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Thomas et al., 2003). Following 50 years of com-
parative stability (Csatho et al., 2008; Sohn et al.,
1998), JI’s floating terminus began to retreat in
October 1998 (Luckman and Murray, 2005) and
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4 Marine-terminating outlet glacier
dynamics and fjord circulation
Recent research into the role of AW has led to
increased consideration of the factors control-
ling its distribution within glacial fjords. A
number of possible controls have been identi-
fied (Figure 9), including: the temperature,
salinity and volume of subtropical waters at the
continental shelf; along-shore wind patterns;
storm tracks; and fjord stratification (Christof-
fersen et al., 2011; Nilsen et al., 2008; Straneo
et al., 2010, 2011). Fjord circulation can also
be influenced by subglacial meltwater, which
forms a rising plume of cool, buoyant water at
the calving front and promotes a compensatory
inflow of warmer water at depth (Figure 9)
(Motyka et al., 2003, 2011; Straneo et al.,
2011). Thus, plumes may substantially increase
submarine melt rates (Jenkins, 2011; Motyka
et al., 2003; Seale et al., 2011) and model results
suggest that melt increases linearly with oceanic
warming and to the power of one-third with sub-
glacial discharge (Jenkins, 2011; Xu et al.,
2012). A key implication of this relationship is

that positive feedbacks could develop, whereby
atmospheric warming increases subglacial dis-
charge and ice sheet runoff, which strengthens
the plume and enhances submarine melt rates
(Seale et al., 2011). Feedbacks between glacier
runoff and ocean properties have been identified
as a potential trigger for recent retreat in south-
eastern Greenland (Murray et al., 2010; Seale
et al., 2011) and variations in meltwater produc-
tion may be an important control on AW distri-
bution in the region (Murray et al., 2010).

V Sea ice forcing
The increasing focus on oceanic forcing has led
to further consideration of the influence of sea
ice on marine-terminating Arctic outlet glacier
behaviour (Figure 3). Although sea ice is
discussed separately, it should be noted that it
is influenced by both air and ocean temperatures
(Figure 3) and that these factors are not indepen-
dent. It should also be noted that sea ice concen-
trations may significantly affect SMB, through
their influence on accumulation and ablation
patterns (Figure 3) (e.g. Bamber et al., 2004;

Figure 9. Schematic illustrating the circulation pattern and water properties within a large Arctic outlet gla-
cier fjord. Fjord circulation and water mass depths are based on conditions within Helheim Glacier fjord
(Straneo et al., 2011). The primary controls on fjord circulation are thought to be water properties at the
continental shelf, wind/storm tracks and glacial meltwater input.
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MODIS image of Sermilik Fjord showing the 2009 and 2010 station
position, including the position of Helheim’s front. The magenta line
indicates the along-fjord axis used in Fig. 3.

that the circulation at the ice edge is strongly influenced by the
density contrast between PW and STW, the seasonal runoff from
the glacier and the vigorous circulation of the fjord.

In summer (winter), the STW in Sermilik Fjord were 0.7 (1)
kgm�3 denser than the PW, resulting in a strongly stratified
interface, between the depths of 150 and 250m (Fig. 2). This
interface is a stratification maximum in winter, when the PW are
mostly unstratified, and is the base of an increasingly stratified
layer in summer, when the surface layer is a mixture of PW and
fresher waters (Fig. 2c). The temperatures of the waters differed in
summer and winter, suggesting that melting is driven by both water
masses in summer but only by STW in winter, when PW are at
freezing temperatures (Fig. 2a). Our surveys, furthermore, revealed
that STW were almost 1 ⇥C warmer in winter (Fig. 2a, consistent
with the seasonal cycle on the shelf14), raising the possibility that
wintermelt ratesmight be larger than those in summer.

Complex circulation near the ice edge
Submarine melting results from a transport of heat to the ice
edge associated with an inflow of ‘warm’, ambient water and
an outflow of a ‘cold’ mixture of ambient water, meltwater and
runoff (glacially modified water, GMW). In the idealized estuarine
tidewater glacier system, this transport is driven by entrainment
in the subglacial discharge plume—that is by the glacier itself. In
Sermilik Fjord, however, the net heat transport is probably due
to a more complex circulation driven by external forcing (such

as wind, tides and exchanges with the shelf) as well as by the
glacier. Evidence of such a circulation was found in 2008 (ref. 14),
in the lower half of the fjord, and in 2009, when we measured
velocities within 20 km of Helheim Glacier. These data show that
the instantaneous circulation is dominated by fast currents which
reverse with depth and in time, probably wind-driven transients14
and internal seiches20 (see Supplementary Information). These
externally forced flows probably contribute to the heat transport
but, also, cause it to vary greatly over hours and days—suggesting
that instantaneous velocity measurements cannot be used to infer
the mean heat transport (see Supplementary Information). The
alternative approach used here is to qualitatively reconstruct the
mean, heat-transporting circulation by identifying the pathways of
GMW outflow and ambient water inflow. To do this, we make
several assumptions. First, we assume that the distribution of
properties reflects the weekly to monthly averaged circulation—as
opposed to the high frequency flows observed. This is legitimate
for the observed flow speeds and periods shorter than a day (which
includes tides, barotropic and internal seiches) as they will mostly
transport properties back and forth over tens of kilometres or less.
Second, we assume that the circulation is mostly two-dimensional
in the along-fjord direction. This assumption is supported by the
limited across-fjord variability observed both in 2008 and 2009
and is consistent with the fact that Sermilik is a narrow fjord,
not strongly influenced by rotation. Third, we assume that the
properties within the fjord are primarily controlled by the exchange
with the shelf, at the mouth, and the interaction with Helheim
Glacier at the head, whereas surface fluxes have limited impact.
This is justified both in summer, when the surface fluxes are small
and confined to a thin surface layer, and in winter, when the
fjord is mostly insulated by sea ice. At the mouth, rapid fjord/shelf
exchange14 will tend to restore the fjord’s properties to those of the
ambient waters on the shelf, which, because of their large volume,
are unaffected by the glacier. At the ice/ocean boundary, freshening
and cooling of the fjord’s waters will result from melting of ice and
from glacial runoff21,22. Finally, except for a narrow boundary layer
at the ice edge, where vertical motions are expected to dominate,
we assume the circulation in the fjord to be horizontal, consistent
with mostly flat isopycnals (except near the glacier) and the large
stratification we observe.

As vertical gradients dominate the along-fjord sections of tem-
perature and salinity (Fig. 3a–d) we use along-fjord anomalies—
defined as the change at a constant depth (or, for much of the
fjord, along an isopycnal) from conditions 37 km into the fjord
(⇤ section 3, characteristic of the ‘mouth’ without the mouth’s
large temporal variability)—to infer the circulation at the ice edge
(Fig. 3e–h). In these maps GMW are identified as anomalies that
decay away from the ice, whereas ambient waters are associated
with zero anomalies. (The tidewater estuarine circulation10,12 would
be associated with zero anomalies everywhere, except in a surface
layer possessing negative temperature and salinity anomalies. If one
also included vertical mixing throughout the fjord, then one would
expect progressive warming of the surface outflowing layer and
cooling beneath it.) We start with winter when glacial runoff is
limited and melting is driven by STW only. Two distinct GMW
layers are visible: (1) at the surface (sGMW), characterized by weak
cold, fresh anomalies and (2) at 200m at the PW/STW interface
(iGMW), characterized by waters which are colder and fresher than
STW but warmer and saltier than PW (Fig. 3f and h). The same two
GMW layers are observed in summer, although the sGMW layer
is considerably thicker and fresher and the iGMW is fresher than
PW (Fig. 3e and g). Because of entrainment these outflowing GMW
layers must be compensated by inflow of ambient waters towards
the glacier. Several zero anomaly layers in the anomalymaps suggest
that this inflow occurs both within the PW and the STW layers
(Fig. 3e–h). Finally, a weaker cooling and freshening of the entire
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STW layer near the glacier suggests that some meltwater is also
exported at depth, both in summer and winter.

Outflow ofmeltwater and runoff at depth
Next we use the potential temperature/salinity (�/S) characteristics
of the fjord’s waters and their particulate content to support
the circulation scheme inferred from the anomalies shown in
Fig. 3 and, also, to show that the GMW layers identified above
contain meltwater and runoff. To do this, we rely on the fact
that interaction with the glacier changes the �/S properties of
the ambient waters in characteristic ways. First, melting of ice
in seawater causes cooling and freshening of the ambient waters
along a characteristic meltwater line21,22 in �/S space. In Sermilik
Fjord, the predicted slope of this line, 2.8 ⇥Cpsu�1, is close to that
of the ambient waters (3 ⇥Cpsu�1 in summer, and 3.3 ⇥Cpsu�1

in winter, see Supplementary Information) meaning that the two
lines practically overlap. Second, addition of glacial runoff modifies
the �/S properties along a mixing line which joins the ambient
properties with those of waters with zero salinity and temperature
(see Supplementary Information). Finally, we expect meltwater and
runoff discharged at depth, and especially at the base of the glacier,
to be characterized by a large particulate content which can be
traced as a turbid layer.

A pronounced change in �/S characteristics is observed in
summer over the upper 300m, approaching Helheim Glacier
(Fig. 4a–e). These waters are colder and fresher near the glacier and
their �/S characteristics fall within the melting and runoff lines,
indicating that these waters have been transformed both by melting
of ice and by the addition of runoff (Fig. 4a–e; see Supplementary
Information). These modified waters include not only the sGMW
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STW layer near the glacier suggests that some meltwater is also
exported at depth, both in summer and winter.

Outflow ofmeltwater and runoff at depth
Next we use the potential temperature/salinity (�/S) characteristics
of the fjord’s waters and their particulate content to support
the circulation scheme inferred from the anomalies shown in
Fig. 3 and, also, to show that the GMW layers identified above
contain meltwater and runoff. To do this, we rely on the fact
that interaction with the glacier changes the �/S properties of
the ambient waters in characteristic ways. First, melting of ice
in seawater causes cooling and freshening of the ambient waters
along a characteristic meltwater line21,22 in �/S space. In Sermilik
Fjord, the predicted slope of this line, 2.8 ⇥Cpsu�1, is close to that
of the ambient waters (3 ⇥Cpsu�1 in summer, and 3.3 ⇥Cpsu�1

in winter, see Supplementary Information) meaning that the two
lines practically overlap. Second, addition of glacial runoff modifies
the �/S properties along a mixing line which joins the ambient
properties with those of waters with zero salinity and temperature
(see Supplementary Information). Finally, we expect meltwater and
runoff discharged at depth, and especially at the base of the glacier,
to be characterized by a large particulate content which can be
traced as a turbid layer.

A pronounced change in �/S characteristics is observed in
summer over the upper 300m, approaching Helheim Glacier
(Fig. 4a–e). These waters are colder and fresher near the glacier and
their �/S characteristics fall within the melting and runoff lines,
indicating that these waters have been transformed both by melting
of ice and by the addition of runoff (Fig. 4a–e; see Supplementary
Information). These modified waters include not only the sGMW
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(UM, bottom) moorings with contours of �� = [27.0, 27.5] kgm�3 overlaid. e, Potential temperature in Kangerdlugssuaq at mid-fjord (KM1–3) for the same
nine months but di�erent years (2009–2010). All records are low-pass filtered with a fourth order 26-h Butterworth filter. The grey vertical lines in
December in c,dmark an up-fjord flow in the lower layer that is highlighted in Fig. 2c,d.
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Figure 1 | Large, rapid variations in velocity and water properties observed in two glacial fjords. a, Satellite images of Sermilik and Kangerdlugssuaq fjords
with bathymetry overlaid. Circles indicate mooring locations and the line shows the path of the along-fjord Sermilik profile in b. Wind roses of speed and
direction on the shelf are from ERA-Interim Reanalysis from 2009 to 2013 (Methods). b, Along-fjord potential temperature from a 2010 winter survey of
Sermilik16 with a schematic of Sermilik moorings (mid-fjord moorings, MM1–3; upper-fjord, UM; shelf mooring is not shown), instruments and water
masses. AW, Atlantic-origin water; PW, Polar-origin water. c, Along-fjord velocity in Sermilik at mid-fjord (MM1, top panel) and upper-fjord (UM, bottom)
moorings, where positive indicates up-fjord flow towards the glacier. d, Potential temperature in Sermilik at mid-fjord (MM1–3, top panel) and upper-fjord
(UM, bottom) moorings with contours of �� = [27.0, 27.5] kgm�3 overlaid. e, Potential temperature in Kangerdlugssuaq at mid-fjord (KM1–3) for the same
nine months but di�erent years (2009–2010). All records are low-pass filtered with a fourth order 26-h Butterworth filter. The grey vertical lines in
December in c,dmark an up-fjord flow in the lower layer that is highlighted in Fig. 2c,d.
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Figure 1 | Large, rapid variations in velocity and water properties observed in two glacial fjords. a, Satellite images of Sermilik and Kangerdlugssuaq fjords
with bathymetry overlaid. Circles indicate mooring locations and the line shows the path of the along-fjord Sermilik profile in b. Wind roses of speed and
direction on the shelf are from ERA-Interim Reanalysis from 2009 to 2013 (Methods). b, Along-fjord potential temperature from a 2010 winter survey of
Sermilik16 with a schematic of Sermilik moorings (mid-fjord moorings, MM1–3; upper-fjord, UM; shelf mooring is not shown), instruments and water
masses. AW, Atlantic-origin water; PW, Polar-origin water. c, Along-fjord velocity in Sermilik at mid-fjord (MM1, top panel) and upper-fjord (UM, bottom)
moorings, where positive indicates up-fjord flow towards the glacier. d, Potential temperature in Sermilik at mid-fjord (MM1–3, top panel) and upper-fjord
(UM, bottom) moorings with contours of �� = [27.0, 27.5] kgm�3 overlaid. e, Potential temperature in Kangerdlugssuaq at mid-fjord (KM1–3) for the same
nine months but di�erent years (2009–2010). All records are low-pass filtered with a fourth order 26-h Butterworth filter. The grey vertical lines in
December in c,dmark an up-fjord flow in the lower layer that is highlighted in Fig. 2c,d.
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reduce stratification and cool) from being the primary drivers
of these changes. Instead, we attribute the variability to rapid
exchange with the shelf, driven by energetic, sheared flows in the
along-fjord direction (Fig. 1c). These pulses last several days and
frequently exceed 50 cm s�1 in the upper layer, with mid-fjord
RMS velocities between 10 and 21 cm s�1 at all depths (much
larger than the ⇤2.5 cm s�1 RMS tidal component). Upper-fjord
velocities are reduced but well correlated with mid-fjord flow
(Supplementary Information).

The velocity typically reverses direction at the AW/PW interface
(the pycnocline) and is faster in the upper layer. This structure is
consistent with the first baroclinic dynamical mode, calculated from
the fjord stratification, and the first empirical orthogonal function
(EOF) of the mid-fjord velocity, which accounts for 67% of the
variability. A similar mode had also been observed in summer
synoptic surveys12. Flow in both layers typically reverses every
few days, with a significant spectral peak at 4–10-day periods, or
synoptic timescales (Supplementary Information).

We attribute these pulses to forcing from the shelf, through a
pumping mechanism termed the intermediary circulation. Driven
by density fluctuations at a fjord’s mouth25,26, this mechanism has
been found to forcemore fjord/shelf exchange than tidal or estuarine
flows in some Scandinavian fjords27,28. A previous summer study
of Sermilik hypothesized that intermediary circulations may be
important for flushing the fjord11; however, until now, no direct
evidence of this mechanism or its associated variability existed.

Examination of the velocity pulses in our data reveals a structure
consistent with intermediary circulation theory and strong shelf
forcing. A composite of 16 events (Fig. 2a,b) illustrates the basic
features of these pulses: the PW layer thickens, associated with
depressed isopycnals, as a strong up-fjord flow develops above the
interface and a weaker out-flow below. Velocity in each layer then
reverses as the density field rebounds. These pulses originate on

the shelf with a negative density anomaly and positive bottom
pressure anomaly (indicating a positive sea-surface height anomaly)
that propagate up-fjord at speeds approximately matching the
first baroclinic and barotropic mode phase speeds, respectively
(Supplementary Information).

All fjord velocity pulses are associated with shelf density
fluctuations, and most are also preceded by along-shore,
downwelling-favourable winds on the shelf that are typical of
this region (Fig. 3). These winds depress isopycnals and raise
the sea surface towards the coastline, resulting in the shelf/fjord
set-up described above. A high coherence between shelf wind
and shelf density at periods of two to ten days confirms this link
(Fig. 3). Bottom pressure anomalies on the shelf and mid-fjord,
equivalent to a ⇤15 cm increase in surface height, accompany
wind events and are consistent with on-shore transport from
downwelling-favourable winds (Supplementary Information). We
speculate that other phenomena (for example, coastally trapped
waves, AW eddies) can generate shelf/fjord pressure gradients,
forcing occasional pulses without associated winds.

These pulses drive significant exchange with the shelf over short
timescales, causing high-frequency variability and abrupt shifts in
fjord water properties. The average volume exchanged in each layer
over the 16 strongest pulses is 8.5 ± 0.8 ⇥ 1010 m3—equivalent to
⇤50%of the average upper layer volume in the entire fjord, or⇤25%
of the lower layer (Fig. 3c and Methods).

Regarding the glacier, these pulses significantly alter the fjord’s
heat content via changes in layer thickness and property shifts
within layers. All pulses have a transient response from the first
e�ect; for example, up-fjord flow in the PW layer thickens that
layer, increasing the volume of PW relative to AW and decreasing
the average water column temperature. Furthermore, shifts in
AW temperature, such as the warming event shown in Fig. 2c,d,
often coincide with lower layer in-flow as water is advected in
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marine-terminating outlet glaciers (e.g. Bevan
et al., 2012a; Hanna et al., 2009; Holland et al.,
2008; Motyka et al., 2011; Murray et al., 2010;
Rignot et al., 2012). This was first investigated
in detail at JI, which was one of the earliest and
most significant contributors to recent GIS mass

losses (Joughin et al., 2004, 2008c; Motyka et al.,
2010, 2011; Rignot and Kanagaratnam, 2006;
Thomas et al., 2003). Following 50 years of com-
parative stability (Csatho et al., 2008; Sohn et al.,
1998), JI’s floating terminus began to retreat in
October 1998 (Luckman and Murray, 2005) and

Figure 8. Illustration of the influence of oceanic warming and submarinemelting on outlet glacier dynamics and
geometry for (A) an initially floating terminus and (B) an initially grounded terminus. In (A), feedbacks may
develop between submarine melting, grounding-line retreat, thinning and calving front retreat. In (B), changes
in terminus geometry may initiate feedbacks between grounding-line/terminus retreat, thinning and floatation.
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