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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 differenced. The individual glacier 

mass balances are extrapolated to the entire glaciated area of Glacier Bay using a normalized 

elevation method and an area-weighted average mass balance method. Mass balances are 

presented over four periods: 1) 1995 ï 2000; 2) 2000 ï 2005; 3) 2005 ï 2009; 4) 2009 ï 2011. 

The Glacier Bay mass balance record generally shows more negative mass balances during 

periods 2 and 4 (mass loss rates exceeded 5.0 Gt yr
-1
) as compared to periods 1 and 3 (mass loss 

rates were less than 3.0 Gt yr
-1
). 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 glacier centerline thinning rates from a difference DEM (simu-laser method). Simu-laser 

results show good agreement with sequential DEM differencing; we find the simu-laser method 

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

 

      The majority of glaciers in Alaska and northwestern Canada (referred hereafter as ñAlaskaò 

for brevity) have been experiencing overall retreat, surface lowering, and mass loss (Arendt et al., 

2002; Berthier et 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 (Meier et al., 2007; Wu et al., 2010; Jacob et al., 

2012). The glaciers in the Glacier Bay region of Alaska are generally retreating (Larsen et al., 

2007; Luthcke et al., 2008), with only a small number of glaciers advancing. There are a number 

of tidewater glaciers located in the Glacier Bay region; however, at the present none of the 

tidewater glaciers are experiencing rapid retreats like other glaciers in Alaska, e.g. Columbia 

Glacier (Walter et al., 2010) and South Sawyer Glacier (C. Larsen 2011, pers. comm.). 

      Monitoring the mass balance of glaciers via the conventional, or glaciological, method of 

observing stakes placed on a glacierôs surface is time consuming and limited in scope and area 

(Dyurgerov, 2002). A strength of conventional mass balance studies is that they provide a high-

resolution record of winter, summer, and annual mass balances along with snow density 

measurements (Dyurgerov, 2002). An alternative method for monitoring mass balance is to use 

airborne laser altimetry, which is a geodetic, or indirect, mass balance method. This method 

enables mass balance measurements on a more extensive regional scale as numerous glaciers can 

be profiled each year. Laser altimetry has been used to study ice sheet and alpine glacier mass 

balance in Greenland (Krabill et al., 2002), Antarctica (Pritchard et al., 2009), Svalbard (Nuth et 

al., 2010), Europe (Geist et al., 2005), the Canadian Arctic (Abdalati et al., 2004), and Alaska 

(Echelmeyer et al., 1996; Sapiano et al., 1998; Arendt et al., 2002; Foy et al., 2011).  

      In Alaska there are only a handful of glaciers that have had conventional mass balance 

records (Pelto and Miller, 1990; Heinrichs et al., 1996; Hodge et al., 1998; Miller and Pelto, 

1999; Nolan et al., 2005; Van Beusekom et al., 2010). The laser altimetry program at the 

University of Alaska Fairbanks (UAF) has been able to profile over two hundred glaciers since 

1993. More than one hundred thirty glaciers have been profiled at least twice and over ninety of 

those have been profiled three times or more, which gives mass balance for multiple time periods. 

This dataset of repeated profiles includes the Glacier Bay region, where eleven glaciers have been 

profiled at least three times since 1995. 
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      Glacier surface elevation profiles that are acquired with laser altimetry are compared with 

earlier altimetry elevation profiles or with digital elevation models. If subsequent profiles are 

repeated at the same time of year then the surface elevation change can be used to estimate the 

mass balance rate (ὄ) for each glacier (Arendt et al., 2008). This is done by extrapolating the 

measured surface elevation changes along each of the flightlines to the entire surface area of the 

glacier. Converting to water equivalent (w.e.) then gives ὄ in km
3
 w.e. yr

-1
 (equivalent to Gt yr

-1
) 

or in specific mass balance units m w.e.yr
-1
 if divided by the glacier area and density of water. 

      In this study, laser altimetry profiles of glacier surfaces are used to: 1) estimate the change in 

ice mass of glaciers in the Glacier Bay area that have been profiled with laser altimetry over four 

periods between 1995 and 2011; 2) extrapolate the ice mass change of the profiled glaciers to the 

entire Glacier Bay region to obtain mass change estimates for the whole region; 3) examine the 

variations in mass change since 1995; 4) check the validity of assumptions that include constant 

ice density, using glacier outlines from a single date, and that centerline thinning is representative 

across the width of a glacier; and 5) examine whether mass change can be correlated to climate or 

other variables such as glacier size, type, or location.  

      The profiled glaciers (those that have been surveyed by laser altimetry) are used herein to 

determine the mass balance and contribution to SLR of the entire Glacier Bay region since 1995 

through two different regionalization methods. The first regional extrapolation method calculates 

a change in surface elevation vs. the average normalized glacier surface elevation curve for all the 

glaciers profiled during a particular time period, and applies that curve to the unprofiled glaciers 

to estimate the mass balance of those glaciers. The second regional extrapolation method applies 

the average area-weighted specific mass balance of the profiled glaciers during a particular period 

to the area of the unprofiled glaciers. 

      During the two earlier altimetry mass balance periods only four or five glaciers were profiled, 

while around a dozen glaciers were profiled during later periods. The greater sample sizes of the 

later periods are also used to examine how removing glaciers from the average normalized curve 

affects the estimated mass balance of the entire region.  

      The first section of this paper introduces the Glacier Bay area and its recent glacial history. 

The second section discusses the data that are acquired during laser altimetry flights. Section 

three goes over the methods that are used to estimate the mass balance rates for each of the 

profiled glaciers. The methods used to extrapolate the measured mass balances to the entire 
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glaciated area of Glacier Bay in order to estimate the regional mass loss a are discussed in more 

detail. The errors and uncertainties in estimating mass balance are also discussed.  

      Section four presents mass balance results for the profiled glaciers and the change in the mass 

balance rate over time is examined. The mass change of all glaciers in the Glacier Bay area is 

estimated, and the effect of removing individual glaciers from the extrapolation is examined. The 

validity of glacier-wide extrapolation from altimetry centerline profiles is examined by 

comparing simulated centerline mass balance estimates with sequential DEM differencing. The 

relationship between mass balance and the climate in the Glacier Bay area is examined through 

the use of a gridded climate data set. 

      Finally in section four, the mass balances are compared to mass change results from previous 

studies and to data from the Gravity Recovery and Climate Experiment (GRACE) mission, which 

is another geodetic method that uses satellite data to estimate mass distribution over broad 

regions. The pair of satellites records changes in gravity that are associated with changes in the 

distribution of mass on and within the Earth and can be used to estimate how much ice is being 

lost in an area. GRACE is currently able to detect surface mass changes at a 1 by 1 degree 

resolution (Luthcke et al., 2008; Arendt et 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, can be estimated and accounted for. The GRACE derived mass 

changes are used to examine regional ice loss and can be validated by the mass changes estimated 

with laser altimetry, e.g. Arendt et al. (2008). 

      Section five presents overall conclusions from this study. A case study on the tidewater retreat 

of Muir Glacier is 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 the collision of the North American tectonic 

plate with ancient oceanic plates. Current tectonic activity in the area is dominated by the Queen 

Charlotte-Fairweather fault, which is a strike-slip fault located between the North American and 

Pacific plates. Mount 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 Bay region showing which glaciers have been profiled with laser 

altimetry. Profiled glaciers are in blue, unprofiled glaciers are in red, and laser altimetry 

flightlines are in black.  
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Fairweather Glaciers. The maritime climate setting created by the Pacific Ocean, combined with 

the large vertical relief of the mountains, results in copious amounts of precipitation that feed the 

accumulation areas of Glacier Bay. The Fairweather Range is much higher, closer to the moisture 

source of the Pacific Ocean, and has steeper vertical relief than the more inland Alsek and Chilkat 

Ranges, resulting in the majority of the largest glaciers being located in the coastal Fairweather 

Range. 

      The Glacier Bay region is located to the west of Haines, Alaska and to the northwest of 

Juneau, Alaska and had an ice covered area of around 6427 km
2
 as of August 2010 (Raup et al., 

2007; J. Rich 2011, pers. comm.). The glaciated area is arrowhead shaped and ranges from 58ę 

19ô N to 59ę 45ô N and spans from 135ę 25ô W to 138ę 11ô W (Fig. 1). There are two distinct 

areas of ice coverage: the western icefield glaciers located in the Fairweather Range, which 

includes Grand Pacific and Brady Glaciers, and the glaciers of the eastern icefield that are located 

northeast of the West Arm of Glacier Bay in the Alsek and Chilkat Ranges, which includes 

Carroll and Muir Glaciers. These two separate icefields were 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) (Larsen et al., 2005). 

 

1.2. Glacial History of Glacier Bay Since the End 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 (Kaufman and Manley, 2004). This ice sheet melted 

back approximately 20 kya with the termination of the Fraser glaciation until most of Southeast 

Alaska was ice-free. Periodic glacier advances have occurred in Alaska during the Holocene 

(Mann and Streveler, 2008; Connor et al., 2009). The most recent advance occurred during the 

LIA (Barclay et al., 2009), which was a period of cooling climate that started around the 16
th
 

century and persisted until the mid-19
th 

century (Mann, 2002). During the LIA the open water of 

Glacier Bay had become entirely covered by the Glacier Bay Icefield (Molnia, 2007). Rapid 

retreat of the tidewater ice front occurred after the maximum ice extent was reached around 1770 

(Larsen et al., 2005).  

      The Glacier Bay area has had documented glacier observations since 1794 when Captain 

George Vancouver first visited the area. At this time a survey party from Vancouverôs expedition 

recorded that the southern terminus of the Glacier Bay Icefield was located at the mouth of Icy 



6 

 

Strait (the present location of the town of Gustavus). The maximum ice extent during the LIA is 

documented in time by radiocarbon dating of plant and animal material and in space by terminal 

moraines and other geomorphologic features (Connor et al., 2009). A submarine terminal moraine 

shows that the terminus reached into Icy Strait and was adjacent to Lemesurier Island sometime 

between 1725 and 1794. John Muir visited and documented glacier termini positions within 

Glacier Bay in 1879 and 1899; Harry Reid made observations in the 1890ôs, as did Israel Russell 

and William Field in the 1890ôs and 1900ôs. William Cooper and Field also did extensive work 

from the 1920ôs through the 1940ôs.  These observations established the terminus location of 

various glaciers over an extended period of time and help to constrain the magnitude of glacier 

terminus retreat (Field, 1947), especially for the tidewater retreat of Muir Glacier up the East Arm 

of Glacier Bay.  

      Cooper (1937) extensively documented the glacial history of Glacier Bay prior to 1900. 

Retreat rates of Muir Glacier in the East Arm are recorded since John Muir first visited Glacier 

Bay in 1879, and Cooper reports a retreat rate of 2.7 km yr
-1
 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 1913. By 1912 the ice front in the 

West Arm had retreated back to the present location of Grand Pacific Glacier terminus along the 

U.S-Canadian border (Clague and Evans, 1994); however the terminus of Muir Glacier was still 

around 30 km from the present-day terminus at this time. 

      Field also extensively documented the American 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 McBride 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.  

      In the 1970ôs the East Arm had become mostly free of ice (Molnia, 2007), and by 1978 the 

terminus of Muir Glacier was within 2 km of the present terminus. Molnia (2008) summarized the 

retreat of Muir Glacier, which had an average retreat rate of 400 m yr
-1
 between 1886 and 1968, 

and in the 1970ôs the rate of retreat exceeded 1 km yr
-1
. This makes the retreat of the Glacier Bay 

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 

currently experiencing tidewater retreat like the Stikine Icefield, Icy Bay, and Columbia Glacier 
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(although on a smaller scale), and the current glaciated area in Glacier Bay is possibly a glimpse 

of how these retreating glaciers will appear in the future.   

      It is possible that the glacial retreat dynamics from the recession of 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 present time. The rapid loss of ice in 

Glacier Bay since the LIA has also resulted in very high rates of ground uplift, with up to 3 cm 

per year of glacial isostatic adjustment occurring at the present (Larsen et al., 2005, Elliott et al., 

2010). 
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2. DATA  

 

      The University of Alaska Fairbanks (UAF) has acquired laser altimetry data with three 

different systems since 1995. A scanning laser system was used to acquire the late summer 2009 

through 2011 data, and two laser profiler systems were used between 1995 and early summer of 

2009. The profiler systems have been described in previous publications (Echelmeyer et al., 1996; 

Sapiano et al., 1998; Arendt et al., 2002) and the data are treated in the same manner for both 

profiler systems. All data acquired during earlier missions have been reprocessed to create a 

consistent dataset for the entire UAF laser altimetry program. All data are now referenced in an 

Earth centered coordinate frame (ITRF00). The current laser scanner is a Riegl LMS-Q240i that 

has a sampling rate of 10,000 Hz, an angular range of 60 degrees, and a wavelength of 905 nm. 

The average spacing of laser returns both along and perpendicular to the flight path at an optimal 

height above the glacier surface of 500 m is approximately 1 m by 1 m, with a swath width of 

approximately 500 m. Each laser shot has a footprint diameter of about 20 cm. The current 

inertial navigation system (GPS-INS) is an Oxford Technical Solutions Inertial+ unit that has an 

update rate of 100 Hz. 

      The digital elevation model (DEM) that is used for glacier hypsometries (also known as the 

area altitude distribution or AAD) is derived from the Shuttle Radar Topography Mission 

(SRTM) DEM that was acquired in February of 2000. Larsen et al. (2007) found that the SRTM 

DEM has an accuracy of around ° 5 m over glaciers in Southeast Alaska and has no vertical 

frame bias. Herein, the SRTM is not used to determine mass balance or surface elevation changes 

through differencing with altimetry profiles. Rather it is used as the reference AAD. The surface 

area of each glacier is derived from glacier outlines made by the GLIMS project (Raup et al., 

2007). Outlines utilized are based upon Landsat 7 images from August 1999 and August 2010, 

and on USGS topographic maps based upon air photos from 1948. 

      Laser altimetry is used in this study to find the mass balance (ὄ) for the Glacier Bay area. The 

glaciers located here have been profiled in 1995, 1996, 2000, 2001, 2005, 2009, and 2011 (Table 

1). The glaciers were profiled very close to the same dates during the different years, with the 

difference being up to 11 days between 1995 and 2000. The difference between profile dates is 

small enough that the data are reported in the fixed date system. The Brady Icefield (Brady, 

Lamplugh, and Reid Glaciers) has been profiled the largest number of times, and has ὄ for four 

different time periods. These time periods are: 1995 ï 2000 (period 1), 2000 ï 2005 (period 2), 
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2005 ï 2009 (period 3), and 2009 ï 2011 (period 4). A number of other glaciers have two or more 

time periods, while glaciers with two profiles include Little Jarvis, Tkope, and Konamoxt 

Glaciers. 

  

Table 1: Date of laser altimetry flights for glaciers located in the Glacier Bay region. 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 terminating, and surge type), geometries, and sizes (Table 2). Most of the major glaciers of 

the Glacier Bay Icefield are included in the profiling. Glaciers with areas over 100 km
2
 that are 

not profiled are Johns Hopkins (254 km
2
), Alsek (244 km

2
), LaPerouse (124 km

2
), and McBride 

Glaciers (119 km
2
). The total area of the profiled glaciers is 3328 km

2
, which is 52% of the total 

glaciated area of the Glacier Bay region. 
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Table 2: Glaciers profiled with laser altimetry in the Glacier Bay region with attributes for glacier 

type, August 2010 area, area-weighted mean elevation, and the elevation range. Glacier types are 

land terminating (L), lake calving (LK), tidewater (T), and surge type (S). Reid 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 located in the middle of the stagnant terminus of the 

glacier. 

 

Glacier Type Area (km
2
) 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 were derived from the combination of airplane positioning and 

attitude data from the onboard GPS-INS, and the distance to the laser point returns from the 

glacier surface. The combination of these data determines the position in 3-dimensional space of 

the laser point on the glacier surface. The points are referenced in ITRF00 and coordinates are 

projected to WGS84 / UTM zone 8N. Elevation data are recorded as height above ellipsoid. 

      The glacier surface elevation profiles from different years are differenced to find the surface 

elevation change (æh), and dividing by the time elapsed between profiles gives the rate of 

thickness change (æh/æt). This is determined with slightly different methods depending on 

whether data from the laser profiler (1995 ï early summer 2009) or laser scanner (late summer 

2009 ï 2011) are being used. 

      For laser profiler to laser profiler differencing, points that are located within 10 m of each 

other in the x-y 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 elevation is calculated for each grid 

cell. Using the mode instead of the average elevation helps to filter out laser returns from 

crevasse bottoms. The elevations of common grid cells are then differenced to find æh/æt. Since 

data points are recorded only at nadir with the laser profiler it is critical that these earlier tracks 

were repeated as closely as 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 between 2005 and 2009 only has five common 

points over a large area between 1275 and 1800 m elevation. This limits the robustness of the 

interpolated line that is fit to the data, especially if there is variability within the data from surface 

roughness such as crevasses or snow drifting.  

      When comparing laser scanner to laser profiler for surface elevation differencing, a grid is 

made of the laser scanner swath at a resolution of 10 m. This grid is based upon the mode of all 

the points within each grid cell. Then, the coordinates from each point in the old profile are used 

to extract an elevation from this grid using bilinear interpolation (for all laser profiler points that 

fall within the new LiDAR swath extents). This interpolated elevation is then differenced with the 

laser profiler elevation at that point. The same idea is used for laser scanner to laser scanner 
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comparisons, but instead of using every point from the older laser scanner swath, the mode of 

laser return surface elevations on a 10 m by 10 m grid is calculated out of the old swath. A grid to 

grid subtraction then gives surface elevation differences. 

      The series of æh/æt values vs. elevation along the entire glacierôs flight line is modeled using 

a moving window that has a default window size of 12 data points. The moving window is used 

to find the æh/æt quartiles over the elevation range of all the data points. The second quartile 

(median) values are then interpolated and smoothed, and are used as the modeled line for the 

æh/æt vs. elevation curve. This method preserves the shape of the æh/æt vs. elevation curve and is 

able to interpolate through elevations where there are sparse data points. The rate of volume 

change (æv/æt) in km
3
 yr

-1
 is approximated by numerical integration of the modeled æh/æt vs. 

elevation curve over the glacier specific SRTM AAD. This approximation relies on several 

assumptions discussed in later sections (3.3.3, 3.3.4, 3.3.5, and 4.7). A similar process is used to 

calculate æv/æt based upon the lower and upper quartiles. The æv/æt from these two quartiles are 

used to define the uncertainty of the æv/æt from the interpolated æh/æt that is defined using the 

median quartile. Elevation steps of 30 m are used for this integration. 

      æh/æt 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 a glacierôs head are generally 

near zero over time (Schwitter and Raymond, 1993; Rignot et al., 2003; Arendt et al., 2006). 

However, the assumption will not hold for a glacier or ice field that has an equilibrium line 

altitude (ELA) that is higher than the glaciers head, e.g. Yakutat Glacier (Larsen et al., 2007). 

Fortunately, there are no such glaciers located within Glacier Bay (except for the 6 km
2
 

Burroughs Glacier Remnant).  

      A limitation of this method is that winter and summer balances are not recorded and snow 

density measurements are also not taken, which necessitates invoking Sorgeôs law (Bader, 1954) 

to assume constant accumulation rates and a constant glacier density profile in the absence of 

these data. The mass balance rate (ὄ) is calculated assuming that the mass changes of the glacier 

are entirely ice, i.e. by applying Sorgeôs law. The calculated æv/æt is converted to water 

equivalent (and therefore mass balance, with units of gigatonne (Gt) yr
-1
) by assuming a constant 

glacier density where rice = 900 kg m
-3
. The specific mass balance rate, in units m w.e. yr

-1
, is 

found by dividing the ὄ of a glacier in Gt yr
-1
 by the total surface area of the glacier in m

2
. The 

specific balance rate is useful in comparing the changes that occur on glaciers of various sizes as 

opposed to just using the total mass change in Gt yr
-1
. 
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3.2. Regionalization 

 

      The measured mass balance rate of individual glaciers is extrapolated (a ñregionalizationò) to 

all the unprofiled glaciers of the Glacier Bay region to estimate the total mass change that has 

occurred in Glacier Bay over the time period covered by the altimetry measurements. 

Regionalization is accomplished with two different methods. The first method is a normalized 

elevation method that normalizes the elevation from the æh/æt vs. elevation curve, while the 

second is an area-weighted averaged ὄ method. The magnitude of glacier surface elevation 

change is typically greatest at the current glacier terminus. However, the elevations of the 

terminus and head of individual glaciers are widely variable, as are elevations where greatest 

thickness change occurs (Table 2). This means that a direct averaging by elevation of thickness 

change across many glaciers will incorporate different responses for a given elevation. Arendt et 

al. (2006) built upon the results of Schwitter and Raymond (1993) to develop a normalized 

regionalization (ñmethod Bò in Arendt et al., 2006). Herein, only the elevation difference, which 

is defined by the glaciersô elevation range, is normalized while Arendt et al. (2006) normalized 

both the elevation difference and thickness changes. Normalizing the thickness changes would 

require the terminus elevation of each profiled glacier; any change in terminus elevations over the 

altimetry time period would also have to be accounted for. 

      The elevation range is normalized using the equation:  

      hnorm = (h ï hterm) / (hhead ï hterm)   

where h is the binned, interpolated elevation derived from the SRTM AAD, and hterm and hhead are 

the elevations of the glacier terminus and head. This normalization is applied to all of the glaciers 

that have been profiled during a particular time period. An average normalized curve is then 

calculated for each altimetry time period. This æh/æt vs. average normalized elevation curve is 

then integrated over the AAD of unprofiled glaciers to find the ὄ of those glaciers.  

       The normalization method is applied individually to the eastern and western glacierized 

regions of Glacier Bay as shown in Fig. 2. This was done due to the notably different AADs of 

the two areas (Fig. 3); the peak in glacier area of the eastern region is close to the median 

elevation, while in the western region a large portion of the glacier area is located at the lower 

end of the elevation range. The western region also has glaciers that reach a much higher 

elevation than those in the eastern region. The AADs are so different that applying the æh/æt vs. 

average normalized elevation curve to the AAD of the entire Glacier Bay region would give mass  
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Fig. 2: The two glaciated regions of Glacier Bay. The eastern region glaciers (2,618 km
2
 as of 

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 (3,810 km
2
, August 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 the Glacier 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. The eastern 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 Plateau 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 occurring at the lower 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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change results that were not representative for either the eastern or western regions. Theoretically, 

the average normalized elevation vs. æh/æt curve could be applied to the AAD of each of the 

unprofiled glaciers within the Glacier Bay region, of which there are more than 1,000. The 

separation into eastern and western regions is a compromise between not having to extrapolate to 

each unprofiled glacier (requiring glacier outlines and the AAD for each glacier) while still using 

an AAD that is broadly representative of the region that is being extrapolated to.  

      Performing this regionalization gives estimates of the mass change of the unprofiled glaciers 

during each of the four altimetry time periods of the entire Glacier Bay region. The mass change 

of the unprofiled glaciers is then added to the measured mass change of the profiled glaciers. This 

gives an estimate of the mass change and the resulting contribution to SLR of the entire Glacier 

Bay region for each altimetry time period  

      The second regionalization method that is used is based on ñmethod Cò from Arendt et al. 

(2006) and applies the area-weighted average of all the profiled glaciers ὄ (in m w.e. yr
-1
) to all 

of the unprofiled glaciers in Glacier Bay for a particular period. This method is particularly useful 

if the AAD of the unprofiled glaciers is not well known, and only requires knowledge of the total 

surface area of the unprofiled glaciers. 

      A challenge in performing a robust regionalization of the total ice mass change of an area is 

determining whether the profiled glaciers are representative of the region. To examine this issue, 

sensitivity analyses are carried out by removing profiled glaciers from the regionalization of a 

given interval. This simulates what the measured ὄ would have been if that particular glacier was 

never profiled with altimetry. Comparing the amount of variation within the results of the 

sensitivity analyses to the mass change estimates can give an idea of whether the group of 

selected glaciers as a whole is representative of the entire glaciated area.  

      Mass balance has only been recorded for a select few glaciers during periods 1 and 2. The 

profiles that occurred in 2005, 2009, and 2011 were more complete by encompassing many more 

glaciers, thus a comprehensive sensitivity analysis is more meaningful for those time periods. In 

particular, period 3 has ὄ recorded for 9 glaciers and period 4 has ὄ for 14 glaciers. The Glacier 

Bay region has a variety of glacier geometries, so applying the most representative thickness 

change function to the unprofiled glaciers is important to accurately determine the mass balance 

rate of those glaciers. For instance, as previous authors have shown (e.g., Arendt et al., 2006), it is 

clearly unwise to apply the thickness change profile of a rapidly calving tidewater glacier to a 

terrestrial glacier due to tidewater glacier dynamics, even if they have similar geometries. 



17 

 

However, it has to be considered whether the same limitation occurs for tidewater or previously 

tidewater glaciers that are currently not rapidly retreating. 

 

3.3. Errors  and Uncertainties in Mass Balance Estimations 

 

The error in laser altimetry derived mass balance consists of several different components that 

have been described in previous studies (Echelmeyer et al., 1996; Arendt et al., 2002; Arendt et 

al., 2008). First, there are instrument errors that include laser ranging errors and GPS-INS errors 

of the kinematic positioning of the aircraft. Second, there is a curve fitting (model) uncertainty 

created by the choice of the interpolation that is used to model the æh/æt vs. elevation profile. 

Third, there are across-glacier æh/æt uncertainties arising from the assumption that the thinning at 

the centerline is representative of the width of the glacier. Fourth, there are uncertainties that are 

introduced by using a single glacier outline in the mass change calculations. This outline 

uncertainty is dependent on whether the surface area of the glacier changes between profile dates. 

Fifth, the assumption of rice =  900 kg m
-3
 creates a density uncertainty. There is assumed to be no 

seasonal error due to the profile dates being located within a week of each other at the end of May 

and beginning of June. 

 

3.3.1. Positioning Errors 

 

      The dominant error in the positioning of laser shot points is the positioning of the aircraft 

along its trajectory, which includes measurement errors from the kinematic GPS solution and 

attitude errors from the onboard GPS-INS. The laser ranging error is quite small at ° 0.002 m for 

all of the laser systems used by UAF. Aircraft GPS positioning errors are on the order of ° 0.2 m 

and the effect of attitude errors can lead to a laser shot point coordinate error of ° 0.2 m. Errors 

were estimated by analyzing repeat profiles that occurred on unchanging surfaces such as paved 

airport runways. These errors are considered to be independent, resulting in a net positioning 

error of ° 0.3 m. Attitude errors are larger with the profiler system than with the scanner system. 

The profiler system has INS attitude errors of ° 0.2̄  that can lead to laser point-positioning errors 

of ° 0.2 m, while the scanner system has INS attitude errors of ° 0.02̄  that can lead to associated 

positioning errors of ° 0.02 m. A worst-case attitude error would occur when the aircraftôs 

attitude had a steep angle relative to the glacier surface. Typically the profiler system was flown 
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at an elevation of 250 m above the glacier surface, which could result in an attitude error induced 

positioning error of the laser return of ° 0.58 m at an attitude of 30̄  relative to the glacier surface. 

The scanner system at a typical flight elevation of 500 m has a similarly derived attitude 

positioning error of ° 0.19 m. The more accurate GPS-INS of the scanner system leads to higher 

laser point positioning accuracy than the profiler system at the typical flight altitudes of each 

system. The effects of attitude measurement errors on laser point positioning are minimized when 

the angle between the aircraft and glacier surface is near zero; for instance the less accurate 

profiler would have an attitude positioning error of ° 0.002 m under level flight situations over a 

flat glacier. GPS positioning errors are dependent on a number of variables that change with time 

and can be difficult to quantify. These variables include atmospheric delays, geometric strength 

of GPS constellations, variable ionosphere characteristics, and variable distances from the 

reference station to the kinematic GPS on board the aircraft. A complete error analysis of the 

coordinates of laser returns would incorporate those variables and the full covariance matrix from 

the GPS-INS solution. However, this analysis is not done here; rather we adopt the positioning 

error of ° 0.2 m from Echelmeyer et al. (1996) and Arendt et al. (2008). 

 

3.3.2. Modeled æh/æt Uncertainties 

 

      The uncertainty of the modeled æh/æt vs. elevation curve is estimated using the lower and 

upper quartiles. These quartiles are determined by using a 12 point window that moves through 

the elevation range of the æh/æt vs. elevation curve. Since the lower and upper quartiles are not 

always equally spaced from the median the positive and negative uncertainties will not 

necessarily be the same for each quartile, which means that the plus and minus mass balance 

errors can be different for a glacier. The æh/æt uncertainty for elevations above which there are 

no æh/æt data is determined by applying the full interquartile range of all the æh/æt points for all 

elevations and results in a typical spread of less than ° 1.0 m yr
-1
 at the glacierôs head. The 

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. Across Glacier æh/æt Uncertainties  

 

      The glacier-wide mass balance extrapolation scheme 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 the ice loss from Alaskan glaciers by differencing the elevations of 

sequential DEMs. Their study indicated that the ice loss had been overestimated with the laser 

altimetry method of using centerline surface elevation profiles (Arendt et al., 2002) by 34%. 

Berthier et al. (2010) also compared the DEM derived ice loss to laser altimetry-simulated (simu-

laser) ice loss for ten large Alaskan glaciers, wherein the glacier elevation changes along laser 

altimetry flight lines were extracted from the difference DEM. This was done to test the 

assumption in the laser altimetry method that the thinning along a glacierôs centerline is 

representative of the width of the glacier. Situations where this assumption may be incorrect 

include tidewater glaciers that have varying retreat rates in different branches and glaciers that 

have gently sloping valley walls. However, Alaskan glaciers generally are located in U-shaped 

valleys with steep valley walls and have cross sections that retain a consistent geometry and 

shape over time. 

      The centerline difference DEM profiles were used by Berthier et al. (2010) to simulate the ice 

loss that would have been estimated from having centerline altimetry profiles. The æh/æt values 

extracted along the simulated profiles were assumed to be representative of the glacier width, and 

these æh/æt values were integrated over the AAD to calculate mass balance (ὄ), following the 

same methodology as laser altimetry mass balance estimates. Berthier et al. (2010) found that the 

simu-laser ice loss for the ten selected Alaskan glaciers exceeded the sequential DEM derived ice 

loss by 22%, which indicates that the laser altimetry method is overestimating mass loss of 

Alaskan Glaciers due to centerline thinning not being representative of the width of a glacier. In 

their analysis they assumed that the glaciers tested with the simu-laser method are representative 

of the rest of Alaskan Glaciers. However, their results are dominated by Columbia Glacier (a 

rapidly retreating tidewater glacier) and Bering Glacier (a surge type glacier, which is also the 

largest glacier in Alaska). 

      Herein, we similarly examine whether the centerline extrapolation method is overestimating 

mass loss by comparing DEM differencing to simulated DEM centerline extrapolations. 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 

across-glacier in the Glacier Bay region. The sequential DEMs that are used for the Glacier Bay 

area are derived from Larsen et al. (2007). The full results are presented in section 4.6. In 

summary the DEM and simulated centerline ὄ estimations were found to be within 1% over all 

the altimetry profiled glaciers in the Glacier Bay region, and within 6% over a glacierized area of 

5143 km
2
, or 80% or the total glaciated area of Glacier Bay.  

 

3.3.4. Outline and AAD Uncertainties 

 

      A single outline is used here for determining the glacier surface area. If a glacierôs area is 

changing over time, the extrapolated mass change calculations will either be including area that is 

no longer glacierized in a retreating glacier, thus having a mass change that is too high, or 

excluding area that has recently become glaciated if the glacier is advancing. However, using a 

single outline gives the reference-surface balance (Elsberg et al., 2001; Huss et al., 2012), which 

has been proposed to be better correlated to variations in climate. The conventional balance is 

calculated using multiple outlines that are coincident with the mass balance measurements and 

provides the actual mass change of a glacier (Elsberg et al., 2001).  

      The effect of using outlines from different dates is tested using outlines from 2010, 1999, and 

1948 to determine how the ὄ estimates vary by only changing the glacier surface area that is 

used. This affects both the amount of area over which the mass change is calculated and the 

spatial extent of the DEM that is used to determine the AAD. The difference in ὄ that results 

from using the most recent glacier outlines from 1999 and 2010 is within the ὄ uncertainties for 

the four different periods. The ὄ uncertainty of period 4 is ° 0.47 Gt yr
-1
 for the profiled glaciers, 

while the ὄ of the profiled glaciers was only 0.15 Gt yr
-1
, or 3%, more negative when using 1999 

outlines as compared to using 2010 outlines. This error is not propagated to the mass balance 

error; however, it does show that using different outlines during the period of altimetry 

measurements has little effect on the mass balance estimates and thus a minimal effect on both 

conventional and reference-surface balances. A 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 this case, the ὄ for period 4 using 1948 outlines was 0.54 Gt yr
-1
, or 13%, 

more negative than using 2010 outlines.  

 



21 

 

3.3.5. Density Assumption 

 

      There are no density measurements recorded on the glaciers that are profiled. The density 

profile of the snow, firn, and ice is thus assumed to remain constant by invoking Sorgeôs Law 

(Bader, 1954), which assumes a glacier has a constant density structure. A change in the density 

structure of a glacier (particularly in the accumulation area) could be recorded as change in ice 

mass, when in fact there was no change in ice mass. The effect on ὄ of changing the overall 

glacier density is examined by using different ice densities (rice = 830 kg m
-3
 and 917 kg m

-3
) in 

the same manner as previous studies, e.g. Arendt et al. (2008), in the place of the assumption used 

here of 900 kg m
-3
. The effect on ὄ of using these minimum and maximum densities is well 

within the ὄ uncertainties and the percent difference between ὄ estimates is around 10%. For 

example, period 4 had an uncertainty of  ° 0.47 Gt yr
-1
 for the profiled glaciers, while using the 

different densities of 830 kg m
-3
 and 917 kg m

-3 
produces ὄ estimates for the same period that 

only vary by 0.36 Gt yr
-1
. This error estimate 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 mass change and the error in the mass change estimates. Additionally, the 

majority of a glacierôs mass loss occurs in the ablation area where variations in glacier density are 

reduced.  
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4. RESULTS AND DISCUSSION 

 

4.1. Brady Icefield 

 

      The mass balance (ὄ) for Brady, Lamplugh, and Reid Glaciers between 1995 and 2000 

(period 1) was -1.01 ° 0.13 m w.e. yr
-1
, -0.31 ° 0.21 m w.e. yr

-1
, and -0.30 πȢςρ

πȢςς
 m w.e. yr

-1
 

respectively (the different plus/minus estimates are not systematic errors but are a result of the 

method that is used to calculate the quartiles that are used to define the uncertainty). The ὄ was 

then more negative between 2000 and 2005 (period 2), with  ὄ of -1.83 πȢρω
πȢρυ

 m w.e. yr
-1
, -0.53 πȢςς

πȢςρ
 

m w.e. yr
-1
, and -0.93 πȢρυ

πȢρφ
 m w.e. yr

-1
 respectively.  The more negative mass balance was likely 

caused by higher than average temperatures during the 2004 summer melt season (Truffer et al., 

2005), which would increase the rate of ablation through increased melting. Brady Glacier had a 

rate of thickness change (æh/æt) of -3 to -4 m yr
-1
 at the terminus during both periods; however 

the major contributing factor to the more negative ὄ during period 2 was increased thinning at 

higher elevations. For example, the æh/æt of Brady Glacier during period 2 is more negative than 

period 1 at elevations above 300 m (Fig. 4).   

      The time period from 2005 to 2009 (period 3) had substantially less negative mass balances 

than period 2, with ὄ of -0.73 πȢςς
πȢρχ

 m w.e. yr
-1
 (Brady), -0.10 πȢςυ

πȢςψ
 m w.e. yr

-1
 (Lamplugh), and      

-0.10 πȢρφ
πȢρχ

 m w.e. yr
-1
 (Reid). The ὄ of period 3 was less negative than both periods 1 and 2. The 

æh/æt was significantly less negative for elevations below 400 m on Brady Glacier, with æh/æt 

changing from -3 m yr
-1
 during periods 1 and 2 to -1 m yr

-1
 during period 3 (Fig. 4).  

      The time period from 2009 to 2011 (period 4) had ὄ magnitudes that were similar to period 3 

for Lamplugh and Reid, with a ὄ of -0.06  πȢςς
πȢρφ

 m w.e. yr
-1
 and -0.14 πȢςυ

πȢσρ
 m w.e. yr

-1
 respectively. 

However, the ὄ for Brady was -1.44 πȢρφ
πȢςρ

 m w.e. yr
-1
, which is twice as negative as the ὄ of 

period 3 (this period had the least negative ὄ) and close to the ὄ of period 2 (which had the most 

negative ὄ). 

 

4.2. Muir Glacier  

 

      The Muir Glacier had a ὄ of -0.47 πȢςψ
πȢςω

 m w.e. yr
-1
 during period 2. The glacier had some 

thickening of around 0.5 m yr
-1
 at elevations between 600 m and 1200 m (Fig. 5). There was also 



23 

 

 

Fig. 4: Rate of thinning profile for Brady Glacier during periods 1 through 4. Red line is the 

modeled æh/æt vs. elevation curve that is determined from the middle quartile of the moving 

window, while the dashed blue lines are the lower and upper quartiles that are used to estimate 

uncertainty. The smaller plots show the area altitude distribution of the glacier in solid blue lines. 

The period 2 profile shows the increased thinning rates and the surface drawdown at elevations 

above 300 m as compared to period 1. The period 3 profile shows the less negative ὄ as 

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

the same magnitude of maximum thinning rates as periods 1 and 2 along with slight thickening at 

higher elevations.  
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Fig. 5: Rate of thinning profile for Muir Glacier during periods 2 through 4 shows the thickening 

at higher elevations. The sparse distribution of points up high during period 3 shows how crucial 

it was to have the repeated flight lines flown as accurately as possible. This results in a large error 

envelope between 1200 and 1400 m due to the small number of points and the large variability in 

the æh/æt of those points. The bottom right panel shows the period 3 flight lines from 2005 (red) 

and 2009 (blue) and demonstrates the lack of overlap between the two flight lines. 
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some thickening at higher elevations during period 3 that approaches 1 m yr
-1
 between 1000 m 

and 1300 m (Fig. 5), however the magnitude of thinning at lower elevations was decreased during 

period 3 when compared to period 2. The slight thickening up high resulted in the glacier being 

near balance during period 3, with a ὄ of 0.05 ° 0.43 m w.e. yr
-1
. This response seems to be 

consistent with the results from periods 2 and 3 for the Brady Icefield, with a more negative ὄ 

during period 2 compared to period 3. During period 4 Muir had a ὄ of 0.22 πȢρψ
πȢσπ

 m w.e. yr
-1
, and 

also had thickening above 1000 m (same as periods 2 and 3) which approaches 1.75 m yr
-1
 at 

1400 m (Fig. 5). There is significant thinning that occurred at the terminus during period 4 with a 

æh/æt of -4 myr
-1
, which is consistent with the response of Brady Glacier (reduced thinning 

during period 3 compared the periods 2 and 4). However, the thickening during period 4 at higher 

elevations is located where the glacier has a lot surface area and results in the glacier having an 

overall positive ὄ. 

 

4.3. Other Glaciers 

 

      A number of other glaciers have mass balances for multiple time periods, including Grand 

Pacific Glacier, which had a mass balance (ὄ) of -0.47 ± 0.34 m w.e. yr
-1
 during period 1. There 

is a small area of thickening around 500 m, above which æh/æt was around -1 m yr
-1
 (Fig. 6, 

which shows the spatial distribution of thinning derived from centerline extrapolation). Below 

this elevation æh/æt approached -4 m yr
-1
. There is no period 2 or period 3 as Grand Pacific was 

not profiled in 2005 (see absence in Fig. 7), however the combined period from 2000 to 2009 had 

a more negative ὄ of -1.16 πȢψπ
πȢσφ

 m w.e. yr
-1
, with a maximum æh/æt of around -4 m yr

-1
. Period 4 

had a ὄ of -1.63 πȢτψ
πȢυρ

 m w.e. yr
-1
, which is the second most negative ὄ during period 4, and had a 

terminus æh/æt that approaches -7 m yr
-1
. 

     During period 3 Riggs Glacier had a ὄ of -0.41 πȢρχ
πȢρψ

 m w.e. yr
-1
.  The thinning profile is similar 

to Muir Glacier below 1100 m. However, Riggs had no thickening above this elevation whereas 

Muir did (Fig. 8). This response is intriguing as the accumulation areas of the two glaciers are 

directly adjacent to each other. The ὄ during period 4 was more negative at -0.92 πȢρω
πȢςς

 m w.e. yr
-1
, 

with increased thinning below 800 m compared to period 3. The same spatial pattern during 

period 3 is present during period 4, with Muir and Riggs having similar thinning profiles below 

1000 m; above 1000 m Riggs had no thickening whereas Muir had thickening around 1.75 m yr
-1
 

(Fig. 9). 
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Fig. 6: Change in glacier surface elevation between 1995 and 2000 (period 1) for 5 glaciers in the 

Glacier Bay area. The black lines lying over glacier surfaces are the laser altimetry flightlines 

used to calculate surface thinning rates. These flightlines generally 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 estimate the mass balance of the entire 

glacier. Little Jarvis Glacier is small glacier at top center. Brady Icefield is at the bottom and 

Grand Pacific is at top left; Grand Pacific had a small area of thickening up glacier from the 

terminus.  
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Fig. 7: Change in glacier surface elevation between 2000 and 2005 (period 2) for 4 glaciers in the 

Glacier Bay area. Brady Glacier (southern part of Brady Icefield) had increased thinning over a 

large area compared to the earlier period 1. Muir Glacier is at top right-center and had thickening 

at the middle elevations of the glacier. Note the absence of Grand Pacific Glacier as it was not 

profiled in 2005. 
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Fig. 8: Change in glacier surface elevation between 2005 and 2009 (period 3) for 9 glaciers in the 

Glacier Bay area. Brady Glacier had a large area of reduced thinning compared to period 2. Riggs 

Glacier, located just east of Muir Glacier, had no thickening at higher elevations while Muir did. 

Casement and Davidson Glaciers are at the far right; Casement had an area of much higher 

thinning at its terminus than Davidson. Margerie Glacier calves into the northern-most portion of 

the West Arm and had thickening over much of its area. The glacier at the far left with an 

extensive area of high thinning is the lake calving Grand Plateau Glacier.  


