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Substantial export of suspended sediment to the
global oceans from glacial erosion in Greenland

I. Overeem™, B. D. Hudson'?, J. P. M. Syvitski', A. B. Mikkelsen?, B. Hasholt?, M. R. van den Broeke?,
B. P. Y. Noél* and M. Morlighem®

Limited measurements along Greenland's remote coastline hamper quantification of the sediment and associated nutrients
draining the Greenland ice sheet, despite the potential influence of river-transported suspended sediment on phytoplankton
blooms and carbon sequestration. Here we calibrate satellite imagery to estimate suspended sediment concentration for
160 proglacial rivers across Greenland. Combining these suspended sediment reconstructions with numerical calculations
of meltwater runoff, we quantify the amount and spatial pattern of sediment export from the ice sheet. We find that, although
runoff from Greenland represents only 1.1% of the Earth's freshwater flux, the Greenland ice sheet produces approximately
8% of the modern fluvial export of suspended sediment to the global ocean. Sediment loads are highly variable between rivers,
consistent with observed differences in ice dynamics and thus with control by glacial erosion. Rivers that originate from deeply
incised, fast-moving glacial tongues form distinct sediment-export hotspots: just 15% of Greenland's rivers transport 80% of
the total sediment load of the ice sheet. We conclude that future acceleration of melt and ice sheet flow may increase sediment

delivery from Greenland to its fjords and the nearby ocean.

face™” and move 56% of sediment entering the ocean’. Fluvial

delivery affects coastal zone dynamics, marine ecosystems,
and ocean biogeochemistry. For example, increased suspended
sediment delivery impacts ecosystem dynamics, either reducing
light availability and thus limiting primary productivity, or by car-
rying bioavailable micronutrients, which enhance phytoplankton
blooms*”. Whereas the conveyance of sediment to the ocean is
characterized for most of the world’s rivers, reconstructions for
Greenland and the Greenland ice sheet (GrIS) are lacking, despite
indication of disproportional amounts of sediment originating from
other glaciated regions®"’.

The need for a sound estimate of the sediment flux coming out
of Greenland is even more pressing since the GrIS is in decay, and
glacial processes that control bedrock erosion may be accelerating.
Reconciled estimates from satellite methodologies and modelling
find that over 2005-2010 the GrIS lost ~263 Gtyr™' (ref. 11),
whereas over the most recent few years (2009-2012) mass loss
amounted to —380 Gtyr~" (refs 12,13). Outlet glaciers accelerated
rapidly over the early 2000s and continued this trend over the past
decade'", but have stabilized since 2005'>'°.

To constrain the sediment contribution from Greenland to the
North Atlantic Ocean and Arctic Ocean, in view of possible glacial
erosion regime accelerations, we develop a satellite data analysis
technique to quantify proglacial river sediment concentrations
around the entire GrIS margin.

We present remote sensing techniques that vastly expand our
capability to measure suspended sediment concentration (SSC) in
remote regions'’. The techniques allow us to compile a data set for
160 Greenlandic rivers, and offer detailed maps of regional sediment
delivery to the fjords. Compared to previous studies™®, we offer an

Rivers are prime conveyors of material on the Earth’s sur-

order of magnitude more data to investigate the primary controls on
sediment flux magnitude at individual outlets.

Measurements of river sediment concentration

A riverine suspended sediment concentration retrieval algorithm
for Landsat7 Enhanced Thematic Mapper and Earth Observation-1
Advanced Land Imager (ALI) imagery is developed. In situ mea-
surements of sediment concentration from the only compre-
hensively monitored river in Greenland, the Watson River near
Kangerlussuaq, (Supplementary Fig. 1), significantly correlate with
remotely sensed reflectance of visible and near-infrared light as
measured with Landsat7 and ALI (r> = 0.90, p < 0.01, n =49, details
in Methods, Supplementary Fig. 2 and Supplementary Table 1).
A robust retrieval algorithm for fjord SSC and the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) reflectance
in the visible light spectrum over vastly different fjords in
West Greenland provides support for extrapolation beyond a single
river system'”.

Using the online, massively parallel processing capability of
Google Earth Engine, we apply our SSC retrieval algorithm to
all cloud-free Landsat7 images of Greenland (over 1999-2013).
Since temporal resolution is limited by the 16-day repeat interval
of Landsat imaging, and cloud cover can further reduce data
availability, we reconstruct a ‘long-term’ sediment concentration
for each proglacial outlet. Sediment concentration is analysed over
the active river discharge summer season (day 160-240) for all
14 years. We analyse 160 suitable rivers throughout Greenland. This
compilation of imagery guarantees we include a number of large
discharge events for each river, and thus honour the highly nonlinear
nature of sediment transport by including some of the potentially
most impactful transport events in our calculations. A total of 5,760
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Figure 1| Map of long-term proglacial riverine suspended sediment
concentration (SSC) for 160 selected rivers along the Greenland ice sheet
margin. Only land terminating, non-lake outlets were imaged, thus certain
regions of the GrlS are not considered (for example, Southeast Greenland).
Distinct hotspots of sediment export are located in West Greenland.

1, Akuliarutsjip; 2, Sermeq; 3, Sioggap Sermia.

Landsat7 images are included (each river outlet over 14 years is
constrained by between 11 and 109 images).

The selected river outlets include seven out of ten of the largest
GrIS meltwater outlets (as inferred from runoff reconstructions
based on RACMO2.3). The other three major outlets feature tidewa-
ter glaciers calving directly into fjords and cannot be directly mea-
sured; these are instead incorporated through subsequent process-
based extrapolation. By design, the analysis omits a few outlets with
large proglacial lakes, especially in South Greenland, because we
assume incoming sediment is efficiently trapped within lakes and
does not contribute to sediment flux to the marine environment.

We hypothesize that glacio-hydrology, ice dynamics and
lithology are the main controls on sediment concentration in the
proglacial rivers of Greenland. We use state-of-the-art surface
elevation, ice thickness, ice surface velocity, and geologic data sets
to explain the observed spatial patterns in suspended sediment
concentration. Meltwater runoff is calculated using a regional-
atmospheric model coupled to a surface mass balance ice model
(RACMO2.3) (refs 19,20) allowing for a total summer meltwater
discharge per glacio-hydrological catchment to be calculated.
Annual sediment load per river outlet is then calculated as the
product of discharge, Q,,, and sediment concentration, SSC. High-
quality ice thickness data coverage is limited to certain regions of
the GrIS, thus the regression analysis comprises a subset of just 53
rivers (details on data set processing in Methods).

Hotspots of sediment export

A relatively small number of GrIS glacio-hydrological catchments
feature high sediment concentration (Fig. 1). Most (67%) termini
discharge melt water with median SSC values <1,000mgl™,
while 8% of the proglacial rivers show SSC values >2,000 mg1™'
(Supplementary Table 2). Often GrlS-fed rivers convey relatively
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Figure 2 | Maps of the mean suspended sediment concentration (SSC)
derived from the Landsat7 image analysis over 1999-2014. a, Map of the
river braidplains of the Watson and Orkendalen rivers, West Greenland.
Nearby glacial outlets, that is, the Russell and Leverett glacial outlets,
experience a similar surface mass balance but show distinctly different
long-term sediment concentrations. b, Map of the river braidplain of
Sermeq Glacier draining into Sermilik Fjord just south of Nuuk,

West Greenland.

low SSC water, the median SSC of examined Greenlandic rivers was
found to be 992 mgl~". Despite relatively low median SSC values
found, some outlets are distinct sediment-export hotspots.

Even at the local scale, long-term river sediment concentration is
remarkably variable. Figure 2a shows mean sediment concentration
maps for the Watson River and Orkendalen River as compiled from
all available Landsat7 imagery. Long-term sediment concentrations
are distinctly higher for some tributaries, compared to nearby
outlets. Figure 2a shows that the Leverett Glacier outlet contributes
on average five times more suspended sediment load to the
Watson River than does the Russell Glacier outlet. Similarly, in
the Orkendalen River, two proglacial outlets in close proximity
that experience similar climate and melt regimes show consistently
different suspended sediment concentrations over 1999-2012. As
an example of a high-sediment outlet, the Sermeq outlet in
Sermilik Fjord, south of Nuuk, is depicted in Fig. 2b, (outlet 16
in Supplementary Table 2). This outlet exports 25% of the total
suspended load measured around the entire GrIS margin.

Control by ice dynamics

To explain the variability in long-term sediment-export observa-
tions, we conduct a stepwise regression analysis using a range
of parameters averaged for each contributing glacio-hydrological
catchment over the zone of active surface melt, including ice
thickness®, surface elevation?, RACMO2.3-modelled runoff>?,
that defines the total meltwater discharge, ice velocity” and
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Figure 3 | Glacial dynamics control variability in suspended sediment delivery. a, Map of long-term river sediment concentration showing upstream mean
ice discharge for Southwest Greenland. High ice discharge in the upstream melt catchment induces high suspended sediment concentrations. b, Meltwater
runoff for specific river catchments shows weak positive correlation with its river's long-term SSC. ¢, Relationship between glacial erosion potential and
long-term SSC. Black squares are outlets in regions with weaker rock strength, grey diamonds represent river outlets in regions with more resistant rock
types. Lithology in the region of the river mouth has no conclusive control on suspended sediment concentration.

geology”*. Analysis reveals that although meltwater flux explains
some of the variation in SSC (Fig. 3b), suspended sediment con-
centration is more pronouncedly controlled by ice dynamics (see
Methods, Fig. 3).

We postulate a simplified model for glacial erosion potential, EP,
assuming erosion is at first order related to the basal sliding rate,
u,, and the gravitational driving stress of the ice mass, but without
taking into account the detailed controls of seasonal variation in
water pressure at the bed:

EP= Ut = O'Susurfpiceg hices (1)
where u is the basal sliding ice velocity (m yr™"), T is the shear stress
(Pa), h;. is the ice thickness (m) and S is the local surface slope (-).
We assume u, =a ug,; (with a= 0.8 (-)) to arrive at bed sliding
ice velocity, u,, from observed surface velocity, 1, Furthermore,
the density of ice, pi., is 900kgm™, and the acceleration of
gravity, g, is 9.8ms~'. We calculate the mean erosion potential
(EP pean) for each hydrologic catchment to derive a relationship
between erosion potential and the suspended sediment produced by
each catchment:

SSC =55.4EP*%

mean

(2)

where SSCisin mgl™, EP in Pamyr~'. Equation (2) explained 54%
of the data variance (r* =0.54, p <0.0001, n =53, Fig. 3c).

River sediment concentrations do not appear to be strongly
affected by lithology (Fig. 3¢); correlation between mapped lithology
at the locality of the proglacial river, its assigned rock strength, and
SSC is inconclusive. Subglacial lithology is not accurately known,
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neither is the amount of sediment or till accumulated at the base
of the ice sheet, thus either of those factors may obscure a direct
relation between outlet lithology and SSC.

Previous reconstructions of solutes originating from Greenland
are extrapolations of single catchment characteristic concentrations
to all proglacial rivers and multiply by the modelled total GrIS water
runoff. Using the newly reconstructed SSC, total sediment load for
the entire GrIS would amount to 1.28 £ 0.51 Gtyr™', according to
this meltwater-based extrapolation method (see Methods).

However, since we find that SSC is dominantly controlled by
glacial dynamics, we here use an alternate, more process-based,
approach and apply the newly derived proglacial river sediment
load relationship to extrapolate to glacio-hydrological catchments
that could not be directly assessed by the satellite measurement
technique. If we use equation (2) to determine riverine suspended
sediment concentration for all contributing glacio-hydrological
catchments around the GrIS and multiply these by their mean
annual modelled meltwater discharge (details in Methods), we find
that the GrlS and associated small ice caps export 0.892 = 0.374 Gt
of suspended sediment annually.

A significant portion of the GrIS flows to tidewater glacier
outlets. There, glacier calving fronts discharge icebergs, which
obscure sediment-rich water, and sediment is transported internally
and at the base of icebergs. Upwelling meltwater plumes occur at the
base of calving ice fronts at water depths of hundreds of metres and
are not detectable from space. However, our analysis shows that SSC
is controlled dominantly by glacier dynamics, and thus suspended
sediment flux at tidewater outlets has been included in the above
sediment budget on the assumption that equation (2) holds for
meltwater funnelled through tidewater glaciers.
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Table 1| Melt water and sediment flux from Greenland.

Greenland regions Water discharge

SSC based on meltwater flux method

SSC based on glacier erosion method

Qu (kmyr™*  Q, (%) Q, (Gtyr™) Q, (Gtyr™)
Baffin Bay 126 28% 0.363 0.371
Denmark Strait 60 13% 0173 0.150
Davis Strait 173 39% 0.497 0.243
Greenland Sea 48 1% 0138 0.084
Scoresby Sound 10 2% 0.030 0.021
Arctic Ocean 28 6% 0.082 0.023
Total river meltwater flux 446 44% 1.28 0.892
Ice calving flux” 576 56% 0.014 0.014
Total Transport 1,022 100% 1.294 0.906
Basal ice calving flux® 57 1% 192 n/a
Continents Water discharge Suspended sediment

Qy (km3yr~1) Qy (%) Q. (Gtyr™") Q; (%)

Africa® 3,797 2.6 11 8
Asia® 9,806 24.8 4.8 34
Australasia® 608 15 0.28 2
Europe® 2,680 6.8 0.4 3
Indonesia® 4,251 10.8 24 17
North America® 5,819 14.7 1.5 n
Oceans® 20 01 0.004 0
South America® 11,529 29.2 2.4 17
GLOBALS 38,510 97.4 12.884 91
Greenland melt 446 11 0.91-1.28 7-9
Greenland calving® 576 1.5 0.014 0
REVISED GLOBAL 39,532 100.0 1418 100

*Total runoff for all delineated catchments draining from Greenland (RACMO2.3,1999-2013), see Methods. " Average calving ice discharge from ice flux at the grounding line (2000-2012)". #See

Methods for englacial and basal sediment flux reconstruction. ¢ Data from ref. 2.

To further complete the sediment budget, we used GrIS calving
discharge reconstructions' to estimate contributions from englacial
and basal sediment, which combined comprises ice-rafted debris.
Englacial sediment, debris and dust held throughout the ice column,
will be released over the entire period of melt of calved icebergs.
This component of ice-rafted sediment will have higher travel
distances. In terms of sediment budget, englacial sediments may be
classified to be most similar to suspended sediment delivered by
proglacial river discharge. We find that englacial sediment delivers
only ~14 Mtyr~' to fjords and the North Atlantic Ocean. However,
basal ice has high debris content, an unsorted mix of fine sediments,
sand, pebbles, cobbles and boulders, due to shear of glacial ice on
the bed and debris entrainment. Sparse field observations provide
constraints on estimates for average basal sediment layer thickness
(~3m) and concentration by volume (~20%). Basal sediment
and debris-rich ice delivers an estimated 2.88 Gtyr™" to the ocean
(see Methods).

Greenland's suspended sediment flux to the ocean

Modern riverine suspended sediment load to the coastal ocean
has previously been quantified as 12.8 &= 0.5 Gtyr ™" (ref. 2). Thus,
Greenland’s rivers contribute 7-9% on top of the global modern
fluvial load. This sediment flux from Greenland is disproportionally
large, considering that Greenland melt water represents only 1.1% of
the Earth’s freshwater flux.

A large supply of fine-grained sediment with associated labile
nutrients, including iron, from Greenland to the high-latitude
sectors of the North Atlantic possibly has implications for regional
phytoplankton blooms®. Whether Greenlandic fjords and coastal
zones are a carbon sink, due to abundant blooms throughout the
spring and summer®, is a matter of ongoing debate. Our data set
indicates that the combined river sediment load from the western
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margin of the GrlS is more than double (0.52 Gtyr™") that of the
eastern margin (0.26 Gtyr~') and much exceeds the contribution of
the northern margin (0.02 Gtyr™") (Table 1). Although changes in
sea ice coverage, sea surface temperature, salinity and circulation
all impact primary productivity, our analysis quantifies suspended
sediment contributions for individual river sources, warranting
more in-depth observations and analysis that would relate sediment
and micronutrient supply and then allow better assessment of its role
in the observed productivity.

Our compilation relies on a reflectance-SSC retrieval algorithm
calibrated for proglacial river outlets. Additional observations
of suspended sediment concentrations for fast-flowing tidewater
glacier systems will continue to improve the overall sediment budget
estimate. However, another pressing need may be to quantify the
retention and storage of the suspended sediment within the fjords.
Fjords are known to be pronounced sediment and carbon traps'®”,
and generally are classified as the most efficient filters of all estuary
types™. Greenlandic fjords are long; the average pathway to the open
ocean for the 160 outlets monitored is 89 & 66 km. For example,
the river draining Akuliarutsjip Glacier (Fig. 1) ranks second in
sediment flux, but the regional fjord system is a labyrinth, with the
shortest, tortuous pathway to the open ocean being ~105 km.

Our analysis predicts tidewater margins to be high sediment
producers on account of high glacial velocity, but the delivery
of sediment-laden meltwater plumes upwelling from deep down
the calving front do restrict the travel distance of the suspended
sediment™**. We postulate that hotspots for flux delivery to the
ocean system probably need to be short fjords, much like the
Sermilik Fjord (23 km) and Sioqqap Sermia (0 km) (Fig. 1) draining
directly in Baffin Bay and Davis Strait.

Fjord geometry is relatively stable, and thus the spatial distri-
bution of sediment sources and filtering capability with respect to
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the marine domain is expected to have been relatively unchanged
over the past few decades. However, ice dynamics have recently
accelerated by ~16% (2000-2012)", with a slightly dampened but
positive effect on sediment concentrations along affected outlets
(~12%, as predicted from equation (2)). In addition, meltwater
runoff flux is modelled to have changed by ~40% in comparison to
the period 1961-1990'°. We infer that present-day sediment flux to
the ocean from Greenland is approximately 56% higher than during
the baseline period of 1961-1990.

Provided sediment production is dominantly controlled by
ice flow dynamics, any future acceleration of ice flow rates
amplifies Greenland’s sediment supply to the nearby ocean. Yet,
a sustained negative surface mass balance and a large meltwa-
ter flux are required to transport sediments when produced by
accelerated erosion.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.

Received 27 March 2017; accepted 14 September 2017;
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Methods

Suspended sediment concentration sampling. We use three field sites in
Greenland (Supplementary Fig. 1) to obtain in situ suspended sediment
concentration (SSC) measurement to relate to visible and near-infrared light
reflectance as measured with the Landsat7 satellite. The Watson River has the most
comprehensive monitoring data set of any river in Greenland. Typically, its river
channel is frozen from October through May, with peak flows during the summer
season”'. We combine all available in situ SSC measurements and then correlate
these measurements to collocated Landsat reflectance data (Supplementary

Table 1). Three locations along this river system have been used.

Location (1). The Watson River originates near the Greenland ice sheet margin
from the Russell Glacier and the Leverett Glacier (at 67°04' N, 50°13’ W,
Supplementary Fig. 1). Near the snout of the Leverett Glacier, 49 suspended
sediment concentration measurements were collected by Bartholomew and
colleagues™. We compared seven in situ samples collected on the same day to
reach-averaged Landsat7 Band 4 values. These measurements were collected in the
summer of 2009 and included the highest SSC value in the study, 7,060 mgl™" on
7 August 2009.

Location (2). At the town of Kangerlussuagq, a river gauging station has been
maintained continuously since 2007 (at 67°00' N, 50°41' W)*'. Sediment
concentration samples included 11 and 0.5 bottle and automated suction pump
samples, which were collected daily during the melt seasons of 2007-2014. A total
of 27 SSC-Landsat same-day matchups between 2007 and 2012 are established
from the available samples.

Location (3). In Kangerlussuaq Fjord on 23 July 2012, 15 SSC samples were
collected from the river mouth near-coincident with an acquisition of NASA
Advanced Land Imager (ALI). All surface water samples on this day were collected
between 15 min before and 2 h and 37 min after the ALI image was acquired.

Combined, these samples provide a complete coverage of the active river
discharge season subsequently analysed (day 140-day 240).

Landsat 7 ETM+ and EO-1 ALI imagery. Landsat 7 Enhanced Thematic Mapper
Plus provides global imagery at 30 m resolution in relevant reflective bands and
repeats every 16 days. Landsat images were downloaded for all days that SSC
samples existed from the USGS Earth Explorer archive™.

A shortwave infrared band (Landsat7 Band 5, wavelength 1,550-1,750 nm) was
used to differentiate water from land, utilizing water’s strong absorption of light in
the near-infrared wavelengths. A threshold of Band 5 reflectance of <0.05 was used
to classify water. To quantify SSC in the river water we use Band 4 reflectance
(wavelength 770-900 nm).

We acquired an on-demand image of the Earth Observer-1 ALI to calibrate SSC
samples collected on 23 July 2012. Spatial resolution of ALI is 30 m, the same as
Landsat7 images. ALI has two near-infrared bands (MS- 4 775-805 nm and
MS- 4’ 845-890 nm). To make these measurements comparable to Landsat7 Band
4, the reflectance from these two bands were averaged for our analysis. All images
were processed from calibrated digital number to reflectance following protocols by
Chander and colleagues™. All calibration images were manually checked for
cloud contamination.

SSC retrieval algorithm. The combined data set of satellite imagery and observed
suspended sediment concentration was used to develop a SSC retrieval algorithm:

SSC=4.74 e *F¥ (R =0.90,n =149) (3)

where Ry, is the reflectance value from Landsat 7, Band 4, and the average ALI
Ryys.4 reflectance (-), and SSC is suspended sediment concentration in mg1™".
Supplementary Fig. 2 shows the supporting data and best fit, and Supplementary
Table 1 lists all data points and the Landsat7 and ALI near-infrared reflectance. The
mean standard error of the estimate of this relationship is £625mg1™".

SSC retrieval algorithm application to Landsat7. The established reflectance-SSC
retrieval algorithm was applied to the entire Landsat7 data catalogue (1999-2013)
through Google Earth Engine. We restricted our analysis to snow-free periods and
the active river discharge season between year day 160 through 240.

We created a map of median SSC for all appropriate river outlets around the
entire ice sheet margin from all Landsat7 images. Suspended sediment
concentration measurements typically include a large range of values, which led us
to use the median SSC over all water pixels across transects in the braidplain. Close
proximity of selected transects to the ice margin (<2 km) guarantees there is
limited resuspension of sediment within the floodplain.

The following processing steps were implemented:

(1) Images with >50% cloud cover were removed, utilizing the Landsat7 internal
cloud cover metadata field.

(2) Poorly geo-located images were removed when Google Earth Engine’s
internal image registration statistics deviated more than 100 m (3 pixels) from
the reference image.

(3) Imagery was processed to top of the atmosphere reflectance according
to ref. 34.

(4) Our script classified a pixel as water if Landsat 7 Band 5 reflectance was <0.05.

(5) Terrain and cloud shadow effects were minimized, after manual quality
control, by only allowing Band 1 reflectance values >0.15.

(6) Thresholds for snow and ice occurrence were established from image
inspection and optimization of thresholds for different wavelengths as
applied to >100 calibration images. Pixels were classified as snow/ice (and
removed) if:

a. Band 2 reflectance was >0.3
b. or Band 4 reflectance was >0.25
c. or Band 5 was >0.28

(7) The persistence of water was measured. Water must have been detected at
least ten times before a pixel was classified as river and included in the
final analysis.

(8) The retrieval algorithm found in equation (3) was applied to each image to
determine SSC.

Only a selected number of rivers have high-quality data on ice thickness in their
upstream drainage basin®'. For these rivers, we extracted time series of SSC by
applying two additional steps:

(9) For each region of interest a mean SSC value was calculated for pixels
classified as water. The total number and percentage of pixels classified as
water was also recorded. For several catchments, we imaged multiple
meltwater outlets using multiple regions of interest due to the large size of
these termini.

(10) Landsat7 era summary statistics were calculated for each region of interest.
For outlets with multiple regions of interest, summary statistics were
weighted by the number of images contributing.

All images of locations that exceeded a mean SSC of 3,000 mg1~" were
manually checked for clouds.

Delineation of hydrologic catchments. We define contributing on-ice catchments
to each outlet based on calculations of the local hydrostatic pressure field***. To
calculate the hydraulic potentiometric surface, ¢, we use the aforementioned basal
topography and ice surface topography data®.

¢ = Pice8 (Zice T 0.121eq) (4)

where z,, is ice surface topography (m), 2., is basal topography (m), p;. is density
of ice (900 kg m™), and g is gravitational acceleration (9.81 ms™?).

Our method takes into account how water pressure equals ice overburden
pressure, but it is limited by the resolution of the basal topography, thus the
hydraulic potentiometric surface carries significant uncertainty. A D8 flow
routing approach”” implemented in RiverTools determines hydrological
catchment characteristics. This specific algorithm is unique in distributing flow
proportionally in flat areas, and relies less on pit-filling of the initial elevation
maps and may alleviate just concerns on the uncertainty of catchment delineation
results®. Whereas for small individual on-ice catchments area uncertainty can
still be significant, this workflow is considered suited for broad-scale
hydrological assessment™.

RACMO2.3 runoff. The regional-atmospheric climate model, RACMO2.3
combines a high-resolution weather prediction model and the European Centre for
Medium-range Weather Forecasts with advanced snow models to determine daily
ice sheet surface mass balance'****,

Specifically, we use RACMO2.3 daily runoff output from 1 January 1999 to
31 December 2013. Runoff, R in metres, is defined as the sum of rain and melt,
minus local refreeze and retention. Runoff is calculated for the entire Greenland ice
sheet at ~11 km resolution. Modelled runoff was validated against a set of
measurements in West Greenland in the Watson River drainage area® and carries
an estimated uncertainty in ice sheet runoff of 20% (ref. 41).

We overlay the delineated catchments with the gridded RACMO2.3 data and
sum runoff for all grid cells over a melt year, and multiply by respective grid cell
surface area. Mean annual meltwater outflow was then determined over

1999-2013. L
Q== > Rud 5)

m=1 j=1 i=1

where Q,, is meltwater catchment outflow (m® yr™"), R is meltwater runoff (m), A
is gridcell area (m?), i is grid index, n is days in summer melt season (that is, days of
R>0m), and m is number of years (m =14).

This summation ignores transmission losses due to refreezing and retention
along the glacio-hydrological transport pathway. Infiltration and refreezing may
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retain a significant volume of melt water produced at upper elevations of the ice
sheet, and thus prevent it from reaching the ice margin and coast***. Recent work
provided new observations of the complexity of the storage of melt water in firn.
Recent SMB models show that currently ~40% of the melt water is retained in situ
at the scale of the model grids. However, aspects of this process remain uncertain**
and subsequent routing through the glacio-hydrological system may cause
additional unaccounted storage®. Note that numerically modelled meltwater
runoff is higher for downscaled high-resolution implementations* due to changes
in precipitation patterns, with most profound impacts on the small icecaps.

We assume that critical processes are restricted to those areas of the larger
on-ice catchments that generate runoff. We define the active melt catchment, A,
(in m?) by using only those regions of the delineated hydrological catchment where
runoff occurred as predicted by the numerical model.

Calculation of glacier erosion potential. Theory on glacial erosion dictates that
abrasion relates to basal sliding"*"’. To test whether glacial abrasion explains
riverine suspended sediment concentration we formulate the first-order erosion
potential, EP, as:

EP=u,T =t piccgMiceS (6)

where u sliding ice velocity (myr™"), p,.. is density of ice (900 kgm™), g is
gravitational acceleration (9.81 ms™?), h is ice thickness (m), and S local surface
slope provided that slopes are small**. We assume u, = a u,,; (with a= 0.8) to
arrive at the bed sliding ice velocity, u,, from the observed surface velocity,
Ugys (ref. 36).

The mean erosion potential within the melt catchment, EP,, is then
calculated as:

N
EP,.=- E (0.8 051 01cc8S:) (7)
1

i=1

where u, mean annual surface ice velocity (myr~") and i is the grid index.

Ice thickness is derived from the basal topography”, in combination with the
surface topography™.

Ice surface velocity is derived from analysis of repeat RADAR-SAT1
measurements for the 2005-2006 winter”. The 2005-2006 data set is selected as it
measured ice surface velocities in the middle of the Landsat7 record. Surface
velocity data (at 500 m resolution) was linearly interpolated to match the resolution
of ice thickness data (at 150 m resolution).

Classification of rock strength. We use the Greenland map of geology™, which
covers the exposed bedrock of coastal Greenland. Greenland comprises for the
largest part of crystalline rocks of the Precambrian Shield of Greenland, mainly
orthogneisses. Younger sedimentary basins formed during the Proterozoic eon and
throughout the Phanerozoic eon, most notably in Northern and East Greenland
(limestones and dolomites, amongst others).

The lithological descriptions from the geologic map define a rock strength
classification based on the Schmidt Hammer scale: 40-50 for moderately strong
rock, as is observed in competent sedimentary rock, 50-60 for strong rock, as in
igneous and metamorphic rock, and up to 65 for dense fine-grained igneous and
metamorphic rocks (basalt, amongst others)*.

Calculation of sediment load. We estimate the mean annual total suspended
sediment load, Qs in kg yr™", for 160 ice sheet termini individually:

Q= i 3> Qussc ®)

=1

Long-term SSC values were assumed a representative concentration for all water
discharges. Greenlandic rivers are turbulent and shallow, and thus suspended
sediment concentrations are assumed to be relatively well-mixed. Although these
river systems most probably still have a modest increase of sediment concentration
with depth, because we lack information to constrain vertical concentration profiles
we have made no attempt to extrapolate a possible increase in SSC with depth.

We calculated total sediment export (Qs,,) from the Greenland ice sheet by
melt water with two different methods: Direct upscaling of the SSC to entire GrIS
meltwater flux; and extrapolation of the established SSC to ice dynamics
relationship to all GrIS glaciated basins.

Meltwater flux ratio method. Assuming our data set of 160 rivers around the
Greenland ice sheet margin captures the variability of all on-ice catchments
producing meltwater discharge, we upscale the measured sediment concentration
and water flux directly to the total freshwater discharge produced. Our data set
samples ~17% of the total meltwater flux of Greenland.

QGrIS

Queasured

()

Q56r1s = QSmeasured
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where Qsgys is total sediment load for Greenland ice sheet (kg yr™"), QSyeasurea 1
total sediment load for all satellite-measured river outlets (kg yr™'), Qqys is total
outflow for Greenland ice sheet from RACMO02.3 (m’ yr™"), and Queasurea 18 total
outflow for all satellite-measured river outlets (m’ yr™")

For an average of ~71km?’ of water, which RACMO2.3 models to be leaving
the ice sheet per year for the included on-ice catchments, we estimate with
Landsat7 measurements 0.216 Gtyr~" of sediment is exported. RACMO2.3
1999-2013 yearly mean runoff and reconciled estimates calculate a total freshwater
flux of 418 km® of water discharged from the entire GrIS annually, which implies
approximately 1.28 Gtyr~" would be exported with this freshwater discharge.

The uncertainty in this estimate, 1, can be quantified from the summation of
the error in the reconstructed SSC over the mean SSC of all 160 river outlets, and
the estimated error in the reconstructed discharge from the RACMO model (20%):

625 \* )
o=\ 50 +0.2 (10)

Thus, the relative error amounts to 40%, and our reconstructed total sediment load
amounts to 1.28 £ 0.51 Gtyr'.

Extrapolation of SSC-ice dynamics relationship. We find SSC is controlled by ice
dynamics, particularly basal shear and ice surface velocity. The mean standard
error of the estimate of this relationship is & 471 mg1™". This relationship allows
for a physically based method to estimate sediment export for all catchments of the
GrIS. We map surface velocity, ice thickness, and runoff for all glacio-hydrological
catchments along the entire ice sheet. We then calculate for each catchment the
relevant values needed to calculate median catchment SSC with equation (7).
Finally, we utilize calculated catchment-specific median SSC with the mean yearly
runoff from RACMO2.3, to arrive at a sediment load estimate for each catchment.
The sediment load reconstruction for entire Greenland is then the summation of all
delineated catchments, and amounts to 0.892 Gtyr ™.

Similarly, uncertainty in the estimate can be quantified from the summation of
the error in the reconstructed SSC from the glacier dynamics relationship over the
mean SSC of 58 selected outlets, SSCyj,cqyn> and the estimated error in the
reconstructed discharge from the RACMO model (20%):

2
471 ,
| to2 an
SSCylacayn

In this case, the relative error amounts to 42%, and our reconstructed total
sediment load amounts to 0.892 = 0.374 Gtyr".

This method does justice to the variability of suspended sediment load due to
differences in glacier flow dynamics, and at the same time uses the meltwater flux
per basin as the transporting mechanism for the eroded sediment. However, the
method extrapolates past the range of the observed data used to determine
equation (6). Since this extrapolation is most profound at the fast-moving
tidewater glacier outlets, we choose to limit our extrapolation to the uppermost
limit of the observed samples (7,000 mg1™"). True calibration data for these
locations cannot be accomplished with the described technique, but future data
collection on SSC near tidewater outlets would reduce uncertainty in the
reconstructed total sediment load for Greenland.

Nasep =

Additional flux of sediment transported by calving ice. Our methodology does not
allow direct measurement of either the englacial and basal ice flux of sediment in
icebergs, or for suspended sediment transported in the supraglacial transport
system. We assume that suspended sediment concentration in the supraglacial
system is negligible, with exception of only a few outlets, and we exclude this
component from our analysis. However, to put the sediment budget of all meltwater
transport into perspective into the overall sediment transport for the entire GrIS,
we here estimate sediment originating from calving fronts along the Greenland ice
sheet margin.

We use a reconstructed average GrIS calving ice discharge, Qcuying> Of
~519 & 10 Gtyr ™" over 2000-2012". This calving ice discharge estimate is based
on a compilation of radar thickness data and velocity reconstructions for 178
individual calving fronts with termini wider than 1km. This study used an ice
density, pi., of 900 kg m ™ to convert ice volume to ice mass flux (consistent with
ref. 12), and a sediment density, p..q, of 2,500 kg m to convert sediment volume to
sediment mass.

Englacial sediment, debris and dust held throughout the ice column, will be
released over the entire period of melt of calved icebergs (Supplementary Fig. 3).
This component of ice-transported sediment thus has higher travel distances. In
terms of sediment budget, this component is most similar to suspended sediment
delivered by proglacial river discharge.

We use an englacial sediment concentration of ~0.001%, based on rare field
observations of englacial sediments at a calving front in Baffin Island*. Assuming a
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uniform englacial sediment concentration throughout the entire ice volume, the
annual total flux of englacial sediment (in kg yr™") is calculated as follows:

Quain
QSngacia = 0.00001 %

Pice

(12)

where QSengiacial 18 total annual sediment load from englacially transported sediment
(kg yr™") and Qqyying is total annual calving glacier water flux (m’ yr™")

Thus, calving ice results in ~0.014 Gt of fine englacial sediment release into
fjords and the coastal ocean each year.

Additionally, the calving ice front contains a debris-rich basal layer
(Supplementary Fig. 3). Field observations of this layer in icebergs range between 1
and 4 metres in thickness, we here use an average of thickness of the debris and
sediment-rich basal layer, Ty, of 3 m (ref. 49). When we assume an average
calving front thickness, T, of 300 m; approximately 1% of the calving ice mass
consists of debris-laden ice. Andrews et al.”* estimate a sediment concentration of
20% by volume in the basal layer.

Quwng T
QS = 0.002 % —

ice basal

(13)

where Qs is total annual sediment load from basal sediment (kgyr™') and Quatving
is total annual calving glacier water flux (m’ yr™')
The estimated basal sediment flux then amounts to ~2.88 Gtyr™".

Code availability. The data processing scripts are available in GitHub
(https://github.com/BDHudson/Greenland-SedimentFlux/blob/master/
Code/CalcSedFlux_October2016.ipynb). The RACMO2.3 surface mass balance
code is open source and available from MvDB, Utrecht University, but the coupled
atmosphere-ocean model is not in the open-source domain.

Data availability. The data supporting the findings of this study are available
within the article and its supplementary information files.
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