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ABSTRACT

TRENDS IN SNOW WATER EQUIVALENT IN ROCKY MOUNTAIN NATIONAL PARK

AND THE NORTHERN FRONT RANGE OEOLORADO, USA

Theseasonatnowpack in Rockiountain NationaPark and thaorthernFrontRange
of Colorado, USA, within 50 knof the park, s undergoingchangeshatwill pose challenge®r
waterproviders, naturalesourcenanagers, and winteecreation enthusiasts. Assesdimgg-
term temporaltrendsin measure®f the seasonahowpack,and n the climatic factorsthat
influenceits annualaccumulatiorandablation,hdps to chaacterize thoschallenges.In
particular evaluatinghe patterngf variation in thosdrendsover differentpartsof the snow
season providesew understandings to ther causes Thisalso helpgo determinespecific
ramificationsof thetrends. h addition, placinghe current35-yeartrendsin thelongercontext
of longer-termobservationalrecords, and peoclimatetreering reconstructions, provideseful
comparison®f currentand pastrends. Finally, projectionsf futuretrendsprovided bylinked
climate andchydrologic modelsoffer a sense ofiow these trendare likelyto affect the snowpack
of thefuture.

Some factors such as the high elevation of the study area help to presertiercondi
favorable to development of the seasonal snowpack, and hence to limit trends toward great
warminginduced melt and less precipitation falling as snow. Nbebss, traditionanowpack
measures such as April 1 snow water equivgleWE) show consistent declining trends over
the 35-year period of record for automated snow monitoring stations in the studyrheea

trends are not uniform throughout the snow season, but vary significantly by month. sil,a re



November and March have warming and drying trendsdiglat/the beginning of the winter
snow season and reduce the traditional accumulation that formerly charddtegizarly spring.
In contrast, the core winter months of December, January, and February havg aondli
wetting trends that have been enhancing SWE during the heart of the winteApMith early
May is another period during which cooling and wetting trends have been enhancing SWE,
although these months also show more variabilllyis oscillating pattern helps to explain why
there has not been a pervasive shift to earlier and lower annual peak SWE idytfsresu

Paleo SWE reconstructions based on tree-ring chronologies Bhbat teast some of the
recent 35year trends in observed SWE described in this study have comparable precedents
during the preceding five centuries, but we do not yet know how long the recent trénds wil
continue. Linked climate and hydrologic modelsopect that the observed trends are likely to
continue, and that by 2050easures such as April 1 SWE in the study area are likely to decrease

by 25 percent.
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CHAPTER 1. INTRODUCTION

1.1  The Seasonal Snowpack

The seasonahowpackis defined as “snowhataccumulatesluringoneseason and does
notlastfor morethan oneyear” (NationalSnowandIce Data Center, 200&ierzetal., 2009).
This occurswhere average dailyemperatureare mostlybelowfreezingduring the winter
monthsandare mostlyalove freemg during thesummemmonths.

The seasonal snowpack in mountainous regions is important to humanshandab
ecosystems for many reasons. Oftanwn as hature’s water tower (Viviroli et al, 2007),the
snowpack provides seasonal storage for most of the annual precipitation in the mountains,
releasing the stored winter precipitation during the spring and early suniraerwater demand
for reservar storage and irrigatiors higher than in the wint€Baleset al, 2006). Snowmelt
runoff also produces most of the groundwater recharge that takes place in the mandai
nearby plains (Barneét al, 2008). In most river basins of the westerntéth States, water
storage in thenowpack exceeds the storage capacity ofmade reservoirs (Motet al,

2005). In Colorado, more than 60 percent of annual precipitation falls as winter and spwng s
(Serrezeet al, 1999). Spring snowmelt runaf said to generate 80 percent of streamflow in
Colorado (Colorado Climate Center, 2016).

As in most of the west, Colorado’s economy is sensitive to changes in water &tgilabi
and hence to changes in the seasonal snowpiwck.estimatef the marginavalue of an acre
foot (1233 cubic meters) of water under conditions of changing streamsfig®4-46 in 1985
dollars (Harding and Payton, 1990). This equates to $7md@2oot (6-8 cents/cubic metei

2016 dollars. Rocky Mountain National P4RMVNP) has an area of 265,761 acres (107,550



hectares), so a differenoé 1 mm of snow water equivalent (SWE) over the whole park would
eguate to a marginal val@er waterof about $77,00Qer year

In addition to providing water supply, the seasonalgrazk represents an important
recreational resourceéduring the decade 2005-2015, the economic impact of the downhill ski
industry in Colorado grew from $2.5 billion to $4.8 billion (Denver Post, 2015). During the
same period recreational visits to Rodkguntain National Park during March more than
doubled, from about 60,000 to over 130,000 (National Park Service, 2016a). This is the season
for snow-related recreation in the park, including snowshoeing, cross-countg; skaidding,
and backcountry &iing. In 2011, 63 percent of winter visitors to Rocky Mountain National
Park participated in recreation involving snow (Papadogiaretaii, 2011).

Like the watersupply industry, the winter recreation industry is sensitive to changes in
the seasonanowpack. Potential impacts on the ski industry include not only loss of skiable
snow GilaberteBurdaloet al, 2014, but also increased risk of wet avalanches (Lazar and
Williams, 2008). Measures of the number of days per year with sufficient snow fgalelgo
winter recreation, in terms of both observed trends and future projections, provide important
information for recreation planners. The difference in the economic value of Gwkski
industry in a low snow year compared with a high snow lgaarbeen estimated$it54 million
(Burakowski and Magnusson, 2012). Assuming that the difference in April LiG¥ME snow
zone in a low snow year compared with a high snear ys typicdly about 500 mm, thea
difference of 1 mm of April 1 SWk Colorado’s snow zone would equate to a marginal value,
for recreation, of about $308,000 statewide.

In addition to its value for humarttie seasonal snowpapkovides important benefits

for ecosystems. It is the source of most of the water used by plants and animealsnow zone



and in riparian areas downstream. In addition to nourishing vegetation, it also enhances th
ability of vegetation to resist wildfir@Vesterlinget al, 2006). The snowpaclalso provides
critical shelter and winter habitat for a variety of plants and animals (8ba&s2001, chapters
5 and 6). Snow shelters tree branches from cold, dessicating winds that would ethkiirthis
branch(Denver Botanical Gaen, 2016). Similarly, snow shelters grass and forbs that provide
food for elk, which are adapted to pawing through the snow to find sustenance. Animals such as
ptarmigan, pikas, snowshoe hares, ermine, voles, shrews, and snoavdleaamples of
animals that aradapted to seeking food and shelter in the snow (&tra¢s2001, chapter h

The seasonal snowpaalso plays an important feedback role affecting winter climate.
Snow has a much higher albedo than bare soil, rock, or vegetation th@rssasonal snowpack
forms, most of the incoming solar radiation is reflected back to the sky, leassplbe
absorbed by the land surface than when snow is not present. This helps to cool thenterrain a

the snowpack itselfFlanneret al, 2011).

1.2  Trendsin Snowpack Measures

In light of theimportanceof the seasonatnowpack and athangesn its patterns of
accumuléion and ablation,it is important toexaminelongtermtrendsin measure®f the
snowpack. Anumberof studieshave found indicationshatthe seasonasnowpack in the
westernUnited Statesis changingove time (mostly diminishing) and hatthese changeagflect
underlyingtrendsin climate.

Accumulation and ablation of snow arghtly linked with temperature and precipitation.
Like most of the rest of the globe, Colorado has been experiencing a warmohgues the past

century, and that warming trend has been accelerating since about 1970. Theatercént



warming in Coloradpin terms of average annual temperatigebout 0.37°C/decade statewide
(Lukaset al, 2014). The warming trends are not uniform in space and time. Warming has been
found to be more rapid in the northern central mountains of Colorado,aviele stations in the
southern San Juan Mountains have shown cooling tr&edse( al, 2008 Mote et al, 2005).

The warming trends have also been shown to vary with elevation, with higherosiesrits

showing more rapid warming trends (Diaz and Eischeid, 20@0&jiation in time has also been
noted for warming trends, with November and March, in particular, showing more rapid
warming trends than other months (Rense, 2BH§et al, 2008).

In contrast to temperatunesearchers often report thiaere are no obvious trends in
cold-season precipitatiofHarpoldet al, 2012. As with temperature trends, however,
precipitation trends are variable in space and time, reflecting the varyingewpatterns that
bring moisture to different parts of the state at different times éRal;, 2008).

Themost common measure of the seasonal snowigdbkesnow water equivalent
(SWE)on April L This measure has bedecliningin most ofthe western United Stateser
the second half of the last century (Meteal, 2005). The period of snow cover was found to be
declining in the highest elevations of the Colorado River Basin, with the caveagthiatant
spatial and temporal variability highlights the need for additional reseaccthentnass and
energy balance of the seasonal snowpack in the inter-mountain west (H#dralQld012).

There is spatial and temporaiariability of snowpack accumulation and ablatammosshe
Mountains of the ColoradRiver Basinwith different snowpack patterns in different parts of the
state and in some locationsanging with elevation (Fassnacht and Derry, 2010). Not only are
accumulation patterns different, typically increasing wittvation (Fassnacht al, 2003), but

melt rates are also highly variable (Fassnacht and Re@fXtis). Trends in April 1 SWE ihe



northern Front Range of Coloradbe area of this investigatipfor the period 1978-2007 were
found to be unchanging, as opposed to declining trends elsewhere in Colorado (Clow, 2010).
Trends in SWE in the mountains of Colorado have also been found to vary by month
(Rasmussent al, 2014).

Earlier snowmelt has been found to be associated with earlier spring rurtoaims in
the western United States (Stewetral, 2004; Stewaret al, 2005 Fritzeet al, 2011) and in
Colorado (Clow, 2010)In the latter study, while statewide trends toward earlier snowmelt
runoff averaged about two weeks earlier in 2007 compared with 1878ends toward earlier
snowmelt runoff for the area of this investigation were among the weakds tneted in the
state (Clow, 2010). In a more recent study usidgferent methodo identify streamflow
components, trends in snowmelt runoff timing in the Colorado Rockies during 1976-2015 were
found to be mostly toward earlier runoff, but about qoerterof the trends were toward later

snowmelt runoff (Pfohl, 2016).

1.3  Problem Statement

The faegoingdiscussiorsuggests need foradditionalresearctaddressing trends
snowpack accumulation and ablatiorgpecific areasisingmeasureshattakeinto accountthe
variable naturef trendswith time duringthesnowseason. @ characterize thisntraseason
variability in SWE trends,it is important tousemeasureshathaveannualtime serieghatare
basedon more tharone measuremeiper year, for exanple, morethan justApril 1t SWE. A
morecompletepicture of thesetime-varyingtrendscanemerge ifthe annuatime series
analysesre based on are frequentmeasurementduringtheyear. MonthlySWEdata, such

asthe measurementgerived fromsnowcouses(described in section 2.1 below), aféen



used to providea more detailed assessmehSWE variationsand trends. However, even
monthly SWE data are insufficiento characterize sumnonthlyvariationsin SWE (Bohrand
Aguado, 2001). hese submonthly variationsare bestcharacterizedy usingdaily SWE
measurementsuch asthoseprovided bySNOTEL stationg(described in section 2.2 below).
These data caalso be wisedto assessecific characteristicsf the snowseasonsuchasamount
and timing of peak SWE, length of season, and trendshort-ternchangesn SWE. The
purpose othisinvestigationis to examinesuchintra-season variabilityn trendsof snowpack
accumulation and ablation for Rockountain NationaPark and theurroundinghorthern
FrontRangeof Colorado, extending up to 50 kinom thepark. Daily SWE measurementsill
be usedo evaluategpatternsamong snowpack trends.h&trendswill be examinedin relationto
correspondingrendsin temperature, elevation of theerageevel of freezingtemperaturesand
precipitation,aswell asterrainvariables sud as elevation and location.

The time period of the trend analysis vaticompass th&0-year period of snoweurse
measurements in the study a(@836-2015), with emphasis on the BEarperiodof daily
SNOTEL measuremen{$981-2015). Information will be presented showing how observed
daily SWE data from SNOTEL stations can be used to estimate daily SWE dstavior
courses, thereby lengthening the period for whiehds can be evaluated for measures, such as
peak SWE, that depend on daily SWE data. The tremasiated in the trend analysidl be
examined in the contexf the pastby usingmulti-century reconstructions paleoSWE to
determine whether the obsed trends are unique over a longer term. The trends will also be
examined in the context of the future, by using projections of fltemeperature, Precipitation,

and SWE based on climate models, to anticipate future changes in snowpack accumulation and



ablation Finally, some ramifications of the results for managing park resources will be

discussed.

14  Study Area

It is importantto examinesnowpack dynamicand trends across therthern Front
Rangewithin 50 kmof RockyMountain NationaPark (Fgurel.l)for severalreasons.The
park and surroundingationalforest landsarean importantecreationatesourceandsourceof
water.The high elevation, memorabdéeenery, abundanécreation opportunities, accessibility,
and proximityto theDenver metropolitan areaake thisa populartouristdestination, with over
3,000,000 visitorpe yearto thepak (NationalPark Service, 2016¢and over6,000,000
recreationalisits pe yearto ArapahoeRoosevelNationalForest(U.S. ForesBervice, 2016).
Snowmeltrunoff from the study areacontributessignificant portions of the flowsof the
Colorado, North Platte, CachePoudre Big Thompson, ad Little Thompson Rivers, and St.

Vrain, Left Hand, ad BoulderCreeks. Thesereeksand riversprovidewaterfor irrigation,
industry, municipakupply, recreation, ad aquatichabitat for alargepart of northern Colorado
andadpcentdates.

A unique aspect of the park is its emphasis on high-elevation mountain terrain. One-third
of the park (about 36,000 hectares) is within the alpine tundra biome, above timberline which is
about 3,505 m above sea level (National Park Service, 2016b). Another major portion of the
park is within the subalpine biome (2,895-3,505 m), typically the zone of maximum seasonal
snow accumulation.

The zone of seasonal snow accumulation in this part of Colorado has been defined in

terms of intermittent, transitional, and persistent snow cover (Retlegr 2013). Also
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described in this paper is a Snow Cover Index (SCI), defined for a specific datgtdarsnow

year as the proportion ofday MODIS images over a d@ar period in which a particular pixel

is snow-covered on that date. The zone of intermittent snow cover, generallyrb2{@@@ and

2,550 m in elevation, has frequent snow during the winter months, but the snow cover often
disappears between stormEhe SCIlis less than one for many dates during the snow season.

This zone generally coincides with the montane life zone, with ponderosa pine as the
predominant vegetationAverage annual temperature is greater than Cetsius The

transitional snow zone, generally between 2,550 and 3,050 m, is more likely to have snow cover
that persists through most of the wintespecially as elevation increasdhe snow cover index

is equalto onefor moredates during the snow seasdfhis zone is transitional between the
montane and subalpine life zones, wibdepole pinas the predominant vegetatiofiverage

annual temperature is close to zelte persistent snow zone, generally higher than 3,050 m,

has dependable snow cover throughout the winter. The snow cover index i<lse toone
throughout most of the snow season. This zone generally coincides with the subalpine.life zone
Spruce and fir are the predominant vegetation. Average annual temperaturéhsnesso.In

terms of these snow zones, the seasonal snowpack is said to occur in the transitional and
persistent zones.

The hgh elevations in the study area keep temperatures cool. On the tundra,
temperatures vary from loveg about -37°C in winter to highs of about 24°C in summer. At
lower elevations in the park, temperatures are typically about 5°C wéxaigonal Park
Service, 2016d).

Monthly variation in pecipitation is relatively smallyith lower monthly totals dring

the summer months dtuinethrough September, and highenonthly totalsn April and May.



Precipitation occurs mostly as snow, which can fall during any month of the year ofilos

snowfall occurs during October through May. The snowpack typically developsabedcand

peaks during March, April, or May witBWEranging fromabout 100 to about 14G6m

(Dressleret al, 2006, Patterson and Fassnacht, 2014). While snowmelt may continue to produce
runoff in decreasing amounts throughout the summer, the bulk of snowmelt runoff is complete
by mid-June. Snow tends to collect in depressions in the alpine zone that are protected from sun
and wind, where it may persist from one year to the next. Snow accumulation in these
depressions is augmentedwynd redistribution of snow that may fall on the windward side of

the ridge. These firn fields of multi-year snow that remain at the end of the suofiee

referred to as glacierare not considered part of the seasonal snowpack.
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CHAPTER 2. DATA SOURCES

Snowpackmeasurementsave beemmade acrosshe westerrnited Statesfor the past
eightdecadedy the U.S.NaturalResource€onservatiorService (NRCS)formerlyknownas
the SoilConservatiorervice (SCS).These dawere collectedo facilitate currenyear
forecastof snowmeltrunoff, underscoringheimportanceof year-b-yearvariationsin
snowpack accumulation and ablati@devers of watermanagemerdecisions. These of
consistentocationsand methods aflatacollection make theesulting multi-yeardatasets

valuable forexamininglong-term temporatrendsin snowpackaccumulation andblation.

2.1 Snow Cour ses

Snowcoursesaredesignated locations, operatedtbg NRCS, where repeated monthly
manualmeasurementsf snowdepth and SWEremade;snowdensityis calculated fronEBWE
and depth. Mostnowcoursesaveb to 20 sampling pointst regularlyspaced intervalalonga
transect. Theinterval betweesamplingpointsis typically in therangeof 20-100 ft (6.1-30.5
m). Samplesare takenusinga coringdevice (FederaBampler)to determine depthard are
weighed to determin8WE (NaturalResources Conservation Service, 2016a). Whéeeis
somevariation in samplingchedules, atostsnow courses, measementsare made foutimes
per year, on owithin 5 daysprior to thefirst day of February, Marh, April, and May. Snow
coursevere establistein thestudy areastarting in thelate1930s Forthis investigation, 23
snowcoursesn and neaRocky Mountin NationalPark were selectedbr analysisbasedon
proximity to thepark and on lengthrad completenessf record (Figure 1.1Table2.1). Ofthese

23, ninelie within thepark.
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2.2  Snowpack Telemetry Stations

Snowpack TelemetrySNOTEL)stationsareinstrumented, automated sites, also
operated byhe NRCS,thatmeasure SWErd precipitation. More recentlythey measure
temperature anshow depth, asvell asothervariablege.g., soilmoistureand temperaturejt
somedtations. Thefrequencyof measuremens hourly year-roundand meteor-burst
communicationsechnologyis used to transmihedatato receivingstationsandthe Internein
near-eal time. SWEis measured usingsnowpillow and pressurgansducer, precipitation is
measured usingweighingstoragegauge, snowlepth ismeasuredisinga sonic sensor, and
temperatureés measured usingshielded thermistofNRCS, 2016b). ThieongestSNOTEL
recordsarefor SWEand precipitation (morthan 35yearsat somegtations); sensorfor

temperaturdlast 25years) and snowepth (lastLlOyears) wereaddedater.

The hourly data are compiled into daily statistics. Both scowse and SNOTEL data
are available on the wordide web at <www.wcc.nrcs.usda.gov> (NRCS, 2016¢). SNOTEL
stations were initially established in the study area in 1979, with various other temger
stations in operation by 1981. For this investigation, 13 SNOTEL stations wereddétect
analysis based on proximity to the park and on length and completeness of regunel 1Hi,
Table 2.1). Of these 13, five lie within the park. These 13 SNOTEL stations arenthe sa
stations used by Clow (2010) in the orange and purple clusters in his analysis ot#rawin
streamflow timirg. The orange cluster includes SNOTEL stations on the western side of the
Front Range, while the purple cluster includes SNOTEL stations on the eadteohthe Front
Range. In this investigation all 13 SNOTEL stations were used for snowpack analysis, and
precipitation data were used fra@ix stations (Phantom Valley, Joe Wright, Willow Pdrkke

Irene, Bear Lakeand Copeland Lake).

12



Table 2.1. Snow course and SNOTEL stations included in the investigation. Data atdevalil
online at <http://www.wc.nrcs.usda.gov/snow/>, accessed 7-9-16

Station Cluster

Elevation| in/out of Elevation| (Clow,
Snow Courses [ m] RMNP | SNOTEL stations| [m] 2010)
Lake Irene 3261 Inside Lake Irene 3261 Orange
Longs Peak 3201 In Willow Park 3261 Purple
University Camp 3140 Outside | University Camp | 3140 Purple
Cameron Pass 3135 Out Deadman Hill 3116 Purple
Deadman Hill 3116 Out Joe Wright 3085 Orange
Boulder Falls 3049 Out Niwot 3021 Purple
Long Draw Reservoir | 3042 In Roach 2957 Orange
Milner Pass 2973 In Lake Eldora 2957 Purple

Willow Creek

Wild Basin 2915 In Pass 2909 Orange
Willow Creek Pass 2909 Out Bear Lake 2896 Purple
Ward 2896 Out Phantom Valley | 2752 Orange
Hidden Valley 2890 In Stillwater Creek | 2659 Orange
Hourglass Lake 2854 Out Copeland Lake | 2621 Purple
Bennett Creek 2804 Out
Park View 2793 Out
North Inlet Grand Lake | 2744 In
Red Feather 2744 Out
Mcintyre 2744 Out
Deer Ridge 2743 In
Chambers Lake 2743 Out
Granby 2622 Out
Copeland Lake 2621 In
Big South 2621 Out
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23  Temperature Stations

Although theSNOTEL stationscollecttemperaturelata, changeis sensotechnology
havecomplicated thevaluation ofong-termtemperature trendst these stationfOyler et al,
2015). As well, temperature data have bemtlectedfor shortertime periods, with manwyf the
thermistordeng installed around 1990. Consequently, temperatgerdsfor thisinvestigation
wereobtained fromthreenon-SNOTEL déaa collection sitesn and neaRocky Mountain
NationalPark (Figurel.1, Table2.2). Thetemperatur@ecordsfor theperiod 1983-2015 from
Loch Vale represenanupdate oftheLoch Vale temperature data previousgportedfor the
period 1983-2007 (Clow2010) Although therareissuesvith SNOTELtemperaturelaa,
temperatureacordsirom SNOTEL stationswere used foillustrative purposesvhenit was

importantfor the temperature recotd beassociateavith a colocated SWHecord.
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Table 2.2. Temperature data collection stations used in this investigation. ®atarethe
National Oceanic and Atmospheric Administration (2Q18élliam P. Rense (private
monitoring), and U.S. Geological Survey (Colorado State University, 2016).

First

Station name Elevation | Latitude Longitude yearof
(identification) Data source | [m] [N] [W] record
Grand Lake 6SSW NWS 2526 40° 11’ 06” | 105° 52’ 00” | 1948
(USC00053500) (NOAA)

Cooperative

Weather

Station
Allenspark Private 2520 40° 11’ 177 | 105° 30’ 05" | 1960

weather

station

operated by

William P.

Rense
Loch Vale Mainand | U.S. 3162 40° 17' 177 | 105° 39’ 46” | 1983
Remote Area Weather| Geological
Stations Survey

24  Elevation of Freezing Temperature

Estimatednonthly mean elevationof freezingtemperature¢freezinglevel or O-degree
isothermlevel) were obtainedrom the NorthAmericanFreezingLevel Tracker(Western
RegionalClimateCenter, 2016).Thedefinition ofinstantaneoufeezinglevel for this

application is:

“The elevation above sea level in the free atmosphere at which a temperature of 0° C (or 32° F)
is first encountered. The mean daily temperature profile used for this processesd foom the

four six-hour averages available from Global Reanalyg&/RCC, 2016).
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The spatial discretization of the freezing level tracker is 2.5 degredguddsand longitude, or
a rectangle odbout 320 x 288 km. This rectangle is centered at 40.35° north latitude, 105.72°
west longitude, just south of Trail Ridge Road in Rocky Mountain National Park, and dwers t
entire study areaThe temporal discretization is monthly. As the freezinglldetermination is

simulated for the free atmosphere, terrain effects are ignored.

25 Paleoclimate SWE Reconstructions

Estimatesof muti-century patternef SWEfor locationsnearthe studysite were deried
from treering chronologiesn the generavicinity of thestudyarea(Figurel.1, TableA.1).
These chronologieare calculatedasedon relative ringwidth indices, i.e., departuré®m
normal, vhere henormalis assumed to b&ithoutalong-term trend Therefore, the
chronologiesare not useful fordeterminingthe presence, direction, anagnitudeof multi-
centurytrendsin SWE. However, reconstructionsesgtimated SWbased on thehronologies
can beusefulin examiningtrendsoverseveraddecades. Thimvestigation usechteetreering-

basedSWE reconstruction$or the evaluation opasttrends(Table2.3).

Table 2.3. Snow courses and periods for associagedrig chronologies used ithis
investigation

Reconstruction__Treering chronology
Snow course date for SWE | Start End SWE start
North Inlet Grand Lake April 1 1571 1999 1938
Cameron Pass May 1 1486 2000 1936
Longs Peak May 1 1571 1999 1951
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2.6 Projections of Future Temperature, Precipitation, and SWE

Climatescientistshaveused variousnodels to projediuture trendsin climatic and
hydrologicvariableshataffect theseasonatnowpack. Thignvestigation examina®sults
from several othese strategigs campare trendérom the pasfew decadeswith trendsthatare
likely to occurovertherestof the 215 century accordingp themodels (Table.4). The
primary group of modgbrojectionsused aréhe multi-modekensemblgrojectionsmadeby the
Coupled Modelnter-comparisorProjectPhase 5 (CMIPSWorld ClimateResearch
Programme, 2016). Regionattlpwnscaled projectiorfsom thesemodelsoffer estimate®f
futuretrendsin temperatur@nd precipitation on a monthibasis, forgrid cellsmeasuringdl/8
by 1/8 degreef latitudeand longitude (Mauregt al, 2007;<http://gdo

dcp.uclinl.org/downscaled cmip_projectior$/

The projections of monthly temperature and precipitation have been used to drive
hydrologic models that provide projections of monthly values for hydrologic vesiatdluding
SWE (US. Bureau of Reclamation, 20Milly et al, 2005; Stahét al, 2008). For this
investigation, regionally downscaled projections of climate and SWE forrhedrrder of the
21st century, averaged from an ensemble of 31 CMIP5 climate models, were exardined a
compared with the observed trends (Mawteal., 2007, Brekkeet al, 2014). The selected
representative concentration pathway was RCP4.5, representing an assumptiow-for a
moderag¢ greenhousgas emissions scenario (Clagteal, 2007). The area selected for
regionally downscaled results is a rectangle of 3/8 degree of latitude athelgBé® of longitude,
roughly centered on Rocky Mountain National Park (Figure 1.1). In addition to examining the
ensemble model projections, individual CMIP5 modedse evaluated to seleate that, when

linked to the Variable Infiltration Capacity (VIC) hydrologic model (Beekt al, 2014), most
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closely matched observed SWE data in the stuely. & ne model that matched the observed

trend fairly well was the Institut Pierre Simon Laplace (IPSL) model fronP8& Climate

Modelling Centre (Dufresnet al, 2013). Projections made usitigs model, linked to the VIC

hydrologic model, were also examined and compared with observed trends in SWE.

Table 2.4. Climate and hydrologic models from which projections were used in this
investigation.

Name of | Description Representativ¢ Period of | Spatial Reference
model(s) Concentration| projection | resoltion
Pathway
CMIP5 Averaged results of 3] RCP 4.5 1951-2099 | 12 km Maureret al,
Ensemble| regionally downscaled 2007
global climate models
linked to hydrologic
models
IPSL Single model from thel RCP 4.5 1951-2099 | 12 km Dufresneet
CMIP5 ensemble, al., 2013
linked to hydrologic
model
WRF- High-resolution AR4 scenario | 2006-2050 | 4 km Rasmussen,
Hydro climate and hydrologi¢ A1B,; 2011,
model (Mentioned in | equivalent to Rasmussen
discussion) RCP 6.0 2014,
Skamaroclet
al., 2005
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CHAPTER 3. METHODS

3.1 Snow Water Equivalent

Monthly recordsof SWE weretabulated fothe 23 snowcoursedor their periodsof
record, coveringip to eightdecadegas earlyas1936 through 2015). Daikecordsof SWE
weretabulated fothe 13 SNOTELstations, coveringheperiod 1981 to 2015. The 13
SNOTEL stationsvereconsideredstwo groups based on proximitg¢cordingo theorange
and purple groupingssed byClow (2010)(Figurel.1). Firstof each month SWgypically
occurringwithin 3 daysof thefirst of themonth (Pagano, 2012i))r thesnowseasorfor snow
coursegavailableoverthelongtermfrom February 1 to Mayt) and SNOTELstations

(Octoberl to Junel) werecompiled, and monthlghangan SWEwascomputed.

A correlation matrix was constructed for nedApril 1 SWE, 1981-2015, for all 13
SNOTEL stations and all 22 snow courses. This matrix illustrates the degvheh April 1

SWE is correlated among all the data collection sites.

Traditionally, the most commonly used measure of snowpack condition is April 1 SWE
(for example, Moteet al,, 2005), based on the assumption that of the four monthly SWE
measurements at most snow courses, April 1 SWE best approximates the annudlfpedik S
this study area, on averageak SWE occurs any time fromarMarch through mid-May, but it
can be earlier (1981, 2002, or 2012) or later (1995, 2011), depending on location, elevation, and
the amount of winter precipitation in a given year. Using the assuntpagmeak SWEoccurs
on April 1 can yield an under-estimation of peak SWE by as much as 12 percenari@ohr
Aguado, 2001).In this studythis underestimatiors evaluatedor the 13 study SNOTEL

stations. The daily SWE records provided by SNOTEL stations facilitatpudation of
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additional measures t@lp characterize snowpaekcumulation and ablation greater detail.

In this investigation these included measures such as annual peak SWenckfieetween

annual peak and first-of-month SWE values, date of peak SWE, number of days pettyear wi
accunulation greater than 5 mm and greater than 10 mm, and the total accumulation of SWE
during a given period such as a month or a season (Figure 3.1). This last measgtgyis rou
equivalent to “snowfall equivalent” as defined by Knowgésl. (2006): ‘precipitation totals on
days for which newly fallen snow was recordednother measure of SWE that can be
calculated using daily SNOTEL data is the change in SWE oveidayl period. Evaluating the
change in SWE over a specified period, such as a month or 15 days, and trends in th@change i
SWE, rather than just the amount of SWE present over the ground, can be an instructove way
emphasize the changes that are occurring to the pattern of snaaggackulation and ablation.
For example, if there is aeind toward more SWE during February, followed by a trend toward
less SWE in March, then the negative change in SWE from February to Manchajra rate

that may be greater than either of the monthly SWE trends. As stated in Qhaptaer
recreations increasingly popular in the study area. A reasonable index of sufficient spthw de
for enjoyable winter recreation is a minimum of 100 mm of SWE. Therefore, the S3&%tiras

analyzed also included number of days each year with SWE greater than 100 mm

3.2  Estimation of Daily Niveographsfrom Snow Course Data

A niveograph is plot of SWE versugsime (Fassnachand Patterson, 2013), usudiy
afull snowseason. Asnentioned above, traaily SWErecordsprovided bySNOTEL stations
providesignificantaddedvalue for analysisof snowpack accumulatioma ablation, compared

with thefour monthly SWE valuesprovided bysnow courses. Howevesnowcourseshave the
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advantage of a longer period of record compared with SNOTEL stations. Agtgrdinvould

be helpful to have a method for estimating daily niveographs based on monthly snow course
data. Simply interpolating between the four monthly SWE values from the snow cdarse of
results in a poor estimate for the daily niveograph, as the anralafreguently occurs after the
final SWE measurement on May 1. Even for those cases when the annual peak SWE occur

prior to May 1, simple interpolation misses the peak (Bohr and Aguado, 2001).

Median values for daily SWE data from-lozated or nearb§NOTEL stations can be
used to help construct simulated niveographs for specific gearsnow courseFurther,these
simulateddaily niveographs can be used to estimate the magnitude and timing of the annual
peak and other measures, such as short-term changes in SWE, that depend on the daily
niveograph. This enhanced niveograph interpolation method was tested using data from two
sites in Rocky Mountain National Park (Lake Irene and Willow Park SNOT&ioss usd as
snow courses), for three snow years representing low, medium, and high SWE aticamula
(Patterson and Fassnacht, 201fihe estimated niveographs were then compared with the actual

observed niveographs évaluatehe performance of the estimatiapproach.

Several characteristics of annual niveographs from Rocky Mountain Natarial
SNOTEL stations became apparent during the study, suggesting a scheiviglifog the
niveograph into five components based on the geometric appearance of the niveograph and the
underlying physical snowpack procesfegure 3.). FromSeptembel throughOctober20,
and from late Jue throughAugust31, daily SWE values typically were zero. In most, but not
all years, SWE was also zero from earlpdthrough late June. Frddcttober20 through
March 1, the accumulation phase, daily SWE values increased at rates that were somewhat

irregular, reflecting the dominant process of precipitation driven by wegditierns. From
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March2 through midMay, the peak phase, SWE reached the annual peak, reflecting the
transition from precipitationriven accumulation to melt driven by solar radiation. The
geometric appearance of the niveograph during the peak phase approximated-arskzond
polynomial function In most yeagpeak SWE occurred prior to 1 May, but in some years peak
SWE occurred as late as late May. Following the peak phase, SWE values de@med at
increasing rate, reflecting the increasing melt rates driven by increasingasiédion. The

shape of thenelt phase approximated a decliningas®torder polynomial function.
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Figure 3.1. Sample niveograph (Lake Irene, 2011), illustrating examples of vaiititis S
measures, and separation of niveograph into phases for estimation.
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These characteristics of the niveographs were used to devise separate approaches for
estimating the accumulation, peak, and melt phases of the nivedGrgpre A.1) Prior to the
accumulation phase, SWE values were held to zero@attber20, the typical date for the start

of accumulation. For the accumulation phase from thenMatith 1, the median niveograph
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was fitted to zero ofctober20, and the observed SWE values on FebrbiaydMarch1,

using timeprorated multipliers based on the ratio of these observed values to the values for the
same day on the median niveograph. For the peak phas&iiorh 1 throughMay 1, the three
observed valueddarch 1, April 1, andMay 1, were used to define a secemder polynomial
function passing through these three points. tR@melt phase, a generic secander

polynomial functionwvas defined that approximated the melt phase of theamedveograph,

and this functiorwas fitted to the data using a scaled multiplier. Intrgears, SWE was

declining byMay 1(May 1 SWE <April 1 SWE), and so the scaletltiplier for the melt

function was applied oNlay 2. This brought SWE values baickzero by early June.

For the minority of years wineSSWE was still increasing dviay 1 (May 1 SWE >April
1 SWE), thepeak phase was exteettito make the peak fall on May 15, midway between May 1,
the final date of observed rising SWE, and June 1, after whigtetidenever occurred (Figure

A2).

The estimated daily niveographs were plotted along with the observed daily apesgr
for comparison purposes. The estimation model was also compared with the tigditio
assumption of peak SWE épril 1, in terms of the ability to estimate the magnitude of the peak

SWE and the date of the peak SWE.

3.3Trend Analysis

The primarygoal of this investigation is to evaluate losigrm trends in snowpack
accumulation and ablatiom the study area. Many of the SWE measures described above

provide annual time series suitable for trend analysis. In this investigation trend analysis
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involves testing a time seriesof amualvaluesto determine the likelyresence oé longterm
trend, and furtheestimationof the dope and satistical significancéevel of the trend,if present.
Trendanalysisof snowcourseSWE datacovered two differenperiods:the entireperiod of
record forthe snowcoursestartingin the1930sto 1950shrough 2015, and the 35-ygseriod
for SNOTEL data from1981 to 2015. Trend analyselSSWEon earlyand latehalvesof the
period ofrecord forsnowcoursedas showrvarying patternsof sequentiatrendsin northern
Colorado (Fassnacht and Hultstrand, 2015). Vaigbility in trendssuggests tha reasonable
period fortrend analysign thestudyareais the 35-yearperiod, 1981-2015, which leng
enough foitrend analysisbutalso short enough to represemoasistentrend. Thisalso

correspondsvith theperiod ofrecord for mosof the SNOTEL stations.

Some trend statistics are computed using one value per year, such as Apildr S
annual peak SWE. Since ssbasaal variations in SWE and other variables are an important
part of the pattern of snowpack accumulation and ablatiamy of the trend statistics are
computed for annual series of monthly values, such as SWE on the first of each monthéduring t
snow seasn. Some trend statistics are computed for annual series on a shorter, sub-monthly
time step, such as 15-day change in SWE, or even shorter, such as daily for theasnaw se
The monthto-month trends exhibited irregular variability that could not beratterized as a

seasonal cycle, hence, the Seasonal Kendall test (Helsel and Hirsch, 1995) wsasi not

The SWE trends were further analyzed in relation to station charactensticas
location and elevation, and to other variables such as temperature, freezingitbvel, a
precipitation. For location, stations were grouped according to Clow’s oaswigeurple
clusters (Clow, 2010), representing locations on the western and eastern sidésaifttRange

in north-central Colorado. For elevation, SWE trends were presented as a funclwatodre
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For temperature, freezing level, and precipitation, monthly SWE trends were eolnptr

monthly trends in temperature and precipitation.

Given the large amount of natural inearaAual variability in many of the annual series of
SWE data, occasional missing values, and the likelihood that the data aoemaliyn
distributed, a non-parametric approach was used for the trend analysis method. hbteused
here is the Man#Kendall test for monotonic trend (Mann, 1945; Kendall, 1975; Gilbert, 1987),
supplemented by the Thedlen estimate of slope of thedar trend (Theil, 1950; Sen, 1968;
Gilbert, 1987; Helsel and Hirsch, 1995). Application of the combined method was made using

the “MAKESENS” Excel macro (Salngt al, 2002).

34  Precipitation

Monthly precipitation valuesrom the SNOTEL stationsfor the cold season (October-
June)were used in two analyse3 hefirst wasa comparisorof total monthlyprecipitation,total
monthlySWE accumulation, and thieaction oftotal precipitation represented ltye SWE
accumulation. Thisomparison was madssingprecipitation recordffom six SNOTEL
stationsrepresentingherange ofstation elevation, temperature, SWE, and precipitation totals
for thestudyarea. The stationsereJoe Wright, WillowPark, Phantorvalley, Lake Irene,
BearLake,and Copeland &ke (Figurel.1l). Joe Wrightl.ake IreneandPhantomValleyare in
the orang cluster,ard Willow Park, BearLake,and Copeland Lakare in the purple cluster. As
mentioned above, the valém total SWE accumulation isoughlyequivalento “snowfall
equvalent” (Knowleset al, 2006). Thesecond analysis, which used montphgcipitation and

temperaturelatafrom all of the SNOTEL stations, was three-waycomparison ofrendsin total
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cold-season precipitation, average coldeasorntemperatureard April 1 SWE, to evaluate

associationvetweenSWE trendsand precipitation oremperaturérends.

35 Temperature

Although SNOTEL dationshave temperature sensoifsere are severabasonsvhy the
temperaturegecordsfrom SNOTEL stationsare not the preferredrecordsto use for studiesof
longterm temperaturgrends. Thefirst reasorns the shorterlength of record; whilethe rst
SNOTEL stationswereinstalled in 1979 acroske study area, and temperatuveasnotrecorded
until thelate1980sor thereafter. Theecond reason isiconsistencyn thecollection of
temperaturelaa at SNOTELstations. During the early to mid-2000sthe SNOTEL program
switched to an extended rangenperatureensor installed anew radiation shield, instituted a
newdaa collection protocol, and moved &#imperaturesensorgo anew location so thatach
wasabovethe snow pillow. Thesechangesesulted in recordwith uncertaintyabout
consistencyver thelong term(Oyler et al, 2015). Fothisreason, mostf thetemperature data
used in thignvestigation arérom threestations(Allenspark, Grad Lake and Loch Vale)that
arenot pat of the SNOTEL network. Averagenonthlytemperaturelatafromthethreeweather
stationswere analyzedor magnitudesandtrendsfor the period 19812015 (19832015 for Loch

Vale).

This investigation did make use of temperature data from SNOTEL stations fgsesnal
in which the association with particular SNOTEL stations was important. TV@T &N
stations, the highedtake Irere and the lowesCopeland Lake, were selected for an analysis of
temperature records to characterize the amount of wahaefreezing weather at the station

during a given month. Daily maximum temperature records were examined ttyidags on
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whichthe maximum daily temperature was warmer than degrees C. The data

homogenization method developed by Ogeal. (2015) was applied, in an effort to improve

data homogeneity. The quantity included in the comparison was the number of degress Celsi

if any, warmer than zero, reportéd the daily maximum temperature each dagcumulated for

each month. As a measure of total monthly duration of watinaexfreezing weather that can

help to melt snow, this quantity involves an assumption that the duration of wianer-

freezing weather, on each day when it occurs, is similar from day to day, trehatriations

over a month average out to the same durations from month to month. Without examining at the
hourly records (some issues with the ypdata are summarized in Avaretial, 2014), this
assumption, and the use of these rleljree daysepresents a reasonable approach to

guantifying the amount of warm#énanfreezing weather in a month.

Temperature data from SNOTEL stations were ats#d in an analysis of trends and
variability in SWE and in October-June temperature and precipitation at SNQdtiins,
similarto an analysis presented for the Pacific Northwest (Mote, 2003). For this sutlagysi
patterns of trends in average Octebane temperature and total Octellane precipitation at
each SNOTEL station were evaluated with respect to trends in SWE in ordezds iadisiences

of temperature and precipitation trends on SWE trends.

3.6  Freezinglevel

Themonthlyfreezing-evelestimatesrom the NorthAmericanFreezingLevel Tracker
<www.wrcc.dri.edu/cwd/products{Chapter2) were comparewith the elevatiorrange ofthe

SNOTELstationsat timeswhen SWEdecreasesvereoccurring. Trendsn monthly freezing
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level were also evahted, to identify months with strong upward or downward trends over time.

These trends were compared with those for temperature and SWE.

3.7 Paleoclimate SWE Reconstructions

A guestion thaarisesn atrend studys: Havethere been othgreriodsof similar
durationduringrecentcenturieswith indicationsof similar trends?This question can be
addressed usirtgeering reconstructions.Treeringscan beused to reconstrusnowwater
equivalent{SWE)from historical snowcoursedata (Woodhouse, 2003). With such
reconstructiong canbe difficult or impossibleto identify multi-centurytrends, becausgrowth
trendsand autocorrelation haveen removeérom therecord(WoodhousendLukas, 2006),
andbecause the algorithmsed to producthereconstructionsnuteextreme values. Ag
result, ‘reconstructionsre usuallya conservativestimateof past variability (Woodhouse,
2016). However, these reconstructiocas beused to examine trenasth durations okeveral
decades.Accordingly, multi-variate linearegressiorwasusedto developrelationsbetweentree
ringsand snowcourseSWE. Firsthe monthly SWE datafrom the23 snowcoursesvere
examined to identify, for each snow course,ttanth with the higheshedian SVE (closest to
theannualpeak). ThanonthlySWE datawere also used to identifponthswith largetrend
valuesto facilitatecomparison ofeconstructed trendturingpaleo timeperiodsand observed
trendsduringtherecent(35-year)period Next, muli-variate regressionsere developed
betweerobserved SWHor the highest-SWEmMonth foreachyearof recordat each snow course,
and teering width indexfor the same month&r eachof 26 treering chronologiesrom the
northern Colorado Rockig8VoodhouseandLukas, 2006). Théhree relationsvith thehighest

coefficientsof determination wre selectefbr aralysis of pastSWE trends.
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The selectedelationswere used to estimate SWE for the period of record of the
chronologies. The reconstruct®nerethen used to compute 3&ar linear trends to identify
possible large increases or decreases in SWE over the reconstructed timeedocthpute the
35-year linear trends, a moving $8ar time frame was centered around each year of the

reconstructe record, and a 35-year trend was computed for each year.

3.8  Projectionsof Future Temperature, Precipitation, and SWE

Theterrain ofthenine 1/8 byl/8 degregixelsfor which CMIP5climate model
projectionswereretrievedwasaralyzedhypsometricalf usinga geographignformation system

to determinghedistribution ofelevationswithin each pixel.

The primary question addressed in the evaluation of climate model projections was
whether thdérends observed in the study are likely to continueerfakure. To address this
guestion, the climate model projections of temperature, precipitatioig\&ktescribed in
Chapter 2, section 2.6, were compared with observed trends. The comparison included overall

trend on an annual basis, as well as trends for each month of the snow season.
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CHAPTER 4. RESULTS

4.1  Trendsin Snow Water Equivalent

Thecorrelation matrixor April 1 SWEfor all 35 datacollection siteshowed avide
range of correlation amorsites. Coefficientsof determination ranged frot04 to 0.95
(Table A.2). Thehighestcorrelationsvere betweerco-located snow courses and SNOTEL
stations, such ddniversityCamp(0.9). Butotherco-located snowoursesand SNOTEL
stationswere lesswell correlated, sucasCopeland_ake (0.6) and WillowCreek Pasf0.6).
Some othehigh mrrelationswere geographicallglose,suchasMilner PassandLake
Irene snow courses (0.9). But someotherhigh correlationgrenot close, such aBoulderFalls
andUniversityCamp (0.9). Thesnowcoursesn thepark tendd to be wellcorrelatedwith each

other, buibtherwisethe patternof carrelationsis well distributedthroughout thematrix.

4.1.1 Monthly SWE

SWE measuressuch asfirst-of-month SWE asnowcoursesand SNOTELstations,
(Figure4.1)and peak annu&8WE (Figure4.2), exhibitstrong inter-anual variability. This
variability is relatedto variationsin weatherpatternsfrom yearto year. Hence a veryhigh year
for April 1 SWEand peak SWE (201tan befollowed byaverylow year(2012),even with
decreasing trend inZb-yearperiod. Inter-annualvariationsin measure®f SWE, such a#pril
1 SWE, arenorecloselyrelatedto variationsin precipitationthanto variationsin temperature
(FigureA.3). Regression analyse$ April 1 SWEatarepresentative SNOTEstation,

Phantonmvalley, on aerage Octobedunetemperaturesrecordedat theSNOTEL station, and
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on total October-June precipitation, showed a much strongerrelation with precipitation

(R? = 0.50, with astrongpositiveslope)than with temperatur@R?= 0.04, with aslight

negativeslope)(FigureA.4).
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Figure 4.1. Example plot of annual series of April 1 SWE for a snow course and a SNOTEL
station, showing strong int@mnnual variability. Lines are linear bdittrend lines.
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Figure 4.2. Example plot of annual series of SWE measures for LakeSIEDIEEL station,

including 1981-2015 trends.
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Median SWE values computed over they@ar analysis period illusteathe range of
measures of snowpack accumulation and ablatidine study area={gure 1.}. Median April 1
and May 1 SWE values ranged from just over 100 mm at low-elevation snow courses on the
eastern slope, such as Copeland Lake, Deer Ridge, Bennett Creek, Chambd3gyLSdeath,
and Red Feather, to 500 to 600 mm at higher elevation snow courses near the summit of the
Front Range, surcas Lake Irene and Cameron Pass. Several of the fagvation snow
courses, such as Deadman Hill, Cameron Pass, Long Draw Reservoir,drakd bngs Peak,
University Camp, and Boulder Falls, had median May 1 SWE values that exceedeshthose
April 1, indicating annual peaks that typically occurred after April 1. Median valuesiforal
peak SWE at SNOTEL stations reflect similar variability, fror@ tdm at Copeland Lake to 668
mm at Lake Iren¢Figure 4.3). Thenediandate of peak SWE at SNOTELasibns ranged from
March 6at LakeEldora toMay 6 at Joe Wright{Figure 4.4). Three SNOTEL stations had
median dates of peak SWE prior to April 1 and one, Copeland Lake, had a date more than three
weeks prior to April 1. Ten SNOTEL stations had mediates of peak SWE after April 1 and

eight of these were more than three weeks after April 1 (Figure 4.4).
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Figure 4.3. Median annual peak SWE at SNOTEL stations, 1981-2015, in relation to elevation.
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Figure 4.4. Median date of peak SWE at SNOTEL stations, 1981-2015, in relation to elevation.

Across the study area, thew@s a preponderance of decreasing trends in SWE on the first
of the month, meaning a trend toward less SWE with time (Figure 4.5). For ex#mglend

at the Lake Irene SNOTEL station for the period 1981-2@éHgenerally downward at a rate of
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about 31 mm/decade (Figure 4.1). These decreasing trenelsot universal, buwere

pervasive. Magnitudes of the SWE trends varied from zero to gains of as much as 30
mm/decade during February, and losses of as much as 50 mm/decade during gareb £

and 4.6a). Of the 159 monthly trend values for the period 1981-2015, computed based on data
from snow courses and SNOTEL stations, 94 (59 percent) were negative, while 65 (41 percent
were positive (Figures 4.5 and 4.6a). Four of the increasing trends and none ofehsimigcr
trends were statistically significant at the p<0.05 level; six of theasorg trends and four of

the decreasing trends were statistically significant at the p<0.10 level. sbhed according to
Clow’s orange and purple clusters, the orange cluster (western side obth&E&nge) had 80
percent decreasing trends, and the purple cluster (easterof she Front Range) had 52 percent

decreasing trends.
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When the SWE trends are sorted by month, the difference between upward trends in
February and downward trends in March is again highlighted. The monthly SWE vdlubevit
most increasing trends (more SWE) was March 1, representing conditions cebmigry
(Figure 46a). The following month, April 1, representing conditions during March; as well as
December, representingraditions during November, had the most decreasing trends.
Comparing the monthly SWE values for the orange and purple SNOTEL clusters orstie we
and eastern sides, respectively, of the Front Range, shows that on March 1 and Jwogirig refl
conditions during February and May, the purple cluster had more increasing trend®than t

orange cluster (Figure@h).

Nearly all of the trends in monthly change in SWE during December, January, and
February were positive, meaning a trend toward greaterg&WE during those months
(Figure 46b). Nearly all of the trends during November and March were negative, m@aning
trend toward less gain (or greater loss) in SWE during those months. April and Maxbdd m

trends in monthly change in SWE.

Higherelewation sites tended to have more decreasing trends in SWE, while lower-
elevation sites tended to have more increasing trends in SWE (Figure 4.7a). {Enmshymtls
for all months, as indicated by the slopes of the colored best-fit lines in FigureTh& a.
positions of these best-fit lines indicates that the March 1 SWE trend, reprgsemditions
during February, has the highest preponderance of increasing trendshe/tijait 1 SWE
trend, representing conditions during March, has the highest preponderance of dgtneacsn
This is a pattern that will recur throughout the results and discussion of tretigatien. A
indicated by the values for’R Figure 4.7a, the correlation between elevation and SWE trend

tended to be stronger during November and December (on Decembed.5Rand on January
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1 R?= 0.66), moderate during January to March (on Februar’sQ.B1, on March 1 &0.27,

and on April 1 R=0.32), and weaker during April (on May ##.16).
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Figure 4.7. a) Trends in first-of-month SWE at snow courses and SNOTEL station201%31-
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stations, 1981-2015, in relation to elevation.
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Trends in monthly change in SWE showed little relation with elevation, except for
November and May (Figure 4.7b). In November higher elevation sites had moreeagatils
in monthly change in SWE than lower elevation sites. In May the relation withteln was
reversed, with higher elevation sites having more positive trends. Although the othles trexht

trends in SWE change with little relation to elevation.

While this investigation focuses on the 35-year period (1981-2015), some trends in SWE
measures from snow courses were analyzed for longer periods. Most (66) ofyrBaMEn|
trends for the 23 snow courses over the entire period of record were decreasuigllyspe
April 1 and May 1, reflecting conditions during March and Agfiglre A538). Twelve of the
trends for February 1 and MarcH3WE outside the park (6 stations) were increasing, while
only two stations inside the park had an increase on Mar@Fidure A.5a). In comparison to
monthly SWE trends over the 35-year period 1981-2015, trends over the longer period tended to
be more negative. Only two stations with decreasing trends over the short ternréasingc
trends over the long term (upper left quadrariigure A.5). However, 25 stations with
increasing trends ovéne short term had decreasing trends over the long term (lower right
guadrant in Figure A.5a). This is especially true for SWE trends on February laacid M
Trends in monthly change in SWE at snow courses were negative during March forrloatb, pe
with stronger negative values in the shorter period (Figure)A.bbis reflects the largely
decreasing trends for April 1 SWE in Figure A.5a. Trends in monthly change Endavihg
April were mostly positive for both periods, especially the shorter period. Tlastsethe
largely increasing trends for May 1 SWERgure A.5. Trends during February were mixed

and close taerofor the lnger period, and were mostly positive for the shorter period.
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4.1.2 Trends Derived from Daily SWE

Trendsin annualpeak SWEatthe 13 SNOTELstationswveremixed, with 7 declining
trends, 5 increasing trends)d onestation with no trend. When plottemrelationto elevation,
there wasagaina tendencyor higher elevationgationsto have trendshatare more negativeard
lowerelevation station® havetrendsthataremore positive (Figuréd.6a). When grouped by
cluster, be aange (westlusterhad moredecreasingrends(4 down, 1 up, 1 zero), whitbe

purple(east)cluster had slightlynoreincreasingrends(3 down, 4 up).

Trends in date of annual peak SWE at the 13 SNOTEL stations were also mixed, with 4
trends toward earlier date of pe&kirends toward later date of peak, and one station with no
trend. There was a slight tendency for higher elevation stations to have twads later date
of peak, and for lower elevation stations to have trends toward earlier date of igea# A=6Db).
When grouped by cluster, the orange cluster had a relatively even mix, with 3ttneads later
peak, 2 trends toward earlier, and one zero trend. The purple cluster had more trends toward

later peak, with 5 trends toward later peak, and 2 travdsrtl earlier peak.

A comparison was made between observed annual peak SWE, based on the SNOTEL
daily SWE reords, and first-of-mont®WE from monthly records (Figure A.Table A.3.
Results showed that the median difference over the period 1981-2015 between observed annual
peak SWE and April 1 SWE averaged 20 percent. In this comparison, Copeland Lake, the
station with a median date of peak SWE of March 6, was an outlier, with a mediaandiEef
75 percent. The remaining 12 SNOTEL stations had median differences ranging to 22
percent. Ignoring Copeland Lake, the remaining 12 SNOTEL stations had aRteakK.4)
correlation with elevation, with higher elevation stations tending to have a Ipgieent

difference (Figure A)Y. The median dierence between observed annual peak SWE and the
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maximum of the firsbf-month SWE values averaged 6 percent, with no outliengs relation
had a strong (R0.53) correlation with elevation, with a slight tendency for higher elevation

stations to have lawer percent difference (Figure A.7

Accumulation, loss, and net change in SWE during a movinday9eriod were
calculated on a daily basis fsix representative SNOTEL statiospanning the range of
SNOTEL elevations Lake IreneWillow Park,JoeWright, Bear LakePhantom Valley, and
Copeland Lake. Willow PariBear Lakeand Copeland Lake are in the purple cluster,lake
Irene, Joe Wright, anehantom Valleyarein the orange cluster (Clow, 2010). Aik SNOTEL
stations showed similar paties of accumulation, loss, and net change, with progressively lower
SWE values dbwer elevationsKigures 4.8 andA.8 — A.13. Fifteenday accumulation was
relatively consistent from October through May, with a slight increase umadation rate
during late April to early May at Willow Park. SWE loss occurred in OctobeéNovember
when weather suitable for melting typigabccurred. Then during December, January,
February, and (at Willow Park and Phantom Valley) early March, 15-day SWkéssvirtually
zero, as very little melt occurred during that period. From late March (darlgh at Copeland
Lake) through the end of the melt seasonda$-SWE loss accelerated, and reached its greatest
(negative) values. Combining accumulation and loss into a 15-day net change in SWEJ a typic
pattern emerges of positive 15-day net change in SWE during the accumulatmn aads

negative 15-day net change in SWE during the melt season.
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Figure 4.8. a) Median SWE, 1981-2015, and average values for 15-day changes in SWE,
averaged from 6 SNOTELs. (b) Trends inds change in SWE, averaged from 6 SNOTELSs.

Trends in tlese 15day SWE changes for the period 1981-2015 were computed for every

20th day during the snow season. #id SNOTEL stations showed similar trends (Figu4eS8
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and A.8 — A.13). During November the trend was toward greater net loss of SWE. November
also had a trend toward less accumulation. From December through earty Marcend was
toward greater net gain in SWE. This period also had a trend toward greataukton.

During mid-March through early April, the trend shifted abruptly to greater net loss in SWE
This period also had a trend toward greater ablation, and to some extent a trendetssvard |
accumulation. During mid-April through mid to late May, the trend in net SWE chaage w
again positive (or zero for Copeland Lake). This period also had a trend towatet gre
accumulation, and less ablation. Finallytre five out of six SNOTEL stations (all except
Copeland Lakeyhere the snow season is sufficiently long, in late May through early June, the
trend in net change in SWE #ibd one more time to greater net loss. At these statos t

period also had a trend toward greatsslthrough ablation.

Trends in SWE for each day of the snow year were computed for the sameOSiEEEN
stations Figures 4.9 — 4.1 For the Lakdrene SNOTEL station, all of the daily SWE trends
were regative, varying from zero to -75 mm/decadaile they were all positiveor Copeland
Lake (Figures 4.9 a and b). The greatest negtawels at Lake Irenavhile not statistically
significant,ocaurred in mid tdate May The least negative lateason trends at Lake Irene
occurred during midday. The greatest increasing trerfdbout 30 mm/decade) at Copeland
Lake occurred during early March, with trends that were significant akbh@%p or p<0.10
level. The most significant trends occurred around the time of the median annual geak SW
Significant trendslso occurred early in the season at Lake Irene (decreasing for 3 dayg in ear

January), as well as at Copeland Lake (increasing for 9 days in late December)
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As at Lake Irene, at Joe Wright all of the daily SWE trends were negatiyeyg/émom 0
to -35 mm/decade (Figure 4.108)he pattern was similar to Lake Irene, with the greatest
negative trends during early April and late May, and the least negatids ttaring early March
and early May.Significant decreasing trends occurred during October, November, and January

at Joe Wright.

At Phantom Valley daily SWE trends had lesser magnitudes and fluctuatezbbet
negative and positive (-15 to +5 mm/decade) (Figure 4.10b). The pattern was sithigaother
stations, with greategsitive trends in early March, and greatest negative trends in early April.

None of these trends were statistically significant.

At Willow Park trends fluctuated in a similar pattern to Phantom Valley, but reached
greater negative values (abe85 mm/decade) during early April (Figure 4.11a). None were

significant.

At Bear Lakethe trends, which were nsignificantly significant, fluctuated in a similar
pattern, with a greater range, from about -35 to about +35 mm/decade (Figure 4.11b). Trends
werenegative in November and early December, positive from early January to |atle, Mar

negative from late March to late April, then positive again for the rest ohtive season.

The variability in these daily trends often occurred on time scales of dafgswor weeks,
creating patterns of variability that could not be discerned using monthly S\WHER¥atersals
in sign of daily SWE trends frequently took place over a few days, and peaks and waleys i
patterns were sharp, often of just a few days’ duratidhall six stations, whether the trends
were negative or positive, they decreased from late February througlpal| becoming less

positive or more negative. At the five stations with niveographs extending latexatg April,
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the trends increased again through early May, followed by a final deatethseend of the snow

season.

The niveographs in Figures 4.9 — 4.11 illustrate changes in patterns of SWE acaumulati
and ablation that reflect the aboreentioned daily trends. Each ghahas three niveographs,
one for the entire 35-year period, one for the first ten years (1981-90), and one fosthe m
recent ten years (2006-15). At all stations except for Copeland Lake, thpe@oly
niveograph exceeded the lgderiod niveograph beginning around early to mdidrchand

lasting through midApril or later.

Trends in number of days per year with over 100 mm of SWE at SNOTEL stations
during the period 1981-2015 were mostly negative, with 9 decreasing trends, 3 muctesasis,
and one zero trend (Figure A.14). Higher elevation stations had uniformly degreasfs,
while lower elevation stations had mostly increasing trends. The orange arelqghusptrs had

similar trends, mostly negative but one or two trends that were zero or positive.

Trends in the number of days pear withSWE accumulation or ablation excess of
10, 5, and 0 mmnwere also mixedHigure A.15. The higher elevation stations tended to have
trends toward fewer days with accumulation in excess of 5 and 10 mm, while the levetioal
stations tended to have trends toward more days with such accumugttdions at all
elevations tended to have trends toward more days with ablation exceeding 0 and 10 mm. The
trends in number of days with accumulation and ablati@xcess oftte lowest amount (0 mm)
were the most statistically significant. When grouped by cluster, thgeodduster had slightly
more increasing trends in days with both accumulation and ablation exceedinggheltize

The purple cluster had a strong prepenadchce of increasing trends, especially for ablation
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4.2  Estimation of Daily Niveographsfrom Snow Course Data

Testingof theniveograph estimation technique described in Ch&t8ection 3.2,
resulted in interpolated niveograpies Willow Park and_ake Irene for the period 1981-2012.
The niveograph estimation modsrformed adequately in approximatiig observed daily
niveographsatthe twostes selectedfor the testgTable4.1, Rgure A.16). In all six tests(low,
medium, and high SWiearsat the twostes),the shape athe estimatediveographgave a
closeapproximation to thehapeof theobserved niveograph. Also, thmagnitudeand timingof
the peaksof the estimated niveographsatched fairly closelyheobserved values. Extending
thepeak phasand delayinghemelt phase forthetwo high-SWEyearswhenSWE wasdill
increasing on 1 Makelped to match thestimatedniveographgo theobsrved onegor those

years.

Table 4.1. Performance measures for niveograph estimation model compaseartptias of
annual peak SWE on April 1.

Measure of Model Peak SWE Date of Peak
Performance Model 1-Apr Model 1-Apr
NSCE of Model 0.922 0.1 0.589 -1.113

Mean absolute value of %
diff, model-observed [%)] 6.34 21.86 10.00 23.87

In comparison to the assumption that 1 April SWE represents the annual peak, these
estimated niveographs were more accurate in simulating the magnitude andfithegnnual
peak. The estimated niveographs underestimated the peak by an averagemeA? while
the 1 April assumption underestimated the peak by 19.6 percent (Figude AHerestimated
niveographs averaged 1.7 days early for the timing of the peak, while the 1 Apnig®n

averaged 19.5 days early for the peak (Figure A.I8e mean differences between modeled
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and observed peak SWE, date of peak SWE, and total SWE accumulation during the year, were

4.8 percent, -1.4 percent, and -22.0 percent, respectively.

4.3  Trendsin Precipitation

Precipitationin the sudy areais well distributedthroughouthe year, yet Apriland
May typically havehighermonthly precipitation (FiguréA.19). There isa strongelevation
dependencyo thedistribution ofprecipitation, with highesites receiving rare thantwiceas
much precipitdon as lower stes (FigureA.20). Precipitation trends, however,dhadifferent
relationwith eevation. For example,trendsin total coldseason snowfadiquivalent(sumof
accumulation oSWE) tended to baegative at higheelevation sites, and positi\at lower

elevation sitegFigureA.21).

Monthly trends imprecipitation at the siSNOTEL stations have thamme general pattern
(Figure 4.12). October tended to have weak trends for precipitation, snowfall equiS&Ent
and fraction of precipitation represented by SFE. November had significaragiegreeends in
precipitation and SFE, indicating trends toward warmer and drier conditionsmbege
January, and February had moderate to strong increasing trends in precipitegoan®
fraction of precipitation represented by SFE, indicating trends toward coldevedter
conditions. March had strong decreasing trends in precipitation, indicatingladveard drier
conditions, and no trend or decreasing trends in SFE. March had increasing trerd®mdfa
precipitation represented by SFE at three of the four stations, and a stgidsing trend in this
fraction at Willow Park. During April trends again became positive for ptatign (except at
Phantom Valley), and for SFE, and were mixed for fraction, indicating a trenditoveser

conditions. During May trends were mixed with generally small trends.
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Figure 4.12. Trends in monthly precipitation, snowfall equivalent (SFE), and ratio obSFE t
precipitation 1981-2015, averaged from 6 SNOTEL stations.

Based on the technique used by Metal.(2003), trends in April 1 SWE at the
SNOTELS were plotted as circles with diameters proportional to the 8Nést along a pair of
axes representingends in total October-June precipitation and average October-June
temperature ahe SNOTEL stations (Figure A.R22Results showethatvariations in
precipitation trends had a stronger influence on trends in April 1 SWE than did variations

temperature.
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44  Trendsin Temperature

The three temperature staticahibitedanormalpattern ofseasonalariation in
average monthlyemperaturéFigure 4.13a).Theyalso exhibite a normalpatternof cooler
temperaturest higherelevation,asseenat Loch Vale. Fortheperiod 1981-2015 (1983-2015 at
Loch Vale), thethreetemperaturetationsshowed warmingtrendsrangingfrom 0 to
0.28°C/decadé€Table4.2, FigureA.23). The annal time seriesshowedtypical interannual
variations, buthe generalvarmingtrendappearedo berelatively consistenthroughouthe 35

(33)-year periodFigureA.23).

Table 4.2 Trends in average annual temperature at three weather stations.

Trend in average
annual temperature

[degrees C/decafle Level of

significance
Linear | Theil-Sen if any

Allenspark| 0.17 0.20

Grand
Lake 0.23 0.28 p<0.01

Loch Vale | 0.06 0.00
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The longer temperature record at Grand Lake enables us to evaluate the teenfreratur
at that station over a longer period from 1949 to 2&F1gufe A.24. While a single trend over
the entire paod is increasing, the declining, then increasing pattern of the data suggest that i
would be appropriate to separate the longer period into two distinct shorter periodseentihe
during the period 1949 to 1975 was decreasing, showing a cooling trend, and the trend during the

period 1981 to 2015 was increasing, showing a warming trend (Figure A.24).

Trends in monthly average temperature at these three stations over the perig81®81-
show substantial variability among months (Figure 4.13b). Censigarming trends at all
three stations were noted during eight months: September, October, November, Jaangry, M
June, July, and August. Rates were as high as 0.60°C/decade in November atrillegasad
Lake had warming trends in every month, although those for December and Februahewere
smallest, around 0.10°C/decade. Seven of the monthly warming trends wereatstisti
significant. At Allenspark and Loch Vale, cooling trends were present durirgnibet,
February, April, and May, withates as high af.60°C/decade in May at Loch Vale. The

decreasing trend in May at Loch Vale was statistically significant.

45 Trendsin Freezing Leve

Simulatedfreeatmospheraverage monthlireezing-evel elevationswereretrieved
from the North AmericarkreezingLevel Trackerfor the severtddestmonthsof the year
(Novemberthrough May)for each yeaduringthe 35-yearstudyperiod (1981-2015)The
average®f thesemonthlysmulatedfreezinglevels showeda typicalseasonatrendof
decreasinggarly in the winter, thenincreasingreezinglevellaterin the snowseason(Figure

4.14a) The average freezintgpvelsfor Novemberand March both werabout500-600 m
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below the bottom of the elevation zoneontainingthe SNOTEL stations. Freezinigvelsfor
December, Januargnd Februaryerewell belowthislevel, and freezing levels féxpril and
May wereabovethislevel. Trends in monthlfreezinglevel (Figure4.14b)were upward
(warming)in all monthsexceptFebruary, which had slightdownward (coolingjrend. The

strongestupward trends, abod60-170 m/decade, were in Novembad March.
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Figure 4.14. a) Average monthly elevation of freeze level (zero-degreermsptti681-2015,
and b) trends in elevation of freeze leve

Results of the analysis of warrdenfreezing weather at Lake Irene and Copeland Lake

showed consistent seasonal patterns for the two SNOTEL stations, with Copef@rttbling
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about 100-200 more maximudaily degrees each month than Lake Irdfigure A.253. At

both stations, November and March had similar values for this measurement. foatysnds

in these monthly maximudaily degree totals over their respective periods of record (1986-
2015 for Lake Irene, 1989-2015 for Copeland Lake), showed that November had the strongest
increasing trend at both stations (Figure A.25b). January, March, and Julydalsorkasing

trends, while October, February, and May had decreasing trends.

4.6 Paleoclimate SWE Reconstructions

The three selecte®WE reconstructions, with theequations, coefficientsf
determination, and &6hSutcliffe coefficientsof efficiency, are listedin Table 4.3 The treering
chronologiesused forthereconstructionsrelisted in Table A.1. A exampleof thefit of oneof
theequations, for April 1 SWHEttheNorth Inlet GrandLake snowcourse, ishown in kgure
4.15. The reconstructed and moviB®-yearlineartrendsin SWE estimatedor North Inlet
basedon these equationsreshown in Figured.16and 4.17. SimilaBWEreconstructionand
moving 35-yeartrendsfor Cameron PasandLongsPeak areshown in Figure#\.26 through
A.29. While there § greatervariability in the observedhistorical) SWE comparedo the
reconstructeWE, thesame patterexists. The recenbbserved dcreasen SWE ata rate of
almost40 mm/decade dworth Inletof GrandLake hasoccurred duringhe palecrecord,
specificallyaround 1610 (Figuré.17,Table4.3), andan eenlargerincrease (~75m/decade)

may have occurrecround 1580.
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Table 4.3. Results of trend analysis of paleo-SWE reconstructions based arggee ri

Reconstruction Fit statistics |  comparable
Location | date Equation R? NSCE | trend present?
North Inlet
Grand 26.1PUM + 126HOT + Decrease ~161(
Lake April 1 26.1BTU + 49.6 0.29 0.29] Increase ~1580
Cameron 162GMR + 202NPU +
Pass May 1 355 0.42 0.4| No
101GMR + 53.5ENC +

Longs 36.2HOT + 85.2BTU +
Peak May 1 65.4STU+ 0 0.53 0.52| Decrease ~183(
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Figure 415. Correlation between the model@cee ring estimated) and observed April 1st SWE
for the North Inlet of Grand Lake snow course. Data were for the period 193&{staow
course) to 1999 (end of tree ring chronology).
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The above method was applied to the MaySMAE atCameron Pas(Figure A.2% and
Longs Peak (Figure A.28o yielddifferent results (Figures A.27 and A)2$pecifically, the
Cameron Pass SWE trends in the recent 80 years are unprecedented ctmtpargdleo
record (Figure A.2)] while more extreme 3%ear trends may have occurred at Longs Peak

around 1830 (Figure A.29

4.7 Projections of Future Temperature, Precipitation, and SWE

Thenine 1/8 byl/8 degregixelsfor which CMIP5 climatanodelprojectionswere
retrieved had median elevatioragingfrom 2639 to 3430n (FigureA.30). Therange of
these mediaelevationscloselymatchegshe elevatiorrange othe snowcoursesand SNOTEL

stations. The distribution oklevationswithin thepixelsis shown in FigureA.31.

Projections fronthe climate models werexamined to determine how closely they match
observed trends in temperature, precipitation, and SWE during the study period, and to provide
estimates of future conditions. The temperature projection of the ensembgeavieCMIP5
climate models was madising projected values for monthly minimum temperature, as average
temperatures were not available. The progtetarming during the period 1981-2015 was about
1.2°C, or 0.34°C/decade. This is a faster rate of warming than the rates seen f& anptel
temperature at the stations usedhia $tudy, which ranged from 0.004 to CGklecade (Figure
A.23). The ensemble mean projection for future increase of the average of monthiymini
temperatures during 2015-2099 was about 2.0 degrees, or 0.2d4G#d This projected
warming rate is similar to observed rates at the lower elevation stations in thargad In the
model projections, all months had similar warming trends. In contrast, the observerhtarspe

trends varied monthly (Figure 4.13b
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The projection for mnual precipitation from the ensemble average of CMIP5 climate
models for the period 1981-2015 was similar to the obsexmadal precipitation at the centrally
located Willow Park SNOTEL station, but the models did not displainteeannual variability
observed at the station (Figure A.32). On a monthly basis, the patterns of simulated and
observed average monthly precipitation values were similar (Figure A.33)dsTiremonthly
precipitation als@agreedn terms of directiorof change for most months, with the exceptions of
November and March (FiguAe34). In these two months the modeled trends projected

increasingprecipitation while the trends the station were toward decreagpngcipitation.

Average annual precipitat trends projected into the future by the CMIP5 model
ensemble for the period 2015-2099 showed slightly increasing trends, averaging.@bout
mm/decade On a monthly basis, the projected monthly trends showed a slightly different
pattern from the simutad 1981-2015 trends (Figure A)35These future trends emphasized
increasing precipitation in the early part of the snow season through Decenaberyeh

smaller increases, or decreases, in trend for the remainder of the snow $easgh,dune.

Projections of SWE from the Variable Infiltration Capacity (VIC) hydratogodel
linked to theensembleCMIP5 climate modelshowed some notable differences compared with
observed values. The models simulated slower accumulation and a later anuekak@NE
compared to observed SWE at Willow Park (Figure A.&mulated April 1 SWE was much
less than observed, by about 200 mm, with much iessannual variability. On a onthly
basis there is little similarity between the simulated and observedgrenSWE, in both
magnitude and directionAverage annual SWE trends projected into the future by the CMIP5
model ensemble showed a continued zero to slightly decreasing trend in April 1 SiW& for

period 2015-2099, averaging only -2.0 mm/decade.
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Examination of projections of individual CMIP5 models, rather than the ensemble mean
of all of the models, showed that one model, IPSL model (see Chapter 2), computed April 1
SWE patterns that were similar to the declining trends noted at many of the smeesand
SNOTEL stations in this investigation, as illustrated over a 65 year periogl labhgs Peak
snow course (Figure 4.18Asthe observed trend in April 1 SWE at Longs Peak during 1951-
2015 of 9.6 mm/decade is very similar to the average Aptiirénd at all of the snow courses of
-10.2 mm/écade, it was used to compare WRISL results. The observed April 1 SWE time
series at Longs Peak was very similar to the IPSL model during ttoel lemm 1951 to 2015
(Figure4.18). The trend simulated using the IPSL model through 2099 has a slope of -7.2

mm/decade, according to the linear bigsirend line.
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Figure 4.18. Comparison of trends in April 1 SWE between observed Longs Peak snow course
data and IPSL model.
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The monthly distribution of SWE trends for the period 1981-2015, simulated by the IPSL
model, has a few important similarities with observed SWE trends from snow candses
SNOTEL stations (Figure 4.19). Both the simulated and observed monthly SWE trends show a
general pattern of more SWE accumulation, or less SWE loss, during the eaofythba snow
season, and greater SWE loss during the latter part of the snow season, pamitentr
through May. IPSL model projections through 2099 suggestrérats toward SWE loss will

intensify in all coldseason months and expand into the early part of the snow season (Figure

4.20).
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Figure 4.19. Trend in first-of-month SWE, 1981-2015, simulated by IPSL model and observed
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CHAPTER 5. DISCUSSION

51 Trendsin Snow Water Equivalent

5.1.1 Variability in Annual Measures of SWE

Evaluatingtrendsin an annualime seriesof datainvolvesmaking a distinction
betweeninter-annualvariability and long-erm trendgBradleyet al, 2007;Venableet al,
2012). In general, longéime seriesproducemore accurate estimation méndsthan shorter
ones. Timeseriesshorterthan 15yearswerefound to produce inaccurate estimabés
temperaturégrends(IPCC, 2013). Precipitation in theesternUnited Statess often said to
vary accordingio thedoublesunspotycle, which has period ofabout22 years(Vines, 1982;
Fuet al, 2012), suggesting th#tte period fortrend analysi®f precipitation should exceed 22
years. Ademperatur@nd pecipitationare the primaryactorsthatinfluenceaccumulation
and ablation bthe seasonanowpackn the westerrnited States(Hamletet al, 2005),
trendsin measures agnowpack accumulation amdblation siould also be basedn time series
thatexceedthese mirmum durations. Thavailability of SWE datadictatesthe maximum
length ofrecord thatan beconsidered. For example, thene80 yearsfor the earliestsnow
courses, such a¥ild Basin established in 1936, aBf yearsfor thefirst group of SNOTEL
staions, suchasLake Irene established in 1980. Fortunately, diker periodsprovideannual
seriesof SWE valuessufficientlylong for meaningfulanalysisof long-termtrendsdespitethe

stronginter-annuavariability.

In this investigation, the shotérm, interannual variability in April 1 SWE at a typical

SNOTEL station, such as Willow Park, was more closely related to préicpitaan to
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temperaturgFigure A.3. Regression analysi§igure A.4) showed this greater correlation of
April 1 SWE with precipitation than with temperature, indicating that stesath SWE
variability, on the order of a few yeaig,the western United States, and particularly in the
colder inland mountains, is primarily related to variability in precipitatiom the other hand,
longterm SWE trendson the order of several decadas primarily related to trends in

temperature (Hamledt al, 2005; Serrezet al, 1999).

5.1.2 MonthlyTrendsin SWE
Thegenerallydecliningtrendsin snowwaterequivalentat snowcoursesandSNOTEL

sites inand neaRockyMountain NationaPark areconsistentvith previousstudies (see
below)thathavefound trenddowardrising temperatureand decreasingnowpack in the
region. Thisstudy, however, goes furth&r morecloselyexamine patternsf variability in
SWEtrendsthroughouthesnowseason. Foexample, thistudyexamined SWHrendsin
relation to trend# nearfreezingtemperatureduringthe monthsof Novemberand March,
nearthebeginningand end ofhe core accumulation season, and explored Sk&kdsin the

contextof elevation-dependemtarming.

Monthly trends in April 1 SWE at snow courses and SNOTEL sites in this investigati
ranged from an increase of 20 mm/deciada decrease o0amm/decade, but most trendene
decreasing This is consistent with trends for various recent periods found for the northern Front
Range of Colorado (Hamlet al, 2005, about2r mm/decadeRegondaet al, 2005, -20 to -40
mm/decade; Clow, 2010, -12 to -27 mm/decatte{Jpper Colorado River Basin (Harpodd
al., 2012, -10 to -6 mm/decadéor annual peak SWE); and the Rocky Mountains from Colorado

to British Columbia (Moteet al, 2005, about -1 td>-mm/decade
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While the average rate of decreas8\yEtrend with elevation isimilar for most months
(slopes in Figure 4.7), the trend lines vary with respect to their location alorgiie, and
hence where they cross the zero .lifieelowesty-intercept was approximateB650mand was
for January and April, indicating thimt these months most SWE trends were increasing
Conversely, the yatercept for March %tis the highest (~3075mindicating that in March most
SWE trends were decreasing. The chang@WEfrom March 'to April 1%tis evident adarch
is the month with the most negative trends in change in SWE (Figure 4.6b). The chawie in S
over the month of November also decreases at most stations (Figure 4.6b). Thus the months near
the beginning (November) and end (March) of¢be2snow accumulation season éraees that
have seen the greatest shift toward less accumulatmre(hber) and/or more ablati¢ilarch)

(Figure4.8b).

The decreasing trends in March change in SWE are observed over both long-term and
shortterm time scales, as illustrated in tbevér left quadrant of Figure A.5b. All but five of the
trends for March change in SWE occur to the left of the 1:1 line in Figure A.5b. nOieates
that the pattern of negative trends in March change in SWE was stronger duriegddelp81-
2015 than during the longer period. Finally, the stronger clustering of trends fdr dencge
in SWE in the lower left quadrant in Figure A,Stompared with the more scattered g@attof
April 1 SWE in Figure A.5aindicates that the negative shift in March change in SM4s
accumulation or more ablatiar both) is more pronounced than the trend in ApriVMES
Since more SWE accunaiés during February (Figure 4.6b) and less is still present on April 1,

the change in SWE between March 1 and April 1 is accentuated.

Although the negative trend in March change in SWE was stronger during the period

1981-2015 than during the longer period of snow course records, the general pattern of declining
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trends in April 1 SWE was slightly stronger over the longer pefaglife A.53. This suggests
that the trend toward increased SWE accumulation during February (Figurendyhnve
occurred mostly during the recent 35 years. It also indicates that thel gesvet@aoward
declining April 1 SWE is consistent over aa$¢ 8 decades. This is consistent with an earlier
conclusion that the cause of declining trends in April 1 SWE in the western UnitesliState
widespread long-term warming, and not decadal climate variability sucbudd lae caused by

the cyclical patterns of the Pacific Decadal Oscillation (Haetlat, 2005).

At some of the northerly stations, for the longer period of record, there were ingreas
trends in SWE from the beginning (~1936) to the mid-1970s, followed by a decreasihg tr
afterwards (Fssnacht and Hultstrand, 2015). This is similar to what Chen and Grasby (2009)
hypothesized with synthetic data, but contrary to what Verelade (2012) found with

temperature data.

5.1.3 Other Measures of SWE Derived from Daily Data

Thedaily time ssepof SNOTEL stationsprovides opportunities faxamininga variety
of measureslefiningsnowpack accumulation and ablatieng,Fassnachet al, 2014), in
addition to thdraditionalmeasuref SWEon thefirst of themonth. The mostbviousmeasure
is annualpeak SWHFigure3.1). Asin an earliestudy(Clow, 2010), thisnvestigation did not
find aclearpattern of trends1 annualpeak SWHn thispartof Colorado. However, Clow
(2010)did find clear decliningrendsin annualpeak SWEnN southern and western Colorado.
Derryand Fassnaht (2015)found declinesn SWEsouth 0f38.75 degreehlorth latitude,
suggestinghatweatherpatternanfluencingsnowpack development thenorth-central

mountainof Colorado &e probablydifferent from thoseaffectingotherpartsof thestate. Also,
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Clow (2010) used a shortertime period (~1987 to 200nd used bulkrendsfrom the Regional
Kendall Test, thaFassnachét al. (2016)illustratedmaskedlocal climatetrends.One pattern
that didemergein the trendsin annualpeak SWHs atendencyfor high-elevation siteto have
decliningtrends, whildow-elevationgtes had increasingrends(FigureA.6a). Thisis consistent
with sudiesthat havefound atendencyfor morerapid warming ahigherelevation (Diazand
Eischeid, 2007McGuireet al, 2012). ltis alsoconsistentvith trendstoward greateApril and

May precipitation aSNOTEL stes in the studyarea(Figure A19).

The combination of increasing and decreasing trends for date of annual peak SWE
(Figure A.®) found in this investigation are consistent with the finding of little change in date of
peak SWE (Harpolét al, 2012). They are also mostly catent with the finding of limited
trends toward earlier peak SWE on the western side of the Front Range apdd&t8 WE on
the eastern side, as well as towards an earlier peak SWE at warmer (lowéHasiéset al,

2005).

Comparison of annual pe&WE with April 1 SWE (Figure A.Y confirms the earlier
finding that April 1 SWE can significantly underestimate annual peak SWE (Bohrguratis,
2001). In this investigation the difference averaged 22 percent, a much largendgféran the
12 percent ngorted in the earlier study. This reflects the fact that SNOTEL stations ituthe s
area include many of the higher, colder, and snowier stations in thebsiiatiee result is also
affected by the outlier of Copeland Lake, a lelevation SNOTEL stath where the median
date for annual peak SWE is as early as Marcl§ing May 1 SWE to estimate annual peak
SWE woulda bettermpproximation for most of thates in this study area, but would still

average 7 percent less than actual peak SWE.
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5.1.4 Patterns in SWE Trends

Theday-hy-dayanalysisof SWEtrendsshows both similarities and differences among
SNOTELstations(Figures4.9 - 4.11). Aimost stations, theend on mostlaysis toward less
SWE, butat somestations, such eBearLakeand Copelandlake, most oall dayshawe positive
trendsin SWE. Theclimatic influencesn thesalaily SWE trendsinvolve monthly patternsof
trendsin temperatte and precipitation (Figure 5.1)This patternof different climatic forcing
mechanismgontrollingsnowpack accumulation and ablatidrdéferent timesof the snow
seasorhasbeennoted in previoustudies (Knowlegt al, 2006). In somenonthssuch as
Novemberand March, dcreasingrecipitationard increasingemperaturesombine toreduce
SWE accunulation. In others, such &@ecember, February, April, and May, tleverse idrue,
resultingin positivetrendsin SWEchange.During January, precipitation and temperature
trendsareboth increasing, and apparentfeincreasingorecipitation trend owteighsthe
temperaturérend. The apparendiscrepanciebetweenSWE ard change inSWE in December
ard April are explainediy the stronghegativetrendsin SWE duringthe precedingmonths,
NovemberandMarch, respectively. Aese strongegative antecedé¢trendsmean thathe SWE
trend in thefollowing month can sll be negativegvenwhile the trendn change inSWE canbe

positive,snce the SWEhange ismeasuredrom anincreasinglyiower base.
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Figure 51. Average trends in SWE, monthly change in SWE, SFE, and temperature, by month.

The fluctuatingpattern of greater decrease or less increase in SWE during November;
less decrease or greater increase during December to early March; greater detassise or
increase during midlarch to early April; less decrease or greater increase during\pmitito
early May; and finally greater decrease or less increase durinlylaydo June, is consistent at
the sixXSNOTEL staibns analyzed in detail (Figures 4.8 and A.9 — A.11). This suggests that the

pattern of climatic forcing mechanisms described above is consistent thaassdy area.
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5.1.5 Trends in Number of Days per Year with Threshold Accumulation and Ablation Values

Five of the SNOTEL stationshavetrendstoward slightlyfewerdaysperyearwith SWE
accumudtion exceeding 10 miirigureA.15). Thetwo thathad positivetrends, which werthe
only statisticallysignificant trends, weréeadman Hilland Copelad Lake, both ofwvhich had
positivetrends. Thessgationsare both on theeastern sidef the FrontRange (in Clow'spumple
grouping) and frequently receivenow from updope stormsthatbring moisturefrom the eastup

into theFrontRange. Thigurtherexplainsthe postive SWE trendsat Copeland Lake.

Trends in days with accumulation exceeding 5 mm were mostly positive, but none were
statistically significant. Trends in days with accumulation exceeding 0 mmalv@msitive, and
almost all statistically significant. The daily SWE increases during those timesoatly less
than 5 mm, as seen by the difference in significant trends for the 0 and 5 mm thresh®Id. Thi
consistent pattern of increagitrends in number of days wiimall increases in accumulation is
likely a reflection of the trends toward increased snowfall equivalehincreased SWE
accumulation during December, January, February, and April (FigyreAnlalternate
explanation, however, could be increased variability, or noise, in sensor readingsi @i\,
2014.) Trends toward ablati@tso increas# Nearly allof the trends in days with ablation
exceeding these three threshaddle positive (meaning more loss of SWE). The lowest
threshold, 0 mm, has the most significant trends, while the highest threshold, -10 rtime, has
least significant trendsThis may indicate that more ablatimnoccurring in small daily

amounts, but can also include increased sensor noise.
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5.2 Niveograph Interpolation from Snow Course Data

Thetechnigue omodeladjustment usingme pro-ratedmutipliers providesasimple
methodthatallowsthe modelniveographd$o bebentand shaped to closetgatch theobserved
monthly data. Ashereis also significaninterannual variabilityn the specific shape dhe
niveograph, tis flexibility to bendthe madel tofit eachyear'sdata helpdo improve overall
aacuracy. The closdit between adjusted niveograph modwsed on dailpiveographst four
index SNOTEL stationsand observed dailyiveographat Willow Park and_ake Irenesuggest
that SNOTELrecordscanbe usedo estimatalaily niveographsatnearbysnowcourses. The
estimation technique improved ifthe peak phase iextended and thmelt phasedelayedfor
yearswhen SVE is ill increasingon 1 May. Thevalidity of the estimationtechniqueis
expectedto diminish with increasing distand@tween the SNOTEs&tationsand thesnow
coursesite. Thanterpolated niveographserefound to producénproved accuracin estimates
of annualpeak SWEcompared with thassumption thahepeakoccurred on April 1 (Patterson

and Fassnacht014).

5.3 Trendsin Precipitation

While the pattern omonthlytrendsin precipitation helps to explain tiodserved trends
in SWE, themagnitude®f the precipitation trendsbserved in this study, on tbederof 10
mm/decade,r@ snall compared witlrendsobserved in othgpartsof thewestern United States,
which exceed30 mm/decadé€Mote, 2003;Regondeet al, 2005). Thigs consistentvith other
studieshathavefound little change in precipitation in thesrtof Colorado (Hartet et al,
2005;Rayetal., 2008; Lukast al, 2014). Thdime serie®f total wld-season (Octobeo

June) precipitation fathe Willow Park SNOTELstation duringl981-2015when smoothed
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with a 4-yearmovingaverage, appeats follow a cyclicalpatternthat might indicatea
correlationwith the 11-yearsolar magneticactivity cyclical (Figure5.2) (NASA, 2016). This
would indicatea differentsourceof influenceon localprecipitation, compared to thafluence
of sea-sirface temperature cyclésatwasnoted forlocationscloserto the oceann the
westernUnited States (Hamlet, 2005).For example, th&Villow Park precipitation record
doesnot synchronizeawith the Pacific @cadalbscillation, which exhibita positive phase
duringthe 1985 podive precipitation phase, baiso anegative phase durirthe 2005

positiveprecipitation phasBlOAA, 201).

-10G -5G_0G +5G+10G
[_—————————

Figure 5.2 Fousear moving average of Odtine precipitation at Willow Park SNOTEL, 1981-
2015, superimposed oveme vs. solar latitude dgram of the radial component of the solar
magnetic fieldbased on the 11-year sunspot cycle (from the solar group $ANMNAarshall

Space Flight Center http://solarscience.msfc.nasa.gov/SunspotCycle.shimscessed 1P6-
2016.

In the Sierra and Casaadnountain ranges, the fraction of winter precipitation falling as

snow has been decreasing by as much as 60 percent in 54 years, o0 abmitidcade
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(Knowleset al, 2006), but in this study area, the ratio of SFE to cold-season precipitation has
been nore consistent (Figure 4.12). The average trend in the ratio of total annualt&IRE¢t-

June precipitation varied from zero to about +20 percent over 35 years, or about 0 to +10
mm/decade. The largest singl®nth decreasing trend was October at JogW which hada

rate of about -20 percent over 35 years (1981-2015), or about -10 mm/decade. This is consistent
with findings that the Colorado Rockies are sufficiently cold that the fraistionnimally

affected by recent warming trends (Knowdgsl., 2006).

Many studies of precipitation trends depend on data from weather stations that do not
measure snow, or do not use snow data. Also, most of these weather stationeeati@iel
below the zone of persistent seasonal snow accumulatioreffeical, 2013). Accordingly, it
can be difficult to determine the phase of precipitation, i.e., rain or snow, on a padeyla
the snow zone (Fassnhacht and Soulis, 2002). Temperature records are used to make this
determination, but the temperature threshold below which precipitation falls @mffoan is not
always constant (Fassnaehtal, 2013; Harder and Pomeroy, 2014). This underscores an
advantage of calculating precipitation trends using records from SNO&khnst as the SWE

data areavailable to help determine precipitation phase.

54  Trendsin Temperature

Thegenerakrendsduring1981-2D15towardwarmertemperaturef the studyareaare
similar to observationgound in otherecentreports(Hamletet al, 2005;Knowleset al, 2006;
Diaz and Eischeid, 2007). Theoch Valetemperature trend in thisvestigation represents an
updateto the trend reported fdr983-2007 in Clow2010), includinghewand revised data

(Colorado Stat&niversity, 2016).Strongestwarmingtrendswerein November, March, June,
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and July, when trends exceeded 0.4°C/decade (Figure 4.13b). By comparison, average annual
statewide temperatures in Colorado during 1980-2010 have been increasing at about
0.37°C/decade (Lukas et al, 2014). The northern Colorado Rockies appear to be warming more
quickly than other parts of the state (Rayal, 2008; Lukast al, 2014). A comparison of
seasonal temperature trends from 1957 to 2006 in four mountainous areas of the globe found that
the Colorado Rocky Mountains and the Swiss Alps had the strongest overall waendsg &nd

that the warming trend in the Colorado Rockies (about 0.5°C/decade) was particularly strong in

the spring (Rangwala and Miller, 2012). Wiaty (days with precipitation) daily minimum
temperatures, too, showed strong warming trends, especially during MarchCiolohado

Rockies and elsewhere, with increasing trends of 0.25°C/decade during 1949-2004 (Knowleset

al., 2006). Based on temperature records recorded at SNOTEL stations from 1991 to 2012,
homogenized to adjust for effects of sensor upgrades, €yétr(2015) found that warming

trends in maximum temperatures in the mountains of Colorado, like those of other interi

mountain ranges in the western U.S., averagdat range of 0.25 to 0.75°C/decade.

Temperature records from SNOTEL stations have been shown to contain a postive bia
related to changes in sensors, sensor locations, and operational protocolst(@lyl2015).
Nevertheless, temperature red®from SNOTEL stations can be useful in making relative
comparisons among stations. Using the temperature records from the SNCdzIs sta
preserves the association with the other data collected at the same statalrg, SWE and
precipitation. These were used to analyze trends in April 1 SWE in relation toitrends

temperature and precipitation.

The resultof the analysis of trends in April 1 SWE in relation to trends in October-June

precipitation and temperature for the stadga(Figure A22)are similar to those in the Pacific
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Northwest (Mote, 2003), in that most of the April 1 SWE trends were decreasing, mest we
associated with slightly decreasing Octebene precipitatin at SNOTEL stations, and all wee
associated with increasing Octolleme temperatures. However, these temperature trends
(Figure A.22 were artificially amplified (Oyleret al. 2015). If the data were properly
homogenized, the temperature trends could be in the range of zero to 3 degrees Glidetade
to those found at Allenspark, Grand Lake, and Loch Vale. One station (Lake Eldora) had
increasing temperature, increasing precipitation, and significantly siege8WE, suggesting
that the greater precipitation was sufficient to counteract the effects ofrvgaamdresulted in
increased SWE. Auther station (Deadman Hill) haicreasing temperature and precipitation,
but decreasing SWE, suggesting that at this station the greater precipitatioot \saficient to
counteract the effects of warming. A furtls¢éaton (Willow Creek Pass) hadcreasing
temperature, decreasing precipitation, and increasing SWE, suggestiotpéndtictors may
also be involved. The overall range of the ¢hwariables in this study areasvass than the
variability reported for the same variables in the Pacific NorthwestgM2003). This is
consistent with Losleben and Pepin (2003) who showed the northern Colorado Rockies are less
susceptible to temperatumeduced negative SWE trends and variability is less than other

mountainog areas in the western U.S.

The warmingrends observed in this investigation do not appear to follow a cyclical
pattern, but instead are relatively consistent in their rate of warming€Adg2B). The longer
period of record (1949-2015) at the Grand Lake cooperative weather station provides an
indication of when this recent warming trend may have begun (Figure 4/Bé time series of
average annual temperature at Grand Lake shows a coelimthftom 1949 to 1973, followed

by the warming trend that continues to the present. This is consistent with othes that have
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identified the early to mid970s as the beginning of the current warming trend (Tebbél,
2012), and the 1990s to the present as the period with the strongest warming sigetb(Ray

2008; Santeet al, 2011).

55  Trendsin Freezing Level and Maximum Daily Temperatures above Zero

Resultsof the analysisof smulatedfreeatmospheréreezinglevel showedhatonly
duringNovemberard March,the average levelf the zeredegreeCelsiusisothermwasabout
400 m belowtheelevation othelowestSNOTEL stations(Figure4.14a). In addition, trend
average freezintpvelwere risingmore rapidly in Novemberard Marchthanin other cold-
season month# between. Thaend in freezindevelfor Februarywasslightly negative. This
suggestshatduring Novemberand March thedaily tempeature cycle bringswarmerthan-
freezingtemperatureto the elevation zonef the SNOTELstationsfor someportion of each of
thosemonths. Itwould then followthatwarming trendsluring thesetwo monthsare likely to
increaseahe portion of themonth with warmerthan{freezingweathey resultingin increased
snowmelt. Themonhly patternsand trendsin daily maximum temperaturewarmerthan zero at
thehighest(Lake Irene) and lowe$Copeland Lake) SNOTEL stationsprovided atestof this
hypothesis. ResulshowthatNovember and March had simikaues (Figure A.25a During
thesetwo monhsthe summationof daly maximum temperaturewarmerthan zero a thesetwo
stationsranged from 75 to 250 totdbgrees, implyinga monthly average maximum tempegure
of about 2.5 to 8.3 degrees. Therefore hddbvemberand March havéemperature ranges
basedon his measure sucthata relativelysmall increase iremperatue would cau a
relativelylarge proportionaincrease inhe amountf warmerthan{freezingweatheravailable to

help meltsnow.
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5.6 Climatic Influenceon SWE Trends

Trendsin both precipitation and temperatunduence trendén SWEin and neaRocky
Mountain NationaPark. While yearto-yearvariability in SWE is influencedprimarily by
variability in precipitation, th@rimaryreason for théong-termSWE declinesin and neaRocky
Mountain NationaPark appeargo be increasedblationduringperiodsof the snow season
formerly characterizedy little ablation. Thisincreasedblaton is associatedvith long-term
trendstoward warmingemperatures, especialiyring November and March. In their
assessmerdf the Rocky Mountaingrom Colorado to British Columbia, Motet al. (2005)
concluded thaivarming producekowerspring SWE largely by increasinghe frequencyf melt
events. Hamletet al.(2005)concluded thatlecreased April 1 SWH theRockiesfrom 1947-
2003 isdueprimarily to widespred warming. h this study, welooked atotal cold-season
precipitation and snowfalit SNOTEL sites, and found no trend toward decreased precipitation
or snowfall. Also, snowfalls a proportion oftotal cold-season precipitation showed no trend,
exceptat he lowestSNOTEL dation (Copeland_ake), where there waa trendof increasing
snowfall. Thisagreeswith Clow (2010), Moteet al.(2005), and Harpoldt al.(2012),
indicatingthatthe SWE declinesare notrelated to an overatlecreasen winter precipitation, or
achangefromsnowto rain. Whiletherewasa shift from snowto rain wdespreadver much of
western North Americand even fopartsof Colorado, no such shiftasobserved fothe

northen Colorado FronRange(Knowleset al, 2006).

As shown in Figure 4.13b, March and November are also the two months during the
snow accmulation season with the strongest warming trends. This finding reinforcedian ea
finding (Moteet al, 2005) that warming produces lower spring SWE largely by increasing the

frequency of melt events, not by simply enhancing the likelihood of rain instead of snow.
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Indeed, Moteet al. (2005) found significant correlation between April 1 SWE and total daily
melt events. In this study there was no significant correlation betiard 1 SWE and number
of ablatian events, but trends in numbédrdays wih ablation(>5 mm loss in SWE) were
significantly increasing at five SNOTEL stations and not significantly irsongaat six other,

closely matching the downward trends in ApfISWE.

5.7  Trendsin Magnitude and Timing of Peak SWE versus SWE Change

Annualpeak SWkEhasdecreased at stationgincreased &) and timingof theannual
peak hashifted earlieatfour andlaterat eight SNOTELstations. Thdéiming of peak SWE, in
part, explainsvhy somestationshavehad a shifin dateof peak SWEwhile othershavenot.
The period duringnid-Marchto earlyApril is characterized bwarming and dryingrends,
when SWHrendsbecomdesspositiveor morenegative(Figures4.8a, 4.9 — 4.11, 5.1)or
simplicity, this period will be calledthe“Marchthaw”. At thehigherand coldersitessuch as
Joe Wight and Willow Park (Figure5.3), theMarch thawoccursprior to thepeak, during a
periodof ng SWE accunulation. TheMarch thawinhibits SWE accumulation, bus of 2015
hasnot caused th&WE trendsto shiftfrom net accumulation to nelioss. Atthelowerand
warmerstes, such asCopeland Lake (Figures.4), the March thawoccursafter the peak, duringa
period ofnet SWE loss, when furthescceleratiorof the SWE losstrend has no impact on the
earlier annuapeak. Atboth ofthesetypesof sites, peak SWHhereforeoccursduring a period
with atrend towad coolerand wetterconditions. Therefore, the warmimgndsduring the
March thaw do not affe¢hetiming or magnitude otheannualpeak, which is actually likely to
havea trend toward increasingagnitude and latdiming, in responsé thetrendstoward

coolerand wetter conditions.
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Figure 5.3. Magnitudes and trends in 15-day change in SWE at Willow Park SNOTEL, 1981-
2015, for selectedays
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Figure 5.4. Magnitudes and trends ind&¢ change in SWE at Copeland L&ddOTEL, 1981-
2015, for selected days.

However, at some sites, such as Phantom Valley (Figurevihih is intermediate in
elevation, annual peak SWE occurs duringMaech thaw. Moreover, at this site, the
temperatures during the March thaw are such that the trenddaylSWE change has shifted
from net accumulation to net loss of S\lrgure A.12b) This is the requisite for a shift toward
an earlier peak SWE, ard a result, the timing of peak SWE has shifted 10 days earlier over 35
years. The relation between trend in date of peak SWE and peak SWE, thereforejiimeacur
pattern, in which early and late dates of peak SWE show trends toward later peaki8M/E
dates of peak SWE during the March thaw show trends toward earlier peak S\we %Fo).

The basic point of Figure 5.6 is that if peak SWE occurs during the March thaw, thestrend i

toward an earlier peak, while if peak SWE occurs prior to or after the March treateend is
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toward a later peakn the future, if the March thaw trend continues, SNOTEL stations such as
Willow Park are likely to see SWE trends during the March thaw shift fromcoatraulation to
net loss, and at that time the magde and timing of annual peak SWE are likely to shift toward

smaller and earlier values.
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Figure 5.5. Magnitudes and trends in 15-day change in SWE at Phantom Valley SNOTEL,
1981-2015, for selected days.
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Figure 5.6. Relation between trend in datpedk SWE and date of peak SWE at SNOTEL
stations. The fitted function is a second-order polynomial.

5.8 Elevation Dependent SWE L oss

Negativetrendsin severameasuresf SWEin thisinvestigation arenoreprevalentat
higherelevationsn thezone thaincludesthe SNOTEL stations, than dowerones. Allof the
monthly SWEtrendsfrom snowcoursesand SNOTELstationshavea negative correlation with
elevation (Figurel.6). Similarly, the trendi; annualpeakSWE (FigureA.6a),and in daygper
yearwith SWEover100 mm(FigureA.14) showmorenegative trendat higherelevationghan

lower ones.

Trends in some other measures, however, suggest an opposite pattern. Trends in date of
annual peak SWE show more shifts to later dates at hejbeation sites, and more shifts to

earlier dates at lowezlevation sitesHigure A.@). Warming of annual average temperature is
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limited at the higheelevation site (Loch Vale), and greater at the leelevation sites
(Allenspark and Grand Lake) (Figure 4.13b). Similarly, trends in averageeatibn
temperature as measured at the SNOTEL stations show no correlation vatioalénot
shown). A factor other than temperature is likely influencing the elevatiomdepee of
negative SWE trends. Trends ictGberJune snowfall equivalent also show a negative
correldaion with elevation (Figure A.21). This suggests that the predominance of negatide t
in SWE at higher elevation sites may be related to less accumulation, ratherdte
temperaturenduced melt. The elevation dependence of negative SWE trends in the study area
contrasts with results of a study in the Pacific Northwest, which found a positredation
between elevation and April 1 SWE (Mote, 2003). The negative atoelbetween SWE
trends and elevation found in this investigation contrasts with the earlieusmmcthat higher-
elevation, colder sites in the Colorado Rockies tend to be more immune to effectsate cl

change than lower sites (Magéal, 2005).

Some researchers have found evidence for elevdgpendent warming in and near the
study area. Along an elevation transect in the Front Range of the ColoradesRuaskisouth of
Rocky Mountain National Park, the strongest warming trend (@42¢€/decade) during 1953-
2008 was in maximum temperatures at the sites with elevations similar to the SNOTHiIs statio
(2591-3048 m) (McGuiret al, 2012). The strongest warming trends in that study during 1989-
2008 were in maximum temperatures at 2591m (0.85°C/decade), and in minimum temperatures
at 3048 m (0.5°C/decade). Using data for 1979-2006 from the PRISM (Parametelevation
Regressions on Independent Slopes Model), Diaz and Eischeid (2007) found mean annual
warming of 0.3°C/decade at 1500 m, compared to 0.7 °C/decade at 3500 m, and 0.96 °C/decade

at 4000 m. Models of atmospheric processes over mountains, as well as numerous other

85



observational studies, support the conclusion that several atmospheric warntiagisras are
stronger at higher elevations, or at least in the subalpine zone, than at lowtrreeva
(Rangwala and Miller, 2012; Pepat al, 2015). Apparently the complex interaction of
temperature, precipitation, snowfall, topography, and weather patterns in thesainoumt

areas creates sm® opportunities for additional research into elevation dependence of trends.

5.9  Albedo-Feedback and Humidity Effects

Oneof themore likelymechanismshatwould account fothewarming and SWHoss
duringMarch and Novembaes albedo-feedback warmir{@epinet al, 2015;Rangwalaand
Miller, 2012). Thisprocess tends to occnear thezero isotherm, which i thevicinity of
the SNOTELsitesduringNovemberand March.Lossof snowcoverreduceghealbedo,
which enhanceabsorption okolar radiation, leadingp morewarming, and hence delayed
SWEaccumulatiorandeatier melt. Theeffectis to shorten thenowaccumulation season at
both ends. Thus, whikae high, cold mountainsf the northern FronRangeare stillcold
enough to suppoestrongsnowaccumulation season duriiggcember-Ebruary theyare
showingthe typicalsignsof warming and SWHossduringNovemberand March. Another
elevation-dependemtarmingmechanismss positivefeedback related to increased humidity
thatyields moredownward longwave radiatiothis has beeriound to besignificantin

Colorado (Naucktal., 2013).

The occurrence afust on snow has been mentioned as a possible factor enhancing melt
through albedo feedback at higher elevations (Lekas, 2014; Rangwala and Miller, 2012;
Painteret al, 2010). However, the influence of dust on elevation dependent warming in the

study area is likely to be limited as the Front Range is distant from the Four £arear the
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source of most dust affecting snow in Colorado, and there appears to be little or ao relati
between dust deposition and elevation (Painter, T.H., personal communication, 2015). Another
possible factor could be additional albedo feedback caused by deposition of black carbon and

other organianatter particles on snow (Flanretral, 2009).

5.10 Paleoclimate SWE Reconstructions

Treering reconstructionviavebeen found to be usefptoxiesfor long-term climate
recordsin comparingrecentard paleotrendsin temperatue (Esperetal., 2012), precipitation
(Yangetal., 2014), streamflow (Chegtal., 2016), and SWEBNood and Smith, 2013)The
paleoSWE reconstuctionsexaminedn this sudy showthatat leastsome ofthe recenB5-year
trendsin observed SWhavecomparable precederdsrringthepreceding five centurigg able
4.3). Thisfinding is consistat with paleotrendsthatappearin a treering SWE reconstruction
for the Gunnison region of Colorado, about 200 8w of the studyarea (Woodhouse, 2003).
The SWEreconstruction infte Gunnison region showedlaast ongeriod in the paleo record,
around 1613-25, with a decliningend in SWEsimilar to those found in thisinvestigation
(FigureA.37). The duration ofhe Gunnison palewdnd, &out13 years wasshorter han the35
yearsused in thisstudy, however. If the currentdecliningtrendscontinueinto thefuture, then it
becomedikely tha thecurrenttrendsmay extend ovealongerperiod thanseen in recordérom

the pastfive centuries.
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5.11 FutureProjectionsof SWE Trends

Theclimate and hydrologic modelojectionsdiscussed in theesultssection consider
theatmospheric greenhouse daadingthatdistinguisheghe currentperiod ofwarming trends
from pastwarmingtrends(Maureret al, 2007). Therefore, therojectionsfor continued
warming throughouthe 215 century, common to athe modelsdiscussed, suggetstatclimatic
conditionsdriving snowpack accumulation and ablation fioe remainderof this centurywill be
differentfrom thecyclical patternf the past. ThelPSL model, oneof the CMIP5 modelsthat
bestmatchegheobserved SWEecord forl981-2015, projecta pattern ofdecliningmonthly
SWEtrends, with greatetecliningtrends, up to 14 mm/decade, toward ldter partof the snow
year. Atthisrate, annugbeakSWE, which nowaveragesbout400 mmin thestudyarea,

would be reduced by about 14 perceynf055,and abouB0% by 2099.

Theregionally downscaled CMIP5 climate models have a spatial resolution of 1/8 of
latitude by 1/8 degree of longitude, or about 11 x 14 km (U.S. Bureau of Reclamation, 2014).
Finerresolution models have been showmptovide more accurate representation of complex
topography in mountain areas, and hence of the complex weather patternsubat@the
snowpack in these areas (Rasmussen et al., 2011, Rasmussen et al., 2014). The Weather
Research and Forecastiflydrology (WRFHydro) model, which has a resolution of 4 x 4 km,
was found to have close agreement with observed snowfall and SWE data observedit SNOT
stations in the Colorado mountains (Rasmussen et al., 2014). Monthly trends in precipithtion a
SWE forthe next 3.5 decades for the Colorado mountains, simulated using the WRF-Hydro
model, were quite similar to trends observed at snow courses and SNOTEL statnigs
investigation. Specifically, the simulated trends for precipitation showedsingeprecipitation

early in the snow season, especially December through April, and decreasipigapicat later
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in the spring. The simulated trends for SWE showed little or no loss in SWE during October

through February, but greater SWE loss during March through June.

The general agreement between the fegolution WRF-Hydro model and observed
monthly trends in SWE lend some additional credence to this model (Rasratiabe2014).
The primary discrepancies are for the months of November and March, during which the
modeled trends projected more precipitation while the trends at Willow Park wienel tess
precipitaion. The general pattern of future precipitation and SWE, however, appearsdb refle
current trends. Monthly trends in precipitation and SWE for the next 3.5 decades for the
Colorado mountains, simulated using the WIRfgro model, were quite similar to trends
observed at snow courses and SNOTEL stations in this investigation. Specifieaimulated
trends for precipitation showed increasing precipitation early in the snow segseciay
December through April, and decreasing precipitation later in the spring.imtlated trends
for SWE showed little or no loss in SWE during October through February, bugrgB&E loss
during March through June. Therefore, enhanced precipitation during the earlytharsodw
season (October to February), especially higher than 3000 m, is likely to praseywe some
places, even raise the average SWE during those months. This enhancement tatjomeeipd
SWE is likely to maintain or raise current SWE conditions as late as April 1 ingbainis study
area. As spring progresses, enhanced warming and decreased precipédikehyan
accelerate rates of SWE loss, leading ttievaeind lower peak SWE, more rapid melt, and
earlier runoff By 2055 April 1 SWE in much of Colorado is projected to decrease by 25%
compared with 2014 (Rasmusssral, 2014), with probably le®r declines in this study area

due to the high elevation.
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5.12. Ramificationsfor Natural Resour ce Management
Thefindingsof thisinvestigation suggesbmepointsthatarelikely to beof interestto
naturalresource managevdth interestsn the studyarea. Thesepointspertain towater

supply, widfir e, ecologicalresourcesard winter recreation.

Like other areas of the western United States that depend on the seasonal snawpack fo
water supply and other natural resources benefits, Rocky Mountain Natiokalnéaricinity
are undergoing climatic chges that are alteringapierns of accumulation and ablation of the
snowpack. In comparison to areas such as the Sierra and Cascade mountain Galgemia
and the Pacific Northwest, as well as mountains farther south and west in Coloraxiwitthe
central Colorado mountains in the study area are experiencing less vgnahédinperature,
precipitation, and snow water equivalent (SWE), and weaker long-term trendgvéipthe
observed and projected trends are still noteworthy. December, January, aratyFate still
dependable months for snow accumulation, and are likely to continue as such for much of the
rest of this century. In November and March, however, warming and drying trenaslacing
SWE accumulation at the beginning and end of the winter. March is shifting from a month of
dependable SWE accumulation to a month with less accumulation and, in some yearseand som
places, net loss in SWE. Spring storms often bring additional SWE accumulationinigut ris

temperatures create varialzonditions and lead to rapid melt.

In terms of water supply, overall precipitation is not decreasing in the stualy lare
December, January, and February, April, and May, precipitation trends aregpolsibwever,
trends toward less accumulation or greater loss of SWE during March nelesls ISWE in the
snowpack on April 1, and variable warming trends later in the spring are likethamee

snowmelt and create greater uncertainty regarding water supplieg theicrucial spring runoff
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period. Water managers will have to rely less on the snowpack for water stohgara on
artificial storage projects, whether above or underground. Warming trends theriggowing
season are projected to enhance evapotranspiration. This will reduce soil moi$ture a
streamflow, stress vegetation, and will probably result in increased demamaktéoifor
irrigation. Enhanced SWE accumulation during the core winter months of Dece&aieary,
and February will concentrate the snowpack during these syomitfn the potential for earlier
and more rapid snowmelt runoff during the spring. One mitigating factor fer wetnagers
will be the trend toward cooler and wetter conditions dumidyApril to earlyMay, especially
at lower elevation parts of the@m zone, at least for the next few decades. This trend is likely
to help mitigate the SWE losses during November and March.

The results also have ramifications for ecological resources and wil&&guced soil
moisture and streamflow, and increased stress on vegetation, are likely toiteaddsed risk
of wildfires during longer, drier summers in the study area (Westeztin 2006). This will
impact risk to structures and people, put more aerosols into the atmosphere, and, taether w
the reduced streamflow, alter aquatic and riparian ecosystems. Terezsisigbtems that rely
on snow for habitat or protection will also be altered as spring SWE is reduced, ldmaleil

drier soil and vegetation in the summer.

Snowbased recreation igkely to become more concentrated during the months with
more dependable SWE accumulation, January and February. Itis also likelgntelaore
concentrated in highezlevation parts of the park and vicinity, where snow will be more
dependable. Variable conditions during the spring may result in increased daanganthes.

As warming continues there will be fewer days with snow suitable for skiingparshoeing.
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CHAPTER 6. CONCLUSIONS

Theseasonatnowpack in and ne&ockyMountain NationaPark isundergoing
changeshatwill pose challengefor waterproviders,naturalresource managerard winter
recreatiorenthusiasts Assessingong-termtrendsin measures adhe seasonasnowpack, and in
theclimatic factorsthat influence itsaccumuldion and ablationhelpsto characterize those
challenges. In particulagyaluatingthe paternsof variation in thosdrendsduring the snow
season providesew understandings to thecauses, specifiamifications and likelyfuture
course ofthe trends In addition, placinghe current35-yeartrendsin thelongercontextof
longer-termobservationalrecords, ad paleoclimatdree-ring reconstructiorgovidesuseful
comparison®f currentand pastrends. Finally, projectionsf futuretrendsprovided bylinked
climate anchydrologic modelsoffer a sense ofiow these trendare likelyto affect the snowpack

of thefuture.

Several factors are working to limit snowpack changes in the study area, inricompa
snowpack changes elsewhere in the western United States, at least for the next fesv denad
mitigating factor is the relatively limited variability in temperature and precipitatrmhhance
snow water equivalent (SWE), in the study area, compared with other areas tueh a
Cascades, 8iras, and mountains of western and southern Colorado. The relatively limited
variability applies mostly to time scales of one to a few years; over longer tes, dbe study
areas appears to have warming trends as rapid or more rapid than those foundpartstior
the western U.S. Shorrm variability in precipitation is correlated with shtetm variability
in SWE, while long-term trends in both precipitation and temperature appear todeflioag-
term trends in SWE. A second mitigatingttads the inland location and continental climate of

the study area. This tends to isolate the study area from influences ofaheinckiding
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moderate temperatures, and the cyclical oscillations that bring strongeiligt@imnountains
closer tothe coast. The continental climate also helps to keep winter temperaturesrglyfficie
cool to support snowpack development and retention. A third mitigating factor is theetglati
high elevation of the snow zone in the study area, which reinforcestheiinter temperatures.
A fourth mitigating factor is an observed trend toward greater precipitatiihe core winter
months of December, January, and February. This trend is crucial to maintaining antk in s
cases, enhancing the snowpack duriresé months. All four of these mitigating factors are
likely to continue influencing the snowpack in the study area throughout the praseiny.c&
fifth mitigating factor is an observed trend toward enhanced precipitation aret cool
temperatures durghmid-April to early May, a crucial period for retaining SWE into the
beginning of the drier summer months. This trend may be related to the occufrspdag
upslope conditions that bring moisture to the Front Range of the Rockies from theheast. T
factor is not as wide-spread geographically as the other factors mentioretition, linked
climate and hydrologic models that are capable of simulating the effects obtHedirfactors
do not project this fifth factor as a significant influence on snowpackmulation and ablation
in the future. Therefore, there is some uncertainty about the future persaftémserend in the
study area. Model projections suggest that spring warming will reducegs@dihulation and
enhance melt during Apand May. These mitigating factors help to explain why, at most of the
13 SNOTEL stations in the study, the timing of annual peak SWE has not shifted taean earl

date, and monthly SWE trends during February are positive.

In spite of these mitigatinigctors, declining trends in several measures of SWE in the
study area are apparent. In every month, some of the trends in monthly SWE atibw 23 s

courses and 13 SNOTELSs included in the study are decreasing. During NovembetbBec
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March, and April most of the trends in monthly SWE are decreasing. Annual peak SWE is
decreasing at most of the 13 SNOTEL stations, number of days per year wstirabéa SWE
loss is increasing at all of the SNOTELSs, and number of days per year withOfvenm of

SWE s decreasing at most of the SNOTELSs.

The strongest negative trends in SWE occur during November and March. These trends
are associated with both increasing temperatures and decreasingaifegip those months.
The increasing temperatures bringnem abovereezing weather, and hence more snowmelt, to
SNOTEL stations in the study area. At SNOTEL stations such as Phantay, Vidikere the
“March thaw” coincides with the timing of annual peak SWE, annual peak SWE istednd
the timing of the pdais shifted earlier. At other stations, where annual peak SWE occurs prior
to or after the March thaw, trends toward cooler and wetter conditions tend tv@m@se

enhance the magnitude and timing of annual peak SWE.

While most of the trends discussed in this investigation pertain to the 35-year period
1981-2015, evaluation of SWE data from snow courses starting in the 1930s shows that
declining SWE trends have been consistent for the fulleg@-record of these snow courses. In
contrast, ealuation of temperature data starting in 1949 at Grand Lake shows that, cnsiste
with trends in many other areas, the current warming trend in the study araabega1973,

following a period of cooling.

As found by Clow (2010), there are some déferes in SWE trends at SNOTEL stations
on the western (orange cluster) and eastern (purple cluster) sides of thkdfrge. The sites
on the western side have more negative monthly trends in SWE, while the sites ctetime ea
side have fewer such trends. This difference is especially noteworthy &ebngary, April,

and May.
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Trends in Octobedune precipitation are relatively small in comparison with trends seen
in other parts of the western United States, and there is as yet no trend toweaeddcaction
of October-June precipitation falling as snow. The precipitation trends thatsioadeing with
the temperature trends, help to explain the pattern of SWE trends that tend toedacreas

November and March and increase in other months.

In contrast to results from the Pacific Northwest, which found stronger deayeeends
in SWE at lower elevations in the mountains, in this investigation several of thereseaku
SWE had trends indicating greater SWE loss at higher elevations. This pattenot
consistent with all measures of SWE, however, and the temperature trendseexianthis

investigation did not show a consistent pattern of more rapid warming at highegrazie

The paleo SWE reconstructions based on tree-ring chronokigi@sthat at least some
of the recent 35-year trends in observed SWE described in this study have comparable
precedents during the preceding five centuries. If the 80-year period ofinigttends at snow
courses is considered, and especially if threetut declining trends continue into the future, then

it becomes likely that the current trends are unprecedented over the past fiviesentur

Linked climate and hydrologic models, especially the high-resolution WRFeHyddel
designed for accuratensulation of atmospheric processes over the complex topography of the
study area, project that the current warming trends will continue, andvert@me the effects
of increased precipitation to enhance spring snowmelt in most of the studyAtszane of the
highest elevation sites the models project that, even with warming, the tempesgituszsain

below freezing, and continued enhanced precipitation may preserve the snowpack.
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These findings suggest that, in Rocky Mountain National Park andtyjc¢ime core
winter months of December, January, and February are likely to continue witht @rrperhaps
even enhanced trends in snow water equivalent. However, the snow season is likgly to be
later, due to continued warming and drying trends in November. March is likely t&raimft
being a key month for snow accumulation, to being a period with less accumulation &d som
loss of SWE. Conditions during April and May are likely to variable, with strong SWE
accumulation from upslope storms in sogears, but increased warming causing more rapid
melt. Spring runoff is likely to begin earlier. During the longer, warmannsers, soil moisture
is likely to decline, contributing to decreased streamflow, stress for viegetad increased fire
danger. Winter recreation will become more concentrated during January anaifyebfhe
variable conditions during the spring will create increased risk for avaandownstream

water users will need to rely less on snowmelt runoff and more on stored wat
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APPENDIX

Table A.1. Tree-ring reconstructions used in this investigation (from Woodhouse, 2003).

Begin| End | Length Latitude | Longitude| Elev
Code | Name Species | [yeal | [yeal | [yrs] Basin [N] [W] [m]
Big Douglas- South
BTU | Thompson | fir 1520| 2000 481 | Platte 40° 25’ | 105° 17" | 2012
Douglas- North
ENC | Encampmen fir 1380| 2001 622 | Platte 41° 09’ | 106° 47 | 2500
GM | Green Mtn. | Douglas-
R Res. fir 1378| 2000 623 | Colorado| 39° 51" | 106° 14’ | 2514
Hot Sulphur | Douglas-
HOT | Springs fir 1571 1999 429 | Colorado| 40° 04’ | 106° 08" | 2499
North Park | Douglas- North
NPU | update fir 1486| 2001 516 | Platte 40° 57’ | 106° 20’ | 2450
PUM | Pump House pinyon 1320| 2002 683 | Colorado| 39° 58" | 106° 31" | 2194
Douglas-
STU | Stultz Trail | fir 1480| 1997 518 | Arkansas| 38° 20’ | 105° 16’ | 2465
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TableA.2. Half matrix of April 1st SWE correlations for the study period 1981-2015 with three
levels of correlation (R2 > 0.5, 0.7, 0.9) highlighted.
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Figure A.1 Fitting the median niveograph to observed data for a given year usingrtiffer
techniques for acenulation, peak, and melt phases.
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Figure A.2 Niveograph estimation procedure showing extension of the peak phase and delaying
the melt phase vén SWE is still increasing diay 1.
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Figure A.3. April 1 SWE for each snow year, 1986-2015, at Phantom Valley SNOTEL, in
relation to annual variations in total October-June precipitation and average Qkinber
temperature as recorded at the SNOTEL station. Width of circle denotagudagf April 1
SWE.
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Figure A.4. Regression analysesytddianApril 1 SWE, 1981-2015, on October-June
a)temperature anb) precipitation at Phantom Valley SNOTEL.
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Figure A.5 a) Comparison of trends in SWE on first of month at snow courses inside and
outside Rocky Mountain National Park for two different periods: 1981-2015, and entire period
of record. b) Same comparison for trends in monthly change in SWE.
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Figure A.6 a) Trends in annual peak SWE at SNOTEL stations in relation to elevation. b)
Trendsin date of peak SWE at SNOTEL stations in relation to elevation.
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Figure A.7 Results of comparison of observed annual peak SWE with April 1 SWE, and with
the maximum of firsbf-month SWE values, in relation to elevation. Circles represent median
differences over the period 1981-2015. Outlier is Copeland.L8lata are listed in Table A.3
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Table A.3 Percent difference betweebservegpeak SWE and indicated statistic, as percent of
peak SWE

. peak SWE vs. max 1st of the month S| [ peak SWE vs. max 1st of the mon{| [ Elevation|
station peak SWE vs. April 1st SWE Feb-May) SWE (Feb-June) [m]
max |mean | mediafistd deyfmin max |mean | mediafstd dev|min max |mean | mediafstd dejmin

Joe Wright 56%)| 22% 20% 12% 19 29% 7.% 6.3% 6.% 0% 12% §56% 59% B.1% | |0%
Lake Irene 37%| 13% 11% 9% 1% 156 5.7% 5.9% 3.p% 0% 11% 85.2% 4.8% B.6% | 0%
Willow Park 59%| 219% 19% 13% 1% 280 7.4% 58% 6.p% 090 19% 6.6% 54% @.8% | |0%
Bear Lake 41%|  18% 16% 11% 1% 150 6.0% 5.0% 4% 0%0 15% §.0% 5.0% #{.6% | |0%
Phantom Valley 92%|  17% 13% 20% 0% 210 74% 6.0% 5.9% 0% 21% 1.4% 6.0% B5.9% | |0%
Stilwater Creek 85%| 20% 11% 23% 0% 230 7. 4%  7.5% 5% 0% 23% 1.7% J.5% B.7% | |0%
Roach 44%| 15% 13% 11% 1% 28 6.9% 55% 5% 1% 14% §.1% 4.9% B.9% | |1%
Wilow Creek Pass| 53%| 21% 20% 11% 2% 18pp 6.1% 6.0% 4.3% 0%0 15% 85.7% 6.0% B.8% | |0%
Deadman Hil 60%| 23% 22% 11% 5% 38 6.9% 52% 6.6% 0% 12% §.6% 5.0% B.4% | |0%
University Camp 49%| 22% 20% 12% 1% 18 6.9% 53% 5[1% 090 18% §.0% 5.2% @.9% | |0%
Niwot 51%| 179% 14% 15% 0% 230 7.4% 6.2% 5.6% 090 23% §.7% 59% B.5% | |0%
Lake Eldora 60%| 15% 99 15% 1% 310 8.3% 6.4% 8.p% 1% 31% 8.3% A% B.0% | [1%
Copeland Lake 100% 649 75% 34% 0% 36pp 9.9% 6.6% 9.5% oY% 6% 9.2% 6.6% [9.5% | |0%
average 60%| 229 20% 15% 1% 25V % q% 6% D% 19% 7% 6% 5% %
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significant trend.
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significant trend.
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Figure A.16. Estimated (solid) and observed (dashed) niveodiape SNOTEL stations for

low, medium, and high SWE years.
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Figure A.17. Annual peak SWE from observed data, from the assump#qgmibf peak SWE,
and from the estimated niveographs.
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Figure A.18. Dates of peak SWE from observed data, from the assumpfiprildf peak
SWE, and from the estimated niveographs.
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SNOTEL stations and 3 weather stations.
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Figure A20. Average annual precipitation, 1981-2015, at 6 SNOditl_3weather stations, in
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Figure A.21. Trends in total annual snowfall equivalent (total October-June SWE
accumulation), 1981-2015, at 13 SNOTEL stations, in relation to elevation.
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Figure A.26 Cameron Pass May'BWE reconstruction from 1486 to 2000.
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Figure A.27. Slope over 3gear time period for theeconstructed and observed (historical) May
1'SWE at Cameron Pass snow course.
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Figure A.28. Longs Peak May' BWE reconstruction from 1571 to 1999.
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Figure A.29. Slope over 35-year time period for the reconstructed and observed@hidwtay
15t SWE at Longs Peak snow course.
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Figure A.30. Median elevations [m] for the nine 1/8 by 1/8 degree pixels of the Cviidecli
model retrieval.
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Figure A.31 Distribution of elevations within the nine pixels of the CMIP5 climate model
retrieval.
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Figure A.32. Annual precipitation simulated by the CMIP5 model ensemble, and obderved a
Willow Park SNOTEL, 1981-2015.
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Figure A.33. Average monthly precipitation simulated by the CMIP5 modeindtseand
observed at Willow Park SNOTEL, 1981-2015.
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Figure A.34. Trends in monthly precipitation, 1981-2015, simulated by the CMIP5 model
ensemble and observed at Willow Park.
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Figure A.35. Trends in monthly precipitation, 2015-2099, simulated by the CMIP5 model
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Figure A.36. Average first bmonth SWE, 1981-2015, simulated by the CMIP5 model ensemble
and observed at Willow Park.
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FigureA.37. 431-year SWE reconstruction for the Gunnison region, Colorado, smoothed with a
5-weight binomial filter (heavy line), and error bars (thin lines), 1571-1997. Thintlbatam
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