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ABSTRACT

The mass balance rate for sixteen glaciers in the Glacier Bay area of Alaska and B.C. has
been estimated with airborne laser altimetry, in which centerline surface elevations acquired
during repeat altimetry flights between 1995 and 2011 are diffedefThe individual glacier
mass balances are extrapolated to the entire glaciated area of Glacier Bay using a normalized
elevation method and an areeighted average mass balance method. Mass balances are
presented over four periods: 1) 1998000; 2) 2007 2005; 3) 2005 2009; 4) 2009 2011.

The Glacier Bay mass balance record generally shows more negative mass balances during
periods 2 and 4 (mass loss rates exceeded 5.0"Gaycompared to periods 1 and 3 (mass loss
rates were less than 3.0 @t'). The rate of mass loss between 1995 and 2011 compares closely
to GRACE gravity signal changes and DEM differencing. The altimetry method has been
validated against DEM differencing for glaciers located in Glacier Bay through the extrapolation
of glader centerline thinning rates from a difference DEM (siiaser method). Simlaser

results show good agreement with sequential DEM differencing; we find thdassmumethod

underestimates ice loss in Glacier Bay by 6% when compared to DEM differencing.
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1. INTRODUCTION

Themajority of glaciers in Alaska and northwestern Canada (referreditfere e r as A Al

for brevity) have been experiencing overall retreat, surface lowering, and mass loss GAndt
2002; Berthieet al, 2010). The contribution to sea level rise (SLR) from the overall melt of
Alaskan glaciers has been shown to be of the same approximate magnitude as that of the
Greenland Ice Sheet or the Antarctic Ice Sheet (Mgial, 2007; Wuet al, 201Q Jacob eal.,
2012. The glaciers in the Giger Bay region of Alaska are generaigtreaing (Larsenet al,
2007; Luthckeet al, 2008) with only a small number of glaciers advancimperearea number
of tidewater glaciers located in the Glacier Bagionn however, at the presembne of the
tidewater glaciers are experiencing rapid retreats like glheiers inAlaska, e.g. Columbia
Glacier (Walter et al., 201@nd South Sawyer Glacier (C. Larsen 2011, pers. comm.).

Monitoring the mass balance giaciers via the conventional, or glaciological, method of
observing stakes placed on a gla@@esurface is time consuming and limited in scope and area
(Dyurgerov, 2002). A strength of conventional mass balance studies is that they provide a high
resoldion record of winter, summer, and annual mass balances along with snow density
measurements (Dyurgerov, 2002 alternative method for monitoring mass balance is to use
airborne laser altimetry, which is a geodetic, or indirect, mass balance methtoohethod
enablesnass balancmeasurementsn a more extensive regional scagmumerous glaciers can
be profiked each year. Laser altimetrgis beemsed to study ice sheet aalgineglacier mass
balance in Greenland (Krabdt al, 2002), Antarctica (Pritcharet al, 2009), Svalbard (Nutht
al., 2010), Europe (Geigt al, 2005), the Canadian Arctic (Abdalati al, 2004),and Alaska
(Echelmeyeet al, 1996;Sapiancet al.,1998 Arendtet al, 2002 Foyet al, 2011).

In Alaska there are only a handful of glaciers that have had conventional mass balance
recordg(Peltoand Miller, 1990; Heinrichset al.,1996; Hodgeet al.,1998; Millerand Pelto
1999;Nolan et al., 2005yan Beusekonet al.,2010).The laser altimetrprogran atthe
University of AlaskaFairbanks JAF) has been able to profiterer two hundred glaciers since
1993. More than one hundred thirty glaciers have lpeefiled at least twice and over ninety of
those have begprofiled three times or more, whigivesmassbalancefor multiple time periods.
This dataset of repeated profilmcludes the Glacier Baggion where eleven glaciers have been

profiled at leasthree times since 1995

as k



Glacier surface elevation profiles that are acquired with laser altimetry are compared with
earlieraltimetryelevationprofiles or with digital elevation modeld subsequenprofiles are
repeated ahe same time of year then the surface elevation ctaargbe used to estimate the
mass balance raté ) for each glacier (Arendit al, 2008). This is done by extrapolating the
measuredurface elevation changakng each of the flightlines to the entire surface ardlaeof
glacier. Converting to water aiyalent (w.e.) then give$ in km® w.e. yf* (equivalent to Gt yf)
or in specificmass balancenits m w.e.yr if divided by theglacierarea and density of water.

In this studyJaser altimetry profile®f glaciersurfaces aresed to: 1) estimate the charige
ice mas®f glaciersin the Glacier Bay arethat have been profiledith laser altimetryover four
periodsbetween 1995 and 2012) extrapolate thé&ce mass change difie profiled glaciers tdahe
entire Glacier Bay region tmbtain mass change estimates fortiele region 3) examine the
variations inmass changsince 19954) checkthe validity ofassumptions that include constant
ice density, using glacier outlines from a single date tlaaidcenterline thinning is representativ
across the width of a glacieand 5) examine whether mass change can be correlated to climate or
other variables such as glacier size, type, or location.

Theprofiled glaciergthose that have been survdyy laser altimetryare usedhereinto
determine the mass balance and contribution to SLR of the entire GlaciexgBaysince 1995
throughtwo differentregionalizatiormethods. The firgtegional extrapolatiomethod calculates
achangen surfaceelevation vstheaverage normalizeglacier surfacelevationcurve for all the
glaciersprofiled during a particular time periodnd applies that curve to the unprofilgdciers
to estimate the mass balance of those gladiéessecondegional extraplationmethod applies
theaverageareaweightedspecific mass balance of theofiled glaciersduring a particular period
to thearea of thainprofiled glacies.

During the two earliealtimetry mass balangeeriods oty four or five glacierswereprofiled,
while around a dozen glaciengereprofiledduringlater periodsThegreater sample sizes of the
later periods aralsoused to examine how removing glaciers from the average normalized curve
affects the estimated mass balance of the entirenmegi

The first section of this paper introduces the Glacier Bay aredsaiedent glacial history.

The second section discusses the dateatiegicquired during laser altimetry flights. Section
three goes over the methods that are used to estineateass balance rates for eacthef

profiled glaciers. iemethods used to extrapolate theasured mass balances to the entire



glaciated area of Glaci®ayin orderto estimatahe regional mass lossare discussed in more
detail The errors andncertainties in estimating mass balance are also discussed.

Section foumpresentsnass balance sellts for the profiled glaciemndthe change in thmass
balance rate over tinie examinedThe mass change of all glacierdlie Glacier Bay areé&s
estimated, and the effect of removing individual glaciers from the extrapolagearsned. The
validity of glacierwide extrapolation fromaltimetry centerline profiless examined by
comparing simulated centerline mass balance estimétfesequential DEM differencing’he
relationship between mass balance and the climate in the Glacier Bay examinedhrough
the use of a gridded climate data set.

Finally in section fourthe mass balances are compared to mass chesigesfrom previous
studies and to data from tkravity Recovery and Climate Experime@®RACE) mission which
is anothergeodetic methothatuses satellite data &stimate masdistributionoverbroad
regions Thepair of satellites records changes in gratligtareassociated with changasthe
distribution of mass on and within the Eaatid can be used to estimate how much ice is being
lost in an areaGRACE is currently able to detestirface mass changasa 1 byl degree
resolution (Luthckest al.,2008; Arendtet al.,2009).The surface mass change can be converted
to change in ice mass as long as variables that can affect mass distribution, like tectonic uplift and
glacial isostatic adjustment, chrestimated and accounted fohe GRACE derivednass
changes are used to examine regional ice loss arfeaatidatal by the masshanges estimated
with laser altimetrye g. Arendtet al (2008.

Section five presents overall conclusions from this stAdsase study othe tidewater retreat

of Muir Glacieris presented in Appendix.A

1.1.Study Area

Glacier Bay is located directly adjacent to the Gulf of Alaska (Fig. 1). The vast mountains of
the Fairweather Range (which contain some of the highest coastal mountains in the world), the
Alsek Range, and the Chilkat Range are the result of thisioplbf the North Americatectonic
platewith ancientoceanic plates. Current tectonic activity in the area is dominated Quten
CharlotteFairweather faujtwhich is a strikeslip fault located between the North American and
Pacific platesMount Fairweather, which is only 25 km from the Pacific Ocean, is the highpoint

of the Fairweather Range at 4,671 m and is the source of the Margerie, Grand Plateau, and
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Fig. 1 Map of the Glacier Bayegionshowingwhich glaciers have been pre&fil with laser
altimetry.Profiled glaciers are in blue, unprofiled glaciers are in red, and laser altimetry
flightlines are in black.



Fairweather Glaciers. The maritime climate setting created by the Pacific Ocean, combined with
the large vertical relief dhe mountains, results in copious amounts of precipitation thétliee
accumulation areas @lacier Bay. The Fairweather Range is much higher, closer to the moisture
source of the Pacific Ocean, and has steeper vertical relief than the more inlanahélisghilkat
Ranges, resulting in the majority of the largest glaciers being located in the coastal Fairweather
Range.

The Glacier Bay regiois located to the west of Haines, Alaska and to théweast of
Juneau, Alaska and had ice covered ares around6427kny as of August 2010Raup et al.,
2007; J. Rich 2011, pers. comnTheglaciated are& arrowhead shaped arahges r om 58 ¢
196 N to 59e¢ 456 N and spans from 135e¢e 256 W t
areas of ice coveragthewestern icefieldjlaciers located in the Fairweather Range, which
includes Grand Padif and Brady Glaciers, and the glaciers of the eastern icéfigdrdocated
northeast of the West Arm of Glacier Bay in the Alsek and Chilkat Ranges, whiatlés
Carroll and Muir Glaciers. These tvgeparatécefieldswere previously part of the much more
extensive Glacier Bay Icefield that has experienced a massive glacial retreat since the end of the
Little Ice Age (LIA) (Larseret al, 2005).

1.2.Glacial History of Glacier Bay Since theEnd of the Little Ice Age

During the Last Glacial Maximum the Cordilleran Ice Sheet covered all of Southeast Alaska
and advanced out onto the continental shelf (KaufamthManley 2004). This ice sheet medte
back approximately 20 kya with the termination of the Fraser glaciation untilah8sutheast
Alaska was icdree Periodic glacier advances have occuireéllaska during the Holocene
(Mannand Streveler2008; Connoet al, 2009). The most recent advance occurred during the
LIA (Barclayet al, 2009), which was a period of cooling climate th@rted around the 16
century and persisted until theid-19" century Mann, 2002). During the LIA the open water of
Glacier Bay lad become entirely covered by the Glacier Bay Icefield (Molnia, 2G@pid
retreat of thdidewaterice frontoccurredafterthe maximum ice extent was reachaaund 1770
(Larsenet al, 2005)

The Glacier Bay area has had documented glacier observations since 1794 when Captain
George Vancouver first visited the area. At this tarmurvey party froolWancouved s expedi ti o

recorded that the southern terminus of the Glacier Bay Icefieldowated at the mouth of Icy



Strait (the present location of the town of Gustavus). The maximum icetekigng the LIA is
documented in time bgadiocarbon dating of plant and animal mateaiad in space by terminal
moraines and other geomorphologictéeas(Connoret al, 2009). A submarine terminal moraine
shows that the terminusachednto Icy Straitand wasadjacent to Lemesurier Island sometime
between 1725 and 1794ohn Muir visited and documented glacier termini positions within
GlacierBayint 879 and 1899; Harry Reid made observati
and William Field in the 18906s and 1900086s. Wi
from the 19200s through the 1940G0lecatonof hese obs
various glaciers over an extended period of time and help to constrain the magnitude of glacier
terminus retreaffField, 1947) especially for théidewaterretreat of Muir Glacier up the East Arm
of Glacier Bay.
Cooper (1937) extensively documented the glacial histb@Glacier Bayprior to 1900
Retreat rates of Muir Glacier in the East Arm are recorded since John Muir first visited Glacier
Bay in 1879, and Coopeeports a retreat rate of X yr* between 1903 and 1907, after which
recession slowed with only 3.2 km of retreat over the next 28 years. Field (1947) reports a
recession of around 13 km for Muir Glacier between 1899 and 191 R the ice front in the
West Arm had retreated back to thegenat location of Grand Pacificl&&ier terminus along the
U.S-Canadian border (Clagead Evans1994) however the terminus of Muir Glacier was still
around 30 km from the preseady terminus at this time.
Field also extensively documented the Aimen Geographical Survey of 1941, which
produced a new topographical map of the East Arm that has historic glacier terminus positions.
At this time Muir and McBride Glaciers were still connected in a single ice front, but by 1945
Muir had retreated past MBcide Glacier towards Riggs Glacier, leaving McBride with its own
calving front. In 1945 the terminus of Muir Glacier had retreated back to within 15 km of the
present terminus.
Int he 197006s the East AicenfiMania 2008 end loyta¥8henost | y f |
terminus ofMuir Glacier waswithin 2 km of the present terminudolnia (2008) summarized the
retreat of Muir Glacier, which haah average retreat rat€400 myr™ between 1886 and 1968
and in the 19706s tlkreyr'rThidnekes the ratreat of teesGlaciee Bag e e d e d
Icefield the largest glacier retreat in Alaska over the last 200 years, with a retreat of more than
100 km.This rapid tidewater retreat is a good analogue for glaciers within Alaska that are

currentlyexperiencing tidewater retreat like the Stikine Icefield, Icy Bay, and Columbia Glacier



(althoughon a smaller scale), atide current glaciated ar@aGlacier Bayis possibly a glimpse
of how these retreating glaciers will appear in the future.

It is possible that thglacial retreatlynamics from threcessiorof the Glacier Bay Icefield
are still present today, however it is not currently known if there are any remnant retreat
dynamics that are influencing the glacial behavior at the presentfheapid loss of ice in
Glacier Bay since the LIA has also resulted inyJ@gh rates of ground upliftyith up to 3 cm
per year of glacial isostatic adjustment occurring at the present (Letrabr2005 Elliott et al.,
2010.



2. DATA

The University of Alaska Fairbanks (UAF) has acquired laser altimetry data with three
different systems since 1994 scanning laser systewns used to acquiteelate summer 2009
through2011 dataand wo laser profiler systems were used between 199%arig summer of
2009. The profilesystems have been described in previous publications (Echeleteajei996;
Sapiancet al, 1998; Arendet al, 2002) and the datetreated in theame manner foboth
profiler systems. All data acquired during earlier missions &@esn reprocessed create a
consistent dataset for the entWdF laseraltimetry programAll dataarenow referenced in an
Earth centered coordinate fraifi@RF00). Thecurrentlase scanner is a Riegl LM8240i that
has a sampling rate of 10,0812, an angular range of &lgrees, and a wavelength of 30b.

The average spacing of laser returns both along and perpendicular to the flight path at an optimal
height above the glacier surfage500 m is approximately 1 m Hym, with a swdt width of
approximatehy5600m. Each laseshot has footprint diamedr ofabout20 cm. Thecurrent

inertial navigation systenGPSINS) is an Oxford Technical Solutions Inertial+ unit thasan

update rate of 100 Hz.

The digital elevation model (DEM) that is ader glacier hypsometries (also known as the
area aftude distribution or AAD) is derived from the Shuttle Radar Topography Mission
(SRTM) DEM that was acquired in February of 200éxsen et al. (2007) found that the SRTM
DEM has an accuracy of around m over glaciers in Southeast Alaska and has n@akrt
frame bias. Hereithe SRTMis not used taleterminanass balancer surface elevation changes
through differencing with altimetry profileRather it § usedas the referenc®AD. The surface
area of each glacier d@erivedfrom glacier outlines made by the GLIMS projeRa(pet al,

2007). Outlines utilized are based upon Landsat 7 images from August 1999 and August 2010,
and on USGS topographic mdpssed upon air photos frot948

Laser altimetryis used in this stdy to find themass balance|) for the Glacier Bayarea The
glaciers located here have been profiled in 1995, 1996, 2000, 2001, 2005, 2009, and 2011 (Table
1). The glaciers werprofiled very close to theamedates during the different yeavgith the
difference being up to 11 dapstween 1995 and 200Dhedifferencebetween profilelatess
small enough that the dadgereported in the fixed date system. The Brady Icefield (Brady,
Lamplugh, and Reid Glaciers) has been profiled the laryasber of times, and hasfor four
different time periods. These time periods are: 199600 (period 1), 2000 2005 (period 2),



200571 2009 (period 3), and 20092011 (period 4). A number afther glaciers have two or more
time periodswhile glacies with two profiles include Little Jarvis, Tkope, and Konamoxt

Glaciers.

Table 1 Date of laser altimetry flights for glaciers located in the GlacierrmBgion Profiles
were acquired during the last week of May and the first week of June.

Brady Lamplugh Reid Grand Pacific  Muir Margerie
6/4/1995  6/4/1995 6/4/1995  6/6/1996 5/27/2000 6/2/2005
5/24/2000 5/24/2000 5/24/2000 6/6/2001 6/1/2005 6/2/2009
6/1/2005  6/1/2005 6/1/2005  6/2/2009 6/2/2009 5/30/2011
6/2/2009  6/2/2009 6/2/2009  5/30/2011 5/30/2011

5/30/2011 5/30/2011 5/30/2011

Riggs Casement Davidson Grand Plateau Fairweather Carroll
6/1/2005  6/1/2005 6/1/2005  6/2/2005 6/2/2005 6/2/2009
6/2/2009  6/2/2009 6/2/2009  6/2/2009 6/2/2009 5/30/2011
5/30/2011 5/30/2011 5/30/2011 5/30/2011 5/30/2011

This selection of glaciers includes a wide variety of glacier types (tidewater, lake calving,
land termirating, and surge type), geometriaad sizes (Table 2). Most of the major glaciers of
the Glacier Bay Icefield atiecluded in the profilingGlaciers with areas over 100 kthat are
not profiled are Johns Hopkins (2541, Alsek (244kny), LaPerouse (124 Ky and McBride
Glaciers (119 k). The total area of the profiled glaciers is 3%2&, which is 52% of theotal

glaciated area of the Glacier Bay region.
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Table 2 Glaciers profiled with laser altimetry in ti&dacier Bayregionwith attributes for glacier
type, August 2010 area, are@ighted mean elevation, and the elevation raGégcier typesre

land terminating (L), lake calving (LK), tidewater (T), and surge (§§)eReid Glacier is likely

now land terminating, however it appears that high tides do still reach the terminus on occasion.
Fairweather Glacier calves into a lake that is locat¢de middle of the stagnant terminus of the
glacier.

Glacier Type Area (km®  Mean Elevation (m) Elevation Range (m)
Brady L 512 720 20- 3640
Lamplugh T 142 960 0-3120
Reid L/T 70 800 0-1420
Casement L 162 1160 100- 2420
Davidson LK 86 1180 20-1990
Riggs L 116 1060 10- 1910
Muir L 131 1120 20- 2020
Carroll L/S 405 1030 50-2190
Tkope L 117 1260 730- 2060
Margerie T/S 182 1680 0-4050
Fairweather L/LK 279 880 10- 4190
Grand Plateau LK 403 1310 20-4190
Grand Pacific T 565 1360 0-3730
Melbern LK 82 1150 200- 2350
Konamoxt L 73 1310 200- 2510

Little Jarvis L 2 1230 840- 1610
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3. METHODS

3.1.Estimating Mass Balance

Glacier surface elevations weterived from the combination afrplanepositioningand
attitude data from thenboard GPSNS, andthe distance to thaser point returs from the
glacier surfaceThe combination of these data determines the pasiti 3dimensional space of
the laser poinbnthe glacier surface. The points are referenced in ITRFO0 and coordinates are
projected to WGS84UTM zone 8N Elevation data are recorded as height above ellipsoid.

The glacier surface elevation pref#l from different years are differenc®s find thesurface
elevationchangeg(a), and dividing bythe time elapsed between pradilgives the rate of
thickness chang@h/ad). This is determined with slightly different methods depending on
whether data from the laser profiler (1998arly summeR009) or laser scanndafe summer
20097 2011) are being used.

For laser profiler to laser profiler differencing, pointstthee located within 10 m of each
other in the xy plane are selected as common points between the different years. If more than one
point is located within that 10 m grid, then the mode of the et@vacalculatedor each grid
cell. Using the mode insad of the average elevatibalps to filter out laser returns from
crevasse bottom$he elevations of common grid cedlee therdifferenced o f i nSinceseh / aet
data pointsarerecorded only at nadir with the laser profiler it is critical that thedeetracks
were repeated aoselyas possible to obtain a large number of common points. Sometimes the
flights were not repeated closely enough to provide extensive elevation change measurements.
For example, the elevation profile of Muir Glacier bezw&®005 and 2009 only has five common
pointsover a large arelaetween 275 and 1800 m elevatiomhis limits the robustness of the
interpolated line that is fit to the data, especially if theneariability within the data from surface
roughness such as crevasses or snow drifting.

When comparindaser scanner to laser profifer surfaceelevationdifferencing, a grid is
made of the laser scanner swath at a resolution of 10 m. This gaded upon the mode of all
the points withireach grid cellThen, the coordinates from each point in the old profile are used
to extract an elevation from this gniging bilinear interpolatio(for all laser profiler points that
fall within the new LIDAR swath extents). Thisiterpolatecelevation ighendifferenced with the

laser pofiler elevation at that poinThe same idea is used for laser scanner to laser scanner
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comparisons, but instead of using every point froendlder laser scanner swatthe mode of
laser return surface elevatioms a 10 m bylO mgrid is calculated out of the old swath.grid to
grid subtraction then gives surface elevation differences

The series ofdh/ad valuesvs. elevatiom | ong t he ent nagiemodeledsng er 6 s f |
a moving window that has a default window size oflafapoints. The moving window is used
to findtheae h / qeedrtilesover the elevation range of all the data points. The second quartile
(median)values are then interpolated amoothed, and aresed as the modeled line for the
ah/ad vs. elevation curvelhis method preserves the shapé¢hefee g vs. elevationcurve and is
able to interpolatéhrough elevations where theage sparsdatapoints The rate of volume
¢ h a n g &) in(ke yr7* issapproximatedby numerical integraton f t he model ed eah/ &
elevation curvever the glacier specifiSRTM AAD. This approximation relies on several
assumptions discussed in later sections (3334, 3.3.5, and 4.7A similar process is used to
calculatess//ad based upothelower and upper quartiles. The/ad from thesetwo quartiles are
used to define thencertainty of theas/ag from the interpolateddh/ad that is defined using the
median quartileElevationsteps of 30 nmare used for this integration.

ah/ad is tied to zero at both the lower and upper elevation limits. This assumption is based on
previous observations that have shown that the thickness changes at édiaeiérare generally
near zero o&r time (Schwitteand Raymondl998; Rignotet al, 2003;Arendtet al, 2006).

However, the assumption will not hold for a gla@eice fieldthat has amquilibrium line
altitude ELA) that is higher than the glaciers head, e.g. Yakutat Glacier (Lers¢n2007).
Fortunately, there are no suglaciers located within Glacier Bggxcept for the 6 ki
Burroughs Glacier Remnant)

A limitation of this method is that winter andramer balances are not recorded and snow
density measurements are also not (Baderk1®54) whi ch
to assume constant accumulation ratesaaoonstant glacietensityprofile in the absence of
thesedata The mas$alancerate(0) is calculated assuming that the mass chaafjthe glacier
areentirely ice, ie. by applyinds o r g e d'lse cdlcalatedss / Etonverted to water
equivalent(and therefore mass balanwéth units ofgigatonne (Gt) yf) by assuming constant
glacierdensity where .= 900 kg n¥. The specific mass balance rdteunits m w.eyr™, is
found bydividing thed of a glacierin Gt yr* by thetotal surface areaf the glaciein m®. The
specific balanceateis usdul in comparing the changes that occur on glaciers of various sizes as

opposed to just sy the total mass change in Bt'.
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3.2.Regionalization

The measurethassb al ance rate of individual gltmci er s
all theunprofiled glaciess of the Glacier Bayegionto estimate the total mass change that has
occurred in Glacier Bay over tliene period covered bine altmetry measurements.
Regionalization is accomplishedth two different methods. The first method is@malized
elevation methotl hat nor mal i zes t he elevdencavewhilethef r om t he
second is aareaweightedaveraged method.The magnitude oflgcier surface elevation
changds typically greatest at the curregtacierterminus However the elevations of the
terminus and head of individlglaciers are widely variable, as are elevations where greatest
thickness change occufBable 2).This means that a direct averaglmgelevatiorof thickness
changeacross many glaciers wilh¢orporate different responses &ogivenelevation. Arendt et
al. (2006) built upon the results of Schwitter and Raymond (1993) to develop a normalized
regionalization(fimethod B in Arendtet al, 2006) Herein, onlythe elevation difference, which
isdefined by the gl aci er while Aeehdtetvah(RODGnormalizzesh ge, i s
both the elevation difference and thicknesangesNormalizingthethickness hangesvould
requiretheterminus elevation of each profiled glagiany changeriterminus elevations over the
altimetry timeperiod wouldalsohave to be accounted for

The elevatiomangeis normalized using the equation:

Prom = (N1 heerm) / (Phead hterm)
where his the binned, interpolatedesationderived from the SRTM AADand k. and heagare
the elevations of the glacierieinus and head. This normalization is applied to all of the glaciers
that have been profiled during a particular time perfadaverage normalized curvethen
calculatedor each altimetry time period h i d$ad vaeeveragenormalized eleviion curveis
thenintegrated ovethe AAD of unprofiled glaciersto find the 6 of those glaciers

The normalizabn method is applied individually tbe easterand western glacierized
regionsof Glacier Bayas shown in Fig..2This wasdone dudo the notablydifferentAAD s of
the two areas (Fig.)3the peak in glacier area of the eastern region is close to the median
elevation, while in the western regiarlalge portionof the glacier area is located at the lower
end of the elevation rang€hewestern regiomlsohas glaciers that reach a much higher
elevation than those in the eastezgion. TheAADs are so different thafpplyingtheseh / &t v s .

average nornmiaed elevaéion curveto the AAD oftheentire Glacier Bay region woulgive mass
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Fig. 2: The two glaciated regions of Glacier Bay. The eastern region glaciers (2,548 &m
August 2010) are in gray and include the glaciers to the northeast of Grand Pacific Glacier and
the West Arm of Glacier Bay. The western region glaciers (3,8 £0Amngust 2010) are in black
and lie to the west of the West Arm.
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Fig. 3: The area altitude distribution (AAD) of glaciers in @lacier Bay area is calculated using
2010 glacier outlines and the SRTM DEM from 2000. The black line shows the AAD of the

entire Glacier Bay area, while the red and blue lines are the AAD of the eastern and western
glaciated regions of Glacier Bay. Thestmn region, which includes Carroll and Muir Glaciers,

has an AAD that is generally typical of glaciated regions. The peak in glacier area at 1,150 m
occurs close to the median elevation (1,110 m) of the eastern region. The western region includes
Grand Pateau and Grand Pacific Glaciers and the Brady Icefield, all of which have a large
amount of surface area located at lower elevations. This accounts for the much different shape of
the AAD of the western region, with the peak in glacier area occurrihg &wer end of the

elevation range. The glaciers in this region also reach a much higher peak elevation due to the
presence of the Fairweather Range.
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changeresults that were not representative for either the eastern or western regions. THgoretica
theaverage normalized elev@n vs.ah/ag curvecould be applietb the AAD ofeach of the
unprofiled glaciers within the Glacier Bay regjaf which there are more than 1,00be

separation into eastern and western regions is a compromise babwéaving to extrapolate
eachunprofiled glaciefrequiring glacier outlines and the AAD for each glaciehn)le still using

an AAD that isbroadlyrepresentative of the region that is being extrapolated to

Performing thigegionalization givesstimates of the mass change of the unprofiled glaciers
during each othefour altimetrytime periods of the entire Glacier Beggion The mass change
of the unprofiled glaciers is then added to the measured mass change ofikbae glaafiers. This
gives an estimate of the mass chaage theresulting contribution to SLR of the entire Glacier
Bay region foreachaltimetry time period

Thesecond regionalization methbdh at i s used is based on fmeth
(2006)and applés theareaweightedaverag of all the profiled glacier§ (in m w.e. yi) to all
of the urmprofiled glaciers in Glacier Bafor a particular period. This method is particularly useful
if the AAD of the unprofiled glaciers is not well kwa, and only requires knowledge of the total
surface area of the unprofiled glaciers.

A challenge in performing a robust regionalizatajrthe total ice mass change of an area is
determiningwvhether the profiled glaciers are representative ofébmn To examine this issue,
sensitivity analyses arearried ouby removingprofiled glaciers fronthe regionalizatiomf a
given interval This simulates what the measurceevould have been if that particular glacier was
never profiled with altimetryComparing the amount of variation within ttesults of the
sensitivity analyses to the masbange estimates can give an idea of whethagrthgp of
selected glaciers as a whole is esg@ntative of the entire glaciated area.

Mass balancéas oty been recorded for a select few glaciéusing periods 1 and. Zhe
profiles that occurred in 2005, 2009, and 2011 were more complete by encompassing many more
glaciers, thus aomprehensiveensitivity analysiss more meaningful fathose time periodsn
particular, period 3 has recorded for 9 glaciers and period 4 bafer 14 glaciersThe Glacier
Bayregionhas a variety of glacier geometries, so applying the most representative thickness
changdunctionto the unprofiled glaciers is important to accurately determine the mass balance
rate of those glaciers. For instance, as previous authors have shown (e.g.epaérizii06), it is
clearly unwise to apply the thickes change profile of a rapidly calving tidewater igiato a

terrestrial glacier due to tidewater glacier dynamics, even if they have similar geometries.
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However, it has to be considered whether the same limitation occurs for tidewater or previously

tidewater glaciers that are currently not rapidly retneati

3.3.Errors and Uncertaintiesin Mass Balance Estimations

The error in laser altimetry derived mass balance consists of several different components that
have been described in previous studisshéimeyeet al, 1996; Arendet al, 2002; Arendet
al., 2008) First, there are instrument errors that include laser ranging errors antNGRS&oIs
of thekinematicpositioning of the aircraft. Second, there is a curve fitting (model) uncertainty
created by the choice of the interpolation that is tisedodeltheadh / aetelevatonprofile.
Third, there are acrogjlacierah / &t uncertainties arising from t
the centerline is representative of the width of the glacier. Fabgteareuncertaintieshat are
introducedby using a single glacier outline in thasschange calculationd his outline
uncertaintyis dependent on whether the surface area of the glacier changes hebfibedates.
Fifth, theassumption of .= 900 kg ¥ creates a densityncertainty Thereis assumed to be no
seasonal error due to theofile dates beindpcatedwithin a week of each othat the end of May

and beginning of June

3.3.1. Positioning Errors

The dominant &or in the positioning ofasershotpoints isthe positioning of the aircraft
alongits trajectory which includesmeasurement errors frotine kinematic GPS soluticand
attitude errorégrom the onboar@GPSINS. The laser ranging error is quite smalf @.002 m for
all of the laser systems used bj\F. Aircraft GPS positioning errors are on the ordet 6f2 m
and the effect of attitude errors can lead to a laser shot point coordinate érfoR af. Errors
were estimated by analyzing repeat profiles that occurred on unchanging surfaces aveld as p
airport runwaysThese errorareconsidered to bmdependentiesultingin a net positioning
error of° 0.3 m.Attitude errorsare larger with the profiler system than with the scaspstem.
The profiler systenhas INSattitude erroref ° 0.2 thatcan lead to lasgyoint-positioningerrors
of ° 0.2 m, while the scannsystemhasINS attitude errors of 0.02 that can lead tassociated
positioningerrois of °© 0.02 m.A worstcaseattitude error would occur when the aircéaf

attitude had ateep angleelative to the glacier surfacéypically the profiler system was flown
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at an elevation of 250 m ate the glacier surface, whicbud result in an attituderrorinduced
positioningerror of the laser return 6f0.58 m at a attitudeof 30 relative to the glacier surface
Thescanner systemt a typical flight elevation of 500 hasa similarlyderivedattitude
positioning error of 0.19 m The more accurate GRNS of the scanner systeleads tchigher
laser poinfpositioning accuracy timethe profiler system at the typical flight altitudes of each
system. Theffects of attitude measurement errors on laser point positioning are minintized
the angle between the aircraft and glacier surface is nearf@enwstance the less accurate
profiler would have i attitudepositioning error of 0.002 munder level flightsituationsover a
flat glacier GPS positioning errors are dependenaagrumber of variables thahange with time
and can be difficulto quantify. These variablescludeatmospheriadelays,geometric strength
of GPS constellations, variable ionosphere characteristics, and valistalecs from the
reference statioto thekinematic GP®n board the aircraf& complete error analysis of the
coordinates of laser returns would incorporate those variables and tb@/dlance matrix from
the GPSINS solution. However, this analyssnot donehere;rather we doptthe positioning
error of° 0.2 m from Echelmyer et al(1996)and Arendt et al2008)

3.3.2. Modeledah/ad¢ Uncertainties

Theuncertaintyof themodeledsh/ad vs. elevation curve is estimated using the lower and
upper quartiles. These quartiles are determiyedsinga 12 pointwindowthat moves through
the elevation rangef the ah/ad vs. elevation curveSince the lower and upper quartiles aog¢
alwaysequally spaced from the meditre positive and negativencertaintiesvill not
necessarily be the same fmch quartilewhich mans that the plus amdinus mass balance
errors can be different forglacier.Theah/ad uncertaintyfor elevations above which there are
n o /ekedatais determined by applying the futiterquartile rangef all theah/ad pointsfor all
elevationsand results in a typicapreacbf less tharf 1.0 myr™ at the glaciels headThe
individual glacier uncertainties are propagated in quadrature sum along with the positioning

errors to estimate the mass change error for the entire Glacier Bay region.
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3.3.3.AcrossGlacier ah/a¢ Uncertainties

The glacieswide masdalance extrapolatioscheme of laser altimetry relies on the
assumption that the thinning that is measured along the centerline is constant across the width of
the glacier. Berthier et al. (2010) raised a number of points of why this assumption may be
flawed.They examined #ice loss from Alaskan glaciers by differencing the elevations of
sequential DEMs. Their study indicated that the ice hagsbeeroverestimated with the laser
altimetry method ofisingcenterline surface elevation profiles (Arendt et al., 2002) by 34%.
Berthier et al. (2010) also compared the DEM derived ice loss to laser altsimatiated (simu
laser) ice loss for ten large Alaskan glaciers, wherein the glacier elevation changes along laser
altimetry flight lines were extracted from the difference DEMis was done to test the
assumption in the laser altimetry method that the thinning along a gsacesterline is
representativef the width of the glacier. Situations where this assumption may be incorrect
include tidewater glaciers that have vagyietreat rates in different branches and glaciers that
have gently sloping valley wallslowever, Alaskan glaciers generally are located-shdped
valleys with steep valley walls and have cross sections that retain a cdrygstmetryand
shape ovelime.

Thecenterline difference DEM profiles were udpdBerthier et al. (201Gp simulate the ice
loss that would have been estimated from having centerline altimetry profileshTheet v al ues
extracted along the simulated profiles were assumbd tepresentative of the glacier width, and
these @&@h/ ®t values were integr ad)dodowiogtter t he AA
samemethodology ataser altimetry mass balance estimaBesthier et al. (2010) found that the
simulaser ice los$or the ten selectefllaskanglaciers exceeded the sequential DEM derived ice
loss by 22%, which indicates that the laser altimetry method is overestima#®loss of
Alaskan Glacierslue to centerline thinning not being representative of the widdhgticier In
their analysighey assumed that tlggaciers tested with th@mulasermethodare representative
of the rest of Alaskan Glaciers. However, their resultslareinated by Columbia Glacier (a
rapidly retreating tidewater glacier) and Beriniger (a surge type glacier, whichalsothe
largestglacierin Alaska).

Herein, we similarly examine whether tbenterline extrapolation methagloverestimating
mass lossYypcomparing DEM differencing to simulated DEMrterline extrapolatis There are

no glaciers in Glacier Bay that have geometries and characteristics similar to the Columbia and
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Bering Glaciers. This compels an examination of whether centerline thinning is representative
acrosgglacier in the Glacier Bay regiomhe sequentil DEMsthat are used fahe Glacier Bay
areaare derived fronbarsenet al.(2007). The full results are presented in section 6.

summary theDEM and simulated centerlirie estimations were found to bethin 1% over all

the altimetry profilel gladersin the Glacier Bayegion andwithin 6% over aglacierizedarea of
5143km?, or 80% or the total glaciated aref Glacier Bay.

3.3.4. Outlineand AAD Uncertainties

A single outline is usederefor determining the glacier surfaaeea. Ifa glaciets area is
changing over time, the extrapolatedss changealculations will either be including area that is
no longer glacierized in a retreating glacier, thus havimgsschange that is too high, or
excluding area thdtas recently becoméagiatedif the glacier is advancinddowever, using a
single outline gives the referensarface balance (Elsberg et al., 208ss et al., 20)2which
has beemproposedo be better correlated to variations in climdtee conventional balance is
calcuated usingnultiple outlines that are d¢ocidentwith the mass balance measurements and
provides the actual mass chamje glacier (Elsberg et al., 2001)

The effect of using outlindsom different datess tested using outlireefrom 2010, 1999, and
1948to determine how theé estimatewary by only changing the glacier sack area that is
used. Thisaffecss both tke amount of area over which the mabkange is calculated and the
spatialextent of the DEM thas used to detarine the AAD.The difference id thatresults
from using the most recent glacier outlines from 1999 and 2010 is within tineertaintiegor
the four different periods. THe uncertaintyof period 4 is® 0.47 Gtyr™ for the profiled glaciers,
while the® of the profiled glaciers was only 0.15 @t', or 3%,more negative when using 1999
outlines as compared tsing2010 outlinesThis error is not propagated to the mass balance
error; however, it does show that using different outlines duringeghed of altimetry
measurements has little effect on the mass balance estandtésusa minimaleffect on both
conventional and referensairface balance# worst case scenario would be using outlines from
topographic maps that were based upon air photos from 1948, which is 47 years before the first
altimetry profiles. In thizase thed for period 4 usind 948 outlines wa.54Gtyr™, or 13%,

more negave than using 2010 outlines.
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3.3.5. DensityAssumption

There are no density measurements recorded on the glaciers thatfied. The density
profile of the snow, firn, and ice slsawt hus ass
(Bader, 1954)which assumes a glacier has a constant density strustah&nge in the density
strucure of a glaciefparticularlyin the accumulation areapuldbe recorded as change in ice
mass when in fact there vgano change in icenass The effet ond of changing the overall
glacier density is examined by using different ice densitigs=(830kg m® and 4.7 kg m°) in
the same manner as previous studies, e.g. Arendt et al. (2008), in the place of the assumption used
here 0f900 kg n. The effect ord of usingthese rmimumand maximumdensities isvell
within thed uncergintiesand the percent difference betweéerstimates is arowhl10%. For
example, period 4 haah uncertainty of 0.47 Gtyr for the profiled glaciersyhile using the
different densities d830kg mi® and 9.7 kg i produces estimates for the same peritht
only vary by0.36 Gtyr™. This errorestimate is also not propagated to the final mass balance
error. The density error does show that the effect of using different ice densities is small when
compared to the total massange anthe error in the mass change estimateklitionally, the
majo i ty of a gl acierds mass | oss gacierdemssyaren t he

reduced.
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4. RESULTSAND DISCUSSION
4.1.Brady Icefield

Themass balancé( for Brady, Lamplugh, and Reid Glaciersween 1995 an2000
(period 1) was1.01° 0.13m w.e. y', -0.31° 0.21m w.e. y', and-0.30 ™ *mw.e. yr'
respectively (the different plus/minus estimates are not systematic errors but are a result of the
method that is weito calculate the quartilébat are used to define tbacertainty. The0 was
thenmorenegative between 2000 and 2005 (period 2), withf -1.83 g mw.e. yrt, -0.53 g N
mw.e. yf', and-0.93 ™imw.e. yr* respectively. The more negative mass balavaslikely
caused by higher than average temperatures during the 2004 summer melt seasoet(aruffer
2005) which would increasthe rate of ablation through increased melting. Brady Glacidra
rate of thickness changah/ad) of -3 to-4 m yr' at the terminus during both periods; however
the major contributing factor to tmeorenegatived duringperiod 2 was increased thinning at
higher elevations. For example, ta/ag of Brady Glacier during period 2 imore negative than
period 1 at eleations above @0 m (Fig. 3.

The time periodrom 2005 to 2009 (period 3) hadbstantially less negative mass balances
than period 2, witl® of -0.73 g smw.e. yi* (Brady),-0.10 g mw.e. yf* (Lamplugh),and
-0.10 g mw.e. yi* (Reid). Thed of period 3 wa less negative than both mets 1 and 2The
ah/ad was significantlyless negative for elevations below 400 m on Brady Glacier,aditht
changingrom -3 m yr* during periods 1 and ® -1 m yr* during period JFig. 4.

The time period from 2009 to 2011 (period 4) Bachagnitudes that were similar to petid
for Lamplugh and Reid, with@ of -0.06 ™ smw.e. yrtand-0.14 ™ ‘mw.e. yr* respectively.
However, thé for Brady was1.44 g mw.e. yr*, which istwice as negative ahed of
period 3(this periodhad the least negative and close to thé of period 2(which had the most

negatived).
4.2 .Muir Glacier

TheMuir Glacier hal a6 of -0.47 g mw.e. yr* during period 2The glaciethadsome

thickening of aroun®.5m yr* atelevations between 600 m anddD2m(Fig. 5. There wasalso
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Brady Glacier; Elevation change between years 1995 and 2000 Brady Glacier; Elevation change between years 2000 and 2005
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Fig. 4:Rate of thinning profildor Brady Glacier duringeriods 1 through Red line is the

model ed @ah/ setrvetha is deeeimmeddrdam thee middle quartile of the moving
window, while the dashed blue lines are the lower and upper quéntitegre used to estimate
uncertainty. The smaller plots show the area altitude distribution of the glacier in solid blue lines.
The period 2 profilshowstheincreagdthinning ratesandthe surfacedrawdown at elevations

above 300 nas compared to period The period 3 profilesshows the less negatigeas

compared to period 2, with lower rates of thinniopgjow 1000 m during period 3. Period 4 had

the same magnitude of maximum thinning rates as periods 1 and 2 alosgjghitthickening at
higher elevations.
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Muir Glacier; Elevation change between years 2005 and 2008
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Fig. 5:Rate of thinning profildor Muir Glacierduring periods 2 through shovs the thickening
at higher elevations. Theparsalistributionof points up high during period $hows how crucial
it was to have the repeated flight lines flown as accurately as po33dideesults in a large error

envelope between 1200 and 1400 m due to the small number of points and the large variability in
dttdmoighepanplshdows thesperiod fiiglat linbs from 2005red)

t he @a&h/ et of

and 2009blue)anddemonstratethe lack of overlap between the two flight lines.
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somethickening at higher elevatiomring period 3hat approachesm yr* between 1000 m
and 1300 nfFig. 5), howeverthe magnitude of thinningt lower eleations wa decreaseduring
period 3 when compared period 2. Theslightthickening up high resultdd the glacier being
nearbalance duringeriod 3, with & of 0.05° 0.43m w.e. yf". This response seems to be
consistent with the results from periods 2l &for the Brady Icefieldyith amore negativé
duringperiod 2 canpared to period 3. During period 4 Muir had af 0.22 ™ ‘mw.e. yrt, and
alsohadthickeningabove 1000 ngsame aperiods 2 and 3vhich approaches 1.75 g at
1400 m(Fig. 5. There issignificant thinnimg that occurred at therminus duringperiod 4with a
ae hedt of -4 myr™, which is consistent with the response of Brady Glacier (redéauing
during period 3 compared the periods 2 and 4). However, the thickduniimg period 4at higrer
elevations is located where the glacier has a lot surface area and resultdanignéhaving an

overallpositived.
4 .3.0ther Glaciers

A number of other glaciers have mass balances for multiple time periods, incBraimgj
Pacific Glacier whichhadamass balancg) of -0.47+ 0.34m w.e. yi* during period 1. There
is asmallarea of thickening around 500 m, above whigh / @t undrism ya' (Fiy. 6
which shows the spatial distribution of thinnidgrivedfrom centerline extrapolatiognBelow
this elevatioreeh / approackd-4 m yr'. There is no period 2 or period 3 as Grand Pacific was
not profiled in 2005see absence in Fig), however the combined period from 2000 to26@d
a morenegatived of -1.16 ggmw.e. yit, with amaximuma / eéaround-4 m yr'. Period 4
hadaé of -1.63 ™ :)“m w.e. yrt, which is the second most negativeluring period 4and had a
terminus e&h/ @fmyrhat approaches

During period 3 Riggs Glacier lka 6 of -0.41 g mw.e. yf'. Thethinningprofile is similar
to Muir Glacierbelow 1100 m. However, Riggs had thickening above this elevation whereas
Muir did (Fig. 8). This responsis intriguing as the accumulati@meas of the two glaciers are
directly adjacent to each othd@hed during peiod 4 wasmore negative aD.92 g ‘mw.e. yri,
with increased thinning below 800 m compared to peridch8.same spatiglattern during
period 3is presenduring period 4, with Muir and Riggs hagsimnilar thinning profiles below
1000 m;above 1000 m Riggs had no thickeningengasMuir had thickeing around 1.75 mr™*

(Fig. 9).
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Fig. 6: Change in taciersurface Eevationbetween 1995 and 20@Period 1)for 5 glaciersin the
Glacier Bay arealhe black lines lying over glacier surfaces are the laser algirfigfintlines

used to calculatsurfacethinning rates. These flightlinggenerally follow glacier centerlines. The
centerline thinning rates are then extrapolated across the width of entire glacier to obtain the
spatial distribution of thinning shown here that is used to estitmateass balancef the entire
glacier Little Jarvis Glacier is small glacier at top ceni@rrady Icefield is athe bottom and

Grand Pacifidgs at top left Grand Pacifidhdada small area of thickening up glacier from the
terminus.
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Fig. 7: Change in taciersurface elevation betwe@000 and 200%period 2)for 4 glacierdn the
Glacier Bay areaBrady Glacier (southern part of Brady Icefieldjdincreased thinning over a
large area compared to the earlier pedioMuir Glacier is at top rightenterandhadthickening
at the middle elevations of the glaciblote the absence of Grand Pacific Glacier as it was not
profiledin 2005.
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Fig. 8: Change in fciersurface elevation betwe@905 and 2009period 3)for 9 glaciersn the
Glacier Bay areaBrady Glacier had a large area of reduced thinning compared to peRmb2.
Glacier, located just east of Muir Glacier, hamlthickeningat higher elevations while Wr did.
Casement and Davidson Glaciers are at the far right; Casement had amaueh bigher
thinning atits terminus than DavidsoMargerieGlacier calves into the northemost portion of
the West Arm and haithickeningover much of it@area.The glacier at the far left with an
extensive area of high thinning is the lake cal\@rgnd PlateaiGlacier.



