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ABSTRACT

Warming trends in neanrface air temperatureass the Soutbestern U.S. have been
observed over the last century and are projected to continue ovecémL2y. This warming
trend will result idecreased snowpack and earlier snowmelt in mountainous basins throughout the
West howeverpredictiors of future precipitation in the Somést are much more uncertain among
global climate models (GEM In this studythe objective was to quantitativaigluatéhe impacts
of projected warmingn streamflowin the Lehman and Baker Creek drainddeesirainages are
located in Great Basin National Rhgt encompasses the highest elevations in the southern part of
the Snake Range in easi¢ewadaThe PrecipitatiorRunoff Modeling System (PRMS) used to
evaluatémpacts of warming on streamfld@®aibration and validation peridaadtotal errors
between 0.6 ark® percent in simulated streamfl@mily maximum and minimum temperatures
for a future 9§ear period were used in the model to evaluate how warming temperatures may affect
streamflow. Dajltemperatures westatistically downscaled and bias corrasiaddaily
projections from the National Center for Atmospheric Research Community Climate System Model
4.0 for four representative greenhouseaaentration trajectorie®s30-year recordf historical
precipitation was repeated three tioves the 9§/ear simulatiomResults fronthe 90year
simulation were divided into threey@@meriods \ater yeard009$2038, 2032068, and 2069
2098)andwere compareamong the four greenhouse g@ascentration trajectorissch that
volumes and variations in precipitation were idestidadhanges could be directly related to
different projected warmitgmperature The study area was sensitive to small increases in
temperature; results inclutfts to earlier snowmelt timing for mearming trajectoriésom May
to April with an increase in winggreamflowFor a temperature rise of°b.Bby the end of the
century, mean annual streamfleas reduced more tha@percent and resulted in aresponding

increase in evapotranspirat@np a significant decrease in peak snowpack and May runoff was



simulated. Reduced snowpack and earlier snowmelt affected tthersimated watersheds by

reducing soil moisture and evapotranspiration in Juluguodt.
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INTRODUCTION

Global climate models (GCMs) forced by increasing atmosphgci@gnCéntrations
forecast waringtrends over the southwestern(UBCC 2011, Baett et al. 20047 his climatic
shift could strain surface and groundwater resources, significantly sdfi€atioigturend
mountain ecosystems in the Great Basin physiographicAegitional pressure is placed on
groundwater and surface wateoueses throughout the southwestised by increasagticultural
demands and population grow@noundwater flow to large basihaquifers irsemiarideastern
Nevada i¢argelyderived from mountain sneweltandmountainfront rechargerhe snowmelt
dynamics in the mountain rangethe Great Basicould be affected by a warming climiéie.
regionof studyfor this researcis themountainousehmarandBaker Creek drainafeBCD)
within theGreatBasinNationalPark (GBNP)Figurel), an areaherestreamflowis highly
dependent on snowpadke majority of annual precipitation in GBNP is in the form of snow at
high altitudes and water supply is dominated by sndRmdit, Sweetkind 201MostGCMs
predict a warming treraver the 24 century withirthisregion andevidencever the last 200 years
show increases in temperatures with high correlatenreaseshow cover over the regiand
surrounding arelmportant hydrologignpactof a warming climateayinclude changes &mnual
runoff, peak runoffand snowmelt timinglerewe use a distributed parameter watershed model to

investigate the futustate of water resourdéeghe LBCD under differemtamingtrajectories
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Motivation

The snowneltdominated hydrology of the mountainous LBCD makes it particularly
susceptible to impacts associated with projected climate waltmirugh future precipitation in
the region is uncertaitiydies of waningtemperaturesn similasnowmekdominatedasinsn
the Southwestern U.Baveindicatecdearlier peak runoff, decreased summer and fall baseflow, and
increased winter floodifiguntington, Niswonger 2012, Dettinger, Cayan 2006, Stewart, Cayan &

Dettinger 2005, Barnett et al. 2004)

A warming trend inearsurfaceaveragair temperatures has been observed ovEirdae
Basinregionover the last centu(flOAA 2013) the most recent warmi(mast 30 yearbas been
directlycorrelatedo radiative forcing caused by anthropoggeienhousgas GHG) emissions
(IPCC 201 This warming is expected to contiimte the 2% century(IPCC 2011)Quantifying
and understanding future climate impacts on the Li8a& only importarfor predicting changes
in strearflow, but also for futurecelogical health ardjuiferechargén Snake Valley. In order to
create reasonable hydrologic estiraatbe local scaladistributedbarametephysicalhbased
watershed model was developed for the LBCD. This mastben forced by downscaled GCM
projections oflailytemperature and historicalilyprecipitation. The modeling effortala
simulation resultmayserve as igference to water managarthe regiormnd thosgotentially

affectedat and near the Great Basin National Park.

Background
The Intergovernmental Panel on Climate Change (IP@€3essment report (2007), states
global average air temperature has increased significantly over the last 100 J6arsaithireear
trend (19082005 of 1.33 1@ EF. Warmingncreases witlatitudes both in historical
observations and simulated results from GCMs. Radiative forcing from anthropogenic emissions of

longlived GHGs is thought to be the domiiheause of this warming, although natural causes may



drive a smapartof this changdPCC 2011)The most important GHGs includartwon dioxide
(CO), methane (CHi nitrous oxide (MD), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs)
and sulphurhexafluorig8ks). Of thesegasesCO:makes up over 7586 the total with Cklimaking

up ~14% and RO ~8%. The relative strengths of each GHG varies greatly, refer tolR0Q07 4

for further review. Major global contributors of total GHGs as of 2004 include:

. Energy Supply (25.9%)

. Industry (19.4%)

. Foestry (17.4%)

. Agriculture (13.5%)

. Transport (13.1%)

. Residential and Commercial Buildings (7.9%)

. Waste and Wastewater (2.8%) (Data f(tdCC 201})

No oabhwN PR

An increase in average temperature over the weStamdWnost of northern North
America have been recorded from a large humber of weather stations, satellite data, and have been
suggested from tree ring patimate reconstructioRrom 1940to around 199%he average
temperatures in these regiomgeaedby 1833.6°F (Karl et al. 19937 decrease in snowpack was
highly correlated to this rise in temperature in the region yeienceBiof the variancen regional
snow coveexplained by the anomaliésnonthly mea maximuntemperaturéKarl et al. 1993)
Tree ring paleclimate reconstruction suggests summer and spring temperatures over mountainous
regions in northwestern North America have been higher in the second haroteheury than
any other period over the last 900 y@darses, Osborn & Briffa 2001, Luckman et al. 1997,

Luckman 1998)

Although neasurface air temperatumsjectionaising GCMs show a generally consistent
increase in temperatures over the next centnsiderable uncertainty existfsitureprecipitation
projectionghroughouthe Southwestvith some GCMs indicating a decreskereas others
indicatingan increasa precipitationThe Coupled Model Intercomparison Project phase 3 and 5

(CMIP3 and CMIP5) GCM ensemble means fr@tiictsignificanincreasein temperature over



the 2%t centuryundermost GHG emissioacenarioPCC 2014, Hay, Markstrom & Ward

Garrison 2011, IPCC 2011, Seager, Vecchi 2840ining this prediction holds true, increasing
temperaturgecould haverofound impacts on snowpack accumulatiahsaowmelt timing in mid
altitudeareagelevations between 6,000 and 11,000 feet above mean séalewetainous

watersheds whevinter temperatures are neaif2ecausa slight increase in temperature would
decrease snow accumulatiBnow acaunulation irhigh-altitudeareas (elevations in excess of

11,000 feet above mean sea ledadjewinter air temperature stay well below freezing for longer
periodsmay be less affected byadlincreases in temperatufbe LBCD contains mairiigh- and
mid-altitudeareasand is expected to be affected more by increasing temperatures and the associated
effects on snopackenergy balance as opposed to the highly uncertain forecasts of future

precipitation.

Analysis obbservedtreamflow for many snowmetiominated basins across the western
US has revealed a shift to earlier peak runoff by one to two weeks over the second half of the 20
century(Dettinger, Cayan 2006, Stewart, Cayaat@nger 2005)This hydrologic shift is due to a
warming trend which has resulted in less snow accumulation and earlierssespaoélily imid-

altitudewatershedduring the monthbetweeranuary and Mar¢hettinger, Cayan 2006)

Climateand stream hydrology in the Lehman and Baker Wagsishedglay a critical role
for local ecologyristleCone Pineshabit an extreme alpine niche in the LBCD and small changes
in climateanayallowotherpineand fir species to encroach andoompete thenThis area also
supplies large fraction of the runoff that either rechdhgelsirger basifill aquifer in Snakéalley
or is used foagricultural irrigatioroundwater flow to Snake Valley is clitamahe Southern
Nevada Water Authority who has proposed extr&@j6g9 acr/ yearto supply municipal water
to Las Vegas, N\SNWA 2008)The LBCDmay be similar to otherountainblock recharge zones
that are undé&in by rocks of low permeabitityoughout the Great Basin. Therefore some

watershed responses here may be positively correlated with changes in othatesshitgin



the regionUnderstanihgthe effects oflimate warmingn the futurewateresarcesn the LBCD

is important forll of these reasons.

A largepartof this thesis involved the development of a distributed parameter watershed
modelto be used as a tool for understanding future water res@tinegslimate impact studies
conductedaverthe western UBaveused lumped parameter or statistical moaelspposetb a
spatially distributed modkkttenmaier, Gan 1990, Flaschka, Stockton & BoggesféS8iT3
from these studigacludereduced winter and spring snowpack, earlier peak runoff timing, and
increased winter floodiegused bg shiftin winter precipitation form from snow to rdinmped
parameter models may be appropriate when data is limitechtarreds that arengagedor at
regional scalekloweverspatial mteractions of hydrologic processetostandthe processes
themselves are often simplifiedrthermorethe processes involved in snowpack accumulation and
energy balance is often sinmggdifin lumpegbarametemodelsThese modelsck spatial variation
for importantprocesses such as spavkenergy balance, evaporation and transpiration (ET),
canopy interceptiongil andyroundwateinfiltration,discharge and storagad runoff Thus
spatial parameterization in modaeisoreimportant for physically diveimad topographically

complexwatersheds such as the LBCD

By usingGCM projectionso forceawatershettydrologianodel, this study will provide
additional insighibto thehydrdogic response due to warming in the reffiche later part of the
23tcentury tiss t u ksulfs should be verified arskffectivenesat predictindnydrologic

impactsevaluated.

Objective, Scope, and Approach
The lesearch objectiveasto assesthe impact dfansient increases of teimperaturen

the wateresourcesf the LBCD oven 90yearperiodfrom water yeard0®32098 A water year



begins October 1 of a previous year and ends September 30 of the year identified. Thus, water year

2009begins October 1, 2008 and ends September 30, 2009.

The studyfocusedn temporal variations and letegm trends isimulategnowpack,
runoff,and ETcaused by warmingo achieve this, a site specific watershed mastiveloped in
ArcGIS10.0 TheGIS model was then used to baitlistributed parameterumericalvatershed
mode] specifically BrecipitatiorRunoff Modeling SystelRRM3 model(Leavesley et al. 1983)
Model calibration andaidatiorwas @neusing hreeperiods ddaily observeplrecipitation,
maximum and minimum temperatamed streardischargéata.The first two periods (water years
195319%5and19931996 were used fanodel calibration antle last periqdvater year80®Bd
201Qwasused for alidationThese three periods were chosen becaudsathegntinuous records
of dailymeasured streamflo@nce calibrated and verified, the model was used to evaluate the
effects of a warming climate ugiogvnscalednd biasorrectedsCM daly temperature
projectiongrom the National Center for Atmospheric ResefEDAR) Community Climate
System Model version 4.0 (CCH{@£nt et al. 2011FourGHG concentration trajectorjefined
bythe CMIP5and the IPCC % assessment repag representatigencentration pathways (RCP)
wereused(IPCC 2014, Taylor, Stouffer & Meehl 2012, van Vuuren et alPR&difijtaion data
from the historicaBB0-yearrecordfor water years97@1999wereusedhree times for water years
20092038, 2032068 and 20@2098for eachmodelprojection to limit the factors affecting the
hydrology ta warming climatdone Results fromlbfour GHG concentration trajectorie®re
evaluated with the mod€he PRMS projectionsereinterpretecait monthly annugland30-year
timescales. Finallihe interrelationamongmajorwaterbudgetcomponentsind theildependence

ontemperaturgvere evaluated



Related Research

Offline couping of downscaled GCM output with a watershed hydrologic e@del
commonmethod for generating reasongintgectionsat multiplenydrologic scal€ésluntington,
Niswonger 2012, Mejia et al. 2012, Islam et al. 2012, Hay, MarkstrorGaiVsod 2011,
Koczot, Markstrom & Hay 2011, Maurer et al. 2010, Walker et al. 2008, Fowler, Blenkinsop &
Tebaldi 2007, Maurdra. 2007, Overgaard, Butts & Rosbjerg 2007, Grantz et al. 2005, Dettinger et
al. 2004, Barnett et al. 2004, Hay, Clark 2003, Grotch, Maccrackdind @@hcept of offline
modeling is simple: use model output of one model as the input for anddlogifeihirom the
practice of full couplingvhich involves feedback systems between two or more models. In,this case
the aim i®valudhgthe effect of projected temperatwto changes istreamflovand ETin the
LBCD. Offline coupling aflownscale@CM output to a watershed model fits this neeedback

between surface processes and atmospheric procetsgondof the scope of thistudy

Theuncertaintyin any on&CM output idargdy caused bthe complexity of the physical
processethatoccur in the atmospherecean, and land surfaaged their feedback&dditional
uncertainty develops among GCMs due to variations in initialization strategies, parameterization, and
different model structures to represent earth sy$gaigating theagncertaintiesvasbeyondhe
scope of thistudy However, a futureorthwhile endeavevould be to usanensemble of
downscale@CM projectiongo better understandCM uncertainties being introduced into the
LBCD watershed moddlhe uncertainty assocahteith watershed modeduch as PRM$often
much lower than that associated with G@dditional uncertaipthat isintroduced when
integratinghe GCM output with the watershed model may be small comjitarée inherent
uncertainty associated whb GCMsSomegeographiancertaintynd biagssociated witBCM

outputresolutionsreduced after downsicgandcorrecion for bias



The two main categories of downscaling techniques are: 1) dynamical daascaling
includes runningragionatlimate modglRCM)driven by boundary conditions from a GCM to
produce finer resolution outpahd 2) statistical downscalimatinvolves using empirical/statistical
relationshipso downscale theoarselGCM data to the spatial and temporal scales bydnelogic
model. A combination tfie twotechniques is also sometimes used. If fine resolution (< 10 km)
climate inputs needed for a hydrologiwodel additional statistical downscaling may be necessary.
Additional statistical downscaling is ofteomplished by relating the downscaled output to one or
more climate stations. Scientists call these hybrid and double statistical downscaling techniques
(Mejia, Huntington et al. 2012he method used in this stuggsdouble statistical downscaliog

weather station in the LBCD.

Dynamically downscaledtput mayproduce more realistic results because they are derived
from RCM'shatare physicigibasedRegional climate models are similar to GCMs as they are
governed by a set of physical equatiofisasuconservation of mass, energy, momentum, moisture,
etc. They typically involve solving systems of linepaieddifferential equations numerically
using dinite-element methodn the downsideghe dynamical method is highly dependent on the
GCM output that is used as the boundemy initiaconditions for the RCM.hey aralso
computationally demandignddynamicdy downscaled projections are camnmonlyavailable for
a wide range of GCMs. Statistical downscaling has the advantageofipeitagionallynuchless
demandingandit allows direct incorporation of observational data (Fowler, Blenkinsop et al. 2007).
However statistical downscaling is highly dependent on the period and quality of historical data.
Statistical downscaling methanay not capture future variability in climate, and it is sometimes
based on relatively short periods of historical conditions (i.e. assumes stationarity, and may not
capture historical extremes due to limited red@ydamical downscalitigerefore make betteat
captuing changes in future hydroclimatic conditessjminghat the GCM and RCM preserve the

correcttrends
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Although the relation between changing climate and future hydngfagitsmay sound
simple, analyzing this connection is cexguid varies on a site specific bhkidrologic impact
studieghatintegratedlownscaled GCM outphave beedoneacross the U.S. and the world
(Rajagopal et al. 2QHay, Markstrom & WarGarrison 2011, Islam et al. 2012, Mejia et al. 2012,
Huntington, Niswonger 2012, Koczot, Markstrom & Hay 2011, Walker e8 aDefidger et al.
2004) Althoughmanysuch analyses have been repdieedf any have utilized a standard in model
choicedevelopmentalibration, alidationGCM selection method, aGLCM downscaling
procedureslypically the modeling approactédsided on a site specifasisAdditionally multiple
methods are available to setbintateprojectionsGCMs, downscaling techniques, timelines, and
datasets for model parameter estimation. This does not include the fact that modeling locations have
avaryingecord of quality historical observatifmn<limate andtreamflow (or other objective
functions such as snowpack water equivalesee for calibration and validatiéfi of thesdead
to difficult comparisamamong thevarious studieMary possiblaifferencesesultnot onlyfrom
physical variations among watershatalsofrom the multitude oflecisios needetb successfully
implementlimate projections intoveatershednodel Although difficult to compareachwell
thoughtclimateintegrated watershed mogedvides valuable insight into potential effects caused by

a warming climate

Despite the variations in modeling approaches and implemenitafiortant findings
have emerged among studies invoatgrshedsf similar scaldocality, anghysical
characteristic€omparisons for this study atberwatersheds that encompig to highdtitudes
andare snow dominateldieallythe model results from the LBCD would be best compared to
watersheds theGreat Basin thdtaveasimilar climatand geology.ifkdings from similar studjes
primarily in the Sierra Nevada on the western end of the Grean@&@aden LA decrease iannual
snowpack as temperatures #Ascreased winter runoff along with earlier peak rursoftirey in

water scarcitgnd reduced soil moistuindate summer growing seasansd 3 Increased potential
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evapotranspiration (PET) amdl increase #ctual evapotranspiration (AEUHensoil moisture is
availabléHuntington, Niswonger 2012, Mejia et al. 2012, Hay, Markstrom &%#esbn 2011,
Barnett et al. 2004, Dettinger et al. 200#)se results ageneallyfrom studies usingpth lumped
parameteor statistical modedsd more complex distributed paramemerintegrated surfacater
and groundwatenodelsintegrated surfaceaterand groundwatenodelsggenerally produceore
realistiadesults, espally in watersheds that contain a large variety of physical characteristics

pertaining to topography, sgiologyandvegetatiohland cover.

STUDY LOCATION

Introduction

The LBCD is located on the east slope of the Southern Snake Range and&dedias to
Valley Runoff from he LBCDis used to irrigate cropland in Snake Valley. Some of the runoff
becomegroundwater recharge to the béifliaquifer in Snake Valley whetasbis extracted for
local irrigation or follows the clogedionaflow s/stermorthwardio the Great Salt Lake Desert.
The study area is situated entirely within the GBNR mostly unpopulated except for a handful
of residents who work or live near the Lehman Cave visitor wéinthris near the drainage ostlet
of the sudy ared.anduse is not expected to change significantly over the modeling tinué frame
the next centuryrhedrainagarea includdsghaltitude alpinaundra andorests (including
bristlecone pine), coniferous forests (fir, spamckpineand deiduous forests (e.g. aspgmiper
pinyonsagebrush woodlamdeadows, lakes, springs, streams, and delicate karst eq@aystiems
Sweetkind 2014glevation in the study area ranges fi806L ft. above man sea level at the top

of Wheeler Peak &700ft. near the streagageon Lehman Creek.



12

Hydrogeology

The geology of the study area creates a complex framework for water routing between
surface and groundwater systdPngdic and Sweetki(@D14)classified five hydrogeologic zones
within the LBCD based on topography, geology, climate, surface runoff, and groundwater. Namely:
(1) mountain upland; (2) karst limestone; (3) upper piedmont; (4) lower piednidntadiey
lowland Here the focus the firsttwo zonesbecausthe upper and loweipiedmontandvalley
lowlandzonesare downstream of the stream gHgsdsare locategear thgparkboundaryKigure

2).



13

114°20'W 114°15'W 114°10'W 114°5'W
T T \ | L
39°2N |- o Valley =
I = ! lowland
) el pleamon
Bald \ 2 p] :
Molntain ~ o ——X Rowland T )
= - e oNLehmantCreek: . ‘\ Spring Baker
=Stella S & S SC(m A ] A
Lo g o LI W - , \ o~
o ,’ B)ouﬁl 7 Cave v / st A~ i
39°N | & 7;*? b 240/ yeft Dayi T B e ; -
e By PEak == - he Narrow: Dl Lower \
_______ e 0 A Kious iedmont
Whegler. —-== Mountain upland Karst Sprine s

38°58'N =
Great
Basin Nevada Utah
Ve, romid National Map
Park Area
38°56'N =
1

Shaded relief base sourced from ESRI ArcGIS Online Map
Service http://services.arcgisonline.com/arcgis/services: .
ESRI_ShadedRelief World_2D. Hydrology sourced from 0 15 3 6 Miles
1:24,000-scale National Hydrography Dataset, 1974-2009. 1 1 | 1 1 1 1 1 |

|
0

Place names sourced from USGS Geographic Names Information
System, 1974-2009. Great Basin National Park boundary sourced
from Bureau of Land Management Surface Management Agency
dataset, 2003. Universal Transverse Mercator Projection,

Zone 11, NAD83.

15 3 6 Kilometers

EXPLANATION
Drainage area Great Basin National Park
Quaternary glacial deposits ="~ Profile of mean annual precipitation and mean temperature (1971-2000)
Hydrogeologic zones
@ Spring

Mountain upland

A  Streamflow gage
Karst limestone

Weather Station
Upper piedmont
Lol Natural Resources Conservation Service snow course site
Lower piedmont X . i i . .
3 National Weather Service cooperative station—-Great Basin National Park

JONEE 64

Valley lowland 0 Baker Flat automated meterological station

Figur@ Map of the study sineaving hydrogeologiocatieats of weather stattbaseflongages used for model
calibratidifPrudic, Sweetkind 2014)

Starting in thenountairuplandzone geology consigtsimarilyof Precambrian and
CambriarProspect Mtn. Quartzite which is massive and relatively impénesosoic granite
intruded into the area during uplift of the Snake Range and outcrops primarily along the southern

partof the Baker Creek watershed. Alpine glaciations beginning in the Pleistocene and continuing



14

until the present has carved a large cirque in the Lehman Creek drainagghapedavdlley in
upper Baker Creek. Glacial deposits of boulders and outwasieadethroughout the study area
and in as ground moraines in the upper parts. Small ponds formed from ice scour are found in both

watersheds including Baker, Teresa, Stella, and Bak&ss L

The highaltitudearea (primarily alpine tundra) in the manniplands cold wet, and
steep; it consists of little or no vegetation or soil. When precipitation falls here it is mostly routed as
surface runoffOnly shallow, minor groundwatiew occurswithin thisareaAt slightly lower
elevationswithin the nountain upland, glacial deposits and some alluvium offer minor groundwater
rechargéhroughmacrdractures andoarse sedimenforage ismallbecause afhort flow paths
caused by the steepness obtbpesandt he s ubsur f ac e is pstrictedd byshallowo d y 6 s
andimpervious quartzite and graniteudic and Sweetkilf@014estimatedn average only 2
percenbf incoming precipitation to tmeountainupland zone is routed as groundwater flow to
spring dischargevherea®5percenis lost to evaporation and g&rcenis routed as surface runoff.
A conceptual diagram illusingtthe geology and flopaths in thenountainuplandzoneis shown

in Figure3.
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Middle CambriaRiocheShale and Tertia@ranite separate theountainrupland zone
from thekarstlimestoneone The karstimestoneone is moist and cool, moderate in altitude, and
has moderate to steep slopeis. dbmposed dhin deposits of sl glacialandor alluvial

sediments abowarst and fracturediddle CambriaRole Canyohimestone The thickness of the
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sediments within this zone ranges from b@a@ thar200ft. and is generally thicker at higher
elevationsvhere the drainagesaris wide with lavtopographic relieThe underlying limestone

has undergone long periods of dissoluthan hagesulted in abundant caves and large tubular
openingsvithin the unitThis zone is also distinguished by losing stream reaches ombath Le

and Bake€reeksiear the upper end and gaining reaches neardteendGroundwater flow

occurs both in the glacial and alluvial deposits and the underlying karst limestone. The glacial and
alluvial deposits are typically unsaturated excegitiodeavhere the underlying granite is near the
surfaceThe granite intrusions direct shallow subsurfacénflomestone upward into thelatively

thin glacial depositfigure3). Thekarstlimestonéias suffiient permeability to drain the alluvium

particularly near the mountaipland zone

Where granitic intrusions or shale contact the limegtonadwatefiow is diverted
towards théandsurfaceandaround these low permeability bodibss often rests in spring
discharges within the LBC®.g. this occurs at the boundary betweandhbatairupland and
karstlimestone zoneStream loss from Bak@reekis routed northward through the karst
limestone where it dischargeR@awland Springist south bLehman CreeffFigure?) (Prudic,
Sweetkind 2014 he interconnection slurface and groundwatiew within the karst limestone is
quite significantomplexand has lem studied in detail by Prudic and SweefRDit) Thekarst
limestoneonereceives abo® percentf its inflowasstreamflowfrom themountairuplandzone
streamflowwhereas about 18 percehinflow isfrom direct precipitation, addercenis routed
from spring or shallow groundwater flow through alluvial deposits beneath the/stteaceptual

diagranillustrating the geology and flow pathithekarstlimestone zonis shown irFigured.



17

Southwest Northeast

Mountain-upland zone

Karst-limestone zone

SO
e RS
M\\\R\
Ry, iy
TS
R A R e NN

Upper-piedmont zone

o 7 S

WA *\\ QUL > Vs _
I, Sy e S o= L= s .

Pl Ny = N o

PR S NN S S P SRS PR SN

R = NSNS NN S OO, \\"\\a\\\ -

D R e A e R A A \\\ \

AR S ===k N ~—

1731733731 7zs323325323323%2> \ \.\ =

PREPVES VRN WED VRN WEY VY WYY 2 \\\\\\-“\\

YRR A YA A Y S \\\\\\\\ b

L S S S R e Y =

FRNPZRNAINGAS WAL AIGAR ARy A E ~ . i

D I T T T T T SN >

V== = e = e = e = e 2 e = s = = N\\\‘ :#\\\

sy = =a = === == 1= n S ~
£ Ed Ed Ed e £ Ed Ed Ed Ed

FRY PR GZFTRZWEFRYWPR WP PR PRy S \\‘\\\\\\

43 st s it A Aty A L

S R R S S R T o S = e = = \\\\ § \ \\

sy l=a =t s L= Y sy = n \ \\ \
17233735230 725% 2302302532532 '\\\\\\\\\\\\\\\\
m//:”5‘“//:”4’“//:”4‘\(/:”"“//:"’/“//:”"“//:"’f“//:””“//:”ﬂ“ LYV \\\\\\\\\\\)\\Q
PSP PSP PSP PO P POl \\\\ \\\\\\\\\
AN AN PN P VAN AN AN PN AN %

o Xy My Ny Ty Ny Wy Ny Wy Vi v /,_.fr,,_!f \\
W= A=A E W E W E W E W E W E W E =, V= WERE

=== s = s === === \\\\\ \\
172sizs32302zs0230253233253 2> 323323023020 \\
“,,szy“,,z"a“,,z".v“,,:ffa,, LV N A VN “/,z"-fr“/,zl’!f“/,znﬂ“/,z"-fr“/,z . \\\
===t = ==y =ﬁt=ﬂ=f=
{2s%+s%-~%- Diagram not to scale Festestestiontontes

By Wy Wy [P P P
O e W=t o= e S e = tis = \\/’f N
AN DA MY RN RN RN AR L= s == = -ﬁ.“,
A S S S R Iy 123873 zs 23 2 2502502

EXPLANATION

Glacial and alluvial deposits southern Snake Range detachment fault

Undifferentiated older deposits Precipitation

[ 1] —_—
] —
- Fractured quartzite ==  Evapotranspiration
== —

Shale Runoff, length proportional to flow rate
Rl .
S Limestone = = Watertable
Granite —»  Subsurface flow path above water table
Cave filled with air ———> Groundwater flow path
W Cave filled with water e Spring

Figurd Hydrogeologic profile of thmkatshe z@hedic, Sweetkind 2014)



18

TheSouthern Snake Range Detachn&®)(faultmarks the lower boundary of #tast
limestone zone with thpperpiedmont zone. The SSD does not exactly align with the downstream
model boundary but it is clodee tmodel boundary actually lies totally within thelikaestone

zone.

Surface Hydrology

Lehman and Baker Creeks are located on the eastern side of the southern Snake Range and
drain to Snakealley.The Lehman Creek watershed is on the north sitfeedler and Jeff Davis
Peaks whereas the Baker Creek watershed is on thedsofidure2). Streamflown both
watersheds is dominated by snowmelt and is strongly influenced by climate and geology. Streamflow
has been measured periodically at two gages since 1947. Periods of continuous records are: water
years 1941955; water years 1893897, and water years XA O(Figure5). Streamflow at these
gages representg tbum of all snowmelt, direct precipitation, interflow, and groundwater inflow to
the streams (from springs and diffuse groundwater seepage along the streambed) minus ET.
Streamflow measured at these gages also accounts for some streamflow loss tergvehindwa

upstream of the gages occurs primarily in thelikagstone zon@Prudic, Sweetkind 2014)

Because of similar topography, location, and climate, Lehman and Baker Creeks share similar
snow dominated hyalgraphs over the period of record. The majority of melting occurs during
spring and summer; the highest flows are recorded between May and July. Lowest flows are typically
between December and February because most water is in the form of snow er @edRdias
a larger range in streamflow compared with Lehman Creek, especially during MaRaid June.
creeks los andgain flow aspecifidocationaupstream and downstream of the gégyeslic,

Sweetkind 20)4
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Climate
The study area has low relative humidity anddiargelitemperature fluctuations typical of
areas in the Great Baslimelarge topographic relief within the study igraanajor factor in the

local climateslimate varies from dry and wamhow elevationis Snake Valley tget and cold in
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higher altitudedhis topographic gradient often creates spring and saomdéonsvhere snow

has not melted at high altitudes yet it is hot and dry downstream near the strédeagayesial
pregpitation ranges from less than 8 inches on the valley floor of southern Snake Valley to more
than 32 inches on top of the highest peaks stulg areand is based on averages for 2000

(PRISM Climate Gup 2014)

Most storm systems in the study area are brought from westerfyomndsvember
through April thatarry warm moist air from tRacific OcearMost moisture carried from these
systems is lost as the air cools and condenses over thepegst $ie Sierra Nevada where it falls
as precipitation. As the remaining moisture descends the Sierra Nevada Range compression and
warmingproduces drier conditions in the valleys of NV. This same effect occurs throughout the
BasinandRange Provinda NV, resulting in snow accumulation in mountain rahgewy winter
such as the Snake Raflgen other storm typessooccur in the study area: continental storms and
convective thunderstorrftdoughton, Sakamoto @ifford 1975) Continental storms occur when
low-pressure systems build over Nevada and Utah along colth&batanfluenced by polaair
masses brought by northerly wir@snvective thunderstorms ofteatur in late summer and fall
causing intensainfall for short periods over the study.aheaaverage of 40 days per year (between
May and September) experience thunderstorms with more than 20 during July afithéssgust
storms develofsrom moist aimoving northward from th@ulf of Californiaandthe Gulf of

Mexico(Houghton, Sakamoto & Gifford 1975)

A weather station near Lehman Caves (altitude of 6,850 ft) has been operated as part of the
National Weather Service cooperative program sb@@\ésten Region Climate Center, 2011).
Two highelevation precipitation gages in the Snake Range (one located on the west side of Mt.
Washington, altitude 10, 440 ft and the other northwest of Mt. Moriah, altitude) H808 liieen
operated by the U.S. Geatad Survey (USGS) from October 1984 through 2011 (data published in

the USGS Annual WatBata Reports for Nevadatip://waterdata.usgs.gov/nvjnvesécipitation


http://waterdata.usgs.gov/nv/nwis/)
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from these higlelevation gages dmaélk measurements taken biannually, typically in May or June and
again in October or Novemi@rudic, Sweetkind 201%hree snow courses in the Baker Creek
drainage have been used to estimate the annual srengetke winter of 1942 (Natural

Resources and Conservation Service, 3oibly. water equivalence (SWgEneasured annually at

the end of March dyeginning oApril. Figurel shows théocations o&ll weather stations

mentioned.

Meanmonthly climate for the periodS82013atthe weather station near Lehman €ave
is shown irFigure6 (Western Regional Climate Center 2@ithpugh no longerm temperature
data has been collected at the highest elevations in the Park, Reinemann et al. 2011 calculated the
mean annual temperature at theofofyheeler Peak to be 298 The mean winter lapse rate
during 20032009 between the valley floor near Baker and Wheeler Peakkvper214000 ft. and

mean summer lapse rate wasRBer 1,000 fiReineman et al. 2011)
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Figuré Mean monthly precipitation and tempesdiatioaal Weather Service cooperative weathehstati

Cave¥isitoiCented 95@2013 (Western Regional Climate Center 2014)
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Precipitéion in the study areadhitudedependent withigh-altitude sites getting much
moreprecipitatiorthanloweraltitudesitesMean annual precipitaticanges frons.2 in. at Eskdale
(water years 198810)on the valleyloor, 13.2 in. at Lehman Caves (water year§ 11988 1949;
and 19532010), 17.9 in. at the gage on top of an unnamed peak northwest of Mt. Moriah (water
years 1982010), and 25.4 in. at Mt. Washington (water yea820@98fMean annual
precipitatiorof the highaltitudegages were divided into summer (@gteber) and winter
(NovembetMay) and compared with comparable periods for weather stations at Eskdale, Utah and
LehmanCavesKigure?). Mearwinter pre@itation for water yeat®8%2010 increases
dramatically from 2.8 in. at Eskdale, Utah to about 20 in. at tadtihiglkgage on Mt.

Washington, whereas summer precipitation is nearly constant thetlogealtitudesites inrSnake
Valley and adjacdnighaltitudesites in thsouthern Snake Ranghis seasonal shift in
precipitation isaused bgnoist air moving up from the south parallel to the mountain ranges and
when combined with rising air from the heated land surface results in geneigligreigiesl of

precipitation in the mountains and valleys.
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Figurd Variations in mean winter and summer precipitation at yalyindealtitxdases from 4,984 fee
meanadevel at Eskdale to 10,440 feet at Mount Vgaghgugtbfor station locatiBnsdic, Sweetkind 2(

Analysis of temperatures over the region surrounding the LBCD has shovtermlong
warming trend over the period 188%12 Anthropogeni&GHGs likelyhave contributed to this
warming mice around 1970PCC 2011)The mechanisms for the significanteng warming in
the region are not exactly kndwur could be attributedagtially to anthropogenic souroeso a
large scaldimatic shifsimilar tothe medieval warm perid@legional mean monthly and annual
temperature data was collected from the Nation
climate divisiondNOAA 2013) The ensemble mean was calculatedcfon8te zones: NV 2, NV
3,and UT 1Figure8). A MannKendallnon-parametric testas calculated estimate warming

trends for annual mean and monthly mean temperaturéseregion Tablel) (Kendall 1975)
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The ManrKendall test is calculated on a sequence ofodatdro [ ¢ wherek represents the

data point at time k, and n is the sample sizetrdinistests calculated as follows:

whereSis the Mani#Kendall statistic; a largin8icates an increasing tresntiS near zero indicates
no trend and a large nega®edicates decreasing trenth Tablel D is the maximunaalue ofS
andT is the Kenall correlation coefficiemtefinal as the ratio o8to D. To calculate a probability
associated withand the sample sittes variance @is first calculated followed by a normalized z
scorewhich can be used to find the associated probaliktyrobability wasalculatedsing the
NORMSDISTunction in Microsoft Excel assumaingormal distribution with meaaroand

standard deviation ofhe.

Figur® Map of NOAA climate divisions used to test historieidgarming
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Tabld ManAKendall trend test results on mean annual and monthly air temperature near study area

Variable Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

S 746 680 1722 740 2744 1216 1716 1550 1908 1152 408 6% 2628
+ 0.11 0.10 0.25 0.11 0.40 0.18 0.25 0.22 0.28 0.17 0.06 0.10 0.39
F(z) 096 0.94 099 096 1.00 099 0.99 0.99 0.99 099 0.83 0.95 1.00

Increasing? yes no yes yes yes Yyes yes Yyes yes yes Nno yes yes

*a<0.05, n= 118 for Janary througiNovember 117for Deeemberand Annual

Much of the winter precipitatiamthe alpine regiortaltitudes greater thaf,200 ft.)

accumulates asav beginning i@ctober or November and continuthgough Marchhowmelt

usually begins Bypril and continues intihe sunmer, with snow at the highest altitudes melting last.

Snow can remain in somath slopes anklighaltitude areas throughout the y&his has resulted

in a gerennial ice field mcirque on the north side of Wheeler Redke Lehman drainafferudic,
Sweetkind 2014 significant trend (Marid e n d a | 0) to@ards les8 snGmater equvilence
(SWE)measured in inches or near Aprildat t he Natur al Resources
snow course &laive toannualvinter precipitatiom inches from October through Magttthe
weather station at Lehman Caves Visitors Geagtdeterminedor the period 1962012 Figure

9). Location of snow coursandthe weather statiaareshown inFigurel andFigure2.
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Figur® Ratio of annual winter precipitataires (October throughatlaetiman Cavestawater equiva
(SWE)in inches measun@dneakpril 1st at Baker Creek snavge #2

METHODS

PRMS ModeBackground

The PrecipitatiofRunoff Modeling SystefRRMS)s amodulardistributed parameter,
deterministic, watershed mofiedf releaselly the USG$ 1983 Leavesley et al. 198F)e
mode& mainfunction is tesimulate theffects of various combinations of precipitation, climate,
and land use onatershed response. Response to normal and extremeoranéaimelt can be
simulated to evaluate changes in walance relations, streamflow regimesyatgt relations,

ET, snowenergy balancand other procesg@garkstrom et al. 2008)
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Model parameterization and discretization is distributegredeterminetlydrologic
response units or HRUs. These units should represent areas of similar physical characteristics
because they aassignetheir own seof parameterglmost alhydrologic processtsat comprise
thewaterenergy balande PRMSare computed aach HRUusinga daily time stepxEess water
is then rouwtdto adjacent HRUs usingascadinfow method or directly to the nearest stream
segment. ThereforelRU discretization choice is a large factor on the outcome of PRMS
simulationsTraditionallyHRUshave been delineated as polygonsdhedsent areas with similar
physical characteristics. Another method is to use a uniform gnigbdiitm or high resolution as a
set of HRUsFigurelOshows examples of bdifpes of discretization methoésuniformgrid was
used for this stud@ne benefit of usingniformgridded HRUs is that it makesding PRMS to

MODFLOW usingGSFLOW easier, if the need to do so afdaskstrom et al. 2008)
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Figura0Example of PRMS HRU discretization (ivettksttom et al. 2008)

Climate variables such as precipitation, maximum and midé&hgemperature, and solar
radiation (observed or estimated) constitute the mairdmmrsto PRMS(Figurell). Some
optional variables such as precipitation fordpan evaporatiocan be used if dadaeavailable.
Thecurrent version of PRMS (3.05) has a myriad of output variables available. Some of the most
commonly used output variables inclbdsinrunoff, nterflow, overland runoff, groundwater flow,
PET, AET, SWEsnowmeltandsoil moistureThese variables are available over basin wide, sub
basin widepr HRU specifi@areasThe ability to view simulated variables at a specific HRU is useful

for calibrabn when comparing simulatedultso measurementg a weather station stream

gage.
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Figurd1 Conceptualization of PRMS processssrwgédid flopathgMarkstrom et 2008)

The routing of water in PRMSes a sequence of reseryeingch represent a volume of
finite or infinite water capac{figurell). Water isoutedandcontainedn variougeservos in
each HRUor smulation of flowET, sublimationor groundwater losd/aterflow in PRMS
consists of simulated surface runoff, interflow, and gwated discharge to a stream or a lake.
Groundwater can also be lost to a conceptual groundwater sink. Water thatbiate dieea

stream will exit theatersheavithin one daily time step.
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Majorprocesses in the hydrologic cgaleh asnowpacienergy balandeT, canopyinterception,

andsoil processese calculated in PRMS using vasgatems diunctions derivettom physical

laws or empirical relations with measured or estimateth#atanctions representing physical
processes in PRMS utilize many paranteétese input by the model developer. Most of these
parameters are calculated froeasuredr estimatd spatial data, although some may come from
theliterature. Some parameters such as soil type are needed for eablerd&0ther parameters
arenot spatially distributed but depend on temporal dimensions such as the month or JAlian date
basic desiption of PRMS processes will follow, for an in depth description on all PRMS
calculationghe reader is referred to the GSFLOW and PRMS documenr{fdokstrom et al.

2008, Leavesleyatt 1983)

Snowpack accunatiion and depletion is computed at each HRU twice daily fb?-hear
periods representing day and night. Snowpack is compthedasis dboth waterbalancend
thermal conditionm a conceptualynamideat reservoiF{gurel?) (Obled, Rosse 1977The
conceptual snowpack contains two layers; an upper layer representirig3tie (885 cm), and
an underlying lay&Snowpack begins whemegipitation is distributed as snow on a HRU
accumulation occuos any existing snow that was deposited earlier. If the snowpack is below 32 °F
anyadditional snow precipitation will be accumulHtdte temperature is abdveezing for 5
consecutivdaysor the Julian date reaches a user defined melt forteedadek enters a melt
phaseThesnowenergyalancés representess thesum of net shortwave and longwave radiation,
sensible and latent heat losses from the snqvapacthe heatontentof precipitationNet
shortwave is estimated using incoming solar radratiars albed@nd a canopy transmission
coefficient, and longwave emissions from clear skies and from the vegetatidberesilojeyand
latent heat losses from the snowpackarputed as the product of a monthly coefficient and the
mean air temperature. Heat transfer occurs between the two snow layers when the surface layer is

less than 32 °lSnow covered area is calculated ésidgrson'§1968) real depletion curneven
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subroutinesireused to calculate all components in the PRId8energy balance processes, for a

more detailed explanation keavesley, Lichty et @983)

Incoming

Heialt of_ shortwave Latgnt and
precipitation radiation Longwave sensible heat
radiation
l \ from air ﬁ +
Longwave T
radiation

from —

canopy Longwave

radiation
from
Reflected snow

shortwave
radiation
/ Surface layer

S ___,\_.—————————snowpack
Upward or downward

conduction between layers Lower layer
snowpack

Sublimation

My

Snowmelt

|

Conduction
assumed =0

Figurd2PRMS conceptual snowpack energy balgiMarkstiemadical. 2008)

Three methodareavailable testimatd’ET in PRMSamodifiedJensen and Hai§E969)
method washoserfor this studyThis method calculateET daily at each HRU usifiga
specified monthly air temperature coeffic{ghdaily mean air temperaty,an air temperature
correction for saturation vapaessure differences among HREnd4)daily solar radiatio8olar
radiation at each HRU can be estimated in PRMS if data is not available. A modHdsy degree
method was used to estimate solar radiation that depends on slope, aspect, and the daily air

temperature_eavesley et al. 1983)aporations derived from(1)the uppepartof PR MS8 s

S

Oi
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zone(2) canopyinterception storag€)sublimation(4)impervious surface a(t)lake

evaporation. Transpii@n rates depend on vegetation type and elesgdtachHRU (Markstrom

et al. 2008, Leavesley et al. 198B)al ET is calculated from PET but constrained by soil water
contentldealy PET would be estimatédm solar radiatigrairtemperaturevapor pressurand
wind spee@xplicitly, asdonein the PenmeMonteith equation. However, problemesur when
attaining projections of these variables from GCMs, and all PET methodsh&verigeto have

uncertainties’henusedwith climatechangerojectiongKingston et al. 2009)

The current version of PRMS (3.05) conceptualizes the soil zone as three tieservoirs
preferentiaflow, gravty, and capillary reservoirie three reservoirs allow simulation of various
soil hydrologic processes that occur at diffaratercontent thresholds. In the capillary reservoir
water can be lost to ET mutedto the gravity reservoif.he prefematialflow reservoir can lose
water to fast interflow pif the soil idully saturated, surface runiaffown as Dunnian runoff
simulatedWater in the gravity reservoir contributg¢4)slow interflow(2)flow to the preferential
flow reservoir(3) replenishment of the capillary reser¢djgroundwater recharge, 46§

Dunnian runofiMarkstrom et al. 2008)

Surface runoff in PRMS is conceptualized as ldibin@mian or Dunnian runoff.
Hortonian runaf occurs over an area oftdRU (defined by a contributing area parameter) when
thecanopythroughfall and snowmelarpass thgpecifiednaximunsoil recharge raite a HRU
Thecontributing area for Hortonian rungdfcalculated using either a line@ootinear function of
antecedent saihoisture contenthe nonlineamodulewas used for this stu@arkstrom et al.

2008)

Feedbacks between the groundwater reservoir and the soil zone are limited in PRMS
simulationsGroundwatein PRMSan be routed tstreamflowa downslopkelRU, or to a

groundwater sink where the water never returns to the Systenate of groundwater fluxes from
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one reservoir to another is independéthie groundwater head in the cgptual reservoir area
GSFLOW which couples PRMS with MODFLQWbes much better at realistically simulating

groundwater interactions with the soil zone and groundwater flow in(§éembsttom et al. 2008)

Themodularity of PRMS results in essential and soresaential processes beiagily
available for any individginulation(Leavesley et al. 19®)me processgor examplelimate
distribution have severanodules availablBhe modeling site, data record, and spatial extent will
decide which climate distribution module to chdoaenodel domain is relatively sraadonly
has oneweathestationone must choose themp_1staodule to distribute temagure from the
station to each HRWowevermodule areavailable fotwo weather stations ande that
distributes temperature and precipitaiging ahreedimensionainultiplelinear regression
approach (monthly lapse rates ithedledimensionsra used as regression coefficiefits
temp_1smaodule was used in this study because there is only one weather statiofsanzlable.
processes lilgroundwater flownly have one module available in PRMS and it is essential to use it.
An example of aon-essential moduigthe cascading flow moduléis moduldistributesiow
from anHRU to surrounding HRUas opposed to directly to a stream segment. If a modeling
domain is relatively large and contains many HiUsascading flow module becomgsrtant.

The cascading flow module was used in this Stuidg.modules are designed to be used for
specific cases to analyze a specific concept or probfenexample of a specific concept is the
stormchanneflow moduleghatcomputes flow for eadtream segment during storm events using

kinematic routing, reservoir routing, and sediment trafSjaokistrom et al. 2008)

Model Development
Model development of the LBCD study area was accomplished usgrgzhge
information system, specifically ESRI ArcGIS 10.0 to visualize the LBCD and to derive parameters

for PRMS. The first step wiasuse the\rcGIS spatial analyst extension tool for watershed
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delineationT his tool involves two inputd)a digitaklevation model (DEM) aif@)the locations

of watershed outlets, also known as pour points. Watershed pour points weatthbastezam

gages to allow for accurate model calibraatidation and hopefullyerificationin the future.

Three streamages were used, one on Lehman Creek, one on Baker Creek, and one downstream of
Rowland Springrhese stream gage locations lie downstream sufficiently of the upper reaches of the
watershedare near the GBNP boundzamd are near the end of the khnséstone zoneThe three

pour points were used by the watershed delineation tool in ArcGIS teut¥batins for Lehman

Creek, Baker Creek, and Rowland Sgrivgresulting model area for émtire model domainas
aboutl8,273 acres or.B&quare milesndividuallyBaker comprised 10,574 acres, Lehman 5,839

acres, anBowland Spring),885 acre3hethreesubbasis have streams that wateo developed

using spatial analyst tools in ArcGIS, inclualihgot limited tdlow direction, flow accumulatio

andstream link(Figurel3). Detailednstructiondor creating a conceptual model to be used for

PRMS parameter estimation can be found on the USGS Modeling of Watersheds website, under the
subcat egomtriyomd nfsarr uGSFL OW MU.8.&kologicalBurtey 2013 par at
Streamsreated in ArcGIS lose some resolution when making them compatible witih RBOAS.

m grid was created and overlaid ovestildty areto discretize PRMS model parameters; the grid

cells represent PRMS HRBasin subbasin and HRWdelineationsvereused to constraimany

parameters used BRMS(Figurel3. Although asubbasin wasreated for Rowland Spring, it was

not investigated further in this stiodyause the spring is larglelyendenvn groundwatetow

from streamflow losses aloBgker Creek through karst limestibra¢was notconsidered in

calibration othe currenPRMSmodel
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Themountairupland zongvas divided into three distinct armashe basis dltitude
rangesnd were used topresent three largely differargas oflimate and vegetati(frigurel4).

Theseareagonsist of an alpireegabove 10,200.f6,834 acr¢sa subalpinerea9,55@10,200
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ft.; 3,007 acsp, and a mixed conifarea7,50@9,550.; 7,606 acr@¢sTheareasvere createib
investigate model respamisaused by differences in climate and vegetatbomceptual profile of
theseareasvithin the mountairupland zone along with therepiptation runoff, streamflow, and
groundwater flosestimated biprudic and Sweetki(@014)s showrin Figurel4 ET for each

area is simply the difference betweetigptation and runoff.

West East
14,000 Mountain Upland Karst Limestone [
Alpine— 5,800 acres Sub  Mixed conifers—7,600 acres  Pinyon Juniper— [
13,000 alpine— 2,700 acres |-
31 2,900

acres B

!

Quartzite =

EXPLANATION

1] '], Mean precipitation, in inches
8,000 24¢ Mean runoff or recharge, in inches

Altitude, in feet above mean sea level
=)
o
(=]
T

201 Mean streamflow, in cubic feet
per second

7.000 1'?J' Mean groundwater flow, in cubic —
feet per second
] . 3.2
Granite/shale— | imestone
6 ,000 T I T I T I T I T I 1
0 1 2 3 4 5 6

Distance from Wheeler Peak, in miles

Figurd4 Conceptual profiteoohtaimpland hydrogeologsghewrieg three distinct climate and vegsittion zones
estimates of precipitation, runoff, streamflow, afidvfRruditp@tsonradmmunicatio4)

PRMSNumerical Model and Parameterization
Threefiles @ control file, parameter file, and datpditeng with the executable PRMS
applicatiorare needed to run a PRMS simulalibe.control file acts to declare basic model

characteristics such as modusesl in the modgimulation time period, file paths to other files,
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andoutput variables/filenameBhe parameter file consists of a multitude of parameters including
their dimesions, which are used by moddlgingPRMSexecutionThe data file contains a daily
time series of climate values which are used as input to PRMS, for example, precipitation, maximum

and minimum temperature.

Thecontrol file was built following insttionis from GSFLOW documentation and
examples from the USG&deling of WatershedebsitdU.S. Geological Survey 2013, Markstrom
et al. 2008)'he format of the parameter filstsightforwardindinvolves listing dimension
information followed by parameter vathesare required hyodules used in the simulation
(Markstrom et al. 2008he historical input data and climate projectioressireictured to the data
file format; this process was simplified by using the USGS downsizer afillaediGarrison,

Markstrom & Hay 2009)

Parameter estimation is the nuogicalstep in building moekl usinfPRMS Most
estimatewerederived directlfrom digitized rasters of elevation, soil information, and
vegetation/langtover inArcGIS 10.qFigurelb). The elevatiodata used wasl&m DEM
available fronthe USGS National Elevation Datag@esch et al. 2008imilarly, 1:0n digitized
soil rasters of selected variables were attained fr8miltBarvey Geographic datab&@SJRGQ
developed bthe U.S. Department égriculturé, dNatural Resources Conservation Service
(Wieczorek 2014igh resolution (<10m)egetatiorand land cover digitizedtaof the GBNP
areadevelopedor the National Park Service was used istidyCogan, Schulz & Taylor 2012)
From these datasets many other parameters could be estimated by using physical relationships and
various algorithm&ther parameters were estimated using historical weatliemadaite Lehman
Caves weather stationor fr@m e gon St a tPRISNOtimate éoup 800mi clesté data

(PRISM Climate Group 2014)
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Figurd5Schemasicowir@lS coverages for parameter estimation and preparation methods for model input.

Manyparameters can be accurately estimated directly froaséti@tasetsSope and
aspectvere determinagsing onlghe 16m DEM in ArcGIS The typeof vegetationvere
reclassied from thehigherresolutiorvegetation data layer contaimrany vegetation
classifications to PRMS vegetation typmsonsist of fiveategoriedarerock/solil, grass, shrub,
deciduous treeandconiferoudrees. Other parametergereestimatedisingknownphysical
relationsbetween several estimated datdsmtexamplgh_coef han air temperature coefficient

used in Jensdtiaise PET calculatiomss estimated usitige following method:

m C® ™Mu MO aé

b=

0o
pTT
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. 8
90X Vol P T X UQ CI

whereQQ s the saturation vapor pressure, in millibars, for the mean maximum air temperature
for the warmest month of the yga@ s calculated using the mean minimum air temperature for
the warmest month of the yeEne™@6  term b the elevation at the HRUféetandT is the
meanmaximunor minimum air temperature for the warmest month of the year at ea¢kigi&tlJ
Leavesley 2007hesemean monthlyemperatures webdinearly interpolated ArcGIS fromthe
PRISM30vyear average (182010)800m griddecdclimatedatato correspond tehe100m

resolution of the HR&XPRISM Climate Group 201FnhePRISM data contains mean monthly
maximum/minimum air temperature as well as precipitation for the pelimbo§l981through

Jure 2013 Theinterpolategrecipitatiordata alsavasused to estimataearmonthly rain and snow
adjustment parametersed tadistributeprecipitation quantity all HRUs in the modé&lom one
weather stationsing theorecip_prm®dule in PRMI hese parameters were calculatdtbastio

of the man monthly interpolated PRISM datteaach HRWo measured mean monthly precipitation

at the weather station near Lehman Caves

Thecascadinffow parameterdirect any excesgter from surface runoff, soil reservoirs,
and groundwater reservoirsiirtiRU to alldowngradient HRUs and stream segments. These
parameters were calculated using the USGS Cascade Routing Tosh{@REBIculates cascade
parameters for grid discretized watershed mbtigison et al.®3) The procesmvolved creating
several ASCII input files with specified formattiaginclude(1) active cellg2)elevationand(3)
stream segmeand reacimumbersThe files were createsing ArcGISStream placement can
sometimes bi@accurte due to minor adjustments in elevation that CRT creates to avoid undefined
swales or because stream location does not always fit perfegibritgtiriven flow (especially in

low-relief regios). The elevatiogof some HRUs and stream segments aothes were manually
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adjustedResults from CRT are visualized using the Cascade Routing Visualizatidlo&boX1S

(Figurel3 (Henson et al. 2013)

Many other parameteage needed for PRM®wever thelescription oparameter
estimatiormethodsds not the focusf this studyFordetailedexplanations of all other
parameterizatiomethodsused, buhot coveredheren, the reader is referredttee USGS MOWS
websiteGISWeasel 6s user manual 6s appendi ce®.S. and

Geological Survey 2013, Markstrom et al. 2008, Vigeslég2087, Leavesley et al. 1983)

Some parameters are site specific and may require expert kranfieldpeeasurements
of the site if datarenot availabld?rudic and Sweetki(2014have quantifiegroundwategains
and losses from stream segmientise LBCD usingariousmethod such astreamflow
measurementsieasurements at streambed piezomateldistributed temperature sensing
Monthly temperature lapse rates can be a sensitive parametedionsinated watersheds like the
LBCD and calculating these requires multipletésngrecords of temperatuhat arenot always
availableMonthly day and night temperature lapse rates were calculated from data collected from
200®2012 by Reinemann tifek et alpersonal communication 20Budic and Sweetki2014)
have contributed information regardimgoff/infiltration spatial variabilithathas resulted in some

alternative parameter estimatanaell

GCM Model Selection

The driving force in this study is the Gt producedelativeljow-resolution
temperature projectiosl degreg(Figurel’). Precipitatioprojections consist of repeatthg
historical precipitation recoithe NCAR Community Climate System Model version 4.0 GCM
(CCSM4) was chosfar future temperature projectiarged in this studyPCC 2014, Venstein
et al. 2013, Gent et al. 20THeCCSM4 moddully couples five separate models simultaneously

simulatingthear t hds at mos p h &e, and sdaecTlreaC@SM4 vas chodeecause n d

t
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it has 1/& degree downscaled projections availfor multiplé&HG concentration trajectoriat

the LBCD. t isalsowidely usedvell recognized by climate scientistd participates in the CMIP5
(IPCC 2014, Taylor, Stouffer & Meehl 204Hough CCSM4 has some noted biases, they affect
regions far from the southwestern(Ushdrum et al. 2013, Gent et al. 20018 use of an

ensemble meanfiveor mor e GC MOJ @ to kflectivelp redrige interhab climate
variability noise or errors that may be present within any singlge@@id et al. 200%jowever,
thecurrentfocus is solely the effect of temperature regimes ontdraegaurces of the LBGihd
thus,simply usingne GCM with multipleprojections of temperatunegs sufficient to evaluate

effects of warming temperatures

GCM Downscaling, BiasCorrection, and Weather Input Preparation

The CCSM4 downscaled andtldgree daily projections andasuredataareavailable
for much of the western US. Projections were accessed from: "Downscaled CMIP3 and CMIP5
Climate and Hydrology Projections" archivetpt//gdalcp.uclinl.org/downscaled_cmip_projections/
(accessed di?2/7/2013). Downscaling wdsneusing the biasorrection, constructed analog
method known as BCCA; these projectimashereineferred to as the BCCA projecti@dsurer
et al. 2007Figurel5). The locatiof the BCCA projections that were chosen forsusieown in

Figurel6


http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
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reny, NOItH

iy, oﬁlhe

Figurd 6 Screenshbtocation of 1/8th degree BCCA selection for GCMauhified tiofigaurer et al. 2007)

The BCCA projections include daily maximum and minimum tempevhicineorrelate well wit
historical data in the study area. For the calendar year of 1996 (chosen randomly), the Pearson
correlation coefficients between daasurednd retreprojected maximum and minimum
temperature were 0.77 and r&8pectively. Additional bias cormettvas applied using historical

data from the weather station used in the model.
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Quantilequantile (QQ) mapping was used to bias correct the BCCA projections to the
weathemeasuredt the Lehman Cav¥ssitors CentefPanofsky, Brier 196@igurel5). The QQ
method involves shifting of simulated varialekthat the cumulative distribution function (CDF)
of the simulated variable is similar tontleasure@DF. A shiftis computedor each quantile on
the CDF. This bias correction method allows for the arehwariancef the sample population (in
this case the BCCA projectionsgvolve as it would in the GCM projectidrilematching
statistical moments between®@M andthe measuredecord Some limitations of QQ mapping
have been found, such as unrealistic loss of natural variance or noise when using it to downscale
climate projections to smaller resolut{Meraun 2013 his noisghowevercan be reintroduced

synthetically, and the QQ technique is commonly used for bias correction of GCM projections.

Four GHG concentratiottrajectoriesvere developed lolimate modeling groups and are
known agepresentative concemtion pathway@RCP)denoted herein as rcp2.6, rcp4.5, rcp6.0, and
rcp8.5(van Vuuren et al. 201The RCPs were created by modeling groups involved in CMIP5 and
they will replace the GHG emisssmenariopreviously used by the Intergovernmental Panel on
Climate Change (IPCC) in their assessment reports; the RCPs will be used in the upcothing IPCC 5
assessment report. The GHG concentration trajectories represent the total concentration of GHGs
that are wémixed into the atmosphere and how the concentration evolves through time.
Concentration trajectoriédlow various pathways (continually rising, rising with stabilization, and
rising with peak and declia@d each RCfesulsin a specified increaseadliative forcing by the
end of the Zlcentury relative to the preindustrial glabatagé-igurel?). The increase in
radiative forcing relative to preindustrial averagewissshown by the numbers follag the
RCPabbreviation (+2.6, 4.5, 6.0, and 8B2WThe legend ifigurel7 shows the names dimate

modelihg groups that developed each GHG concentrasijgrctoy (van Vuuren et al. 2011)
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Figurd7Time series of representative concentra&RicPgfagheensuse gases used to force CCSM4 temperature
projectighsgend also shows the names of the climate modeliatp pedupEihdilessage, AIM, MiniCAM,
and Image@gn Vuuren et al. 2011)

The fourGHG concentratiottrajectoriestrongly affedrends ifuture estimates okarsurface air
temperatures around tHelgecaused bthe effect of GHGs on longwave radiation. Results of the

bias corrected CCSMLCAprojections of daily maximum temperatures at the weather station near
LehmanCavesare showin Figurel8 Thecumuative moving averaged-igurel8show the

warming trendare not lineaand thdrajectorycp8.5 shows the most dramatic increase in
temperaturelhe cumulative moving average was calculated as the arnitlearefior all previous

data up to and including the curréatymaximum temperature fagiven datefor eactdatein the

sequence a new mean is calculated that includes all pedwésis
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Figurd8Time serieswhutave moving avefageissorrected daily maximum tenfipenaCAR CCSM4
BCCAprojections forRitiPgreenhousegasentrati@jectories

Daily precipitation for thé0-yeamperiod 19781999 (in water years) from the BCCA
archiveof measred climate variabless used as input for all PRMS simulatitigarel6) (Maurer
et al. 2007he measured precipitation data was collected from a network of wagaiher st
operated by the National Weather Se(Megrer et al. 2007Mhe 30yearmperiod was repeated three
times starting o®ctober 12008and ending September 30, 20%% BCCA precipitation was also
bias correged using theameQQ mapping method used for temperaflinemeasure80-year

precipitatiorrecordfrom the BCCA archive was choasropposed to data from the weather station
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near Lehman Caves becauseipitation the record was incomplétee purposef repeating the
historical datavasthreefold: firstly, it gives confidence in the representativeness of the data
seconty, andmost importantlyit allows the elimination of precipitation dynamics in the watershed
thatis typically the dominant factamtrolling streamflovand thirdly dividing the simulation into
three 36year periods with the same distribution of precipitation in each period allowed for

comparison of changes in the mean water budgets within a particular GHG concentration trajectory.

RESULTS & DISCUSSIONS

PRMSCalibration, Validation, and Historical Results

PRMS calibratiowasdone usindwo historicatimeperiods ofvater year$95255 and
water years 19886 whereby computestreamflow were matched to measwtdamflowfor
both Lehman and Baker Creéelse periodrom water years 22010 was used for model
validationCare was taken to avoid adjusting any parameter outside of a physically realistic range.
Parameters that were directly obtained from the base elevatiangdsoiver orfrom theweather
datasets were not tgplly adjusted for calibratjdhat issoil type, elevation, vegetation types
not changedCalibration adjustments were done manually without the use of autdguaittuns
manual calibratioggve me deepeunderstanding fonanyPRMS processes amolv parameters
influenceghem.A list of sensitivgparameters that were adjusted manually is incigedach
parameter adjustmesimulatiorresults were compared witleasureslariableand various metrics
were used to estimate model accu@adipration started witlailymeansolar radiation and
monthlyPET; after these were deemed adeghatealibration acinnualmonthly and daily
streamflow wacomputedAlthough streamflow and other outputs froRIMS are computed by a
system ofinear and notinearequations, model accuracy was often tested using well recognized
methods from linear regression models.appsoachs reasonable wherodel errors are small,

additive, and there are no systenaatior$i that is thenodel errorsverenot afunction of model



inputs or parameters. These assumptions were adequately verified by analysis of moatel residuals

varyingimescales
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Table Seletion of sensitive PRMS parameters

PRMS Minimum Maximum

Parameter value value Parameter Description
dday_intcp -38.0 6.0 Intercept of monthly degreelay to temperature relation
dday_slope 0.31 0.65 Slope of monthly degreday to temperature relation
fastcoef_lin 0.019 0.270  Coefficient to route preferentiallow storage down slope
gwflow_coef 0.0038 0.0304 Linear coefficient to compute groundwater discharge from each groundwater res
jh_coef 0.0097 0.0163 Monthly air temperature coefficient usdd JenserHaise potential ET computations
jh_coef_hru 11.89 14.98 Air temperature coefficient used in Jensklaise PET equation for HRU
potet_sublim 0.55 0.55 Decimal fraction of PET sublimated from snow surface
pref_flow_den 0.045 0.559  Fraction of thesoil zone in which preferential flow occurs
rad_trncf 0.14 0.43  Transmission coefficient for shertave radiation through winter plant canopy in HF
sat_threshold 9 183 Water holding capacity of the gravity and preferential flow reservoirs (inches)
slowcoef_lin 0.01 0.2 Linear coefficient in equation to route gravitgservoir storage down slope from HR
smidx_coef 0.005 0.015 Coefficient in nodinear surface runoff contributing area algorithm
snowinfil_max 2.1 6.0 Daily maximum snowmelt infiltratioim HRU (inches)
soil_moist_max 0.19 6.77 Maximum available water holding capacity of soil profile (inches)
soil_rechr_max 0.14 3.08 Maximum available water holding capacity for soil recharge zone (inches)
SSr2gw_exp 0.34 0.75 Exponent in the equationsed to compute gravity drainage to groundwater reservi
ssr2gw_rate 0.0016 0.0120 Linear coefficient used to route water from gravity reservoir to groundwater reser
tmax_allrain 35.75 40.75 If HRU tmax exceeds this value, precipitation assumed rain
tmax_allsnow 35.95 35.95 If HRU tmax is below this value, precipitation assumed snow
tmax_lapse 3.80 4.96 Monthly change in maximum air temperature (°F) per 1,000 feet of altitude chan(
tmin_lapse 3.37 4.09 Monthly change in minimum air temperatu(&F) per 1,000 feet of altitude change
transp_beg 3 4 Begin month for transpiration computations at HRU
transp_end 10 11 Last month for transpiration computations at HRU

Daily solar radiatiptemperature, wind speed, and relative hurfaditye period 2000

2013wereattained r o m

t he

We st er n RRemngoiedutcanbtedG\eatt®iedidn e

(RAWS)t BakefFlat NV (Figure2), (Western RegiahClimate Center 2013is datavas used

for calibration of daily incoming shortwave radiamashPET Daily RAWS solar radiation was

corrected

for

cl

ear

guality assurae/quality control methodgllen 2011)Some corrections required manual

adjustments to bad or missing data in the solar rad@ati@onllected from RAWShe RefET

application was then used to estimatereégyenc&T (for grass at height of 4.7 incheBakter

s ki &% veu3sli0Oapplicatidn end likrdatay e r si t y
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Flatusingthe GAmerican Society of Civil EngirB@echnical Committee on Evapotranspiration in
Irrigation and Hydrologystandardized form of the Penmdanteithequation(Allen 2011The
dailymeancorrectedsolar radiation dhe BakerFlatweather statiowas comparedith mean daily
simulated shortwave radiation PRIMS HRUhat includes the actual location of the weather
stationduring the calilation periodising water yeat9361955(Figurel9). Calibratiorresults for
mean daily solar radiation include a root mean squared error of 47 (langleys), a metél bias of

percentandcoefficiens of variatbn of 0.41 and 0.4ktweemeasurednd simulatedalues,

respectively
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Figurd9Calibration results of daily incoming solar radiation to corrected solar radi

The PRMS basin average of simulatmuthlyPET alsovascompared to the R&T
estimates of PET #ie BakerFlatstation(Figure20. Thebasin wide average of PET is expected to
be lowethan that athe Baker Flastationbecausenuch of the basin is at much higher altitudes

This comparison was used dolgheck for the correct trend in monthly PET
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Figur@OCalibration of PET to Bakemather station measurement

Thecalibratiorperiodfor water year$9931996 showed the pooresimparison with

measured streamflaweak and earhgcedindglow volume(JuneSepember)wvasgenerally

underpredictedrhaeas winter and spring flow veasrpredictedFigure2l).
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Lehman Calibration (199B996)
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Figur@1 Monthly calibratiesultforwater yedi3851996 Pooresultgartly causedhthropogenic stream
modificatigparticularly along Baker. Creek

After 1960 and prior to 198fhen the area became Great Basin NationabBtrk
Lehman and Baker Creeks were anthropogenically modified, upstream of the stré@dmm gages
modifications to the channel were desigmeeduce water loss to natural diversions or overbank

flow. The maintenance of these modifications was prohibited by the National Pagft8ervice



52

1986 howeverthe effects were probably still evident in the precipitation to runoff relation for
severayearsafterwardsFor this reason and because the earlier calibration waterdyear$952
1955) showed similar results ® vhlidation perioavater years 2088010, the calibratiorperiod

from water years9931996 was ndtrongly weighteid thefinal calibration of the model.

Simulated annustreamfloncomparedvith measurednnuaktreamflowfor the full

calibration and validation pera@shown inFigure22
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Figur@2 Annuatomputed and meatea@tfldor Baker and Leh@aeks.
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The model underpredicted peak runoff during abnormally wedyaaesi 995 and 2006r both
creeksFor the calibration period whter years 1982955 total annual runoffn BakeCreekwas
ovepredidced by0.6percentand Lehmalreekwasoveapredicted by aboBt6percentForthe
validatiorperiod ofwater years 2088010 total annual runoff dRakerCreek wasvepredicted by
12.0percentandLehmanCreek wasevepredicted byl2.2percentAnnualpercentagerror in total
runoff for individualyears ithe calibratiorandvalidatiorperiods on Baker Cresdnged from52

to +82percentwith a mean of #8.6percentand a standard deviation &f@percen(Table3).
Lehman showelgss error in annual runoff with a range #88mto +64.5percentmean of 41.0
percentand standard deviation2¥.1percentTo detect any major systematic errors in the model,
annual runoff residuals warhecked for autocorrelation using the Duffdtson (DW) statistic:

B Q Q
B Q

0¢

Ow

whereQ is the observed minus simulated valtiess DW statistic ranges fronio04, with values

less than 2 suggesting residuals show positive serial correlation and values greatgyebia
negative serial correlatidhe goal during model calibration teesave no serial correlation among
residualsr, in other words, the valakany one residulaadno impact on thealueof the next.

This is the case if the DW statisticaselo 2. Results from this test and other basic statistics for

annual runoftluring thecalibratiorandvalidatiorperiodsareshown inTable3.
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Tabl& Annual runoff results, statistit errors for calibration and validatiBvedmidated from aB#E5 and

20032010.
Baker Creek Lehman Creek
Error Error

Water Measured Simulated (acre- Percent Measured Simulated (acre- Percent
Year (acre-ft) (acre-ft) ft) Error (acre-ft) (acre-ft) ft) Error
1952 14140 14713 572 4 6418 8325 1907 30
1953 2970 1427  -1542 -52 2054 1446 -608 -30
1954 5866 8361 2495 43 3245 4470 1225 38
1955 5440 4421  -1019 -19 3853 2547  -1306 -34
1992 7964 6046  -1918 -24 4086 3741 -346 -8
1993 3710 5603 182 51 3019 3101 82 3
1994 19283 13263 -6020 -31 7995 7148 -847 -11
1995 3397 6190 2793 82 2982 3763 781 26
1996 4501 5075 573 13 2913 3151 238 8
2003 3558 4619 1061 30 2516 2642 126 5
2004 23082 16381 -6701 -29 9900 8971 -929 -9
2005 5939 8506 2567 43 4124 5235 1110 27
2006 2825 3113 288 10 2006 1933 -73 -4
2007 3623 5023 1400 39 2167 2740 574 26
2008 6218 10534 4316 69 3692 6074 2383 65
2009 4336 7342 3006 69 2933 4221 1288 44
2010 14140 14713 572 4 6418 8325 1907 30

Max 23082 16381 4316 82 9900 8971 2383 65

Min 2825 1427 6701 -52 2006 1446  -1306 -34
Mean 7303 7539 235 19 3994 4344 350 11
StdDev 6107 4230 3088 41 2236 2244 1050 27
Coef Var 0.84 0.56 0.56 0.52

R 0.78 0.79
DW 2.24 1.87

Mean annual water budget for tHédation and validation perioafsthe entire model

domain (Lehma@reek BakelCreek andRowland Springvere comparedith water budget

estimatesf thecombined mountainpland andarstlimestone zones definley Prudic and

Sweetkin@2014)Tabled). Generallyhe two budgets agree within estimated uncertainties; the

significant difference between the $imulated and estimataadgets isnean annudT.

IncreasedimulatedET from PRMSis due to the lack significangroundwateoutflow in the
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model Groundwater that is normally discharged at springs in the watershed or as underflow out of
the basin is not represented in the model. Instead this groundwsitéo ETan the modeFuture

work mayinclude simulating spring discharge that may occur in Baker or Cebekawatersheds

by cascading groundwater from Baker or Lehman PRMS sub basiRevdahd Springub basin

where PRMS will route it to streawflA better option would be to use a mpdeth as

GSFLOW that includes groundwater interactions with thesua!

Tablel Historical annual water budgets from PRMSndligidttoperiodsompareith combiresitnates from
the mountaipland and kdmstestone zonesFfrodic and Sweel@al4,)

PRMS Mean Annual Water Budget for Historical Period
Inches| precip ET total outflow storage

Mean| 26 175 8 +0.5
Std Dev| 7.3 2.6 4.6

Prudic and Sweetkind (2014) Mean Annual Water Budget

Inches| precip ET surface groundwater springs water balance
Mean| 23.6 14 7.2 0.8 1.7 -0.1
Uncertainty| 4.7 6.5 0.7 0.4 0.2

Mean monthly simulated streamfloaswomparedith measured mean monthly
streamflowor both streams during the calibration and validation pdrmdsoid the effect of high
runoff events skewing monthly means, the mean monthly total flowsnweréed to percentages
of the mean annufibws for water year$9521955 andavater years 2088010shownin Figure23
The PRMS modelverpredits on averagduring the winter and spring (Betber through Margh
for both creeksPeak runofbn both creels,but especially Bakéreekwas underpredicted during
water yea?0®. The estimated precipitation over the modeled area averaged about 40 inches and
wasabnormally high. This resulted in peak flow exceedifiy/4@d the gagthatthe model
underpréictedandcould explain the underpredictgiown inFigure22during Mayand June for

the validation periodr water yeard0B52010
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After monthly streamflosshowed adequatemparison taneasured stredlows,
calibration continueasingdaily flowsModel effectiveness at the daily timescale was measured using
rootmean squared err@NISB, percent bia@BIAS) and theNashSutcliffe Efficiency (NSE)

(Nash, Sutcliffe 1970)
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cA C
cA C
¢

0"YO p 5
whered is theth observed flow andl is the th simulated flowCalibratiorwasaimed at

minimizing the RMSE and percent bias while having the NSE convergrundif@alibration
usingdailystreamflows$or eachhistoricaperiodis shownin Table5. Daily hydrographs include
simulatecgnowpackvater equivalence (SWE) for batitershesiduring thecalibratiorperiod

(water years 1981955) andluringthe validation perio@water years 2088010) (Figure22 &

Figure23). Daily sreamflowis overpredicteduring late wintdp early sprinpecause giremature
snowmeltparticularhduring water years Z)@0@, and20. Thelargeoverprediction for some

days during sprirspowmeltould be attributed ©unnian runoff caused by fully saturated soil

zones in the ug elevations of the watershed. In some basins these high runoff events could be
triggered by raion snow however after investigating the precipitation record this was not the case.
Dunnian runoff was expected aftargmeters were adjusted to allow for this type of event at high
altitudes (>9,000 ft)n these ras Prudic and Sweetkf@14have observdtie soils to be thin

and overland flow has been observed during the springeakltunoff was generally

underpredicted, particularly duniveger year 20qbigure25).

Tablé Daily model accuracy metrics for eactwedbbratems 1H5) andalidation per@2d0310)

Baker Lehman
1952855 199396 2003310 1952855 1998896 2008310
RMSE(cfs) | 7.6 20.2 19.6 4.1 5.5 56
PBIAS = +0.6% -7.1% +12.0% +5.6% -0.6% +12.2%

NSE 0.83 0.50 0.52 0.64 0.62 0.66
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Model Limitations

Some model error may arise from infitdheitationsn the modelnd uncertainty idata
usedfor calibratiorandmodelinput With only one weather station available for this, SRS
extrapolateprecipitatiorfrom onelocationto each HRU withithe model @main(developed from
bilinearly interpolated mean monthly PRISM gridded Biatas may be inherent in precipitation

spatial distribution and in the temporal variatidrthis extrapolation.

The distribution of mperaturelsocanbe a sensitive parameter in-altdude basins
where the snowline is dynamic and the hydrograph is dominstewpsicienergy balance.
Tenperature is the main factor in PRMS calculatg®tstoestimate precipitation form as well.
Monthly temperature lapse rates do allow for more realistic temperature didttiwéwer,
neither temperaturer precipitation distribution methaodalsing ofy one weather statiatiowfor
simulation of longerm dynamics (i.e. changes over aonl@ahger timgeriod$. Shadow effects
on temperatures are not inherently modeled in PRMS; they could theoretically be implemented by
the modeler by adjusting tesngiture adjustment parameters. In the Lehman drdimagkadow
cast by Wheeler Peak during winmtay be particularly importdat the cold temperatures found in

thenorth-facing glacial cirque that sitthe base dahe cliffbelowWheeler Peak

Ancther significant model errmasduringdroughtyearsin thesenstancestreamflow
wasdifficult to calibrate and generallysanderpredicteduring dow snowpaclgear, snowmelt
was simulated as infiltrating intosb#zonewhere itwasheld untillost to ET.Whereasome
snowmelt malperouted to groundwater throudarge pores in the thin glacial deposits or in the
karst or fractured limestoti@tmaysoonafter discharge gpringseforebeinglost to ETor
becoming streamflovlthough thisnight betechnicallpossible in PRM$e program is not
designed to simulate such a process davingrecipitation yeamsithout affecting watershed

response duringet yearsOtherscenariogsay exist such thatiringsome weathe&xtremeshe
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watersbd responds differentlyanduringnormalyears resulting processes thabrmally are
controlled by surface procedsesomingsontrolled by groundwat&ior situations where
streamflow is highly controlled by groundwater and groundwdsere watenteractions, PRMS
might not be the best model choice. In this case GSFLOW wiygescBRMS with MODFLOW

is a better method but was beyond the scope of this study.

Anothersource of error isaused bthe physical location of the stream gages on Lehman
and Baker Creeks. Both gages are situated within thienlkestsine zonehere considerable
streamflows lostto groundwateof whichsome of this water mdischarge to springs outside the
watershe@Prudic, Swetkind 2014)A good examplis wherestreamflows lost to caves in the
Narrowsof BakerCreek Some of the water lost to the cdkegels through karst across the
topographic divide that separates Bakeek from Lehman Creek and dischardesvatand
Spring Similarly some water lost in the kkms¢stone zone along Lehman Creek may exit the
drainage to the north and discharge to springs at the Home Farm (Prudic, Sweetigiglg914)
2). The model was datated to the stream gafestare downstream of the strdlw losses
because insufficient data were available to model streamflow upstream of the losse@fThe result
calibrating the model to measured streamflow at the gagesveapredictiorof ET to

compensate for the lack of groundwiidey through the karst limestone

Other model limitations may arise whenever simplifications or assumptions are made and
from uncertainties in model parameters and inputs. This is the nature of modelinvgeacahysill
use models like this to improve our understanding of hydrologic dystesoser, mdel erros
associated with volumes or fisaf watereported hera areless important because the fasos
the relative changevolumes and fluxesused by increasing temperaturee PRMS model is a
good choice for investigating hydrologic climate impacts because it simulates many relevant
processes often using physically based methods and it is spatially didsetizeanodel

continues to beefined by the USGS and is not computationally expensive.
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Calibration results are adequate for the purpose of this study; temperature effects on the
showpacienergy balangeoducereasonable hydrographs for most years. SimulationaElsatts
watersbkdsreplicate a snow dominastteamflowhydrograph that has bemeasuredlhe daily
graphsof snowpackvater equivalence also stemeumulation and ablatisinuctureshat are
expected from snowmelt dominatdshsin(Figure24& Figure25). Futurework on model
calibration will include improving snowmelt timing and model robustdessdtyearsas well as
periods of abnormalhigh runoff. Conceptual modeling ofisgrdischarges could be simulated by
diversions of LBCD groundwater to fewland Springub basin which will allow parameters
controlling ET rates to be adjustedvnwardhroughout the modeAdditionallyRowland Spring
dischargand perhaps the discha of springs at the Home Faramserve as a conceptual
groundwater boundatiyx. This would allow for a more realistic water budget containing a slightly
lower ET component amdoregroundwater outflow conceptualized by streamflRwwaland

Springandperhaps the springs at the Home Farm

Projected Water Budgets and Annual Streamflow Variations

Meanannualvaterbudges werecalculatefor each 3§ear period during the-96ar
simulations (water years ZEIB8, 2032068, and 2062098) and foall four GHG
concentration trajectori€ehe combination of three time periods andtfajectoriesesulted in a
total of 12 mean annual watedgets. Ththree 36yearperiods are called period one, two, and
three respectivelyResults are representedhes30-yeamean for each period/aterbudges

consist of a simple mass baldhaecarbe written as:
01 Qo Qd da "ix%d "0 ££00 ¢ 'QUQEE QDY Y'Y £ 1 hd"QQ

wherg in PRMS, streamflas/the sunof surface runoff Hortonian andunnian)soil interflowy
and groundwater discharge to streams. Groundwater flow is conceptualizediad ia shevater

budgets presented hereipast of the change in storage term becawseribt simulated explicitly
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in the modelThe ET term represents actual ET as simulated by PRMS plus sublimation from any
snhowpack. The delta storage terpesentshe sum ofiny residual watier any of the three soil

zones (gravity, capillaoy preferentiaflow), groundwater z@n snowpack, arénopy storage.

Direct precipitation on the Lehman and Baker Creek watersheds is the only sourcEatlwater

water budget component is represented as an area weighted average in inches from its respective

watersheds(ib basiin PRMS)

The potential changethemeanLehman and Bak@reekwater budgetor period three
(water year80692098)of eachGHG concentration trajectofscp2.6, rcp4.5, rcp6.0, and
rcp8.5¢omparedvith period ondwater yeard0092038)of trajectorycp2.6is showrin Figure26.
Asmean annuaémperaturgincreasgeactual ET increasaadstreamflow decreases liath
watersheddHoweverthe magnitude of this change varies acrossvatarishednd for eaclcHG
con@ntrationtrajectoryThe GHG concentratiotrajectorywith the highest temperature increase
(rcp8.5Yesults in the most dramaticuctiondo meamannuabktreamflovwith an averagiecrease
of aboutl.3 in. during ththird period.Thechange in streataW from period one of tHewest
temperature increase (rcpfogjeriod three of the highdsmperature increase (rcp&53jot
statistically significahtoweveravolume of 1.3 inchésequivalent of a reduction of about 630 and
1,150 acrdt. of ennual streamflow frotnehmarand Baker Creekgspectivelyrrojected total
streamflowplots for Baker and Lehman Creeks for 8@gfear period and for all foGHG
concentration trajectoriean be found in appendiqA-1 and A2). Table6 showsthe variation of
simulated water budgets fehman and Bak&reekwatershesifor eachGHG concentration
trajectorywith the projectecthange in mean temperat{aethe weather station neatman Caves)
as comparedith period one ofrajectorycp2.6 The BakerCreek watershdwhs a larger relative
reduction in mean surface runoff as compaithd_ehmanCreekfor the warmest periodlso,as
temperaturerose simulatedjroundwater flow and overall storslgghtlydecreased@he most

significant change in water volumes in vatiershesiis the decrease in snowntieditexceeds
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threeinches when comparing the end of wartrgstctory(rcp8.5)o the low GHGconcentration
trajectoryrcp2.6) Reduced snowmelt meassisnowpadkavailabléo melt whickcan only

signify increase in winteainduring the last 3@ears othe warmedtajectoriegTable6).

Potential Change in Lehman Annual Water Budg
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Figur@6 Potential change in mean annual vedtetvretyperiod three €id€achncentra
trajectoand period orteagéctorgp2.6, in areaighted inchles.sum of groundwater flow
runoff, and interflow results in streamflow in PRMS.



Tablé Mean annual water bud@asfand Lehm&reekdivided into thheayyear periods fdoalGHG
concentration trajedtockesliranowmelt and change in mean temperature.

Baker
rcp2.6
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean StdDev
streamflow 8.2 4.7 8.0 4.7 8.1 4.7
interflow 5.4 3.3 5.2 3.2 5.2 3.2
surface runoff 1.8 15 1.8 1.6 1.9 1.6
groundwater flow 1.0 0.1 1.0 0.1 1.0 0.1
ET 17.2 3.1 17.4 3.1 17.3 3.1
precip 26.0 7.4 26.0 7.5 26.0 7.4
snowmelt 9.9 4.4 9.7 4.8 10.0 44
ntemp P 0.0 0.0 -0.1
rcp4.5
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 8.0 4.7 7.9 4.7 7.6 4.3
interflow 5.2 3.3 5.2 3.3 4.9 2.9
surface runoff 1.8 1.6 1.7 15 1.7 1.5
groundwater flow 1.0 0.2 1.0 0.2 1.0 0.1
ET 17.4 3.1 17.6 3.2 17.9 3.4
precip 26.0 7.4 26.0 7.5 26.0 7.4
snowmelt 9.4 4.1 9.3 4.9 8.9 4.5
ntemp P +0.1 +1.4 +2.2
rcp6.0
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 8.2 4.7 8.0 4.8 7.5 45
interflow 5.4 3.3 5.2 3.3 4.8 3.1
surface runoff 1.8 15 1.8 1.6 1.7 1.6
groundwater flow 1.0 0.2 1.0 0.1 1.0 0.1
ET 17.3 3.1 17.5 3.2 17.9 3.2
precip 26.0 7.4 26.0 7.5 26.0 7.4
snowmelt 9.8 4.8 9.4 4.6 8.6 45
ntemp (P -0.5 +0.9 +2.6
rcp85
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 7.9 4.6 7.7 4.6 6.9 4.1
interflow 5.2 3.2 5.0 3.1 45 2.9
surface runoff 1.8 1.6 1.7 1.6 15 1.3
groundwater flow 1.0 0.1 1.0 0.1 1.0 0.1
ET 17.5 3.2 17.8 3.3 18.5 3.7
precip 26.0 7.4 26.0 7.5 26.0 7.4
snowmelt 9.1 4.4 8.7 5.0 6.7 4.3

ntemp P +0.2 +2.1 +5.5




Lehman

rcp2.6
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 8.1 4.6 7.9 4.6 7.9 4.6
interflow 5.8 3.8 57 3.8 5.6 3.8
surface runoff 0.7 0.8 0.6 0.9 0.7 0.8
groundwaer flow 1.6 0.3 1.6 0.3 1.6 0.3
ET 17.8 3.1 18.0 3.1 18.0 3.0
precip 27.0 7.7 27.0 7.7 27.0 7.7
snowmelt 11.6 4.9 11.4 5.4 11.8 5.0
n GSYLI 6¢C 0.0 0.0 -0.1
rcp4.5
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 7.9 4.6 7.7 4.6 7.4 4.2
interflow 5.6 3.8 55 3.9 53 3.5
surface runoff 0.6 0.8 0.6 0.8 0.6 0.7
groundwater flow 1.6 0.3 1.6 0.4 1.6 0.3
ET 18.0 3.1 18.2 3.2 18.5 34
precip 27.0 7.7 27.0 7.7 27.0 7.7
snowmelt 111 4.7 10.9 54 10.6 5.1
n GSYL) 6c¢C +0.1 +1.4 +2.2
rcp6.0
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 8.0 4.6 7.8 4.6 7.3 4.4
interflow 5.8 3.9 5.6 3.9 5.2 3.6
surface runoff 0.6 0.7 0.6 0.8 0.6 0.8
groundwater flow 1.6 03 1.6 0.3 1.6 0.3
ET 17.8 3.1 18.1 3.2 18.6 3.1
precip 27.0 7.7 27.0 7.7 27.0 7.7
snowmelt 11.4 53 11.1 51 10.3 51
n GSYL 6¢C -0.5 +0.9 +2.6
rcp85
Time Period: one two three
(inches) Mean  Std Dev Mean  Std Dev Mean  Std Dev
streamflow 7.8 4.5 7.5 4.5 6.8 3.9
interflow 55 3.7 53 3.7 4.7 33
surface runoff 0.6 0.9 0.6 0.9 0.5 0.5
groundwater flow 1.6 0.3 1.6 0.3 1.6 0.3
ET 18.1 3.2 18.4 3.3 19.1 3.7
precip 27.0 7.7 27.0 7.7 27.0 7.7
snowmelt 10.9 51 10.3 5.6 8.2 4.9
n GSYL) 6c¢C +0.2 +2.1 +5.5
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Projected Snowpackand Timing

The impact othefour GHG concentration trajectories snowpack dynamics was
investigated for changepaakSWE timing angdolume Thesnowdominated hydrology of the
LBCD means strong correlation betensnowpackolumeto total rundf and snowmelt timing to
peak runoff timingn theLBCD. Warmingemperaturgaffectsnowpack in twamportantways:
first, increasewinter precipitation falling as rain as opposed todudng the snow accumulation
peiiod;, andsecondincreasethtewinter and spring temperatures results in earlier melting of
snowpackincreased winter rain can also lead to early melting of snowpack especially if it is during
the end of the winter seasorifdhereis an intensawinterrainfallon previously accumulated snow
Both mechanisms result in less snowpack. The dominate mechanism for decreasing snowmelt is
difficult to detect because baotlayoccurduringoverlapping time periods. Overall changes in SWE
volumesand timing wermvestigated without investigating their mecharimureases iotal

SWE anckarliemelt timingcould result in less water from snowhaling thespringandsummer.

Projections of snowpaglkaterequivalence were calculated dailsnfetRU in the Biker
Creekwatershedchosen for itsloseproximityto the location of the Baker Creek snow course #2
near8,950ft. elevationTo compare annual variations of snowpack tjithie@SWE centroid date
(SCD), max SWE date, and the max S8WEnein inchegcubic inches per square ingsleye
calculate@apnik, Hall 2010The SCD represents the center of mass of the snowpack in Julian

daydor a given yeacalculated as:

"YO O

B oYW C.?]
B YOO
wherei is the daily index between Februgmntl May 4, 6 represents the Julian day for that index

(1 for Januarytto 365 for December €)1 and’Y ®w Qepresents the SWE (inches) for thialy .

The SCD representsetidate of the center of mass of the snowpack; an$®@ilieneansither less
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snowhasaccumulated later in the cold season or increased smenrettidater in the cold

season.

Thelow GHG concentration trajectofscp2.6)shovs slight ioreasingrendsin annual
SCD and max SWkhilethe othethree GHGconcentration trajectorissow slight decreasing
trends(Figure27, Figure28 Figure29, & Figure30. The highGHG concentration trajectorialso
have more years which simulated zero 8#@j&ctoryrcp60 contained four years aimdjectory
rcp8.5hadfive years with zero SWHEhelatest SCD from dilajectoriesvas Apri26,2070and was
simulated witthelowest GHG concentratidrajectory(rcp2.§, whereas the earliest SCD was
Februaryl, 2095 from thénighest GHG concentratidrajectory(rcp8.5. The effects of mean
annualémperaturéo: SCD max SWE dateand max SWHuring the three time pediware listed
in Table7. Periods with an increase in mean temperdtunet always resift a decrease in SCD
and max SWBs indicated fqueriod 3in trajectorycp6.0 and rcp8.5 compared to periadh2re
theprojected increase in mean temperatasabout2.6 and 5.9 (Table6) but both the mean SCD
andmaxSWE date moved lat@iable7). This could beaused bgnowmelbccurringsarlier or
relativelyfower temperatures during late winter and sgritideg). Increased late season snow
accumulatiorould influence the period meanspite of @erallhigherannual temperatures during
a particulaperiod Table6 & Table7). However, ManiKendall trend test results for projected
annual max SWE date shioajectorycp4.5 had a significant decreasing trend with alpha = 0.05
and n =90 (water years 2@2999 (Figure28). Resultfrom trajectorycp8.5, whermean
temperature is projected to increase byFatihe end of griod 3 show theneanSCDandthe
max SWE dat® be shortened an average df daysompared with period 1 whjectoryrcp2.6
(Julian day 60 for rcp2.6 versus 56 for rcp@rérorMarch 1stto Felvuary25th) and mean max
SWE to be reduced b9.7 irch (Table7). The shiftof peak SWEnNnd SCD to earlier days in the
melt season may be minimized in the LBCD due to the large ettieaifiheareahatisless

vulnerable to small increases in temperaturéiniihg of snowmein thealpineareawill always be
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lagged due to large temperature lapse rates over thBdmsimsed annual precipitation has been
found to have a negative feedback with snowpack timing; decreaseyanorgates decreased
albedo wich results in increased snowifi&ipnik, Hall 2010)n this analysis the correlation
coefficienbetween annual precipitatenmd the SCHor eachGHG concentration trajectowas
typicallylow (fromr = 0.07for trajectoriescp60and rcp8.5 to = 028 fortrajectorycp4.5. This
meanghat the feedbackight occur in the model, but that annual precipitatioationnly

explain thevariations in the SCBy at most 1@ercentOther factors are more dorata
(temperature and precipitation tiniridne snowcoveed area may shift more at lower elevations,
and the albedo feedback may be stronger than@uightyearsandis an area for further research.
The effect of gradual warming on snowpack is evidbetannuatcale Howeversome annual
variations cannot be explained without looking at projectisnswaieltit a monthlpr finer

scale.
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Tabl& Pojected neandhifts for thigtgar periods in SCD, max SWE date, and max SWE neasBaker Creek
course #8r eachH& concentration trajectory

SCD (Julian day)
rcp2.6 rcp4.5 rcp6.0 rcp8.5

Period one 60 66 67 59
Period two 60 65 60 57
Period three 64 55 61 56
Change from mean of period one rcp2.6 in days
Period one 0 6 6 -2
Period two -1 4 0 -4
Period three 3 -6 1 -4

Max SWE Date (Julian day)
rcp2.6 rcp4.5 rcp6.0 rcp8.5

Period one 60 67 71 58
Period two 58 63 56 54
Period three 66 56 59 56
Change from mean of period one rcp2.6 in days
Period one 0 8 11 -1
Period two -2 3 -3 -6
Period three 7 -4 -1 -3

Max SWE (inches)
rcp2.6 rcp4.5 rcp6.0 rcp8.5

Period one 2.4 2.3 2.6 1.7
Period two 25 2.9 2.1 2.0
Period three 2.3 2.1 1.9 1.7
Change from mean of period one rcp2.6 in inches
Period one 0.0 -0.1 0.2 -0.7
Period two 0.1 0.5 -0.3 -0.4

Period three -0.1 -0.3 -0.6 -0.7
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Projected Monthly Variations in Streamflow, ET, and Snowmelt

Additional insights into the effects of warniérgperatures ahe majorwaterbudget
componentén the LBCDwere evaluateat the nonthlyscde. Monthly streamflow, EBnowmelt,
andSWEwere calculated as percentages of their respectivdaaatsfial each30yearmeriod and
for each GHGconcentration trajectorffhese calculations allow investigation of monthly shifts in
waterbudget compaents without introducing the uncertainty associated with projections of exact
volumesThe relative chang@n percentagef the periodthreetotal monthly volumes of
streamflow, ET, and SW& eachGHG concentration trajectocpmpard with period oneof

trajectoryrcp2.6arelistedin Table8 andTable9.
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Tabl& Monthlyhangén percentadstreamfloiT, and SWEolumésr pgod threetdjectories®.6 and rcp4.5
comparedthperiod onérafectorgp2.6.

Trajectoryrcp2.6period three percent change frortrajectoryrcp2.6period one

Lehman Baker

Streamflow ET SWE  Streamflow ET SWE
Jan 6.3 5.2 -1.1 9.1 4.9 -4.5
Feb 8.3 6.6 -5.0 10.0 7.8 -8.5
Mar -23.8 -11.7 13.4 -28.3 -11.3 14.7
Apr -16.9 -0.2 19.1 -17.0 0.0 22.8
May 1.5 1.8 12.3 6.4 2.3 14.2
Jun 2.8 5.5 -4.6 1.8 5.1 -4.8
Jul 1.4 2.5 -40.6 -2.5 1.7 -64.9
Aug -1.0 -0.3 -714.7 -0.9 -0.7 -98.5
Sep 0.3 15 ” 0.7 1.2 **
Oct -0.4 -5.1 92.3 -0.1 -4.9 99.3
Nov 9.1 8.7 -4.5 8.1 9.0 -13.1
Dec 3.1 2.7 1.8 3.6 2.1 2.2
Trajectoryrcp4.5periodthree percent change frorifirajectoryrcp2.6 period one

Lehman Baker

Streamflow ET SWE  Streamflow ET SWE
Jan 3.5 13.6 -10.2 2.9 13.3 -11.6
Feb -6.9 12.5 -7.8 -9.7 12.8 9.1
Mar -22.6 14.0 0.7 -27.3 12.9 0.5
Apr -13.8 13.3 -11.2 -1.7 12.1 -12.4
May -6.6 2.7 -32.2 -8.8 0.9 -35.3
Jun -8.9 2.2 -33.3 -10.6 -0.7 -22.9
Jul -12.4 -1.0 -81.5 -16.0 -0.9 -83.1
Aug -13.5 -3.7 -100.0 -10.3 -1.8  -100.0
Sep 6.1 0.8 - 4.1 0.7 ”
Oct -7.6 2.8 -37.5 -5.3 3.4 -36.2
Nov 0.9 11.7 -14.6 5.4 12.0 -17.7
Dec 9.1 16.6 -15.0 12.9 18.4 -17.1

“Percentage changes in SWE for warm months are exaggerated berandsetvahiedities b
an order of magnitude resulting in large percentage changes, similar resuTatits fiadle 10. The
Tabl® refers these values as their calculations result in percentage changes greater the
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Tabl® Monthly changes in percentage of streamdfl8WHESIglumes for periodtthjectafep6 and rcp8.5
comparedthperiod onérafectorgp2.6.

Trajectoryrcp6.0 periodthree percent change frortrajectoryrcp2.6period one

Lehman Baker

Streamflow ET SWE Streamflow ET SWE
Jan 3.3 33.6 -17.9 4.5 35.0 -21.6
Feb 4.1 28.9 -22.4 3.5 28.2 -27.0
Mar -26.3 0.4 -7.2 -28.7 -0.3 -8.2
Apr -10.5 11.8 -14.8 -6.6 11.0 -17.1
May -8.4 2.1 -28.4 -8.8 0.2 -33.3
Jun -12.5 1.6 -37.9 -11.6 -1.7 -45.6
Jul -13.3 2.2 -56.7 -15.2 -2.9 -70.7
Aug -12.0 -3.2 -83.4 -8.4 -1.9 -98.0
Sep 5.5 0.5 " 2.6 1.3 **
Oct -6.2 5.6 -563.7 -4.3 6.1 -60.8
Nov -1.3 20.5 -27.1 0.5 215 -30.6
Dec 5.3 45.8 -20.5 6.0 48.2 -24.7
Trajectoryrcp8.5periodthree percent change frortrajectoryrcp2.6period one

Lelman Baker

Streamflow ET SWE Streamflow ET SWE
Jan 16.5 42.4 -44.0 16.7 44.7 -49.6
Feb 3.4 33.6 -39.6 1.2 31.8 -44.7
Mar 21.1 22.9 -32.5 -18.8 20.4 -36.0
Apr -8.4 18.2 -46.8 0.6 15.7 -52.0
May -20.9 6.2 -61.1 -26.5 1.2 -67.1
Jun -29.7 0.7 -72.1 -33.6 -3.9 -71.4
Jul -32.9 -6.5 -84.7 -32.2 -5.2 -91.7
Aug -27.6 -7.6 -98.8 -20.0 -3.1 -100.0
Sep -14.1 1.0 - 9.5 4.1 ”
Oct -13.5 8.8 -95.5 -9.9 9.7 -99.2
Nov -1.2 53.0 -65.8 3.9 53.7 -71.0
Dec 12.9 51.7 -55.8 16.4 55.0 -61.7
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Therangdn morthly percentages of anntaihlsamong eacB0year period fothe four
GHG concentration trajectoriebmonthlystreamflow, ETsnhowmeltandSWEis showrin Figure
31andFigure32 (Graphs of each GH@oncentration trajectoiy provided in appendi3, A4,
A-5, and A6). Monthly streamflow shifts are closelgtedo shifts in snowmelt and, to a lesser
extent, ETResultsndicate that January runoff incred€geercentin the warmestajectory
(rcp8.5)comparedvith period one ofrajectorycp2.6 Also,SWE relative volumes decreldsam
period onef trajectoryrcp2.6 in most months for &dhjectoriegexcepfor periodthreeof
trajectoryrcp26 (Table8 & Table9). Projectiondor trajectoryrcp2.6show a shift towards more
flow during May as thejectoryevolvedvhereaghe other thretrajectorieshow a shift towards
increased flow in April and March. This shift is mostly explained by shifts in snowmelt timing
moving from May to April and earlier in the westinajectory(rcp8.5) The low GHG
concentration trajecto¢scp2.6) is the ontyajectoryto predict decreassedowmelt in March and
increased snowmelt in April and May as the simulation eVbleddcreased snowmelt at the end
of the90yearsimulatiorfor trajectorycp2.6is caused hyrojecteddecreaskwinterand spring

temperatureroduced by the GCM
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Decreased winter temperaturesajectorycp2.6 may beartlyresponsibléor slightly
increasd ET (as percentage of annual) during May and June with slight decreased ET during March

(Figure31, Figure32 Table8, & Table9). Thisshift inET iscaused bgnore snow storage in March
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and April and less sublimation, while later melt timing may result in increased soil moisture available
in the later months which would increase PETwEHnNmertrajectorieproduce a shift in ET with
relativeincreaseBom Octoberthrough April; these relative increases in ET bevause darge

decreases during the warm growing séa@sndune through Augudthe relatively large decreases

in ET duing the warm growing season in thedstfdBHG concentration trajectofscp8.5)s

caused bthe dynamics of earlier snowmelt along with increased temperature resulting in less soil

moisture available during these later man#tbmits actual ET.

Thehighest GHGconcentration trajectofscp8.5)produced the largest shift towards earlier
snowmeltthe mgority of annual snowmelt shiftedm around mieApril to midMarch between
period one and period thr&arlier snowmelt is more apparerth#Bake Creekwatershed
because of a greater area of slopes that faceTdimghiftin monthly snowmeis larger than that
seen for the SCD and max SWE date, meaning that snowmelt occurs earlier in the year during the
warmestrajectory(rcp8.5)althoughthe timing of max snowpack is not as affected. This could be
becaussnowmelt occurs more in March than ApaWweversnow accumulation continues through
April which lessethe change in snowpack timing. Earlier melting can occur while snow continues
to accumulate due ocreasegeriods ofive days with temperatures above freewhigh triggers
snowmelt in PRMS. Pretgtion will take on snow formtémperatures are below a parameter that
makes preci pi t awasusedinahe moylehd willkaccimulatd iStheEefperature
is below freezing. Therefpaecumulation of snowpack can continue after snowmelt has started,
which likely explains why the relative shift to earlier snowmelt is much larger thamttieeshift
snowpack centef mass datdzarlier snowmelt resultsritoderate increasesimoff from the
LBCD during March and Apfor thehighest GHGconcentration trajecto¢scp8.5) Althoughthe
timing ofpeak runoff was not analyzegblicitly, peak runoébincidesvith theshift inthe SCD

and wouldprobablyoccurearlier bynly 266 daysPeak runoff in the LBCD occurs when the
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ablation cure of SWE sharply declireesd thus, th&CDis greatly influencesthen thamelting

dateis shifted.

Projected Streamflow Coefficients

Thestreamflow coefficiei the ratio of the volume sireamflovto the volume of
precipitation in the watershad wagalculated fathe three 3@earperiods and for all GHG
concentration trajectorifs the mountainuplandaltitude defined are@&gureld). Projected
streamflow coefficieptvere also calculated for Lehman and Baker watersheds as wellae basin
(Lehman, Baker, and Rowland Spring watersheds) at annual and monthly time sedbiss. Basin
results show a decreasstieamflow coefficientas a result of warmitegnperaturedue to
increased ETFigure33 A-7, & A-8). The basirwide streamflow coefficient generally decreased
from March through Oober for all three periods between the GHG concenttedjectory rcp
2.6 and trajectory rcp8.5, whereas the coefficient increased from November throughTlaélteuary (
10, A-9, and A10).Basinwidestreamflow aefficientfor the month of May show a significant
decrease fdahe highest GH&oncentration trajectofcp8.5 compared with the lowest GHG
concentration trajectory (rcp2u8)ng the MankKendall trend test with alpha = 0.1 and n =90

(water years 208ED98)A-9).
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Tabld OProjected bagite mean mosthiynflow coeffieiiemteach thyewar time period, fogesethouse gas
concentration trajectory

Projected Basin-Wide Mean Monthly Streamflow Coefficients
Trajectoryrcp2.6

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

periodl 0.23 0.20 0.67 092 201 092 034 019 024 033 033 0.30
period2 025 0.22 069 092 208 109 037 022 027 040 039 0.32
period3 025 023 065 088 212 112 037 022 027 041 040 0.33

Trajectoryrcp4.5

periord1 025 0.19 059 102 20 075 028 0.18 024 033 037 0.37
period2 0.28 0.23 057 092 202 099 034 021 027 040 043 040
period3 028 022 058 092 201 099 033 020 027 040 043 0.39

Trajectoryrcp6.0

periodl 0.23 020 063 097 198 088 033 019 024 033 037 0.32
period2 0.26 0.23 063 091 206 109 037 022 027 040 042 0.34
period3 0.26 023 062 089 203 107 035 021 027 040 041 0.35

Trajectoryrcp8.5

periodl 025 021 055 090 199 085 030 018 023 032 036 0.34
period2 0.28 0.24 058 087 194 101 035 021 027 039 043 0.38
period3 029 024 058 089 189 096 033 020 026 039 042 0.38
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Thespatialariabilityin thestreamflow coefficiemis best explained by the differences in the
subareasf the mountairuplard zonegFigureld). Results omean annuatreamflow coefficiemt
and water budgets feach30-yearmperiodassuming no precipitation chaageshown inTablell,
Tablel2 andTablel3 The alpineand mixeetoniferarea werelessaffected byvarming
temperaturgthanthe subalpinareaThe alpin@reavasless affected faeverabossblereasons:
(1)storage in solil is l0g2)vegetation is sparsed (3Hortonianand Dunniarsurface runofand
fast subsurfadateiflow dominatesAltitudesalsoare high resulting aonsistentower
temperaturesithoughtemperaturenagnitudeshange with the GH@oncentration trajectorjes
temperatures astill relatively cold@ he third period during the warmeajectory(rcp8.5)
howeverhas a strong effect on all zones with the largest decreases in runoff and increases in ET.
Increased taperatures have the largest effect ostthamflow coefficiem thesubalpinarea
wheresoils are thickemdsimulatedictuaET can approacthe PET.For the warmedtajectories
(rcp8.5)this can eventually result in decreased sumnierdatise af lack of soil moistueand is
shown in the difference betwegmmiod one ofrajectoryrcp2.6 angberiod thre®f trajectorycp8.5
for the mixeeconiferareaTableld). The relativincreasin the ET coefficient (ET asfractionof
precipitation) in thenixedconiferareas smaller than the changéT in the alpine and subalpine

area by 1percent.
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Tabld 1 Projectetteamfl@mnd ETcoefficiefislpin@rean thenountauplandongvaluemen area weighted inches.

Alpine Area
MeanPreciptation: 32.7inches

Period rcp2.6 rcp4.5 rcp60 rcp8.5
One 165 16.2 164 16.1
Streamflow {nches)  Two 163 160 161 15.7
Three 16.2 15,6 155 147
One 16.1 164 163 16.5
ET (inches) Two 165 16.7 16.6 17.0
Three 163 170 17.0 179
One 050 050 050 0.49
Streamflow coefficient Two 050 049 049 048
Three 050 048 047 0.45
One 049 050 050 051
ET Coefficient Two 050 051 051 052
Three 050 052 052 0.55

Tabld 2 Projectstteamflamnd ETcoefficiefassubalpiaean the mountapiandongevaluesrein area weighted
inches.

SubalpineArea
MeanPrecipitation: 27.6 inches

Period rcp2.6 rcp4.5 rcp60 rcp8.5
One 8.4 8.1 8.3 8.0
Streamflow(inches)  Two 8.0 7.8 8.0 7.5
Three 8.0 7.3 7.3 6.6
One 19.2 196 194 196
ET (inches) Two 19.7 199 19.7 20.2
Three 195 20.2 20.3 20.9

One 0.31 029 030 0.29
Streamflow coefficient Two 029 028 029 0.27

Three 029 0.27 026 0.24
One 070 0.71 0.70 0.71
ET Coefficient Two 071 0.72 071 0.73
Three 0.71 074 0.74 0.76
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Tabld3Projectetteamfl@amd ETcoefficiefisnixedonifarean the mountajlandongvalusaren area weighted
inches.

Mixed-Conifer Area
MeanPrecipitation: 21.2 inches

Period rcp2.6 rcp4.5 rcp60 rcp8.5
One 3.3 3.3 3.4 3.2
Streamflow(inches)  Two 3.2 3.1 3.3 3.0
Three 3.2 2.9 2.8 2.4
One 179 18.0 179 18.0
ET (inches) Two 181 182 18.0 183
Three 18.0 18.3 184 187

One 0.16 0.15 0.16 0.15
Streamflow coefficient Two 0.15 0.15 015 0.14

Three 0.15 0.14 0.13 0.12
One 084 0.85 0.84 0.85
ET Coefficient Two 085 0.85 0.85 0.86
Three 0.85 0.87 0.87 0.89

The PRMS sintation usinghehighest GHG concentratidrajectory(rcp8.5shovsthe
greatest decrease in runoff during the lagt&@0simulation perigderiod threeand the
streamflow coefficieniecreased as temperatures rose during-yfea@gimulatioim both the
Lehmarand Bake€reekwatershed@-igure34andFigure35). A weakpositiverelationship (R =
0.28)existhetween annual precipitation dadreaskannual flow fron BakelCreek between
trajectoriescp8.5 and rcp2.6 (Figure.3)argerrelativedecrease in streamflow during high

precipitation years under higher temperaitucasised bincreasedublimation anéT.
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If temperaturesgesufficientlyin late winterthe growing season would begin edntigght be a

slow biological procesBpr simulations that would extend further than the current century with
constant warming, a change in vegetation ectit@psoud causa highertreeline or
encroachment gfinyon pinguniper into the mixed conifer zokhkder most warmingajectories
increased sublimation d@ad during fall, winter, and spring as well as earlier snowmelt result in

decreased soil moisture dgsammer monthandin lessannuaktreamflow

The uncertainty in the simulation of sublimation and ET could be large and thus actual
changes in ET during a warming climate may be more or less than that d{ingistizd et al

(2009)ested multiple PET estimation methods for theiterm biases tthe same climate change
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trajectorieandfound thathe JenseandHaisemethod has a bias towards predicting higher PET
(varying by latitudendis sensitie to small increases in temperature. The modified Jensen and
Haise(1969) method uségreindependon more than air temperaturairectlyit includesaffecs
from aspect and vapor pressitteweverthe magnitude of many water budget components and
total streamflown these simulatiom®uld beaffectedf PET is systematically overpredicted.
Findings regardinggjected spatial variations and relative changes in timiwauanesof water

budget components is likebypust to this error if it exits.

SUMMARY ANBCONCLUSIONS

Water resources of the snowmelt dominagébdnan and Baker Creek draindg@€D)
located in the Great Basin National Radastern Nevadee important for ecological healtithin
the parkand forirrigation and municipal dandin adjacent Snake Vallfeasurementnd
evidencgathereaver the padivo centuriefrom the surrounding area show warming trirads
may be directly related to decreased snowpack in mountainsaatiek snowmelVarmingn the
regionis projected tacontinueover the 2% centurythatcould result in reductionssnowpack,
streamflowand soil moisture mid- to highaltitude mountain ranges like the LBTIe objective
of this study was to evaluate the effect of this warming on thenfateireesources of the LBCD.
A PrecipitaitorRunoff Modeling System (PRMS) computer program waeutedareshat
incorporatediaryingwarmingemperatur@rojections over the next 90 yebtaedel calibration and
validation showed adequate accutabg annual and monthly scale with abssitgamflovwerrors
less thad2 percenfor allhistoricabimulationsStatistically downscaledilgd pojectedair
temperaturgfrom the National Center for Atmospheric Rese&@ommunity Climate System
Modelversion 4.0 were bias corrected to fit a local weather station in the Lehman Creek drainage.
The corrected climate projections were tisedto evaluate effects of warming temperatures on

streamflow over a §@ar periodising PRMS3-our greenhouse gascentration trajectories
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developedoy climate modeling groups involveth@Coupled Model IntercomparisBroject

phase &s representatigencentration pathwaifgat may cause warming air temperatures over the
next 90 yeamsere usedlhe resultérom theseggreenhouse gasncentration trajectoripsoduced
futuremean aitemperaturéen the Lehman and Baker Creek drainagiectease slightly or increase
by as much @&5F by the end ahe21st centuryHistorical precipitationearthe study areaas

used in the simulations such that only temperature effects on streamflow could be evatuated. A 30
year precipitation period from 18799 was repeatatireetimes in each of the four greenhouse
gasconcentration trajectoriaad model results among flour differentrajectoriesvere divided

into the same 3fear perioden the basis of the repeating historical precipi(atater years 2009

38, 203868, and 20a2098) Results were analyzed for shiffsiiare annual water budgétends

in annuastreamflowsnowpack and snowmelt timing, monthly variatistsegmflowy
evapotranspiratioand snowmelt, and shifts in sieamflow coefficieimt varying altitude zones

in the LBCD. Important findings include:

1 Potential decreasesnobre than 10grcentof meanannuaktreamflovwfrom Lehman and
Bakeras a result afarmingemperatures;

T Significant reductions in bagiide May runoff and nesignificant increasessimeamflow
from November through January was simulated as a result of warmirajuszspe

T Snowmelt timinghsfts from slightlylaterto one monttearliehy end of the 2lcentury

9 Shifts to earlier snowmeleremore apparent in Bak€reek drainagban in Lehman
Creeldrainagdecause of a greater area of sfading slopes

1 Peaksnowwater equivalencatewasearlietby four days for the warmest periatdwas
bufferedby high-altitudesareas

1 Sublimation, evaporation and transpiration increase from October through April and they

decrease from June through August durintyvihearmeiprojections
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1 Assuming that precipitation does not chastggamflow coefficientdecreaseith
increasing temperatwed is more pronouncetithe mid-altitudeareaswhereas thalpine

and mixeetoniferareasvere slightly lesdfected

Mostglobal climate modetsoject a increase in mean surfasgemperatures ovére LBCD
duringthe 2% centurybutwith varying predictions of future precipitation. Although precipitation
timing and volumaesill likelycontinue tdoe the dominate factam the quantity of streamflaw
the LBCD, modeling resuftaggesthat temperaturis also importantVarming temperatures
influencenearly all of the hydrologic processes that occur in the. EBROE work should include
the addition of multiple projéans ofprecipitation and the resultstgeamflowesponsei the
LBCD along with a more robustegrated surfaseaterand groundwater modeling approach (i.e.
GSFLOW) Such an approachuld better simulate surfacaterand groundwater interactions and

streamflow losses to the kdisiestone zone.
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