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increase and suppress calving depending on how close the glacier
is to buoyancy and the distribution of melt, both vertically and lat-
erally along the terminus (O’Leary and Christoffersen, 2013; Benn
and others, 2017; Cowton and others, 2019; Ma and Bassis, 2019).

Because of the challenge of accessing active glacier termini in
deep ice-choked fjords, observational data focusing on the inter-
actions between meltwater discharge and calving over multiple
years at large glaciers are limited. Here, we observe Helheim
Glacier using remote-sensing approaches to examine the spatial
and temporal patterns of meltwater discharge and calving. We
use satellite and time-lapse imagery from 2011 to 2019 to identify
when plumes appear and explore how plume surfacing relates to
calving and surface meltwater storage. This extends the coverage
of a similar study by Everett and others (2021), who combined
observations from 2009 to 2014 with a plume model to investigate
meltwater plumes and calving at Helheim Glacier.

Meltwater discharge and plume surface expression

During the melt season, surface meltwater pools in topographic
lows as supraglacial lakes and meltwater-filled crevasses
(e.g. Lampkin, 2011). Meltwater can then drain through crevasses
and moulins to the glacier bed (e.g. Zwally and others, 2002; Alley
and others, 2005; Das and others, 2008). With little meltwater
supplied to the bed at the beginning of the melt season, subglacial
water forms a distributed network of inefficiently linked cavities
with low hydraulic capacity and high water pressure only slightly
below the ice-overburden pressure (Kamb, 1987; Nienow and
others, 1998). As the quantity of meltwater at the bed increases,
subglacial water pressure also increases. This tends to thicken or
extend basal water cavities or films, reducing basal friction and
increasing ice velocity (Kamb, 1987). For even higher meltwater
supply, especially if delivered from point sources such as moulins
(e.g. Cuffey and Paterson, 2010), the subglacial hydrologic system
can reorganize into a channelized network with greater hydraulic
capacity that efficiently drains subglacial water to the terminus
(Rothlisberger, 1972), where it discharges as plumes.

Even after entering the fjord at a glacier terminus, not all
plumes reach the fjord surface. The distance a plume rises before
reaching neutral buoyancy depends on the discharge rate and
volume, geometry of the terminus face, stratification of the fjord
water, and fjord geometry (Carroll and others, 2015, 2016;
Slater and others, 2015; De Andrés and others, 2020). A plume
is only visible in satellite and time-lapse imagery if it reaches
the surface of the fjord and can displace or melt any ice in the
mélange (Everett and others, 2021), so our surface observations
of plumes are a conservative record of plume occurrence. We
refer to the surface expression of a plume as a ‘plume-polynya’
because, at Helheim Glacier, such plume-polynyas appear as
areas of open water surrounded by the ice of the mélange (Fig. 1).

Types of calving at large tidewater glaciers

Observed calving episodes at tidewater glaciers are diverse, and
calving is influenced by both glaciological properties and environ-
mental forcing. Calving behavior depends on a glacier's degree of
flotation and state of basal coupling (Walter and others, 2010;
Olsen and Nettles, 2017), which can vary due to ocean tides and
local ice thickness changes on daily and even hourly timescales
(Hogg and others, 2016). At large tidewater glaciers in deep fjords,
full-thickness calving produces both tabular and non-tabular ice-
bergs (e.g. Joughin and others, 2008; Kehrl and others, 2017).
Full-thickness tabular icebergs remain floating upright after
breaking from floating glacier termini and most commonly
form at ice shelves and ice tongues. However, this type of calving
may also occur near the grounding line of a tidewater glacier
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without a tongue if the grounding zone is at or very close to flo-
tation over a sufficient distance to promote longitudinally exten-
sive calving blocks that are dynamically stable in their upright
orientation. At lightly grounded tidewater glacier fronts, full-
thickness non-tabular icebergs calve due to a buoyancy imbalance
when the terminus approaches flotation (e.g. James and others,
2014; Murray and others, 2015b; Wagner and others, 2016).
These non-tabular icebergs have height greater than width, and
thus they rotate as they calve, usually bottom-out due to basal cre-
vassing, buoyancy forces, and backstress from the mélange
(Amundson and others, 2010; James and others, 2014; Murray
and others, 2015b).

Other types of calving, such as the small subaerial calving
amplified by plume-driven undercutting, also occur at large tide-
water glaciers. This study, however, focuses on large full-thickness
tabular and non-tabular calving episodes which produce clear ter-
minus retreat.

Helheim Glacier

Helheim Glacier (Fig. 1) is Greenland’s second-largest glacier by ice
discharge (Mankoff and others, 2019) and the fastest-flowing glacier
in East Greenland, with flow speeds reaching over 25m per day
(Rignot and others, 2004; Voytenko and others, 2015). The glacier
terminates in a ~6 km wide subaerial ice cliff that reaches heights
up to ~100 m and is lightly grounded in Sermilik Fjord, which is
up to 600-900 m deep (Voytenko and others, 2015; Holland and
others, 2016). Two primary glacial tributaries meet ~12km
up-glacier from the ice front to form the main trunk, which is
divided into northern and southern trunks by a medial moraine-like
suture zone, visible as a narrow darker zone parallel to the flow
direction (Fig. 1b). The ice at the suture zone was previously at
the side of a tributary and is hence likely structurally different
from ice elsewhere in the glacier (Holland and others, 2016) -
possibly because of the presence of impurities or a different strain
history — which could influence calving. Terminus depth is greater
under the northem trunk (Holland and others, 2016), and this
trunk also flows at faster velocities (Voytenko and others, 2015).
Approximately 8 km up the northern tributary from the main
trunk (~20km from the ice front) sits a supraglacial lake basin,
and both this lake and several crevassed areas regularly fill with sur-
face meltwater during the melt season (Everett and others, 2016).

As of 2019, Helheim Glacier had retreated farther and thinned
more than at any other time in the observational record (Williams
and others, 2021). The glacier may retreat rapidly in the future
(Williams and others, 2021), but it has relatively low global sea-
level contribution potential; although it occupies a deep subglacial
fjord, the fjord is relatively narrow and the bed rises above sea level
to the sides and inland (Nick and others, 2013; Felikson and others,
2021). However, the important processes of meltwater discharge
and calving that can currently be observed at the ice-cliff terminus
of Helheim Glacier are analogous to processes at other large, lightly
grounded outlet glaciers supplied with surface meltwater, now and
in the future. Here, observations of plume-polynyas and calving at
Helheim Glacier offer the opportunity to study the still-unclear
physical mechanisms controlling the relationships between calving
frequency and plumes at large tidewater glaciers.

Data and methods
Satellite imagery

To identify plume-polynyas, calving episodes, terminus positions,
and supraglacial water storage at Helheim Glacier from 2011 to
2019, we used high-resolution satellite imagery from the Maxar
(previously DigitalGlobe) constellation (WorldView-1, -2, and -3;
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thickness calving, we question whether the localized melt at the
plume location would completely interrupt all full-thickness calv-
ing across the entire terminus. Over the nine years of observations
in this study, we observed only one example of full-thickness calv-
ing during plume-polynya presence, and in this case the calved
iceberg was removed spatially from the plume-polynya (Fig. 10).
The rarity of full-thickness calving during plume-polynya
presence suggests that calving and/or plume-polynya processes
usually suppress each other across the whole terminus.
Nevertheless, the one observation of concurrent tabular calving
and plume-polynya presence also indicates that there are, at
times, exceptions to this pattern.

Newly formed icebergs and bergy bits may sometimes obscure
plume-polynyas, but this also cannot fully explain the observed
relationship between calving and plume-polynyas. In 2011-18,
every time plume-polynya disappearance was associated with a
calving episode, there was always at least one image frame
between plume-polynya disappearance and calving. This indicates
that the plume-polynyas disappeared before calving occurred;
hence, ice debris from calving could not have been the only rea-
son for plume-polynya disappearance. In 2019, however, it was
often unclear whether plume-polynya disappearance or calving
occurred first, as one time-lapse photo showed a polynya, then
the next depicted a retreated terminus (at least 3 h later).

Plume-polynya disruption by basal crevassing remains a rea-
sonable mechanism to explain why all plume-polynyas and full-
thickness calving episodes were separated either by time or
space. Basal crevasses form close to the grounding line if basal
water is pressurized, ice is subjected to tensile stress, and the gla-
cial front is out of buoyant equilibrium (van der Veen, 1998).
When close to the calving margin, basal crevasses allow the ter-
minus to lift and rotate backward (James and others, 2014;
Murray and others, 2015b). Basal crevasses associated with
buoyancy-driven full-thickness calving would interrupt a plume
discharging at the base of the glacier when they intersected the
channel or plume location. Still, this mechanism does not fully
explain why there are times when the plume does reach the
fjord surface, forms a plume-polynya, and remains visible for
up to 29d (Table 1) without being interrupted by calving.
There is therefore likely another way in which the conditions lead-
ing to plume-polynyas inhibit full-thickness calving. We propose
a mechanism to explain the ceased calving activity during plume-
polynya appearance that involves the subglacial water pressure
and drainage configuration, along with basal crevasses.

Subglacial water flows down a potential gradient, so basal
water must be at a higher pressure than the fjord water column
to discharge to the fjord (Walker and others, 2013). In grounded
regions, where the ice-overburden pressure is greater than the
water column pressure, the subglacial water pressure can be less
than the ice-overburden pressure and still discharge into the
fjord. This configuration represents the channelized low-pressure
basal water system from which plumes discharge. When the
ice-overburden pressure drops close to the water column pressure
while approaching flotation, the subglacial water pressure must
rise until water spreads into the linked-cavity basal system, thick-
ening and expanding that system until it locally floats the glacier.
In this configuration, subglacial discharge will be distributed
along the terminus and will no longer enter the fjord as a concen-
trated plume.

Consequently, we hypothesize that plume-polynyas only
appear at the terminus of Helheim Glacier when the glacier
front is grounded. A completely grounded glacial front will sup-
press full-thickness calving if basal crevasses are unable to form.
Conversely, whenever full-thickness calving occurs, this indicates
that the terminus of Helheim Glacier is at or close to flotation and
that basal crevassing can occur. We suggest that our time series of

plume-polynya appearance and calving occurrence therefore
represent proxies for the grounding state of Helheim Glacier,
although our ability to constrain transient flotation near and
across the grounding line is limited by the temporal resolution
of the data.

From terminus-wide observations, plume-polynyas and calv-
ing were generally separated not only in time but also in space,
suggesting that plume-polynya appearance usually indicated
grounding across the entire terminus of Helheim. However,
there must also have been times when basal coupling conditions
varied across the glacial front, as observed in Figure 10. The nor-
thern terminus, which sits above the deepest part of the bed, must
be capable of going to flotation even when a plume is discharging
from a grounded central terminus.

We acknowledge the alternative hypothesis that a discharging
plume could continue rising from a subglacial channel to appear
as a plume-polynya even as the terminus gradually approached
flotation, only stopping when interrupted by a basal crevasse.
Plume-polynyas do, in fact, exist at ice-shelf edges in Antarctica
— fed by channels under the shelves that originate at the ground-
ing line (Alley and others, 2016; Alley and others, 2019a).
Additionally, we note that the stability of the subglacial channel’s
position inferred from consistent plume-polynya locations sug-
gests that the channel itself likely remained intact through calving
episodes. Large openings have also been found where plumes
emerge from other glacier termini (Fried and others, 2015;
Rignot and others, 2015). Perhaps a plume could carve into the
floating glacial front enough to remain constrained and continue
surfacing as a polynya; however, this process would take time. At
Helheim Glacier this is likely limited by the rapid calving rate and
limited size of the floating extension.

Supraglacial, englacial and subglacial water

Supraglacial lake drainage can transport a large quantity of melt-
water to the subglacial environment. Lake L’s basin can contain a
water volume of up to 10" m?, and the lake has been observed to
drain down a moulin southwest of the basin (Everett and others,
2016). We found that drainage of L was usually followed by filling
and draining of downglacier crevassed regions, consistent with the
findings of Everett and others (2016). This is different from the
typical up-glacier progression elsewhere in Greenland (e.g.
Danielson and Sharp, 2013; How and others, 2017), demonstrat-
ing that subglacial hydrologic networks with different meltwater
input locations have different seasonal evolution characteristics.
Lake drainage early in the melt season would initially over-
come the capacity of the subglacial drainage system and raise
basal water pressure (Das and others, 2008). Then, the subglacial
network could reorganize into a higher-capacity low-pressure sys-
tem of R-channels (Rothlisberger, 1972). In most years, plume-
polynyas appeared after filling and drainage of L, suggesting
that lake drainage may have played a role in converting the
basal water system into the channelized configuration or enlarging
a residual channel sufficiently to produce a plume-polynya.
Notably, 2018 was the only year during which there was no dis-
tinctive peak in L and also the only year covered by time-lapse
imagery in which we did not observe any plume-polynyas.
However, plume-polynyas appeared before observed filling and
drainage of L in both 2017 and 2019, so lake drainage must not
always be required to create a channelized system.
Plume-polynyas were consistently located near the central dis-
charge location in the subglacial flow accumulation model, in
between two bed topographic lows (Fig. 12). This supports the
idea that the plume-polynyas were sourced from ice-incised
R-channels (Rothlisberger, 1972) rather than bedrock-incised
N-channels (Cuffey and Paterson, 2010). However, higher-
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