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The current deficit in Greenland ice sheet mass balance is due to both a decrease in surface mass balance 
(SMB) input and an increase in ice discharge (D) output. While SMB processes are beginning to be well 
captured by observationally-constrained climate modeling, insight into D is relatively limited. We use 
InSAR-derived velocities, in combination with ice thickness observations, to quantify the mass flux (F ) 
across a flux perimeter around the ice sheet at ∼1700 m elevation. To quantify D , we correct F for 
SMB, as well as changes in volume due to ice dynamics, in the area downstream of the gate. Using a 
1961–1990 reference climatology SMB field from the MAR regional climate model, we quantify ice sheet 
mass balance within eighteen basins. We find a 2007–2011 mean D of 515 ± 57 Gt yr−1. We find a 
2007–2011 mean total mass balance of −262 ± 21 Gt yr−1, which is equal to a 0.73 mm yr−1 global sea 
level rise contribution. This mass loss is dominated by SMB, which accounts for 61% of mass loss in the 
basins where partitioning is possible.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The mass balance of the Greenland ice sheet is believed to have 
been in near-equilibrium until the early 1990s (Zwally et al., 2005;
Rignot et al., 2008). Over the past two decades, however, the mass 
balance has become increasingly negative. Far more mass is now 
lost each year from surface melt water runoff and sublimation, as 
well as iceberg calving, than is gained from precipitation (Rignot et 
al., 2008; van den Broeke et al., 2009). In the past decade, Green-
land’s rate of ice loss has been the largest since 1840 (Box and 
Colgan, 2013). To understand the physical processes responsible 
for the mass deficit, ice sheet mass balance is generally viewed 
in terms of two components: the thermo-mechanical ice flow or 
iceberg discharge portion (D), and the climatic surface mass bal-
ance portion (SMB). While the distribution of contemporary mass 
loss was approximately equally split between both components 
during the 2000–2008 period (van den Broeke et al., 2009), since 
2009 decreases in SMB have been responsible for ∼2/3 of mass 
loss (Enderlin et al., 2014). Recent studies suggest total Greenland 
mass loss is currently ∼260 Gt yr−1 (Rignot et al., 2008, year 2007; 
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Sasgen et al., 2012, period 2003–2009; Shepherd et al., 2012, pe-
riod 2005–2010), which is equivalent to an ∼0.72 mm yr−1 global 
sea level rise contribution. While SMB is intimately linked to cli-
mate, D has been shown to be sensitive to climate changes on a 
variety of spatial and temporal scales (Stearns and Hamilton, 2007;
Andersen et al., 2010; Joughin et al., 2010b). The environmental 
forcing mechanism triggering increased D is not well understood 
at present, making projections of future D less well constrained 
than projections of future SMB (Pfeffer et al., 2008).

Here, we present basin-scale estimates of Greenland ice sheet 
mass balance in the years 2007 and 2011. To assess the SMB and 
D components of mass balance in each basin, we draw on (i) air-
borne ice thickness measurements carried out by the PROMICE 
program (www.promice.dk), (ii) InSAR-derived ice surface velocity 
fields generated by the NASA MEaSUREs program, and (iii) SMB
fields generated by the regional climate model MAR. Similar to 
Rignot and Kanagaratnam (2006) and Rignot et al. (2008), we es-
timate the solid ice flux across a flux perimeter extending around 
the entire ice sheet. We correct this flux for downstream effects, 
between the flux gate and the grounding line, in order to derive 
the grounding line ice discharge. We then solve for mass balance 
by comparing this peripheral ice discharge to spatially integrated 
SMB. We compute both components of mass balance in eighteen 
major ice sheet drainage basins delineated by Zwally et al. (2012).
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2. Data and methods

In the summers of 2007 and 2011 PROMICE conducted airborne 
radar and LiDAR surveys around the perimeter of the Greenland ice 
sheet in order to resolve high accuracy ice thickness. By design, 
the flight paths were nearly identical in both years (Fig. 1). We 
define 30 m wide flux gate sections along the repeat flight path. 
This uniform section width is defined by the spatial resolution of 
interpolated ice thickness data. These flux gates circumscribe the 
ice sheet at a mean elevation of ∼1700 m, with the mean ele-
vation of flux gate sections within individual basins ranging from 
∼1000 to ∼2500 m. Similar to Thomas et al. (2000), flux gate sec-
tions are highest in East Greenland, where peripheral topography 
is complex. Where ice thickness cannot be resolved by our air-
borne survey, we interpolate ice thickness from the Ice2Sea digital 
elevation model (Bamber et al., 2013). These interpolated portions 
of the total flux perimeter comprise 26% and 36% for 2007 and 
2011, respectively (see Supplementary Online Materials, Fig. S1, Ta-
ble S1). Gate-perpendicular ice flux is quantified by multiplying 
this observed ice thickness with observed ice surface velocity.

MEaSUREs InSAR- and TerraSAR-X-derived Greenland ice sur-
face velocity fields are available for the winters of 2000–2001, 
2005–2006, 2006–2007, 2007–2008, and 2008–2009 (Joughin et 
al., 2010a). Data for selected regions of Greenland are also avail-
able for years 2009–2011 (Joughin et al., 2011). Where possible, 
2007 (2011) flux gate section velocities are interpolated from the 
2006–2007 (2009–2011) velocity mosaic. In both 2007 and 2011, 
however, the velocity mosaics do not cover portions of the flux 
gate perimeter. At flux gate sections where velocity cannot be 
readily interpolated from an annual velocity mosaic, velocity is es-
timated via a temporal linear fit applied to all available years of 
velocity data at a given flux gate section. If, however, less than 
three years of velocity data are available, or the linear fit is as-
sessed to be poor (i.e. correlation coefficient below 0.7), flux gate 
section velocity is interpolated from the velocity mosaic of the 
closest year with available data. Finally, at the small number of 
flux gate sections for which velocity data is not available in any 
year, a spatial linear interpolation is used to fill remaining gaps. 
At all gate sections, velocity is projected into gate-perpendicular 
vectors prior to multiplication with the thickness data. Velocity 
uncertainties (σ vinsar) are quantified for the four methods as i) di-
rectly interpolated from the published error values, ii) the 95% 
confidence interval on the linear fit through the available years, 
iii) the published error value for the relevant year summed with 
the basin-mean of the linear fit SEE (Standard Error of the Esti-
mate) added, and iv) 20% of the spatially interpolated velocities 
(see Supplementary Online Materials, Figs. S1, S2, and S3).

Three SMB fields are obtained from the Modèle Atmosphérique 
Régional (MAR) version 3.5 regional climate model, interpolated 
from 25 × 25 km to a 5 × 5 km grid (Fettweis et al., 2013): 
i) annual SMB-field for 2007, ii) annual SMB field for 2011, and 
iii) a mean field for the 1961–1990 reference climatology period. 
The MAR model is driven by ERA-40 re-analysis data up to 1978 
and ERA-Interim afterwards. The uncertainty in SMB at basin scale 
is taken to be ±20% (see Supplementary Online Materials, Figs. 
S4 and S5). For comparison, we also employ annual SMB products 
reconstructed from meteorological station records, ice cores, and 
regional climate model output (Box, 2013).

We estimate the ice flux through a flux gate section (Fsec) with 
length (L) of 30 m and ice thickness H as:

Fsec = v f H Lρ (1)

where v is gate-perpendicular ice surface velocity and f is the 
mean ratio of surface to depth-averaged velocity from Thomas et 
al. (2000), which is taken as 0.93 ± 0.05. For flux gate sections 
Fig. 1. Flight paths of the 2007 and 2011 airborne thickness surveys used to de-
fine the flux perimeter. White and blue areas within the ice sheet boundary (red 
line) denote ablation and accumulation areas, respectively, during the 1961–1990 
period. Gray shading indicates areas that have transitioned from accumulation area 
(1961–1990) to ablation area by the 2007–2011 period.

upstream of the ELA (as determined by the reference climatology 
SMB field) bulk ice density ρ is assumed to be 830 kg m−3 in the 
top 25 m, reflecting firn (Harper et al., 2012), and 917 kg m−3 in 
the deeper ice column. For flux gate sections downstream of the 
ELA, ρ is set to 917 kg m−3. Following Rignot and Kanagaratnam
(2006), we calculate annual ice discharge (D) at the grounding line 
by correcting the ice flux through the flux gate using a reference 
period downstream SMB field (SMBref ) that reflects the 1961–1990 
average SMB. Unlike Rignot and Kanagaratnam (2006), we also ap-
ply a correction for the observed change in downstream ice storage 
due to glacier dynamics (�S). Both SMBref and �S are spatially in-
tegrated over the area downstream (ds) of the flux gate:

D = F + SMBref ,ds − �Sds (2)

where F is the flux integrated across all flux gate sections within 
a given basin. In this notation flux flowing downstream is positive.

The first two terms in Eq. (2) account for the flux input (F ) to, 
and the mass change from surface mass balance (SMBref ,ds) in, the 
ice sheet volume between the flux gate and the grounding line. 



M.L. Andersen et al. / Earth and Planetary Science Letters 409 (2015) 89–95 91
Fig. 2. Diagram showing differences in methodology between this study and others 
(e.g., Rignot and Kanagaratnam, 2006; Rignot et al., 2008). Top: The higher elevation 
of the flight line necessitates a downstream correction term reflecting the change 
in ice storage due to glacier dynamics (�Sds). Bottom: The closer proximity of the 
fluxgates used in Rignot and Kanagaratnam (2006) to the grounding line allows the 
term describing the change in volume due to dynamics to be ignored. In both cases 
an SMB correction is applied to the F flux to adjust the upstream mass flux for 
surface processes. This study also applies a mean ratio of surface to depth-averaged 
velocity of 0.93, taken from Thomas et al. (2000), whereas Rignot and Kanagaratnam
(2006), Rignot et al. (2008) assume plug flow.

The latter term (�Sds) accounts for rate of change in ice storage 
between the flux gate and the grounding line. Other studies using 
similar methods have applied downstream SMB corrections corre-
sponding to periods other than the 1961–1990 reference clima-
tology, ranging from 1971–1988 (Rignot et al., 2008) to reference 
climatology fields with annual anomalies (van den Broeke et al., 
2009; Sasgen et al., 2012). Here we follow Rignot and Kanagarat-
nam (2006). As the flux gates used in other studies (e.g., Rignot 
and Kanagaratnam, 2006; Rignot et al., 2008) are close to the 
grounding line, they assume that changes in downstream storage 
are small in comparison to the other two terms in Eq. (2). Further-
more, previous studies assume flow speed is constant throughout 
the ice column and equal to surface velocity (“plug flow”). As the 
PROMICE flux gate is located much farther inland from the ground-
ing line, we acknowledge that downstream changes in ice geome-
try are non-trivial, and that plug flow cannot be assumed. Fig. 2
illustrates the differences in methodology between this and previ-
ous studies.

We estimate total mass balance downstream of the flux gate 
(�Sds) from observations of rate of change in ice thickness using a 
combination of altimeter surveys (Khan et al., 2014). These include 
(i) NASA ATM flights from 2007 to 2011 (Krabill, 2012), (ii) Ice, 
Cloud and land Elevation Satellite (ICESat) data from 2007 to 2009
(Zwally et al., 2011b), (iii) Land, Vegetation and Ice Sensor (LVIS) 
data from 2007 to 2011 (Blair and Hofton, 2012), and (iv) radar 
altimeter measurements from ENVISAT from 2007 to March 2011 
(ESA, 2007). As radar altimetry suffers from problems with slope 
(ESA, 2007), we do not use radar data in the peripheral 50–70 km 
of the ice sheet. Moreover, we initially estimate elevation change 
rates from ENVISAT and laser altimetry separately, and then com-
bine the independent rates.

Observed surface elevation changes are converted into �Sds

by applying a firn compaction correction, along with corrections 
for elastic uplift, glacial isostatic rebound (GIA) and SMB us-
ing the procedure described in Kjeldsen et al. (2013), yielding a 
2007–2011 mean �Sds field that isolates the component of down-
stream volume change due to glacier dynamics. Annual variability 
is assumed to be small on basin scale, as found by Khan et al.
(2014), which allows the mean value from all available data to be 
employed for both 2007 and 2011.
Following Rignot et al. (2008) annual total ice sheet mass bal-
ance (TMB) is computed by subtracting annual D from the SMB
field:

TMB = SMB − D (3)

where SMB is the annual SMB field for 2007 or 2011.
The error in our Fsec calculations is estimated as the quadratic 

sum of the fractional uncertainties (σ ) of the individual terms: 
H , f , v , and ρ , multiplied by the estimated flux Fsec (Eq. (4)). 
Uncertainties in ice thickness (H) stem from measurement errors 
in the LiDAR surface elevation (σhsurf = 0.1 m) and radar bed 
elevation (σhbed = 80 m), which we sum in quadrature: σ H =√

σh2
surf + σh2

bed . Uncertainties in the InSAR velocities stem from 
two sources: Uncertainty associated with InSAR-derived ice sur-
face velocities (formal and interpolation, combined in σ vinsar) 
and a seasonal velocity cycle of less than 2% at high elevations 
(σ vseason = 0.02v , Doyle et al., 2014). Similar to uncertainties in ice 
thickness, these uncertainties in velocity are summed in quadra-

ture: σ v =
√

σ v2
insar + σ v2

season . We also assign a ±5% uncertainty 
in bulk ice density (σρ) from the prescribed weighted average. Fi-
nally, we assume the uncertainty of the mean ratio f = 0.93 of 
surface to depth-averaged velocity is 0.05 (Thomas et al., 2000). 
Thus, the error on the ice flux through a flux gate section (σ Fsec) 
is:

σ Fsec = Fsec

√(
σ H

H

)2

+
(

σρ

ρ

)2

+
(

σ f

f

)2

+
(

σ v

v

)2

(4)

The errors on the individual sections, σ Fsec , are summed within 
each basin. For ice sheet-wide estimates, we assume basins are 
independent and therefore add the uncertainties associated with 
D , F , and TMB in quadrature (Colgan et al., 2008).

While InSAR velocities are bedrock-controlled near the ice sheet 
margin, InSAR velocities become progressively less controlled to-
wards the interior of the ice sheet, and ultimately constrained 
to c. 1995 in situ velocities collected along the 2000 m contour 
(Thomas et al., 2000). InSAR velocities along the PROMICE flight-
line may therefore be biased towards the 1995 in situ velocities, 
and thus not reflect recent velocity changes in the ice sheet inte-
rior (Joughin et al., 2010b).

3. Results

Varying ice regimes are encountered around the flight line 
perimeter, with the dynamic regions (e.g. 7.1, Jakobshavn Isbræ, 
4.1, Helheim Glacier) clearly characterized by larger fluxes. Sum-
ming all contributions from the eighteen basins in 2007 and 2011 
yields total F values of 395 ± 68 and 399 ± 79 Gt yr−1, respec-
tively (Table 1). The corresponding MAR simulated SMB values for 
the reference period integrated within the flux gate perimeter is 
438 ± 44 Gt yr−1 indicating a positive, but non-significant, mass 
balance of the ice sheet interior of 43 ± 81 and 39 ± 91 Gt yr−1

for 2007 and 2011, respectively. Employing the reconstructed SMB
product based on in situ observations (Box, 2013) yields analo-
gous interior mass balance values of 12 ± 76 and 7 ± 86 Gt yr−1, 
respectively. Our interior mass balance observations carry large er-
ror estimates due to compounding the errors associated with both 
mass budget components.

The calculated D fluxes using MAR are listed in Table 1 at basin 
scale. Total ice sheet D for the years 2007 and 2011 is 512 ± 76
and 517 ± 85 Gt yr−1, respectively. Between 2007 and 2011 Jakob-
shavn drainage (7.1) on the West Coast accelerated slightly, as did 
Helheim Glacier drainage system (4.1) in the South East. Basin 3.3 
(Kangerlussuaq Glacier) was unchanged between the observation 
years.
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Table 1
Quantities used for estimates of grounding line solid ice discharge (D), all in Gt yr−1: mass flux at flux gate perimeter (F ), 1961–1990 reference period MAR derived SMB for 
the area between flux gate and grounding line (SMBds), and 2007–2011 mean downstream change in storage due to glacier dynamics (�Sds).

Basin F
2007

F
2011

SMBds

Ref.
�Sds

2007–2011
D
2007

D
2011

1.1 14 ± 1 15 ± 3 −3 ± 0.5 2 ± 0.5 9 ± 2 9 ± 3
1.2 5 ± 1 5 ± 2 −1 ± 0.1 2 ± 0.3 3 ± 1 3 ± 2
1.3 3 ± 0 3 ± 1 0 ± 0.0 −1 ± 0.5 4 ± 1 4 ± 1
1.4 1 ± 0 1 ± 1 −1 ± 0.1 −1 ± 0.1 2 ± 0 2 ± 1
2.1 26 ± 3 27 ± 3 −5 ± 0.7 −6 ± 0.5 27 ± 3 28 ± 4
2.2 2 ± 0 2 ± 1 2 ± 0.3 −2 ± 0.4 6 ± 1 6 ± 1
3.1 16 ± 4 17 ± 6 12 ± 1.7 −6 ± 1.5 34 ± 5 34 ± 7
3.3 23 ± 4 23 ± 4 21 ± 3.0 −12 ± 0.6 56 ± 6 56 ± 6
4.1 27 ± 3 28 ± 3 4 ± 0.5 −11 ± 0.2 41 ± 3 43 ± 3
4.2 39 ± 10 39 ± 8 12 ± 1.7 −2 ± 0.1 53 ± 10 53 ± 9
4.3 28 ± 8 28 ± 7 7 ± 1.0 −7 ± 0.2 42 ± 9 41 ± 7
5.0 17 ± 8 17 ± 9 3 ± 0.4 −7 ± 0.8 27 ± 8 27 ± 9
6.1 12 ± 4 13 ± 6 −8 ± 1.1 −5 ± 0.3 9 ± 4 10 ± 6
6.2 30 ± 4 29 ± 6 −19 ± 2.7 −7 ± 0.3 17 ± 6 17 ± 7
7.1 36 ± 4 38 ± 4 −3 ± 0.5 −7 ± 0.0 40 ± 4 42 ± 4
7.2 46 ± 5 46 ± 6 −4 ± 0.6 −8 ± 0.1 50 ± 5 50 ± 6
8.1 67 ± 7 67 ± 9 −1 ± 0.2 −19 ± 0.3 85 ± 7 84 ± 9
8.2 2 ± 0 2 ± 1 2 ± 0.3 −3 ± 0.3 8 ± 1 7 ± 1

Total 395 ± 68 399 ± 79 16 ± 15 −101 ± 7 512 ± 76 517 ± 85

Table 2
Quantities used for estimating total mass balance (TMB), all in Gt yr−1: MAR derived annual SMB fields and solid ice discharge values (D; from Table 1).

Basin SMByear

2007
SMByear

2011
D
2007

D
2011

TMB
2007

TMB
2011

1.1 −1 ± 0 −5 ± 1 9 ± 2 9 ± 3 −10 ± 2 −14 ± 3
1.2 5 ± 1 0 ± 0 3 ± 1 3 ± 2 2 ± 1 −2 ± 2
1.3 4 ± 1 0 ± 0 4 ± 1 4 ± 1 0 ± 1 −4 ± 1
1.4 −1 ± 0 −2 ± 0 2 ± 0 2 ± 1 −2 ± 0 −3 ± 1
2.1 16 ± 3 17 ± 3 27 ± 3 28 ± 4 −11 ± 4 −11 ± 5
2.2 4 ± 1 4 ± 1 6 ± 1 6 ± 1 −2 ± 1 −1 ± 1
3.1 21 ± 4 39 ± 8 34 ± 5 34 ± 7 −12 ± 7 5 ± 10
3.3 40 ± 8 52 ± 10 56 ± 6 56 ± 6 −16 ± 10 −5 ± 12
4.1 30 ± 6 32 ± 6 41 ± 3 43 ± 3 −11 ± 7 −11 ± 7
4.2 39 ± 8 40 ± 8 53 ± 10 53 ± 9 −14 ± 13 −13 ± 12
4.3 28 ± 6 27 ± 5 42 ± 9 41 ± 7 −14 ± 10 −14 ± 9
5.0 7 ± 1 5 ± 1 27 ± 8 27 ± 9 −19 ± 8 −22 ± 9
6.1 −3 ± 1 −3 ± 1 9 ± 4 10 ± 6 −12 ± 4 −13 ± 6
6.2 −22 ± 4 −27 ± 5 17 ± 6 17 ± 7 −39 ± 7 −44 ± 9
7.1 23 ± 5 15 ± 3 40 ± 4 42 ± 4 −18 ± 6 −27 ± 5
7.2 28 ± 6 18 ± 4 50 ± 5 50 ± 6 −22 ± 8 −32 ± 7
8.1 46 ± 9 39 ± 8 85 ± 7 84 ± 9 −39 ± 12 −46 ± 12
8.2 −6 ± 1 −7 ± 1 8 ± 1 7 ± 1 −14 ± 1 −14 ± 2

Total 259 ± 52 245 ± 49 512 ± 76 517 ± 85 −253 ± 29 −272 ± 31
We infer a 2007–2011 mean total mass balance (TMB) of 
−262 ± 21 Gt yr−1 (Table 2), corresponding to a global sea level 
rise contribution of ∼0.73 mm yr−1.

4. Discussion

The mean ice sheet wide grounding line discharge (D) is 
515 ± 57 Gt yr−1. This is consistent with the values of 507 and 
502 Gt yr−1 for 2006 and 2007 reported in Rignot et al. (2008), and 
also Enderlin et al. (2014), in which the total discharge from 178 
outlet glaciers is estimated as 513 Gt yr−1 in 2007 and 544 Gt yr−1

in 2011.
Our 2007–2011 mean TMB of −262 ± 21 Gt yr−1 is more nega-

tive than Colgan et al. (2014) (−217 ± 20 Gt yr−1, 2003–2010), but 
∼116 Gt yr−1 less negative than the −378 ± 50 Gt yr−1 found by 
Enderlin et al. (2014) in 2009–2012. We note that Enderlin et al.
(2014) include the peripheral glaciers and ice caps of the Geikie 
plateau, which we do not, and also include the extreme mass loss 
year of 2012 (Tedesco et al., 2013). The inclusion or exclusion of 
peripheral glaciers can account for up to 15% of Greenland’s mass 
loss signal (Colgan et al., 2014). Our TMB agrees well with the 
reconciled 2005–2010 Greenland TMB value of −264 ± 30 Gt yr−1

reported in Shepherd et al. (2012) and with the −191 ± 23 Gt yr−1

to −240 ± 28 Gt yr−1 mass loss found by Sørensen et al. (2011)
for the period 2003–2008. Due to an acceleration in TMB over the 
last two decades (Rignot et al., 2011), differences in observation 
period likely play an important role in explaining the apparent dis-
crepancies between studies. Furthermore, differences in the data 
sets used for quantifying ice thickness, velocity, the magnitude and 
distribution of interpolation, and the SMB products used for down-
stream F corrections, all influence the final mass balance estimates, 
and are different for the studies discussed.

Considering the high-elevation regions (>2000 m a.s.l.), the 
consensus appears to be an ongoing mass gain: Zwally et al.
(2011a) infers a decrease in the rate of mass gain in the inte-
rior from 44 Gt yr−1 to 28 Gt yr−1 between the periods 1992–2002 
and 2003–2007. Luthcke et al. (2006) find a high-elevation mass 
gain of ∼54 Gt yr−1 in the years 2003–2005. Our 2007–2011 mean 
positive interior mass balance (IMB) of 41 ± 61 Gt yr−1 is consis-
tent with both of these, but carries large error estimates. Thomas 
et al. (2000) and Krabill et al. (2000) found the >2000 m re-
gions to be in balance on average in the years 1993–1997 and 
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Fig. 3. Mass balance estimates for Greenland’s eight major drainage basins (inset) derived through altimetry (A), gravimetry (G) and input–output (IO) approaches (Zwally et 
al., 2005, 2011a; Luthcke et al., 2006; Schrama and Wouters, 2011; Sasgen et al., 2012; Barletta et al., 2013; Colgan et al., 2014). The horizontal extent of each box denotes 
observation period, while the vertical extent denotes reported uncertainty. Solid lines denote estimates for the ice sheet proper, while dashed lines denote estimates that 
include peripheral glaciers.
1994–1999. Later studies suggest slight high-elevation thinning be-
tween 1997 and 2002–2003 (Krabill et al., 2004), but are inconclu-
sive. At ∼1700 m a.s.l., our flight line is lower than the 2000 m 
contour typically employed in studies of high-elevation mass bal-
ance. Therefore, we include parts of the ablation zone in our IMB 
estimates (Fig. 1), introducing a negative bias relative to previous 
studies. We note that our computed F fluxes have not changed 
beyond uncertainty over our observation period, indicating that 
dynamic effects changing the geometry of the ice sheet between 
2007 and 2011 are not detectable at the flight line elevation.

We compare our basin-scale mass loss assessment to previous 
basin-scale studies of: (i) the ice sheet proper (Zwally et al., 2005, 
2011a), (ii) the ice sheet proper plus peripheral glaciers (Luthcke 
et al., 2006; Schrama and Wouters, 2011; Barletta et al., 2013)
or (iii) a combination of both (Colgan et al., 2014; Fig. 3). Even 
considering the variation in SMB models used across other works 
(Vernon et al., 2013), the mass balance we assess is within the 
range of previous estimates in basins 1, 2, 4, 5, and 8, while it 
is lower than previous estimates in basins 6 and 7, although still 
within uncertainty of Colgan et al. (2014) in basin 6. Our exclu-
sion of basin 3.2 prevents assessing a directly comparable basin 3 
value. While we consistently assess similar or more mass loss than 
altimetry collected over the slightly earlier 2003 to 2009 period 
in all basins except 4, in South East Greenland, we underestimate 
mass loss relative to some gravimetry-based studies (Schrama and 
Wouters, 2011; Sasgen et al., 2012) in the southeast (basins 4 + 5) 
and overestimate mass loss relative to gravimetry in the southwest 
(basins 6 and 7). We speculate that this apparent shift in mass 
loss detected by gravimetry from South West to South East Green-
land, relative to our input–output assessment, may be due to alias-
ing of the gravimetry signal within the relatively narrow basins 4 
and 5. Altimetry, gravimetry and input–output methods appear to 
be agree best in Northwest Greenland (basin 8), where they docu-
ment progressively negative mass balance since 1992. Perhaps the 
overarching message of this basin-scale inter-comparison is that 
aside from basins 2 and 3, the consensus is that all major drainage 
basins exhibit substantially negative mass balance with formal un-
certainties being substantially smaller than inter-comparison dis-
crepancies, even considering the differences in methodology and 
data sets employed.

The basin-scale mass loss we assess may be partitioned into 
SMB and D components in twelve of the eighteen ice sheet basins 
where the majority of mass loss occurs (∼73% of total ice sheet 
mass loss). The partition of mass loss cannot be resolved beyond 
uncertainty in four of the remaining basins, and mass balance is 
within uncertainty zero in two basins (Fig. 4). We attribute the 
majority of the ice sheet’s current mass loss to West Greenland 
(basins 6.1 through 8.2 ∼61% of total ice sheet mass loss). We note 
that basin 8.1, comprising several marine terminating glacier com-
plexes (e.g., Upernavik Ice Stream) is presently the single largest 
source of ice sheet-derived sea level rise (∼16% of total ice sheet 
mass loss), closely followed by basin 6.2, in which the ice sheet 
is primarily land terminating, with a large SMB related mass loss. 
We observe high dynamic fractions of mass loss in basins 2.1, 3.3, 
7.1, 7.2, and 8.1. Qualitatively this is consistent with the strong out-
let glacier acceleration observed in some of these areas in the past 
two decades (Luckman et al., 2006; Stearns and Hamilton, 2007;
Pritchard et al., 2009). Across the basins for which mass loss can 
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Fig. 4. Partition of 2007–2011 mean mass loss into surface mass balance (dark 
green) and ice dynamics (yellow) components. Gray circles denote basins in which 
the partition of mass balance components is not possible. Circle size is proportional 
to total mass balance. Red perimeters indicate negative total mass balance. Black 
circles indicate mass balance of zero within uncertainty. Numbers indicate basin 
names.

be partitioned with confidence, mass loss due to SMB comprises 
61% of total mass loss. This falls between the ∼50% SMB contribu-
tion reported by van den Broeke et al. (2009) over the 2000–2008 
period, and the 68% SMB contribution reported by Enderlin et al.
(2014) over the 2009–2012 period.

5. Conclusion

We estimate ice fluxes across a flux gate perimeter following 
the ∼1700 m a.s.l. contour of the Greenland ice sheet for the years 
2007 and 2011. We integrate a 1961–1990 reference period SMB 
field within the flux gate perimeter and estimate the interior mass 
balance to be 41 ± 61 Gt yr−1, i.e. zero within uncertainty. This re-
sult is concordant with previous studies (e.g. Thomas et al., 2000;
Krabill et al., 2000) that find that the interior of the Greenland ice 
sheet to be in neutral or slightly positive mass balance. Using ref-
erence period SMB values, and corrections for the dynamic volume 
change downstream of the flux gate, we infer the ice discharge at 
the grounding line, D . The total D value (mean 2007–2011 value 
of 515 ± 57 Gt yr−1) is consistent with values found in other stud-
ies. We then derive the mean 2007–2011 total mass balance for 
the whole ice sheet on basin level. Here we find that the ice sheet 
total (−262 ± 21 Gt yr−1) agrees well with other studies, but the 
reconciliation of the spatial distribution to other works is less ob-
vious.
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