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[1] Large calving events at Greenland’s largest outlet
glaciers are associated with glacial earthquakes and near‐
instantaneous increases in glacier flow speed. At some
glaciers and ice streams, flow is also modulated in a
regular way by ocean tidal forcing at the terminus. At
Helheim Glacier, analysis of geodetic data shows
decimeter‐level periodic position variations in response to
tidal forcing. However, we also observe transient increases
of more than 100% in the glacier’s responsiveness to such
tidal forcing following glacial‐earthquake calving events.
The timing and amplitude of the changes correlate
strongly with the step‐like increases in glacier speed and
longitudinal strain rate associated with glacial earthquakes.
The enhanced response to the ocean tides may be
explained by a temporary disruption of the subglacial
drainage system and a concomitant reduction of the
friction at the ice‐bedrock interface, and suggests a new
means by which geodetic data may be used to infer
glacier properties. Citation: de Juan, J., et al. (2010), Sudden
increase in tidal response linked to calving and acceleration at a
large Greenland outlet glacier, Geophys. Res. Lett., 37, L12501,
doi:10.1029/2010GL043289.

1. Introduction

[2] Mass loss from the Greenland Ice Sheet is accelerating
[Velicogna, 2009], partly due to dynamic changes at its
outlet glaciers, which have exhibited increased flow speeds,
terminus retreat, and thinning [e.g., Joughin et al., 2004;
Krabill et al., 2004; Howat et al., 2005; Rignot and
Kanagaratnam, 2006; Luckman et al., 2006; Stearns and
Hamilton, 2007]. Observations and modeling suggest that
these changes begin at the calving terminus and propagate
upglacier [Howat et al., 2005; Stearns and Hamilton, 2007;

Amundson et al., 2008; Nettles et al., 2008; Nick et al.,
2009].
[3] Dynamic changes related to calving processes at these

glaciers can occur on very short time scales, from minutes to
hours [Nettles et al., 2008; Amundson et al., 2008]. Analysis
of geodetic data from Helheim Glacier demonstrates that
calving, glacial earthquakes, and rapid acceleration of the
glacier trunk occur nearly simultaneously [Nettles et al.,
2008]. Current interpretations suggest that large icebergs
produced in calving events overturn, exerting a force on the
glacier and solid earth, causing glacial earthquakes [Joughin
et al., 2008a; Nettles et al., 2008; Amundson et al., 2008;
Tsai et al., 2008]. The resulting loss of mass at the calving
front reduces resistive stresses near the terminus, and allows
the glacier to accelerate [Howat et al., 2005; Nettles et al.,
2008]. A similar acceleration of ice streams in Antarctica
has been observed following loss of ice‐shelf buttressing
[Scambos et al., 2004; Rignot et al., 2004].
[4] In Antarctica, smaller forcings due to ocean tides have

been observed to affect the dynamics of some ice streams,
even far upglacier from the grounding line. Small earth-
quakes and stick‐slip glacier flow at Whillans Ice Stream are
controlled by diurnal tides [Bindschadler et al., 2003; Wiens
et al., 2008], and Rutford Ice Stream responds at semi‐
diurnal, diurnal, semi‐monthly, and semi‐annual periods to
tidal forcing [Gudmundsson, 2006; Murray et al., 2007].
Most observations show that glaciers and ice streams flow
faster during the falling tide and slower with the rising tide
[Anandakrishnan et al., 2003; Gudmundsson, 2006; Murray
et al., 2007], owing to the change in back pressure at the
grounding line [Anandakrishnan and Alley, 1997; Thomas,
2007].
[5] Fast‐flowing glaciers in Alaska have also shown

speed variations related to ocean tides [e.g., Meier and Post,
1987], but little is known about tidal effects on the flow of
outlet glaciers in Greenland. Previous workers observed
tidal modulation of flow speed on a floating section of
Kangerdlugssuaq Glacier [Hamilton et al., 2006; Davis et
al., 2007], and the lower part of Jakobshavn Isbrae
[Echelmeyer et al., 1991], but characterization of the glacier
response has been limited by sparse data. Here, we use a
large dataset of geodetic observations to characterize rapid
changes in outlet‐glacier response to tidal forcing associated
with calving events and glacial earthquakes.

2. Data and Methods

[6] During the boreal summer seasons of 2007 and 2008,
we acquired continuous Global Positioning System (GPS)
measurements at sampling intervals of 1–5 s at several
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locations on Helheim Glacier (Figure 1a), and at three
nearby locations on bedrock, for a period of ∼2 months
[Nettles et al., 2008]. We estimate the time‐dependent
position of the GPS sites on the surface of the glacier rel-
ative to the static antennas on bedrock at 15‐s intervals
using the TRACK software package [Chen, 1998], as
described by Nettles et al. [2008].

[7] During part of the observing period, we also operated
a water‐pressure gauge ∼35 km from the glacier terminus to
obtain a record of ocean tides. To extend the tide record to
the full GPS observing period, we use the AOTIM‐5 model
[Padman and Erofeeva, 2004] to compute the ocean‐tide
height at an open‐ocean location near the mouth of the
glacial fjord (Figure 1a). The predicted tide agrees well with
observed water heights during periods when measurements
are available. The measured tide in the fjord is in phase
(within 3 minutes) with the predicted tide, and their ampli-
tudes agree at the cm‐level.
[8] We estimate the response of the glacier to the ocean

tide by performing a least‐squares fit to the geodetic posi-
tion estimates using a model that includes a mean glacier
flow velocity, a mean acceleration when warranted, and an
admittance parameter relating the ocean tide height to
deviations in glacier displacement from the mean flow. The
admittance parameter is thus the ratio between the amplitude
of the tidal response of the glacier and the amplitude of the
ocean tide. We also estimate a delay between the ocean tide
and the response of the glacier by performing a c2 grid
search at 5‐minute time steps. We compare the fits achieved
using a constant‐speed and a constant‐acceleration model
with an F‐test at 95% confidence, and we also evaluate a
constant‐speed model that does not include a tidal signal,
enabling us to assess the significance of the tidal signal and
the acceleration for a given day and site. We analyze each
day independently, and also perform fits to shorter time
periods bounded by glacial earthquakes [Nettles et al., 2008].
We consider data from ice sites located up to ∼12 km behind
the calving front (Figure 1a), where the amplitude of the
tidal variations decays to ∼1 cm.

3. Results

[9] During summer 2007, Helheim Glacier flowed at a
mean speed of ∼25 m/day near the calving front, and at
∼12 m/day at locations ∼25 km upglacier, as reported by
Nettles et al. [2008]. In summer 2008, glacier flow was
slower (the site located closest to the calving front flowed at
a mean speed of ∼20 m/day) and less variable. The largest
variations in flow speed — step‐like increases in glacier
velocity that are coherent throughout the GPS network —
are associated with glacial earthquakes [Nettles et al., 2008].
These changes in flow velocity decrease with distance
upglacier, resulting in an increase in longitudinal strain rate.
[10] The along‐flow motion of Helheim Glacier varies

such that the glacier position is advanced at low tide and
retarded at high tide (Figure 2) with respect to mean flow.
We interpret this out‐of‐phase response of the glacier to
tidal forcing as resulting from stress fluctuations on the
terminus caused by variations in hydrostatic pressure asso-
ciated with the ocean tides [e.g., Anandakrishnan and Alley,
1997]. We observe variations in the time delay of the
response of 0–4 hrs, but the accuracy of the time‐delay
estimates does not allow the identification of any propaga-
tion of the tidal signal along the glacier. For all days studied,
the tidal admittance parameters show an exponential decay
with distance from the calving front, consistent with
observations and model results of previous workers
[Anandakrishnan and Alley, 1997]. Results from several
representative days are shown in Figure 1b. During the time
periods considered here, we observe no significant tidal

Figure 1. (a) Left inset: southern Greenland, white dots
show the locations of glacial earthquakes [Tsai and
Ekström, 2007]. Arrow marks the location of Helheim
Glacier. Right inset: Map of the region showing the glacial
fjord. Red dot: location of water‐pressure tide gauge. Black
dot: location for ocean‐tide prediction. Main figure:
Deployment location of GPS stations at Helheim Glacier in
the summer of 2007, overlain on a 2001 LANDSAT image.
Blue dots: ice stations used in the analysis of the events on
days 189–190. Yellow dots: reference stations. Black dotted
lines show the position of the calving front at two times
during the summer (easternmost line, July 4; westernmost
line, August 15). (b) Admittance of along‐flow response to
ocean‐tidal forcing as a function of distance from the
calving front position on day 185 (2007), fitted with an
exponential function, for four days encompassing the time
of the glacial earthquakes on days 189 and 190. The sites
located off the glacier centerline are not included in the
exponential fit.
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signal in the vertical or cross‐flow directions, indicating that
the glacier tongue was grounded at the times and locations
(very near the calving front) that we examine.
[11] Typically, tidal admittance amplitudes vary little

from day to day. However, following glacial earthquakes the
tidal admittance increases suddenly by a factor of as much
as ∼2.5 (Figure 2). During the two seasons, six large glacial
earthquakes occurred [Nettles et al., 2008], clustered in three

different time periods: two in summer 2007 and one in
summer 2008. The example shown here (Figures 1–3a),
from 2007 and encompassing three earthquakes, is associ-
ated with the largest increase in velocity and largest increase
in tidal response. The other events, occurring for different
positions of the calving front in the fjord, show consistent
behavior (Figure 3b).
[12] An immediate increase in tidal response following the

earthquakes is clear from visual inspection of the signal in
Figure 2b. Following the two glacial earthquakes on day
190, the admittance of the tidal signal increased by a factor
of ∼2.5, coincident with an increase in velocity of ∼2 m/d.
The first of the earthquakes shown in Figure 2b, on day 189,
is associated with smaller changes in tidal response and flow
speed. Like the change in flow velocity [Nettles et al.,
2008], the change in tidal admittance decreases with dis-
tance upglacier (Figure 1).
[13] The enhanced tidal response lasts for one to two days

after the glacial earthquake. The decrease in tidal response is
temporally linked to a deceleration of the glacier (Figure 3a).
However, unlike the tidal response, the glacier velocity
typically recovers only partially. Both the magnitude of the
change in tidal response following a glacial earthquake and
its subsequent decrease correlate with changes in flow speed
observed at those times (Figure 3b). Other variations in tidal
response during the summer are small compared with
changes associated with glacial earthquakes. As expected,
the ocean‐tide record varies smoothly and continuously
throughout the period of increased tidal response (Figure 2a),
with the exception of small tsunamis caused by the calving
process [Nettles et al., 2008] that attenuate well before the
tidal response recovers.

4. Discussion and Conclusions

[14] Our results indicate a temporal relationship between
the glacier’s enhanced response to tidal forcing and the flow

Figure 2. (a) Black line shows predicted ocean tide at an
ocean location near the mouth of the glacial fjord (Figure 1a).
Red line shows observed tide within the fjord. (b) Blue dots
show estimates of horizontal position (site IS22) along the
direction of glacier flow relative to a best‐fit mean speed v, for
three time periods separated by glacial earthquakes. Green line
shows tidal function fitted to these estimates, with admittances
A. The rms misfit is less than 16 mm for the examples shown,
and is typical for our analyses. Yellow lines indicate the times
of glacial earthquakes [Nettles et al., 2008].

Figure 3. (a) Admittance amplitudes for the glacier response to the ocean tide in the along‐flow component of motion, and
velocity of the four GPS stations located closest to the calving front (see Figure 1a) for seven days in 2007 encompassing
the time of three glacial earthquakes (yellow lines). Uncertainties are plotted as vertical bars. (b) Correlation between
admittance‐amplitude change and fractional velocity change for the four sites located closest to the calving front, with best
linear fit (black line; correlation coefficient of 0.86). Values are plotted for each of the two days following the glacial
earthquakes on days 189 and 190, 2007 (color coded as in Figure 3a), day 225, 2007, and day 214, 2008. Uncertainties are
plotted as horizontal and vertical bars. For many estimates, error bars are smaller than the size of the symbols.
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acceleration and increased longitudinal strain rates that fol-
low glacial‐earthquake calving. Although the tidal stress is
applied at the glacier terminus, the change in sensitivity to
tidal forcing is observed at least 12 km upglacier after a
glacial‐earthquake calving event, indicating a coupling of
flow characteristics over at least this distance. The loss of
ice itself is unlikely to be the cause of the increased tidal
response: while sustained flow‐speed increases can be
attributed to a long‐term loss of ice at the glacier terminus,
the rapid recovery of admittance amplitudes to pre‐event
values demonstrates that the change in distance to the
calving front is not the primary control on the temporal
variation in glacier tidal response. The recovery also occurs
before the glacier front has readvanced significantly in the
fjord, since the rate of advance is limited by the speed of
glacier flow. A temporary decrease in resistance at the
glacier bed would, however, enable the glacier to respond
with higher amplitude to the tides.
[15] Although the velocity of fast‐flowing outlet glaciers

is less sensitive than that of ice sheets to enhanced meltwater
input [Joughin et al., 2008b; van de Wal et al., 2008] it has
been shown that they can respond to fluctuations in melt
[Joughin et al., 2008b; Andersen et al., 2009]. At Helheim
Glacier, velocity variations of up to ∼5% have been found to
be correlated with melt fluctuations with a 1‐day time lag,
the correlation being more significant near the front of the
glacier [Andersen et al., 2009].
[16] Following large calving events associated with gla-

cial earthquakes, the glacier experiences an increase in
surface velocity and strain rate. Since fast‐moving outlet
glaciers flow mainly by basal sliding, we expect a change in
strain rate at the glacier surface to lead to a similar change at
the glacier base. This change in strain rate may disrupt the
subglacial hydrologic system, reducing the volume of water
that can be accommodated in subglacial channels and
increasing basal water pressure, further lubricating the ice‐
bedrock interface and enabling the glacier to enhance its
response to the tides. Such reorganization of the basal
hydrological system has been shown to act as a mechanism
for glacier surges [e.g., Kamb et al., 1985].
[17] At Helheim, the disruption of the hydrological sys-

tem is expected to be temporary, with more efficient
drainage re‐established as strain rate is reduced. Further-
more, this effect would cause a temporary additional
acceleration, above the longer‐term speedup caused by the
loss of resisting forces at the terminus, that would recover at
the same time as the tidal response.
[18] Alternatively, the nonlinear rheology of the ice may

provide a mechanism for enhanced response to tidal forcing
as velocity and strain rate increase.
[19] Our analysis demonstrates that large calving events

rapidly change the response of Greenland’s outlet glaciers to
steady forcings, such as the ocean tide, in addition to
inducing both temporary and persistent changes in the gla-
ciers’ flow regime, and highlights the need for understand-
ing the mechanisms that induce such responses.
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