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Abstract

Photogrammetric reanalysis of 1985 aerial photos has revealed substantial submarine
melting of the floating ice tongue of Jakobshavn Isbrae, West Greenland. We derived 20-
m grid digital elevation models with an elevation uncertainty of +2.8 m and used these to
assess the thinning of the ice tongue as a function of flow line distance. Feature tracking
on orthophotos showed July 1985 ice tongue speeds to be nearly constant from the
grounding zone to the terminus (~ 18.5 m d™). Using ice thickness calculated from
hydrostatic equilibrium and assuming negligible dynamic thinning, we determined an
area-averaged melt rate of 0.60 m d”' (220 m a™") for the main ice stream. We
hypothesize that the cause of the high melt rate is the circulation of warm seawater
(thermal forcing of up to 4.3 °C) beneath the tongue with convection driven by the
substantial discharge of subglacial freshwater from the grounding zone. The terminus
and ice stream were in approximate equilibrium from 1964 to 1997. A dramatic thinning,
retreat, and speedup began in 1998 and continues today. The timing of the change is
coincident with a 1.1 °C warming of deep ocean waters entering the fjord by 1997.
Assuming a linear relationship between thermal forcing and submarine melt rate, average
melt rates should have increased by ~ 25% (~ 55 ma™'). We propose that this increase
was sufficient to destabilize the ice tongue and initiate the ice thinning and retreat that

followed.

Index terms: Cryosphere, Ice Streams, Ice tongues, Submarine Melting, Dynamics
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1. Introduction

Jakobshavn Isbrae (JI) in West Greenland drains ~ 7 % of the Greenland Ice Sheet
(Bindschadler, 1984) and is the largest of the ice sheet’s outlet streams (Fig. 1). JI was
in approximate equilibrium during the period between 1964 and 1997 with the terminus
fluctuating about 1 - 2 km about a seasonally averaged position (Pelto et al., 1989; Sohn
et al, 1998; Csatho et al., 2008). Echelmeyer and Harrison (1990) (EH, 1990 hereafter)
and Echelmeyer et al. (1991) (ECH, 1991 hereafter) reported ice tongue speeds ~ 18 m d°
! for 1985-86 with no seasonal variations. Thinning of the ice tongue began in 1998 and
was accompanied by a 1 — 2 km retreat of the terminus (Thomas et al., 2003; Luckman
and Murray, 2005). Ice tongue speeds began accelerating between 1998 and 1999,
increasing 30 % by 2001 (Thomas et al., 2003; Luckman and Murray, 2005; Joughin et
al., 2004). The continued thinning, retreat, and speedup of JI has been documented by
numerous subsequent investigations (e.g., Podlech and Weidick, 2004; Krabill et al,
2004; Joughin et al., 2004; 2008; Thomas et al., 2008; Amundson et al. 2008; 2009):
speeds have more than doubled, the terminus has retreated more than 15 km, and total
thinning along the lower reaches of the ice stream has exceeded 200 m. The causes of
these rapid and remarkable changes at Jakobshavn have been attributed to a variety of
factors including: 1) increased surface melting inland (Zwally et al, 2002), 2) increased
(or disequilibrium) bottom melting of the ice tongue (Thomas et al, 2003), and/or 3)
changes in ice dynamics associated with force perturbations caused by thinning (Thomas

et al., 2004; Joughin et al., 2008).
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In this paper we explore conditions that existed in the terminus region during its recent
period of relative stability by examining two sets of high elevation (~13,500 m), high
resolution (~2 m) aerial photographs of Jakobshavn Isbrae that were acquired two weeks
apart during July 1985 (Fastook et al, 1995). These historic photo sets have become
increasingly important for documenting and understanding the dynamic state of this
outlet stream prior to the rapid retreat and massive ice loss that began in 1998. The
original photogrammetric analysis of this imagery is summarized in Fastook et al. (1995).
They derived a coarse Digital Elevation Model (DEM) over an area of approximately 100
km x 100 km by interpolation from several hundred positions determined manually from
block-aerial triangulation and derived a number of velocity vectors by photogrammetric
feature tracking. Prescott et al. (2003) examined the terminus region more intensively
and photogrammetrically determined surface elevations and motion vectors for about 500
crevasses on the floating ice, and adjacent grounded ice. Based on their analysis of
strain rates and ice tongue thickness, they estimated that the bottom melt rate along the

base of the floating tongue was at least 109 m a™.

We have re-analyzed these photos sets using digital photogrammetry (BAE Socet Set®)
and significantly improved DEM quality and resolution. We were also able to resurvey
the original land-based photo control points (which are still visible in the field) with
modern GPS survey methods and significantly increased their accuracy. High quality
orthophotos were generated using our improved DEMs and then used for automated
feature tracking to derive a dense set of velocity vectors for the terminus. In this paper we

analyze these new DEMs and orthophotos to specifically assess the degree of submarine
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melting of the tongue during a period when the ice stream was in an approximately
“equilibrium” state. Our analysis shows that substantial submarine melting existed along
the floating tongue in 1985, more than twice that estimated by Prescott et al. (2003). By
extension, we believe these melt rates existed throughout its period of relative stability
(1964 — 1997) and that this melting was a significant factor in controlling ice tongue
thickness. We further propose that significant increases in ocean temperature by 1997
caused the rate of bottom melting to increase, thereby thinning the ice tongue, and that
such changes initiated the destabilization of JI. Evidence for these assertions derives
from a seawater temperature time series in Disko Bay and from comparisons of NASA

Airborne Thematic Mapping (ATM) profile data of the ice tongue to our DEM.

2. Methods, Data, and Uncertainties

2.1 Photogrammetry

The original negatives of the 1985 aerial photos, flown July 10 and July 24, are archived
at Mark Hurd Inc. (Minneapolis). We obtained 14 micron scans for our digital
photogrammetry analysis. Estimated pixel ground resolution is ~ 2 m. Ground control
point (CP) coordinates were surveyed in 1985 by a U. of Maine field party (H. Brecher,
written comm., OSU) using Doppler Satellite Radar (DSR). The CP array consisted of 7
points on land and 7 points on ice. The land-based markers were still visible during our
2007-2009 field campaigns and we resurveyed these points using precision GPS methods.
We found horizontal and vertical biases in the original coordinates of ~-11 m and -4 m

respectively. We used our GPS-determined coordinates for the land CPs and applied a
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transformation to the 1985 ice CP coordinates for our photogrammetric analysis. We
estimate the accuracy of the GPS-surveyed land CPs at & 0.3 m. Brecher (written comm.)
estimated the DSR uncertainty for five of the ice CPs at 0.6, 0.9, and 0.7 m for X, Y, and
Z respectively. The two remaining ice CPs had significantly higher uncertainties but lie

well beyond the terminus, which is our region of interest.

We optimized photo contrast for glacier visibility and used BAE Socet Set (BAE-SS)

digital photogrammetry NGATE software, optimized to perceive the glacier surface, to
derive 20-m-grid DEMs of the terminus region from the two sets of aerial photos. The
software program automatically weights the CPs according to uncertainty to control the

positions and orientations of the photos. The BAE-SS reported RMS model fit was < 1 m.

We assessed the accuracy of the DEMs using various ground truthing data sets. These
data sets are almost exclusively over land and include NASA ATM profiles and our own
kinematic and static GPS surveys, performed during field campaigns in 2006 -2009. We
used tiled ATM data, filtered for slope roughness and excluded land terrain where we
knew the DEM failed to model the land surface. The results of comparing elevations at
~9000 points showed a Gaussian distribution with a standard deviation (3s¢) = 2.8 m and
a slightly negative bias (-0.7 m). Unfortunately, we lack ground truthing data for the
1985 ice surface in the terminus region. However, eight ice positions were surveyed
further upstream by DSR in 1985. We adjusted these positions for biases and estimate
their accuracy at £ 1 m. Comparison of these elevations (adjusted for ablation losses

where needed) to our DEM yielded dsq = 2.4 m, very similar to our land results. Given
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these ice results and that the land points lie in close proximity to the ice margins (<5

km), we assigned an elevation uncertainty of + 2.8 m for the terminus ice surface DEMs.

2.2 Velocities

We generated orthophotos based on our DEMs and used the orthophotos for feature
tracking and velocity determinations at 100-m grid points, using a modified form of
IMCORR (Scambos et al., 1992). The uncertainty of these velocities, based on degree of
pixel correlation, is estimated at + 0.3 m d”'. We generated streamlines from the gridded
velocity field using Matlab (TM) streamline function. These stream lines were then
used to bound regions of the South Branch (SB) to analyze ice fluxes and submarine melt

rates along the floating tongue.

2.3 Seawater Data

During the last three decades the Greenland Institute of Natural Resources (GINR) has
collected CTD data at a station located in Disko Bay, near the village of Ilulissat and
entrance to Kangia Ice Fjord (Fig. 1; ~69.25° N, 51.3° W). Casts were made on an
annual basis at this station from 1980 to 2008 except for 1991 — 1993 and 1996. For
1991 and 1993 we used data from a station about 1 degree further west. There are no
data for 1992 and the closest station in 1996 was 4 degrees further west. The date of
occupation varied from year to year but was always in summer, between mid June and

late August.

2.4 Hydrostatic Equilibrium
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Our goal here is to determine the bottom topography of the floating tongue using the
surface topography of our DEM. We chose the July 24 DEM for this analysis because of
its better image definition. The first step is to adjust for voids created by crevasses. The
resolution of our 20 m grid is sufficient to capture major crevasses, which are spaced
about 100 m apart on the floating tongue and have depths of 20 to 30 m. We applied an
equal weight filter with a radius of 0.5 km to produce a smoothed surface. This
procedure compensates for the voids created by crevassing, which is important when
estimating hydrostatic equilibrium depths. We estimate the uncertainty in void space
using this method at £1 m freeboard, which is equivalent to about 9 m of ice depth. Note

that we ignore any bottom crevassing on the ice tongue.

Since our photogrammetry uses CPs that are based on an ellipsoid, our next step is to
transform surface elevations to mean sea level (msl). We used the EGM96 geoid model
for this conversion. These geoid corrections range from 28 to 29 m across our area of
interest and are nearly linear. Correction for tidal stage is not necessary as the July 24,

1985 photos were flown when tide was at about mean sea level.

The next step is to calculate hydrostatic equilibrium ice depths from the smoothed surface
DEM. This requires assumptions about the density of glacier ice (p;) and seawater (ps).
We use 910 kg m™ for the former based on findings of Liithi et al. (2002) (in upglacier
boreholes) and prescribe an uncertainty of +7 kg m™ (pure ice to “bubbly” ice). The
density of seawater depends primarily on salinity but also on temperature and pressure.

As we will discuss later, there is good evidence for circulation of seawater mixed with
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subglacial freshwater beneath the ice tongue. Summertime CTD data from the GINR
oceanographic station near Disko Bay (Fig. 1) indicates that seawater entering the fjord
across the entrance sill in 1985 (300 — 350 m deep) had a salinity of S = 33.5 and
temperature T = 1.8 °C (cf. Fig. 7). The pressure melting point for S = 33.5 at 800 m
depth (approximate depth at the grounding zone) is -2.5 °C, so the thermal forcing is 4.3
°C. We assume that subglacial freshwater discharge emerging from the grounding zone
mixes with this seawater and that the mixed water forms the buoying medium for the ice
tongue. Based on mixing ratios in waters emerging from submarine melting of tidewater
glacier termini elsewhere (e.g., Alaska (Motyka et al., 2003); fjords north of Jakobshavn
(Rignot et al., in revision); Petermann Glacier (Rignot and Steffen, 2008)), we assume
that the mixed water flowing beneath the tongue is at T ~ 0.5 °C and has a salinity of S =
31. Density ps at this T and S varies from 1026.8 kg m™ at 400 m depth to 1028.7 kg m™
at 800 m depth. We used these values in an iterative process to determine seawater
densities along the base of the tongue. We then used these densities for our analysis of
hydrostatic equilibrium. More dilute (less buoyant) seawater results in greater ice depths,
while more saline seawater (more buoyant) decreases the estimated ice depth. For
example, a change in salinity of = 3.5 would change the estimated ice depth by about £10

m.

2.5 ATM Data
We use NASA ATM flights of Jakobshavn Isbrae to assess changes to the ice tongue
after 1985. We acquired these data sets from W. Krabill (Pers. Comm., 2008 and 2009) in

ICESS format, and then used the XY flight line coordinates to derive 1985 surface
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profiles from our DEM. The latter were then compared to ATM elevations to determine
changes in surface elevations. Repeat ATM lines were also differenced to assess changes
between flights. The first ATM flights over the terminus were conducted in 1993 and
approximately followed the SB centerline (cf. Fig. 8). Subsequent flights of SB were
over the north edge of the ice stream in 1997, 1998, and 2001 and a cross profile at 546
km Easting (UTM zone 22N) in 1997 (cf. Fig. 8). ATM data is also available for a
portion of the NB on a nearly annual basis from 1993 to 2001 (cf. Fig. 8) (Thomas et al.,

2003).

We also acquired ATM data for flights that were flown over land adjacent to the terminus
floating tongue. These data were used to help asses the accuracy of our photogrammetric

DEM, as discussed above. The reported accuracy of the ICESS ATM data is £+ 0.3 m.

2.6 Propagation of uncertainties

The principal sources of potential systematic error in our calculation of hydrostatic
equilibrium thickness of the floating tongue include uncertainties in p; (£ 7 kg m™), pew (+
2.5 kg m™), DEM model bias (+ 0.7 m), Geoid (+ 0.5 m), and estimating crevasse void
space (£ 1 m). In addition, there is a quasi-random uncertainty (cf. Rolstad et al., 2009)
in our DEM elevation determinations of 2.8 m. From propagation of uncertainties, an
ice thickness of ~ 800 m would have an associated uncertainty of £ 50 m. Uncertainty in
thickness is dominated by the uncertainty in p;. We view this as a “systematic”
uncertainty affecting the absolute values of ice tongue thickness; the relative form of the

ice tongue geometry, however, would remain the same.
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3. Results

3.1 Topography and Velocity

A shaded relief image with a 50-m interval contour overlay based on the July 24, 1985
20-m grid DEM is shown in Fig. 2. The results of the velocity analysis are displayed in
Fig.3, overlayed on the orthophoto for July 24. Our speeds are in excellent agreement
with ground-based optical surveys of targets on the tongue reported by EH (1990) and
ECH (1991) but are slightly faster than previously reported photogrammetric results
(Pelto and Hughes, 1989; Fastook et al., 1995). The latter may be a consequence of our
much higher resolution DEM, which allows better registration of orthophotos and
therefore the terminus velocity field. Streamlines derived from the velocity field are also

shown on Fig. 2.

The 1985 ice flow pattern for the South Branch (SB) shows speed increasing as ice flows
into the grounding zone (GZ), reaching a maximum of 19.7 m d”' (Fig. 3b) (see Figs. 2
and 4 for location of GZ). Ice speed then slowed to 18.4 m d™' on the ice tongue and was
essentially constant for the next 8 km with negligible longitudinal strain rates (Fig. 3b). In
the last kilometer before the calving front, speed reached 21.4 m d”'. The dominance of

the 1985 SB ice stream is clearly evident in Figs. 2 and 3.

3.2 Grounding Zone
We use the term grounding “zone” (GZ) (following arguments of EHC, 1991) and

estimate its position to lie between 549.5 km and 550.0 km Easting UTM (Fig. 2) based
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on several arguments. The average ice thickness of the SB at 549.5 km (discussed later)
is ~ 930 (£ 50) m. This thickness is consistent with measurements made of icebergs
related to full-ice-thickness calving events in 2008 (900 + 50 m, Liithi et al., 2009) and
other calving events that occurred in this general vicinity during 2007 and 2008
(Amundson et al., 2008; 2009). This thickness is also consistent with soundings made by
Holland et al. (2008) in the proglacial area (cyan dots in Fig. 2), which exceeded 800 m
in depth. Bed depths slightly greater than 800 m are also consistent with ice cliff heights
determined from our various field surveys during 2007 —2009.  Another indicator of
grounding zone position is the change in velocity: SB ice velocity first increases and then
decreases in the region around 550 km (Fig. 3). Such changes are consistent with
numerical models for changes in speed across a grounding line (Goldberg and Holland, in
press; M. Liithi, pers. comm., 2009). Our position for the GZ differs from Thomas et al.
(2003), who placed the GZ ~2 km further upstream, and Csatho et al. (2008), with GZ ~ 2

km further downstream.

3.3 Bottom Topography of the South Branch

Here we focus on the 1985 bottom topography of the SB, which drains the majority of the
Jakobshavn Isbrae basin and contributes ~ 80 % of the ice entering the floating tongue.
We chose for detailed topographic analysis a ~ 3-km-wide, 10-km-long section of the SB
extending from 541 km to 551 km Easting (10 km) (see Fig. 2 for boundaries). The west
boundary for this “ribbon” of floating ice was dictated by the location of the calving
zone, which lies ~ 500 m west of 541; the east boundary, by the GZ. Shear zones along

the fjord walls pose problems because ice flexure associated with buttressing effects can
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prevent ice from achieving full hydrostatic equilibrium (Lingle et al., 1981). Our velocity
map indicates that the south wall shear zone extends for ~1 km from the south wall
grounding line (Fig. 3) and we therefore positioned the south boundary of the ribbon
accordingly (~ 1.1 km). This boundary also avoids problems with the topographic
feature labeled “Rumple” (ECH, 1991), where we know bedrock is quite shallow and the
ice is not in hydrostatic equilibrium. The shear zone on the north side is more
complicated and much wider (ranging from 1 - 2 km from the north wall grounding line).
We placed the ribbon boundary south of this zone: it roughly coincides with a region
called the “zipper” (ECH; 1991), which is the juncture of ice flow from the two main
branches (Fig. 2). Our choices are in accord with field measurements by Lingle et al.
(1981), which indicated that the floating tongue was fully responsive to tidal flexure at
distances of about 1 — 1.5 km or more from the north wall. Our choice of boundaries also

avoids other ice margin problems associated with our smoothing of the surface terrain.

Figure 4 displays the SB bottom topography based on the assumption of hydrostatic
equilibrium, using our smoothed surface DEM. Our choice of a “smoothing” distance
was a compromise: it needed to be long enough to smooth out crevasse fields but also
short enough not to average out interesting bottom features. Small bottom features cannot
be resolved, because they are not expressed at the surface, but larger features manifest
themselves in the surface elevations in a “smoothed” or “blurred” manner (Rignot and
Steffen, 2008). Despite the qualitative nature of Fig. 4, our analysis reveals the existence
of a large “channel” incised into the bottom of the ice tongue. This channel emanates

from the deepest part of the grounding zone, in the center of the SB, and continues to the
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terminus along the center flowline. The smoothing process has likely made the channel
appear wider and shallower than it is in actuality. There is also a "natural filter" at work
here, i.e., a narrow deep channel would not reveal itself as such on the surface given the
thickness of ice. Nevertheless, we can reasonably state that the channel is at least a

couple of 100 m in width and several tens of m in depth.

3.4 Flux Gates and Submarine melting

Knowing the ice thickness and velocity field of the ice tongue allows us to calculate ice
fluxes through flux gates and thus evaluate the amount of submarine melting occurring
along the SB ice tongue shown in Fig. 4. We assume that velocity did not vary
seasonally during the mid-1980’s (cf. EH, 1990) and, based on the stability of the
terminus position from 1964 — 1997, we assume an approximately steady-state ice
thickness profile. We conservatively place the entrance gate at 549.5 km easting, a
position where we are confident that the ice is in hydrostatic equilibrium. The exit gate is
at 541.5 km easting, to avoid complications with flexure as ice approaches the calving
front and accelerates (Fig. 2). We used streamlines to define our north and south
boundaries so that no ice flux occurs across the lateral boundaries. The net ice loss
between the gates was then computed. An adjustment was made for surface ablation
losses of ~4 ma™ (ice equivalent) on the tongue (Echelmeyer et al., 1992) and the
remainder we attribute to submarine melting. The area-averaged results for the SB flow
band are reported in Table 1. (Note that if the ice was in hydrostatic equilibrium at 550.0

km easting and we chose this as the entrance flux gate, the area-averaged estimated melt
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rate would be ~50 m a”' higher.) Calving, submarine melting, and surface ablation

account for roughly 70, 29, and 1 % of ice losses from the SB floating tongue in 1985.

Table 1. Ice loses between flux gates and

area-averaged melt rates.

“South

Branch”
Net ice loss, km*a™ 5.09 +0.30
Ablation, km®a™ 0.09 + 0.01
Submarine melt rate, km*a™ 5.00 £ 0.30
Area average melt rate, m a™ 220+ 14
Area average melt rate, m d™ 0.60 = 0.04

To obtain more detailed information on the distribution of submarine melting along the
SB flow band bounded by the streamlines, we present submarine melting in two ways. In
the first case, we calculated the width averaged melt rates by analyzing ice flux through ~
3-km wide (perpendicular to flow) gates at every 250 m along-flow interval. To smooth
out noise, we used a 0.5-km along-flow sliding window (0.5 km is the radius of our initial
smoothing of surface topography). The resulting area-averaged submarine melt rates are
plotted in Fig. 5 along with the width-averaged cross-sectional ice thickness. The melt
signal is primarily driven by slopes from our calculated bed topography and is highest
just downstream of the GZ: 1.5 —1.8 md™” (550 - 670 m a™"). Melt rates gradually
decrease until they are no longer detectable between 545.25 — 545.25 km easting, where
velocities and ice thickness are both constant. Melt rates along the remainder of the

tongue range between 0.15—0.50 md™' (55 - 180 ma™).
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We also calculated melt rates by averaging ten grid points (100 m spacing) perpendicular
to flow along a set of narrower flow bands within the larger flow band. Fig. 6 provides
this more detailed melt signal information and shows the values that are being averaged
together in the 3 km wide flow band analysis. Details much less than 0.5 km are lost
because of the smoothing process used in constructing bottom topography. The mottled
pattern is interesting and indicates that the distribution of submarine melting is complex.
There is a "cold spot" right at the center of the grounding zone, perhaps an indicator of
upwelling of cold freshwater discharge or irregularities in the grounding zone. The cold
spot is followed by a "warm spot", a region where we might expect turbulent mixing with
warm ocean waters to be strongest. There are also two "warm spots" along the south
edge of the flow band; one is adjacent to the "Rumple". We are uncertain how to
interpret these spots but they may be related to thicker ice to the south caused by

buttressing effects. The thicker ice could cause the bottom to reach warmer water.

3.5 Seawater Data

Figure 7 displays the temperature data obtained from the GINR CTD casts at Station 26
(Fig. 1). We also included data for 1991 and 1993 from a station 1° further west to fill in
the data gap. (Data for the uppermost part of the water column in 1993 — 1995 are erratic
and appear to reflect local circulation effects; we therefore did not include them in Fig.
7.) The deepest and warmest water (at 300 - 350 m) averaged 1.7 °C during the 1980s.
Despite data gaps, there appears to have been a distinct cooling trend during the mid-90s.
The record then shows that a significant and sustained increase in seawater temperature

occurred at all depths by 1997. Temperatures of deep water (300 — 350 m) averaged 2.8
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°C between 1997 and 2008, an increase of 1.1 °C with respect to the 1980s decade. In

contrast, salinity did not show any significant change between 1980 and 2008.

3.6 Post-1985 surface elevation changes

Comparisons of 1985 DEM and ATM surface profiles (see Fig. 8 for location of profile

lines) and elevation changes are shown in Figures 9 — 12. These profiles are mostly over
floating portions of the terminus, thus it is important to bear in mind that slight changes

in surface elevation can reflect significant changes in overall ice thickness.

Of the ATM lines available prior to the dramatic changes that started in 1998, only one
was flown over the SB (line SB flown on 09-July-93; Fig. 8). Comparison of line SB to
the 24-July-85 surface reveals little change along most of the path, indicating the
terminus remained in a state of approximate equilibrium (Fig. 9). Some changes are
evident both near the terminus and over the GZ. These changes reflect a slight advance
of the terminus and perhaps also the grounding zone. Both of these differences could be
attributed in part to the fact that the ATM profile was flown 2 weeks earlier in the

summer than our July 24, 1985 DEM, and thus may be seasonal effects.

Gradual increase in the elevation of ice on either side of the SB between 1985 and 1997
is evident in the transverse profile that transects the tongue at 546 km easting, about half
way between the GZ and the terminus (line T in Fig. 8) as shown in Fig. 10. This
increase occurs over regions that are known to be grounded or over a shear zone margin,

the latter of which is quite wide (~ 2 km) on the north end of this transect. As discussed
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before, changes in the shear zones may not be readily amenable to interpretation in terms
of hydrostatic equilibrium because of buttressing effects. However, what is interesting is
that ice elevation did not change significantly over the central part of the SB ice stream,
the flow band where we believe ice to be in hydrostatic equilibrium and where we
performed our analysis of melting for Figs. 5 and 6. The lack of significant changes

indicates that the melt channel continued to be very active into 1997.

Line NB, which crosses a section of the NB floating tongue (Fig. 8), had the greatest
frequency of flights during the 1990s and changes that occurred along this flight line have
been reported by Thomas et. al. (2003) and Csatho et al. (2008). Here, we focus on the
tongue and terminus portion of the flight line (Fig. 11). Ice elevations on this section
gradually increased by a few meters during the first part of the 1990’s but then dropped
by ~6 m a™ between 1997 and 1998 with the rate of surface change increasing to ~ 10 m

1. .
a  in succeeding years.

We next examine an ATM path flown on 13-May-97, then again on three separate days
(June 29, July 13 and July 15) in 1998 over the east part of the SB, the “Zipper”, and up a
steep ridge (Line Z in Fig. 8) (elevation changes shown in Fig. 12). Terminus
fluctuations are clearly evident with an advance of ~ 2 km between 1985 and 1997
followed by an abrupt retreat of over 4 km during 1997-98. The 1985 — 1997 advance
may be partly attributable to the 2 month seasonal difference. However, the ice surface

also rose at a rate of ~ 2 m a”' in the region between 545 km easting and the base of the
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steep ridge. In contrast, the surface generally dropped at rates of up to 5 m a™ between
1997 and 1998. An ATM line was flown on 27-May-01 (line Z’ in Fig. 8) but it is not
directly comparable to 1997 and 1998 because the path lies about 300 m north of line Z.
However, a comparison to the 1985 DEM surface is shown in Fig. 12 (dashed lines). To
derive an approximate rate of change in surface elevation between 1998 and 2001, we
assumed that the ice surface in 1998 was at least as high as in 1985. (This assumption is
based on a comparison of 1998 to 1985 profiles along the neighboring flight path Z.) The
average change between 1998 and 2001 from Fig. 12 is ~ -5 to -6 m a”'; we consider
these rates to be minimum estimates as the 1998 surface is likely to have been somewhat

higher than our assumption.

4. Discussion

4.1 Causes of Submarine Melting

The submarine melt rates are surprisingly high. We believe that the direct cause of these
high rates of melting at JI is the circulation of warm seawater that is brought into contact
with the bottom of the ice tongue through convection driven by subglacial freshwater
discharge from the grounding zone (Fig. 4), similar to convection-driven submarine
melting of tidewater glaciers in Alaska (cf. Motyka et al., 2003). We also propose that
the channel shown in Fig. 4 has been incised into the ice by bottom melting caused by
this circulation. The channel location at the deepest and central part of the grounding
zone is consistent with the exit of a large subglacial stream from the grounding zone. In

addition, Pelto et al. (1989) and EH (1990) both reported regions of strong upwelling of
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turbid water along the terminus at approximately the same location where our analysis

indicates that the channel exits at the terminus.

Based on an analysis of surface melting and frictional and geothermal melting at the base,
EH (1990) estimated the subglacial freshwater discharge at the GZ to be 750 — 1500 m’ s
"in summer and 64 — 105 m’s™ in winter. We believe that the magnitude of this
discharge coupled with thermal forcing of 4.3 °C at the grounding zone combined to
produce the observed high rates of melting. The circulation along the base of the ice
tongue is driven by buoyancy. Strongest melting would occur during the summer when
discharge-driven convection would be greatest. A decline in thermal forcing also occurs

as the mixed water ascends in elevation, resulting in a corresponding decline in melt rate

(Fig. 5).

Figs. 5 and 6 display a curious 1-km-long region of little or no melting that lies between
545 and 546 km (easting), about 3.5 km downstream from the GZ. We suspect that this
minimum and also the higher melt rates seen further downstream are related to the
advection of ice through the GZ during winter and summer regimes. The location of
these features at ~ 3.5 and 7 km from the GZ corresponds well with the average speed of
the tongue of 6.74 km a”'. The 1 km long stretch of low melting rates corresponds to ice
that traversed the GZ ~6 months prior to the date of the DEM, in the middle of winter.
The higher basal slopes at ~7 km from the GZ would have traversed the zone of high

melting in the summer of 1984.
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Rignot and Steffen (2008) found submarine melting rates of up to 25 m a™ beneath the 60
km long ice tongue of the Petermann Glacier in NW Greenland, an order of magnitude
less than found for JI in our analysis. Reasons that may explain this difference in melt
rates include: 1) thermal forcing at JI is nearly double that of Petermann; 2) surface
ablation is substantially higher (4 ma™ vs 1.2 m a™"); and 3) the JI drainage basin is
considerably larger. Both 2) and 3) are expected to lead to more vigorous convection and
hence higher rates of heat transfer to the ice. Using radio echo sounding (RES), Rignot
and Steffen (2008) also detected substantial meltwater channels incised into the bottom of
the floating tongue, similar but better defined than the channel we inferred at JI from our

hydrostatic equilibrium analysis.

Our rates are also twice as large as estimated by Prescott et al. (2003). We believe the
reasons for this difference are related to our much better controlled and defined DEMs,
orthophotos, and velocity fields plus our much more thorough analysis of hydrostatic
equilibrium and dynamic thinning. Prescott et al. (2003) also showed the problems
involved in calculating strain rates in this zone of severe crevassing. Our method of using
flux gates (essentially the integrated form of the mass continuity equation) avoids such

problems.

4.2 Triggering of Current Instability
Our analysis of melt rates is based on conditions that existed in 1985. We believe that
these melt rates and the overall thickness geometry of the floating tongue are probably

representative of the Jakobshavn system between 1964 - 1997. These assertions are
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based on the following factors: 1) the terminus remained in a relatively stable position
from 1964 to 1997 (Sohn et al., 1998); 2) the velocity on the floating tongue remained
essentially constant from 1961 to at least 1986 (Pelto et al., 1989); and 3) seawater
temperatures at station 26, although showing some oscillation, showed no significant
long term change during 1980 - 1990. This quasi-equilibrium status appears to have
extended into 1993 based on the similarity of the 1993 tongue surface profile to 1985
(Fig. 9). However, some thickening did take place at the GZ, coincident with an apparent
decline in tongue velocity to ~16 m d”' (Joughin et al., 2004). Velocities remained at this
value, or remained near constant into 1998 (Joughin et al., 2004; Luckman and Murray,
2005) with minor thickening continuing into 1997. The cause of this thickening and
velocity perturbation is likely related to either increased glacier surface mass balance
and/or a decline in bottom melting of the tongue. There is insufficient mass balance data
to assess the former. However, there is evidence for the latter. Although there are gaps
in the seawater temperature record for the period 1991 — 1996 at Station 26, inclusion of
data from the station further west indicates that there was a decline in deep seawater
temperatures during the mid-1990’s, perhaps by as much as 0.5 °C or more. This drop in
temperature would have decreased the degree of thermal forcing, thereby reducing the
bottom melt rate. This reduction in turn would allow thickening of the floating tongue,

causing the observed perturbation.

A major destabilization of the terminus was clearly initiated during the summer of 1998,
as evidenced by glacier thinning, retreat, and speed up (Thomas, 2004; Joughin et al.,

2004; Luckman and Murray, 2005). This destabilization progressively increased in
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magnitude during the following years and continues today. Here, we discuss what we
believe to be the probable trigger for these dramatic changes. Given that submarine
melting accounted for ~ 29 % of ice loss along the SB floating tongue during its recent
“equilibrium” phase, it is reasonable to assume that any significant change in seawater
temperature and/or meltwater discharge would correspondingly affect the ice balance of
the floating tongue. The GINR CTD station near the mouth of the Kangia Ice Fjord
allows us to evaluate the former. Although there are some gaps in the data, the record
does convincingly show that a significant and sustained increase in seawater temperature
took place after1997 (Fig. 7). Holland et al. (2008) argued that an upwelling of deep
warm ocean waters associated with the North Atlantic Irminger Current recently migrated
up the west coast of Greenland, reaching Disko Bay by 1997 and they hypothesized that
this current was the cause of the observed increase in seawater temperature. They also
proposed that the increase in ocean temperature affected the deep waters entering Kangia
Ice Fjord and may have been at least partially responsible for triggering the collapse of JI

that began in 1998.

The depth of the entrance sill into the fjord is 350 m (Holland et al., 2008). We assume
that the circulation pattern in the fjord forces deep waters to cross the sill and continue up
the fjord. If we use the increase in seawater temperatures of ~ 1.1 °C for bottom waters
(Fig. 7) and assume a simple linear relationship between thermal forcing and submarine
melt rate (justified on the grounds that subglacial meltwater discharge is the primary
force driving convection (cf. P. Holland et al., 2008)), then melt rates should have

increased by ~ 25% after 1997 with respect to our derived 1985 melt rates. Applying this
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change to our area-average melt rate of ~ 220 + 14 m a™' gives an increased
(disequilibrium) melt rate of ~ 55+ 4 ma™ for the SB, which we believe would be

sufficient to destabilize the terminus.

Although NASA ATM flights over the Jakobshavn floating tongue are sparse for the
1990’s, they nevertheless do provide evidence for thinning rates that are in accord with
our estimates of disequilibrium melting. The equivalent change in freeboard for a
disequilibrium melt rate increase of 55 m a” would be ~ 5.5 m a”, rates that are readily
detectable from repeat ATM flights. Flight line NB had the highest frequency of flights
but crosses just a portion of the floating tongue. The assumption of hydrostatic
equilibrium is most reliable for the section from 541 to 545 km easting, before the flight
line enters the shear zone and grounded ice (cf. Fig. 2; labeled “floating” in Fig. 11). The
change in freeboard for this section averaged ~-5.5 m a™' during 1997 -1998 then
increased to ~-10 m a™' during 1998 —2001. These values compare well, within the
uncertainty limits, with the expected average change in freeboard, although the rate of

thinning after 1998 may have been influenced by acceleration and dynamic thinning.

We next examine ATM lines Z and Z’ (Fig. 12). These paths traversed the leading edge
of the SB then continued over the “Zipper” juncture (cf. Fig. 8). For the period 1997 -
1998, the change in freeboard varies considerably along line Z but is most pronounced
near the terminus, where it is ~ -5 m a™, again similar to the rate expected from our linear
assumption. There is little or no change in freeboard along the central part of this path.

We note from Fig. 5, that this section of the SB floating tongue experienced the lowest
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rates of melting and the lack of significant change between 1997 — 1998 may be a
reflection of this anomaly. The change in freeboard was again ~ -5 m a™ further

upstream as the flight line approached the ridge between the south and north branches.

The change in freeboard ranged between ~ -5 and -8 m a™' between 1998 and 2001, along
line Z’, again in line with our expectations from increased melting. Actual change may
have been higher, given our conservative assumptions on the 1998 ice surface as

discussed above.

Based on this evidence, we believe that the increased disequilibrium submarine melting
of ~ 55 m a™ was the initial trigger that destabilized the floating tongue. As the tongue
thinned, it continued to lose its mooring on stabilizing features. Upstream, the SB
progressively accelerated, by 30 % between 1998 and 2001, leading to increased dynamic
thinning of ice entering the fjord tongue. This combination of melting and dynamic
thinning eventually caused the total disintegration of the floating tongue and led to the

glacier’s current status.

The period of retreat and acceleration coincided with a gradual and slight increase in air
temperatures and positive degrees days (Thomas, 2004; Csatho et al., 2008; Holland et
al., 2008) and an upward migration of the melt zone on the Greenland Ice Sheet (Steffen
et al., 2004; Hall et al, 2007). These higher temperatures and increased surface melting
would have led to higher rates of subglacial discharge, which in turn would enhance

submarine convection and help drive the melting of the floating tongue. They were not
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the cause of the initial destabilization, as was pointed out by Joughin et al. (2008) at

Jakobshavn Isbrae and by Nick et al. (2009) at Helheim Glacier (East Greenland).

Conclusions

The bottom topography of the July 1985 floating tongue was assessed using high-
resolution DEMs and assuming hydrostatic equilibrium. We used values for ice and
seawater densities and other parameters that are in good agreement with upstream
borehole studies and Disko Bay CTD data. The resultant topography shows a
conspicuous channel incised into the bottom of the floating tongue that we believe to be
the result of convection-driven melting. Our conservative estimate for the position of the

1985 grounding zone is between 594.5 — 550.0 km easting UTM.

Velocities derived from orthophotos in conjunction with ice thickness allowed estimates
of melt rates using ice fluxes. Velocities were essentially constant over most of the 10-
km-long 1985 floating tongue and dynamic thinning was negligible except near the
terminus. The melt signal is therefore primarily driven by slopes from our calculated bed
topography and is highest just downstream of the GZ: 1.5—1.8 md” (550 - 670 ma™).

The area-averaged melt rate is 0.60 m d'(220ma™).

We believe that the direct cause of these high rates of melting is the circulation of warm
seawater that is brought into contact with the bottom of the ice tongue through convection

driven by subglacial freshwater discharge from the grounding zone. Given the relative
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stability of both the terminus between 1964 and 1997 and deep seawater temperatures
between 1980 and 1990, bottom melt rates were probably relatively constant during this
period. Using a simple linear relationship, we propose that a 1.1°C increase in seawater
temperature that occurred by 1997 caused the melt rate to increase by ~55 ma™.
Changes in freeboard determined from post-1997 repeat NASA ATM flights are in good
agreement with our estimate of disequilibrium melting. We therefore assert that the
direct cause of destabilization of the floating tongue was the significant increase in

bottom melting due to an increase in seawater temperature.

In summary, our photogrammetric analysis shows that Jakobshavn Isbrae’s floating
tongue was subject to large submarine melt rates well before its recent retreat. A
subsequent increase in ocean temperatures, caused by an incursion of warm and saline
water (Holland et al., 2008) appears to have thinned the floating tongue to below a
critical threshold and led to its disintegration and a dramatic increase in ice flow
velocities, confirming conclusions by Thomas et al. (2003). Outlet glaciers in contact
with seawater can therefore react very strongly and rapidly to changes in ocean
conditions, confirming conclusions by Motyka et al. (2003) in Southeast Alaska.
Understanding and predicting rapid glacier changes requires a careful study and

monitoring of proglacial fjords and a better understanding of ice-ocean interaction.
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Disko Ba)
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Figure 1. Landsat image showing the terminus of Jakobshavn Isbrae and Kangia Ice
Fjord on 11-July-99. Black line shows terminus in 1985. Star is approximate location of
CTD station 26 for data in Fig. 7.
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Figure 2. Shaded relief image of floating ice tongue and ice streams derived from July
24,1985 photogrammetry (UTM zone 22N). Contour intervals (red) are 50 m (HAE).
Dashed blue box outlines flow band analyzed for ice divergence and fluxes (Table 1;
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Figs. 3 and 4). Center flowlines for SB are shown in blue. 2007 terminus is from SPOT5
imagery. Cyan circles are depth soundings (m) from Holland et al. (2008).
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Figure 3. a) Velocity map of Jakobshavn Isbrae terminus derived from feature tracking,
using July 10 and July 24 orthophotos. b) Velocity (red) and strain rates (blue) along
centerline of SB. Much of the SB floating tongue moves at speeds of about 18.5 m d™.
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Melt Channel

-1000

Figure 4. Bottom topography of a 10 km long, 3 km wide flow band of the south branch
ice tongue derived by assuming hydrostatic equilibrium. Red lines are flowlines.
Contour interval = 20 m.
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Figure 5. Width-averaged melt rates along the bottom of the SB floating ice tongue in
1985. Width-averaged depths of ice tongue with respect to sea level also shown.
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Figure 6. Map (km, UTM) showing distribution of bottom melting along the floating
tongue in 1985. Analyses are along streamlines. Details much less than 0.5 km are lost
because of the smoothing process used in constructing bottom topography.
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Figure 7. Summer seawater temperatures at various depths in Disko Bay at Station 26
near fjord entrance. Although there are data gaps for 1992 and 1996, there appears to
have been a cooling trend during the mid-90’s . Temperatures increased at all depth by
1997. Dashed lines indicate averaged temperature for depths of 300 — 350 m for 1980 —
1991 and 1997 - 2008.
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Figure 8. NASA ATM flight lines overlain on orthophoto of July 24, 1985 terminus (UTM
zone 22N). Line labels are keyed to Figures 9 -12. Cyan dots are water depths (m) from
Holland et al. (2008).
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777

778  Figure 9. Surface profiles (a), change in elevation (b), and bottom profile (c) along 1993
779  ATM line SB between July 24, 1985 and July 9, 1993 (Fig. 8). The bottom profiles (c)
780  were calculated assuming hydrostatic equilibrium. The similarity in profiles lends

781  validity to our assumption that terminus geometry was relatively stable during this period
782  although the GZ appears to have migrated down-channel by about 0.5 km.
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Figure 10. ATM transverse profile “T”” (Fig. 8) compared to 1985. SSM, MWC, and
NSM locate the south wall shear margin, the “meltwater channel’, and the north wall
shear margin, respectively. Thickening of ice is evident on either side of the SB flow
band but not over the flow band itself
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Figure 11. Surface profiles (a) and change in elevation per year (b) for ATM line NB
(Fig. 8). “T”” marks the area where terminus fluctuations occur along this line: the
terminus gradually advanced until 1997, then retreated 2 km by 1998 only to readvance
again in 2001. The terminus along line NB was afloat to about 546 km Easting. This
portion of the tongue gradually thickened between 1985 and 1997 as evidenced by a rise
in free-board of ~2 m a™*. Rapid thinning was underway by 1998: the average change in
surface elevation of -6 to -10 m a™* between 1998 and 2001 corresponds to a rate of
thinning of 60 to 100 m a™.
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802  Figure 12. ATM profiles Z (solid) and Z’ (dashed) flown over the terminus (Fig. 8).
803  Changes in freeboard between 1997 and 1998 and in subsequent years are in good
804  agreement with thinning of floating ice by disequilibrium bottom melting.
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