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ABSTRACT

Mountain hemlock growth chronologies were used to reconstruct the mass balance of
South Cascade Glacier, an alpine glacier in the North Cascade Range of Vdashiate
(USA). The net balance reconstruction spans 350 years, from 1659 to 2009. Summer and winter
balances were also reconstructed for 1346-2009 and 1615-2009, respectively. Redationshi
between mass balance and winter precipitation, temperature, the Pac#didaDOscillation
index, and the El Nifio Southern Oscillation index suggest that these climaidesiand
indices influence glacier balance fluctuations at various temporakssdaéiods of above-
average net, summer, and winter mass balance occurred mainly in 1790-1800, 1810-1820, 1845-
1860, 1865-1890, and 1970-1990. Above- and below-average reconstructed mass balances at
South Cascade Glacier were concurrent with similar periods from otherdlatance
reconstructions and moraine dates in the Pacific Northwest region of NortticAmAgreement
among these records suggests that changes in South Cascade Glacielamassigagood
indicators of regional balance fluctuations, and glaciers in the PadciftbwWest are responding
similarly to regional external climate forcings. The current ratieoline, from 2000 to 2009, in
the reconstructed mass balance record has been faster than any othermeaatientury. This
decreasing trend is projected to continue in accordance with increasing tiemgse@nd will

likely affect glacier-influenced water resources in the PacificiNvest.
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INTRODUCTION

Since the 1980s, the majority of alpine glaciers in the Pacific NorthwesY)Pégion of
North America have receded faster than the glacier recession doedriretite early 20
century (Hodge et al. 1998; Meier et al. 2003; Granshaw and Fountain 2006; Pelto 2006; Koch et
al. 2009; Moore et al. 2009). This rapid retreat is frequently attributed to a shiftoaeghere
and ocean circulations in the mid-1970s resulting in increased temperatured@vcda
Fountain 1995; McCabe et al. 2000; Moore and Demuth 2001; Rasmussen and Conway 2004).
Alpine glaciers are sensitive to such variations in climate, and thesgeshare represented by
fluctuations in the terminus and volume of the glaciers. Because of complegmamaids, the
response of the terminus to climate is delayed. Changes in glacier voluyy@cakytassessed
using mass balance measurements, which reflect an immediate respdimeate (Walters and
Meier 1989).

Similar climatic variables influence both mass balance fluctuations emdadial
growth. Because of this mutual relationship with climate, tree-ring chroeslogn be used as
proxies for glacial mass balance (Lewis and Smith 2004; Watson and Luckman 2@@4julea
and Smith 2005; Wood et al. 2011). Mountain hemldekda mertensiana) is often chosen as a
proxy for glacial mass balance because it grows at high elevations@erteaxes similar
climatic regimes as glaciers. South Cascade Glacier, in thedeaReage in northern
Washington State (USA), is a prime location to reconstruct glacial leabsuause of its
relatively long time series of mass balance measurements. In thisretuaytain hemlock
growth chronologies were used to assess historical variability of SouthdeaStacier (SCG)

mass balance.



Glacier net mass balanda) is the sum of winter mass balanbg)(and summer mass

balance Ifs).
bn = by + bs

Winter balance (usually > 0) is composed of accumulations in the form of snogy summer
balance (usually < 0) reflects ablation such as melting, sublimation, olvaggcaMass balance
is measured in meters of water equivalent (m w.e). Although it is ggnasalimed that
summer temperature and winter precipitation drive mass balance flucg étisrassumption
greatly simplifies the relationship between climate and mass balancé, iwlkmmplicated by
glacial ice dynamics (Burbank 1982; Bitz and Battisti 1999). In maritimsatdis, west of the
Cascade Range in Washington State, winter precipitation, and therefore vasgebatance,
dominates net mass balance (Bitz and Battisti 1999; Dyurgerov and Meier 1999)rsGlatie

are further south or further inland tend to be more sensitive to summer tempénaddction

to winter precipitation (Walters and Meier 1989; Hodge et al. 1998; Dyurgerov and Meier 1999)

The weather patterns of the PNW affect glacier mass balance, on bottt-gesh scale

and an inter-decadal scale. These weather patterns include atmosptidati@ir anomalies

(McCabe and Fountain 1995; McCabe et al. 2000; Meier et al. 2003; Rasmussen and Conway

2004; Shea and Marshall 2007), sea surface temperatures and pressures (Hotig@SetBitz

and Battisti 1999; Moore and Demuth 2001; Kovanen 2003; Pederson et al. 2004; Watson et al.

2006; Pelto 2008), and averaged climatic variables such as annual or seasacalasurf

temperature and precipitation (Burbank 1982; Oerlemans et al. 1998; Rasmussen 20@9; Sitts e

al. 2010; Wood et al. 2011). Glacier mass balance also responds to storm tracks imowgiyg t

the PNW (McCabe and Fountain 1995; Hodge et al. 1998; Bitz and Battisti 1999; McCabe et al.

2000).



One of the atmospheric systems influencing mass balance in the PNW isuliarAl
Low, a low-pressure cell that affects climate and storminess on@nséasale. During winter
months, the Aleutian Low settles over the Aleutian Islands in the North&®&eifiging strong
onshore flow and storms over Washington State. The Aleutian Low weakens and moves north
during the summer, being replaced by a sub-tropical high pressure cell,anekat the
Northwest experiences fairer weather and fewer storms (Phillips 1965).

The severity and magnitude of the Aleutian low is affected by the El Nifio Southern
Oscillation (ENSO), an interannual mode of climatic variability. Aboveayesea surface
temperatures in the western tropical Pacific Ocean are indicdtieNifio, and below-average
sea surface temperatures characterize La Nifia (Rasmussen dexxk\VW@83). El Nifio winters
tend to have a deepened Aleutian low that shifts southeast of its normal positiong eaum
dry air to flow into the Northwest. Conversely, La Nifia winters generallge a weakened
Aleutian low, where the storm track is either shifted directly at the PNW®®Alaska and
down through British Columbia, bringing more storms and cooler temperatures ishirgtan
State than do El Nifio winters. Differences in ENSO phases are corwelttaedcreases and
decreases in glacier mass balance (Hodge et al. 1998; Bitz and Ba&t%tMoore and Demuth
2001; Larocque and Smith 2005; Watson et al. 2006; Pelto 2008; Wood et al. 2011).

The Pacific Decadal Oscillation (PDO), another mode of climatic vatighsi
distinguished by changes in sea surface temperature, sea level psduvand patterns. PDO
has cool and warm phases, each lasting 20-30 years (Mantua 1997). The cool phasesof PDO i
similar to La Nifia events, with cool wet weather experienced in the PNW, anditimephase is
analogous to the drier warmer EIl Nifio. Many studies have documented comeelstween the

annual and seasonal PDO index and fluctuations in glacier mass balance ¢Haldd€98; Bitz



and Battisti 1999; Moore and Demuth 2001; Kovanen 2003; Lewis and Smith 2004; Pederson et
al. 2004; Larocque and Smith 2005; Watson et al. 2006; Pelto 2008; Wood et al. 2011).

Different weather systems affect not only glacier mass balantalso other climate-
sensitive natural resources in the PNW. High-elevation tree spespesceto similar climatic
variables and patterns as glacial mass balance. For example, mountackiggrowth at high
elevations (>1500 m) is particularly sensitive to winter precipitation, in tie édsnowpack,
which affects the length of growing season (Peterson and Peterson 2001). Mbentiaick
growth is also correlated with winter PDO index (Gedalof and Smith 2001asétetnd
Peterson 2001). These responses to climate are observed in tree radial growthld-avor
growth periods of mountain hemlock are associated with less snowpack and a tongey g
season, which produce wider rings, and unfavorable growth periods are cheeddigrdeeper
snowpack and a shorter growing season, which create narrower rings.

Glacier mass balance should therefore be inversely related to mountaatkeaalial
growth. Favorable growth for mountain hemlock coincides with the conditions that irfluenc
negative mass balance, and below-average growth occurs during stetetedtto positive
mass balance. Therefore, it is reasonable to assume that tree-ringhrodibl@gies can be
used as a proxy for reconstructing glacier mass balance. Because mioamiaick trees are
long-lived, such chronologies could allow for a reconstruction of changes in massseoback
to many years before the observational record began.

In the PNW, Lewis and Smith (2004) used mountain hemlock chronologies to reconstruct
the mass balance of two glaciers on Vancouver Island, British Columbia (GaNdatson and
Luckman (2004) reconstructed mass balance at Peyto Glacier, also in Balisnbia, from

regional precipitation and temperature reconstructions using various treessgeproxies.



Larocque and Smith (2005) examined correlations for the mass balance of gievéeas and

the radial growth of several tree species to reconstruct a regional rfeassebacord for glaciers
in the PNW, including SCG winter balance (since 1835). The SCG winter balance
reconstruction used mountain hemlock growth chronologies from Oval Glacidvinaat
Waddington, British Columbia, which is about 450 km northwest of SCG. Wood et al. (2011)
reconstructed mass balance of Place Glacier in British Columbia fromrigeeidth and
maximum ring density chronologies of Engelmann sprRoeeg engel mannii).

Examining past SCG mass balance changes and future rates of declirmadas br
applications to other glaciers with similar climatic regimes and t@pbgc features. Changes in
year-to-year net balance at SCG are correlated with those of sur@utatirers (Pelto 2008;
Fountain et al. 2009), and similarly to trends at SCG, the majority of glacigte PNW have
been receding (Hodge et al. 1998; Granshaw and Fountain 2006; Pelto 2006; Koch et al. 2009).
Because of this connection, regional glacier mass balance can be expdéaliedv trends at
SCG.

Ongoing reduction in regional mass balance will eventually affect wedeurces,
because glacier meltwater supplements many streams in the PNW (Mabr2089; Nolin et
al. 2010). Glaciers influence streamflow by storing water as ice duriragpef high
precipitation and cool temperatures and releasing it as meltwater dugngrnarmer times
(Fountain and Tangborn 1985). Mountain snowpack has been decreasing in the PNW over the
last 40 years (Mote et al. 2005; McCabe and Wolock, 2010; Pederson et al. 2011). Decreased
snowpack reduces storage and meltwater available for streamflow. Reductiersimhemer
flows has been observed and modeled for many glacier basins in the PNW (@randha

Fountain 2006; Stahl and Moore 2006; Moore et al. 2009; Nolin et al. 2010; Pelto 2011).



In this study, we expand on Larocque and Smith (2005) by (1) focusing solely on SCG,
(2) sampling sites closer to SCG, and (3) using longer tree-ring chrorso(staging 1659 vs.
1835). Specifically, we reconstructed SCG net, summer, and winter mass balanceaiiv
hemlock growth chronologies were obtained from four sites surrounding SCG in the North
Cascade Range, Washington State. Closer proximity of sampling sites andra longe
reconstruction interval are expected to produce a more robust analysis of gmblitaace at
SCG. The main objective of this study is to assess both past mass balanciyanacurrent
recession at SCG. The extent of the reconstruction is limited by thefageschronologies but
extends the mass balance record by several hundred years into the past. Qmisdpaibove-
or below-average mass balance at SCG are evident from the timeaseri@® useful in
identifying if mass balance changes in the last century are compéwahbse of previous
centuries. Other glacier mass balance reconstructions and moraingatatése region are
compared to the SCG reconstruction to evaluate whether a broad synchrony in pastianass
exists. Comparisons are also made with reconstructions of PDO and ENS#3 indicder to
determine if current relationships that appear to govern SCG mass balanmeseétit with the
past. Rates of change between periods of positive and negative reconstructedamesaba
calculated to provide a context for the recent decline. These mass balamesaatatched to

projected increases in future temperature to estimate future mass lodalte.



METHODS

Sudy site

South Cascade Glacier (SCG) is located at 4812IN, 121° 327" W within the North
Cascade Range in Washington State (USA). The glacier is in a north-reirthgieg valley
with an altitude range of 1600 to 2100 meters (Bidlake et al. 2010). Meltwater fraytacher
flows into South Cascade Lake, the headwaters of the South Fork of the Caseadd Re
South Fork connects with the Skagit River and empties into Puget Sound.

SCG is an ideal location for conducting reconstructions of mass balance biebasse
one of the longest, most complete records of mass balance measurements imi¢oith.AThe
U.S. Geological Survey (USGS) has taken annual measurements at SCG since 19%&d SC
two other valley glaciers in Alaska are used as benchmark glacigne kA 5GS for the PNW.
Benchmark glaciers are considered representative of glaciers wrigioa and are measured
annually for mass balance, runoff, glacial geometry, and weather (Foehtdi 2009). Annual
fluctuations in net mass balance at SCG are highly correlated with thoseooinslimg glaciers
and thus can be interpreted as representative of year-to-year mase valdations (Pelto 2008;
Fountain et al. 2009). Over the five decades of USGS monitoring, SCG has retreated 0.7 km
from its 1958 terminus position, and the area has shrunk from 27 K858 to 1.73 kfin
2007 (Bidlake et al. 2010). Net, winter, and summer mass balance values for 1959-2009 wer
used in this study (Bidlake et al. 2010 [1959-2007]; W.R. Bidlpéespnal communication,
2011 [2008-2009])
Because of its long record, mass balance at SCG has been the subject of masy studi

Mass balance models based on meteorological variables, such as tempedfnecipitation,



have been used to estimate SCG seasonal and net mass balance (Tangborn 1980, 1999;
Rasmussen and Krimmel 1999; Rasmussen and Conway 2001, 2003; Rasmussen 2009). SCG
mass balance has also been linked with atmospheric and ocean circulation indiCab&Nnd
Fountain 1995; Hodge et al. 1998; Bitz and Battisti 1999; McCabe et al. 2000; Larocque and

Smith 2005).

Chronology construction

Four high-elevation forests dominated by mountain hemlock and surrounding SCG in the
North Cascade Range were sampled in summer 2011 (Table 1). All sitesithere@aw5-km
radius of SCG (Figure 1). Twenty trees were sampled at each site, wittepcefgiven to the
largest, dominant, or co-dominant trees without obvious signs of disturbances (i.es@cts,i
wind) or breakage. Trees were sampled at breast height with an incremeiat liogesross-
slope position of the bole in order to reduce the likelihood of encountering compression wood.
Cores were stored in paper straws and handled carefully during transportatidirefd to lab.

The cores were air dried and glued to slotted mounting boards. Cores were sanded with
progressively finer grades of sandpaper until the ring pattern was clesablg\and annual ring
boundaries were easy to identify. The tree rings were crossdated usdayctan
dendrochronology procedures (Stokes and Smiley 1968). For each tree, thelttie mibst
intact or longest record was chosen, and the ring widths were measured atheldrézdine
nearest 0.001mm usimdeasurel2x (Version V4.2 [software]. 2010) and an Olympus DF
PLAN 1.5x measuring scope. Crossdating was verified, and any missingeatrigls were

corrected, using the program COFECHA (Holmes 1983).



Tree-ring series were detrended with ARSTAN (Cook and Holmes 1996). Detrénding
used to remove trends caused by tree age and growth characteristics. edhérstrestablish,
rings are wide because the circumference of the tree is small, but eesethges the widths of
the rings decrease to accommodate increasing circumference. af&enany techniques that
can be applied to remove these trends. Several curves were explored beforepliogbiath a
50% cutoff of 150 years was chosen (Table 2). Upon examination of curve statishcss suc
mean sensitivity and interseries correlation, it was decided that splindéeird smoothness
had similar results. Mean sensitivity describes the average interahangkecbetween ring
widths, and interseries correlation is the average correlation betweenfisgrees and the
master chronology and is considered a measure of the strength of a commoin signal
chronologies (Fritts 1976).

The stiff cubic spline was selected because the majority of the treesdaiigphot
display typical juvenile growth in the innermost rings or a negative expondatkhe
afterward. Most trees were older than 250 years and usually were rottedstoineamiddle, so
often the pith was not recovered. This led to most series exhibiting the radith ¢yevd of
mature trees. For the few trees that did seem to have an age-relatesl tieelistiff spline
matched the curve as well or better than a negative exponential fit. A douleledd®sy method
using a negative exponential and cubic spline curves was considered for tredautreas
disregarded in favor of applying the same curve fit for all series.

A unitless index was then calculated for each detrended series by dividmgdkared
observations by the fitted curve values for easier comparisons and agdyagween individual
series. The indexed series were then prewhitened to remove autocaorefiatits from the

biological persistence of individual trees. Examination of the autocoorekatd partial
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autocorrelation functions showed that an autoregressive model (AR) would be best for
prewhitening. AR modeling generates a residual chronology for thevidig-series that is
uncorrelated with past or future values. The series were then averagetiokwanologies

using a bi-weight robust mean. The calculation of indices, AR models, and site chronologies
was done using ARSTAN (Cook and Holmes 1996).

Principal components analysis (PCA) was conducted on the four residual site
chronologies to identify the common variance between the different sites. Bdlcawsstes were
spread out around SCG, we wanted to find a commonality between them that might better
represent changes in SCG mass balance and add strength to our results. A commbafinte
1659-2009 was used. The ending point for this interval is the last year of mass balance
measurements currently available, and the starting date is thetgediesf the shortest growth

chronology among the four sites.

Climate data

Divisional climatic data were obtained from the National Climatialznter
(http://'www.ncdc.noaa.gov/oa/ncdc.html). Divisional data are a compilation of individual
stations within regions thought to have similar climate, and were chosénsfanalysis over
individual station data for several reasons. Because the divisional dataiaed ttem multiple
stations, they better represent regional climate and have a longer recoatylane station.
The sites sampled had no local long-term weather stations. Monthly premipitemperature,
and the Palmer Drought Severity Index (PDSI) were used from two widhaisions; the
Hidden Lake (HL), South Cascade (SC), and Bagley Lakes (BL) sites Ca@lEfell within

the boundaries of the western Washington Cascades, and the Minotaur LaketéMigssi
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located in the eastern Washington Cascades. The Park Creek Ridge SN@Wassised for

the April % snow water equivalent (SWE) record, and the Park Creek Ridge snow course record
was used for April snow depth. Park Creek Ridge was chosen because it is the closest
observation site to SCG.

Several observed ocean indices were obtained from various sources. The\eattific
American index (PNA) was obtained from the National Weather ServicaatéliRrediction
Center (http://www.cpc.ncep.noaa.gov/products/precip/CWIlink/daily _ao_intdtamections.
shtml); the Pacific Decadal Oscillation index (PDO) was found in the lhsititute for the Study
of the Atmosphere and Ocean climate data archives (http://jisao.washington.edu
/pdo/PDO.latest); and the Nifio Region 3.4 Index (ENSO) was retrieved fradatiomal
Center for Atmospheric Research (http://www.cgd.ucar.edu/cas/catatogdZTNI_N34
/index.html#Sec5). These indices were chosen to explore which ocean-atmosphéatan
modes affect tree growth and SCG mass balance.

The residual chronologies from all four sites were compared to the currtentyear
(October-September) and previous water year divisional climatic data eanl indices by
month using Pearson product-moment correlations. Net, summer, and winter meassred ma
balance values were also compared to current and previous-year climaticcalation
variables using product-moment correlations. Correlations were catttdatapril 1 SWE,

April 1% snowpack depth, total winter (October-March) precipitation, and average aite
spring (March-May) PDO and ENSO indices with the four residual chronolagcethe

observed mass balance data.
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Mass balance reconstruction

Pearson product-moment correlations were calculated between each of theiftual re
chronologies and the first principal component (PC1) derived from the PCA and summber, wi
and net mass balance measurements. This was done to determine if theseatistgcally
significant relationship between the site chronologies and the masseébalaasurements.
Simple linear regression analyses were conducted for each of the chranalodji@C1 with net,
summer, and winter mass balance, where mass balance was the dependemavalisibe-
specific growth indices the independent variable. Multiple regression gisingh from the
current year plus growth from the previous year was also explored as ang@mrsoption, but
was not found to be meaningful. Coefficients of determinatiéhwre calculated for each
regression model, and residuals were examined for departures from noameality
autocorrelation. When a significant relationship (p<0.05) between tree growthasadalance
existed, the growth indices were used in the regression equation to reconasitiatlance. R
was used as the criteria for choosing which regression model was used tentepeesvinter,
and summer balance in this study. All calculations and graphs in this stuglgneated using R

(Version 0.94.110 [software]. R Core Development Team 2010).
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RESULTS

Climate-growth correlations

Correlations between monthly circulation indices and tree growth wereredt the
four sampling sites (Fig. 2, 3). Of the circulation indices, PNA did not have sailficstrong
correlations or agreement among the sites. December, January, and April RD@sievely
correlated to tree growth. In the year prior to growth, November and DecEmewere
negatively related at the four sites, with October and February also signfbcaéhree sites.
However, average winter PDO was significantly correlated to ¢rowly at the HL and ML
sites. Correlations between growth and ENSO varied over previous and current years. T
growth and January-March and April ENSO values had a positive relationship. BNSEY
was significant for growth only at SC and HL, but spring ENSO had positiveficant
correlations for SC, HL, and BL. Correlations between current yeagrivegh, PDO, and
ENSO indicate that radial growth is higher during warm phases of theles eyd lower during
cool phases. Patterns in PDO and ENSO correlations were consistent for siifaur
Correlations switched from negative to positive during the late spring and sumanths of the
previous growth year, and winter-month PDO and ENSO values had the most influence on
growth.

Correlations between tree growth and climatic variables were also exbffige3, 4).
Previous year July and August temperatures were negatively correl#tegrovith, and
December temperature was positively correlated with currenigyeath. All four sites had
similar patterns for correlations with temperature and previous and cyeariree growth.

Correlations switched from negative to positive during previous year summer months
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Correlations were significantly negative between February pre@ypitand growth at all four
sites, and total winter precipitation and growth were negatively cteddlar three sites. PDSI
values for various winter months were negatively correlated to growth, and jpiti A
snowpack depth and SWE were negatively correlated with tree growth, inditetirrgdial
growth at the sampling sites is sensitive to precipitation during the wintehsaont

The same circulation variables were examined for correlations with meg&rwand
summer mass balance (Fig. 5, 6). January, March, and April PNA were negaiivelsted
with net and winter balance, whereas July PNA was negatively correlahesummer and net
balance. All balances had significant negative correlations with preygausiune-September
and current year October-April ENSO. Summer and net balance and ENSO alstelgat\e
relationship during May. Winter and spring ENSO had significant negative ¢mmelsvith all
balances. Previous year August and September and current year OctoberQursueb were
significantly negatively correlated with both winter and net balancesrageeavinter and spring
PDO index had a significant negative relationship with winter and net massdéalBummer
balance had no significant correlations with PDO for any previous or cuganimonths. The
results observed for PNA, ENSO, and PDO correlations suggest that thessiomdnbtices
influence mass balance similarly.

Mass balance measurements were correlated with several cliaaéibles (Fig. 6, 7).
October-February precipitation had a positive relationship with winter and aetcbablnd total
winter precipitation correlated significantly to all three balances. | ADSWE was positively
correlated with net, summer, and winter balances, and Apsihdwpack had positive
correlations with net and winter balance. All three components of mass balangedsad/a

correlation with November-June PDSI, and net and summer balance had a posgiati@orr
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with current year July-September PDSI values. Correlations with PDSI, BEcipitation,
snowpack, and SWE indicate that net, winter, and sometimes summer balancesiaeg/pos
influenced by precipitation during the winter months. Temperatures in Octobeh,Mad
April were correlated negatively with winter and net balance, and Mayame temperatures

were negatively correlated with net and summer balance.

South Cascade Glacier mass balance reconstruction

Principal components analysis produced four components. The first principal component
(PC1) accounted for 67% of the variance among the four sampling sites. ®he peacipal
component explained only an additional 14% of the variance. Because PC1 exguaimech
of the variance in the chronologies, it was assumed to be a sufficient represafittite
common growth variability in all sites.

Correlations between all site chronologies and PC1 and net balance wereasgnifi
(p<0.05) (Fig. 8). All chronologies except SC had significant relationships witenbalance,
and PC1, HL, and SC were correlated with summer balance.

The chronologies, including PC1, were used separately in a simple lineasregneith
net balance. The same procedure was also used with winter and summer massé&laksce
Examination of model statistics and residuals revealed that all fivessagns were significant
(p<0.05) and could be used to reconstruct net mass balance, despite the relatiRélydes
(Table 3). Site chronologies and PC1 were used to reconstruct net balanGatesthe
common period of 1659-2009. All chronologies produced reconstructions with comparable time
periods of sustained above- and below-average mass balance (Fig. 9). Thissitldatatelial

growth at each site is reacting to similar forcings and each siteoissteacting a similar
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scenario of past mass balance. Although all reconstructions had comparatde P€slilvas
chosen as the best reconstruction of net balance, because it displayed a comitiopagrens
among the four sampled sites. PC1 did not have the highesfuR, but it was thought to

include both winter and summer balance signals. A 10-year moving averagétdortee
reconstruction (Fig. 10) highlights several extended periods of abovegaveramass balance:
1690-1710, 1810-1820, 1845-1860, 1865-1890, and 1974-1990. Extended periods of below-
average net mass balance include 1680-1690, 1790-1810, 1820-1840, and 1930-1960.

Winter balance had the highest correlation ahddRe with the ML chronology and was
reconstructed from its growth index (see Table 3). The ML chronology extenoted 615 to
2009. The winter balance reconstruction had many alternating periods of continuedaablove-
below-average mass balance (Fig. 10). Prolonged positive mass balancelonclgi9-1650,
1660-1680, 1695-1710, 1750-1760, 1785-1795, 1810-1820, 1845-1860, 1865-1890, and 1970-
1985. Several of these periods of extended above-average winter balance arergonithrr
periods of positive net balance. Sustained negative winter balance occurred in 1680-1700, 1720-
1730, 1760-1775, 1790-1800, 1830-1845, 1890-1915, 1925-1955.

Summer balance was reconstructed from the HL chronology, which had the highest
correlation and Rvalue (see Table 3, Fig. 10). The HL chronology dated from 1346 to 2009.
Above-average summer mass balance occurred during 1395-1425, 1495-1510, 1580-1600, 1645-
1660, 1690-1705, 1720-1765, 1810-1820, 1845-1905, and 1970-1990. Many periods of above-
average summer balance coincide with decades of both positive winter and net batdmae. B
average summer balance persisted during 1425-1455, 1550-1580, 1635-1645, 1680-1690, 1705-

1720, 1765-1780, 1790-1805, 1820-1845, and 1920-1955.
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Fig. 11 shows the reconstructed mass balance values plotted with the observed balance
over the 50-year measurement period. This comparison highlights the ability bfdahelogies
to model the observations, which lends credibility to the assumption that tree gg@ftasible
proxy for mass balance. The similarity in the modeled and observed values dasasc
confidence in viewing the reconstructed trends as a suitable representgiash loélance.
However, the model does not always perform well. The magnitude of the measuredsvalue
frequently underestimated, and as a result, years of extreme above- cabetage mass
balance are often poorly modeled.

The reconstruction model also fails to capture the variability present in theadse
record. Comparing the cumulative net mass balance of the observed and reconsineged va
emphasizes its muted response (Fig. 12). The cumulative net balance of thedalesemeehas
more variability, while the reconstruction shows the cumulative balance toalesther
steadily. Examination of record statistics during the observation period (1959-2G683, that
the observed and reconstructed values have a similar mean and median, but that the
reconstruction has a much lower standard deviation (Table 4). As in anysiegrése variance

of the fitted values is less than the variance of the observations.
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DISCUSSION

Reconstructions of net, summer, and winter balance all have roughly the s@me ti
periods of above-average mass balance, mainly the early 1700s, 1810-1820, 1845-1860, 1865-
1890, and 1970 to around 1990 (Fig. 10). Comparing these periods of positive mass balance to
reconstructions of other glaciers in the PNW reveals similar resultsglamd Smith 2004;
Watson and Luckman 2004; Larocque and Smith 2005; Wood et al. 2011) (Fig. 13). All
reconstructions, including this one, have common positive periods during 1695-1710, the 1810s
and 1820s, 1860-1880, and the 1970s. Similar negative periods are 1790-1805, the 1820s-1840,
and 1930-1950. The reconstructions used various tree species from many diffetiemsloca
around the PNW, and each reconstruction is for a different glacier orrglactbe region as a
whole, yet several periods of sustained above- and below-average mass lyalanoan@on,
suggesting that glaciers in the PNW are responding to similar forcirgs.in@licates that these
reconstructions may reflect a regional signal, at least for glagi#rsimilar topographic
features.

Comparison to moraine dates from PNW studies also verifies the usefulness ofour SC
reconstruction as a broad regional tool. Periods of positive mass balance sherdtlygen
precede moraine dates. Heikkinen (1984) dated moraines for Coleman GlacienmnBdker
(about 75 km from SCG) and found dates of around 1740, 1820, and 1855, late 1880s, 1910,
1920, and the late 1970s. These dates, especially those in the 1800s, fall just after periods of
significant above-average mass balance from the reconstruction. Sawdied bave been done
on moraine dates for glaciers in the Coast Mountains of British Columbia and trdtaDana

Rocky Mountains. In a record of moraine dates for 66 glaciers in the Canadian Rock
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Mountains, Luckman (2000) found that most glaciers experienced moraine-buildiodsgari
1700-1725, 1825-1850, and 1850-1875. Larocque and Smith (2003) investigated moraine dates
in the Mt. Waddington area of the Coast Mountains and found that many glaciersia@tem

dates in 1770-1785, 1820-1840, 1870-1900, 1915-1930, and the mid 1940s. Koch et al. (2007)
compared moraine dates for glaciers in Garibaldi Provincial Park, alsosoutieern Coast
Mountains, and concluded that the most extensive moraine-building episode occurred during
1690-1720. The majority of these moraine dates occurred just after periods o potbve

mass balance as reconstructed for SCG (Fig. 14). However, this is asmadeseesult, and
differences in moraine dating techniques, local climates, and glac@iys: complicate the
comparison.

A few shorter-term reconstructions of mass balance at SCG have beed.cileatgborn
(1980) used monthly mean temperature and total precipitation records to modeleSE€G m
balance from 1884 to 1974. Rasmussen (2009) reconstructed SCG mass balance from 1935 to
1958 from daily precipitation and temperature records, and he also adjusted the obdeeged va
from 1959 to 2006 to the 1970 constant-topography values. These net balance reiomsstruct
had a few similar below-average periods, such as the 1940s, and above-average periods, the
1970s, as the net reconstruction in this study, although there are some disagreeicieats
during 1910-1930 (Fig. 15). Even though reconstruction in this study appears muteitsaad fa
capture the variability in these reconstructions, it does follow the patterms péaks and
troughs. The cumulative net balance also shows the failure of our reconstructetchdime
variability of these reconstructions (Fig. 15). Tangborn (1980) slightly estierates the
observed cumulative balance, and the Rasmussen (2009) reconstruction followsyiualise

the early 1990s. Again, the reconstruction in this study does not do as well at fitting the
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cumulative balance. The differences between these reconstructiomawealyeen caused by the
variables used in creating the model, such as temperature and precipitation records

In their extensive study of glaciers in the PNW, Larocque and Smith (2005) treccbed
the winter balance of SCG from 1835 to 1999. They found periods of positive winter balance in
1860-1890, 1895-1900, 1910-1920, 1950-1965, and 1975-1985. The winter balance
reconstructed in this study was above-average during the similar periods f83&band 1970-
1985. Negative balance was found in both reconstructions during the decades of the 1910s and
1940s. While there is some agreement between these two reconstructions, thardisse
could be caused by reconstruction methods and the location of sampling sites useéén the tr
chronologies. Although this study used sites immediately surrounding SCG, Laemxhjue
Smith (2005) used cores from further away that may have been respondingrentifical
conditions.

Despite the overall agreement between the reconstruction in this study ancr¢adsd
in other studies in the PNW, our reconstruction seems to have a more dampened response than
other glacial mass balance reconstructions. This could be due to a varietyrehddfeamong
those studies and this one. Other studies have used an assortment of tree specieanfiEngel
spruce Picea engelmannii), whitebark pine Rinus albicaulis), Douglas-fir Pseudotsuga
menziesii)) from different locations, elevations, and aspects that might bettelatemeth mass
balance changes, or the studies have used climate variables dirediyerDi€hronology
construction procedures have also been followed. Some studies used a double detrending
method, and others chose not to prewhiten their chronologies with autoregressive models.
Maximum latewood density chronologies have also been used to reconstruct lavass tzdher

than the tree-ring width chronologies created in this study. Even regressimdmeary, with
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some studies using two or more chronologies in a multiple regression to recomstss
balance.

The muted response of the reconstruction in this study could be due to any of the above
reasons or combinations. It is possible that the sampling sites and tress fonakis study did
not suitably represent the climatic influences that are similar to tiffestirrg SCG mass
balance. The choice of detrending method and prewhitening could also be the cause of the
dampened signal. Detrending is intended to remove tree age and growth akacactaut in
doing so, the low-frequency climate signal could have been affected. Premdniteas done to
remove the biological persistence in tree growth. Climate in one yasgno#s growth directly
in that year and also in successive years through energy storage. Relnisviggsistence could
have removed growth trends related to climatic processes like ENSO or PD&xaFRyle, the
trees used in the chronologies could have experienced several consecutive gleave-of
average growth because ENSO was in its warm El Nifio phase during this yme. B
prewhitening, the assumption was made that these years of growth vee@related because
of internal biological processes, rather than an external persistenee fBxen though the
reconstruction response is muted, the relationship between the growth chronology used in the
reconstruction and the observed record was significant.

Correlations between PDO and ENSO indices and mass balance were exantiiged in t
study. Both PDO and ENSO had significant negative correlations with mass katance
positive correlations with tree growth (Fig. 2, 5). Warm phases of PDO an@ Ebl&spond
to lower mass balance and higher tree radial growth, while increas=dbalance and decreased
growth occur during cool phases (Fig. 16). The reconstructed balances matebétiee

relationship found between the observed and index values, with a few small differences
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Correlations with PDO index were expected, as shown in other PNW gladasssfHodge et
al. 1998; Bitz and Battisti 1999; Moore and Demuth 2001; Kovanen 2003; Lewis and Smith
2004; Pederson et al. 2004; Larocque and Smith 2005; Watson et al. 2006; Pelto 2008).
However, this study also found that the ENSO index is significantlylatetewith mass
balance at SCG, despite the disagreement that exists in scientifituliéefHodge et al. 1998;
Bitz and Battisti 1999; Moore and Demuth 2001 [weak correlation with ENSO]; Larecglie
Smith 2005; Watson et al. 2006; Pelto 2008; Wood et al. 2011 [correlation with ENSO]).
Several glacier mass balance studies in the PNW have shown that PNAlpimfilagnces
mass balance (Hodge et al. 1998; Bitz and Battisti 1999; Wood et al. 2011). Although
significant correlations between mass balance and the PNA indexXaueckin this study, the
results suggest that ENSO has a strong relationship with all mass bakemg&ements at SCG
and possibly has a stronger relationship than PNA.

Visual comparisons can be made with PDO and ENSO reconstructions to examine the
relationship between these indices and mass balance in the past. Gedalof i)
reconstructed spring (March-May) PDO indices from mountain hemlock chronotudiested
across coastal western North America. Periods of positive PDO index, such d0630815-
1840, 1920-1945, correspond with persistent negative mass balance in the reconstruction. Cool
phases of the PDO reconstruction are similar to periods of positive mass baldrecearly
1700s. A long period of variable PDO was found by Gedalof and Smith (2001b) for 1840-1923,
whereas this study found that the mass balance reconstructions were conpissgnte during
most of that time. We visually compared the SCG reconstructed mass baldmteiENSO
index created from a network of subtropical tree rings by D’Arrigo e2@0%). The ENSO

reconstruction is based on Nifio-3 sea surface temperatures and is referrbe 0@k
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reconstruction. The Cook reconstruction has warm phases (El Nifio) that coincideriotis pe

of notable negative mass balance as reconstructed in this study from 1790-1810 and around
1830-1850. Reconstructed cool phases (La Nifia) during similar positive periods of laass ba
were from 1660-1690, around 1850-1880, and 1960-80. Several periods of above- and below-
average mass balance occurred during times that the Cook reconstructioregfedigt stable
ENSO values. Although the negative relationship between PDO, ENSO and mass batms

to have existed in the past, there are times when this association fails. @grdgtarent
reconstructions should be used for exploration and not as a definitive analysis.

Based on the moving average of the reconstructed values, the largest periodassnet m
balance was around 1700 and the lowest period was in the 1940s (Fig. 17). This low period in
the 1940s occurred just after the widespread drought years of the 1930s, when S{&@aexper
prolonged high summer temperatures and low winter precipitation. Over tsaner@ant
record (1959-2009) the reconstruction was lowest in 2009, yet this low mass baldace a
subsequent increase have occurred several times in the reconstructiorifpgridd). The
observed record shows much lower mass balance for 2009, and although the reconstiuwese
are similar to the observed record, the reconstruction model does underestireate galues
and does not clearly capture the magnitude and variability of the observed balanegarfple,
the reconstruction of net balance also shows a period of slight above-averagelamassfizan
1975 to the mid 1990s, but the observations recorded most of this time period as below-average
balance. Both the reconstructed and observed values agree that a decline hascwakaercela
the late 1990s.

Another way to analyze the recent decreasing trend in mass balance mitegka rate

of change from peaks of positive mass balance to the lowest point of negative b&ate of
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change was calculated for several periods of time in which mass balataeesvitom positive
to negative in the 10-year moving average of the reconstruction (Table 5). The 19 @sewer
period with the lowest mass balance in the reconstructed record, however the desline w
gradual. The current decline from 2000 to 2009 in the reconstruction has the fastesivate
a century. The closest rate of decrease to the observed values was around 17008ewhere t
reconstruction shows the largest peak in net mass balance (Fig. 17).

According to the Office of the Washington State Climatologist, annual megretature
at the Stehekin, Washington, station, around 25 kilometers from SCG, has increased by 0.12
degrees Celsius per decade during 1895-2010 (http://www.climate.washington.edu/trend
analysis/). Mean annual temperature during 1895-1905 was 7.8 degrees Celsius, and during
2000-2010 mean annual temperature had increased to 9.0 degrees Celsius. Temperature in the
twenty-first century is projected to increase, on average, 0.3 degrees @Qelsdecade (Mote
and Salathé 2010). Because of the negative relationship between temperature aathnass b
the increase in temperature can be expected to cause a decrease in mass Bafahe span of
2000-2009, SCG net mass balance averaged a decrease of 1.08 m w.e., while annual divisiona
temperatures increased an average of 0.06 degrees Celsius for the sameditméfper
temperatures do increase by 0.3 degrees Celsius per decade, SCG could expeadditmnal
average decrease of approximately 5.40 m w.e per decade. This analyssils@ several
assumptions that need to be considered when stating this projection. The estaliisbeship
is between temperature and mass balance, not glacial extent (such as/egtvaaijaevhich is
complicated by underlying glacial ice flow dynamics (Cuffey anéfBah 2010). The
relationship is also assumed to be directly linear, when in reality the cambetiveen

temperature and mass variation is complicated by other factors, such aibesgiopographic
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features. The projection is also restricted to temperature as the onblejanasher than
accounting for precipitation, ENSO or PDO phase, or other environmental factors

This simple analysis takes into account only a rise in temperaturassbevach of the
current glacier recession is attributed to warming temperatures asdgpadtered precipitation
(McCabe et al. 2000; Pederson et al. 2004; Rasmussen and Conway 2004; Watson and Luckman
2004; Pelto 2006). However, spring snow-covered area, snowpack, and snow-water equivalent
are decreasing in the PNW in accordance with rising temperatures ovest tB@-4 years
(Mote et al. 2005; McCabe and Wolock 2010; Pederson et al. 2011). With less precipitation
falling as snow, there will be less accumulation to prevent additional massé&toss. The
warmer conditions have also likely led to a weakening correlation betwessnbalance and
PDO over the past two decades, and these changes could overwhelm the currezd observ
negative relationship (Josberger et al. 2009). This seems to be the case, agtiRD@Nnhdex
has been relatively stable around zero since 2000 before declining agadive gnass balance
has continued to decrease over this time period (Fig. 16). It appears thaethaleetease can
be attributed to climate change, rather than the influence of climatic modasadfility.

There are around 700 glaciers covering 256 &nd yielding 800 million rhof runoff
annually in the North Cascade Range (Post et al. 1971). The expected continuedrdecline
glacier mass balance will affect water resources in the PNW leepzarsy streams are fed by
this runoff. Glaciers influence water flow and quality on different tempaoedés (Fountain and
Tangborn 1985), but most attention is given to seasonal influences. Within the last 20s30 ye
most glacier-fed streams in the PNW have experienced a decline sutateer flow, and with
continued glacier retreat, this decline is expected to intensify (Moor®amuth 2001; Stahl

and Moore 2006; Moore et al. 2009; Nolin et al. 2010; Pelto 2011).



26

Glacial meltwater contributions to streamflow during low-flow periods [#e summer
are crucial for municipalities, agricultural irrigation systemsirbglectric power plants, and
terrestrial and aquatic wildlife. Changes in flow amount and timing weiterehallenges for
water-use planning. Hydroelectric power plants can adjust to this changsamfsw by
capturing water in reservoirs during peak flow and releasing stored f@apower accordingly.
Municipalities and agricultural industries can accommodate reductiwieeamflow by
focusing on conservation and water-use efficiency. Glacier retregpésted to cause increases
in stream temperature, changes in sediment flow, and decreased water(§loaliey et al.
2009). These will affect the habitat, reproduction, and food supply of aquatic orgasasins
wildlife managers will be challenged to mitigate these changes.

Applying this information broadly could be beneficial to other glaciated regmoNsith
America where a rapid decline in glacier mass is taking place. Coommoéthe SCG
reconstruction with similar glacier reconstructions and moraine dates iiNiNepRovides
several periods of synchronous positive and negative mass balance. This indic&€Es&thast
responded in kind with other glaciers in the past and is a good indicator of regicrel gla
behavior. These comparable fluctuations in mass balance point to large-scala ekteate
forcings driving PNW glacier mass. SCG and other glaciers in thenrégve undergone
several periods of sustained above- and below-average balance and seee@snghere mass
balance was at equilibrium. SCG has recovered from similar low massépkads like the
one experienced in the last decade, but the rate of this decline is fastehdésahetn in a
century. If this trend continues and increases in magnitude, the PNW can expgxtrience

changes in glacier-influenced water resources.
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Table 1: A summary of site and tree characteristics. Mean DBH refse¢ke average diameter of breast height
for trees at each site, and SD is the standard deviation in the diameter.

Mean

Site ele(\:r?)tion Longitude Latitude I\(/Iseg;] (Eril)_' Year range g/lgeedg:]) al\élg?;r)
Hidden Lake (HL) 1769 -121.208797 48.5047562 51.7 (5.7) 1346-2011 371 385
South Cascade (SC) 1613 -121.078867 48.3736037 76.8 (12.6) 1392-2011 349 367
Bagley Lakes (BL) 1297 -121.685031 48.8606919 68.6 (8.1) 1659-2011 298 302

Minotaur Lake (ML) 1703 -121.035864  47.8443795 51.3 (8.6) 1615-2011 296 293

S31dv.l
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Table 2: Summary of chronology statistics. Series mean first-ordexoatgi@tion and mean interseries correlation values are prior to
autoregressive modeling. Mean sensitivity values are calculatecatiteegressive modeling.

. Series mean first-order Mean interseries correlation ~ Mean Autoregressive Autoregressive
Site n . o 5
autocorrelation (ravd) sensitivity order R
Hidden Lake 17 0.480 0.294 0.231 4 0.24
South Cascade 17 0.371 0.318 0.186 2 0.15
Bagley Lakes 19 0.386 0.299 0.191 2 0.17
Minotaur Lake 18 0.549 0.307 0.191 2 0.33

12



Table 3: Summary of regression statistics for each site and mass balaoelations (r) are significant (p<0.05) at the threshold
value of r = 0.28. All Rlisted are significant (p<0.05). Regression models have normal, independiumlgesi

South Cascade Glacier mass balance

Site Net balance Summer balance Winter balance

r R? Equation r R Equation r R Equation

Hidden Lake -0.47 0.22 y=2497-3.15¢ -0.42 0.18 y=-1.494-1.878 -0.29 0.08 y=3.990-1.279
South Cascade -0.33 0.11 y=1.326-1.96%6 -0.32 010 y=-2.091-1.27% -0.18 NS -

Bagley Lakes  -0.31 0.09 y=1.352-1.964 -0.13 NS - -0.33 0.11 y=4.134-1412
Minotaur Lake  -0.37 0.14 y=1.826-2.45% -0.15 NS - -0.41 0.17 y=4519-1.81%
PC1 0.43 0.18 y=-0626+1.61% 0.30 0.09 y=-3.345+0.740 0.35 0.13 y=2.720+0.87%

9¢



Table 4: Summary of mass balance reconstruction statistics comparedri@dlisdance statistics.

Net balance Winter balance Summer balance
Reconstructed Observed Reconstructed Observed Reconstruchseérvea
Mean -0.59 -0.59 2.74 2.74 -3.33 -3.33
Median -0.62 -0.69 2.74 2.60 -3.31 -3.34
Standard Deviation 0.42 0.97 0.26 0.64 0.27 0.64
Sum -29.91 -29.91 139.79 139.79 -169.70 -169.70

LE



Table 5: Rates of change for periods of decreasing net mass balanceegotistructed and observed record.

Reconstructed Net Balance Observed Net Balance

Time range Years Ra(l;[ﬁ \S)Vf'é:/f;/?)nge Time range Years R‘r’(‘:ﬁ V?/f'é:/r;/z?)nge
1700-1710 10 -0.055 1976-1988 12 -0.080
1790-1800 10 -0.038 2000-2009 9 -0.062
1815-1831 16 -0.029

1856-1863 7 -0.036

1883-1892 9 -0.040

1924-1947 23 -0.016

1976-1988 12 -0.010

2000-2009 9 -0.031

8¢
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FIGURES

Figure 1: Map of sampling sites. Orange triangigsesent sampling locations. Black circle repmesthe location
of South Cascade Glacier. Shaded light green aepassent National Forests, and shaded dark greas are
National Parks.



0.4

PDO Hidden Lake ENSO

-0.4

ODFAJAODFAIJA

0.4

0.0
|_I|__‘_l

%:

O

£

o

1

—

=

=

=

(=

0

ODFAJAODTFAIJA

South Cascade

<
(=)

|

|

:II

|

|

0

0

[

0.0

-0.4 0.0
e
-

Correlation Coefficient (r)

ODFAJAODFAIJA

ODFAJAODFAIJA

ODFAJAODFAIJA

-0.4

ODFAJAODTFAIJA

Bagley Lakes

ODFAJAODTFAIJA

Minotaur Lake

ODFAJAODTFAIJA
Month

40

Figure 2: Correlations (r) between mountain hemlgickvth and the Pacific Decadal Oscillation indB©Q) and

the Nifio 3.4 index (ENSO). Dashed lines indicaségaificance (p<0.05) cut-off of r = 0.19 (PDO)dan= 0.17

(ENSO).
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Figure 10: Time series plots of reconstruction nétter, and summer mass balance. Net balaneedstructed
from PC1 for 1659-2009, winter balance is recomséd from the Minotaur Lake residual chronologytfoe span
1615-2009, and summer balance is reconstructedtiierilidden Lake residual chronology, 1346-2008e Thick

black line represents a 10-year moving average.
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Figure 15: The top graph represents time serids ptumparing net balance reconstructions for SGatécade
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Figure 17: Time series plot of reconstructed nédrze and observed net balance. The thick blaekrgpresents a
10-year moving average of the reconstructed bajarakthe thick red line is a 10-year moving averfog the
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