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Abstract. Rising sea levels and increased surface melting of
the Greenland ice sheet have heightened the need for direct
observations of meltwater release from the ice edge to ocean.
Buoyant sediment plumes that develop in fjords downstream
of outlet glaciers are controlled by numerous factors, includ-
ing meltwater runoff. Here, Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite imagery is used to av-
erage surface suspended sediment concentration (SSC) in
fjords around∼80 % of Greenland from 2000–2009. Spatial
and temporal patterns in SSC are compared with positive-
degree-days (PDD), a proxy for surface melting, from the
Polar MM5 regional climate model. Over this decade signif-
icant geographic covariance occurred between ice sheet PDD
and fjord SSC, with outlet type (land- vs. marine-terminating
glaciers) also important. In general, high SSC is associated
with high PDD and/or a high proportion of land-terminating
glaciers. Unlike previous site-specific studies of the Watson
River plume at Kangerlussuaq, temporal covariance is low,
suggesting that plume dimensions best capture interannual
runoff dynamics whereas SSC allows assessment of meltwa-
ter signals across much broader fjord environments around
the ice sheet. Remote sensing of both plume characteristics
thus offers a viable approach for observing spatial and tem-
poral patterns of meltwater release from the Greenland ice
sheet to the global ocean.

1 Introduction

The Greenland ice sheet is undergoing increasing melt inten-
sity and extent (Mote, 2007; Bhattacharya et al., 2009); in
response to warming air temperatures (Hanna et al., 2008;
Tedesco et al., 2008; Box et al., 2009). Ice mass loss has ac-
celerated in the last decade (Chen et al., 2006; Rignot et al.,
2008), with increasing accumulation in the ice sheet interior
(Box et al., 2006; Burgess et al., 2010) exceeded by losses in
the marginal ablation zone (Luthcke et al., 2006; Ettema et
al., 2009). Losses are exponentially higher at the margin (van
den Broeke et al., 2008) with rapid thinning of near-coastal
outlet glaciers (Krabill et al., 2004; Pritchard et al., 2009).
Marine-terminating outlet glaciers have also shown increases
in total ice discharge (Rignot et al., 2004; Howat et al., 2007)
and velocity (Rignot and Kanagaratnam, 2006; Joughin et
al., 2010), with accelerated ice loss recently extending to the
northwest (Khan et al., 2010). By the end of this century,
Greenland’s contribution to global sea level rise may total
∼17–54 cm (Pfeffer et al., 2008), and perhaps reach an an-
nual rate∼0.7–0.8 mm yr−1 (Fettweis et al., 2008).

While ice discharge is the primary form of mass loss
for most marine-terminating outlet glaciers (Mernild et al.,
2010), meltwater runoff possibly contributes more than half
the total mass loss for the ice sheet as a whole (van den
Broeke et al., 2009). Mass-loss estimates using GRACE
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2 V. W. Chu et al.: Hydrologic controls on coastal suspended sediment plumes

gravity data also require knowledge of meltwater runoff, but
must currently use modeled estimates rather than direct ob-
servations (Velicogna, 2009). Increased meltwater produc-
tion has been linked to ice velocity increases in fast moving
outlet glaciers (Joughin et al., 1996; Shepherd et al., 2009;
Andersen et al., 2010), as well as seasonal speedups of the
broader, slower moving ice sheet (Joughin et al., 2008; van
de Wal et al., 2008; Palmer et al., 2011). Meltwater can be
transported to the bed through moulins and possibly well-
developed englacial drainage networks (Catania and Neu-
mann, 2010). Drainages of supraglacial lakes can also estab-
lish links between the surface and the bed, decreasing basal
friction and increasing short-term ice velocities (Box and
Ski, 2007; Das et al., 2008; Schoof, 2010). Dynamic changes
on land-terminating ice have been attributed to bedrock lu-
brication from increased meltwater (Zwally et al., 2002;
Sundal et al., 2009; Bartholomew et al., 2010), and while
marine-terminating glaciers additionally experience destabi-
lized calving fronts (Thomas et al., 2003; Amundson et al.,
2008) and enhanced ice-bottom melting from warm ocean
waters (Holland et al., 2008; Straneo et al., 2010; Yin et al.,
2011), surface melt is a primary link to increased basal slid-
ing through changes in subglacial conduits (Colgan et al.,
2011; Sole et al., 2011).

A prime obstacle to quantifying and incorporating runoff
processes into models of ice sheet dynamics is a scarcity of
direct observations of meltwater exiting the ice sheet, both
in rivers draining the ice sheet and from beneath marine-
terminating glaciers (Rignot and Steffen, 2008). Therefore,
the amount of meltwater that truly reaches the ocean (rather
than refreezing or being retained by the ice sheet) is presently
unknown. Meltwater production on the ice sheet surface can
be modeled from climate data (Box et al., 2006; Fettweis,
2007; Ettema et al., 2009), or observed using remote sens-
ing (Abdalati and Steffen, 1997; Smith et al., 2003; Tedesco,
2007; Hall et al., 2008). However, its release from the ice
sheet edge to the ocean remains largely unstudied. Existing
research consists of a handful of modeling efforts (Bøggild et
al., 1999; Lewis and Smith, 2009; Mernild et al., 2010, 2011)
and site-specific field studies (Rasch et al., 2000; Stott and
Grove, 2001; Chu et al., 2009; Mernild and Hasholt, 2009;
McGrath et al., 2010).

Buoyant sediment plumes that develop in fjords down-
stream of outlet glaciers and rivers offer a link between ice
sheet hydrology and the ocean that can plausibly be observed
using satellite remote sensing (Chu et al., 2009; McGrath et
al., 2010). Sediment is produced by abrasion as ice moves
over underlying bedrock and is subsequently transported by
meltwater, with sediment output affected by glaciological
variables such as glacier size, sliding speed, ice flux, and
meltwater production, as well as erosional susceptibility of
the bedrock (Hallet et al., 1996). Plumes are formed when
sediment-rich freshwater runoff from the ice sheet enters the
fjord – either directly, for marine-terminating glaciers, or via
rivers, for land-terminating glaciers – and floats over denser

saline marine water. As meltwater enters the fjord, a buoyant
plume typically develops provided sediment concentrations
do not exceed∼40 000 mg l−1 (Mulder and Syvitski, 1995).
These features are readily observed in satellite imagery, al-
lowing remote estimation of water-quality characteristics in-
cluding suspended sediment concentration (SSC; e.g. Curran
and Novo, 1988; Doxaran et al., 2002; Hu et al., 2004; Miller
and McKee, 2004). The area and length of buoyant plumes
have also been measured as a proxy for hydrologic outflows
from the land surface to ocean (e.g. Thomas and Weatherbee,
2006; Halverson and Pawlowicz, 2008; Lihan et al., 2008;
Chu et al., 2009; McGrath et al., 2010).

In the upper fjord environment where rivers first enter the
coastal zone, plume spreading and mixing are driven pre-
dominantly by the kinetic energy of river discharge (Syvit-
ski et al., 1985), but plume characteristics are still con-
trolled by a complex combination of factors both on land
and after entering the fjord. Sediment-rich meltwater from
land-terminating outlet glaciers may encounter lakes, out-
wash plains, or braided river valleys, all of which can act
as traps or sources for sediment (Busskamp and Hasholt,
1996; Hasholt, 1996); these land-terminating fjords tend to
be dominated by surface meltwater (Dowdeswell and Cro-
mack, 1991). While sediment transport in rivers from land-
terminating glaciers have been commonly studied through a
relationship between river discharge and suspended sediment
concentration (SSC) or total sediment load, some hysteresis
has been found, where limitations in sediment supply result
in decreased SSC despite increased meltwater runoff (Ham-
mer and Smith, 1983; Schneider and Bronge, 1996; Willis et
al., 1996). For marine-terminating outlet glaciers, sediment
export to the ocean is dominated by the distinctly different
mechanisms of iceberg rafting and/or en- and sub-glacially
transported meltwater runoff (Andrews et al., 1994). In both
environments, as plumes move farther downstream, sediment
distribution and settling rates are further influenced by tides
(Castaing and Allen, 1981; Bowers et al., 1998; Halverson
and Pawlowicz, 2008), wind (Stumpf et al., 1993; Whitney
and Garvine, 2005), and sea ice (Hasholt, 1996).

Here, buoyant sediment plumes that develop in upper fjord
environments immediately downstream (∼15–20 km, with a
maximum of 50 km) of outlet glaciers and rivers that drain
the Greenland ice sheet are mapped and analyzed using op-
tical satellite imagery, to identify the distribution and tem-
poral characteristics of sediment and meltwater release to
coastal waters. Of particular interest is how well observed
spatial and temporal variations in SSC respond to meltwa-
ter production on the ice sheet, and to what extent outlet
glacier environments complicate this relationship, given that
sediment supply hysteresis may also play a factor. SSC is
used instead of plume area or length (Chu et al., 2009; Mc-
Grath et al., 2010) in order to expand the method beyond a
river mouth. Optical images from the Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite are used from
2000–2009 to sample buoyant plume SSC in∼230 fjords
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with data aggregation producing near-daily temporal resolu-
tion with 100 km× 100 km coastal gridcells. These observa-
tions are then compared with a proxy for ice sheet surface
melting (Polar MM5 modeled positive degree-days, PDD),
routed through potential drainage basins derived from ice
surface and bedrock topography (Lewis and Smith, 2009),
as well as outlet glacier types. The end result is a synoptic,
ten-year analysis of spatiotemporal plume behavior around
Greenland and a first assessment of some important controls
on their distribution and development.

2 Data and methods

To explore controls on sediment plume development, we
considered (1) daily ice sheet surface melt using modeled
PDD, routed into the fjords following potential drainage
basins; (2) near-daily fjord SSC from calibrated MODIS
satellite imagery aggregated into 100 km coastal gridcells;
and (3) outlet glacier environments. Each of these steps is
described in the following Sects. 2.1–2.3 next.

2.1 Ice sheet surface melt

A key driver of sediment plume behavior explored here is
ice sheet hydrology as represented by production of melt-
water on the ice sheet surface. The fifth generation Polar
Mesoscale Model (PMM5) provides a gridded 24 km resolu-
tion output of 3-hourly temperatures across the ice sheet sur-
face from 2000–2009 (Box et al., 2006). Data were provided
in a polar stereographic projection and a mask was applied
to extract temperature data over the ice sheet. From these
data, time series of daily positive degree-days were extracted
by averaging the three-hourly temperatures greater than 0◦C
for each day. PDD is a traditional measure of melt inten-
sity based on relating the cumulative depth of ice and snow
melt to the sum of positive air temperatures over a specified
time interval, usually a day. It is widely used because of its
simplicity in temperature-based melt-index models (Ohmura,
2001; Hock, 2003), which are viable alternatives to more so-
phisticated energy balance models (Bougamont et al., 2007).
Here, PDDs are used untransformed as a broad-scale, simple
proxy for meltwater production. While not a true approxima-
tion for meltwater runoff, PDDs have been used in previous
studies to represent melt intensity (Smith et al., 2003) and
have been compared to ice sheet hydrologic processes such
as supraglacial lake drainage and river discharge (Georgiou
et al., 2009; Mernild and Hasholt, 2009)

As a proxy for meltwater volume produced within each hy-
drologic drainage basin, the aforementioned PDD data were
totaled over topographically determined basins and assumed
to drain only to corresponding ice sheet outlet glaciers and
rivers at the ice sheet edge.

The drainage basins, each unique to a 100 km coastal grid-
cell (for fjord sediment detection, described in Sect. 2.2.3)

were defined using a previously derived vector dataset of ice
sheet drainage basins based on potentiometric flow networks
(Lewis and Smith, 2009), modeled from a combination of
bedrock topography and surface topography by assuming hy-
drostatic pressure conditions and no conduit flows within the
ice sheet. Basins were aggregated as necessary to correspond
to each 100 km coastal gridcell, with final drainage basin
area,B, and ice edge length,I , defined as the total horizon-
tal length of the ice sheet edge bounded within each drainage
basin. Melt area,APDD, was calculated for each drainage
basin by totaling the number of 24 km pixels with a daily
PDD greater than 0◦C. The fraction of drainage basin expe-
riencing active melting,FPDD, was defined as melt area di-

vided by drainage basin size
(
FPDD=

APDD
B

)
. Melt penetra-

tion distance,DPDD =
APDD

I
, represented the average inland

distance from the ice edge that experienced surface melting.

2.2 Remote sensing of sediment plumes

Methodology for MODIS remote sensing of sediment
plumes is shown in the Fig. 1 flowchart. SSC was esti-
mated by (1) classifying 10 yr of available daily MODIS im-
agery into ice-free “open water” (ranging from clear water
to sediment-rich water) areas in the fjords, (2) aggregating
the 500 m data into 100 km gridcells to retain a high fre-
quency temporal sampling, and (3) transform MODIS re-
flectance into SSC using an empirical relationship developed
from field water samples to transform reflectance into SSC.

2.2.1 MODIS 500 m satellite imagery and quality

The MODIS instrument on NASA’s Terra satellite acquired
daily coverage over Greenland from 2000–2010 with seven
bands in the visible and infrared spectra at 500 m spatial res-
olution and two bands at 250 m resolution. Time series of
MODIS Level 2 500 m surface reflectance product (MOD09)
(Vermote et al., 2002), atmospherically corrected for gases,
aerosols, and thin cirrus clouds, was used for the melt season
(1 May–30 September) each year. These Level 2 data are
aggregated into a daily product and available as tiles in a si-
nusoidal grid projection. Seven MODIS tiles were needed to
cover all of Greenland (Fig. 2). MODIS data are freely avail-
able and were downloaded from the NASA Warehouse In-
ventory Search Tool (https://wist.echo.nasa.gov/api/). Note
that while MODIS data were available for 2010, PMM5 PDD
data were only available until 2009. Therefore, MODIS data
were processed and displayed for 2010 but not included in
10 yr averages for comparison with PDD.

Only high-quality “clear-sky” MODIS pixels were used
from each daily MODIS image. High-quality clear-sky pix-
els were defined as having: (1) a near-nadir view with ade-
quate solar illumination (i.e. satellite overpass between 1300
and 1700 UTC), (2) minimal cloud cover (“clear” cloud
state from the MODIS internal cloud state quality flag), and
(3) minimal atmospheric interference (“corrected product
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Fig. 1. Methodology flowchart of MODIS remote sensing of sediment plumes. Daily 500 m MODIS reflectance data were classified to
identify open water pixels ranging from clear water to sediment-rich water, spatially validated using higher-resolution ASTER and Landsat
TM/ETM+. Resulting 500 m open water classification produced measures of sediment persistence and data density. To increase temporal
sampling, data were aggregated into 100 km coastal gridcells, whose value was represented byRpeakwithin the gridcell and a 7-day interval.
Rpeakwas derived from fjord ROIs that met a data density threshold. SSC was extracted for each 100 km coastal gridcell using an empirical
model relating MODIS band 1 reflectance (Rpeak) and SSC (Fig. 4). New measures of sediment persistence and data density along with
average SSC were calculated from these data.

produced at ideal quality all bands” from the MODIS Land
Assessment quality flags). These quality parameters were
determined using MODIS 500 m (solar zenith data) and 1 km
resolution (cloud state and atmospheric data) Quality Assur-
ance (QA) datasets that provided quality flags for each band.

2.2.2 Classification and validation of “open water”

“Open water” pixels were defined as high quality MODIS
pixels ranging from clear water to sediment-rich water, free
of both clouds and ice, and distinguished using reflectance
thresholds. MODIS band 1 (620–670 nm), band 2 (841–
876 nm), band 3 (459–479 nm), band 4 (545–565 nm), and
band 6 (1628–1652 nm) were used with thresholds in a sim-
plified classification scheme to mask out land, ice (including
land-fast ice, sea ice, and calving icebergs), and clouds. Par-
ticular difficulty in distinguishing sediment-rich water from

melting ice was due to similar spectral responses in the seven
available MODIS bands, so thresholds were chosen conser-
vatively to err on the side of missing sediment-rich water
rather than over-sampling open water. Land and river pix-
els were identified primarily by a lower reflectance in band
2 than band 1. To distinguish clouds and ice, both of which
show high reflectance in the visible bands, band 6 was used.
Clouds were identified with band 6 reflectance� band 1 re-
flectance. Remaining pixels with lower band 6 values were
classified into ice (hereafter this class will include brash ice,
patchy sea ice, icebergs, and melting states of the above) and
open water. Ice was distinguished with band 2 reflectance
greater than 0.5* band 1 reflectance. Finally, open wa-
ter (OW) was then produced as a range of clear water to
sediment-rich water free of clouds and ice.

The “open water” pixel classification was verified man-
ually and statistically using 10 ASTER Level 2 15 m
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surface reflectance (AST 07) images and 27 Landsat
TM/ETM + 30 m images (Fig. 2). Scenes for both sensors
were limited to those during the summer melt season where
plumes could be expected as well as in areas representing
contrasting outlet glacier types and different spatial locations
along the coast of Greenland. Melting ice, again including
brash ice, patchy sea ice, and icebergs from calving glaciers,
proved difficult to discern in the MODIS data due to its sim-
ilarity with sediment-rich water, caused by low resolution
spatially and spectrally with just seven available bands at
500 m resolution. This distinction of open water, which in-
cludes sediment-rich water, was crucial due to this class be-
ing used to extract SSC. The various ice states were more dis-
crete in ASTER and Landsat, allowing the higher resolution
images to act as validation classifications, testing whether the
restrictive MODIS thresholds used for extracting open wa-
ter were adequate. Accuracy was determined by performing
a supervised classification on the higher resolution images
and comparing them to the MODIS classification, with the
class of quality-flagged pixels from MODIS masked out due
to lack of comparable class in the higher resolution imagery.
As shown in the results, a high overall accuracy and partic-
ularly a high user accuracy for the open water class showed
the classification to be a conservative estimate of open water
and adequate for estimation of SSC.

Data density and sediment persistence were calculated for
each 500 m MODIS pixel from the classified open water data
to characterize the frequency of data recovery and high sed-
iment concentration. Data density, DD500 m, was defined as
the percentage of non-ice, non-cloud open water days over
the entire period, and ranges from 0 (no open water) to 100 %
(open water detected every day).

While open water is the primary classification used in fur-
ther analysis, a sediment persistence metric,FSSC, was used
to distinguish high SSC from low SSC to understand the tem-
poral aspects of highly concentrated sediment lingering in
the fjords. The threshold of band 1> 0.12 developed in Chu
et al. (2009) was used for identifying the highest sediment
concentrations, designated the ”plume” as opposed to the
”brackish plume” in the sediment-rich Kangerlussuaq Fjord,
so the same threshold used all around Greenland should iden-
tify only the highest SSCs and provide a conservative esti-
mate of persistence. Sediment persistence was defined as the
fraction of high-SSC days (OWSSC) out of OW.

2.2.3 MODIS spatial sampling and aggregation

Fjord spatial sampling using 2800 regions of interest (ROIs)
covering 7500 km2 over 230 fjords were manually delineated
to enable MODIS sampling of all fjords directly draining
the ice sheet via land-terminating and marine-terminating
glaciers (Fig. 3). This restriction of analysis to fjords im-
mediately draining the ice sheet reduced sampling of plumes
triggered by melting snow packs, coastal erosion, and other
sedimentary processes not necessarily triggered by ice sheet
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Fig. 2. MODIS mosaic of Greenland (RGB = bands 1, 4, 3)
with Landsat TM/ETM + (RGB = bands 3, 2, 1) and ASTER
(RGB = bands 2, 1, 1) image locations used for classification val-
idation. Remote sensing analysis included all fjords directly drain-
ing the ice sheet through land-terminating glaciers (and down-
stream rivers) or from marine-terminating glaciers where plumes
may form. Landsat and ASTER images show examples of dif-
ferent outlets and resulting plumes, including: (1) fjords fed by
land-terminating glaciers, with large sediment plumes forming af-
ter transport through a river (LT outlet and plume) (2) fjords with
marine-terminating glaciers (MT outlet and plume), few icebergs
and a visible plume, and (3) fjords with marine-terminating glaciers
heavily calving ice and no visible plume (MT outlet no plume).

meltwater runoff. ROIs were typically digitized within∼15–
20 km and not more than 50 km of river mouths and outlet
glacier termini, rather than further down-fjord or in the open
ocean.

To reduce the loss of open water data from clouds and
obtain more precise temporal sampling, the 500 m native-
resolution MODIS data, restricted to fjord ROIs, were ag-
gregated into 100 km× 100 km coastal gridcells to yield the
final dataset for all further analyses (Fig. 3). First, a 100 km
fishnet was overlaid onto the seven mosaicked MODIS tiles
to summarize the SSC data within the ROIs. MODIS tiles
were reprojected from the original sinusoidal projection to
match the PMM5 model output polar sinusoidal projection.
For each 100 km gridcell,Rpeak was determined from the
population of data within the ROIs.Rpeakwas defined as the
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median of the top 20 OW MODIS band 1 reflectance values
(based on empirical model described in Sect. 2.2.4) to avoid
biases from ROI placement or number of ROIs per 100 km
gridcell. Furthermore, to help mitigate the effects of data
loss from cloud and ice interference, a 7-day moving interval
was applied over the raw data in conjunction with the spatial
resampling, effectively allowing the resulting daily value to
derive from a sample population anywhere within the ROIs in
each 100 km gridcell, and anywhere from three days before
to three days after the day of interest. While this assumes that
a sample from a partially cloudy 100 km gridcell is equiva-
lent to a cloud-free box,Rpeak represents the average plume
state within a week, allowing a week for the best pixels to be
sampled.

2.2.4 Calibration/validation of SSC

The final data product of dailyRpeakaggregated into 100 km
coastal gridcells was transformed into SSC using an empiri-
cal relationship between remotely sensed reflectance and in
situ measurements of SSC.

Field samples of SSC were necessary to understand plume
characteristics, how SSC relates to the presence of fresh-
water, and how varying levels of sediment affect the spec-
tral reflectance of the water. In situ water quality data
were collected 3 June 2008 in Kangerlussuaq Fjord, south-
west Greenland, with surface measurements of SSC, salin-
ity, spectral reflectance, optical depth, and temperature col-
lected every 1 km along a 22 km transect as described in
Chu et al. (2009). Additional surface water samples (pro-
viding only laboratory measurements of SSC) from Eqip
Sermia, a marine-terminating fjord in western Greenland,
were collected 4 July 2007 and points were selected if they
overlapped with digitized ROIs near the coast where buoy-
ant sediment plumes were found, yielding three locations
around 69.79◦ N, 50.53◦ W (Fig. 2). These additional mea-
surements supplemented the more extensive Kangerlussuaq
Fjord dataset by providing in situ SSCs from an environ-
ment dominated by marine-terminating glaciers. An empir-
ical model relating SSC to MODIS reflectance (Fig. 4) was
constructed using all available field samples and simultane-
ous MODIS band 1 (620–670 nm) reflectance as per Chu et
al. (2009), yielding a new revised model of:

R (band1) = 3.02ln(SSC)+1.12

R2
= 0.86,p < 0.001

with R (band 1) as the reflectance (%) for MODIS band 1
(620–670 nm) and SSC measured in mg l−1. The model
shows reflectance very sensitive to lower SSCs but saturation
at high SSCs beyond 100mg l−1.

A new data density measurement, DD100 km, was cal-
culated from the aggregated data, and a threshold of
DD100 km> 45 % was applied to produce the final gridcells
used for further analysis.

SE 

E 

NE 

SW 

W 

NW 

Figure 3 

Data 

density (%) 

0.0% 

40.6% 

0 200 400100 Km

Fig. 3. Coastal 100 km gridcells and their corresponding ice sheet
drainage basins are overlaid onto an image showing data density
(DD500 m) for 10 yr of MODIS 500 m data, representing the number
of open water days classified for each pixel out of a total of 1531
available and ranging from 0–40.6 %. Regions of interest (ROIs,
red circles) are manually drawn to restrict open water data to fjords
draining the ice sheet. Gridcells are grouped into six regions for
summary analysis: Northwest (NW), West (W), Southwest (SW),
Southeast (SE), East (E), and Northeast (NE). The north/northeast
and a swath along the southeast contain very low frequencies of
detected open water days due to the presence of sea ice and glaciers
heavily calving icebergs.

2.3 Outlet glacier environment

Outlet glacier environments provide insight into the physi-
cal mechanisms by which sediment is dispersed from glacier
outlets to fjords. While sediment transport in rivers (e.g.
Hasholt, 1996; Rasch et al., 2000; Knudsen et al., 2007; Rus-
sell, 2007; Hasholt and Mernild, 2008) and sediment depo-
sition in fjords (e.g. Syvitski et al., 1996; Reeh et al., 1999;
Mugford and Dowdeswell, 2010) have previously been stud-
ied in Greenland, the active sediment plumes themselves are
less studied (Chu et al., 2009; Lund-Hansen et al., 2010; Mc-
Grath et al., 2010). Though glacial erosion is responsible for
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Figure 4 
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Fig. 4. Empirical relationship between field SSC and simultaneous
MODIS band 1 reflectance, with 22 samples from Kangerlussuaq
Fjord, a land-terminating glacier outlet, and 3 samples from Equip
Sermia, a marine-terminating glacier outlet (R2

= 0.86,p < 0.001).

some of the largest sediment yields to the ocean (Gurnell et
al., 1996; Hallet et al., 1996), this paper focuses specifically
on the fine glacial sediments transported by meltwater which
remain in suspension in coastal waters, rather than total sed-
iment flux and/or deposition processes.

The effect of outlet glacier environments on sediment con-
centrations was determined by characterizing outlet glacier
type (marine- or land-terminating). Lewis and Smith (2009)
provide georeferenced locations of all confirmed glacier
meltwater outlets (i.e. land-terminating glaciers ending in
rivers or lakes or marine-terminating glaciers with the pres-
ence of a sediment plume) and all unconfirmed glacier melt-
water outlets (i.e. marine-terminating glaciers with no vis-
ible plume). These outlet types were further generalized
into marine-terminating and land-terminating glacier outlets,
and only those that fed into a corresponding 100 km coastal
gridcell fjord area were counted and summarized within the
gridcell. Marine-terminating outlets ranged from those with
visible plumes and minimal iceberg activity to those heavily
calving icebergs forming a “sikussak” complex of fused ice-
bergs and sea ice attached to the glacier terminus (Syvitski,
1996). The ASTER/Landsat remote sensing validation pro-
cess also proved useful for identifying gridcells dominated
by fjords with heavily calving marine-terminating glaciers
and no visible plume. Land-terminating outlets release melt-
water at the ice sheet margin through proglacial lakes or
rivers, and only those that eventually transport meltwater to
the fjord through rivers or floodplains were included here.

The number of land-terminating outlets (NL) and number
of marine-terminating outlets (NM) for each drainage basin
were determined using the outlets in Lewis and Smith (2009).
The counts were normalized by the total number of outlets
to compute fractions of land-terminating glaciers (FL) and
marine-terminating glaciers (FM).

3 Results

MODIS-derived estimates of coastal fjord SSC ranging from
∼0.7 to 1925 mg l−1 were retrieved all around the ice sheet
except in northern Greenland where persistent sea ice pre-
cludes detection of open water (Fig. 5, Table 1). PMM5-
derived PDD totals for ice sheet hydrologic basins drain-
ing to 100 km coastal gridcells, range from 0 to 165◦C per
day. Highest intensity is found along the ice sheet edge, de-
creasing exponentially farther inland with increasing eleva-
tions (Fig. 5, Table 1). Table 1 displays 10 yr mean val-
ues for each parameter and each coastal gridcell/drainage
basin pair. Basin mean melt area (APDD) ranges from 32–
16 277 km2, with mean melt penetration distance (DPDD)
ranging from 0.3–112 km inland. Drainage basin size (B)
ranges from 553–142 175 km2 with ice edge lengths (I ) vary-
ing between 35 and 344 km. Adequate MODIS data den-
sity is found for 47 out of 83 coastal 100 km gridcells. The
raw, native-resolution 500 m data show that on average a
Greenland coastal ROI pixel experiences at most 26 % of
all days between 1 June and 30 September classified as
open water (on average 14 %), that is, a water pixel with-
out cloud or ice interference, from a total of 1531 days
over the ten years (DD500 m). On average the coastal grid-
cells contain 5 marine-terminating glacier outlets (NM) and
4 land-terminating glacier outlets (NL). Spatially and tempo-
rally aggregated 100 km gridcells for SSC show an improved
data density, with a minimum threshold of DD100 km> 45 %
yielding the 47 gridcells for further analysis and a mean
DD100 km of 75 %. 10 yr mean sediment persistence (FSSC)
averages 0.11 for the entire ice sheet, meaning gridcells show
high-SSC values for one-tenth of the open water days de-
tected on average.

The extraction of SSC through open water classification
and extrapolation from an empirical model provides a broad
measurement of sediment concentration around the ice sheet.
The classification validation shows an overall accuracy of
79 %, and specifically for the open water class, reveals a
producer accuracy of 66 % and a user accuracy of 82 %. In
other words, while only 66 % of open water pixels (includ-
ing sediment-rich water) have been correctly identified as
open water, 82 % of the pixels called open water are truly
open water. This conservative estimate of open water ar-
eas was deemed adequate for estimation of SSC. The limited
25 field samples required SSC extrapolation beyond those
known values in the model relating MODIS reflectance to
SSC, resulting in 5.6 % of extracted SSC values greater than
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Table 1. All parameters for each of the 47 gridcells, which are grouped and averaged into six regions. 10 yr mean SSC± standard deviation
(s), 10 yr median SSC, and 10 yr mean PDD± s are shown with standard deviations, and region averages are shown with standard deviations
of gridcell averages within the region.B is drainage basin size (with medians summarizing regions),I is horizontal ice edge length,APDD is
melt area within each drainage basin,FPDD is percent of drainage basin actively melting,DPDD is melt penetration distance,NM is number
of marine-terminating glacier outlets,FM is the fraction of marine-terminating outlets,NL is number of land-terminating glacier outlets,FL
is the fraction of land-terminating outlets, DD500 m is average data density of open water from raw 500 m data, DD100 km is data density
of open water from aggregated 100 km gridcells,FSSC is sediment persistence (fraction of high-SSC days from total open water days),R

(interannual) is the correlation between interannual variations of SSC and PDD over 2000–2009, andR (seasonal) is the correlation between
10 yr mean seasonal cycles, with significant correlations (p < 0.05) in bold.

Gridcell 10 yr Mean SSC 10 yr Median SSC 10 yr Mean PDD B I APDD FPDD DPDD NL FL NM FM DD500 m DD100 km FSSC R R

± s (mg l−1) (mg l−1) ± s (◦C) (km2) (km) (km2) (km) (%) (%) (%) (Interann.) (Seasonal)

1 40± 277 5 1.23± 3.78 2847 141 830 0.29 5.9 3 0.33 6 0.67 22.2 % 92.2 % 0.14 0.61 0.48
2 162± 4 42 2.23± 2.03 6,587 212 1720 0.26 8.1 10 0.71 4 0.29 14.4 % 85.6 % 0.16 0.26 0.75
3 13± 75 2 0.78± 1.20 711 73 310 0.44 4.2 5 0.50 5 0.50 20.4 % 89.4 % 0.07 0.02 0.63
4 4± 35 2 1.10± 1.31 6711 189 1041 0.16 5.5 1 0.07 14 0.93 8.4 % 75.1 % 0.09 −0.18 0.46

Northwest 55± 63 13 1.34± 0.54 4,214 154 975 0.29 5.9 5 0.40 7 0.60 16.4 % 85.6 % 0.11 0.18 0.58

5 8 27 2 5.09 7.07 55 652 207 4531 0.08 21.9 0 0.00 6 1.00 5.4 % 57.7 % 0.09 0.17 0.54
6 10± 16 3 3.81± 4.92 36 968 212 3176 0.09 14.9 0 0.00 5 1.00 11.9 % 67.3 % 0.04 0.33 0.74
7 42± 95 5 5.29± 7.05 46 506 204 3645 0.08 17.8 3 0.27 8 0.73 13.7 % 81.6 % 0.06 0.58 0.87
8 38± 58 26 7.86± 9.82 41 373 121 4721 0.11 39.0 4 0.44 5 0.56 11.8 % 84.3 % 0.13 0.83 0.89
9 18± 26 9 1.50± 2.97 30 978 148 1,763 0.06 11.9 3 0.50 3 0.50 19.8 % 73.7 % 0.02 0.42 0.81
10 140± 290 18 2.30± 3.61 10 166 203 2089 0.21 10.3 0 0.00 4 1.00 19.3 % 78.8 % 0.04 0.83 0.55
11 109± 227 17 7.74± 9.42 72 190 170 5495 0.08 32.3 1 0.17 5 0.83 16.1 % 91.4 % 0.05 0.32 0.76
12 93± 220 32 13.25± 15.49 99 210 224 9863 0.10 44.1 3 0.43 4 0.57 16.5 % 79.9 % 0.10 0.46 0.08

West 57± 47 14 5.85± 3.82 49 131 186 4410 0.10 24.0 2 0.23 5 0.77 14.3 % 76.9 % 0.07 0.49 0.65

13 112± 119 90 23.12± 24.21 39,964 258 10,551 0.26 40.9 13 0.87 2 0.13 22.6 % 94.4 % 0.19 −0.09 0.62
14 555± 422 521 30.79± 34.27 55 891 146 16 277 0.29 111.9 8 1.00 0 0.00 25.9 % 78.4 % 0.44 −0.08 0.92
15 238± 209 209 10.76± 12.86 21 152 111 6,725 0.32 60.7 3 1.00 0 0.00 16.9 % 89.5 % 0.33 −0.09 0.65
16 207± 187 171 3.93± 4.38 1200 39 1200 1.00 30.9 2 1.00 0 0.00 23.9 % 91.3 % 0.33 −0.23 0.61
17 312± 405 130 11.10± 12.83 33 462 135 7803 0.23 58.0 5 0.71 2 0.29 17.3 % 81.6 % 0.20 0.19 0.81
18 552± 481 473 9.64± 10.41 8603 135 4314 0.50 31.8 3 0.75 1 0.25 14.4 % 84.9 % 0.21 −0.25 0.82
19 397± 345 365 13.39± 13.85 12 796 159 4926 0.38 31.0 6 1.00 0 0.00 14.1 % 91.3 % 0.17 −0.01 0.35
20 129± 213 40 16.55± 16.11 21 386 245 6272 0.29 25.6 3 0.50 3 0.50 9.9 % 87.1 % 0.09 −0.21 0.81
21 61± 76 37 5.53± 4.86 3134 131 1384 0.44 10.6 7 0.88 1 0.13 15.9 % 93.5 % 0.13 −0.10 0.52
22 250± 351 130 12.19± 13.09 15 793 338 6219 0.39 18.4 12 0.57 9 0.43 15.0 % 94.4 % 0.12 −0.45 0.31
23 72± 115 16 0.96± 0.96 553 35 349 0.63 9.8 4 0.67 2 0.33 7.2 % 92.9 % 0.12 −0.26 0.85

Southwest 262± 168 198 12.54± 8.16 19 449 157 6002 0.43 39.0 6 0.81 2 0.19 16.7 % 89.0 % 0.21 −0.14 0.66

24 6± 13 3 0.30± 0.45 3052 74 176 0.06 2.4 1 0.09 10 0.91 5.6 % 61.5 % 0.01 0.12 0.42
25 4± 6 2 1.94± 3.10 5344 92 1196 0.22 13.1 0 0.00 12 1.00 7.8 % 68.9 % 0.01 0.04 0.28
26 26± 62 3 1.05± 2.10 11 994 227 891 0.07 3.9 3 0.18 14 0.82 5.6 % 99.9 % 0.01 −0.39 0.46
27 91± 184 31 0.27± 0.60 4808 125 227 0.05 1.8 0 0.00 4 1.00 9.0 % 68.5 % 0.10 −0.32 0.32
28 5± 9 3 1.27± 2.35 11,014 344 963 0.09 2.8 3 0.13 20 0.87 8.3 % 89.5 % 0.04 −0.23 0.10
29 3± 5 2 1.04± 1.83 13 047 184 1026 0.08 5.6 0 0.00 15 1.00 5.0 % 82.0 % 0.01 −0.37 0.09
30 3± 3 2 2.14± 3.42 22,121 318 2590 0.12 8.2 2 0.15 11 0.85 7.7 % 78.4 % 0.08 −0.01 0.64
31 2± 1 2 0.30± 0.42 753 110 219 0.29 2.0 1 0.25 3 0.75 10.3 % 81.0 % 0.02 0.00 0.63
32 44± 90 15 1.84± 2.85 8391 250 1542 0.18 6.2 1 0.05 19 0.95 7.1 % 67.1 % 0.12 0.20 0.40
33 64± 91 33 1.78± 2.97 13 117 302 1472 0.11 4.9 3 0.30 7 0.70 7.2 % 56.8 % 0.16 0.05 0.30
34 49± 103 24 0.56± 1.12 6917 197 635 0.09 3.2 0 0.00 8 1.00 9.0 % 50.9 % 0.13 0.43 0.09

Southeast 27± 29 11 1.13± 0.68 9142 202 994 0.12 4.9 1 0.10 11 0.90 7.5 % 73.1 % 0.06 −0.04 0.34

35 11± 17 4 1.51± 2.72 6235 126 1111 0.18 8.8 3 0.50 3 0.50 10.8 % 56.6 % 0.00 0.41 0.33
36 4± 3 3 0.83± 1.28 1464 62 363 0.25 5.9 1 0.25 3 0.75 10.2 % 62.6 % 0.00 −0.15 0.66
37 23± 31 13 0.67± 0.99 1884 117 318 0.17 2.7 2 0.33 4 0.67 13.4 % 53.9 % 0.07 0.62 0.54
38 26± 28 19 1.34± 2.88 29 747 283 1462 0.05 5.2 9 0.64 5 0.36 12.2 % 65.6 % 0.04 0.68 0.44
39 35± 37 21 0.42± 0.95 7563 170 302 0.04 1.8 7 0.58 5 0.42 20.9 % 65.1 % 0.08 0.17 0.55
40 31± 44 14 0.45± 1.01 44 694 310 490 0.01 1.6 6 0.67 3 0.33 6.8 % 63.4 % 0.09 −0.11 0.72

East 22± 11 12 0.87± 0.42 15 264 178 674 0.12 4.3 5 0.50 4 0.50 12.4 % 61.2 % 0.05 0.27 0.54

41 17± 35 4 0.91± 2.19 27 790 242 841 0.03 3.5 6 0.60 4 0.40 19.0 % 65.4 % 0.04 −0.25 0.66
42 104± 202 38 0.47± 1.03 10 232 178 501 0.05 2.8 3 0.60 2 0.40 22.9 % 65.6 % 0.08 0.46 0.57
43 84± 97 53 1.13± 2.49 17 528 170 1273 0.07 7.5 6 0.86 1 0.14 20.7 % 65.6 % 0.10 0.18 0.76
44 13± 35 4 0.05± 0.15 1165 96 32 0.03 0.3 1 0.50 1 0.50 8.9 % 51.0 % 0.06 −0.20 0.18
45 21± 31 9 0.41± 0.71 2790 138 231 0.08 1.7 5 0.45 6 0.55 13.0 % 58.3 % 0.16 0.75 0.79
46 115± 141 66 2.29± 5.56 142 175 164 2675 0.02 16.3 2 0.50 2 0.50 14.1 % 53.7 % 0.27 0.32 0.30
47 91± 3 74 0.50± 4.15 8043 180 437 0.05 2.4 3 0.60 2 0.40 17.9 % 45.4 % 0.11 0.61 0.49

Northeast 63± 41 35 0.82± 0.68 29 960 167 856 0.05 4.9 4 0.59 3 0.41 16.7 % 57.9 % 0.12 0.27 0.54

Gridcell Average 94± 121 59 4.54± 6.37 21 823 176 2685 0.19 16.2 4 0.44 5 0.56 13.5 % 74.7 % 0.11 0.13 0.54
Avg Gridcell Min 2 2 0.05 553 35 32 0.01 0.3 0 0 0 0 5.0 % 45.4 % 0 −0.45 0.08
Avg Gridcell Max 555 521 30.79 142 175 344 16 277 1.00 111.9 13 1.00 20 1.00 25.9 % 99.9 % 0.44 0.83 0.92
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Fig. 5. (a)Map of 10 yr mean ice sheet PDD (blue) and fjord plume SSC (red circles).(b) Spatial variation of 1 yr mean PDD (grey line)
and SSC (black line), starting in the northwest and going counterclockwise towards the northeast (R = 0.70, p < 0.001). (c) Map of mean
yearly SSC (red circles) and PDD (blue) for 2000–2009.

the maximum field SSC. Comparative measurements of sed-
iment concentration around Greenland only exist for either
rivers, which show expected higher values (Hasholt, 1996),
or for Kangerlussuaq Fjord, which shows a lower range of
1.5–367.7 mg l−1 for inorganic suspended particulate matter
(Lund-Hansen et al., 2010). Given these limitations, analysis
of SSC will rely on broad averages over temporal and spatial
scales.

3.1 Regional characteristics: mean SSC, mean PDD,
data availability, and outlet glacier environment

The aforementioned characteristics of Greenland as a whole
mask strong regional differences around the edge of the ice
sheet. In Table 1, the 100 km coastal gridcells are further
aggregated into six regions: Northwest Region, West Re-
gion, Southwest Region, Southeast Region, East Region, and
Northeast Region (Fig. 3). Note that results are presented
with standard deviations (s) for 10 yr means to show variabil-
ity within samples, and 10 yr median SSC is also presented as
another summary measure given the extrapolation of higher
SSCs beyond field measurements.

The Northwest Region (Fig. 3) consists of four coastal
gridcells (numbered 1–4) and exhibits a moderately low
10 yr average SSC (55± 63 mg l−1, Table 1), except for
one uniquely high SSC gridcell (Gridcell 2), and a mod-
erately low average PDD (1.3± 0.5◦C). Gridcell 2, off
the coast west of Humboldt Glacier, has a mean SSC of
162± 4 mg l−1, above average not only for the region but
for the entire ice sheet as well and a high number of

land-terminating glaciers (NL = 10). In contrast, Gridcell
4 directly to the south captures a high number of marine-
terminating glaciers (NM = 14) with a large swath of glaciers
near to the coast, generating one of the lowest mean SSC val-
ues (4 mg l−1). This region has a high DD100 km (86 %) and a
high FSSC (0.11), meaning high concentrations of sediment
are detected for one-tenth of the melt season, with many pro-
tected fjords and a relatively high averageNL .

The West Region (Fig. 3) has eight coastal gridcells
(numbered 5–12), including several large marine-terminating
glaciers including Jakobshavn Isbrae (Gridcell 12), Store
Glacier (Gridcell 11), and Rink Glacier (Gridcell 9). The
West Region has a mean SSC of 57± 47 mg l−1 (Table 1)
similar to the Northwest Region, but a higher mean PDD
(5.9± 3.8◦C). This region contains high velocity marine-
terminating glaciers, with ones farther south characterized
by floating or near-floating tongues (Thomas et al., 2009).
This region has the largest averageB (49 131 km2) and con-
tains Jakobshavn basin, the largest at a size of 99 210 km2. A
moderate DD100 km(77 %) and a moderately lowFSSC(0.07)
reflect the mix of outlet and fjord types, with a low average
NL (2) and a moderate averageNM (5), but the highest frac-
tion of marine-terminating glaciers (FM = 0.77).

The Southwest Region (Fig. 3) is made up of eleven
coastal gridcells (numbered 13–23) and has the high-
est average values in most parameters: highest mean
SSC (262± 168 mg l−1, Table 1), highest mean PDD
(12.5± 8.2◦C), highest averageAmelt (6002 km2), highest
averageFSSC (0.21), highest averageNL as well asFL

www.the-cryosphere.net/6/1/2012/ The Cryosphere, 6, 1–19, 2012
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(0.81), and the highest DD100 km (89 %). In particular,
Gridcell 14, which encompasses Russell Glacier and the
downstream Kangerlussuaq Fjord, shows the highest mean
SSC (555± 422 mg l−1) and by far the highest mean PDD
(30.8± 34.3◦C). The gently sloping coast and warmer cli-
mate contribute to the geomorphological uniqueness of this
region. The extensive coastal land area affords every gridcell
higherFL thanFM and many large braided rivers to disperse
the sediment into long, protected fjords. Going farther south
in the region with less land area shows decreased mean SSC,
decreased mean PDD, and decreasedFSSC.

The Southeast Region (Fig. 3) has eleven coastal grid-
cells (numbered 24–34), encompassing the same latitude
range as the Southwest Region, and shows a marked dif-
ference from the Southwest with very low averages of SSC
(27± 29 mg l−1, Table 1), PDD (1.1± 0.7◦C), and FSSC
(0.06). A moderate average DD100 km (73 %) despite loss of
OW from icebergs reflects the removal of those gridcells that
did not meet the data density threshold, particularly those en-
compassing the heavily calving Kangerdlugssuaq and Hel-
heim Glaciers. Persistent sikussaks at the ends of these
glaciers extend several kilometers and prevent any detection
of OW. These glaciers also have very large drainage basins,
so their removal is also indicated by the fairly small average
B (9142 km2). In contrast with the southwest, the southeast
has the highest averageNM (11, also highestFM = 0.90) and
lowest averageNL (1, also lowestFL = 0.1). Most glaciers
are near to the coast with steeper slopes and fairly low melt-
ing.

The East Region (Fig. 3) consists of six coastal gridcells
(numbered 35–40) around the Scoresby Sund area and shows
the lowest mean SSC (22± 11 mg l−1, Table 1) and one of
the lowest mean PDDs (0.9± 0.4◦C). AverageFSSC is also
lowest of all regions (0.05), and two gridcells (Gridcells 35
and 36) do not show any sediment persistence, indicating
that only very low concentrations of sediment exist in those
areas. Average DD100 km is one of the lowest (61 %), and
outlets are fairly abundant in both marine-terminating and
land-terminating types draining into protected fjords. The
presence of a large land area as well as some islands allows
for smaller glaciers and snowpatches not connected to the
ice sheet to produce sediment, so ROIs were placed to avoid
those areas as much as possible.

The Northeast Region (Fig. 3) has seven coastal grid-
cells (numbered 41–47). This region has the lowest av-
erage DD100 km (58 %), and the northernmost Gridcell 47
has the lowest individual gridcell DD100 km (48 %). The
low DD100 km of open water pixels free of ice is prob-
lematic in the northeast as well as in the northern areas;
open water detection is prevented by the persistence of
sea ice and/or iceberg calving. This region has the low-
est mean PDD (0.8± 0.7◦C), but an intermediate mean
SSC (63± 41 mg l−1). Both land-terminating and marine-
terminating outlets are fairly low in number, with slightly
moreNL (4) comparedNM (3).

3.2 Hydrologic controls on fjord SSC: spatial,
interannual, seasonal, and high frequency

3.2.1 Spatial variability

A high spatial correlation between 2000–2009 PDD and SSC
confirms that more ice sheet melting leads to more suspended
sediment being mobilized by meltwater. Figure 5b shows a
strong correlation (R = 0.70, p < 0.001) between the 10 yr
mean PDD and 10 ye r mean SSC moving counterclockwise
around the ice sheet from the northwest to the northeast.
Mean PDD and SSC for individual gridcells illustrate results
from the grouped regions. The Northwest and West Regions
show a slightly decoupled intensity between PDD and SSC,
with Gridcell 2 in the Northwest experiencing a low average
PDD but high average SSC, and Gridcells 5–8 in the West re-
vealing higher average PDDs with lower average SSCs. The
Southwest Region is distinct in high values of both, with a
few gridcells (Gridcells 16–19) associated with high plume
SSC’s despite low ice sheet PDD. A distinct drop in both
PDD and SSC denotes the movement from the western half
of Greenland to the eastern half, which is characterized by
overall lower average PDD and SSC intensities and less spa-
tial variability in both datasets. Furthermore, PDD is a signif-
icant driver of SSC in high PDD areas but not in low PDD ar-
eas. Splitting the data in half with 24 high PDD gridcells and
23 low PDD gridcells, the high PDD portion show that PDD
is strongly correlated with SSC (R = 0.61,p = 0.002), while
the low PDD data are not correlated with SSC (R = −0.16,
p = 0.47).

3.2.2 Interannual variability

Interannual variations between ice sheet PDD and plume
SSC correlate for the West and Northeast regions, but lack
significant correlations for the other regions (Northwest,
East, Southwest, and Southeast) and for Greenland as a
whole (Fig. 6). Nine gridcells that do show strong relation-
ships are concentrated in the northern parts of Greenland;
and for the most part the southern regions are not correlated
interannually (Fig. 7d, Table 1). Gridcell 13 in the South-
west Region containing solely Kangerlussuaq Fjord where a
strong positive interannual correlation was previously found
between ice sheet melt area and sediment plume area (Chu
et al., 2009) displays a slight anti-correlation, similar to most
gridcells in the Southwest Region. This region highly in-
fluences the overall interannual relationship averaged Green-
land owing to high values of both PDD and SSC.

3.2.3 Seasonal variability

Average seasonal climatologies of ice sheet PDD and down-
stream fjord SSC indicate coinciding seasonal cycles, with
sediment plume onset coincident or commencing after sur-
face melt onset (Fig. 8). Seasonal climatologies of PDD and
SSC are produced by averaging across the same day-of-year
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Fig. 6. Interannual variations of ice sheet PDD and plume SSC
for the (a) entire ice sheet and for(b) each of the six regions from
2000–2009, with 95 % confidence intervals. The West and North-
east regions track each other rather well, while the Southwest and
Southeast regions are fairly anti-correlated.

(d.o.y.) over 2000–2009, given at least two observations.
While ice sheet melting inherently shows autocorrelation due
to the inherently seasonal nature of solar radiation, auto-
correlation is present also in fjord sediment concentration
due to its reliance on meltwater transport, and therefore sea-
sonal cross-correlations between the two datasets are natu-
rally high. Correlations here will be used simply as a metric
to show relative coherence between seasonal cycles, given
the inherent autocorrelation. Cross-correlation is highest
for the West and Southwest Regions (R = 0.81, p < 0.001,
R = 0.86,p < 0.001, respectively, Figs. 7e and 8), especially
Gridcell 14 in the Southwest (R = 0.92,p < 0.001, Table 1).
Differences between regions include PDD and SSC intensity
and seasonal length of both datasets, with the Southwest Re-
gion (in particular Gridcells 17–19) exhibiting highest SSCs
and highest PDDs, and longer periods of activity and persis-
tent sediment suspension towards the end of the melt season.
Plume decline occurs during PDD decline for all regions, but
the Southwest indicates high-SSCs persisting during the de-
cline in melt in contrast to Chu et al. (2009), that found ap-
parent sediment exhaustion with sediment plume areas de-
creasing prior to declines in melt area. Plume onset gener-

ally follows melt onset broadly in the western regions (North-
west, West, and Southwest), but the eastern regions (South-
east, East, and Northeast) show delayed plume onset as well
as early melt onset. The Southeast Region is unique in that
SSC is detected throughout the beginning of the melt sea-
son at low levels (∼1.62–2.76 mg l−1) indicating no arrival
of sediment-rich meltwaters until June. The East Region has
very low SSC (∼0.83–0.97 mg l−1) through the melt onset
period, but much data are lost to the presence of sea ice un-
til the end of May; the Northeast Region farther north shows
even greater data loss with persistent sea ice until June.

3.2.4 High frequency variability

High frequency, near-daily time series from 2000–2009 of
ice sheet PDD and plume SSC show high short term vari-
ability (Fig. 9). SSC values from 2010 are also shown (recall
PMM5 PDD data were not available after 2009). The east-
ern regions (Southeast, East, and Northeast), all with much
fewer PDDs, show a more variable melt season onset than the
western regions. Overall, near-daily data generated by spa-
tial and temporal aggregation do not correlate well and the
temporal relationship between PDD and SSC matches better
in average seasonal climatologies.

3.3 Marine-terminating vs. land-terminating glacier
outlets

Plume characteristics vary with outlet glacier environment,
here categorized into two broad types: land-terminating and
marine-terminating. The spatial density of land-terminating
outlet glaciers (NL) shows a low positive correlation with av-
eraged 2000–2009 SSC around the ice sheet (R = 0.32,p =

0.03), while the number of marine-terminating outlet glaciers
(NM) shows a negative correlation (R = −0.42, p = 0.003)
(Fig. 7a). Normalizing the number of land-terminating and
marine-terminating outlets by total number of outlets for
each gridcell shows that theFL is more strongly correlated
with SSC thanNL (R = 0.58, p < 0.001). Outlet types for
the most part cluster in regions, with the Southwest show-
ing highestFL (0.81) and the Southeast showing highestFM
(0.91) These overall trends reverse in northern regions, with
relatively highFL (0.59) in the Northeast and highFM (0.60)
in the Northwest. The geology of the ice-free area, one of the
factors controlling the erosional susceptibility of the underly-
ing bedrock, shows mostly latitudinal variation dominated by
Archaean and early Proterozoic crystalline basement rocks
(Geological Survey of Denmark and Greenland (GEUS),
2003). While geologic composition is only one of many fac-
tors in the production of sediment, softer rock types might be
more easily eroded to produce more sediment, yet areas with
highest SSCs are made up of hard gneisses that are likely to
erode more slowly, possibly excluding geology as a control-
ling factor in fjord SSC.

www.the-cryosphere.net/6/1/2012/ The Cryosphere, 6, 1–19, 2012
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  Sediment
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Figure 7
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correlation
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Sum of Fields
14
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Fig. 7. Maps of parameters and analyses for each of the 47 gridcells.(a) Glacier outlet type shows the number and proportion of outlets in
each gridcell that is land-terminating (NL ) or marine-terminating (NM ), with the size of the circle representing the total number of outlets
reaching the fjord.(b) Sediment persistence (FSSC) shows the fraction of open water days with sediment-rich water detected.(c) Data
density (DD100 km) shows the fraction of total days with open water detected (free of ice and clouds) for the aggregated 100 km data.(d)
Correlation between interannual averages of PDD and SSC over 2000–2009.(e)Correlation between mean seasonal cycles of PDD and SSC.

3.4 Other factors

FSSC, a measure of how long high SSC plumes persist, is
highest in the southwest with highs also in the northwest and
northeast (Fig. 7b). The Southwest Region, again contain-
ing Gridcell 13 and the Kangerlussuaq Fjord, shows that pro-
tected fjords and many land-terminating outlets in the south-
west allow sediment to persist longer toward the end of the
season.

DD100 km has a positive spatial correlation (R = 0.42,p =

0.003) with SSC, highlighting areas in the southeast that of-
ten lose data due to iceberg calving yet still show low mean
SSC (Fig. 7c). While DD100 km is a measure of open wa-
ter data retrieval, here it also mostly represents the predomi-
nance of icebergs and sea ice obscuring suspended sediment
detection. This relationship represents another environmen-
tal factor affecting SSC detection and intensity; data density
reflects both the outlet glacier environment and the climatic
regime of the region.

The Cryosphere, 6, 1–19, 2012 www.the-cryosphere.net/6/1/2012/
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Fig. 8. Mean seasonal development of ice sheet PDD and down-
stream fjord SSC for each of the six regions. A seasonal climatol-
ogy is calculated by taking day-of-year averages over 2000–2009,
with 95 % confidence intervals. Seasonal cycles broadly coincide
with plume onset coincident with or after surface melt onset, though
the East and Northeast regions show difficulty detecting onset due
to presence of sea ice. High SSCs persist in the Southwest region
during the waning of the melt season.

4 Discussion

MODIS-derived plume suspended sediment concentration
(SSC) successfully maps average plume distribution, which
is controlled by both ice sheet hydrology and outlet glacier
type, around∼80 % of the Greenland coastline. Spatial vari-
ations in 10 yr average positive degree days (PDDs), a proxy
for meltwater generation on the ice sheet surface, is the most
significant driver of spatial variations in 10 yr mean SSC.
While SSC data generated from 100 km gridcells greatly sim-
plifies processes of sediment transport and dispersal, their
correlation with ice sheet PDD indicates that higher ice sheet
melting is linked to higher SSC in surrounding coastal wa-
ters. Likewise, ice sheet PDD only represents surface melt-
water production and cannot be a proxy for runoff with-
out the inclusion of refreezing, but this broad-scale asso-

ciation reveals plume SSC as a viable signal of meltwater
release. Furthermore, the corresponding seasonal develop-
ment of PDD and SSC track each other rather well, with
broadly coincident timings of melt onset and plume detec-
tion (Fig. 8). However, the Southeast and East Regions show
delayed plume onset, lagging melt onset by∼3–4 weeks (a
lag is also seen in the Northeast Region, but is due to delayed
open water detection from sea ice, which may be obstruct-
ing a plume beneath the ice), whereas the western regions
(Northwest, West, and Southwest) do not. In the South-
east and East Regions, despite delayed plume onset, plume
growth coincides with the rising limb of PDD, but not in the
Northeast. The Southwest Region reveals highly correlated
seasonal climatologies of SSC and PDD (as averaged across
each day-of-year over 2000–2009, Fig. 8), but also a unique
lingering of high SSC persisting∼1 month during the wan-
ing of the melt season. This is notably different from the
results of Chu et al. (2009), which suggest sediment exhaus-
tion in Kangerlussuaq Fjord. This difference may be due to
use of aggregated data, but is more likely due to the use of
SSC rather than plume area. For example, in an elongate,
protected fjord environment such as Kangerlussuaq Fjord,
sediment may remain suspended but plume area may con-
tract, possibly owing to circulation. This suggests that while
ice sheet meltwater runoff is a dominant control of regional
plume SSC development, fjord geometry in addition to outlet
glacier types are also a factor.

Buoyant plumes are most readily detected downstream of
rivers draining land-terminating glaciers, owing to high SSC
(∼200–550 mg l−1 range on average) and minimal obstruc-
tion by calving ice. Marine-terminating glaciers, in contrast,
produce lower SSC (∼2–100 mg l−1 range on average) and
are often obstructed by icebergs and/or sea ice. Greenland’s
proglacial rivers, like other proglacial systems, are charac-
terized by extremely high suspended sediment loads (e.g. 5–
22 000 mg l−1, Hasholt, 1996). Therefore, the spatial dis-
tribution of 10 yr mean SSC reveals highest concentrations
(∼200–500 mg l−1) in the fjords of the Southwest Region,
where FL (fraction of land-terminating glacier outlets) is
highest. This differs from other studies that project high-
est total sediment export in areas with major calving glaciers
such as the northeast and southeast (Hasholt, 1996). One
reason for this contrast is that the present study identifies
freshwater signals represented by fine sediments suspended
in ocean surface waters, rather than total depth-integrated
sediment export as measured in terrestrial rivers. Also, while
other studies present SSC from rivers draining the ice sheet,
here SSC is measured from fjord plumes, showing lower av-
erage values due to plume spreading and mixing with ma-
rine waters. Plume SSC may also be lower than river SSC if
meltwater encounters lakes and floodplains with some sedi-
ment settling out before reaching the fjord, and may therefore
be considered a conservative estimate in land-terminating
outlet environments. Thus, the MODIS-derived SSCs pre-
sented here are useful for detecting fine sediments associated

www.the-cryosphere.net/6/1/2012/ The Cryosphere, 6, 1–19, 2012
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Fig. 9. Examples of high frequency time series of SSC and PDD for one gridcell in each of the six regions from 2000–2009. SSC is displayed
for 2010 but not used in analysis due to PDD only being available up to 2009.

with freshwater release, but not total sediment export, are
sensitive to outlet glacier type, and are lower than corre-
sponding SSC values from terrestrial samples of meltwater
runoff from the ice sheet.

While Chu et al. (2009) found a strong interannual rela-
tionship between ice sheet surface melt extent and plume
area, the present study finds no corresponding coherence
between ice sheet PDD and plume SSC. Indeed, Gridcell
13, representing the Kangerlussuaq Fjord studied by Chu et
al. (2009) and McGrath et al. (2010), lacks any significant

correlation (R = −0.29,p = 0.42) between the two variables
on an interannual scale (Fig. 6b). This contrast stems solely
from the use of SSCs rather than plume area, as the two melt
datasets are highly correlated (R = 0.96, p < 0.001). One
reason for this may be the extrapolation of SSCs using a non-
linear empirical model, which also does not encompass the
full range of sediment-rich water reflectances. Uncertainty in
the model is difficult to quantify given that the limited num-
ber of field samples were only from two sites in the south-
west, and therefore analysis of SSC has been dependent on

The Cryosphere, 6, 1–19, 2012 www.the-cryosphere.net/6/1/2012/
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averaged values at various scales for each gridcell. Future
studies should provide more field samples from a wider ar-
ray of plume states, particularly at the high-SSC range, to
further refine the model. However, while plume dimensions
are good indices of ice sheet hydrologic variations, their use
is limited to unique environments like Kangerlussuaq Fjord,
that develop large plumes at river mouths with consistent ab-
sence of calf and/or sea ice. The present approach, using
SSC instead of plume dimensions, allows study of plumes
in other coastal environments including marine-terminating
outlet glaciers where calving ice confounds clear measure-
ment of plume area or length.

Marine-terminating glacier outlets, particularly heavily
calving ones (e.g. Helheim, Kangerdlugssuaq, Jakobshavn),
provide complications to quantifying buoyant sediment
plumes. While sediment from marine-terminating glacier
bottom melting should rise to fjord surface waters owing to
high buoyancy of the meltwater plume (Powell and Molnia,
1989), sediment plumes originating subglacially at depths
up to 600 m below the fjord water surface can experience
sedimentation as the plume rises to the surface when sedi-
ment fall velocities exceed the entrainment velocity of the
plume (Mugford and Dowdeswell, 2011). Furthermore, the
presence of a layer of freshwater at the fjord surface may
prevent the plume from surfacing due to a loss in buoy-
ancy upon mixing. In addition to meltwater, icebergs are the
other major contributor of sediment to fjords (Andrews et
al., 1994). Similar to subglacial meltwater inputs, sediment
from icebergs melt out at depths of∼100–400 m, with a tur-
bulent plume rising to the surface and sedimentation also
occurring. Sediment originating from icebergs, while con-
tributing to total sediment export, complicates the retrieval
of plumes in this study because those sediments do not orig-
inate from terrestrial runoff sources. However, icebergs re-
lease sediment slowly as they melt, transporting sediment
large distances downstream of the glacier front (Syvitski et
al., 1996; Azetsu-Scott and Syvitski, 1999; Hasholt et al.,
2006). Therefore, in fjords with moderate iceberg interfer-
ence, any detection of a surface sediment plume (limited
by fjord spatial sampling∼15–20 km from the glacier front)
likely reflects input of ice sheet meltwater runoff rather than
sediment from icebergs. Though heavily calving glaciers are
very important to mass loss and sediment export, the sikus-
saks of dense icebergs circulating within the upper fjord en-
vironment prevent plume detection and are removed with a
data density restriction. Similarly, while the northern part
of Greenland is of interest due to extensive bottom melting
(rather than iceberg calving as the primary ablation mecha-
nism, Reeh et al., 1999), data scarcity from persistent sea ice
precludes adequate SSC recovery from MODIS reflectance
products. Therefore, higher spatial resolution sensors are re-
quired to study plume characteristics in areas of pervasive
iceberg and sea ice cover.

At high temporal frequencies (near-daily, Fig. 9) ice sheet
PDD and plume SSC are generally uncoupled, suggesting

that complex processes of meltwater routing and sediment
transport are not captured in a simple relationship between
broad-scale representations of ice sheet meltwater produc-
tion and buoyant sediment plumess. Furthermore, spatio-
temporal aggregation is not effective for resolving the well-
known temporal resolution limitations of MODIS in nar-
row fjord environments (Chu et al., 2009; McGrath et al.,
2009). This lack of correlation at near-daily time scales
is perhaps unsurprising with the very large 100 km grid-
cell aggregations required to produce near-daily time series.
Also, other physical factors besides terrestrial runoff influ-
ence plume dynamics in the short term, including tides and
wind (e.g. Dowdeswell and Cromack, 1991; Whitney and
Garvine, 2005; Halverson and Pawlowicz, 2008). Detecting
short-term (days to∼1 week) variations in terrestrial runoff
from sediment plumes remains challenging from a satellite
remote sensing approach.

While this broad-scale view of sediment plumes around
the ice sheet presents them as signals of meltwater release
to the coast, sources of uncertainty limit these datasets for
quantifying true runoff flux and studying ice sheet hydrol-
ogy on a process-scale. As a proxy for meltwater runoff
from the ice sheet, PDD does not take into account melt-
water routing or storage in the glacier and in proglacial sys-
tems, which will affect both timing and intensity of meltwa-
ter release. Future studies need to incorporate runoff models
tuned by in situ discharge observations such as Mernild and
Hasholt (2009) and Rennermalm et al. (2011). As discussed
above, using SSC to represent plume characteristics has its
limitations due to the site-specific calibration of MODIS re-
flectances, the lack of validation for higher extrapolated SSC
values from the empirical model, and the spatial aggregation
used to overcome the poor temporal sampling. This scale of
analysis obscures many physical processes, from ice sheet
meltwater routing, to sediment transport, to mixing of fjord
water masses. A more in-depth understanding of the various
states, processes, and relationships between ice sheet hydrol-
ogy and sediment dispersal from outlet glaciers is required
for remote sensing of plumes to become a useful tool in as-
sessing total meltwater flux to the ocean.

5 Conclusions

This study provides a first synoptic assessment of remotely-
sensed buoyant coastal sediment plumes around Greenland,
and links them to ice sheet runoff from land- and marine-
terminating outlet glaciers. Meltwater production on the
ice sheet surface, as approximated by PDD, is the most
significant driver of spatial variations in suspended sedi-
ment concentrations of coastal ocean waters. On average,
land-terminating outlet glaciers produce higher plume SSCs
than marine-terminating outlet glaciers, although MODIS
retrievals from the latter are often obstructed by ice-
bergs. Despite known complexities in plume formation and
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development processes, remotely sensed sediment plumes
appear to supply viable evidence of meltwater release. As
such, their detection and monitoring from space represents
one of the few ways to observe hydrologic release of melt-
water from the Greenland ice sheet to the global ocean over
broad spatial and temporal scales.
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