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Abstract

Observations over the past two decades show substantial ice loss associated with the
speedup of marine terminating glaciers in Greenland. Here we use a regional 3-D out-
let glacier model to simulate the behaviour of Jakobshavn Isbræ (JI) located in west
Greenland. Using atmospheric and oceanic forcing we tune our model to reproduce5

the observed frontal changes of JI during 1990–2014. We identify two major acceler-
ations. The first occurs in 1998, and is triggered by moderate thinning prior to 1998.
The second acceleration, which starts in 2003 and peaks in summer 2004, is triggered
by the final breakup of the floating tongue, which generates a reduction in buttressing
at the JI terminus. This results in further thinning, and as the slope steepens inland,10

sustained high velocities have been observed at JI over the last decade. As opposed
to other regions on the Greenland Ice Sheet (GrIS), where dynamically induced mass
loss has slowed down over recent years, both modelled and observed results for JI
suggest a continuation of the acceleration in mass loss. Further, we find that our model
is not able to capture the 2012 peak in the observed velocities. Our analysis suggests15

that the 2012 acceleration of JI is likely the result of an exceptionally long melt season
dominated by extreme melt events. Considering that such extreme surface melt events
are expected to intensify in the future, our findings suggest that the 21st century projec-
tions of the GrIS mass loss and the future sea level rise may be larger than predicted
by existing modelling results.20

1 Introduction

The rate of ice mass loss from Greenlandic marine terminating glaciers has more than
doubled over the past two decades (Rignot et al., 2008; Moon et al., 2012; Shepherd
et al., 2012). Jakobshavn Isbræ is the largest outlet glacier in terms of drainage area
as it drains ∼ 6 % of the GrIS (Krabill et al., 2000). Due to its consistently high flow25

rate and seasonally varying rate of flow and front position, the glacier has received
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much attention in the last two decades (Thomas et al., 2003; Luckman and Murray,
2005; Holland et al., 2008; Amundson et al., 2010; Khan et al., 2010; Motyka et al.,
2011; Joughin et al., 2012; Gladish et al., 2015b, a). Measurements from synthetic
aperture radar suggest that the speed of JI doubled between 1992 and 2003 (Joughin
et al., 2004). More recent measurements show a steady increase in the flow rate over5

the glacier’s faster-moving region of ∼ 5 % year−1 (Joughin et al., 2008). The speedup
coincides with thinning of up to 15 ma−1 between 2006 and 2012 near the glacier front
(Nielsen et al., 2013) as observed from airborne laser altimeter surveys. The steady
increase in the flow rate and glacier thinning suggest a continuous dynamic drawdown
of mass, and highlights JIs importance for predicting present and future sea level rise.10

In general, reproducing past and present-day observations of the dynamical be-
haviour of Greenland’s outlet glaciers is the key for developing realistic projections
of future changes in the GrIS (IPCC, 2013). The past decade has shown signifi-
cant improvements in the numerical modelling of glaciers and ice sheets (e.g. Price
et al., 2011; Vieli and Nick, 2011; Winkelmann et al., 2011; Larour et al., 2012; Pat-15

tyn et al., 2012; Seroussi et al., 2012; Aschwanden et al., 2013; Nick et al., 2013;
Mengel and Levermann, 2014). Some regional scale glacier models are based on
a flow-line approach (Nick et al., 2009; Parizek and Walker, 2010), which models
the one- or two-dimensional dynamic behaviour of the glacier under consideration.
Flow-line models are computationally efficient and valuable for understanding basic20

processes. However, three-dimensional models are more appropriate in areas of flow
divergence/convergence and/or where lateral stresses are important.

In the last decade, several processes have been identified to control the observed
speedup at JI (Nick et al., 2009; Van der Veen et al., 2011; Joughin et al., 2012). One
is a reduction in resistance (buttressing) at the marine front through thinning or re-25

treat of the floating tongue of the glacier, but the details of the processes triggering
and controlling thinning and retreat remain elusive. Accurately modelling complex in-
teractions between thinning, retreat, and acceleration as observed at JI, is challenging.
Our knowledge of the mechanisms triggering these events is usually constrained to
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the period covered by observations. The initial speedup of JI occurred during the time
when the satellite and airborne observations were infrequent and therefore insufficient
to monitor the seasonal to monthly evolution of glacier geometry and speed.

In this paper, a high-resolution, three dimensional and time-dependent regional out-
let glacier model, developed as part of the Parallel Ice Sheet Model (PISM; please refer5

to Sect. 2.1 The ice sheet model) (The PISM Authors, 2014), is used to investigate the
processes driving the dynamic evolution and the seasonal velocity variation of JI be-
tween 1990–2014. The period prior to 2004 is characterized by sparsely sampled data
with observations available only during 1992, 1995 and between 2000 and 2003. The
second part of 2003 and the first part of 2004 are missing entirely from the available10

observational record (Joughin et al., 2008, 2012). Therefore, we concentrate our efforts
on resolving the degree of seasonal velocity variation before, during, and after the final
breakup of the ice tongue in the summer of 2003 (Luckman and Murray, 2005; Joughin
et al., 2008). Our modelling approach is based on a regional equilibrium run and a time-
integration from 1990 to 2014 where the grounding lines and the calving fronts are free15

to evolve under monthly climatic forcing and oceanic boundary conditions.

2 Methods

2.1 The ice sheet model

The ice sheet model used in this study is PISM (stable version 0.6). PISM is an open
source, parallel, three-dimensional, thermodynamically coupled and time dependent20

ice sheet model (Bueler and Brown, 2009; Winkelmann et al., 2011; The PISM Authors,
2014). The ice dynamic model is the “SIA+SSA hybrid”, with the non-sliding shallow ice
approximation (SIA) for simulating slowly moving grounded ice in the interior part of the
ice sheet and the shallow shelf approximation (SSA) for simulating fast-flowing outlet
glacier and ice shelf systems (Bueler and Brown, 2009). The superposition of SIA and25

SSA sustains a smooth transition between non-sliding, bedrock frozen ice and sliding,
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fast-flowing ice, and it is known to reasonably capture the fast moving grounded ice
(Winkelmann et al., 2011). For conservation of energy, PISM uses an enthalpy scheme
that accounts for the latent heat content within temperate ice (i.e., ice at the pressure
melting point) (Aschwanden et al., 2012).

We start our regional JI runs with an equilibrium simulation on a 125×86 horizon-5

tal grid with 5 km spacing and a vertical resolution of 20 m. The enthalpy formulation
models the mass and energy balance for the three dimensional ice fluid field based
on 200 regularly spaced layers within the ice in a computational domain that does not
extend farther than 4000 m above the bed. The temperature in the bedrock thermal
layer is computed up to a depth of 1000 m with 50 regularly spaced layers. The first10

step is to obtain a 5 km regional equilibrium model for JI using constant mean climate
(i.e. repeating the 1960–1990 mean air temperature and surface mass balance; see
2.1.1 Input data). We consider that equilibrium has been established when the ice vol-
ume in the regional domain changes by less than 1 % in the final 100 model years.
Grid refinements are made from 5 km (125×86) to 2 km (310×213) after 3000 years.15

The length of the simulation with the 2 km grid is 200 years. The model reaches equi-
librium with an ice volume of 0.25 (106 km3) (or a 3.6 % increase relative to the input
dataset from Bamber et al. (2013) adjusted to simulate 1990’s metrics) and horizontal
velocities that do not exceed 5500 ma−1 near the terminus. By the end of the equi-
librium simulation, thin ice (< 400 m) fills the ice fjord up to 2 to 4 km away from the20

1990 observed frontal position. This excess thin ice is calved within the first two years
of the forward simulation. Using our equilibrium simulations with 2 km and with a 10 m
grid in vertical, we integrate forward in time (hindcast) from 1990 to 2014 by imposing
monthly fields of SMB and 2 m air temperatures through a one-way coupling scheme.
The calving fronts and grounding lines are free to evolve in time both during the equi-25

librium and the forward simulation (see 2.1.2 Boundary conditions, calving and ground
line parametrization).
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2.1.1 Input data

The bed topography used in this study is from Bamber et al. (2013). The bed elevation
dataset for all of Greenland has a 1 km spatial resolution and was derived from a com-
bination of multiple airborne ice thickness surveys and satellite-derived elevations un-
dertaken between 1970–2012 (Bamber et al., 2013). The terminus position and surface5

elevation in the Jakobshavn region is further adjusted to simulate 1990’s metrics based
on 1985 aerial photographs and existing satellite altimetry observations (Csatho et al.,
2008). Ice thickness in the JI basin is computed as the difference between surface and
bedrock elevation, which implies that at the beginning of our equilibrium simulation JI’s
terminus is considered grounded. The model of the geothermal flux is from Shapiro10

and Ritzwoller (2004). The input fields of near-surface air temperature and surface
mass balance are from the regional climate model RACMO2.3 (Noël et al., 2015). The
version used in this study is produced at a spatial resolution of ∼ 11 km and is extended
to the end of 2014, to cover the period 1958–2014.

2.1.2 Boundary conditions, calving and ground line parametrization15

In the regional outlet glacier model of PISM, the boundary conditions are handled in
a 10 km strip positioned outside of the JI’s drainage basin and around the edge of the
computational domain. In this strip, the input values of the basal melt, the amount of
till-pore water, ice enthalpy, and lithospheric temperature (Aschwanden et al., 2013)
are held fixed and interpreted as Dirichlet boundary conditions by the conservation20

of energy model (The PISM Authors, 2014). In our model, the three-dimensional ice
enthalpy field, basal melt, modelled amount of till-pore water, and lithospheric temper-
ature are given as simulated in a whole GrIS paleo-climatic spin-up. The paleo-climatic
spin-up follows closely the initialization procedure described in detail by Bindschadler
et al. (2013) and Aschwanden et al. (2013). Along the ice shelf calving front, we apply25

a physically based calving (eigencalving) parametrization (Winkelmann et al., 2011;
Levermann et al., 2012) and an ice thickness condition (Albrecht et al., 2011). The
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calving law is known to yield realistic calving front positions for various types of ice
shelves being successfully used for modelling calving front positions in whole Antarc-
tica simulations (Martin et al., 2011) and regional east Antarctica simulations (Mengel
and Levermann, 2014). The calving fronts and grounding lines are free to evolve in
time. The parameterization of the grounding line position is based on the “LI” param-5

eterization (Gladstone et al., 2010). In the Mismip3d experiments, PISM was used to
model reversible grounding line dynamics with results consistent with full-Stokes mod-
els (Feldmann et al., 2014).

2.1.3 Ocean model component

We use an ocean model component where the melting effect of the ocean is based10

on both sub-shelf ocean temperature and salinity (Martin et al., 2011). The sub-shelf
ice temperature is set to the pressure-melting temperature being applied as a Dirichlet
boundary condition in the conservation of energy equation, while the mass flux from
shelf to ocean applied follows Beckmann and Goosse (2003). This mass flux is com-
puted as a heat flux between the ocean and ice that represents the melting effect of the15

ocean through both temperature and salinity (Martin et al., 2011). We start our simula-
tions with a constant ocean water temperature of −1.7 ◦C which is further scaled in the
ocean-ice boundary layer spatially and temporally based on the ocean water salinity
and on the depth below the ice shelf (see Eqs. 4 and 5 from Martin et al. (2011) and
Table S1 for their respective values). Therefore, the sub-shelf melt rates are dependent20

on the ice shelf thickness. We choose to keep the ocean water salinity constant in time
and space (see Table S1) as the model does not capture the salinity gradient from the
base of the ice shelf through layers of low and high salinity. However, a previous study
conducted by Mengel and Levermann (2014) using the same model established that
the sensitivity of the melt rate to salinity is negligible.25
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3 Results and discussion

Fifty simulations are performed with different sets of parameters. From these results,
we present here the parameterization that best captures the full evolution of JI during
the period 1990–2014 (see Sect. S1 for more details and for the values of the ice sheet
model parameters and Sect. 5 for the evolution of the main driver variables for the5

atmosphere and the ocean).

3.1 Observations vs. modelling results

We calibrated the parameters such that the model reproduces the frontal positions
(Fig. 2) and the ice mass change observations (Fig. 4, please refer to Sect. 3.1.1
Mass change) at JI during the period 1990–2014 and 1997–2014, respectively. The10

procedure for deriving the observed ice mass change is described in Sect. S2. In order
to match the observed front positions a sub-shelf melting parameter (Fmelt) with a value
of 0.198 ms−1 (see Eq. 5 from Martin et al., 2011) is used in our simulations and results
in basal melt rates slightly larger than those obtained by Motyka et al. (2011).

When the modelled velocities in the points S1 to S7 (Fig. 1) are compared with15

available observations from Smith et al. (2010) the model is able to reproduce the
overall pattern of the observed velocities. However, the modelled velocity at point S4 is
underestimated and at point S7 is overestimated. Further for all the points and all the
simulations the model does not capture the anomalous 2012 observed velocities (see
Fig. 3).20

A previous analysis by Joughin et al. (2014) attributes the acceleration and the sum-
mer peak of 2012 to the retreat of the JI terminus to the bottom of an over deep-
ened basin (see Fig. 3 from Joughin et al., 2014). This retreat, which started in 2009
(Joughin et al., 2014), should have triggered an acceleration of JI as soon as the ter-
minus started to retreat in 2009 over the slope of the over deepened basin. However,25

there is no evidence of such acceleration either in the observational record (see Fig. 1
from Joughin et al., 2014), nor in our simulations (see Figs. 3 and 6 and Sect. 3.2,
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2003–2014 for more details). Furthermore, the summer of 2012 is characterized by
exceptional surface melt, covering 98 % of the entire ice sheet surface, including the
high altitude Summit region (Nghiem et al., 2012; Hanna et al., 2014). The three ex-
treme melt events that occurred between 10 July and 10 August 2012 (see Fig. 1a from
Hanna et al., 2014, and Fig. 3 from NSIDC, 2015) might have enhanced hydrofractur-5

ing of the calving front due to melt draining into surface crevasses (MacAyeal et al.,
2003; Joughin et al., 2013; Pollard et al., 2015) resulting in greater and/or faster sea-
sonal retreat and increase the submarine melt at the terminus and the sub-shelf cavity
(Schoof, 2007; Stanley et al., 2011; Kimura et al., 2014; Slater et al., 2015), which
likely triggered the rapid acceleration in the observed ice surface speed in the summer10

of 2012. Overall, the 2012 melt-season was two months longer than the 1979–2011
mean and the longest recorded in the satellite era (Tedesco et al., 2013). An intense
and long melt year leads to strong thinning of the ice, steepening surface slopes, and
has the potential to further sustain the initial acceleration of JI through enhanced lon-
gitudinal stretching. Furthermore, a study by Doyle et al. (2015) found that during an15

amplified melt event (caused by late-summer cyclonic rainfall that occurred between
23 August and 3 September 2011) JIs speed increased by 10 % (see Fig. S3 in Doyle
et al., 2015). Therefore, the influence of enhanced surface melting in JIs dynamics has
been proven. Under normal circumstances (i.e. average melt years), the winter slow-
down is usually able to compensate for the summer acceleration events. The summer20

of 2012 was however preceded by a series of warm summers (2007, 2008, 2010 and
2011) (Hanna et al., 2014), which may have created the conditions under which the
winter slowdowns can no longer compensate for the summer accelerations leading to
an increase in the mean annual flow. Bougamont et al. (2014) showed that a sustained
increase in surface runoff by 50 % may cause some small runoff events to increase25

ice flow magnitudes to those observed in individual supraglacial lake drainage events.
To account for the influence of meltwater runoff and its role in the subglacial system
during such extreme melt events in modelling simulations only by means of inputs from
climate models, is very challenging. There have been very few observational studies of
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meltwater runoff through supraglacial water storage, drainage, and discharge patterns
and therefore these events cannot be represented nor captured accurately by current
ice sheet models without any additional coupling. Failing to accurately represent these
processes may lead to an underestimation of the flow speed during intense melt events
as observed in our simulations (Fig. 3, year 2012).5

3.1.1 Mass change

Figure 4 shows observed and modelled mass change for the period 1997 to 2014.
We estimate the rate of ice volume change from airborne and satellite altimetry over
the same period and convert to mass change rate (see Sect. S2). Overall there is
good agreement between modelled and observed mass change over this period (see10

Fig. 4), and our results are in agreement with other similar studies (Howat et al., 2011;
Nick et al., 2013). Dynamically driven discharge is known to control Jakobshavn’s mass
loss (Nick et al., 2013). The modelled cumulative mass loss is 269 Gt, of which 93 %
(∼ 251 Gt) is determined to be dynamic in origin while the remaining 7 % (∼ 18 Gt) is
attributed to a decrease in SMB (see Fig. 4). Further, the present-day unloading of ice15

causes the Earth to respond elastically. Thus, we can use modelled mass changes to
predict elastic uplift. We compare modelled changes of the Earth’s elastic response to
changes in ice mass to uplift observed at four GPS sites (see Fig. 5 and Sect. S3).
Both model and observations consistently suggest large uplift near the JI front and
somewhat minor uplift rates of few mma−1 at distances of > 100 km from the ice margin.20

3.2 Seasonal variations in velocities

We investigate the processes driving the dynamic evolution of JI and its seasonal vari-
ation in velocity between 1990–2014 with a focus on the initial speedup of JI and the
2003 breakup of the ice tongue. The pattern observed in our simulations suggests
a gradual increase in velocities that agrees well with observations (Joughin et al., 2008;25
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Smith et al., 2010; Joughin et al., 2014) (Fig. 3). Three distinct stages of acceleration
are identified in Fig. 3 (see also Movie 1) and discussed in detail below.

– 1990–1997

The first period of acceleration is caused by a retreat of the front position by
approximately 2 to 4 km between 1990 and 1991. There is no observational ev-5

idence that this retreat actually occurred. It is probably a modelling artefact as
the geometry obtained during the regional equilibrium simulation is forced with
new oceanic and atmospheric conditions. During the first two years, 1990–1991,
the model is still calving the excess thin ice (< 400 m) generated during the equi-
librium simulation. This acceleration results from a reduction in resistive stress10

near the grounding line, generated by the gradual retreat of the front, triggering
a dynamic response in the upstream region of JI.

Starting in 1992 we obtain a good fit of our model to the observed frontal posi-
tions. Disregarding the acceleration observed in 1991–1992, no significant sea-
sonal fluctuation in flow rate is observed during this period. Beginning in 1993,15

a stronger seasonal velocity signal begins to emerge in our simulation that con-
tinues and intensifies in magnitude during 1994 and 1995. In 1996 and 1997,
the frontal extent and the grounding line position remain relatively stable (Figs. 2
and 6), and no significant seasonal fluctuation in flow rate is observed. These
model results agree well with observations, which indicate that the glacier speed20

was relatively constant during this period (Joughin et al., 2004; Luckman and Mur-
ray, 2005).

– 1998–2002

According to observations (Joughin et al., 2004; Motyka et al., 2011; Bevan et al.,
2012), the initial acceleration of JI occurred in May–August 1998, which coincides25

with our modelling results. In our simulation, the 1998 acceleration is generated
by an increase in surface slopes due to thinning both near the terminus and inland
(up to 10 km away from the 1990 front position). These findings are corroborated
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both by observations (Fig. S1) and modelling results (Fig. 6). The thinning starts
in our model in the summer of 1995 and continues to accelerate after 1998 (Figs.
3 and 6). In addition, a small retreat can be observed on the north side of the
fjord, which may be responsible for a reduction in lateral shear (see Movie 1).
We observe a retreat of the grounding line position starting in 1998 that acceler-5

ates thereafter (Figs. 2 and 6). Although thinning appears to have increased in
our model during three continuous years we find little additional speedup dur-
ing the period prior to 1998 (Figs. 2 and 6). According to our simulation, JI’s
speed increased in the summer of 1998 by ∼ 80 % relative to the summer of 1992
(Fig. 3). We attribute most of the observed 1998 acceleration to a reduction in lat-10

eral stress, retreat of the grounding line, and a thinning of the southern tributary
that characterized JI from 1995 to 1998. The period between 1999 and 2002 is in
our simulation characterized by a temporally uniform flow, with no episodes of sig-
nificant retreat. Overall we observe an advance of the terminus between 1999 and
2000 and a retreat of the southern tributary between 2000 and 2002 by ∼ 2 km,15

which correlates with existing observations (Thomas, 2004). Concurrent with the
1998–2001 terminus retreat, the grounding line retreats in our model by ∼ 4 km.
The grounding line retreat sustained by the bed geometry (Figs. 2 and 6) is fur-
ther combined with calving and thinning near the front and results in a reduction
of resistive stresses at the terminus.20

– 2003–2014

In the late summer of 2003, a steep increase in flow velocity can be observed in
Fig. 3, which is driven in our simulations by the final breakup of the ice tongue
(see Figs. 2 and 6). The period 2002–2003 is characterized by substantial retreat
of the front (∼ 4–6 km) and the grounding line (∼ 4 km), which starts in June 200225

and continues throughout 2003. By December 2003 the terminus has retreated
back to the position of the grounding line (see Figs. 2 and 6). In our simulation,
the retreat that occurred in 2003 and the loss of much of the floating tongue
causes a major decrease in resistive stresses near the terminus. By 2004 the
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glacier has thinned significantly both near the front and further inland in response
to a change in the near-terminus stress field (Figs. 3 and 6). During the ice tongue
final breakup, JI reached unprecedented flow rates, which in our simulation are
as high as 20 kma−1 (∼ 120 % increase relative to 1998). The velocities decrease
to 16 kma−1 (∼ 80 % increase relative to 1998) in the subsequent months, and5

JI remains relatively stable with high seasonal fluctuations. The high velocities
observed at JI after the loss of its floating tongue are further sustained in our
simulation by the thinning that occurred in 2004 onward (see Fig. 3) and which
continues to steepen the slopes near the terminus (see Fig. 6). This thinning is
combined in the following years with a reduction in surface mass balance due to10

increased melting and runoff (van den Broeke et al., 2009; Enderlin et al., 2014;
Khan et al., 2014). The period 2004–2014 is characterized in our simulation by
relatively uniform velocities with strong seasonal variations (Fig. 3). During this
period, the terminus remains close to the grounding line position with no episodes
of significant retreat.15

In contrast to other drainage basins of the GrIS where the mass loss and flow speed
slowed down in recent years (Khan et al., 2010; Bevan et al., 2012; Enderlin et al.,
2014), in the Jakobshavn basin both modelled and observed data suggest that the JI
continued to loose mass at an accelerated rate between 2013–2014.

4 Conclusions20

A three dimensional, time-dependent regional outlet glacier model is used to investi-
gate the processes driving the dynamic evolution of JI and its seasonal variation in
velocity between 1990 and 2014. The model parameters were calibrated such that the
model reproduces the frontal positions observed at JI during the period 1990–2014.
We obtain a good agreement of our model output with measured horizontal velocities,25

observed mass change, and GPS derived uplift (Figs. 3–5).

4877

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/4865/2015/tcd-9-4865-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/4865/2015/tcd-9-4865-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 4865–4892, 2015

Glacier dynamics
over the last quarter

of a century at
Jakobshavn Isbræ

I. S. Muresan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

We find that our model is not able to simulate the 2012 spike in flow velocity ob-
served at JI, however, we are able to capture the overall trend in the observed veloci-
ties (Fig. 3). The acceleration that characterizes JI during 2012 is likely the result of an
exceptionally long melting season dominated by extreme melt events (Nghiem et al.,
2012; Tedesco et al., 2013; Hanna et al., 2014) and may not be caused by a retreat of5

the JI terminus to the bottom of an overdeepened basin (Joughin et al., 2014). Mod-
elling the influence of surface processes in flow acceleration only by means of input
data from climate models and without an adequate account of supraglacial water stor-
age, drainage, and discharge patterns as well as their impact on flow, results in models
that are not able to capture the acceleration caused by such intense melt events. Con-10

sidering that the GrIS is highly sensitive to changes in the regional and global climate
and that such events are expected to intensify in the future (Keegan et al., 2014), our
findings suggest that current projections of 21st century mass loss may be underesti-
mated.

Our model results provide evidence for two distinct flow accelerations in 1998 and15

2003, respectively. The first was generated by an increase in surface slope and thinning
prior to 1998; the latter was triggered by the final breakup of the floating tongue. During
this period, JI attained unprecedented velocities as high as 20 kma−1. Additionally, the
final breakup of the floating tongue generated a reduction in buttressing that resulted
in further thinning. As the slope steepened inland, sustained high flow rates have been20

observed at JI over the last decade. In accordance with previous studies (Thomas,
2004; Joughin et al., 2012), our findings suggest that the speed observed today at JI
is a result of thinning induced changes and a reduction in resistive stress (buttressing)
near the terminus correlated with inland steepening slopes.

Furthermore, despite the slow-down of glacier speed in other drainage basins of the25

GrIS over recent years (Bevan et al., 2012; Enderlin et al., 2014), our modelled and
observed results suggest that JI has been losing mass at an accelerated rate, and it
continued to accelerate through 2014 when other glaciers slowed (Fig. 4).
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The Supplement related to this article is available online at
doi:10.5194/tcd-9-4865-2015-supplement.
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Figure 1. (a) Landsat 8 image of Ilulissat fjord and part of Disko Bay acquired in August 2014.
The dark orange triangles indicate the GPS station locations (GPS data shown in Fig. 5). The
polygon defined by light orange borders outlines the location of (c). (b) Grey filled Greenland
contour map. The black filled polygon highlights the JI basin used to compute the mass loss
(Fig. 4) and is identical to Khan et al., 2014. The polygon defined by red borders indicates the
computational domain. The blue border polygon represents the location of (a). (c) Coloured
circles indicate the locations plotted in Fig. 3. The thick black line denotes the JI terminus
position in 1990s. The dotted black line represents the flow-line location plotted in Fig. 6. The
coordinates given outside defining the image gridding (a) and (c) are in polar-stereographic
projection units (km).
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Figure 2. Modelled velocities at Jakobshavn Isbræ for December are shown for seven different
years. The black dotted line denotes the observed front position and the thick black dashed line
represents the modelled grounding line position. The velocities are displayed over a Landsat 8
image acquired in August 2014.
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Figure 3. Time series of modelled (filled circles) vs. observed (filled circles with black edges)
velocities (Smith et al., 2010) (top figure) and ice thickness changes (Krabill, 2014) (bottom
figure) for the period 1990-2014 at the point locations (S1 to S7) shown in Fig. 1c. The same
colour scheme is used for the modelled and the observed data.
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Figure 4. Modelled and observed cumulative mass change for Jakobshavn Isbræ. The blue
curve represents the mass change due to the SMB variability after the 1960–1990 baseline is
removed. The green curve represents the modelled ice dynamics mass change. To estimate
the mass change due to changes in ice dynamics, we subtract the SMB mass change (as
calculated based on RACMO 2.3, Noël et al., 2015) from the total modelled mass change. The
red curve represents the total modelled mass change including both SMB and ice dynamic
changes. The black curve with grey error limits represents the total observed mass change
including both SMB and ice dynamic changes. The modelled mass change for the period 1997–
2014 is ∼ 269 Gt and the observed mass change is ∼ 296 Gt.
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Figure 5. Observed vs. modelled uplift in mm for the stations KAGA (a), ILUL (b), QEQE (c)
and AASI (d). The positions of the four GPS stations are presented in Fig. 1a.
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Figure 6. Modelled evolution of surface elevation (a) and horizontal velocities (b) of Jakobshavn
Isbræ for December along the flow-line shown in Fig. 1c. Note the acceleration in speed (b)
between September 2003 (orange) and October 2003 (light pink) corresponding to the final
breakup of the floating tongue. The black lines in (b) denote observed horizontal velocities
as produced from TerraSAR-X (TSX) image pairs collected between 20 November 2010–1
December 2010 and 8 December 2012–19 December 2012 (Joughin et al., 2010, 2011).
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