored channel than the exgsthannel withbothconditions oflow

and high effective shade conditiokwever a combined restoration practice of
channel reconstruction and medium effective shade conditions reduced stream
temperaturenaximamore than restoring riparian vegetatidoore. In additionresults
showed thatestoring riparian vegetatiomassufficient to mitigate the influence of
warmer air on stream temperature, while restoring the channel alone is not. Heat
budget analysishowedthatheat accumulation during the dag® increased in the
restored channel, which was longesyrover, and deeper than the existing channel.
It is important to emphasize thettream temperature is one of many goals that
restoratioractivities aim to improve. Furthermomdifferencesin 7DADM among the
different scenariosf restoratiorare negligibleSuch small differences could hardly
be measure. While this study examined a short section of 1.5 km, longer stream

sectiongmay increase the differences in 7DADM

Primary conclusions of this sliy are: 1)daily maximaof stream temperature will

increase in response to increased air temperature regardless of the distribution of air
warming during theliel cycle 2) nighttime air warming caused a greater increase in

stream temperature maximum thdaytime warming; 3) riparian vegetation was the
dominanttactoron st ream6s heat budgodreamfiowrde t han
restoring riparian vegetation mitigdtthe influence of warmer air; 5) restoring

channel structure alorveas not sufficiet tolowertemperaturenaximg and 6)

restoration projeatvasmost successful in improving degraded stream temperature

when combied withchannel reconstruction and improved riparian shade.

a)



©Copyright byMousa Diabat
May 14, 2014

All Rights Reserved



The Influence of Climate Change and Restoration on Stream Temperature

by

Mousa Diabat

A DISSERTATION
submitted to

Oregon State University

in partial fulfilment of
the requirements for the
degree of
Doctor of Philosophy
Presentedlay 14, 2014

Commearcement Jung014



Doctor of Philosophylissertatiorof Mousa Diabapresented oMay 14, 2014

APPROVED:

Major Professor, representing WatersBercesScience

Director of the Water RsurcesGraduate Program

Dean of the Graduate School

| understandhat my thesis will become part of the permanent collection of Oregon
State University librariesvly signature below authorizes release ofdigsertatiorto

any reader upon request.

Mousa DiabatAuthor



ACKNOWLEDGEMENTS

Thejourneyof my doctoral degeehas been supported by many people and
institutions First, lam deeply thankful tany wife Jehan for her endless support and
trust and tothetwo kids Aseel and Bashir for keeping me alaiing thisourney

It is difficult to overstate my gratitude@tmy advisorsDr. Roy Haggerty and Dr.
Steven WondzellWith their support, enthusiasm, patienaedinspiraion, they
helped me make this dissertatiaiuable andinexciting learning experienc@ith
their editorialexpertise, Roy and Stevéelpedmedevelop mycommunicabn skills

to presenmy ideasn asimple and cleafiashion

| acknowledge my committee memhdbs. Stanley Gregory for introducing me to
the scientific and cultural aspects of stream temperaiinié drifting along the
Willamette Riverfor all 250 km and also Dr. Stephen Lancaster who helped me
solve the mathematicaiddleson any occasiomhat! entered his officeluringmy

study.

| would like to thank Dr. Aaron WolfDr. Mary Santelmanrand Dr. John Selkdor
enduring supe@rt starting with my initial applicatioto the program anthroughout

my Ph.D.l amverythankul to my collaborators ithe Oregon Department of
Environmental Quality, Oregon WastredEnhancement Board, the Confederated
Tribes of the Warm Springs, arftetWatershed Council of the North Fork John Day

River.

My Ph.D. would not have been completed without the funding provided from the
Fulbright Foundation, the U.S. Forest Service through the Pacific\WestliResearch
Station though the joint venture wibregon State University0-JV-11261991055

the Water Resources Graduate Program, the International Student Office, and the
Graduate School at Oregon State University.



TABLE OF CONTENTS
Page

1. Ganeral INTrOQUCHION . ....eee e e 1

2. Diurnal Timing of Warmer Air Under Climate Change Affects Magnitude,

Timing and Duration of Stream Temperature Change.............ccccvvvveeeeeeeeeeeenn. 6
Y o153 1 = To! PP RP PRSPPI 7
T YigoTe [UToti o] o D PP PP PP PPPPPPN 8
IMETNOUS. ...t e e e e 12
RESUILS......eeee e 17
DISCUSSION. ... eeeee ettt ettt ettt e e e et e e e e e e e e e e e e e s nnn e e e e e e e e annnnr e e e e e s 19

The Effects of Climate Change on the Heat Budget............cccooovivieeieiiiiiiiennenn. 19
Model LIMItatiONS. ........viiiiiiiieiiiie ettt 22
Implications of Different Diurnal Patterns of Air Temperature Increases............. 22
CONCIUSIONS ...ttt e e et e e s b e e e e e e e e s nre e s 25
ACKNOWIEAGEIMENLS. .....eeiiiiiiiiiiei e e e eeeas 26

3. Estimating Stream Temperature Response to Cumulative Influence of Changing

Air Temperature, Flow, and Riparian Veg@at..................ccuuveveiimemniiiiiiiinnnnns 44
ADSEFACT ...t 45
1100 (8o (o] o DO TP OPPPPRPPROOY 46
IMEENODS. ...t e e e e e e e e e e e e e e a7

STUAY SECUOML. ..ceeiiiiiiieii et e e e e e e e e e e e e e e e annneees a7
Modeling Framework: Parameterized and Calibrated Modeat Source..............49
Modifying INPUL DALA.........cccociiiiiiiiii e e e e e e e e e e e e e e e e e 50
RESUILS. ...t e e e e e e e 55
Single Parameter Sensitivity ANaAlYSIS...........eeviiiiiiiiiiiiieeeiiee e 55
The Combined Influence of Modifying Multiple Parameters............cccccooivvieeeen. 56
DISCUSSION. ...ttt ettt e e ettt e e e e e ettt e e e e e e sbnn e et e e e e e annnbe e e e e e s 58
(0] [0 11 5] (0] 0 1< SO PP PRPPR 61

ACKNOWIEAQEMENLS.... ..o e e e e e e e e e e e aer e e eeeeead 62



TABLE OF CONTENTS
Page

4. Estimating Stream Temperature Response to Channel Reconstruction and

Riparian Revegetation and the Rntial to Mitigate Warmer Air Conditions.......78
Y 01 1 = V! 79

1 1o T 18X 1 o o SRR 81
Y11 o o PO PPRPP R TPPPRPPPPR 84

I 100 1Y | (= SRR 84
Data of current channel of restoration design..........cccccceveeeii s 85
Preparation Of SCENAIQS..........uuuiiiie it 87
RESUILS. ...ttt ettt e s ettt r e e e e et r e et e e e aaaaaaeaeas 90

D Yo 01T o PSP 93
(0] 0 Tox 11 ][] 1< ST PTRPPRRPPIS. 96
ACKNOWIEAGEMENLS. ... ..ttt e e e e e e e e e e e e e e e e e e e e e s e s s e e e e e e s nanenne 97
5. General CONCIUSIONS. .........oouuuuiiiiiiiiieee et e e ennnan s e e e e e eeaes 113
6. - BIblOgraphy........uueiiiiee e 117
7. APPENAICES. ...t ee ettt eeeb bbbt e e e et e et e e e e e e emmre s 125

Appendix A Assigning projections of air temperature and streamflow in Heat SolLg6



LIST OF FIGURES

Figure Page
Figurel-1: Heat transfer process showing all five major heat fluxes................. 5

Figure2-1: Map of the study section of the Middle Fork John Day (MFJD) and
summary data of longitudinal effective shade, TiM\ stream temperature and
average stream temperature during July 2002..............cccoimiimmmninini 29

Figure2-2: Air temperatures input at 3.2 rkm in July (close to the downstream site).
(a) Diurnal temperature for 48for 2002 and for the warmer climate cases (all +4
°C): uniform, warmer daytime and warmer nighttime. (b) Air temperature ranges in
July for 2002 and fOr Warmer @il CASES.........uuuuururrrrrrrrieaernrerreeeeeereeeaeeaeessemanees 30

Figure2-3: (a) 7DADM of stream temperatures responding to the three cases of
warmer air (4 °C increase in average monthly air temperature), Augest. (b)
Change in 7DADM stream temperatures responding to 4 °C increase in average
monthly air temperature. The compasties (indicated by dashed dark line) are at
points where there is small different in 7DADM..............ccoovviiiiieeeee e, 32

Figure2-4: Diurnal fluctuation of stream temperature in 2002 (black line) and stream

temperature changes responding to the three cases of warmer air. (a) Upstream site
and (b) downstream site. The figure shows the results of a single2ajuly. The

peak tempeature in the 2002 case occurs earlier in the day at the upstream site than
the downstream site, whereas the downstream site shows lower difference between
warmer daytime and warmer nighttime change than the upstream site at the time of

the Peak tEMPEIATRIL. ...ttt e e e e e e 34

Figure2-5: Range of changes in stream temperature relative to 2002 (simulation
results) responding to the different warmer air cases at the upstream and the
downstream sites. (a and b) Uniform case. (c and d) Warmer daytime case. (e and f)
Warmer NIGhIME CASE.........uuuiiiiiiiiiiiiii et 36

Figure2-6: The daily average duratiohd?) of the change in stream temperature
(summary for July simulation results). (a) Upstream site and (b) downstream site. The
uniform case restédd in a moderate, narrow range of stream temperature increases for
a longer duration than the warmer daytime and nighttime cases, which resulted in
shorter durations for a wide range of change in stream temperature. Note that at 4
rkm, the warmer nighttieresulted in lower increases in stream temperatures than the
WaIMET AYLIME... ... it e e e e e e et mmmr e e e e e e eataa e e e e e e esnnneeeens 38

Figure2-7: Components of the heat budget in 2002 at the downstream site. Solar
radiation is the main factor of stream heat budget followed by longwave and
evaporation. Air convection and bed conduction are the lowest..................... 40



LIST OFFIGURES

Figure Page
Figure2-8: Changes to the heat puxes under a we

case resulted a semmniform changes to all heat fluxes (other than solar radiation,

whereas the model assumes no ckaogsolar radiation). Counterintuitive results

were shown under warmer daytime and nighttime cases: most of the change in heat
puxes occurred during the nighttime under
under nighttime warming. Changes to heat fluxiethe downstream site (not shown)

were almost identical to those at the upstream.Site............ccoovvvvvieeeniieeeeeenne, 42

Figure3-1: Map of the state of Oregon, USA showing the John Day River basin
(small map) and the ban of the study site (large map)...........cccoovvevriiiiieeeeenenld 64

Figure3-2: input values of air temperature over the diurnal cycle for three climate
conditions base case (Ta0), 2 °C warmer air (Ta2), and 4° warnféad): Warmer
air data was produced using the delta method. Dates are July 1%t.............. 65

Figure3-3: Simulated flow along the study section for base case flow (BCQ) and
modified flow of baindary conditions (upper most point and tributaries). Modified
boundary conditions represent 30% reduction in flow (LQ) and 30% increase of flow
(HQ) relative to the base case values. Values are on Jly.14..........cccoceue..... 66

Figure3-4: Calculated effective shade along the study section for current conditions,
low effective shade, medium effective shade, and high effective shade. Values are on
JUIY LA ettt ee sttt eeen e n et 67

Figure3-5: 7-day average daily maximum (7DADM) values along the study section
under separate, different conditions of a) effective shade, b) air temperature, and c)
stream flow. Modifying effective shade caused wider range of change in 7DADM
than air temperature gtream floW..........cccoooiiiiiiiice 68

Figure3-6: Changes in heat fluxes under different conditions of effective shade, air
temperature, and stream flow. Changes are summarized as the average over a)
daytime, b) nighttime, and c) 2#burs duration. Modifying effective shade caused

widerrangeofchmge i n streambés heat budget than ai
any time of the day. Black vertical line marks the average heat flow of the base case
conditions for the specific heat flux or net heat.................cooovveiviiiee e 0

Figure3-7: Ranges of 7DADM under the combined influence of all conditions:
effective shade, air temperature, and stream flow. Results aregcolgred
according to effective shade conditions. The upper border of each group is
highlighted in a different colomal labeled. The lower border if each group is the
same and it is the base case 7DADM under that specific effective shade......72



LIST OF FIGURES
Figure Page

Figure3-8: in heat fluxes under cdymed conditions of effective shade, air
temperature, and stream flow. Changes are summarized as the average over a)
daytime, b) nighttime, and c) 2#burs duration. Modifying effective shade mitigated
the influence of air warming: despite warmer air ctinds, high effective shades
reduce the net heat during the daytime and enhanced daily heat dissipatian.74

Figure3-9: 7DADM under the combined influence of effective shade and a) stream
flow and b) air temperature. While the influence of flow varied according to effective
shade conditions, the influence of air temperature almost remained constant76

Figure4-1: Map indicating the study site along the Middle Fork John Day Rive8.

Figure4-2: Effective shade for both the existing andb@nstructed channel.
Figure shows solid filling color for the existing channel and dashed lines for the
recoNStructed ChANNEL..........ovueiii e 100

Figure4-3: Study area showing scenarios of channel {iegjsn a and b and
reconstructed in ¢ and d) and vegetation.................eeeeiieemiieiiiiiiiiiieiieee e 102

Figure4-4: Hydraulic characteristics both of the existing and reconstructed channel:
a) streambed elevation, b) hydrauligptte c) top width of wetted channel, and d)
CUMUIALIVE traVel tIME........coi i eees e e e e e e eeeas 104

Figure4-5: Average stream temperature at the inlet as dotted line (same boundary
conditions for both channels) andtla¢ outlet of each channel as solid for existing
channel and dashed for reconstructed channel. Figures in the left side column are for
current air temperature and figures in the right side column are for 4 °C warmer air
TEIMPEIATUIC.. ... e e e e e e e e e e e 106

Figure4-6: 7-day average daily maximum (7DADM) along the channel for all
scenarios. The lower part of the figure shows current air temperature 7DADM and the
upper part of the figure shows warmer air temperature 7DADM. For warmer air
conditions, the 7DADM at thimlet of both channels is higher because | used results
from a simulation of upstream temperature to establish the boundary conditi6ids.

Figure4-7: Heat flow along both channels. The Evhorizontal axis is the distance

along the existing channel and the upper axis is the distance along the reconstructed
channel. Figures are a) net heat flow, b) shortwave radiation, c) evaporation heat, and
d) longwave radiatioN.............coeiuiuiiiii e 108



LIST OF FIGURES
Figure Page

Figure4-8: Cumulative of average heat as a function of travel time for a) existing air
temperature and b) warmer air conditions. Horizontal axes are accumulated travel
time along the channel where 0 is at the inlet. For each figure, the lower axis is for the
existing channel and the upper axis is for the reconstructed channel............ 110

Figure4-9: Average accumulated change in heat along both channels with different
effective shade conditions for curtemr temperature. Figure shows that the

reconstructed channel does not dissipate heat as much as the existing channel because
of low surface area. Similar pattern also resulted under 4 °C warmer.air.....112



LIST OF TABLES
Table Page

Table2-1: Summary of boundary conditions over the simulation period (stream
discharge and temperature of tributaries and upper end). Values were extracted from
2002 datamodified from Crown and Butcher (2010). Model inputs were not changed
IN @y air WarmMiNGECENAIIOS.. ......ceeeeeeeieeeeeeettuienmeeseeeeeeeeeaerans s smeesesannnnn s 27

Table2-2: Exceedance duration under 2002 conditions simulation and under 4 °C
increase in air temperature for the uniform warming, warmer daytime, and warmer
nighttime (summaryor July). Simulation results all warming scenarios show longer
durations of exceedance at both sites for both selected temperatures (18 and 22 °C).
Results of warmer daytime and nighttime simulations show various durations
compared to the uniform warming.............ooovvviiiiiiieee e 28

Table3-1: Modifications applied to the input data...........cccceevvieieiiiceciciciiee e, 63



1. GeneralIntroduction

Stream temperature is an importpnperty thainfluences the physical and

biochemical processés lotic habitats. It regulates oxygsolubility and nutrient

cycling in streams in addition to the metabolism, growth rate, and mortality of aquatic
organismgFeldhauset al, 2010; McCullough, 1999; Myrick aCech, 2005;
Richter and Kolmes, 2005) Smal | c¢changes to a streamébs t|
changes in physiological and behavioral characteristics of various aquatic organisms
(Reevest al, 2009; Tinus and Reeves, 20@hdmore extreme changes may lead to
mortalities(Feldhauset al, 2010; Lawrencet al, 2012) The Middle Fork John Day
River has experiencesubstantial warming and loss of celdter habitatgaused by
anthropogenic activitie®etweenthe late 19th century and throughout thietfhalf

of the 20th centurygold mining affected channel structusad timber harvest

reduced riparian vegetati@cross the floodplairin the future, stream temperature
mayincrease in response to atmospheric warniihantuaet al, 2010) thus better
understanding ofupntifying the effects of changes in air temperature, riparian
vegetation, and channel structure on stream temperature is an essential step in
developing effectiveestoration projects. There are two major approaches to simulate

stream temperature: regression and deterministic models.

Regression models establish statistically linear or nonlinear regressiorebet

stream temperature and one or more indeperidets Suchmodesk of air-water

temperatureare based ooorrelatonson yearly, monthly, oweekly time scales

(Crisp and Howson, 1982;.StfaeahdPneddonmd Pr eudd
(1993) generated a general, linear equation that estimated water tempé@igture (

from air temperaturel§) on a daily timescaléy v8t 1§ 0Y and on aweekly

timescaleY ¢& 1@ §Y. However recent studies reported tlzatrrelations

betweerair andwatertemperature are weak and highly variaible number of

watershedin the Pacific Norttvest of North AmericgArismendiet al, 2012)
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Regression modeisith multiple parameters improve the prediction of stream

temperature to daily time scaJdsut still cannot account for fine scale difference in
subsurface exchangé/ater temperature was also correlated with stfieav

Sinokrot and Gulliver (2000and reducedtreamflowcan cause increased stream
temperatureMultiple regression models have focused on correlating stream
temperature with air temperature and either flow or channel stryQarssieet al,
2001; Neumanet al, 2003; Weblet al, 2003) Cassie et al. (2001) indicated that
incorpording flow in the airwater regression model did not improve the modeling
significantly,but Welb et al. (2003) indicated that awater relationship arestronger
for flow that are loweithanthemedian.Incorporating streamflow in regression
models provids more accurate predictionsut the degree of model improvement

varies greatlfvan Vlietet al, 2011)

Deterministic models calculate th&techange in stream temperatup §) as a
function of heat advection and dispersiéj in the flowing water and he#&tansfer
(Ht) betveen the stream and its environm@rown, 1969; Davidson and Bradshaw,
1967)

wY® 60 0O EQ.1-1

Heat advectiomnd dispersion is solved in:

00 *Y:El 0 :E—Y EQ.1-2
T ® T

and heat transfer is lsed in:

0 — EQ.1-3

So, he governingquation for the rate change in temperaisire

Y wa YooY O
ﬁ Y:;T_(,‘O O uT o 5 3 R EQ.14




Where.
Tw = water temperaturé )
T 0 =modelingtime step(sec)

T ® =modelingdistancestep @long the channg(m)

U = water velocity (m-sebt)

D. = longitudinal dispersion coefficient (nsec")

Hnet = net heat fluW-m?)

" = density of waterkg-m*)

0 = specific heat cajpity of water (4.18 kJ- @ °C)™)

Y, = water volume ()

Five major heatfluxes o nt r o | sthéatexchange pracess (Figl)l
shortwave radiatiorHsy), longwave radiationH), evaporationtevay, convection
with air at the water surfacel{,n,), and conduction at the streambetdo(g where

thenet heat flux is the sum of each compor(@&nown, 1969)

O © O O O (O] EQ.1-5

Deterministic models calculate stream temperature in space antbiimserporate
spatietemporal heterogeneity of climate conditions, chanmatsire, and riparian
characteristics where regression models cannot. Deterministic models are more
suitable for predicting stream temperatures under specific conditions and are able

deliver more diverse outputs theegression models.

Deterministic modalprovide a method for isolating and estimating the relative
influence of differentactorson stream temperatu(Brazier and Brown, 1973;
Brown and Krygier, 1970; Get al, 1998; Sinokrot and Stefan, 1993nhortwave
radiationis the main input heat flux to strearmatis directly influencedy the
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presence of riparian vegetation. Air temperatofieences streams heat budget

throughto longwave radiation, evaporation, and convect®reans dissipate most

of theheat in both longwave radiation and evaporatidrerefore changing air
temperatures may influence the potential to dissipate hasateamsTemperature is

a function of heat concentration (the net heat load in a volume of wihtesthe
magnitude of discharge influencéa® energy required to elevate water temperature
Gu et al. (1998) quantified a stream temperaburiering codficient, which relates
increagdstream discharge with a reduced warming rate. Drawhaaksterministic
modek arethe requirementfr extensive input data and high computational

demands.

Studies of streambs hestardtiordiratadigsithas uggest ed
riparian revegetation augmenting streamflow, and channel reconstruction. Brown

(1969) suggested the replanting of riparian vegetation as a strategy to control stream
temperatures. Brown and Krygier (1970) also identified that streammaed up

significantly following a cleacut timber harvest. Overall, increasing the effective

shade decreases maximum temperatures along shaded (@atinssn, 2004;

Rutherfordet al, 1997; Wilkersoret al, 2006; Zwieniecki and Newton, 199®%)

addition, reducing diversions anestablishingninimum streamflow canredue

warming associated with loss of riparian vegetakiohit cannot eliminatencreases

in stream temperatu(&inokrot and Gulliver, 2000)

This studyguantifes stream temperature response to projected changes in climate,
forest management, hydrology, and channel structure. To accomplish thizghgl,
developed new software strengtheran existing model) conducted sensitivity
analyses of stream temperature respoofige interactive influence of multiple
factors air temperature, riparian vegetation, stream flow, and channel strLantdre
3)measured physical properties of a stream to neitkdm tempetare response to

ongoing restoration practices.



The study objectives ate:

1 Estimate stream temperature response to temporally uniform anghifonm air
temperatur@ver the diurnal cycle.

1 Quantify stream temperature response to potential condiiocignate, riparian
vegetation, and flow.

1 Identify and quantify the relative influence of projected conditions of air
temperature, riparian vegetation, and flow on stream temperature.

1 Predict stream temperature responsth&restoration practices of chael

reconstruction and riparian vegetation.

Shortwave
Radiation

Longwave
Evaporation ~ Radiation Convection

Conduction

Figurel-1: Heat transfer procestiowing all five major heat fluxes
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Abstract

Streamtemperature will be subject to changes due to atmospheric warming in the
future.l investigated the effects of the diurnal timing of air temperathamges
daytime warming vs. nighttime warmifgon stream temperature. Using the
physicallybased model, He&ource | performed a sensitivity analysis of summer
stream temperatures to 3 diurnal air temperature distributions @ mvean air
temperatee: 1) uniform increase over the whole day; 2) warmer daytime; and 3)
warmer nighttime. The stream temperature model was applied t&ma 3&ction of
the Middle Fork John Day River in northeastern Oregon, USA. The 3 diurnal air
temperature distributionsegerated -tlay average daily maximur@dDADM) stream
temperatures increases of approximately +1.8 $0.4t the downstream end of the
study section. The 3 air temperature distributions, with the same daily mean,
generated different ranges of stream tentpees, differen7"DADM temperatures,
different durations of stream temperature changes, and different average daily
temperatures in most parts of the reach. The stream temperature charegag of
phase with air temperature changes and, therefore ig ptaces, the greatest
daytime increase in stream temperature was caused by nighttime warming of air
temperatures. Stream temperature changes tended to be more extreme and of longer
duration when driven by air temperatures concentrated in either daytmghtirne

instead of uniformly distributedcross the diurnal cycle.



Introduction

Stream temperature has been recognized as an impemtaradnmental factor in
freshwater ecosystems d\Mebbetal, 2008 Nafu@lly,0 6 s
stream temperature fluctuates on seasonalealsas daily cycles (Sinokrot and

Stefan, 1993), and these fluctuations are important to ecosystems. For example, the
River Continuum Concept points to the variability in stream temperature (annual,
daily and seasa@h cycles) as important influences on aquatic species and habitats
(Vannote et al., 1980). Recent studies show that North American watersheds have
witnessed noticeable increases in water temperature for the past few decades
(Bartholow, 2005; Beschta andylar, 1988; Mohseni et al., 199%ehb, 1996).

Efforts have been made to predict the influenciitfre climate change on stream
temperature and aquagcosystems to help restoratieffiorts and planning.

However thefuture magnitude of increases is pboconstrained, and the diurnal

timing and durations of the increases have received little study.

Cold-water fish (such as salmonid species) are affected by increasing stream
temperatures. Feldhaus et al. (2010) found that levels of heat shock pratein 70
redband rainbow trouQncorhynchus mykiss gairdngwerepositively correlated

with stream temperature. Thermal stress in the short term leads to behavioral changes

over the fish life cycle. Among fish populations in the Padificthwestof the USA,
metabolism, food consumption, growth, and reproduction ability, have been found to
be affected by stream temperatures (McCullough, 1999; Myrick and Cech, 2005;
Myrick and Cech, 2003; Myrick and Cech, 2000; Myrick and Cech, 2004; Selong et
al., 2001).

Stream temperature is the product of heat exchéegeeenwater in the stream and

its environment. Therefore, environmental changes may lead to changes in stream
temperature. The stream exchanges heat with its environment via fivesmajoes

and sinks: shdwave (solar) radiation, longwave (thermal) radiation, streambed heat

transfer (conduction), evaporation, and convection (Khangaonkar and Yang, 2008;

( Ca
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Stefan and Sinokrot, 1993). Further, stream temperature is influenced by boundary

conditions (the tempetare and discharge of upstream flow and incoming tributaries).
The governing equation for heat budget and exchange in an open channel is the
advection dispersion equation with aforementios@arcesand sinks (Brown, 1969;
Wright and Horrall, 1967).

Diurnal fluctuations of air temperature vary in range, maxima, and minima due to

atmospheric conditions, elevation, topography and land cover. Maxima typically

occur during the late afternoon to early evening, while minima occur during the late
nighttoearlymr ni ng. These diurnal fluctuations h
heat budget because air temperature affects the heat extieamgenthe air and

water.However models of warming climate typically project an increase in the

annual and monthly avega air temperatures (IPCC, 2007), rather tharntuely

changes important to stream temperature. Nevertheless, prediction of future stream
temperature requires the use of results from these climate models (Caissie et al.,

2007; Gooseff et al., 2005; Mamtet al., 2009; Stefan and Sinokrot, 1993).

Modeling gream temperature can be divided into two approaches: statistical and
deterministic. Statistical models correlate stream temperature with one or more
variables such as air temperature and streamfloveat regression models are easier

to use andequireless input data compared to complex statistical models that involve
correlating stream temperatures with more variables that can become mathematically
complicated (Vebb and Nobilis, 2007). Numerous siesl have established statistical
(linear and nodinear) correlationdetveenair and water temperatures. These
correlations have been used to predict future stream temperatures under projected
changes in climate. Stef an etahfdundParireard 6 h o mme
correlationbetveenair and water temperatures in the central USA. They detected that
water temperature responses to air temperature chesegedifferent according to

the size of the river. Mohseni et al. (1998) developed dinear regression function

correlating the averageeeklystream temperature with air temperature for different
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streams around USA. Studying a souht English streamlVebb et al. (2003) found

better correlation of air and water temperatures in rivers witwbaverage flow.
Benyahya et al. (2007) used autoregression and periodic autoregression models to
predict temperature in the Deschutes River, Oregon, USA. Statistical methods are
commonly used to model past and future stream temperatures at annualy naowkhl
weeklytime scales rather than at daily or diurnal time scales (Mohseni, et al., 1998;
Webbet al., 2003; Cassie, 2006).

Deterministic models explicitly incorporate the heat budget, physics of flow, and
changes to these processes in streams. Thedelsrequiredetailed input data to
calculate heat fluxeCaissieet al, 2007; Stefan and Sinokrot, 1998)cluding
meteorology, topography, stream geomorphology, and hydrology. Stefan and
Sinokrot (1993) studiefive streams in the USA using a daninistic model and
predicted that increasing air temperature could lead to a 2.4 1€ thérease in

stream temperatures, while removing riparian vegetation could leadG a 6

increase. Cristea and Burges (2010) predicted th&Cartrease in aitemperature

in theWenatcheeRi ver, Washington, USA would increa
temper at ur e°€in the204Ds. Modélers3vhoGuse deterministic models
modify existingdataof atmospheric and initial conditions to generate future scenarios

to modify the impact on stream temperature.

There are a number of methods to modify an existing air tempedstate model

future scenarios of global warminghief among these is the uniform case where a

single increase in air temperature is added umifpto the wholedata This is

someti mes called the oO0delta cased or odel't
uniform increase in air temperature over the diurnal cycle. It generates projected daily
averagemaxima,and daily minima temperatures thag¢ &igher than the originals by

the same valuddowever | do not know if temperatures will change uniformly.
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Alexanderet al. (2006) and Moralet al.(2011) reported that during the second half

of the 20th century, minima increased faster than maximanoost of the planet. In
addition, the diurnal temperature range (DTR) has been decreasing over the same
period (Voseet al, 2005). Consequently, a diurnal uniform increase in air
temperature is not the only method to modify air temperatatan the deerministic
models that aim to simulate future scenarios. The expected increases in the monthly
average air temperature might result more from an increased nighttime air
temperatures than the increased daytime temperatures. Conversely, the expected
increass in the monthly average air temperature might result from increased daytime

air temperatures.

These findings increase the uncertainty in modeling future impact of air temperature
warming on stream temperatures. While numerous studies examined padtadiurna
water temperature correlation, the majority of future projection dealsweithklyand

daily correlationsl use sensitivity analysis to compare and contrast the two most
extreme cases with the uniform case, examining the changes in stream temperatur

resulting from daytime versus nighttime warming.

The only study that investigated raniform changes in air temperature over the
diurnal cycle was Gooseét al.(2005). Using a deterministic model of thewsay
Madison River, Montana, USA, and outptdm thegeneral circulation models
(GCMs), Goosefet al.found thatdaytime warming (of ainvarmed streams beyond
the upper zero net growth temperaturerfonbow trout{Oncorhynchus mykissy
more time than nighttimerarming In addition,Gooseffetal. found thatcombining
nighttime warming and chamgy shortwave radiation warmed stream beyond the
maximum temperature for growth for rainbow trout by more time than daytime
warming of air and changed shortwave radiat®ooseffet al.did not isolatehe

effects of changed air temperatures from those of changed solar radiation.
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The objective of this study is to understand the response in stream temperatures to the

timing of diurnal changes in air temperature under climate change and to isolate those
effects from changes in shortwave radiation. To meet this objective, a calibrated
physicsbased stream temperature model for the Middle Fork John Day River,

Oregon, USA, was changed to reflect possible timing scenarios for future air

temperature warming.

M ethods

| basedhestudy on an upper section of the Middle Fork John Day River (MFJD) in
northeastern Oregon, USKi{. 2-1). The study section extends for 37.0 km

beginning i mmediately upstream of the conf
118 A2 9 &seénudivgimmediately downstream of Camp Creek. The drainage

area of the study section is 827 %{&63 knf excluding the area of Camp Creek sub

basin) and elevations range from 1,000 to 1,250 m with a total of 19 tributaries. The

upper elevationsoftret udy secti onds drainage basin re
1270 mm of precipitation, with less than 10% falling during the hottest months of

July and August. Flow in the MFJD at Clear Creek drops from 2s3 at the

beginning of May to 0.2 fis* at theend of September with slowly declining

discharge through July and August. The study section is made up of unconstrained
subreaches running through wide riparian meadows connected by confined sub

reaches with narrow valley floors (Crown and Butcher, 20B&)lrock geology in the

reach is predominantly Columbia River Basalt Group and felsic volcanic and

volcaniclastics of the John Day Group (Hunt and Stepleton, 2004). Gold mining,

dredging, and railway constructions during the second half of the 19th cemtury

early 20th century lead to tree cleartting along the riparian zone and

geomorphologic changes in the valley. Sinuosity was reduced, andvbareks
hardenedFurthermore, treesereremoved for cattle grazing and firewood, and

could not be replantediie to the coarse texture of the mining spoils, leading to large

scale reduction in tree cover in some-selcheg¢Beschta and Ripple, 2005)
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| used the model He&wourcesn thesimulations. HeaSource(Boyd and Kasper,

2003; Boyd, 1996is a physicallybasd finite-difference model that simulates stream
thermodynamics and hydrodynamitiss distributed and maintained by the Oregon
Department of Environmental Quality
(http://www.deq.state.or.ussitmdis/tools.hthand has been used in a number of
stream temperature studies and reports. Beatcesimulates advection and

dispersion of heat, and heat exchange processes including fluxes of shortwave and
longwave radiation, air/water interface coatien, evaporation rate, and bed
conduction. The current version (8.0) contains packages that calculate local channel
hydraulics and thiourly solar radiation flux on the water surface based on sun angle,

vegetation, topography and the water surface la@détted channel dimensions.

Crown and Butcher (2010) parameterized and calibrated$teateto simulate

MFJD stream temperature based on records and measurements from the years 2002
and 2004 as part of a total maximum daily load (TMDL) assessmethiefdohn Day
River. Originaldatafor discharge and temperatweregenerated by a combination

of in-stream measurements, thermal infrared surveys, and a generic temperature
profile (Crown and Butcher, 2010)extracted the relevant model ingiéments for

thest udy section in the MFJDThéstreamsefiono wn

uses stream temperature records from seven data loggers located along the mainstem

MFJD (records from 2002 at river km (rkm) 3.2, 13.2, 13.75, 17.45, 19.15, 20:45
28.3 numbering according tihe study section) and five data loggers on major
tributaries installedetveenMay and October 2004. At each data logger location,
values for cloudiness, humidity, wind speed, and air tempenatneadjusted from

the Agrimet site in Prairie City, Oregon (22.0 km away from upstream end of reach at
44A2706420N, 118A426500W, and elevation
was confirmed for key days (hottest days) at locations where data |loggrers

installed (See @wn and Butcher (2010) for further information).

and

107
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Recordsshowedhatat the upper end of the study section, stream temperature ranged

from 11.6 to 27.7C in July 2002, while at thswer part of the study section (data
logger at rkm 3.2), river temperaéuranged from 12.4 to 28°C in July 2002. The

air temperature rangdzetveen4.8 and 39.9C in the same month.

Thesensitivity analysis did not include any changes in the boundary conditions. The
flow regime and stream water temperature at the upstoeamdary of the study
sectionwerekept at their 2002 values (See Table 1). In addition, the discharge and
temperature of tributaries entering the mainstem Mw&Benot changed ithe study
section. Crown and Butcher (2010) reported the flow and tenyperat the major
tributaries entering the MFJD. Their report also lays out the method for estimating the
mi ssing information for tri btribuanyandes 6 t empe
upstream boundary temperatures fluctuated over time, both diuanalgver longer
periods, following the temperatures observed during the 2002 base year. Discharge
also varied over the simulation period to include the values over the year (for
example, snowmelt flow and summer flow). WHilexpect the temperature and
discharge of the upstream boundary and the tributaries to change with clireate,

focus here is not a prediction of future temperature, but an investigation of sensitivity

to the diurnal timing of air warming.

Mantuaet al. (2010) calculated spatially anemporally downscaled future air
temperature from the A1B and the B1 emission scenarios based on results from the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC
AR4), providing average monthly air temperatures for mangmsheds throughout

the PacificNorthwest(Bateset al, 2008) Elsneretal. (2010) projected future air
temperature on a monthly basis on a 1/16° grid for the A1 scenario. Both the A1B and
Bl assume the same growth rate in the worl
loweremissions and cleaner energy technolodiesuts of A1B emission scenarios

by Mantuaet al (2010)for July-August have an average increase in air temperature of
3.43°C by the 2040s, and 5.8& by the 2080s. Their B1 Julxugust results have an
average increase in air temperature of 2®4%4y the 2@0s, and 4.24C by the
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2080s. Given the range of these projections, this study uses a base ca%¥g of +4

warming in Julyds monthly average air temp

Air temperature averaged 210 for July 20021 increased air temperatug 4°C

in thescenario, resulting in a monthly average air temperature of25dy the

sensitivity analysis. Air temperature was modified with three different algorithms by

adding a specified value to theurly 2002 air temperature, but maintaining4°C

average for each day (midnight to midnight). The first algorithm was the uniform case
whereby alhourly valueswereincreased by +4C. The second and third algorithms

used the Arubber band measelthe Maximumdalyt he war m
temperature was held constant and other temperatumeschanged in proportion to

their difference from the maximum daily temperatdige minimum daily

temperature (nighttime) was increased the mostsef er t o t hi s as the
ni ght t i Imthewarmer day case, the minimum daily temperature was held

constant and other temperatuvesrechanged in proportion to their difference from

the minimum daily temperaturéhe maximum daily temperature (daytime) was

increased the most $oefertothisas he fAwar mer IldagmpmasicaeebDd.
the change in each day°C®orakhthrecrcamase t emper at u

The equations for the mean values are, for all cases,

B"Y ¥
Yy ————
QT EQ.2-1
B"Y ¥
vy B T EQ.2-2
Q

where”Y is the new average daily value after the additébms the air temperature
at i hourof the 2002 daygis the change in mean air temperature on a monthly basis;
Y is the new averagmonthly value after the addition; aid is the number of days

in the month.
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The equation for the uniform case is simply

YUY EQ.2-1

The equation for warmer daytime temperatures is
w’Y 0 Q¢

YO Y EQ.2-3
Y L Qe Q

Where"Y is the old daily average temperatUréis the new air temperatureigtour,
andMing is the daily minimum temperatur®ther variables are as previously
defined.

The equation for warmer nighttime temperatures is
v e YD Y
U aw Y

WhereMaxy is the daily maximum temperatur®.comparison of (3), (4) and (5)
shows that their averages are the same. \d&eharge and temperatures inputs at
the upper end of the study section and from the tributeséesnot modified from the
original datasincethe objective is to study the influence of the diurnal timing of air
temperature. The water balance and inpatash temperaturegerethe same as the
original 2002 validated He&ourcemodel(Crown and Butcher, 2010)

For a detailed analysis of the effects of diurnal timing of air temperature changes,
chose two locations along the study section andypieal day in Julyl chose an
upstream site, at rkm 22, and a downstream site, at rkm 4. The upstream site is
located at the edge of a relatively shaded stretch of the stream, downstream of some
tributaries and minor diversions, and at the location efaWwest7DADM value Fig.

2-1). The downstream site is located some distance from a shaded section,
downstream of one major tributary (Big Boulder Creek) and major diversions (at rkm
6.3 and 5.2), and at the location of a higheADM value than the upgtam site. The

upstream site is located at a section that is characterized with high effective shade
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(>50%), while the downstream site is at a section with low effective shade (<10%).

Additionally, | chose one typical day in July for the sub daily analysiypical day,
asl characterize it, has an average temperature and diurnal temperature range that
representsthemonthc hose 26 Jul y 20 0 8reangemperatunepi cal d

average was 20.3% and the stream temperature range was &57

The %Day Average of the Daily MaximunYDADM) is a major water quality
standard used by policy makers and stakeholdersegddrand number of states in
USA (USEPA, 2003). It is determined by calculating the moving average for the
daily maximum for every model segment simulated by the model raneIn

simulationsthis period is May ¥to August 31"

Results

Air temperatue for the month of July averaged 28®at rkm 3.2 for all simulated
caseskig. 22). However the range of air temperatures was different for each case.
The uniform case maintained the diurnal temperature variation present in 2002. The
warmer daytime ¢ generated a wider range of air temperatures than the warmer

nighttime case.

The7DADM stream temperatures increased, relative to 2002, for all three Eages (

2-3a and2-3b). The7DADM increase was greatest in the upper part of the study

section forthe daytime warming case and was greatest ifother part of the study

section for the nighttime warming case. The increa3®BDM temperatures
differedbetveencases by more than°C in some locations, but was the same

betveencases in other locatis. The largest differences among the cases occurred at

rkm 7 1T 10 (moder ate s hadatithewpsirdamasite r km 16
(rkm 22), the7DADM increased by 1.1C under the uniform case, 1°€ under the

warmer daytime case, and 23 underthe warmer nighttime case. At the

downstream site (rkm 4), thddADM increased by 1.8C under the uniform case

and 1.9°C under both the warmer daytime and nighttime cases.
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Diurnal changes in stream temperature in response to the three different warming
caseqFig. 24) show thathe uniform case generated an increase in stream
temperature that was nearly constant throughout the day, 1.0%6 wadrmer at the
upstream site and 1.8 to 2@ warmer at the downstream site. The other two cases,
however generated an increase in stream temperature that varied throughout the day.
Stream temperature increases ranged from as little &€ Odrmer to as much as 2.2

°C warmer at the upstream site and from 1.1 to°€. Warmer at the downstream site.

For warmerdaytimes, the stream temperature increases tended to be out of phase with
stream temperature. For warmer nighttimes, the stream temperature increases tended
to be in phase with stream temperat@ensequently, for the warmer daytime case,

the largest st@m temperature increases occurred around midnight, and these changes
commonly decreased temperature swings from day to fitghthe warmer nighttime

case, the largest stream temperature increases occurred around midday, and these

changes commonly increzstemperature swings from day to night.

The temporal distribution of warmer air along the diurnal cycle influenced the
magnitude and timing of change in stream temperat&igsZ5). The uniform case
resulted in smaller variability in changes in stne@mperature relative to either the
warmer daytime or the warmer nighttime. Both the warmer daytime and warmer
nighttime cases generated many instances when stream tempevatrenesarly 1.0

°C warmer or cooler than the uniform case.

The diurnal disibution of changes in air temperature influedd¢he duration (the

number of hourper day) that stream temperatures increaBegd 2-6). Warmer

daytimes and nighttimes generated increases of stream temperature lasting for 1

hd' across a range of tgraratures at the upstream site arid¥hd” across a range

of temperatures at the downstream site. The uniform warming generated increases of
about 8hd'concentrated around +1°C at the upstream site and aboutd?

concentrated around +1°8 at thedownstream site. Table 2 provides detailed
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duration information for two specific temperatures (18 an8G2All warming

scenarios show higher exceedance durations for both comparison temperatures at both
sites. Yet, warmer daytime and nighttime diffearn uniform warming. In particular,

stream temperature increased for longer durations exceedi@wler warmer

daytime and nighttime. The downstream site shows the most differentestion

and variabilitypewveenthe different warming scenarios.

Discussion

The Effects of Climate Change on theHeat Budget

The streambs tot al h e RFgt 27f wasipositifedheat gaimle 2 0 0 2
during the daytime and negative (heat loss) during the nighttime. Solar radiation

dominated the heat budghiring the daytime; evaporati@amd bngwaveradiation

(LW) dominated the heat budget during the nighttifffeoughout the diel cyclair

convection and bed conduction alternatedveensourcesand sinks butvereminor

components of the heat budget.

The net heat gain increased in all warmer air cases during most of the digFagcle
2-8). In contrast to the total heat flux, longwave radiation and air convegéogthe
largest contributors to the chanalar radiation, the largest overall companei

the total heat fluxKig. 27), was unchanged assuming cloud cover was unchanged.

For the uniform casd~(g. 2-8a), the changes in tii@ur major heat fluxesvere

approximately constant over the diurnal cycle. Relative to the 2002 base case, energy
gains in air convection and longwave radiation added ~40'WWm t he str eamds
heat flux. Energy losses in evaporation and bed conduction removed st

t he str eamoé $ortheunitoim cdse the différéneetveenair

temperature and stream temperatures increased everywhere and at allTtimses.

difference was the primaffgctorof the nearly constant change in increased (net

positive) air convection and longwave radiation heat fluxes and in decreased (net

negative) evaporatiomeat flux.Total heat flux changes generated by diurnally
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uniform air temperature changes have been qualitatively similar in other studies

(Cristea and Burges, 2010; Mohsehal, 1999; Stefan and Preudol

For the warmer daytime and nighttime cases (Figures 8b and 8c), some of the heat

fluxes varied significantlpver the diurnal cycle. Relative to the 2002 base case,

energy gains in air convection and longwave radiation added ~0 to r7Ota\the

streambébs heat budget at different times of
bed conduction removed ~5to ~Mn“from t he st r e aThéchanhee at budg
in the heat fluxes peakdattveennoon and midnight for warmer daytime case. The

opposite was true for the warmer nighttime case, where the changes in the heat fluxes

peakedbetwveenmidnight and noon.

In gereral, the heat change®rein-phase with air temperature changes but stream
temperatures changegreout-of-phase with air temperature chang&armer

daytime air temperatures generated positive daytime heat flux changes. In a simple,
static system, tengpature change is proportional to the integral of heat fluxes,

heat fluxes have a cumulative effect on temperaWiele the heat budget of a
stream is not simple and the system is not static, heat fluxes still tend to have a
cumulative effect onemperatureThe simulatiorshowedhatthe effect of changes in
air temperature on stream temperature was lagged. Stream temperature changes
tended to be greatest after sevé@lrsof changed heat flux, so that warmer daytime
air temperatures generatduk tgreatest changes in water temperature at night.
Similarly, warmer nighttime air temperatungsrealso out of phase with stream
temperature changes, whiakerelargest during the daytime. All three cases vary in

influencing7DADM calculations, among ot stream temperature standards.

The7DADM is calculated from the daily maximum stream temperatures. In the John
Day River, those temperatures generally occur during the daytime (afternoon to
evening). Daily maximum temperatures lwer at the upstrearsite than the

downstream site. In addition, thasaximumtemperatures occur during the early
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afternoon at the upstream site and towards the end of the day at the downstream site

(Fig. 24 shows a typical daily temperature cycle in Julyje simulationsshowed
thatthe timing of air warming and its magnitude influence both the timing and the
magnitude of stream warming. The resuligy( 2-4) indicated that nighttime air
warmingincreased the 7DADM the most duritige daytimehan the other warming
casesAt the upstream site for July 96the maximum difference iIRDADM between
warmer daytime and nighttime scenarios was’C.&t 11:00, while the difference at
the maximum daily temperature was @7at 15:00. At the downstream site, the
maximum differene in the7DADM betweernwarmer daytime and nighttime
scenarios was 0.9 at 14:00, while the difference at the maximum daily temperature
was 0.6°C at 17:00Becausdhe differencéetweerstream temperatures under the
warming scenarios iswer at the dowmstream site, theDADM values at this site

tend to be similar.

The similarities infDADM values at the downstream site are partly dumtd-water

inflow immediately upstream of this site. Tributaries entering the stream along the

study section have ihfence on the stream heat budget. Although the warmer

nighttime scenario has the potential to cause higb&DM values, cold tributaries

entering the stream camodify the effect of a warmer nighttime. Two cold tributaries

entering the stream upstreamtioé site: Dunsto€reek and Big Boulder Creek. Both

streams havewertemperatures than the mainstem Middle Fork John Day. In
addition, Big Boul der Crwhendodmredito atherhar ge i s
tributaries. Under these circumstances, wamigttime will yield smaller increases

in daytime stream temperature and sofABADM is not increased as much, and

warmer daytime will not have as large effect on daytime stream temperatures.

The increase in stream temperature averaged over 14 Jubnlyak2°C at the
upstream site where heat flux@srehigher, as opposed to a O at the
downstream site where heat fluxgsrelower. This counteifintuitive result is partly

an artifact of the wayset upthemodel runsl held the upstream boundargndition
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for discharge and water temperature constant at its 2002 values for all simulations.

Stream water heated agldwed downstream because it was exposed to much

warmer air temperatures. This heating was cumulative, so that downstream locations
warmed more than upstream locations, regardless the heat fluxes at a particular point.
This highlights the fact that stream temperature is a function of both cumulative
upstream effects and heat fluxes at a given point throughodiatheeriod

Model Limit ations

As is the case for any modeling study, the scophearesults is limited byhe
assumptionsThesimulations disregarded changes in boundary conditions for

discharge and temperature at both the headwaters and the incoming tributaries. The
longitudinal increase in stream temperaturéhi@model simulations is, at least in

part, an artifact ofhe modeling approach in whidhkept upstream and tributaries

discharge and temperature the same as the 2002 baskesgmxt that the boundary

conditos have significant i mpact on the streart
possibly critical to prediction of stream temperature in a changing cliaveever

the goal of this study was not the prediction influence of future condition on stream
temperatues, but to understand the sensitivity of stream temperatures to the timing of

changes in air temperatures.

Inthestudy,lus ed t-d&t&t ifinence sensitivity anal yses ap
influence of changing one factor on stream temperatureairéemperature (See

Saltelliet al. 2006, for further information).added one level of complexity when

simulated the timeelated change in air temperature. In real stream conditions many

other factors are expected to change due to warmer climatefltience of these

changes on stream temperature was not studied in this paper. Yet, modeling the

influence of all changes in the system as a whole would yield better representation of

future conditions.

Implications of Different Diurnal Patterns of Air Te mperature Increases
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| examined what is, perhaps, the simplest alternative way to distribute an average air

temperature increase over time. Data currently available to us indogetcaled
projections of future air temperature changes resulting fronmdsieeneans of many
GCM runs (Mantuat al,, 2009 and 2010). These data provided an estimate of the
future change in mean monthly air temperaturEsvever modeling the sensitivity

of stream temperatures to air temperature timing reqbwedy inputs ofa variety of
micro-meteorological data, including solar radiation, air temperature, relative
humidity, and wind speed. This disparigtweerthe datssourceand the data needed
to run the model makes it difficult to use GCM outputs to project future elsang

stream temperature.

Most previous attempts to model changes in stream temperature resulting from
climate change have used the fAdelta method
of weatherdata and adding a constant value to the air temper@arssieet al,

2007; Cristea and Burges, 2018pwever climateinduced changes in air

temperature are unlikely to be unifo(ilexanderet al, 2006; Moraket al, 2011)
Unfortunately, there are an unlimited number of ways that increased air temperatures
could be manifest. Tlyecould result from short periods (days tav@ek of each

month with historically unprecedented and extremelywerther with air

temperatures over much of the intervening time running near current long term

means. Alternatively, long periods could liglgly warmer than the historical mean.
Clearly, an infinite number of potential time series could be produced for a sensitivity
analysis using mechanistic models to examine possible effects on stream temperature.
| chose to examine the potential effeatslifferential nighttime versus daytime

warming because some studies have found that warm nights have become more
frequent with timgAlexanderet al, 2006) Also, the daytime and nighttime

scenarios could be considered endmbers of possible distributions of warmer air, at

least over a 24 period.
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Gooseffet al.(2005) found that warmer daytime air and increases in solar radiation

lead to larger maximum increases in stream temperature than warmer nighttime air,
but that warmer nighttime air leads to mbmursof moderate increase in stream
temper&ure than warmer daytime aBooseffetaldé s st udy dursinfthatr ed f r o
their model 6s s olhiadiffereneedin aaditiondona diffeneatn g e d .
location, makes direct comparison difficiHtowever the differences in results

suggest thatome conditions may generateghase changes of air temperature and
stream temperature, while other conditions may generatefqltase change¥he
reasons for the differences should be clarified by future reséldrahsaidthe

results are in agreeant with Goosefet al.that nighttime warming of air is likely to

lead to longer times of moderately warmer stream temperatures than daytime
warming of air.Climate change with predominantly warnmeghtsor predominantly

warmerdaysare likely to generatmore extreme stream temperatures ranges.

Theresults show that air temperatures of equal daily average but of different diurnal

range, lead to different distributions of stream temperature changes. The warmer

day/night cases generated periods of severatsduration thatverewarmer than

would occur for the uniform case. Whether this difference is important will depend on

the details of a streambs ecology and on t
damageWhere streams are already close to tentpezdhresholds, the details of

daytime or nighttime warming may be critical.

The7DADM and the duration curves are similar for nighttime warming and daytime

warming of the airHowever details on the timing are differeiht.g., nighttime vs.

daytime waming of stream temperaturéhe impact of these timing details is

unknown. Much research fopld-waterfish species has examined upper lethal

temperature thresholdStream temperature regulates a number of environmental

variables, from concentration dissolved oxygen to rates of biogeochemical

processes via Arrheniusdé equation. Consequ

different ways to changes in the nighttime and daytime stream temperature regimes.
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Conclusions

In the Middle Fork John Day Rer of Oregon, USA, simulations of a +@ increase

in average July air temperature generated approximately’€wérmer7DADM

stream temperatures at the downstream end ofkar35tudy section. Temperature
changes concentrated in one part of the day, (@armer daytime or warmer

nighttime) lead to a wider range of stream temperatures, and more extreme
temperatures, than a uniform increase in air temperature. Changes in air temperature
over the diurnal cycle had different timing than the changes iansttemperature.

The changes in air temperatuveregenerally out of phase with changes in stream
temperature because of the cumulative nature of changes in heat fluxes on stream
temperatureWarmerdaysand nights generate longer durations of the warmest

stream temperaturegogether, the results suggest that stream temperatures in a
warming climate are sensitive not only to the average temperature increase, but also
to the timing of the increaskemphasizehowever that the upstream and tributary
tempeatureswerenot changed ithesimulations. In order to make predictions of

true changes to stream temperature, upstream and tributary temperatures matter, as

well as any changes in shade and geomorphology.
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Table2-1: Summary of boundary conditions over the simulation period (stream
discharge and temperature of tributaries and upper end). \Wadwesxtracted from
2002data modified from Crown and Butcher (2010). Model inpwesrenot changed
in any air warming scenarios.

4 Name river River Discharge (nm's) Temperature (°C)
km Bank Max Min Average| Max Min Average
UPPETENd 3605 - 058 017 030 27.69 1157 19.23
a ClearCreek 355  Left 0.16 0.06 009 280 120 205
b Bridge Creek 34.7  Left 011 004 006 284 122 208
1st Cert.
C gonos Dvers, 3375 ] 0.00 -0.06 0.00
d Davis Creek 33.35  Left 0.04 0.02 003 322 138 236
e Vinega Creek 32.65  Right 0.08 0.02 004 346 148 254
o endcert g5 L 0.00 -0.06 0.00
82405 Divers. ’ ) ) ’
g VincentCreek 31.55 Right 0.3 001 002 298 128 218
h DeadCow o ,5  Right 001 000 000 171 99 127
Creek
i Deerhorn ¢ 6 Left 008 003 005 352 152 257
Creek
j LittleBoulder 505 Right 004 002 002 354 152 259
Creek
| LitleButte oo o0 et 001 000 001 324 139  23.8
Creek

m HuntGulch 233 Right 000 000 000 327 141 240
n  ButteCk 19.25  Left 0.07 003 004 233 92 159
0 B;ﬁg'rteck 1755 Right 0.09 001 006 219 83 150
p  RubyCreek 16.2  Left 0.02 001 001 220 90 157
q BeaverCreek 16.15 Right 001 001 001 225 94 165
r Ragged Creek 15.88 Left 0.01 0.00 0.00 258 11.2 18.9
s DryCreek 12.9 Right 0.00 0.00 000 383 164 280

¢ B9 Bci“'der 114  Right 017 001 011 228 98 167
u Dunston 7.6 Left 000 000 000 277 119 203
Creek
1st Permit
Vgl 635 i 012 -012 -0.12
w _2ndPermit ., i .0.03 -0.03 -0.03

28039 Divers.
x  Camp Creek 3.25 Left 0.06 0.02 0.05 320 11.2 21.0
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Table2-2: Exceedance duration under 2002 conditions simulation and ufi@dndrease in air temperature for the uniform warming,
warmer daytime, rad warmer nighttime (summary for July). Simulation results all warming scenarios show longer durations of
exceedance at both sites for both selected temperatures (18 d2)d R2sultof warmer daytime and nighttime simulations show
various durations copared to the uniform warming.

2002 Uniform warming Warmer Day Warmer Night
. Relative Relative
Stream . 1 1 Relative 1 to 1 to
Site (hd™) (hd™) to 2002 (hd") . (hd™) :
Temp. (hd?) uniform uniform
(hd? (hd?)
>18°C Upstream 16.4 19 +2.6 18.7 -0.3 18.9 -0.1
Downstream 19.7 234 +3.7 234 0 234 0
5920C Upstream 4.5 7.6 +2.9 8.5 +0.9 7.9 +0.3

Downstream 7.8 13.4 +5.6 13.7 +0.3 13 -0.4
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Figure2-1: Map of the study section of the Middle Fork John Day (BFand
summary data of longitudinal effective shadBADM stream temperature and
average stream temperature during July 2002
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Figure2-2: Air temperatures input at 3.2 rkm in July (close todbenstream site).

(a) Diurnal temperature for 48 h for 2002 and for the warmer climate cases (all +4
°C): uniform, warmer daytime and warmer nighttime. (b) Air temperature ranges in
July for 2002 and for warmer air cases
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Figure2-3: (a) 7DADM of stream temperatures responding to the three cases of
warmer air (4 °C increase in average monthly air temperature), Augest. (b)

Change in 7DADM stream temperatures responding to 4 °C increase ineaverag
monthly air temperature. The compared sites (indicated by dashed dark line) are at
points where there is small different in 7DADM.
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Figure2-4: Diurnalfluctuationof streamtemperature in 2002 (black line) and stream
temperature changes responding to the three cases of warn@y dpstream site

and (b) downstream site. Thgure shows the results of a single @6 July. The
peak temperature in the 2002 case occurseeanlthe day at the upstream site than
the downstream site, whereas the downstream site sbawsdifferencebetween
warmer daytime and warmarghttime change than the upstream site at the time of

the peak temperature



35

(.2) zooz w ML

- 24
1

8

15

€ - -

i

1

=

E

[2+]

Q

st

B

o

=

o

‘ -_— o -
T T T T T T
1 ~ n — n o
=~ — =
(:2) ML

b) Downstream Site

(.0) zooz W My

15

(.2) MLy

12:00 18:00 0:00
Time of the Day

6:00

0:00

Daytime Warming Nighttime Warming Baseline (2002)

Uniform Warming

Figure2-4



36

Figure2-5: Range of changes in stream temperature relative to 2002 (simulation
results) responding to the different warmer air cases at the upstreaheand
downstream sites. (a and b) Unifocase. (c and d) Warmer daytime case. (e and f)
Warmer nighttime case
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Figure2-6: The daily average duratiohd?) of the change in stream temperature
(summary for July simulatioresults). (a) Upstream site and downstream site. The
uniform case resulted in a moderate, narrow range of stream temperature increases for
a longer duration than the warmer daytiamel nighttime cases, which resulted in

shorter durations for a widamge of change in stream temperature. Note that at 4

rkm, the warmer nighttimeesulted inower increases in stream temperatures than the

warmer daytime
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Figure2-7: Components of the heat budget in 2002 at the downstream site. Solar
radiation is the maifactorof stream heat budgédllowed by longwaveand
evaporation. Air convection and bed conduction ardaWest.
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Figure2-8: Changes to the heat puxeswaummmg er
case resulted a semniform changes to all hefitixes (other than solar radiation,
whereas the model assunmeschange tsolar radiation). Counterintuitive results
wereshown under warmetaytime and nighttime cases: most of the change in heat
puxes oariogthe nighttime under daytime warming and during the daytime
undernighttime warming. Changes to héaxesat the downstream site (ngtiown)
werealmost identical to those at the upstream site

a

wa
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Abstract

Streamtemperature response to changes in environmental conditions is of great
concern for freshwater aquatic ecosystenasalyzedchanges ifboth stream
temperature and heat budget along an uppd&n3#ction of the Middle Fork John
Day River in northeastern Oregon, USA, in response to changing air temperature,
stream flow, and riparian vegetatidrused the software He8burce a mechanistic
model calibrated to the current conditions of the study@se@ndsimulated the
response of summer stream temperature to two air temperature increaS€saafi2

4 °C, two stream flow variations of +30% ar2D%, and three riparian vegetation
conditions of 7%, 34%, and 79% effective shade. All these condrépnesent
possible scenarios of 21st century climate change and land management strategies.
Resultssuggest that riparian vegetation had the greatest influence on stream
temperature, while stream flow has a negligible influence. Tday7average daily
maxmum of stream temperaturé@fADM) variedovera rangeof about10 °C due to
changing the effective shade, while #Hi@ADM variedovera range obnly 1 °C due

to changing stream flow. Increasing the effective shade alh@gjudy section,
especially theinshaded sections, can mitigate the influence of increasing air
temperature. In fact, theEDADM can be decreased below current values even under
future dimate conditions of warmer aifrthe riparian vegetation is restored to
increase the effective shad&hile 4 °C air warming increased tidDADM by up to

2 °C, increasing the effective shade reducedrftbADM by as much a§.9°C below

the current conditions.
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Introduction

Stream temperature is an essential, physical property of freshwater ecoskistems t
moderates metabolism and growth of aquatic organisfo€ullough, 1999; Myrick
and Cech, 2005; Richter and Kolmes, 20@®pacts thi& reproductive ability, and
may limit the distribution of different salmonid specigtcCullough, 1999; Myrick
and Cech, 2005; Richter and Kolmes, 200%)e main environmental parameter
influencing stream temperature are climate conditions, watershed hydrology, and
land-use.However the majority ofstudies havenvestigated stream temperature
response to one or two input parameterstancerarely investigated stream
temperature respse to the cumulative influence of multiple paramefee8lancet

al., 1997; Rothet al, 2010)

Across the globe, stream temperatu@eases have been correlated with or
attributed to air warming, diverting stream water, or declining riparian vegetation
(Constantz, 1998; Grooet al, 2011; Imholtet al, 2013; Mellinaet al, 2002;
Mohseniet al, 1999; Sinokrot and Gulliver, 2000; Sugimetioal, 1997; Weblet

al., 2003) Climate projetions for the PacifitNorthwestindicate that air temperature
will increase and stream flow will vary witlitendency to decrease during the
summer(Mantuaet al, 2009, 201Q)Timber harvesin the Pacific Northwest
significantly decreased effective shade atbnsidered a major cause of increasing
stream temperature, especially for small streams and head@atenson and Jones,
2000; Kibkret al, 2013; Mitchell, 1999; Pollockt al, 2009) Replanting riparian
vegetation iscommon restoration practice both to improve habitat conditions of
degraded stream temperatures and to mitigate the effect of future allmaatps
(Beschta and Ripple, 2005; Johnson, 2004 ig&tire et al, 2000)

AssesBig stream temperature in the near future depends on forecasts of climate,
watershed hydrology, and vegetation.

overwhelmingly indicate increasing air temperatyigdsneret al, 2010; Hamleet

Forec
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al., 2013; Mantuat d., 2009) | conducted a sensitivity analysis of stream

temperature in the Middle Fork John Day River to impribsinderstanding of the

cumulative influence of air temperature, stream flow, and riparian vegetation on

stream temperatur@o explain the emulative influence of changing multiple

parameters on stream temperaturayéstigated he r esponsheatof a str e:
budget to changing climate ardvironmentatonditions The objectives of the study

are (1) to identifithe individualstream tempetare sensitivity to each parameter

individually, (2) to identify stream temperature sensitivity to the interactive effect of
simultaneous changes in all three parameters, and (3) to compare the importance of

climate and land cover changes on stream terhpera

Methods

Study Section

The John Day River is among the few remaining-fteeing tributaries otthe

Colombia RiverThestudy section is a 3Kkm reach along the upper Middle Fork

John Day River (MFJD) in northeastern Oregon, USA (Fig.1) startinign..5

upstream of the confluence with Clear Creek (44°35'48"N, 118°29'36"W) and ending
3.25 km downstream of Camp Creek (44°42'39"N, 118°48'55"W). The study section
can be characterized as a series of unconstrained subreaches running through wide
riparian madows connected by constrained subreaches with narrow valley floors
(Clair and Fields, 2004; Crown and Butcher, 2010; Hunt and Stepleton, 20@4)
bedrock geology of the MFJID is predominantly Columbia River Basalt Group and
felsic volcanic and volcaniclastics of the Johry[@xoup(Hunt and Stepleton, 2004)
Nineteen tributaries enténestudy section and draam area of 827 kh{Fig. 3-1).

The elevation of the streambed along the study section decreases from 1,245 m to
1,035 m. The upper el evations of the MFJDO®
average of 1,270 mm of precipitation, with less than 10% fallimgppguhe hottest

months of July and August.
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The natural riparian vegetation of the MFJID includes black hawtl@atgegus

douglasi) , w0 o dROss waodasjscettoriwood Populus balsamifenaand
mountain alderAlnus incana It is also common toriid sedge@arex spp.in some
portions of the valley asell as ponderosa pin®inus ponderogeson soutkfacing
hillslopes and various conifers such as Douglag®se(dotsuga menzigsan north
facing hillslopeqGrant, 1994)Regional surveys report a wide range of canopy
densitesand tree height for current stan8gschtaand Rippleg2005) reportedthat
some of the native tree species, especially cottonwood and &spaiys
tremuloide$, are mostly absent in the riparian forested areas in the MRdD
attributed the lack of native foresthastoricalanthropogenic activitietater surveys
by Wells (2006)andPrzeszlowska and Wondz€H009,unpublished datagported
that stands of ponderosa pine might exceed 40 m in heitth®0% canopy density

and cottonwood could reach 30 m in heigfth 80% canopy density

A mix of anthropogenic activitidlsetweerthelate 1800s and early 19QGsichas

gold mining, grazing, railway construction, dredging, and loggitgred riparian
vegetation and channel morphology in the MFJD. In the 1860s, gold mining activities
disturbed streambed gravelsd reduced the riparian vegetat{@rant, 1994)

Beginning in the 1880s, sheep became a nsmorceof income for the region and
consequentlygrazing areas expanded. Constructing a railroad along the mainstem of
the MFJD and its major tributaries in the early 1900s improved timber transportation
and expanded | ogging operations. The strea
to the sides of the valley floor along some sections of the MB#3chta and Ripple,
2005; Clair and Fields, 2004; Grant, 1994; Wissetal, 1994) In turn, ithas been
estimated that the study section of the MFJD lost about 50% of the tred Goane,

1994) Constructing the railroad and channel dredging activities gltine first half

of the 1900dimited the meandering of the actighannel across the valley floor.
Theseanthropogenic changgsarticularly the loss of riparian vegetation, led to

increasing stream temperatures in the MFJD and numerous watershedghacross
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PacificNorthwest(Groomet al, 2011; Johnson and Jones, 2000; Meléhal, 2002;

Pollocket al, 2009)

Rearing and spawning habitats in the John Riagr are important for coldvater

fish speies, in particular for steelhea@rcornynchus myskisand spring Chinook
salmon Oncorhynchus tshawytschiaecaus¢hey areamong the last natural wild run

of salmonid species in the Columbia River Basin. The John Day River enters the
Columbia River upseamthe Bonnevilledam, which is the first downstream most

dam There have been no dams built along the John Day River and it has no fish
hatcheriesThe MFJD is listed as water quality limited under section 303(d) of the
Federal Clean Water Actbecaus¢ does not meet Oregonbds wat
standards. Restoration projects in the MFJD basin focus on improving aquatic habitat
and aim to mitigate the effects of climate change on stream temperature. Current
projects in the MFJD are actively replantimgfive treesalong riparian areasnd

modifying the chanel to its historical meanders.

Modeling Framework: Parameterized and Calibrated Models- Heat Source

| used the software He8burceversion 8.04Boyd and Kasper, 2003; Boyd, 1996)

for thestream temperature simulations. The Oregon Department of Environmental
Quality (ODEQ) maintains and distributes H8aturce
(http://www.deq.state.or/wg.tmdls/tools.HtreatSourcesimulates stream
temperature using afinkei f f er ence al gorithm that <cal cul
heat budget from physicallyased measurements: boundary conditions, atmospheric
conditions, channel structure, and spatially distributed-tawver. Boundary
conditionsconsist of a timeseriesdataof flow and water temperature at the upstream
boundary of the simulated stream sectiowah as for all entry points of tributaries
and groundwatesourcesalong the stream reach. H&urcecalculates flow,

average veloty, and the top width and average depth ofwieétedchannel for the

entirelength of the simulated stream section by usinglitaof boundary conditions
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and channel morphology. The atmosphdatacontains air temperature, humidity,

cloud cover, and imd speed.

The effective shade is calculated from lasw/erdatg whichconsists of tree height

and canopy density in addition to topograp
within a defined distance from the stream channel. The effective shade is th

percentage of shortwave radiation blocked by topography and land cover and is

calculated by using the algorithm in the Shadator routine embedded in Heat

Source Shadea-lator calculates the potential solar radiation (after penetrating the
atmosphergefrom the position of the sun and time of the day. Then, Shdaler

subtracts the shortwave radiation blocked by topographic features arzblzerd

from the potential shortwave radiation flux.

| obtained the parameterized model of the MFJD prepayé&tdwn and Butcher
(2010) for ODEQG6s TMDL an akmnyosthebaseacasd e xt r ac
simulation with one modification. ODEQ ran the stream temperature simulation for
the MFJD at 300 m spatial resolutidrhe modification was to run the simation at

100 m spatial resolution to support detailed analysis of results. Data from the
calibrated modeg|Crown and Butcher, 2018how that flow at the top of the study
section decreased from 0.39shin July to 0.15m°s™ in August 2002. Durig the

same period, flow of the monitored tributaries vatietiveerD.17m’s™* and 0.58

m’s™. Stream temperature of the mainstem vabietiveer9.8 and 28.7C and that of
tributaries variedetweem.5 and 30C. The study section includddur diversiors

that removed on average 0.88s* from the stream for agricultural use during the
summer months. Crown and Butcher (2010) also estimated minor groundwater inflow
betweerrkm 34.55 and 22.

Modifying Input Data

Modifying Air Temperature
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| modified airtemperaturelatain the base case model to represent future conditions

of warmer airThemodification was based on downscaled climate forecastsvérat
conducted by the Climate Impact Group (CIG) at the University of Washington for
climate over the cuent centuryElsneret al, 2010; Mantuaet al, 2010; Mote and
Salathé, 2010)Researchers in CIG downscaled the results of General Circulation
Models (GCMs) for two greenhouse emission scenarios (A1B apér@n the
FourthIntergovernmental Panel on Climate Chagi§ecC, 2007) Both the A1B and
B1 assume the same population growth, fatgthe B1 scenario represeidsver
emissions and cleaner energy technologies than A1B. The CIG group downscaled air
temperature to a spatial resolution of 1/§68& with a monthly time series for several
watersheds in the Pacifidorthwest USA within the greater Columbia RivBasin
(Mantuaet al, 2010; Wuet al, 2012)

CIG did not include air temperatupeojectionsfor a station in the MFJD among

those reported in the John Day River basin. To derive the projected air temperature
from the above clima projections | analyzedorojectionsof air temperature for 10
watersheds near the MFJD (Appendix A) to calculate the change in average monthly
air temperaturebetween the historical data to the projectadelation to historic

values, air temperatutender the A1B emission scenaviould increasd.9°Cin
July-Augustby 2020, 3.2C by 2040, and 5.4C by 2080; whereas under the B1
emission scenario, air temperature would increaséCdbg 2020, 2.3C by 2040

and 3.6°C by 2080. Given the range tifese projectiond,modified air temperature

input data for the base case in H8atirceto account for +2 and +4C increases in
average air temperaturgig. 3-2). Hereafter, the base case air temperature is referred
to as fCarWarmingis2é erred t o a°Caifwaremniagds and +4
referred to as fATa4d4o0.

Modifying Stream Flow

| modified stream flowdataaccording to projected changes to streamflow in the
Pacific Northwes{Hamletet al, 2010, 2013; Mote and Salathe, 20I)e CIG
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estimated that summer stream flow (June to September) could decrease by 30% in

some PacifitNorthwestwatersheds by the end of the 2dsntury(Hamletet al,

2010, 2013; Mote and Salathé, 201®)mmer stream flow for the 10 basins adjacent

to the MFJD may eitr increase or decrea@éamletet al, 2010) Estimates range

from a 20% increas® a 25% decrease for B1 emissions scenario and from a 27%

increase to a 25% decrease for A1B emissions scenario (Appendix A). Thdrefore,

modified flow at the upper end of the study section to accouioftr30% increase

and 30% decrease indischargee r eaf t er, 30% i ncreased fl ow
30% decreased flow is referred to as ALQO,
| did not modify diversions and groundwater inflow. Therefore, flow at the

downstream end of the study section Wwa6-125% for HQ and 780% for LQ

relative to the base case flokig. 3-3).

ModifyingRiparian Vegetation

| modified riparian vegetation featurdatato represent three potential scenarios in
addition to current conditionRiparian vegetation is an portant parameter
influencing the streamb6s heat budget. Tree
vegetation alter the magnitude of solar radiation reaching the stream surface. Crown
and Butcher (2010) generated heterogeneous riparian vegelatami the base case
scenaridrom field surveys conducted in 2002eat Source models the effective

shade from riparian vegetation data that is directly adjacentto the8teama c t i v e
channelThelongitudinal average dgéffective shadéor the base case was 19%h

only afew scattered reachesceeding 50%in addition to the base casemodified

the riparian vegetation in the model to represent three spatially homogeneous
conditions of effective shad€&if. 34). Low effective shade could represent loss of

tree stands along tlemtire37 km of the study sectiafue toawildfire with re-

growth of herbaceous vegetation and small shrubghas®r equal to 1 m tall with

10% canopy density. Medium effective shade could represent a yogngwing

forest whertrees and shrubs have grown to 10 m height and 30% canopy density.
Maximum effective shade could represent a fully vegetated valley floor with trees 30



53
m tall and 50% canopy density along tgire37 km of the study section.

Accounting for topography argtream geometry,calculated a longitudinal average
of 7%, 34%, and 79% for low, medium, and high effective shade scenarios,
respectively Fig. 3-4). Those modifications do not represeabsolute lack of riparian
vegetation othe tallest and densestaipan forest vegetation that could grow within
the study section. In faclll vegetation scenarios | generatedrently exist along
some portions of the study sectiwherenativeshrub andreespeciessuch aslder
(Alnus incang, willow (Salix exigug ponderosa pine and cottonwoadn grow

between 1 nto more than 30 m tall and provide canopy dertbigy exceeds 50%

| ran 36 stream temperature simulations representing all combinations of riparian
vegetation, air temperature, and stream flow (@alllalc).| programmedinew

graphical user interface specito HeatSourcethat automatically handles modifig

input parameters, runs the simulations, and imports relevant output reshtise

two sites along the study section for detailed anabfsssmulation results: an

upstream site at rkm 28 and a downstream site at rkm 14. The upstream site is located
at thelowerend of a lowshade 4«m stretch of the river (effective shadetis0%).

There are no large tributaries and no diversions upstoédnis site. The downstream

site is also at thiswer end of a lowshade &m stretch of the river.

Resultsot he streambs t e mpwereadmparedacetisel heat budg
different scenariod.used the flay average daily maximur@i@ADM) temperatte

along the full length of the study sectitincompare stream temperature resuitse

7DADM is the maximum value of theday running average of the daily maximum

stream temperature for each stream segment along the simulated stream section

(Zwieniecki and Newton, 1999; U.S. EPA, 2003; Pollock et al., 20@930 analyzed

t he st r ea monsthe day thdt theo7lDADMeotcurratithe selected sites

which in allscenaios it wasJuly 14". The 7DADM occurred for most stream length

occurred on this date.
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| present heat exchanges as heat flow (Y/nvhich is the heat fluxWm?)
mul tiplied by the c¢hanneThdwluawendlttdh at the w
compare hat exchange at locations and times for which width differs. Heat flow can

be interpreted as energy change in a unit of water per unit distance travelled.
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Results
Single Parameter Sensitivity Analysis
Stream temperature simulatiosisowed thatiparian veetation had a greater
influence onthe 7DADM (Fig. 35) than either air temperature or stream flow. The
7DADM varied in a range of 9.8C in response to changing the effective shade alone
(Fig. 3-5a).With low effective shade conditions, ti®ADM increagd by up to 2.3
°C andwith high effective shade conditionsdecreased by up to 7°€ in
comparison to the base ca®géth 4 °C warmer air the7DADM increasedy up to 2
°C (Fig. 3-5b), whilewith £30% change istream flow the 7DADM variedin a
range less than 0.8C (Fig. 3-5¢).

The effective shade had greater influence
temperature or stream flowi@. 3-6). Heat input from shortwave radiation decreased
during the daytime by 3,600 Whwith high effective shadeonditions and bg,000

Wm™ with medium effective shade at the downstream &iig. 3-6a). However heat
dissipationincreaseat night low effective shadé&ig. 3-6b). The effect of changing
effective shadevasgreater during the daytime than nighttinkég( 3-6a andFig. 3

6b). Heat dissipation increased witbw effective shadeainly due to modifying

both the nelongwave radiatiomndthe convective hedeading tohigher7DADM

than the base caggonversely, heat input decreased with high effectnagle mainly

due to blocking shortwave radiati@iig. 3-5¢). Furthermore, the effective shade
remained thgreatesfactorduring the dagompared to air temperature or stream

flow (Fig. 3-5c). Overthediel cycle at the selected site, the net heat inputehsed

and net heat dissipation increased as effective shade was higher than the base case.

Stream flow had a minor influence on the overall heat budget relative to either air

temperature or riparian vegetatidfig. 3-6). Changing the flow influenceall

components of the streamb6s heat budget, es
evaporationln LQ scenario, the stream gainedsheatfrom shortwave radiation

during the dayKig. 3-6a) and dissipatelessheatin evaporation and longwave
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radiationduring the nighttime ig. 3-6b)in comparison with base case scendno

HQ scenario, the stream gained more frea shortwave radiatioduring the day
(Fig. 3-6a) and dissipated more h@aevaporation and longwave radiatidaring the
nighttime Eig. 3-6b) in comparison with base case scenafie a resultreduced flow
decreased the net heat dissipation while increased flow increased the net heat
dissipatiorrelative to the base case conditioRiy( 3-6¢). However, the daily
maximum stream temperatur@svaffected by heat budget of the day, in whiGh

scenariadecreased heat gain By and HQ scenario decreased the heat gaBthy

Increasing air temperature, Ta2 or Ta4, increased heat gain by convection and

reduced heat dissipation by longwave radiatielative to the base case (Ta0).

Warmer air increased tliaytimenet heat gaimainly due to reduced heat

dissipation in longwave radiation (Fig:6&). However, warmer air also increased

daytime evaporative hedthe effect of warmer air was also apgat in nighttime

heatbudget;the net nighttime heat dissipation decreased ddedmeasedissipation

in longwave radiation and increased heat gain in convection ({8ig). s a result,
increasing air t e mp edaignethearonshbat dissipattbontb he st r e
a heat gain

The Combined Influence of Modifying Multiple Parameters

The combined influence of modifying multiple parametgresam temperature and
heat budgedliffered from the influence of a single parameter on. The greatest
increase in7DADM occurred in a scenario that combinetCAwarmer air (Ta4), low
flow (LQ), and low effective shade. Under these conditions7yb®DM increased

by up to 2.8°C, compared to 2.1C increase under low effective shade alone.
Conversely, the greaereduction i? DADM was under conditions of high effective
shade, low flow (LQ), and no change in air temperature (Ta0). Under these
conditions, th& DADM decreased by up to 7°€ compared to 7.3C reduction
under high effective shade alone. Furthemmtire resultsshowed thaincreasing the

effective shade mitigated the combined influence of high air temperature and low
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flow conditions and reduced ti®ADM for theentirelength of the study section

compared to thedse casérig. 3-7).

The combinednfluence of modifying multiple parameters was also apparent on the
streamb6s Iskowfourgotantay seanarios of the different effective shade
conditions (base case, low, medium, and high) all und€rwlarmer air and low

stream flow Fig. 3-8). With base case riparian vegetation or low effective shade, low
flow conditions caused the stream to gain less heat in shortwave radiation during
daytime, than the base case conditidfig.(3-8a). The streanalsodissipated less

heat in longwave radian and convective heat because of warmetJader the

same conditions of low flow and warmer air, the stream dissipated less heat during
the nighttime Fig. 3-8b) than the base case conditions. Ovecthaseof a full day

and with low effective shadéhe influence of warmer air and low flow shifted the

stream6s net heat from heat dissipation

effective shade along the study secti on,

air and low flow conditions. Undérigh effective shade conditions, heat input from
shortwave radiation declined during the daytifaig(3-7a) leading to éower net
heat over theourseof full day. As a result, high effective shade was able to offset

the influence of warm air and low fhoconditions Fig. 3-8c).

The influence of stream flow on ti®ADM varied with changing effective shade
(Fig. 39a). HQ decreased ti®ADM and LQ increased thEDADM under

conditions of low effective shade conditions, but diffeesin7DADM caused by

changing flow are small. As effective shade increased and reached about 45%, results

showed thathanging flow had no effect fDADM. However LQ decreased the
7DADM and HQ increased tidDADM under conditions of high effective shade.

The influence of canging air temperature on tA®ADM varied negligibly under

different effective shade conditionsig. 3-9b). Heat input in longwave radiation and

st
t
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convective heat increased as air temperature increased regardless of the influence of

effective shadeonttet r eamés heat budget .

Discussion

This study defined the range of stream temperature sensitivity to the combined effect
of changing riparian vegetation, air temperature, and stream3foeam temperature
was greatly sensitive twhangesn riparian vegedtion and moderately sensitive to
changes in air temperature, while it was ttastisensitive to changes in streamflow.
Riparian vegetation has a greater influence on MFJD stream temperature than air
temperatur®r stream flowResults shown in this studye similar to several studies
suggesting that increasing the effective shadg feplanting tall and dense riparian
vegetation) caussstream temperaturaaximato decline(Cristea and Janisch, 2007;
Groomet al, 2011; Johnson, 2004; Leteal, 2012; Zwieniecki and Newton, 1999)
Increasing the effective shade along the 37kthis studysectiondecreasetieat

input from shortwave radiaticio the stream and caused stream temperataséma

to decline by 9.8C in comparison with low effective shade conditions. Johnson
(2004) found that shading a 200 m stream section decreased the maximum water
temperature by 1C in comparison with the sansedion being unshaded. Zwieniecki
and Newton (1999) also reported that average stream temperature increased by almost
1.1°C due to harvestf the riparian vegetation along 180ahthestream.

High effective shadeffsetthe influence of warmer air otream temperature.
Simulation results showed that stream temperature increased with increasing air
temperature. Wherag@dictions estimate that air temperature will increase-5yQG
throughout the 21st centufMantuaetal., 2010; Mote and Salathé, 201@armer

air would increase stream temperaturgd-2 °C (Mohseniet al, 1999; Pilgrimet

al., 1998; Weblet al, 2003) The addition of heat input to the stream via convective
heat andhe reduction of heat dissipation \@aaporative heavere mitigatedy the
reduction of heat input from shortwave radiation leading to decreased 7DA2ks

at age of 1€l5, on aerage, reach the maturity level to provide the desired shading
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effect Thus, restoring riparian vegetation needs to take platlen advance to

mitigate the influence of future changes in air temperature.

Stream fl ow had a s marhtemperatirdndidepemdedoo n MFJ DO
effective shade conditions. With lete-medium effective shadecreasing

streamflowslightly decreased theDADM in most scenarigsoheat input from

either shortwave radiaticor convectiorwas diluted ira greater watevolume With

high effective shade, ameasing streamflowncreased the 7DADMHQ conditions

increased flow velocity and reduced travel time indhannelReduced travel time

allows les time for heat exchange with the environment. With low effectiveeshad

thisnormally generates less heat gain and, therefore, lower increase in temperature

than LQ. Conversely, HQ with high effective shade genelagssheat dissipation

and lower reduction in temperature than LQ.

We modifiedinput parameters in a uniforpattern (spatially and temporallig

estimatdahest r eamés t emp er abadhangng engimpnent.si veness t
Uniform modifications are not the most accurate representation of a natural
environmen{Diabatet al, 2012; Goosefét al, 2005) For examplerecent studies
reportednortuniform change®f air temperaturever the diurnal cycléAlexanderet

al., 2006; Moralket al, 2011) Warmer daytimeand warmer nighttime conditions

differ in their impact on stream temperature biottm each other and from uniform
warming(Diabatet al, 2012; Goosefét al, 2005) Similarly, spatially homogenous

riparian vegetation is possible, but unlikely. An expansiildfire can remove most

of the riparian vegetation of amtirebasin. Replanting riparian vegetatidrowever

has not usually been accomplished oveemiirebasin.

Uncertaintiesn simulation results are constituted in three major components:
bounday conditions of upstream input and tributaries, inflow from groundwater, and
hyporheic flow. In this study, stream discharge was modified without modifying
water temperature of the boundary conditions. Water temperature of the boundary
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conditions is alsoubject to increase because of air warn(igckson and Stefan,

2000; Mohsenet al,, 1998, 1999)To test this ugertainty factor, | simulated stream
temperature for the study section and modified water temperature of the boundary
conditions usinghe air-waterregressiorequationn Mohseni et al. (1999) and

Erickson and Stefan (20Q@esults of the test simulatiamdicated that temperature

of the boundary conditions had minor effect on the 7DADM along the study section.
However, | did not examine the influence of changing either groundwater inflow or
temperature on stream temperatiigporheic flow could createtal conditions of
thermal refugia especially during the sumrgfmrigoni et al, 2008; Ebersolet al,

2003) The percentage of heat exchange through the hyporheic zone increases as
stream discharge decreag®@tondzell, 2012) Stream discharge along this study
section during the summer ranged between 0.3 tdst.rsing regression

correlation presented in Wondzell (2012), the hyporheic flow in the existing channel
is estimated to range betwee® and 0.47%er100 m stream lengthvhichlead to

the conclusion that hyporheic floemains a negligible factor to influence stream

temperatur@ven when streautischargdluctuate between +30% anr80%

Resultsof this study may be applicabie simiar watersheds where restoration

projects aim to mitigate the impacts of warming climate on small stream temperature.
In comparing the effectiveness to mitigate the influence of increasing air temperature
by restoring riparian vegetation or restoringsiream flow, the benefits from

restoring riparian vegetation far exceed those from restoring stream flow.
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Conclusions

Stream temperature simulations ftoe study section of the MFJBhowed that
riparianvegetatiorhad greater influence on stream tempemthan air temperature

or stream flow. Results alsthowed thathange in stream flow was the least

influential. The study suggests that restoring riparian vegetation where the stream is
poorly shaded has the potential to offset the influence of inogeas temperature.

Any change in riparian vegetation that increases the effective shaddlasigdy

section will probably lead tadecreasegin the maximaof summer stream

temperaturei n t he MFJD. War mer 79ADMinanmatic eased t he
close to 2:1.5. The influence of warmer air remained constant regardless of effective
shade. Lastly, stream flow had a minor influence on stream temperature and did not
mitigate the effect of warmer aldowever the influence of stream flow depended on
effective shade conditions: high flow decreag&RDM under low effective shade

and increasedDADM under high effective shad€heanalysis is one of few studies
that tested the cumulative influence of changing multiple parameters on stream
temperature. Theange of temperature responses showhestudy provides useful

guidance for watershed managers in improving forest management practices.
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Table3-1: Modifications applied to the inpdata

a) Air Temperature

Name Change in Air Temperature

( 4©)
Tao 0
Ta2 +2
Tad +4

b) Stream Flow
Name Change in

Flow
(P %)
BCQ 0
HQ -30
LQ +30

63

c) Effective shade

Name Tree Height Canopy Average Effective
(m) Densty Shade (%)
(%)

Base Case Effective various various 19
Shade

Low Effective Shade 1 10 7
Medium Effective 10 30 34
Shade

Maximum Effective 30 50 79

Shade
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Figure3-1: Map of thestate of Oregon, USA showing the John Day River basin (small map) and the basin of the study site (large
map).

































































































































































































































