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The Greenland ice sheet is losing mass to the ocean at an in-
creasing rate (Thomas ez 2/. 2006). During the 1980s the ice
sheet was believed to be in near-equilibrium (van den Broeke
etal.2009). Within the first decade of the 21st century, how-
ever, a net negative balance was observed. Greenland’s pre-
sent rate of ice loss is ¢. 250 Gt yr™!, equivalent to a sea-level
rise contribution of ¢. 0.69 mm yr~!. The rate of ice loss has
increased over the post 1992 observation period (Shepherd
etal.2012).

The ice-sheet mass budget can be partitioned into two
main components: (1) surface mass balance (SMB; the net
difference between accumulation and surface ablation) and
(2) marine ice loss (D; iceberg discharge via glacier dynamics
plus subsurface melt at the glacier terminus). Over the past
decade, the surface mass-balance proportion has acceler-
ated relative to the D component, changing from c¢. 50% in
2000-2008 (van den Broeke ez 4/. 2009) to more than two
thirds (68%) in 2009-2012 (Enderlin ez 2/. 2014).

Whereas modern climate models appear to capture the
surface mass-balance response to climate change, the physi-
cal processes driving variability in glacier discharge are more
complex. Recent increases in D may be due to: (1) changing
force-balance at the ice-ocean interface as suggested by mod-
el simulations (e.g. Nick ez 4/. 2009, 2013), (2) changing basal
lubrication at the ice-bed interface due to increased meltwater
availability (Zwally ez 2. 2002; Andersen ez al. 2010), and /or
(3) decreasing ice viscosity due to increasing ice temperature
(van der Veen ez al. 2011). The high spatial variability in these
forcing mechanisms and a large sensitivity to local fjord ge-
ometry (Nick ez al. 2013) require basin scale studies of glacier
dynamics to elucidate local causes of glacier acceleration.

In 2007 the Programme for Monitoring the Greenland
Ice Sheet (PROMICE) was initiated to gain insight into
the changing mass balance of the Greenland ice sheet using
quantitative meteorological observations, as well as airborne
surveys of ice thickness and flow-velocity observations (Ahl-
strom ef al. 2008). Here we present the first calculations of
ice discharge using PROMICE observations, with focus on
a West Greenland ice-sheet drainage basin previously de-
fined as ‘Basin 7’ (Zwally ez al. 2012; Fig. 1). The c¢. 400 km

long ice-sheet margin within Basin 7 includes the 6 km wide
Jakobshavn Isbre, and several other marine-terminating out-
let glaciers, such as Store Gletscher and Rink Isbre (Figs 1, 2).
We combine satellite-derived, ice-surface velocities, airborne
ice-thickness measurements, and modelled surface mass bal-

ance to assess the dynamic discharge from Basin 7.
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Fig. 1. Map of Greenland showing interpolated flight lines for 2007 and
2011, area of computed surface velocities for this study (Fig. 3) and the
studied catchment area.
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Fig. 2. South-to-north section of the studied basin along the 2007 and
2011 flight lines. For location see Fig. 1.

Data and methods

We estimate the solid ice discharge (D) into the ocean ac-
cording to the input—output method of Rignot & Kanaga-
ratnam (2006). First we quantify the mass flux (F) discharg-
ing across a flux gate, upstream of the boundary between the
ice sheet and the ocean (the grounding line), defined by the
path of the PROMICE airborne ice-thickness surveys con-
ducted in the summers 2007 and 2011 (Fig. 1). The elevation
of this flux gate is c. 1500 m a.s.l. in Basin 7 (Figs 2, 3). The
ice-surface and bed elevations determined by the airborne
surveys were interpolated to ¢. 30 m spacing along the flux
gate to resolve spatial variability in ice flow.

The flux F at grid point i is computed as Fi = H;- L; - v;,
where H; is the ice thickness, L; is the spacing along the flight
line (c. 30 m), and v; is the depth-averaged ice velocity com-
ponent that is perpendicular to the flux gate. Ice surface ve-
locities were derived by applying offset tracking to ALOS/
PALSAR synthetic aperture radar (SAR) data acquired be-
tween November 2009 and February 2010, using the SUSIE
processing chain based on the commercial package GAM-
MA (Merryman Boncori ez al. 2010; Ahlstrom ez a/. 2011).
Uncertainties associated with the ice velocities were estimat-
ed using the method of Mohr & Merryman Boncori (2008)
and are under 10% (Fig. 3). We assume a uniform vertical
velocity profile, where ice-surface velocity is equivalent to
depth-averaged velocity (i.e. ‘plug flow’; Rignot & Kanaga-
ratnam 2006).

With the total basin flux ¥ (=) F;) known, the grounding
line discharge (D) can be estimated by adding the spatially in-
tegrated surface mass balance (SMB) of the area downstream
(‘ds’) of the flux gate: D = F + SMByq,., where SMByq.r is
a reference period (1961-1990) mean SMB field from the

regional climate model MAR v3.2, forced at its boundaries
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by ECMWF reanalysis data and run at a spatial resolution
of 25 km (Fettweis ez al. 2013a). Similarly, the mass balance
upstream of the flux gate (interior mass balance, IMB) can be
computed by subtracting F from the upstream spatially in-
tegrated SMB for the reference period: IMB = SMB,,; ,.r—F.

Quantification of D allows us to estimate the total mass
balance (TMB) of the drainage basin. The TMB value is cal-
culated as TMB = SMB,,,, —D, where SMB,,,,, is the yearly
SMB spatially integrated across the entire basin.

Estimated uncertainty (0b) on radar-derived bed ele-
vation b values is 80 m and estimated uncertainty (os) on
laser-derived surface elevation observations (s) is 0.1 m. As-
suming errors in b and s are random, we take uncertainty in
ice thickness (6H) as the sum in quadrature of the fractional
uncertainties of 6b and os (c.g. Colgan ez a/l. 2008). Uncer-
tainty in flux F at gridpoint i (6F)) is similarly taken as the
sum in quadrature of the fractional uncertainties of ¢H; and
ov;, where the latter term is the uncertainty in the annual
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Fig. 3. Surface velocities derived from synthetic aperture radar (SAR)
data for 2009-2010 used in this study. The contour lines are based on the
digital elevation model of the Greenland ice mapping project (Howat et
al. 2014).



depth-averaged velocity at i. We assume no uncertainty in L.
Uncertainty in the total flux Fin the basin is then oF =) oF.
We take uncertainty in SMB to be 15% at basin scale (Fett-
weis et al. 2013a) and similarly propagate uncertainties in
both F and SMB as the sum in quadrature of fractional un-
certainties when assessing the cumulative uncertainty (6D)
associated with the grounding-line ice discharge. Uncertain-
ties on TMB and IMB are developed analogously.

The thickness observations were carried out in summer,
and we do not account for the difference between summer
and winter ice velocities. However, at ¢. 1500 m a.s.l., we ex-
pect the difference between summer and winter ice velocities
to be small (<2%; Joughin ez al. 2008).

Results

Both the upstream flux (F) and downstream discharge (D)
in Basin 7 are within the uncertainty of their respective val-
uesin 2007 and 2011 (Table 1). Whereas we employ different
airborne-derived, ice-geometry data for each year, the veloc-
ity field used is identical for the two years (winter 2009/2010
values), as is the surface mass-balance correction (1961-1990
values). The similar mass fluxes indicate that changes in ice
geometry along the ¢. 1500 m contour were slight between
2007 and 2011.

Interior mass-balance values for both years are zero with-
in the uncertainty, which is in good agreement with Zwally
et al. (2011), who found a slight mass gain of 8 Gt yr~! above
2000 m a.s.l.

The total mass-balance values are also, within uncertain-
ty, similar for 2007 and 2011. Considering the ¢. 10 Gt yr™!
decrease in D, this suggests that yearly fluctuations in the dy-
namics of major tidewater outlet glaciers in Basin 7 are bal-
anced by variations in surface mass balance. The mean total
mass-balance value (-30.5 Gt yr™!) corresponds to a sea-level
rise contribution of c. 0.08 mm yr~!, and agrees within uncer-
tainty with a satellite gravimetry-derived total mass-balance
estimate of ~24 + 1 Gt yr~! for Basin 7 over the 2004 to 2010
period (Colgan et al. 2014), and a 2007 total mass-balance
value reported in Rignot ez /. (2008) of -36.7 Gt yr! for an
analogous West Greenland basin. The 2007 value we present
is more negative than a Basin 7 estimate of -14 + 1 Gt yr™!
over the 2003 to 2007 period derived from satellite altimetry
(Zwally et al. 2011). This latter study, however, preceded the
2007 to 2011 observation period, and may therefore reflect
the less negative surface mass-balance regime prior to the ob-
servation period (Fettweis ez al. 2013b).

Table 1. Mass fluxes in Gt per year

Year Upstream Ice Interior Total mass
flux (F) discharge (D) balance (IMB) balance*

2007  79.5 +6.1 704 £ 6.2 -56+126 -313+86

2011 69.7 53 60.6 + 5.5 —-41+£123 -297+72

*Total mass balance = SMBiqyr — D

Summary remarks

Rignot & Kanagaratnam (2006) invoked an assumption of
negligible changes in ice geometry between their flux gates
and the grounding line. As their flux gates are located at
the ¢. 1000 m elevation contour, any dynamic thickening or
thinning signals affect a relatively small proportion of the
basin area. Given that the PROMICE flux gates are substan-
tially farther inland from the grounding line, we are explor-
ing approaches for explicitly correcting D values for recent
changes in ice geometry between the upstream flux gate and
the downstream groundingline. This may be particularly rel-
evant in highly dynamic areas, such as the Jakobshavn Isbre
area. A preliminary assessment of such a correction for Basin
7 suggests that the rate of change in downstream ice volume
is equivalent to ¢. 25% of D, which would further decrease
the total mass balance by up to 15 Gt yr~!. As more synthetic
aperture radar data become available, we will improve the
temporal coverage of the PROMICE ice-surface velocity
product to annual resolution.

The plug-flow assumption adds a negative bias to the mass-
loss estimates by assuming that all flow is caused by sliding at
the bed, i.c., the surface speed is equal to the mean flow ve-
locity of the ice column. This may be valid in the fast flowing
coastal areas, but higher up on the ice sheet the assumption
is less valid, where the surface velocity is a mix of sliding and
deformation, and the vertically averaged flow speed can be as
low as 80% of the observed surface speed.

In the PROMICE framework, this basin-scale mass-bal-
ance assessment will be extended to deliver basin-scale mass-
balance and ice-discharge estimates of the entire Greenland
ice sheet over multiple observation years. This survey aims to
improve portioning of mass loss at basin scale, contributing
to improved sea-level rise projections for the Greenland ice
sheet.
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