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Abstract The mechanisms causing widespread flow acceleration of Jakobshavn Isbræ, West Greenland,
remain unclear despite an abundance of observations and modeling studies. Here we simulate the glacier’s
evolution from 1985 to 2016 using a three-dimensional thermomechanical ice flow model. The model
captures the timing and 90% of the observed changes by forcing the calving front. Basal drag in the trough
is low, and lateral drag balances the ice stream’s driving stress. The calving front position is the dominant
control on changes of Jakobshavn Isbræ since the ice viscosity in the shear margins instantaneously drops
in response to the stress perturbation caused by calving front retreat, which allows for widespread flow
acceleration. Gradual shear margin warming contributes 5 to 10% to the total acceleration. Our simulations
suggest that the glacier will contribute to eustatic sea level rise at a rate comparable to or higher
than at present.

1. Introduction

Jakobshavn Isbræ is the fastest marine-terminating outlet glacier of the Greenland Ice Sheet (GrIS) [Rignot
and Mouginot, 2012]. The disintegration of its floating ice tongue between 1998 and 2004 triggered rapid
calving front retreat, as well as widespread flow acceleration and mass loss [Joughin et al., 2008; Howat et al.,
2011]. Since the disintegration, it has been contributing to eustatic sea level rise at an increasing rate, reach-
ing about 0.1 mm yr−1 in 2011 [Howat et al., 2011]. The mechanisms that sustain the acceleration remain
unclear despite an abundance of observations [e.g., Csatho et al., 2008; Joughin et al., 2008, 2014] and mod-
eling studies [e.g., Truffer and Echelmeyer, 2003; Thomas, 2004; van der Veen et al., 2011; Joughin et al., 2012].
Many marine-terminating outlet glaciers of the GrIS are undergoing similar dynamic changes [Moon et al.,
2014], which are therefore crucial to understand in order to provide reliable projections of the GrIS’s future
contribution to eustatic sea level rise.

Jakobshavn Isbræ discharges ice into the ocean through two branches (Figure 1a) that disconnected in 2004
[Joughin et al., 2008]. The main branch, commonly referred to as “ice stream” [Cuffey and Paterson, 2010] and
as JI in this text, flows significantly faster than the northern branch, and is located in a deep (−1700 m below
sea level) and narrow (about 5–6 km wide) trough (Figure 1b) [Gogineni et al., 2014; Morlighem et al., 2014].
Pronounced shear margins exert a strong control on the flow regime and characterize JI [e.g., Truffer and
Echelmeyer, 2003].

Three hypotheses have been proposed to explain the speedup of JI. The first hypothesis (H1) suggests
that thinning of the ice tongue and retreat of the calving front cause a back force reduction, which is
swiftly transmitted upstream through an unknown mechanism, leading to widespread ice flow accelera-
tion [Thomas, 2004]. The second hypothesis (H2) proposes that the inland flow acceleration is a response
to shear margin weakening corresponding to a local viscosity drop of over 60%, caused by an uncertain
process [van der Veen et al., 2011]. The third hypothesis (H3) argues that dynamic-thinning-induced feed-
backs and basal hydrological processes following the disintegration both increased the driving stress and
decreased the basal drag of the ice stream causing sustained acceleration inland [Vieli and Nick, 2011;
Joughin et al., 2012].
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Figure 1. State and evolution of JI. (a) Observed surface flow velocities (2008–2009, logarithmic scale [Rignot and
Mouginot, 2012]). White arrows show the flow direction. The calving front evolution in Figure 2a is tracked along the
black flow line. Colored triangles denote the locations for velocity comparison in Figure 2b. (b) Bedrock topography in
the same region, shaded relief [Morlighem et al., 2014]. (c) Observed calving front positions of JI from 1985 until end of
2015, derived from Landsat 5–8, ERS-1 and 2, and TerraSAR-X satellite imagery. Location of Figure 1c is shown by red
inset in Figure 1b. Satellite background image: Landsat 7 (1 July 2001)© Google Earth.

These three hypotheses were derived using models that did not include certain important processes, relied
on coarse-resolution observations, and led to different conclusions, underlining that the mechanisms at play
are not fully understood. Recent developments in ice flow modeling, including moving boundary capabilities
in ice sheet models [Bondzio et al., 2016] and the new availability of high-resolution model input data [Joughin
et al., 2014; Morlighem et al., 2014; Howat et al., 2014; Noël et al., 2015], make it possible to overcome these
shortcomings and to provide a more complete analysis. Here we investigate the mechanisms that sustain the
glacier’s ongoing acceleration and mass loss using high-resolution input data and a migrating calving front
in the Ice Sheet System Model (ISSM) [Larour et al., 2012], a state-of-the-art, finite element ice flow model.

2. Ice Flow Model

We compute the ice velocities using the Higher-Order Model [Blatter, 1995; Pattyn, 2003]. We use a linear
viscous basal friction law (supporting information (SI)); equation (1) [Budd et al., 1984] and assume that ice
deformation follows a nonlinear, isotropic flow law [Glen, 1955; Nye, 1957] with a stress exponent n = 3. We
compute the ice viscosity, 𝜇, as

𝜇 = (1 − D) B(T ,w)

2𝜀̇
n−1

n
e

. (1)

Here 𝜀̇e is the effective strain rate, and the ice viscosity parameter, B, depends on the ice temperature, T , and
the microscopic water content, w [Cuffey and Paterson, 2010; Lliboutry and Duval, 1985]. A damage parameter
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field D softens the ice in the shear margins [Borstad et al., 2012]. It is 0.3 near the grounding line and drops
linearly to 0 (no damage) at 70 km distance inland and stays constant in time. The grounding line evolves
based on hydrostatic equilibrium following a subelement migration scheme [Seroussi et al., 2014]. We model
the thermal regime using an energy-conserving enthalpy formulation [Aschwanden et al., 2012; Seroussi et al.,
2013; Kleiner et al., 2015], and we track the calving front position using a level set method [Bondzio et al.,
2016] that has been extended from two horizontal dimensions to three dimensions (3-D) for this study, by
assuming that the calving front remains vertical throughout the simulation. The model does not account for
basal hydrology nor cryohydrological warming [Phillips et al., 2010].

3. Model and Experiment Setup

We set up a 3-D thermomechanical model of Jakobshavn Isbræ in 1985, calibrated using available data sets
(SI, Text S1). We mesh the glacier’s drainage basin [Rignot and Mouginot, 2012] with a horizontal resolution
of 400 m in regions of high strain rates and steep bedrock slopes, and up to 4 km elsewhere. The horizontal
mesh is vertically extruded into 17 layers that are more closely spaced toward the base. The resulting mesh
consists of about 675,000 prismatic P1 × P1 elements. We use a time step of about 1 day.

We simulate Jakobshavn Isbræ’s evolution from 1 January 1985 until 31 December 2015. Along the lateral
boundary, except the calving front, we prescribe observed surface velocities [Rignot and Mouginot, 2012],
as well as ice temperatures from a thermomechanical simulation of the GrIS [Seroussi et al., 2013]. At the ice
surface, we impose annual average surface temperatures and annual cumulative surface mass balance from
RACMO2.3 [Noël et al., 2015]. At the ice base, we prescribe the geothermal heat flux by Shapiro and Ritzwoller
[2004], and the basal boundary conditions of the enthalpy method adjust dynamically to the thermal state
of the base [Aschwanden et al., 2012, Figure 5]. The basal friction coefficient field, inferred from 1985 condi-
tions, is kept fixed throughout the simulations. The submarine melting rate under floating ice is modeled as
a piecewise linear function of depth [cf. Favier et al., 2014]. We impose an ice tongue-averaged melting rate
of 350 m yr−1 until 1990, 270 m yr−1 from 1990 through 1995, and 540 m yr−1 from 1996 onward in order to
account for observed changes in ambient ocean temperatures [Holland et al., 2008; Motyka et al., 2011; Enderlin
and Howat, 2013].

We force the calving front position explicitly from over 500 observations (Figure 1c), which have been com-
piled from Landsat 5–8, ERS-1 and 2, and TerraSAR-X satellite scenes [cf. Moon et al., 2014]. We interpolate
this forcing linearly in the time between two observations. All other forcings and boundary conditions are
kept constant.

4. Results

The calving front retreat from 1998 onward triggers strong flow acceleration and mass loss in the model, which
is in close agreement with observations (Figure 2). Annual average ice velocities double until 2011 along the
entire ice stream (Figure 2b and SI, Figure S3). Ice velocities develop a growing seasonal variability of 20 to
40% of the annual average velocity in regions of fast flow, which is most pronounced close to the calving
front (Figure 2b). The highest seasonal ice velocities occur during rapid retreat when the terminus is grounded
(cf. SI, Movie S1). Basal sliding contributes between 60 and 100% to the modeled motion of JI. Prior to the
disintegration of the ice tongue, the glacier loses about 5.5 Gt of ice per year (Figure 2c). This rate of mass
loss rapidly increases afterward, reaching an average value of 34.1 Gt yr−1 from 2004 onward (Figure 2c). A
sensitivity analysis (SI, Figure S4) shows that these results depend weakly on the prescribed submarine melting
rate, and only if a floating ice tongue is present. Model simulations with a fixed calving front position show no
seasonal variation (SI, Figure S5).

Both the timing and amplitude of summer and winter velocities are in good agreement with observations
(Figure 3a). Prior to the ice tongue’s disintegration, the ratio of modeled to observed ice surface velocities
ranges between 90 and 110%. During and after the disintegration, this ratio decreases to about 80 to 90%.
The highest deviations (>20%) occur at locations closest to the calving front, where ice velocities are sensitive
to the exact calving front position, the grounding line position, the bedrock topography, and errors thereof.
The strongly subdued seasonal signal in the velocity ratio shows that the model reproduces the timing of the
seasonal velocity variation accurately along the entire ice stream.
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Figure 2. Comparison of observations and model results. (a) Calving front positions from satellite observations along
the flow line in Figure 1a. (b) Comparison of observed velocities (triangles) and modeled velocities (lines). Colors
correspond to the triangle locations shown in Figure 1a. Lines are discontinuous when the calving front retreats
upstream of the corresponding location. (c) JI’s modeled mass change (red line) relative to 1 January 2000. The black line
with error envelope shows observed mass changes [Howat et al., 2011], and the black dashed line represents volume
preservation. The grey boxes mark the period of ice tongue disintegration.

Figure 3. Comparison of modeled and observed surface ice flow velocities. (a) Ratio of thermomechanically coupled
(vc) and observed ice surface velocities (vo). (b) Ratio of modeled ice surface velocities without (vu) and with (vc)
thermomechanical coupling. The black dashed lines represent exact matching of the considered velocity values. Marker
and line colors correspond to the colors of the triangles in Figure 1a. Lines are discontinuous when the calving front
retreats upstream of the corresponding location. The gray patches mark the time of the ice tongue disintegration.
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Figure 4. Evolution of the modeled stress regime. Left column: depth-averaged longitudinal stress. The negative sign
denotes compressive stress. (a1) Annual average in 1997. (b1, c1, d1) Change compared to 1997 in indicated years. Right
column: magnitude of the depth-averaged lateral stress. (a2) Annual average in 1997. (b2, c2, d2) Change compared to
1997 in indicated years. Grey and black lines denote bedrock contours at 0 and −1000 m elevation, respectively. The
green line denotes the average modeled grounding line position for each year. Satellite background image: Landsat 7
(1 July 2001)© Google Earth.

After the disintegration of the ice tongue, ice velocities of a thermomechanically coupled model simulation
exceed those of an uncoupled model in which the enthalpy is kept constant (Figure 3b). Prior to and during
the disintegration, the respective ice velocities agree within 1 to 2%. However, the ice velocities of the coupled
model rapidly increase relative to the ones of the uncoupled model by an average of 10% from the end of the
disintegration onward. Their ratio develops a strong seasonal signal that is strongest near the terminus and
decreases to about 5% after 2009. The higher flow velocities of the coupled model and its stronger mass loss
are in better agreement with observations (SI, Figures S4 and S6).

We analyze the glacier’s stress balance in a coordinate system that has been rotated along flow and distinguish
the two horizontal directions as “longitudinal” (along flow) and “lateral” (across flow). Compressive longitu-
dinal stress of up to −12 MPa resists ice flow in JI’s deep trough (Figure 4a1). There, basal drag is low (1 kPa),
and lateral stress (up to 570 kPa per unit depth) transfers most of the ice stream’s driving stress to the adja-
cent trough walls and bedrock (Figure 4a2 and SI, Figures S7a and S8a). The calving front retreat and ensuing
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Figure 5. Evolution of Jakobshavn Isbræ’s depth-averaged ice viscosity. (a) Annual average in 1997 (top color bar).
(b–d) Change compared to 1997 in indicated years (bottom color bar). Grey and black lines denote bedrock contours at
0 and −1000 m elevation, respectively. The green line denotes the average modeled grounding line position for each
year. Satellite background image: Landsat 7 (1 July 2001)© Google Earth.

dynamic thinning decreases the back stress along the lowermost 40 to 50 km of the ice stream by up to
2 MPa (Figures 4b1, 4c1, and 4d1 and SI, Figure S9). The ice stream’s driving stress increases by up to 150 kPa
through surface steepening (SI, Figure S7). Lateral stress transfer increases by 85 to 230 kPa to balance the
stress perturbation caused by calving front retreat (Figures 4b2, 4c2, and 4d2).

JI’s depth-averaged ice viscosity varies over 4 orders of magnitude, from 2.42 × 1016 Pa s inland down to
1.51×1012 Pa s in the shear margins (Figure 5a). The soft ice in the shear margins allows for high flow velocities
in the ice stream. The annual average ice viscosity decreases gradually by 20% to more than 60% during the
calving front retreat (Figures 5b–5d). The largest viscosity drop occurs in the shear margins and near the calv-
ing front once the ice tongue has disintegrated due to the increase in effective strain rate. The viscosity drop
originates from the calving front, instantaneously spreads along the ice stream in a linearly dampened fash-
ion, and diffuses from there to the surrounding ice sheet (cf. SI, Movie S2). Enhanced strain heating following
the disintegration warms the shear margins by up to 2∘C (cf. SI, Figures S10b–S10d), which contributes 20 to
30% to the total viscosity drop.

5. Discussion

The combination of low basal drag in the trough under JI and the nonlinear rheology of ice creates a stress
regime that is highly susceptible to stress perturbations, caused, e.g., by calving front retreat, and allows
for widespread inland acceleration. In agreement with earlier studies [Thomas, 2004; Joughin et al., 2012;
Shapero et al., 2016], basal drag in the center of the ice stream is 1 to 2 orders of magnitude lower than the
driving stress, which therefore has to be transferred laterally to the adjacent steep trough walls. This creates
pronounced shear margins with low ice viscosity that allow for fast ice flow (cf. Figure 5 and SI, Figure S11).
The combination of the trough’s low basal drag and soft shear margins allows to swiftly transfer stress pertur-
bations originating from the calving front tens of kilometers inland through longitudinal stress. Calving front
retreat triggers an instantaneous positive feedback upstream. The ice viscosity is a function of the effective
strain rate, the temperature, and microscopic water content (equation (1)). Any increase in effective strain rate
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thus softens the inland ice, which in turn allows for higher strain rates, higher strain heating, and even faster
flow. Ensuing dynamic thinning steepens the areas surrounding the ice stream, which increases the driving
stress inland, and the softened ice readjusts rapidly to the new geometric configuration (cf. SI, Figures S7 and
S12). Hence, calving front retreat is able to trigger widespread inland acceleration, and JI’s calving rates are
currently the main control on its change.

The thermal regime of the glacier is advection dominated (cf. SI, Figures S10a and S13 and Movie S3). Enhanced
strain heating gradually softens the shear margins during continued calving front retreat, so that ice flow
velocities of a thermomechanical simulation are higher than those of an uncoupled simulation after the dis-
integration of the ice tongue. We conclude that accounting for the thermal regime is important in simulations
of rapidly changing glaciers.

The model studies from which H1, H2, and H3 have been derived were designed to investigate different
aspects of the mechanism interplay during calving front retreat and therefore came to different conclu-
sions. Our results support H1 and reveal the lacking mechanism through which the stress perturbation
caused by calving front retreat is transferred inland. In agreement with H2, shear margin weakening allows
for widespread inland flow acceleration. However, the shear margin weakening is a response to the calving
front retreat and not the initial trigger for the acceleration. Corroborating H3, thinning-induced driving stress
increase through surface steepening contributes to the flow acceleration inland, where basal drag is higher.
The initial viscosity drop facilitates the geometrical adjustment. Thinning-induced grounding line retreat and
the drop in effective basal pressure affect the glacier flow only in the lowest 8 to 10 km upstream of the
grounding line, in agreement with Joughin et al. [2012] and Habermann et al. [2013].

The model accurately reproduces the timing and amplitude of the observed seasonal flow signal when forced
only with the observed calving front position. Therefore, we conclude that the viscosity drop, the trough’s
low basal drag, and the geometrical adjustment are the main drivers behind the observed inland accel-
eration of JI. Physical processes such as major variations in basal hydrology [Joughin et al., 2012; Lampkin
et al., 2013], sudden englacial warming [van der Veen et al., 2011], cryohydrological warming [Phillips et al.,
2010], and development of englacial damage are not necessary to explain the extent and amplitude of JI’s
observed velocities.

Several factors cause the 10% underestimation of flow velocities in the model. For technical reasons, the calv-
ing front position in the model is displaced up to one finite element width downstream of the observed
position [Bondzio et al., 2016]. This systematically increases the back stress in the model, especially after the
disintegration of the ice tongue when the terminus is often grounded and the ice stream is highly sensitive
to the calving front position, the bedrock topography, and errors thereof. The underestimation of the inland
acceleration may be caused by uncertainties in the basal sliding law and in the applied material law. The mate-
rial law does not extend to microscopic water values larger than 1%. However, water content values up to 3%
are found throughout the lower drainage basin of the model in a thick basal temperate layer, and significant
ice warming occurs at the ice base in response to the flow acceleration (SI, Movie S3). Moreover, a larger value
of the stress exponent, n, will allow for larger seasonal velocity variation.

Deep troughs with low basal drag are a common feature under many marine-terminating outlet glaciers of
the GrIS [Morlighem et al., 2014; Shapero et al., 2016], and we expect that the mechanisms described here
apply to these glaciers as well. It is therefore critical to explicitly account for the interplay of the lateral stress
transfer through shear margins, the thermal regime, and the migrating calving front in model simulations of
this type of glaciers. This makes flow line and flow band models unsuitable for producing realistic projections
of future eustatic sea level rise of the GrIS [Nick et al., 2009; Vieli and Nick, 2011; Nick et al., 2013]. Moreover,
realistic projections will require a better material law for temperate glacier ice, better understanding of basal
processes, and a calving rate parameterization that is suitable for continental-scale ice sheet models.

The proposed mechanisms for glacier acceleration imply that JI will continue to retreat and lose mass. Air
and ocean temperatures, ice mélange rigidity, strain rates, and bedrock topography are major controls on JI’s
calving rates [Sohn et al., 1998; Benn et al., 2007; Joughin et al., 2008; Alley et al., 2008; Amundson et al., 2010;
Cassotto et al., 2015; Morlighem et al., 2016]. Ongoing climate warming will further weaken the ice mélange,
and strain rates will remain high while the glacier adjusts to the retreated calving front position. We argue
therefore that the glacier will not readvance in the coming years to decades. Under the most conservative
assumption of calving front stabilization at the current position, additional model simulations show that the
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glacier would contribute 2.77±0.78 mm to eustatic sea level rise until 2100 due to ongoing geometry adjust-
ment to the retreated calving front position (cf. SI, Figure S14). However, the observed calving front positions
over the past three decades and model studies show that rapid retreat occurs over overdeepened bedrock
topography (Figure 1c) [Joughin et al., 2014; Morlighem et al., 2016], which characterizes most of JI’s trough
for the 60 to 70 km upstream of the 2016 calving front position. Therefore, we find the scenario of continued
intermittent calving front retreat significantly more likely, in agreement with Joughin et al. [2012]. This sce-
nario represents a commitment to eustatic sea level rise from JI for at least the next several decades at a rate
comparable to or higher than today.

6. Conclusions

In this study, we model the dynamic evolution of Jakobshavn Isbræ using a 3-D thermomechanical ice flow
model, whose only seasonal forcing is the calving front position imposed from observations. The model repro-
duces about 80 to 90% of the observed widespread acceleration, its seasonal timing, the observed mass loss,
and the glacier’s thermal regime.

Low basal drag in the center of the lowermost 40 to 50 km of JI’s deep trough creates a stress regime where
most of the driving stress is balanced laterally by the trough walls. The stress regime is highly sensitive to calv-
ing front retreat, since the corresponding stress perturbation causes the ice viscosity to drop instantaneously,
which decreases lateral drag. The stress perturbation is therefore only weakly dampened along flow and is able
to cause widespread flow acceleration and dynamic thinning. Shear margin warming through enhanced strain
rates after the disintegration of the ice tongue contributes 5 to 10% to the total acceleration. Geometrical
adjustment to the dynamically thinning ice stream spreads the acceleration inland, which is facilitated by the
lowered ice viscosity. These mechanisms are likely to apply to many other marine-terminating outlet glaciers
of the GrIS, and the interplay of calving front migration, shear margins, and the thermal regime is important
to account for in projections of future eustatic sea level rise. Our simulations suggest that the glacier will con-
tinue to contribute to eustatic sea level rise for at least the next several decades at a rate comparable to or
higher than at present.
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