
doi: 10.3319/TAO.2015.12.24.01(ISRS)

* Corresponding author 
E-mail: jaeyu@cnu.ac.kr

Terr. Atmos. Ocean. Sci., Vol. 27, No. 4, 451-462, August 2016

Morphological Characteristics of the Ice Margins of Antarctic Ice Shelf and 
Outlet Glacier Extracted from ICESat Laser Altimetry Along-Track Profiles

Jieun Kim1, Jaehyung Yu2, *, Lei Wang 3, Hongxing Liu 4, and Haein Shin1

1 Department of Astronomy, Space Science and Geology, Chungnam National University, Daejeon, Korea 
2 Department of Geology & Earth Environmental Sciences, Chungnam National University, Daejeon, Korea 

3 Department of Geography & Anthropology, Louisiana State University, Louisiana, U.S.A. 
4 Department of Geography, University of Cincinnati, Ohio, U.S.A.

Received 2 June 2015, revised 14 December 2015, accepted 24 December 2015

AbSTrACT

The Antarctic ice sheet topography including elevation and slope is a key parameter for understanding ice sheet dynam-
ics because the surface slope is a major controller of the ice flow gravitational driving stress magnitude. This study used Ice, 
Cloud, and land Elevation Satellite (ICESat) laser altimetry data to analyze the ice margin morphological parameters for 20 
ice shelves and 12 outlet glaciers distributed over Antarctica. The bottom-up segmentation algorithm application effectively 
extracted the morphological parameters from the laser altimetry profiles. The ice shelves had an average boundary elevation 
of 29.5 m and a slope of 7.8°, with a decreasing surface slope pattern from the boundary to the inner side. The average number 
of segments and the length of the coastal margin for ice shelves extracted from the bottom-up segmentation algorithm is 3.2 
and is 18.4 km, respectively. The outlet glaciers had a boundary elevation of 29.7 m with a slope of 7.4°. The average number 
of segments for outlet glaciers is 5.03, and the distance to the margin is 10.38 km. The outlet glaciers were of two types. The 
first type had a higher ice margin slope, a shorter ice margin distance and concave shape to the surface profile. The second type 
had a much shorter ice margin distance and an undulating surface profile shape. The ice margin morphology shows distinctive 
characteristics depending on the major ice loss process.
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1. InTrOduCTIOn

The Antarctic ice sheet plays an important role in cli-
mate change research because the cryosphere integrates 
climate variations over a wide range of time scales. The 
Antarctic ice sheet visibly expresses climate change; conse-
quently, significant research efforts have focused on identi-
fying the climate change signals in Antarctica (Lemke et al. 
2007). The Antarctic ice margins are in direct contact with 
the ocean as well as the atmosphere; thus, they are among 
the first places affected by global climate change. Knowl-
edge of the ice margins along the Antarctic coast can aid 
in the interpretation of global climate change (Bamber and 
Payne 2004). There is a consensus that the Antarctic sheets 
have negative mass balance (Vaughan et al. 2013). How-

ever, the magnitude and the reason for this trend are not yet 
clarified. The ice sheet observation time series and detailed 
observations of ice thickness, surface elevation, and basal 
boundary conditions will enable mass ice sheet change pre-
dictions (Wouters et al. 2013; Young et al. 2015).

The Antarctic coast line can be classified into four fea-
tures: the ice shelf/front, the outlet glacier/ice stream, the ice 
wall/ice cliff, and ice-free rocks (Fox et al. 1994). An ice 
shelf is an ice platform that floats on the ocean. It is formed 
by the down flow of a glacier or ice sheet. Over 48% of the 
Antarctic coast is associated with ice shelves. The outlet gla-
cier is an ice stream generated by ice sheet discharges di-
rectly into the ocean. It often forms glacier tongues as it dis-
charges. Outlet glaciers account for over 8% of the Antarctic 
coast line. An ice cliff is a grounded ice sheet that terminates 
abruptly at the ocean. Ice cliffs account for about 37% of the 
Antarctic coast. Ice-free rock surfaces occupy about 6% of 
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the Antarctic coast line (Fox et al. 1994). Among the Ant-
arctic coast types, the ice shelf and outlet glaciers have been 
most thoroughly studied as they are the most dynamic and 
variable features and are believed to be sensitive to climate 
change (Williams and Ferrigno 1998). A previous estima-
tion indicated that 62% of iceberg calving transported to the 
Antarctic coast arises from ice shelves, 22% from outlet gla-
ciers, and 16% from ice cliffs (Drewry and Cooper 1981).

The ice sheet topography including elevation and slope 
is a key parameter for understanding ice sheet dynamics 
because the surface slope is a major controller of the ice 
flow gravitational driving stress magnitude (Paterson 1994; 
Fahnestock and Bamber 2001). Most of the topographical 
studies on the Antarctic coast are focused on outlet glaciers 
since the outlet velocity variations affects the ice sheet sur-
face profile and are correlated with the bedrock topography 
(Marshall et al. 1996; Rémy and Minster 1997). However, 
the topographical characteristics of the Antarctic ice shelf 
and outlet glaciers have not been quantitatively analyzed. 
This study presents a quantitative analysis of the topograph-
ic characteristics of Antarctic ice shelves and outlet glaciers, 
employing Ice, Cloud, and land Elevation Satellite (ICESat) 
along track profiles. Moreover, their topographic character-
istics are correlated with ice velocity to determine the rela-
tionship between the topography and ice dynamics.

2. dATA SETS

We classified ICESat along-track data representing 
each type of coast according to Modified Antarctic Map-
ping Mission (MAMM) (Jezek 2008) data. Once classified, 
the ICESat tracks of ice shelves and outlet glaciers were 
topographically analyzed. The relationship between surface 
morphology and ice velocity was analyzed for ice shelves 
and outlet glaciers. We utilized the MEaSUREs InSAR-
Based Antarctica Ice Velocity Map (Rignot et al. 2011) for 
ice velocity and ice sheet topography analysis.

The RADARSAT-1 Antarctic Mapping Project was 
conducted to map Antarctica using synthetic aperture radar. 
The RADARSAT SAR image has a 25 m resolution and the 
data permit coastal dynamics examination with all weather 
radar capability (Jezek 2008). The MAMM employing the 
RADARSAT satellite was conducted from September to 
November 2000 to generate a high resolution SAR image 
map of the entire continent of Antarctica. The MAMM has 
collected data from 80.1°S latitude to the coast (Jezek et al. 
2003) and the single mosaic image used in this study has a 
spatial resolution of 100 m. We overlaid every ICESat along 
track data onto the MAMM image to classify each track to 
the appropriate Antarctic coast type.

The Geoscience Laser Altimeter System (GLAS) 
mounted on the ICESat, has collected 18 laser accurate el-
evation measurement campaign operations up to latitude 
86°S. The ICESat mission was designed to work for three 

to five years, launched in January 2003. To complete the 
mission, the GLAS carried three lasers to fulfill the mission 
length. After the first laser was activated, GLAS measured 
laser waveforms, surface elevations, clouds, and aerosols 
perfectly. However, during the beginning of on orbit test 
operations, a pump diode module on the first GLAS laser 
failed in March 2003. Due to the corrosive degradation of 
the pump diodes, the laser reliability was reduced. As a 
result, the operational plan for GLAS was changed, and it 
was operated for one month periods out of every three to six 
months to extend duration of measurement. The last GLAS 
laser was stopped in October 2009, and the satellite stopped 
working in February 2010 (Kichak 2003; Schutz et al. 2005). 
The ICESat laser altimetry data are among the most accurate 
topographic measurements obtained by satellite altimeters, 
with horizontal geolocation accuracy of 6 m (Schutz et al. 
2005) and a relative vertical accuracy of 14 cm (Shuman et 
al. 2006). A 65 m footprint and sampling spacing of about 
172 m along satellite orbits provide relatively dense mea-
surements appropriate for topographic analysis (Schutz et 
al. 2005). The ICESat was in an orbit that repeated ground 
tracks every 8 days for calibration and validation purposes. 
Thus the acquired ICESat laser altimetry data is temporally 
sporadic. During the mission phases, GLAS has acquired 
data from a specific portion of a 91-day orbital pattern. The 
ICESat also has a 33-day sub-cycle orbit of the 91-day pat-
tern. This sub-cycle orbit was selected as an adjustment to 
accomplish the goals given that ICESat cannot be operated 
continuously as it designed to do (Massom and Lubin 2006). 
The ICESat measured the distance between the surface and 
satellite using laser pulse and transmission time delay. The 
ice sheets and land have wide waveform windows due to 
the complicated surface features. The waveform quality is 
important to determine surface elevation. In the pre-light 
ground test by Yi et al. (2003), a 2.0 cm range of uncertainty 
was estimated. The waveforms are could be effected by pulse 
energy, atmospheric attenuation, surface reflectivity, slope, 
and roughness and it also affects the elevation accuracy and 
surface elevation location. However, the 2.0 cm of preci-
sion estimated in pre-light ground test was also confirmed 
by Kwok et al. (2004) and Shuman et al. (2006) regard-
ing the flat ice sheet surface and sea ice polynya as 2.0 cm  
of noise level (Zwally et al. 2008). Therefore, the ICESat 
laser altimetry data accuracy is satisfactory for calculating 
surface elevation and slope. We extracted the original ICE-
Sat laser altimetry data (V31) along satellite tracks covering 
the Antarctic coast and processed 778 along-track profiles to 
analyze the topographic characteristics (Fig. 1).

During the International Polar Year 2007 to 2009, the 
National Snow and Ice Data Center (NSIDC) assembled mul-
tiple satellite interferometric synthetic-aperture radar data and 
published a comprehensive, high-resolution, digital mosaic 
of ice motion in Antarctica named the MEaSUREs InSAR-
Based Antarctica Ice Velocity Map (Rignot et al. 2011). The 
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velocity data are an assemblage of 900 satellite tracks and 
more than 3000 orbits of radar data with a horizontal preci-
sion of 300 m. The nominal errors range from 1 m yr-1 to 
about 17 m yr-1 (Rignot et al. 2011). We used these data to 
analyze the relationship between the topographic characteris-
tics of the outlet glaciers/ice shelves and ice dynamics.

3. SurfACE MOrPhOLOGy ExTrACTIOn 
frOM ICESAT ALOnG TrACk PrOfILES

3.1 A Summary of the Morphological Characteristics 
using Arbitrarily Selected Profile Length

The ice sheet topographic parameters such as eleva-
tion and slope can provide important information about ice 
dynamics. More importantly, morphological characteristics 
at the boundary condition infer the ice dynamics of the out-
let glaciers and ice shelves. We summarized the morpho-
logical characteristics of the Antarctic coast by extracting 
ICESat measurements close to the Antarctic coast line. Ice 
margins can be identified using local vertical data and the 
boundary where elevation points emerge from the sea level. 
This is further confirmed using the LIMA/MAMM images. 
The elevation and is recorded at these identified ice margins 
to provide morphological characteristics of the boundary 
condition between the ocean and the ice fronts of the Ant-
arctic coast. Further, elevation measures are recorded from 
ICESat along-track profiles at locations extending from the 
ice margin points at 500 m, 1 km, and 5 km. The slope val-
ues are calculated from the elevation recorded from ICESat 
along-track profiles and horizontal distance using the ratio 
of elevation change to the horizontal change at the boundary 
locations, 500 m, 1 km, and 5 km.

The practice of manually extracting coastal morphol-
ogy features using arbitrarily selected locations is problem-

atic. First, the arbitrary values (500 m, 1 km, and 5 km) can-
not ensure the capture of morphology features because of 
the highly heterogeneous nature of the Antarctic coast. The 
elevation and slope records may therefore not represent any 
characteristics of the actual coast morphology. Second, the 
satellite tracks are not always perpendicular to the coastline. 
The variability in the track incident angle creates difficul-
ties in selecting the thresholds as arbitrary values. Third, the 
numerous ICESat tracks and the enormous Antarctica area 
make this manual procedure tedious and fallible. To deal 
with this issue, we incorporated a bottom-up (BU) segmen-
tation algorithm to characterize the morphological features 
of the Antarctic coast.

3.2 bu Segmentation

Since Bruun (1954) brought up the classic power func-
tion expression, many researchers have presented their 
equations for numerical representation of beach profiles, 
either by extending the power function, such as Dean (1977, 
1991), Wang and Davis (1998), Larson et al. (1999), or us-
ing exponential functions (Bodge 1992; Komar and Mc-
Dougal 1994). However, as argued in Huang et al. (2010), 
the monotonic decreasing properties is the obstacle to re-
alistically represent coastal morphologic features. Huang 
et al. (2015) instead proposed a piecewise polynomial in-
terpolation function (PWPIF) representation. The PWPIF 
method can overcome the over fluctuation problem of 
the cubic spline method when there are sharp topographi-
cal changes in the profile, by enforcing a weighted aver-
age with a linear function. The polynomial equations en-
semble, however, lacks physical meaning for the portion of 
the beach profile that they represent. Therefore, in similar 
spirit, we propose presenting a piecewise beach profile  

Fig. 1. 778 ICESat laser altimetry along-track profiles overlaid onto an MAMM image mosaic. (Color online only)
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linear representation calculated using the BU segmenta-
tion algorithm (Wang and Yu 2011), for an effective beach 
profile morphological analysis. Wang and Yu (2011) intro-
duced this method for extracting thematic information from 
temporally continuous observation satellite data. The com-
mon objectives in this study mean that the same algorithm 
can be applied to the profile data from the ICESat data. The 
BU algorithm groups the neighboring elevation points in a 
profile as linear segments to approximate the discrete eleva-
tion points.

The initial stage of the algorithm defines the smallest 
profile segmentation. At this stage, linear segments are de-
fined between any adjacent topological points and are re-
corded by the algorithm.

Iteratively, smaller segments are merged to form larger 
ones as long as the approximation error is smaller than a 
specified value. The merging of smaller segments is ordered 
by a priority defined as the merging cost, where the adja-
cent segments with the least merging cost will be merged 
at each iteration. The merging cost is calculated using the 
linear regression chi-square function on the larger segment 
to be formed:

( )x E a b
l

l l
l
N2
1

2

v
= - +

= ; E/  (1)

Where l is the location, El is the elevation value at location, a 
and b are coefficients to be estimated from the least squares 
fitting, and lv  is the measurement error at location l, which 

is set to one because the error distribution is unknown.
A stopping condition is defined to end the iterative pro-

cedure. If the least merging cost is smaller than a specified 
threshold, step (2) will be executed. Otherwise, when all 
merging costs are greater than the threshold value, the algo-
rithm ends. The segments can represent specific morphol-
ogy features; for example, a flat ice sheet extending into 
the ocean from the ground line. The segmentation enables 
characterization of the coast morphology by the quintiles 
and statistics such as the slope, length and standard devia-
tion of the mean.

As a result, each ICESat topographic profile is broken 
into a number of topographic segments. The greater num-
ber of segments indicates more topographic variations. The 
breakpoints between the segments are morphological feature 
points, such as the water/ice interface. The segmentation 
provides a coast morphology characterization with multiple 
variables, including the number of segments, length, mean 
elevation, slope, and standard deviation of the elevation, as 
well as the elevations at the starting and ending breakpoints 
of the segments.

Based on the BU algorithm, a total of 289 and 29 tracks 
were used for topographic analysis of ice shelves and outlet 
glaciers, respectively. We ultimately summarized the topo-
graphic characteristics of 20 ice shelves and 12 outlet gla-
ciers distributed over Antarctica (Fig. 2). Note that the slope 
value for the boundary condition in this study is underesti-
mated due to the relatively longer sampling spacing of 172 m  
compared to the ice margin elevation. However, the slope 
values still provide significant information relative to each 

Fig. 2. Location map of the Antarctic ice shelves and outlet glaciers analyzed in this study. Ice Shelves (Green): (1) Larsen Ice Shelf; (2) Ronne Ice 
Shelf; (3) Filchner Ice Shelf; (4) Riiser-Larsen Ice Shelf; (5) Ekstrom Ice Shelf; (6) Jelbart Ice Shelf; (7) Fimbul Ice Shelf; (8) Lazarev Ice Shelf; (9) 
Prince Harald Coast; (10) Amery Ice Shelf; (11) West Ice shelf; (12) Shackleton Ice Shelf; (13) Sabrina Coast; (14) Cook Ice Shelf; (15) Ross Ice 
Shelf; (16) Sulzberger Ice Shelf; (17) Nickerson Ice Shelf; (18) Getz Ice Shelf; (19) Abbot Ice Shelf; (20) Venable Ice Shelf. Outlet Glaciers (Red): 
(1) Bulter Inlet; (2) Thwaites Glacier; (3) Sorsdal Glacier; (4) Denman Glacier; (5) Scott Glacier; (6) Underwood Glacier; (7) Dibble Glacier; (8) 
Ninnis Glacier; (9) Lille Glacier; (10) Bartlett Glacier; (11) Williamson Glacier; (12) Tompson Glacier. (Color online only)
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other, since the same condition is applied for all tracks.

4. MOrPhOLOGICAL ChArACTErISTICS Of 
ICE ShELvES

Ice shelves are very flat, with a relatively stiff ice front 
that forms the boundary location between the ice margin and 
the ocean. Jenkins and Doake (1991) reported a variation of 
only a few meters over the central 400 km of the Ross Ice 
Shelf, while the Ronne Ice Shelf showed a larger variation 
of 25 m because of its substantial basal melting and freez-
ing. Our analysis coincides well with these previous studies. 
Overall, ice shelves had a boundary elevation of 29.51 m, 
with a slope of 7.75° (Table 1). As the profiles moved into 
the inner sides of the ice shelves, the slopes flattened and 
showed a decreasing pattern of angles from 0.4 to 0.2° at the 
5 km location. Their relatively smaller topographic varia-
tion meant that these ice margin segments were identified as 
very long lasting ends of the ICESat tracks, with an average 
distance of 18.4 km and a slope of 0.5° (Table 1). Among 
the 20 ice shelves analyzed in this study, the Filchner Ice 
Shelf had the highest boundary elevation of 40.5 m, while 
the Sulzberger Ice Shelf had a boundary elevation of only 
5.27 m, inferring that large variations in boundary elevation 
occurred by location.

Previous studies reported an extremely flat topography 
for the central part of the ice shelves. However, we noted a 
different story for the ice margins of the ice shelves. Within 
5 km of the ice margin from the ice front, the overall aver-
age elevation increased from 29.5 - 55.3 m which is more 
than a 40% elevation change (Table 1). Therefore, the tra-
ditional shape is not acceptable regarding the ice margin of 
ice shelves. The boundary elevation also varied by location 
within the same ice shelf. For example, the Filchner Ice 
Shelf has a 40.5 m boundary elevation with a standard devi-
ation of 15 m and the elevation increases to 49.6 m at 500 m  
on the inner side, with a smaller standard deviation. The 
slope between the two locations is quite steep. We selected 
four profiles that crossed the ice margin of the Filchner Ice 
Shelf, and all four showed significant changes in elevation 
while the boundary elevation varies by location (Fig. 3a). 
The figure shows two profiles with gradual changes, indi-
cated as a series of color code changes which indicate sig-
nificant increases in elevation as the profile moves inside 
(Fig. 3b). The surface elevation of an ice shelf infers the ice 
thickness for the ice shelf, and the ice thinning occurring 
at ice shelves is considered to represent basal melting (Yu 
et al. 2010). Therefore, the profiles indicate a considerable 
amount of thinning occurring at the ice front, while the thin-
ning decreases at the inner side, which may also indicate 
active basal melting at the boundary.

On the other hand, the other two profiles were related 
to the ice calving process. One track detected an iceberg 
calved from the ice front as the elevation fluctuated from 

45, 60 to 0 m elevation, inferring about a 3 km diameter for 
the iceberg (Fig. 3a). The other track crosses the active rift 
system, which is considered to be closely related to iceberg 
calving activities (Fricker et al. 2005). Indeed, the profile 
and MAMM image show active ice calving in progress  
(Fig. 3a). These two profiles differ substantially from the 
two profiles previously described as they show an abrupt 
increase in elevation at the boundary and their elevation 
variations are smaller (Fig. 3a). As iceberg calving occurs, 
the basal melting that takes place at the fresh ice front is not 
significant to cause ice thinning.

Figures 3c and d show that the Shackleton ice shelf is 
experiencing severe iceberg calving. The ICESat along track 
profile clearly identifies micro rift systems that are causing 
vigorous ice calving activities at that location. The rift inter-
vals vary from 1 - 3 km, with no visible trend in surface el-
evation. We were unable to find any locations indicating ice 
thinning by basal melting. This supports our previous argu-
ments regarding minimal basal melting, where the ice calv-
ing process is the main ice loss mechanism for ice shelves. 
Many studies have discussed that iceberg calving and basal 
melting processes are the main ice loss mechanisms for ice 
shelves (e.g., Yu et al. 2010). The present analysis infers a 
close relationship between the two ice loss processes at the 
ice fronts. For the retreating ice shelves, ice calving could 
be the major ice loss process, while active basal melting at 
the ice front would be the main ice loss mechanism where 
iceberg calving is minimal. Indeed, the Larsen ice shelf, 
which is known to be retreating, also shows the same trend 
toward broad variations in ice margin elevation (Cook et al. 
2005). By contrast, the Amery ice shelf, which is advancing, 
shows minimal variations at the boundary (Yu et al. 2010).

The major driving force for glacier movement and ice 
streams is gravity caused by ice thickness and surface slope. 
In general, if the ice thickness is large and the surface slope 
is high, high driving stresses are created for a grounded ice 
sheet (Echelmeyer et al. 1991). The ice flow is restrained 
by forces that oppose the gravitational driving force. These 
forces are caused mainly by the shear stress between the 
ice and the bed rock. However, floating ice shelves have 
a basal shear of zero, and the restraint is caused mainly by 
the shear between the ice shelf and its margins (Robin et al. 
1983). Therefore, in general, the highest ice shelf velocity is 
recorded at the central location of the ice shelf.

The ice flux near the ice front location where ice calv-
ing occurs is not known with certainty (Massom and Lubin 
2006). We recognized this ice front dynamics uncertainty, 
so we examined whether the ice surface morphology con-
tributes in any way to the ice dynamics by plotting the ice 
velocity at our ICEsat track locations and the ice margin el-
evation and slope (Fig. 4). Among the ice shelves analyzed 
in this study, the Filchner, Amery, and Cook ice shelves had 
the highest ice velocity of 1074, 770, and 714 m yr-1, respec-
tively, while they had average boundary elevation of 40, 30, 
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and 25 m respectively (Table 1). These three ice shelves 
are in the group with the highest boundary elevation, which 
may indicate a positive relationship between the boundary 
elevation (ice thickness) and ice velocity. Our interpreta-
tion is that the ice shelf thickness may be related to the ice 
dynamics (Fig. 4a). However, even if ice thickness is relat-
ed to ice dynamics, the surface elevation does not take into 
consideration the shear strain, which may slow down the 
ice movement. The ice margin slope showed no relationship 
(i.e., a very low correlation coefficient) (Fig. 4b), which in-
fers that the ice margin slope of the ice shelves would not be 
a significant parameter in their ice dynamics.

5. MOrPhOLOGICAL ChArACTErISTICS Of 
OuTLET GLACIErS

As previously mentioned, outlet glaciers and glacier 
tongues are very dynamic and changeable features. Unlike 
ice shelves, outlet glaciers have relatively larger topographic 
variation which means this type of coastal margin has short 
floating ice flows with higher ice margin slopes. The shorter 
floating ice range, active crevasse development, and higher 
inner slope results in the appearance of many topographic 
segments (an average number of 5) in the outlet glacier and 
a shorter ice margin distance of 10.4 km (Table 2).

(a) (b)

(c) (d)

Fig. 3. Two different types of ice shelf profiles: (a) ICESat laser altimetry profiles of the Filchner ice shelf overlaid on MAMM data; (b) representa-
tive ICESat laser altimetry profile of the Filchner ice shelf; (c) ICESat laser altimetry profile of the Shackleton ice shelf overlaid on MAMM data; 
and (d) ICESat laser altimetry profile of the Shackleton ice shelf. (Color online only)

(a) (b)

Fig. 4. Scatterplots of ice velocity and topographic parameters of ice shelves; (a) boundary elevation, and (b) ice margin slope. (Color online only)
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The outlet glacier velocity affects the entire ice sheet 
profile; thus, the outflow conditions may affect the shape of 
the ice sheet topography (Drewry and Robin 1983; Marshall 
et al. 1996). Overall, the outlet glacier boundary elevation 
examined in this study was 29.7 m, with a 7.38° slope. The 
ice margin elevation gradually increased to 39.9 m, with an 
average slope of 0.2° at 5 km, as the profile moved toward 
the upslope of the outlet glaciers (Table 2).

A significant number of outlet glaciers experience ac-
tive iceberg calving and discharge at the ice margin, so the ice 
margin topography varies substantially and can be summa-
rized into two distinctive types. The first outlet glacier type 
discharges ice directly into the ocean at the glacier terminus 
directly without floating. The Lille glacier is an example 
(Fig. 5a). This type of outlet glacier has a relatively high ice 
margin slope with a shorter ice margin length compared to 
the average glacier. The surface profile slope dramatically 
increases as the profile moves towards the upstream. The 
Lille glacier shows a boundary slope of 9.9° and the slope 
indicates a concave shape with slope values of 1.2 - 0.54° 
up slope. The profile slope dramatically increases to 1.73° at 
5 km with an ice margin segment length of 7.3 km (Table 2  
and Fig. 5). In general, this type of outlet glacier sits on 
concave shape surface morphology. This type of profile is 
expected to occur after major iceberg calving, as the float-
ing part of the ice stream, with its extensive ice crevasses, 
is detached. The Denman, Dibble and Underwood glaciers 

have similar profile characteristics as those of the Lille gla-
cier. The Denman glacier shows a boundary slope of 5.08° 
and the surface profile has a concave shape from the coast 
to upstream with slope values of 2.55 to -0.44°. The Dibble 
glacier also has a similar profile pattern and a relatively high 
ice margin slope of 0.16°. The Underwood glacier shows a 
boundary slope of 13.1° and the slope has a decreasing pat-
tern from 2.4 to 0.29 to 0.06° at a 5 km distance. The Den-
man, Dibble and Underwood glaciers have high ice margin 
elevations of 57.1, 60.7, and 62.7 m, respectably.

The second outlet glacier type is characterized by a 
discharged ice stream that floats and extends into the ocean 
in the form of a narrow and elongated shape. This type in-
cludes ice tongues and shows a similar form as ice shelves, 
but with a much shorter ice margin and extensive ice cre-
vasse development that causes surface undulations (Fig. 5). 
These frequent undulations result in profiles consisting of a 
relatively large number of segments, with slopes that alter-
nate between positive and negative until the profile reaches 
the grounded glacier upstream. Figure 5 shows that the Scott 
glacier has similar patterns as those of ice shelves experienc-
ing active iceberg calving and this pattern also appears in 
the Williamson and Bulter inlet. The Williamson glacier has 
a shorter ice margin distance of 4.9 km, a boundary eleva-
tion of 35.8 m, and a boundary slope of 8.41°, and its eleva-
tion fluctuates from 43.2 to 39.1 to 56.4 m. The Bulter inlet 
has a boundary slope of 2.1° and the profile slope changes 

(a) (b) (c)

(d) (e) (f)

Fig. 5. Two different types of outlet glacier profiles: (a) ICESat laser altimetry profiles of the Lille glacier overlaid on MAMM data; (b), (c) repre-
sentative ICESat laser altimetry profile of the Lille glacier; (d) ICESat laser altimetry profiles of the Scott glacier overlaid on MAMM data; (e), (f) 
representative ICESat laser altimetry profile of the Scott glacier. (Color online only)
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from -0.001 to 0.13 to -0.06°. Depending on the location the 
surface undulation magnitude and depth vary significantly, 
while the general slope change tendency is similar. Most of 
the outlet glaciers experience very active iceberg calving at 
the terminus; thus, this type of profile is common for out-
let glaciers. The iceberg production changes significantly 
in both time and space depending on complex interactions 
that include the outlet glacier velocity, degree of crevassing, 
temperature, extent, tidal forcing, and ocean waves. The 
length of the floating part consequently varies considerably 
by location and time (Løset and Carstens 1993).

The relationship between ice velocity and the out-
let glacier topographic parameters was tested in the pres-
ent study. Figures 6a and b show that ice velocity and ice 
margin slope and elevation have negative relationships, but 
the correlation values are very low (R2 value is 0.1402 and 
0.2492). This indicates that topographic parameters alone 
cannot explain the ice dynamics, as the ice dynamics of 
outlet glaciers are more complicated. Further studies that 
consider more parameters are required to determine the 
relationship between the morphology and ice dynamics of 
outlet glaciers.

6. COnCLuSIOnS

The morphological characteristics of Antarctic ice 
shelves and outlet glaciers were analyzed and quantified 
based on ICESat laser altimetry data. The bottom up seg-
mentation algorithm effectively extracted topographic pro-
files and identified the topographic parameters of the Ant-
arctic ice margin. The ice shelves had an average boundary 
elevation of 29.5 m and a slope of 7.8°. From the coast mar-
gin to the inner side of the ice shelves, the slope showed a 
decreasing pattern from 0.4 to 1.2° at 5 km distance. The 
ice shelves had a high ice margin elevation of 48.5 m and a 
long ice margin distance of 18.4 km. The ice margin slope 
of the ice shelves was 0.51°, which indicated that the ice 
shelf surface profile was relatively flat and the number of 
ice shelf segments is 3.2 indicating relatively smaller topo-

graphic variation. The outlet glaciers had an average bound-
ary elevation of 29.7 m and boundary slope of 7.4°. The 
outlet glacier slope value changed from 7.4 to 1.5 to -0.1 
to 0.18°. The outlet glaciers commonly showed alternative 
changes in positive and negative slope with a gentle bumpy 
profile shape whereas the ice shelves had a gentle increas-
ing slope pattern with a nearly flat profile shape from the 
ice boundary to the inner side. The ice margin elevation 
of the outlet glaciers was 40 m, with a slope of 0.07°, and 
they had a shorter ice margin distance of 10.4 km, and large 
topographic variation with 5.03 for the number of segments. 
The outlet glaciers can be divided into 2 types. The first 
type discharges ice directly into the ocean without floating. 
Examples are the Lille, Denman, Dibble, and Underwood 
glaciers. This type of outlet glacier had a higher ice margin 
slope, a shorter ice margin distance and a concave surface 
profile shape. The second type was characterized by an ice 
stream that discharged from the outlet glacier and floated 
and extended into the ocean. Examples are the Scott, Wil-
liamson glaciers, and Bulter inlet. This type of outlet glacier 
has a much shorter ice margin distance, positive and nega-
tive slope changes and a large number of segments. The ice 
margin morphology shows distinctive characteristics de-
pending on the major ice loss process.
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