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ABSTRACT. The Greenland ice sheet is experiencing dramatic melt that is likely to continue with rapid
Arctic warming. However, the proportion of meltwater stored before reaching the global ocean
remains difficult to quantify. We use NASA MODIS surface reflectance data to estimate river discharge
from two West Greenland rivers – the Watson River near Kangerlussuaq and the Naujat Kuat River near
Nuuk – over the summers of 2000–12. By comparison with in situ river discharge observations,
‘inundation–discharge’ relations were constructed for both rivers. MODIS-based total annual
discharges agree well with total discharge estimated from in situ observations (86% of summer
discharge in 2009 to 96% in 2011 at the Watson River, and 106% of total discharge in 2011 to 104% in
2012 at the Naujat Kuat River). We find, however, that a time-lapse camera, deployed at the Watson
River in summer 2012, better captures the variations in observed discharge, benefiting from fewer data
gaps due to clouds. The MODIS-derived estimates indicate that summer discharge has not significantly
increased over the last decade, despite a strong warming trend. Also, meltwater runoff estimates
derived from the regional climate model RACMO2/GR for the drainage basins are higher than our
reconstructions of river discharge. These results provide indirect evidence for a considerable
component of water storage within the glacio-hydrological system.
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INTRODUCTION
The Greenland ice sheet (GrIS) exhibits a dramatic melt and
mass loss trend that is likely to continue with rapid warming
of the Arctic region (Fettweis and others, 2011; Shepherd and
others, 2012; McGrath and others, 2013). Since the 1990s,
GrIS surface ablation has nearly doubled from �250–264
(�26–45)Gt a–1 to �400–429 (�57)Gt a–1 (Fettweis, 2007;
Ettema and others, 2009; Van den Broeke and others, 2009;
Mernild and Liston, 2012) and would have been 100% larger
if mass loss was not offset by increased snowfall and
refreezing (Van den Broeke and others, 2009). Surface
meltwater runoff is estimated from modeling studies to
continue growing in importance (Mernild and others, 2010;
Robinson and others 2012; Franco and others, 2013).
Greenland rivers draining the GrIS will likely follow
circum-Arctic trends of increasing river discharge (Overeem
and Syvitski, 2010).

The potential consequences of continued meltwater
losses from the GrIS are far-reaching. Perhaps of greatest
concern is the raising of sea levels. Should the 1992–2009
average mass loss rate of +21.9�1Gt a–1 from the GrIS
alone continue, global sea level will rise +9�2 cm by 2050
(Rignot and others, 2011). Meltwater and sediment reaching
the oceans by rivers influence physical (Driesschaert and
others, 2007; Straneo and others, 2011; Bamber and others,
2012) and biological properties of Greenland’s marine
environment (Rysgaard and others, 2003; Arendt and others,
2011; Hudson and others, 2013).

Exactly how much GrIS surface melt infiltrates and
refreezes rather than escaping to the ocean is still unclear
(Vernon and others, 2013). Melt is spreading to higher

regions of the ice sheet, into the dry snow zone, but radar
surveys and thermistor readings in boreholes provide
evidence that much of this melt refreezes locally in the firn
and snowpack (Pfeffer and others, 1991; Harper and others,
2012). Significant retention of meltwater englacially or
subglacially has been inferred even for a small low-lying
ice-marginal catchment without any potential water storage
in firn (Rennermalm and others, 2013). It is clear that surface
melting is increasing over the GrIS, and the response of the
Greenland ice-marginal rivers to warming may shed light on
the buffering effect of meltwater storage.

Unfortunately, direct measurements of river runoff along
the Greenland coast are sparse, partly due to the difficulty of
installing and maintaining gauging stations around the
periphery of the ice sheet. Additionally, most rivers in
Greenland have braided channels with unstable banks,
which make it challenging to estimate discharge from water-
level measurements. Estimating discharge from water level
requires a calibrated relationship between river velocity,
width and depth. It is difficult to measure velocities in the
coexisting anabranches of a braided river network, and it is
problematic to assume the channel does not scour over the
season. Yet braided, shallow channels, which rapidly
expand and contract with different flow regimes, can
potentially be suitable for discharge quantification from
inundation (Ashmore and Sauks, 2006).

Here we investigate an approach for measuring pro-
glacial river dynamics from NASA’s Moderate Resolution
Imaging Spectroradiometer (MODIS) surface reflectance
data, and compare this remote technique with ground-
based time-lapse camera data. We calibrate the satellite
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data against observed discharge records on two braided
river systems in West Greenland: the Watson River near
Kangerlussuaq, and the Naujat Kuat River near Nuuk
(Fig. 1). Both are ice-marginal rivers influenced by melt of
the GrIS (McGrath and others, 2010). Site-specific relations
allow reconstruction of discharge over the entire 12 year
span of the MODIS record. Once we establish relations, we
can evaluate the annual river dynamics of these two systems
and place them in the context of the melt dynamics in their
respective catchments on the GrIS.

Our observation period includes the extreme melt
summer of 2012. Ninety-nine percent of the GrIS experi-
enced melt conditions on 12 July 2012 (Nghiem and others,
2012), including the highest-altitude and -latitude areas
(McGrath and others, 2013). The extreme melt event
resulted in extensive flooding in both river systems; the
bridge over the Watson River, which is the only bridge over
a meltwater river in Greenland, was damaged by the high
flows. This rare event provides an opportunity to scrutinize
the image-based methods under conditions that make in situ
observations exceptionally challenging.

THEORY ON DISCHARGE MEASUREMENTS
Around the world, river discharge, Q (L3 T–1), is calculated –
at specific river cross-sections where width, w (L), depth, d
(L), and velocity, v (L T–1), are known – by the mass
continuity equation

Q ¼ wdv ð1Þ

Conversely (and traditionally), discharge can be related by
empirical power functions to the mean velocity, width and
depth at a particular river cross section (Leopold and
Maddock, 1953).

w ¼ aQb,d ¼ cQf , v ¼ kQm ð2Þ

Equation (1) dictates that ack=1 and b+ f+m=1.

At the vast majority of river monitoring sites, water level,
or ‘stage’, is recorded frequently, whereas the water velocity
and channel cross-sectional geometry are surveyed only
periodically to establish a stage–discharge relation, then
used for discharge predictions.

The empirical relation between channel width and
discharge is especially relevant for braided rivers, which
typically contract and expand with varying discharge. In Eqn
(2), the exponent b represents the sensitivity of the
braidplain’s channel widths to changes in discharge. Here
we present an approach using a reach-averaged inundation,
I, which represents the wetted area, Aw, over the total area,
Atotal, of the braidplain:

I ¼ Aw=Atotal ð3Þ

A reach-average quantification ought to be a more robust
metric of hydraulic geometry than single cross-sectional
data. Using an entire reach smooths possible extreme values
at individual cross sections (Stewardson 2005). Inundation
lends itself to be imaged remotely (Alsdorf and Lettenmeier
2003; Brakenridge and others 2007). Smith and others
(1996, 1997) pioneered this approach for large Arctic river
braidplains. We here propose to establish and test inunda-
tion–discharge relations for smaller-scale proglacial rivers.

METHODOLOGY
Watson River and Naujat Kuat River catchments
We delineated both river catchments based on calculations
of the local hydrostatic pressure field (Lewis and Smith,
2009; Cuffey and Patterson, 2010) using surface elevation
from Howat and others (2014) and basal topography from
Bamber and others (2001). Contributing area was calculated
with a D-infinity approach (Tarboton, 1997) in the
RiverTools software package. This delineation method takes
into account that water pressure equals ice overburden
pressure, but it is limited by the resolution of the basal

Fig. 1. River braidplains of (a) the Watson River draining into Kangerlussuaq fjord, and (b) the Naujat Kuat River draining into Ameralik fjord.
Gauging-station locations are marked with white circle; the position of the time-lapse camera is marked with a star. The inset map (c)
indicates the location of both proglacial rivers along the West Greenland ice margin.
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topography. Furthermore, it assumes uniform water flow at
the base of the ice sheet, whereas, more likely, water will be
flowing in a channelized system, so any delineation carries
uncertainty.

The Watson River is an ice-marginal river (Fig. 1a)
dominantly controlled by melting of the GrIS (McGrath and
others, 2010; Hasholt and others, 2013; Table 1). Its
catchment area over the GrIS was found to be 3640 km2,
with 20% located above the regional glacier equilibrium-
line altitude (ELA) and reaching a maximum elevation of
1860m.

The Naujat Kuat River (Fig. 1b) drains a mixed catchment
composed of 63–75% tundra. The remaining area over the
GrIS, entirely located below the regional ELA, was 460 km2

in the early 2000s, and �356 km2 after a drainage diversion
was built in 2004 (Weidick and Citterio, 2011; Hudson and
others, 2013). The diversion is downstream of our gauging
station and thus does not affect the measured discharge. Its
impact on the inundated braidplain is minor.

In situ river discharge measurements
The Watson River gauging station is located at 66°5705400N,
50°5105000W, where two bedrock channels were blasted
through a bedrock sill in the town of Kangerlussuaq (Figs 1a
and 2a). The ice-sheet margin is �22 km upstream. Two
bridges cross both adjacent channels, allowing for complete
and continuous observation of water level. The northern

channel is deepest and experiences flow through spring and
summer, whereas water only starts to run in the southern
channel when the water level exceeds a certain threshold
(Fig. 2b).

River stage was measured every 20min in 2007, and
every 5min ever since, using redundant pressure sensors.
The reported measurement error for the pressure sensors is
�1 cm. Stage was corrected for barometric pressure vari-
ations by subtracting atmospheric pressure as measured
from a paired, in situ, baro-diver (an instrument for accurate
barometric compensation). During high water the river
surface water level varies by �25 cm due to turbulence. We
propagate these two uncertainties in the stage measurements
and find the error in the water-level measurements con-
tributes �10% uncertainty to the discharge calculations.
Repeat surface velocity measurements with a float were
obtained at various river stages each year. The standard
deviation of repeat velocity measurements – the contri-
bution of velocity to the uncertainty in discharge measure-
ments – was �7.5% (Hasholt and others, 2013). The errors
in water-level and velocity measurements together amount
to an uncertainty in the discharge estimations of �17.5%.

However, an added component of the uncertainty in
discharge calculations results from the determination of the
cross-sectional area of the river profile. Eight soundings
between 2009 and 2011 in low flow conditions in May and
October show that channel depth varies by �2m due to a

Fig. 2. (a) Overview photo of the Watson River gauging station location near the town of Kangerlussuaq, West Greenland. The northern
channel is deepest, the southern channel is active only at high water level. (b) Cross sections of northern and southern channels measured
with repeat soundings in relatively low flow conditions in 2007 (as published in Mernild and Hasholt, 2009), September 2009, May 2010
and October 2010. Surveys were performed directly upstream (east) and downstream (west) of the bridge. The thick black lines are averaged
to be used as the representative profile for discharge calculations. The variable thickness of bed load on the northern channel bottom
introduces a significant component of uncertainty in the stage–discharge calculations.
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layer of bed sediment of variable thickness (Fig. 2b).
Soundings on either side of the bridge obtained in May
2010 were considered most representative of the river cross
section for intermediate and high flow conditions, while the
average of multiple surveys was used for low flow discharge
calculations (Hasholt and others, 2013). A deepest possible
channel profile was measured by penetrating a sharp long
iron rod through the sediment to bedrock (Fig. 2b). This
deepest possible river cross section defines an upper limit in
the discharge calculations (+45%) (Hasholt and others,
2013). However, it is unlikely this deepest profile represents
average flow conditions; at times of average flow some of
the bedrock profile is covered with sandy bed material and
pebbles or cobbles. These uncertainties, combined, result in
fitted stage–discharge relations for low and high flow
conditions with a relative error of estimation (REE) of
�17%. This REE carries the implicit assumption that the
hydraulic profile does not contribute to the uncertainty.

However, using the deepest possible cross section in the
discharge calculations we calculate that the uncertainty has
an upper limit of +45% (Hasholt and others, 2013; Fig. 3).

The extraordinary flood of 10–14 July 2012 forced us to
extrapolate the stage–discharge relation 13% beyond the
previously observed maximum. After the bridge was dam-
aged on 11 July, two new shallow channels formed in the
sandy side-walls; these additional strands were estimated to
be �1.5 and �2.5m deep respectively at maximum flow
(the two original bedrock channels are assumed un-
changed). The cross-sectional area of the new channels
was estimated from time-stamped photographs, and the
resulting discharge added to the discharge calculated on the
basis of the stage–discharge relation for the original
channels. Given that the share of water discharged through
the new channels is relatively minor, this makes a negligible
contribution to the overall uncertainty.

Another, more remote, gauging station was installed
at a bedrock constriction along the Naujat Kuat River
(64°1204500N, 50°1202200W) in 2011, about 11 km from the
GrIS margin. The braidplain downstream of the ice margin is
�1.5 km wide (Figs 1b and 3). Downstream of the station,
the braidplain narrows to 0.7 km, then widens again towards
the river mouth. The station is equipped with a Campbell
SR50a sonic ranger, and samples river stage height, H,
above an arbitrary zero, H0, every 60min. The sonic ranger
measurements are corrected for fluctuations in local air
temperature to correct for variations in speed of sound in air,
as specified by the manufacturer. The reported operational
accuracy for a Campbell SR50 sonic ranger is �2.54 cm, but
the turbulence of the water below the sensor may be as high
as �25 cm, which is the more significant component of the
uncertainty of the stage measurement.

We repeatedly measured water velocity with the float
method and water surface slope during site visits in June
2010, July 2011 and August 2012. To obtain a cross-
sectional profile at the gauge, a three-dimensional (3-D)
model of the river bedrock constriction was reconstructed
from four photographs taken on 6 April 2012 during
extremely low flow. The camera position was changed little
between the images, so only the geometry of the foreground,
directly downriver from the sensor, could be reliably
triangulated. The photographs were processed with the
structure-from-motion packages Bundler and Patch-based
Multi-view Stereo Software (PMVS) to calculate a dense,
relatively oriented point cloud (424632 points) (Fig. 4a). To
scale the model, we compared the distance to the water
surface measured by the water-level sensor on the day the

Fig. 3. Stage–discharge relationship for the Watson River (modified
after Hasholt and others, 2013) for low flow conditions (flow is
restricted to the northern channel) and for intermediate to high flow
conditions (flow occupies both the northern and southern channels;
see Fig. 2). Discharge is calculated from simultaneous measure-
ments of water height and velocity collected for different flow states
in 2008, 2009, 2010 and 2011. Relative error of estimation is 17%;
additional uncertainty can amount to �45% due to unknown
scouring to the deepest possible river profile (dotted line).

Table 1. Catchment characteristics of both river drainage basins

River A-total A-ice A-tundra A-RACMO H-max P-annual

km2 km2 km2 km2 m m

Watson 3640 3640 n/a 3725 1860 0.14
Naujat Kuat 460+ 592

356+592
460+1186
356+1186

460*
356

592
592
1186†

1100 1342 0.76

Notes: A-total = total catchment area; A-ice = catchment area located on GrIS; A-tundra = catchment area dominated by tundra; A-RACMO = catchment area
in RACMO gridcells; H-max = maximum elevation of catchment; P-annual = annual total precipitation (from Danish Meteorological Institute coastal stations).
*A drainage diversion of lake and river previously draining through Austerdalen reduced the on-ice catchment area in 2004 (Weidick and Citterio, 2011).
†Kang Lake catchment area is dammed but an overspill allows water to drain towards Naujat Kuat River. No overspill occurred during 2010 and 2011.
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images were acquired with the equivalent measurement in
the point cloud (scale factor �25.55). Direct measurement
of two other easily identified features – a 0.73m rock step
(scale �28) and a 4m boulder (scale �25) – were in close
agreement with this result. We calculate an error of �10%,
based on the roughness of the turbulent water surface used
to determine the reference height and the small angle
between the source images. Additional uncertainty stems
from the unseen profile below the water. We estimated the
additional possible depth to be between 0 and 3m (a
generous upper limit considering the low flow conditions in
April). To produce a final two-dimensional (2-D) cross-
sectional profile, the point cloud was sampled along a
perpendicular line transect, and simplified to a polyline for
use in subsequent modeling (Fig. 4b).

At the Naujat Kuat River, our sparse in situ stage–
discharge measurements were supplemented with modeled
stage–discharge estimates using a fluid mechanics based
model (Kean and Smith, 2005, 2010). This approach is
useful for (new) gauging sites with flows that are too
dangerous to measure with a current meter or acoustic
Doppler current profiler. The numerical model uses channel
geometry, channel roughness and water surface slope to
calculate a cross-sectional velocity field to determine
discharge from stage observations. Channel roughness is
explicitly based on field measurements of the geometry of
roughness elements, which in the Naujat Kuat River include
flutes in the bedrock surface (up to 20 cm high) and boulders
in the channel bed (up to 1.5m high). We ran this model
repeatedly over the observed range of stages for both the
shallowest and deepest estimated 2-D cross sections as
derived from the photogrammetry (Fig. 4b). For each cross
section a set of sensitivity experiments were performed over
a range of channel roughness and slope values (Table 2),
and the resulting modeled velocities were compared with in
situ velocity observations to select the most likely stage–
discharge relationship and establish uncertainty ranges
(Fig. 5). The stage–discharge relationship for selected
experiments with parameterization resulting in a best match
to the observed velocities has a REE of only �1.4% (Fig. 5).
However, due to the sparse observational record, the
unknowns in the cross-sectional area, and uncertainty in
the cross-section roughness parameterization, the wider
range of sensitivity experiments indicate that uncertainty in
the discharge may be much larger (REE over all numerical
experiments is �56% (Fig. 5)).

MODIS Terra satellite imagery
We use the MODIS sensor aboard the NASA Terra satellite
to investigate West Greenland rivers on a daily timescale,

Fig. 4. Overview 3-D model of the Naujat Kuat River gauging station near Nuuk based on photos taken in April 2012. The black circle
indicates the position of the sonic sensor (SR50) used for measuring river stage. (a) Cross section reconstructed from the 3-D model of the
bedrock constriction (black line) and the simplified 2-D polyline for input into the fluid-mechanical modeling (dotted lines). Significant
uncertainty in the stage–discharge calculations results from the unknown depth of the 2-D profile below the water level (estimated between
0 and 3m).

Table 2. Input parameters for theoretical stage–discharge model by
Kean and Smith (2005, 2010). Stage is iteratively increased from
1m to 15m. Sensitivity experiments were done for bed and bank
roughness and water surface slope

Model parameter Input value

Cross-section profile See Fig. 4; both shallow and deep profiles
were used for all parameters

Smooth cross section? No
Stage (m) Iterative: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15
Slope 0.0020, 0.0038*, 0.0080
Bed roughness (m) 0.05, 0.10, 0.15, 0.25, 0.35
Bank roughness (m) 0.05, 0.10, 0.15, 0.25, 0.35
Height above bed where
vegetation begins (m)

19 (note: this level has never been
reached)

*Most likely slope value.
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clouds permitting. Daily summer MODIS MOD09GA
atmospherically corrected surface reflectance products for
2000–12 are automatically processed. We monitored the
darkness of several optically deep, non-turbid lakes near the
rivers as a preliminary estimate of scene cloudiness, then
manually checked scenes for cloud contamination. Our
processing uses near-infrared band 6 (1628–1652 nm), and
results in 500m resolution cloud-masked reflectance data.
At that resolution, even main channels, which typically
range from 150 to 300m width, are not resolved. Using
near-infrared wavelengths guarantees a strong contrast
between the very dark reflectance of water (R� 0) and
bright reflectance of dry land (Rmax� 0.3). Field measure-
ments with a handheld ASD Spectoradiometer show that
turbid meltwater reflectivity in the near-infrared wave-
lengths indeed approximates zero: we find Rmeltwater =
0.00118 averaged over ten locations. Rmax is similarly
established from in situ handheld ASD Spectoradiometer
measurements of dry sand on the glacial outwash braidplain
(at 20 locations, >10 samples each). These data provide the
basis for a MODIS-derived proxy of inundation, IRS, for a
selected number of river braidplain gridcells.

IRS ¼ 1 �
P

Ri
Rmax n

where Ri is reflectivity of near-infrared wavelength light
(MODIS band 6) for gridcell i, Rmax is reflectivity of dry sand
in near-infrared wavelength light (MODIS band 6) and n is
the total number of selected gridcells in each river
braidplain. We define 42 and 27 gridcells respectively in
regions covering the active braidplain near the mouths of
both rivers. This amounts to a total measured area of
10.5 km2 and 6.75 km2 for the Watson and Naujat Kuat
rivers respectively.

Time-lapse imagery
From 18 April to 22 August 2012 (most of the summer
melt season), a calibrated time-lapse camera we installed
at �420m elevation overlooking the Watson River
(66°5803900N, 50°4505100W) photographed the braidplain
every hour. The camera was a Nikon D200 with a Nikon AF
Nikkor 24mm f/2.8 D lens and a light-sensitive timer
mounted on a tripod bolted to bedrock. The camera was
installed with the onboard clock set to the local time zone
(UTC-2), and drifted –0:12:13 over the summer, expected
over such a long period (Welty and others, 2013) and too
small to be of consequence to our analysis.

Bedrock and braidplain features on the 12 July 2012
time-lapse photograph were matched to an EO-1 Advanced
Land Imager (ALI) image from the same day, and used as
control points to orient and position the camera. To avoid
the visible registration issues between the ALI imagery and
the ASTER Global Digital Elevation Model, only features
along the coastline and in the braidplain were used. These
were assigned an altitude of 10m, the average elevation of
the braidplain.

The river system experiences large variability between
low spring and fall season flows and peak summer flows
(Fig. 6). Rather than use inferior automated classification
methods, we manually traced the water-filled channels in
each of 97 best-quality daily time-lapse photographs
spanning 15 May–20 August 2012 (due to difficulties of
interpretation, we omitted images with significant snow
coverage in April and early May). The boundary pixels of the

water mask in each image were converted to world
coordinates (by projecting the camera rays onto a horizontal
plane with an altitude of 10m) and used to construct a map
of river inundation on each day.

Modeled GrIS surface melt flux (RACMO2/GR)
Meltwater fluxes for our two river catchments have
previously been modeled by the surface mass-balance
output of the high-resolution climate model RACMO2/GR
for 1958–2010 (Ettema and others 2009; Bamber and
others 2012). RACMO2/GR boundary conditions originate
from global reanalysis data of the European Centre for
Medium-Range Weather Forecasts. Ettema and others
(2009) tested model surface mass-balance results against
a comprehensive dataset of Greenland-wide local surface
mass-balance measurements (n = 265, R2 = 0.95; each
record was at least >3 years). Model results were also
compared against monthly regional Gravity Recovery and
Climate Experiment (GRACE) measurements and it was
found that predicted surface mass balance was robust on a
Greenland-wide scale (Van den Broeke and others, 2009).
However, direct comparison to river runoff has not been
done before. Instead, a best approximation of runoff was
reconstructed from a set of measurements along the
K-transect in West Greenland in the Watson River drainage
area (Ettema and others, 2009) and combined with melt
area estimates (Fettweiss and others, 2011) to produce an
estimated uncertainty in ice-sheet runoff of 20% (Bamber
and others 2012). We compare total summer river dis-
charge of two river catchments with modeled RACMO2/
GR runoff over precisely the same delineated drainage
areas on the GrIS.

Fig. 5. Stage–discharge relationship for theNaujat Kuat River derived
from comparison of in situ data and sensitivity experiments with a
fluid mechanics model (Kean and Smith, 2005, 2010; Table 2).
Model experiments were done for shallow and deep profiles (Fig. 4b)
and a range of channel roughness and surface water slopes (Table 2).
In situ velocity measurements during field visits in June 2010, July
2011 and August 2012 were used to optimize the parameterization
of the model (best fit H–Q relationship in black circles). The error of
estimation for the stage–discharge relationship calculated using all
sensitivity experiments is 56%.
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RESULTS
Inundation–discharge relations from MODIS
reflectance
We directly correlate the MODIS proxy for inundation with
observed discharge data for the Watson (2007–12) and
Naujat Kuat (2011–12) Rivers. Combining all data for the
Watson River yields the inundation–discharge (I–Q) relation
(Fig. 7a):

Qrs ¼ 96:83e2:28Irs ðR2 ¼ 0:57, n ¼ 221, REE ¼ 59%Þ

We use this relation and linear interpolation to fill in data for
cloudy days, which cause significant gaps in our satellite-
derived records. Despite these cloudy periods, MODIS-
based total annual discharges agree well with the total
discharge from in situ observations (from 86% of total
summer discharge in 2009 to 96% in 2011; Table 3).

Combining all available data for the Naujat Kuat River
yields the following I–Q relation (Fig. 7b):

Qrs ¼ 13:92e4:77Irs ðR2 ¼ 0:67, n ¼ 62, REE ¼ 32%Þ

Again, the MODIS-based total summer discharge volume is
in good agreement with the direct observations of discharge
(106% of summer discharge in 2011, and 104% in 2012;
Table 3).

For both river systems, we use exponential curves to fit
the I–Q relation, representing the braidplain channels
rapidly expanding at fairly low river flow initially, then
deepening during the highest flow. The I–Q relation for the
Watson River underestimates a rare, extreme event (Fig. 7a;
Table 3).

Inundation–discharge relation from time-lapse
imagery
The time-lapse derived inundation of the Watson River
braidplain in 2012 tracks the observed discharge closely
(see Supplementary Material (http://igsoc.org/hyperlink/
15j012_supp.mp4) for a time-lapse video of Watson River
dynamics in summer 2012). A distinct network of a few
small channels exists early in the season (17 May 2012;
Fig. 6a) before high summer discharge at the end of June
2012 greatly expands the inundation area, but the further
increase to discharge during the most extreme flood ever
measured in the Watson River only results in a modest
increase to inundation area. Waning river flows in late
August are reflected once again in a smaller inundated area
on the braidplain (Fig. 6d).

Fig. 6. Selected imagery of the time-lapse camera overlooking the
braidplain of the Watson River in 2012. Inundation is shown for 17
May, 29 June, 12 July and 17 August 2012. The 12 July image
coincides with the most extreme surface melt observed over the
GrIS over the entire satellite record. See Supplementary Material
(http://igsoc.org/hyperlink/15j012_supp.mp4) for complete time-
lapse movie of Watson River dynamics over 2012.

Table 3. Comparison of total summer discharge volume reconstructed from MODIS data analysis (Q-rs) with the total summer volume from
in situ observations (Q-obs) for both the Watson River and the Naujat Kuat River

Watson Naujat Kuat

Year Q-rs Q-obs Q-rs/Q-obs Q-rs Q-obs Q-rs/Q-obs

m3 m3 % m3 m3 %

2007 3.86�109 3.71� 109 104 8.20� 108 n/a n/a
2008 2.31�109 2.52� 109 92 4.70� 108 n/a n/a
2009 2.18�109 2.43� 109 90 4.30� 108 n/a n/a
2010 4.23�109 4.77� 109 89 7.40� 108 n/a n/a
2011 3.24�109 3.71� 109 87 6.14� 108 5.77�108 106
2012 4.01�109 6.29� 109 64 8.13� 108 7.80�108 104
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Figure 8 shows how the inundation reconstructed from the
time-lapse imagery closely matches the observed discharge
variation over the summer. The inundation as reconstructed

from MODIS imagery captures the overall seasonal pattern,
but misses important discharge fluctuations due to periods of
cloud cover. The inundation–discharge relations (Fig. 8c)

Fig. 7. Inundation–discharge relations for both rivers derived from analysis of MODIS band 6 inundation and observed discharge for
available cloud-free days over 2007–12 and 2011–12 for (a) the Watson River and (b) the Naujat Kuat River.

Fig. 8. (a) Observed discharge, Watson River, 2012. (b) Inundation of Watson braidplain based on time-lapse camera and MODIS.
(c) Inundation–discharge relations for both methods for 2012.
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resulting from time-lapse and MODIS imagery specifically
for summer 2012 are

Qtl ¼ 103:49e3:61Itl

Qrs ¼ 72:19e3:18Irs

As before, these relations are used to predict total summer
discharge and are compared to the total summer discharge
calculated from the in situ observations. The time-lapse
record achieves an 88% match with in situ observations (for
29 May to 22 August 2012), and the total summer discharge
reconstructed from the MODIS proxy amounts to 83% of the
total volume from in situ observations (for 29 May to
7 September 2012).

The time-lapse record of inundation captures the two
large meltwater events (around 12 July and 7 August 2012)
more accurately than the MODIS record. This difference can
partly be attributed to cloud cover, which prohibits satellite-
based estimates altogether, and the low resolution of
MODIS band 6 (�500m). The exceptionally high water
level on the braidplain during the flood likely prohibited the
common rapid drying of the braidplain sands with decreas-
ing discharge (�days 193–200 in Fig. 8). Water-saturated
sand has a much lower reflectivity in the near-infrared
wavelengths, and thus will contaminate the retrieval and
result in an overestimation of river discharge. On the other
hand, on a photograph it is considerably easier to classify
both dry sand and wet sand as exposed braidplain surface
area. Both methods tend to overestimate the discharge in the
early part of the summer and underestimate the discharge
following peak flow, likely due to adjustment of the channel
geometry during peak flow.

Discharge predictions based on MODIS reflectance
for 2000–12
We employed the established relations for both river systems
and used all cloud-free MODIS imagery of the 2000–12
record to establish river inundation; we then interpolated
between the cloud-free days for all years. Our technique
allows for measurement over the snow-free season exclu-
sively, as snow cover greatly affects the MODIS reflectance.
To standardize our comparisons, we use the cumulative
discharge over days 150–250 (29 May to 7 September) of
each year. Figure 9 depicts the time series of reconstructed
total summer discharge for the Watson and Naujat Kuat
Rivers, with the estimated errors based on the established
I–Q relations. Known warm years with expected high
discharges, like 2007 (+15%), 2010 (+ 26%) and 2012
(+20%), are indeed high river discharge years as observed by
satellite. However, high discharge also occurred at the
Watson River in the early 2000s, most notably in 2000
(+17%) and 2003 (+25%). The interannual variation is less
pronounced at the Naujat Kuat River, but 2000 (+12%), 2010
(+22%) and 2012 (+31%) are all high-discharge summers in
this river system. Notably, total summer discharge shows no
significant upward trend over the 12 year record, neither for
the Watson River nor for the Naujat Kuat River.

Annual discharge in comparison to modeled
meltwater runoff for 2000–12
We contrast the trends of the 1958–2010 RACMO2/GR
modeled meltwater runoff and the 2000–10 MODIS-derived
river discharge. Figure 10 shows the long-term increase in
modeled summer meltwater runoff for both river outlets.

Fig. 9. Time series of total summer discharge over June–July and August for 2000–12 reconstructed from MODIS-derived inundation, and
established inundation–discharge relations. Neither river system shows a significant trend over the period of MODIS observations.
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According to RACMO2/GR, summer meltwater flux in-
creased +4.7% per decade for the outlet cell near the
Watson River, while the outlet co-located with the Naujat

Kuat River increased +4.4% per decade. Over 2000–10,
meltwater generated in the Watson drainage increased to
+7.9% per decade, whereas meltwater generated in the

Fig. 10. Long-term RACMO2/GR model estimates of total meltwater runoff over June–July–August (JJA) for two river catchments over 1958–
2010 (Bamber and others, 2012). Trend lines are calculated over the entire long-term data record and, for 2000–10, the time period covered
by MODIS observations. Note the acceleration of GrIS surface melt draining through the Watson River over the 2000s compared to the
long-term increase. In contrast, the increases in surface meltwater draining through the Naujat Kuat River have remained constant.

Fig. 11. Comparison of RACMO2 modeled surface meltwater fluxes over June–July–August with MODIS-derived river discharge over
2000–12.
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Naujat Kuat drainage increased to +4.7% per decade,
relatively similar to its long-term average.

The comparison of RACMO2/GR estimates with MODIS-
reconstructed cumulative river discharge for 2000–10
shows interannual variation is comparable, indicating that
the two methods independently capture variability in water
flux between years (Fig. 11). RACMO2/GR predicts a
consistently (on average, 38%) higher summer meltwater
flux for the Watson River catchment than the river
discharge reconstructions would suggest. This discrepancy
is also evident for the Naujat Kuat River catchment, and
possibly even larger.

DISCUSSION
Our analysis shows that remotely sensed MODIS band 6
data can be successfully used to extend summer discharge
for Greenland proglacial river systems far beyond what is
available from short-term in situ observations, and that
MODIS-derived summer discharges closely match observed
discharge totals. Interannual variability of the MODIS-
derived estimates over the last decade matches the pattern
of modeled meltwater runoff for co-located outlets.

The newly developed remote-sensing technique has
inherent limitations: (1) cloud cover results in significant
periods of missing data; (2) snow on the river braidplain
perturbs MODIS reflectance and thus limits the method to
snow-free periods; (3) incision and avulsion of anabranch-
ing channels alter inundation–discharge relations, resulting
in a scattered response over the aggregated datasets; and
(4) during high flow, narrow braidplains can become
entirely flooded, at which point further increases in
discharge no longer increase the inundation area and are
therefore ‘invisible’ to the satellite. The extreme melt year of
2012 provided a clear example of such flooding for the
Watson River system, making this limitation of the tech-
nique more apparent.

The MODIS-derived discharge estimates for each indi-
vidual day for either river catchment have a large un-
certainty, as calculated from the REE in the inundation–
discharge relations (Fig. 9). However, the comparison of the
total summer river discharge from the MODIS-based
reconstructions with the total observed discharge totals
shows a good match (Fig. 11) and provides support for the
significant difference between the reconstructed river dis-
charge and modeled runoff (Fig. 11).

Other satellite sensors can be used to avoid some of the
described difficulties of the MODIS sensors in measuring
river inundation from space (Smith, 1997). For example, the
Advanced Microwave Scanning Radiometer – Earth Ob-
serving System (AMSR-E) is used to map inundation in large
Arctic river systems (Brakenridge and others, 2007). It has
the distinct advantage of using the microwave brightness
temperature, which is not hampered by cloud cover.
However, the AMSR-E sensor provides a low-resolution
product (typical pixel dimension is 12.5–25 km) and is thus
less applicable for river systems bounded by narrow fjords.
Analysis of near-infrared wavelength Landsat 7 archival
imagery (1999–2013) provides high-resolution inundation
maps and allows much more detailed spatial mapping of
individual river channels and activation of certain outlets at
distinct glacier snout locations, but this imagery is limited to
on average about three images per summer (Hudson, 2015).
The development of quantitative remote sensing of river

discharge is currently undergoing rapid innovation (Gleason
and Smith, 2014), and application to all major Greenland
rivers is now a possibility.

CONCLUSIONS
We hindcast summer discharge for two rivers along the west
GrIS margin over the last 13 years. These results consider-
ably lengthen available time series, from 2007 for the
Watson River and 2011 for the Naujat Kuat River. Neither
river shows a significant upward trend in discharge over the
last decade, although this may be partly caused by the
technique missing the highest discharge events. While 2010
and 2012 do stand out as high discharge years, our proxy
data indicate that equivalently high discharge occurred in
2000 and 2003.

Comparison between reconstructed river discharge and
modeled RACMO2/GR meltwater runoff for both catch-
ments reveals that while patterns of interannual variability
are in good agreement, the RACMO2/GR estimates are
consistently higher than both in situ (Hasholt and others,
2013) and MODIS-derived discharge. This discrepancy
could be related to the problematic delineation of on-ice
catchments and possible ‘leakage’ to unresolved bedrock-
controlled pathways, but there are other possible mechan-
isms worth exploring.

For instance, a time delay of over a month could exist
between melt production and release at the ice margin
(Rennermalm and others, 2013). RACMO2/GR has no lag
between melt and runoff, nor any englacial routing. We
cannot entirely disregard this mechanism since the MODIS
reconstructions are limited to the snow-free season,
generally early September in West Greenland. However,
in September–October 2007–11, the measured river dis-
charge was far too low to account for a delayed drainage of
as much as �40% of the June–July–August total water
volumes.

The fact that the discrepancy is greater in warmer years,
but the stored water volume stays in the same relative range
over the 13 year period, suggests a net overestimation of
runoff draining the ice sheet. That RACMO2/GR does not
model evaporation of meltwater could cause the observed
bias. Recently, however, large meltwater storage compon-
ents have been observed in the snow and firn of the
percolation zone (Harper and others, 2012; Forster and
others, 2014), and these could likely be an explanation for
the discrepancies between modeled runoff and observed
river discharge. RACMO2/GR includes water retention and
refreezing components, but it is possible that there is greater
englacial and subglacial storage and snowpack retention
during the melt season than is estimated within the model. It
is noteworthy that neither catchment shows a change in the
discrepancy over the last 13 years. A decrease of the storage
component might be expected as the aquifer gradually
saturates, especially since both catchments have little to no
area above the ELA, but we have yet to find any changes to
the storage component.

Despite the inherent limitations and uncertainties of the
satellite-derived river discharge records, they allow us to
investigate ice-sheet drainage mechanisms in more detail.
Specifically, they allow independent assessment of melt-
water runoff and have implications for our understanding of
surface meltwater, on-ice aquifers and the pathways of
meltwater to the global ocean.

Overeem and others: River inundation suggests ice-sheet runoff retention786



ACKNOWLEDGEMENTS
This study was funded through US National Science
Foundation Office of Polar Programs (NSF-OPP) Award
0909349 and NASA-NEWS (NNX13AC38G). We thank
CH2MHILL Polar Field Services for logistic support. Michael
Rosing contributed local expertise to the field study at the
Naujat Kuat River. Ursula Rick, Aaron Zettler-Mann,
Katherine Barnhart, Albert Kettner and Leif Anderson assisted
with fieldwork. We thank Jason Kean for sharing his stage–
discharge model, and Janneke Ettema and Michiel van der
Broeke for sharing the RACMO2 model results. Larry Smith
and an anonymous reviewer provided valuable suggestions.

REFERENCES
Alsdorf D and Lettenmaier D (2003) Tracking freshwater from space.

Science, 301, 1491–1494 (doi: 10.1126/science.1089802)
Arendt KE and 6 others (2011) Effects of suspended sediments on

copepods feeding in a glacial influenced sub-Arctic fjord.
J. Plankton Res., 33, 1526–1537 (doi: 10.1093/plankt/fbr054)

Ashmore P and Sauks E (2006) Prediction of discharge from water
surface width in a braided river with implications for at-a-station
hydraulic geometry. Water Resour. Res., 42, W03406 (doi:
10.1029/2005WR003993)

Bamber, J, Layberry R and Gogineni S (2001) A new ice thickness
and bed data set for the Greenland Ice Sheet 1. Measurement,
data reduction, and errors. J. Geophys. Res., 106, 6733–6745
(doi: 10.1029/2001JD900054)

Bamber J, Van den Broeke, M, Ettema J, Lenaerts J and Rignot E
(2012) Recent large increases in freshwater fluxes from Green-
land into the North Atlantic. Geophys. Res. Lett., 39, L19501
(doi: 10.1029/2012GL052552)

Brakenridge GR, Nghiem SV, Anderson E and Mic R (2007) Orbital
microwave measurement of river discharge and ice status.Water
Resour. Res., 43, W04405 (doi: 10.1029/2006WR005238)

Cuffey KM and Paterson WSB (2010). The physics of glaciers, 4th
edn. Academic Press, Amsterdam

Driesschaert E and 8 others (2007) Modeling the influence of
Greenland ice sheet melting on the Atlantic meridional over-
turning circulation during the next millennia. J. Geophys. Res.,
34, L10707 (doi: 10.1029/2007GL029516)

Ettema J and 6 others (2009) Higher surface mass balance of the
Greenland ice sheet revealed by high-resolution climate model-
ing. Geophys Res. Lett., 36, L12501 (doi: 10.1029/
2009GL038110)

Fettweis X (2007) Reconstruction of the 1979–2006 Greenland ice
sheet surface mass balance using the regional climate model
MAR. Cryosphere, 1, 21–40 (doi: 10.5194/tc-1-21-2007)

Fettweis X, Tedesco M, Van den Broeke MR, and Ettema J (2011)
Melting trends over the Greenland ice sheet (1958–2009) from
spaceborne microwave data and regional climate models.
Cryosphere, 5, 359–375 (doi: 10.5194/tc-5-359-2011)

Forster RR and 12 others (2014) Extensive liquid meltwater storage
in firn within the Greenland ice sheet. Nature Geosci., 7, 95–98
(doi: 10.1038/ngeo2043)

Franco B, Fettweis X and Erpicum M (2013) Future projections of
the Greenland ice sheet energy balance driving the surface melt.
Cryosphere, 7, 1–18 (doi: 10.5194/tc-7-1-2013)

Gleason CJ and Smith LC (2014) Toward global mapping of river
discharge using satellite images and at-many-stations hydraulic
geometry. Proc. Natl Acad. Sci. USA (PNAS), 111(13), 4788–
4791 (doi: 10.1073/pnas.1317606111)

Harper J, Humphrey N, Pfeffer WT, Brown J and Fettweiss X (2012)
Greenland ice-sheet contribution to sea-level rise buffered by
meltwater storage in firn. Nature, 491, 240–243 (doi: 10.1038/
nature11566)

Hasholt B, Mikkelsen AB, Nielsen MH and Larsen MAD (2013)
Observations of runoff and sediment and dissolved loads from

the Greenland Ice Sheet at Kangerlussuaq, West Greenland,
2007 to 2010. Z. Geomorphol., 57(Suppl.), 3–27 (doi: 10.1127/
0372-8854/2012/S-00121)

Howat IM, Negrete A and Smith BE (2014) The Greenland Ice
Mapping Project (GIMP) land classification and surface eleva-
tion datasets. Cryosphere, 8, 1509–1518 (doi: 10.5194/tc-8-
1509-2014)

Hudson B (2015) Meltwater and sediment dynamics of the
Greenland Ice Sheet. (PhD thesis, University of Colorado at
Boulder)

Hudson B, Overeem I, McGrath D, Syvitski JPM, Mikkelsen A and
Hasholt B (2013) MODIS observed increase in duration and
spatial extent of sediment plumes in Greenland fjords. Cryo-
sphere, 8, 1161–1176 (doi: 10.5194/tc-8-1161-2014)

Kean JW and Smith JD (2005) Generation and verification of
theoretical rating curves in the Whitewater River Basin, KS.
J. Geophys. Res., 110, F04012 (doi: 10.1029/2004JF000250)

Kean JW and Smith JD (2010) Calculation of stage–discharge
relations for gravel bedded channels. J. Geophys. Res., 115,
F03020 (doi: 10.1029/2009JF001398)

Leopold LB and Maddock TM Jr (1953) The hydraulic geometry of
stream channels and some physiographic implications. USGS
Prof. Pap. 252

Lewis SM and Smith LC (2009) Hydrologic drainage of the
Greenland Ice Sheet. Hydrol. Process., 23, 2004–2011 (doi:
10.1002/hyp.7343)

McGrath D, Steffen K, Overeem I, Mernild SH, Hasholt B and Van
den Broeke MR (2010) Sediment plumes as a proxy for local ice-
sheet runoff in Kangerlussuaq Fjord, West Greenland. J. Glaciol.
56(199), 813–821 (doi: 10.3189/002214310794457227)

McGrath D, Colgan W, Bayou N, Muto A and Steffen K (2013)
Recent warming at Summit, Greenland: global context and
implications. Geophys Res. Lett., 40, 2091–2096 (doi: 10.1002/
grl.50456)

Mernild SH and Hasholt B (2009) Observed runoff, jökulhlaups and
suspended sediment load from the Greenland ice sheet at
Kangerlussuaq, West Greenland, 2007 and 2008. J. Glaciol.,
55(193), 855–858 (doi: 10.3189/002214309790152465)

Mernild SH and Liston GE (2012) Greenland freshwater runoff. Part
II: Distribution and trends, 1960–2010. J. Climate, 25(17),
6015–6035 (doi: 10.1175/JCLI-D-11-00592.1)

Mernild SH, Liston GE, Hiemstra CA and Christensen JE (2010)
Greenland Ice Sheet surface mass-balance modeling in a 131-
year perspective 1950–2080. J. Hydrometeorol., 11(1), 3–25
(doi: 10.1175/2009JHM1140.1)

Nghiem SV and 8 others (2012) The extreme melt across the
Greenland ice sheet in 2012. Geophys Res. Lett., 39(20) (doi:
10.1029/2012GL053611)

Overeem I and Syvitski JPM (2010). Shifting discharge peaks in
Arctic rivers, 1977–2007. Geogr. Ann., 92, 285–296 (doi:
10.1111/j.1468-0459.2010.00395.x)

Pfeffer WT, Meier MF and Illangasekare TH (1991) Retention of
Greenland runoff by refreezing: implications for projected future
sea level change. J. Geophys. Res., 96, 22 117–22 124 (doi:
10.1029/91JC02502)

Rennermalm AK and 7 others (2013) Evidence of meltwater
retention within the Greenland ice sheet. Cryosphere, 7,
1433–1455 (doi: 10.5194/tc-7-1433-2013)

Rignot E, Velicogna I, Van den Broeke MR, Monaghan A and
Lenaerts J (2011) Acceleration of the contribution of the
Greenland and Antarctic ice sheets to sea level rise. Geophys.
Res. Lett., 38, L05503 (doi: 10.1029/2011GL046583)

Robinson A, Calov R and Ganopolski A (2012) Multistability and
critical thresholds of the Greenland Ice Sheet. Nature Climate
Change, 2, 429–432 (doi: 10.1038/nclimate1449)

Rysgaard S, Vang T, Stjernholm M, Rasmussen B, Windelin A and
Kiilsholm S (2003) Physical conditions, carbon transport and
climate change impacts in a Northeast Greenland fjord. Arct.
Antarct. Alp. Res., 35, 3301–3312 (doi: 10.1657/1523-0430
(2003)035[0301:PCCTACJ2.0.CO;2)

Overeem and others: River inundation suggests ice-sheet runoff retention 787



Shepherd A and 46 others (2012) A reconciled estimate of ice-sheet
mass balance. Science, 338(6111), 1183–1189 (doi: 10;.1126/
science.1228102)

Smith LC (1997) Satellite remote sensing of river inundation area,
stage and discharge: a review. Hydrol. Process., 11, 1427–1439
(doi: 10.1029/96WR00752)

Smith LC, Isacks BL, Bloom AL and Murray AB (1996). Estimation of
discharge from three braided rivers using synthetic aperture
radar (SAR) satellite imagery: potential for application to
ungauged basins. Water Resour. Res., 32(7), 2021–2034

Stewardson M (2005) Hydraulic geometry of stream reaches. J. Hyd-
rol., 306(1–4), 97–111 (doi: 10.1016/j.hydrol.2004.09.004)

Straneo F and 6 others (2011) Impact of fjord dynamics and glacial
runoff on the circulation near Helheim Glacier, Nature Geosci.,
4, 322–327 (doi: 10.1038/ngeo1109)

Tarboton D (1997) A new method for the determination of flow
directions and contributing areas in grid digital elevation
models. Water Resour. Res., 33(2), 309–319

Van den Broeke MR and 8 others (2009) Partitioning recent
Greenland mass loss. Science, 326, 984–986 (doi: 10.1126/
science.1178176)

Vernon CL and 6 others (2013) Surface mass balance model
intercomparison for the Greenland ice sheet. Cryosphere, 7,
599–614 (doi: 10.5194/tc-7-599-2013)

Weidick A and Citterio M (2011) The ice-dammed lake Isvand,
West Greenland, has lost its water. J. Glaciol., 57(201), 186–188
(doi: 10.3189/002214311795306600)

Welty EZ, Bartholomaus TC, O’Neel S and Pfeffer WT (2013)
Cameras as clocks. J. Glaciol., 59(214), 275–286 (doi: 10.3189/
2013JoG12J126)

MS received 21 January 2015 and accepted in revised form 23 May 2015

Overeem and others: River inundation suggests ice-sheet runoff retention788


	Outline placeholder
	INTRODUCTION
	THEORY ON DISCHARGE MEASUREMENTS
	METHODOLOGY
	Watson River and Naujat Kuat River catchments

	figure_j15J012Fig01
	In situ river discharge measurements

	figure_j15J012Fig02
	figure_j15J012Fig03
	table_j15J01201tl
	MODIS Terra satellite imagery

	figure_j15J012Fig04
	table_j15J01202tl
	Time-lapse imagery
	Modeled GrIS surface melt flux (RACMO2/GR)

	figure_j15J012Fig05
	RESULTS
	Inundation--discharge relations from MODIS reflectance
	Inundation--discharge relation from time-lapse imagery

	figure_j15J012Fig06
	table_j15J01203tl
	figure_j15J012Fig07
	figure_j15J012Fig08
	Discharge predictions based on MODIS reflectance for 2000--12
	Annual discharge in comparison to modeled meltwater runoff for 2000--12

	figure_j15J012Fig09
	figure_j15J012Fig10
	figure_j15J012Fig11
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


