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Abstract

Rising sea levels and increased surface melting of the Greenland ice sheet have height-
ened 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, including meltwater runoff. Here, Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) satellite imagery is used to average 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 significant 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 long-term
conditions across much broader fjord environments around the ice sheet. Remote
sensing of both plume charactersitics thus offers a viable approach for observing spa-
tial and temporal patterns of meltwater release exiting the Greenland ice sheet to the
global ocean.

1 Introduction

The Greenland ice sheet is undergoing increasing melt intensity and extent (Mote,
2007; Tedesco, 2007; Bhattacharya et al., 2009) in response to warming air temper-
atures (Hanna et al., 2008; Tedesco et al., 2008; Box et al., 2009). Ice mass loss
has accelerated in the last decade (Chen et al., 2006; Rignot et al., 2008; Wouters et
al., 2008; Allison et al., 2009; Velicogna, 2009), with increasing accumulation in the
ice sheet interior (Box et al., 2006; Burgess et al., 2010) exceeded by losses in the
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marginal ablation zone (Luthcke et al., 2006; Ettema et al., 2009; Zwally et al., 2011).
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; Sole et al., 2008; Pritchard
et al., 2009; Thomas et al., 2009). Marine-terminating outlet glaciers have also shown
increases in total ice discharge (Rignot et al., 2004; Howat et al., 2007) and veloc-
ity (Rignot and Kanagaratnam, 2006; Joughin et al., 2010), with velocity speedups
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 annual 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., 2010a), 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 Gravity Recovery and Climate Experiment (GRACE) gravity
data also require knowledge of meltwater runoff, but must currently use modeled es-
timates rather than direct observations (Velicogna et al., 2005). Increased meltwater
production has also 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 sea-
sonal speedups of the broader, slower moving ice sheet (Zwally et al., 2002; Joughin et
al., 2008a; 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 Neumann, 2010), with large inputs of meltwater from supraglacial lakes
decreasing basal friction and increasing short-term ice velocities (Box and Ski, 2007;
Das et al., 2008; Schoof, 2010). While meltwater processes are less important to
marine-terminating glaciers than are destabilized calving fronts (Thomas et al., 2003;
Amundson et al., 2008; Joughin et al., 2008b) and enhanced ice-bottom melting from
warm ocean waters (Holland et al., 2008; Howat et al., 2008; Rignot and Steffen, 2008;
Straneo et al., 2010; Motyka et al., 2011; Yin et al., 2011), dynamic changes on land-
terminating ice are attributed to bedrock lubrication from increased meltwater (Zwally
et al., 2002; Sundal et al., 2009; Bartholomew et al., 2010).
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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 (e.g.,
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; Robinson et al., 2010), or observed
using remote sensing (Abdalati and Steffen, 1997; Smith et al., 2003; Mote, 2007;
Tedesco, 2007; Hall et al., 2008). However, its release from the ice sheet edge to the
ocean remains largely unstudied, consisting of a handful of modeling efforts (Baggild
et al.,, 1999; Lewis and Smith, 2009; Mernild et al., 2010b, 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 downstream 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). Sedi-
ment is produced by abrasion as ice moves over underlying bedrock and subsequently
transported by meltwater, with sediment output affected by glaciological variables like
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 ~40000 mg I (Mulder and Syvitski,
1995). These features are readily observed in satellite imagery, allowing remote es-
timation of water quality characteristics including 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
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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 predominantly by the kinetic energy of river discharge
(Syvitski et al., 1985), but plume characteristics are still controlled by a complex combi-
nation of factors both on land and after entering the fjord. Sediment-rich meltwater from
land-terminating outlet glaciers may encounter lakes, outwash plains, or braided river
valleys, all of which can act as traps or sources for sediment (Busskamp and Hasholt,
1996; Hasholt, 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 envi-
ronments, as plumes move farther downstream, sediment transport and settling rates
are further influenced by tides (Castaing and Allen, 1981; Dowdeswell and Cromack,
1991; 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 immedi-
ately 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 optical satellite
imagery, to identify the distribution and temporal characteristics of sediment and melt-
water release to coastal waters. Of particular interest is how well meltwater production
on the ice sheet accounts for observed spatial and temporal variations in SSC, and to
what extent outlet glacier environments complicate this relationship. SSC is used in-
stead of plume area or length (Chu et al., 2009; McGrath et al., 2010) in order to expand
the method beyond a river mouth. Optical images from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) satellite are used from 2000—2009 to sample buoyant
plume SSC in ~230 fjords with near-daily temporal resolution at 500 m spatial resolu-
tion. These observations 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
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well as geomorphic characteristics. The end result is a synoptic, ten-year 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 rep-
resented by production of meltwater on the ice sheet surface. The fifth generation
Polar Mesoscale Model (PMMS5) provides a gridded 24 km resolution output of 3-hourly
temperatures across the ice sheet surface 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 intensity 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 and
has outperformed more sophisticated energy balance models for use in catchment-
scale hydrologic modeling (Ohmura, 2001; Hock, 2003). Here, positive degree days
are used in its un-cumulative form.

As a proxy for meltwater volume produced within each hydrologic drainage basin,
the aforementioned PDD data were totaled over topographically determined-basins
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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 gridcell (for fijord 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 hydrostatic pressure conditions and no conduit flow 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, /, defined as the total
length of the ice sheet edge bounded within each drainage basin. Melt area, Appp,
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 each drainage basin experiencing active

melting, Fppp, Was defined as melt area divided by drainage basin size (Fppp = AFL’;,DD).

Melt penetration distance, Dppp = AF’%, 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 estimated by (1) classifying 10 years of available daily MODIS
imagery 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 attain a high
frequency temporal sampling, and (3) transform MODIS reflectance into SSC using an
empirical relationship developed from field water samples.

2.2.1 MODIS 500 m satellite imagery and quality

The MODIS instrument on NASA’s Terra satellite acquired daily coverage over Green-
land from 2000-2010 with seven bands in the visible and infrared spectra at 500 m
spatial resolution and two bands at 250 m resolution. Time series of MODIS Level 2

2371

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

TCD
5, 2365-2407, 2011

Hydrologic controls
on coastal
suspended sediment
plumes

V. W. Chu et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2365/2011/tcd-5-2365-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2365/2011/tcd-5-2365-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

500 m surface reflectance product (MODO09) (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 sinusoidal grid projection. Seven MODIS tiles were needed to
cover all of Greenland (Fig. 2). MODIS data are freely available and were downloaded
from the NASA Warehouse Inventory Search Tool (https://wist.echo.nasa.gov/api/).
Note that while MODIS data were available for 2010, PMM5 PDD data were only avail-
able until 2009. Therefore, MODIS data were processed and displayed for 2010 but
not included in 10-year averages for comparison with PDD.

Only high-quality “clear-sky” MODIS pixels were used from each daily MODIS im-
age. High-quality clear-sky images were defined as having: (1) a near-nadir view with
adequate solar illumination (i.e., satellite overpass between 13:00 and 17:00 UTC),
(2) minimal cloud cover, and (3) minimal atmospheric interference. Atmospheric inter-
ference and cloud cover were determined using MODIS 1 km resolution Quality Assur-
ance (QA) datasets that provided quality flags for each band, including cloud state and
aerosol quantity.

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—-670nm), band 2 (841-876 nm), band 3 (459—479 nm),
band 4 (545-565nm), and band 6 (1628—1652 nm) were used with thresholds in a
simplified classification scheme to mask out land, ice (including land-fast ice, sea ice,
and calving icebergs), and clouds. Particular difficulty in distinguishing sediment-rich
water from melting ice was due to similar spectral responses in the seven available
MODIS bands. Land and river pixels were identified primarily by a lower reflectance
in band 2 than band 1. To distinguish clouds and ice, both of which show high re-
flectance in the visible bands, band 6 was used. Clouds were identified with high
band 6 reflectance > band 1 reflectance. Remaining pixels with lower band 6 values
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were classified into ice (and melting ice) and open water. Ice was distinguished with
band 2 reflectance greater than 0.5 x band 1 reflectance. Finally, open water (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 manually using 10 ASTER Level 2
15m surface reflectance (AST 07) images and 27 Landsat TM/ETM+ 30 m images
(Fig. 2), taking advantage of their higher spatial resolutions to between sediment-rich
water and melting sea ice and icebergs from calving glaciers. Melting ice proved dif-
ficult to discern in the MODIS data, both spatially owing to the low resolution and
spectrally with just seven available bands at 500 m resolution. Scenes for both sensors
were selected to be during the summer melt season where plumes could be expected
as well as in areas representing contrasting outlet-water interface types and different
spatial locations along the coast of Greenland.

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 sediment concentration. Data density, DDy ,,,, 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), DDsyop, = m. While
open water is the primary classification used in further analysis, a sediment persistence
metric, Fggc, 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 sedi-
ment 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 identify only the highest SSCs and provide a conservative estimate of persis-
tence. Sediment persistence was defined as the fraction of high-SSC days (OWggc)

out of OW (Fggg = 2psse),

2373

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

TCD
5, 2365-2407, 2011

Hydrologic controls
on coastal
suspended sediment
plumes

V. W. Chu et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2365/2011/tcd-5-2365-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2365/2011/tcd-5-2365-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2.2.3 MODIS spatial sampling and aggregation

Twenty-eight hundred regions of interest (ROIs) covering 7500 km? over 230 fjords
were manually delineated to enable multiple MODIS sampling of all fjords directly drain-
ing the ice sheet via land-terminating and marine-terminating glaciers (Fig. 3). This
restriction of analysis to fjords immediately 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 meltwater runoff. ROls 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 were aggregated into
100km x 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 projec-
tion. For each 100 km gridcell, .4 Was determined from the population of ROI pixels
within the gridcell. R4, was defined as the 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 mit-
igate 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 100 km gridcell ROIs 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
equivalent to a cloud-free box, A, represents the average plume state within a week,
allowing a week for the best pixels to be sampled.
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2.2.4 Calibration/validation of SSC

The final data product of daily A, aggregated into 100 km coastal gridcells was trans-
formed into SSC using an empirical 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 freshwater, and how varying levels of sediment affect
the spectral reflectance of the water. In situ water quality data were collected 3 June
2008 in Kangerlussuaq Fjord, southwest Greenland, with surface measurements of
SSC, salinity, spectral reflectance, optical depth, and temperature collected every 1 km
along a 22km transect as described in Chu et al. (2009). Additional surface water
samples from a marine-terminating fjord ~80 km north of lllulisat were collected 4 July
2007 and culled for the points overlapping with digitized ROls near the coast where
buoyant sediment plumes were found, yielding four locations around 69.79° N, 50.53° W
(Fig. 2). These sites provided laboratory measurements of SSC but did not include
in situ spectral reflectance. These additional measurements supplemented the more
extensive Kangerlussuaq Fjord dataset by providing in situ SSCs from an environment
dominated by marine-terminating glaciers. An empirical model relating SSC to MODIS
reflectance (Fig. 4) was constructed using all available field samples and simultaneous
MODIS band 1 (620-670nm) reflectance as per Chu et al. (2009), yielding a new
revised model of:

R(band 1) =3.02In(SSC) + 1.12R%> = 0.86

with R(band 1) as the reflectance (%) for MODIS band 1 (620-670 nm) and SSC mea-
sured in mg I~!. The model shows reflectance very sensitive to lower SSCs but satura-
tion at high SSCs beyond 100 mg 1.

A new data density measurement, DDy, Was calculated from the aggregated
data, and a threshold of DD4yg.m > 45 % was applied to produce the final gridcells
used for further analysis.
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2.3 Outlet glacier environment

Ouitlet glacier environment provides insight into the physical mechanisms by which sed-
iment is dispersed from glacier outlets to fjords. While sediment transport in rivers (e.qg.,
Hasholt, 1996; Rasch et al., 2000; Knudsen et al., 2007; Russell, 2007; Hasholt and
Mernild, 2008) and sediment deposition in fjords (e.g., Syvitski et al., 1996; Reeh et al.,
1999; Mugford and Dowdeswell, 2010) have previously been studied in Greenland, the
active sediment plumes themselves are less studied (Chu et al., 2009; Lund-Hansen
et al., 2010; McGrath et al., 2010). Though glacial erosion is responsible for 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
and remaining in suspension in coastal waters, rather than total sediment flux and/or
deposition processes.

Ouitlet glacier type (marine- or land-terminating) was used to determine whether sed-
iment concentrations differed based on the type of outlet meltwater source. 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 presence of a sediment plume) and all unconfirmed glacier meltwater outlets
(i.e., marine-terminating glaciers with no visible plume). These three categories of out-
let types were further generalized into marine-terminating and land-terminating glacier
outlets, and only those that led 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 icebergs and sea ice attached to the
glacier terminus (Syvitski, 1996). The ASTER/ETM+ remote sensing validation pro-
cess also proved useful for identifying gridcells dominated by fjords with heavily calv-
ing marine-terminating glaciers and no visible plume. Land-terminating outlets release
meltwater at the edge through proglacial lakes or rivers, and only those that eventually
transport meltwater to the fjord through rivers or floodplains were included here. The
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number of land-terminating outlets (N, ) and number of marine-terminating outlets (Ny,)
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 (F_ = ) and marine-terminating glaciers (Fy = NNM ).

N
N_+Ny L+Nm

3 Results

MODIS-derived estimates of coastal fjord SSC ranging from ~0.7 to 1925 mg =" were
retrieved all around the ice sheet except in northern Greenland where persistent sea
ice precludes detection of open water (Fig. 5, Table 1). Though the maximum SSC
value from all gridcells over 10 years is extrapolated from the empirical model relating
MODIS reflectance to SSC beyond field data values, it is within the range of SSC val-
ues observed in other studies (Hasholt, 1996). PMM5-derived PDD totals for ice sheet
hydrologic basins draining into 100 km coastal gridcells, range from 0 to 165 °C per day.
Highest intensity is found along the ice sheet edge, decreasing exponentially farther in-
land with increasing elevations (Fig. 5, Table 1). Table 1 displays 10-year mean values
for each parameter and each coastal %rldcell/drainage basin pair. Basin mean melt
area (Appp) ranges from 32-16 277 km“, with mean melt penetration distance (DPDD)
ranging from 0.3—112 km inland. Dralnage basin size (B) ranges from 553-142 175 km?

with ice edge lengths (/) varying 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 without cloud or ice interference, from a total of 1531 days over
the ten years (DDsq(,,,).- On average the coastal gridcells contain 5 marine-terminating
glacier outlets (M) and 4 land-terminating glacier outlets (L). Spatially and temporally
aggregated 100 km gridcells for SSC show an improved data density, with a minimum
threshold of DD, > 45 % yielding the 47 gridcells for further analysis and a mean
DD;ookm Of 75%. 10-year mean sediment persistence (Fggc) averages 0.11 for the
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entire ice sheet, meaning gridcells show high-SSC values for one-tenth of the open
water days detected on average.

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 dif-
ferences around the edge of the ice sheet. In Table 1, the 100 km coastal gridcells
are further aggregated into six regions (Fig. 3) based on climatic regions of Ohmura
and Reeh (1991), typical values of observed SSCs, and dominant outlet glacier types.
As these regions are considerably different from Ohmura and Reeh, a new naming
convention is used, i.e., Northwest Region, West Region, Southwest Region, South-
east Region, East Region, and Northeast Region. Their Humoldt region is the North-
west region, their Jakobshavn region is split into the West and Southwest regions,
their Godthab and Julianehab regions are merged into the Southwest region, their
Angmagssalik region is the Southeast Region, their Scoresbysund region is the East
regions, and their Tunu region is the Northeast region.

The Northwest Region (Fig. 3) consists of four coastal gridcells (numbered 1-4) with
the smallest average B (4214 km?, Table 1) and exhibits a moderately low 10-year av-
erage SSC (55+63mg I'1), except for one uniquely high SSC gridcell (Gridcell 2), and
a moderately 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 I=!, above average not only for the region but for
the entire ice sheet as well and a high number of land-terminating glaciers (N = 10). In
contrast, Gridcell 4 directly to the south captures a high number of marine-terminating
glaciers (N, = 14) with a large swath of glaciers near to the coast, generating one of
the lowest mean SSC values (4 mg I’1). This region has a high DD (86 %) and a
high Fggc (0.11), meaning high concentrations of sediment are detected for one-tenth
of the melt season, with many protected fjords and a relatively high average N, .

The West Region (Fig. 3) has eight coastal gridcells (numbered 5-12), including
several large marine-terminating glaciers including Jakobshavn Isbrae (Gridcell 12),
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Store Glacier (Gridcell 11), and Rink Glacier (Gridcell 9). The West Region has a mean
SSC of 57+47 mgl’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 that
transition from mostly glaciers near the coast to longer glaciers with floating tongues
or are near-floating (Thomas et al., 2009) farther south. This region has the largest
average B (49131 kmz) due to the Jakobshavn basin, the largest one of all the gridcells
at a size of 99210km?. A moderate DD1ookm (77 %) and a moderately low Fggs (0.07)
reflect the mix of outlet and fjord types, with a low average N (2) and a moderate
average N, (5), but the highest fraction of marine-terminating glaciers (Fy = 0.77).

The Southwest Region (Fig. 3) is made up of eleven coastal gridcells (numbered
13—-23) and has the highest average values in most parameters: highest mean SSC
(262 + 168 mgl'1, Table 1), highest mean PDD (12.5+8.2°C), highest average Ae
(6002 kmz), highest average Fggc (0.21), highest average N as well as £ (0.81),
and the highest DD (89 %). In particular, Gridcell 14, which encompasses Rus-
sell Glacier and the downstream Kangerlussuaq Fjord, shows the highest mean SSC
(555 +422 mgl’1) and by far the highest mean PDD (30.8 +34.3°C). This region en-
compasses the southwest with its gently sloping coast and its warmer climate giving
way to the geomorphological uniqueness of this region. The extensive coastal land
area affords every gridcell higher F_than F, 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 decreased Fgg(.

The Southeast Region (Fig. 3) has eleven coastal gridcells (numbered 24—-34), en-
compassing the same latitude range as the Southwest Region, and shows a marked
difference from the Southwest with very low averages SSC (27 £29 mg I=!, Table 1),
PDD (1.1+0.7°C), Fggc (0.06). A moderate average DDqqm (73 %) despite loss of
OW from icebergs reflects the removal of those gridcells that did not meet the data den-
sity threshold, particularly those encompassing the heavily calving Kangerdlugssuaq
and Helheim Glaciers. Persistent sikussaks at the ends of these glaciers extend sev-
eral kilometers and prevent any detection of OW. These glaciers also have very large
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drainage basins, so their removal is indicated by a fairly small average B (9142 km?).
In contrast with the southwest, the southeast has the highest average N,, (11, also
highest F, = 0.90) and lowest average N, (1, also lowest Ff =0.1). Most glaciers are
near to the coast with steeper slopes and fairly low melting.

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 mgl'1, Table 1)
and the lowest mean PDD (0.9 +0.4°C). Average Fggc 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
DD;ookm is one of the lowest (61 %), and outlets are fairly abundant in both marine-
terminating and land-terminating types draining into protected fjords with fy, and F_
both 0.5. 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 ROls
were placed to avoid those areas as much as possible.

The Northeast Region (Fig. 3) has seven coastal gridcells (humbered 41-47). This
region has the lowest average DD, yoxm (58 %), and the northernmost Gridcell 47 has
the lowest individual gridcell DDygoky (48 %). The low DDyggyy Of Open water pix-
els free of ice is problematic 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 lowest mean PDD (0.8 +0.7°C), but an intermediate mean SSC
(63+41mg I_1). Both land-terminating and marine-terminating outlets are fairly low in
number, with slightly more N, (4) compared Fy, (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.
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Figure 5b shows a strong correlation (R =0.70, p < 0.001) between the 10-year mean
PDD and 10-year mean SSC moving counterclockwise around the ice sheet from the
northwest to the northeast. Mean intensities of 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
revealing 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 distinct
jumps in both datasets. Furthermore, PDD is a significant driver of SSC in high PDD
areas but not in low PDD areas. 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 (R = -0.16,
p=0.47).

3.2.2 Interannual variability

Interannual variations between ice sheet PDD and plume SSC track each other for the
northern regions (Northwest, West, East, and Northeast), but not for the southern re-
gions (Southwest and Southeastw) or for Greenland as a whole (Fig. 6). Nine gridcells
that do show strong relationships are concentrated in the northern parts of Greenland;
and for the most part the southern regions show slight anti-correlation interannually
(Fig. 7d, Table 1). Gridcell 13 in the Southwest Region containing solely Kangerlus-
suaq Fjord where a strong interannual correlation was previously found between ice
sheet melt area and sediment plume area (Chu et al., 2009) also displays this slight
anti-correlation, similar to most gridcells in the Southwest Region. This region highly in-
fluences the overall interannual relationship averaged Greenland owing to high values
of both PDD and SSC.
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3.2.3 Seasonal variability

Average seasonal climatologies of ice sheet PDD and downstream fjord SSC indicate
coinciding seasonal cycles, with sediment plume onset coincident or commencing af-
ter surface melt onset (Fig. 8). Seasonal climatologies of PDD and SSC are produced
by averaging across the same day-of-year (d.o.y.) over 2000—2009. Cross-correlation
between these two seasonal cycles is highest for the West and Southwest Regions
(R=0.81, p<0.001, R =0.86, p <0.001, respectively, Figs. 7e, 8), especially Grid-
cell 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 South-
west Region (in particular Gridcells 17—19) exhibiting highest SSCs and highest PDDs,
and longer periods of activity and persistent 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 decline in melt in contrast to Chu
et al. (2009), that found apparent sediment exhaustion with sediment plume areas
decreasing prior to declines in melt area. Plume onset generally follows melt onset
broadly in the western regions (Northwest, West, and Southwest), but the eastern re-
gions (Southeast, 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 season at low levels (~1.62-2.76 mgl‘1) indicating no arrival
of sediment-rich meltwaters until June. The East Region has very low SSC (~0.83—
0.97mg I'1) through the melt onset period, but much data are lost to the presence of
sea ice until 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 time series from 2000—-2009 of ice sheet PDD and plume SSC show
high short term variability (Fig. 9). SSC values from 2010 are also shown (recall PMM5
PDD data were not available after 2009). The eastern regions (Southeast, East, and
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Northeast), all with much lower intensities of PDD, show a more variable melt season
onset than the western regions. Overall, near-daily data generated by spatial and
temporal aggregation do not correlate well and the temporal relationship between PDD
and SSC matches better in average seasonal climatologies.

3.3 Land-terminating vs. marine-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 (N, ) is positively correlated with averaged 2000-2009 SSC
around the ice sheet (R =0.32, p = 0.03), while the number of marine-terminating out-
let glaciers (Ny) shows a negative correlation (R = -0.42, p =0.003) (Fig. 7a). Nor-
malizing the number of land-terminating and marine-terminating outlets by total num-
ber of outlets for each gridcell shows that the F_is more correlated with SSC than
N_ (R=0.58, p<0.001). Outlet types for the most part cluster in regions, with the
Southwest showing highest F (0.81) and the Southeast showing highest Fy, (0.91)
These overall trends reverse in northern regions, with relatively high £ (0.59) in the
Northeast and high £, (0.60) in the Northwest. The erosional susceptibility of the
underlying bedrock, characterized by the geology of the ice-free area, shows mostly
latitudinal variation dominated by Archaean and early Proterozoic crystalline basement
rocks (Geological Survey of Denmark and Greenland (GEUS), 2003). Softer rock types
might be more easily eroded and produce more sediment, yet areas with highest SSCs
are made up of hard gneisses that are less likely to erode.

3.4 Other factors

Fssc, @ measure of how long high SSC plumes persist, is closely related to mean SSC
around Greenland (R =0.72, p < 0.001) and is highest in the southwest with highs
also in the northwest and northeast (Fig. 7b). This high spatial correlation between
Fssc and mean SSC reflects that Fgg¢ is calculated using high-SSC values, but still
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highlights areas with a persistence of high SSC days. The Southwest Region, again
containing Gridcell 13 and the Kangerlussuaq Fjord, shows that protected fjords and
many land-terminating outlets in the southwest allow sediment to persist longer toward
the end of the season.

DD, ookm has a positive spatial correlation (R =0.42, p = 0.003) with SSC, highlight-
ing areas in the southeast that often lose data due to iceberg calving yet still show low
mean SSC (Fig. 7c). While DDy, is @ measure of data retrieval, it does represent
some physical processes that prevent suspended sediment detection and partially re-
lates to factors such as predominance of marine-terminating outlet glaciers that heav-
ily calve icebergs. This relationship represents another environmental factor affecting
SSC detection and intensity; data density reflects both the outlet glacier environment
and the climatic regime of the region.

4 Discussion and conclusion

MODIS-derived plume suspended sediment concentration (SSC) successfully maps
average plume distribution around Greenland, which is controlled by both ice sheet
hydrology and outlet glacier type. Spatial variations in 10-year 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-year mean SSC, confirming that higher ice
sheet melting produces higher SSC in surrounding coastal waters. Furthermore, the
corresponding seasonal development of PDD and SSC track each other rather well,
with broadly coincident timings of melt onset and plume detection (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), whereas the western regions (Northwest, West, and South-
west) do not. In the Southeast 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
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over 2000—2009, Fig. 8), but also a unique lingering of high SSC persisting ~1 month
during the waning of the melt season. This is notably different from the results of Chu et
al. (2009), which suggest sediment exhaustion in Kangerlussuaq Fjord. This difference
may be due to use of aggregated data, but is more likely due 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 contract,
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 most readily detected downstream of rivers draining land-
terminating glaciers, owing to high SSC and minimal obstruction by calving ice. Marine-
terminating glaciers, in contrast, produce lower SSC (2—100 mg I range) and are often
obstructed by calf and/or sea ice. Greenland’s proglacial rivers, like other proglacial
systems, are characterized by extremely high suspended sediment loads (e.g., 5—
22000mg I’1, Hasholt, 1996). Therefore, the spatial distribution of 10-year mean SSC
reveals highest concentrations (~200-500 mg I_1) in the Southwest Region, where F_
(fraction of land-terminating glacier outlets) is highest. This differs from other studies
that project highest 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 average values due
to plume spreading and mixing with marine waters. Thus, the MODIS-derived SSCs
presented here are useful for detecting fine sediments associated with freshwater re-
lease, but not total sediment export, are sensitive to outlet glacier type, and are lower
than corresponding SSC values from terrestrial samples of meltwater runoff from the
ice sheet.
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While Chu et al. (2009) found a strong interannual relationship between ice sheet
surface melt extent and plume area, the present study finds no corresponding coher-
ence 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), has a
fairly anti-correlated interannual relationship between the two variables (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 encom-
pass the full range of sediment-rich water reflectances. Future studies should provide
more field samples from a wider array of plume states, particularly at the high-SSC
range, to further refine the model. However, while plume dimensions are good in-
dices of ice sheet hydrologic variations, their use is limited to unique environments
like Kangerlussuaq Fjord, that develop large plumes at river mouths with consistent
absence 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 measurement of plume
area or length.

Heavily calving glaciers (e.g., Helheim, Kangerdlugssuaq, Jakobshavn) and northern
fiords perennially blocked by sea ice are a challenge to open-water detection. While
sediment from marine-terminating glacier bottom melting should rise to fjord surface
waters owing to high buoyance of the meltwater plume (Mugford and Dowdeswell,
2011), heavily calving glaciers confound remote sensing of open water reflectance,
particularly with 500 m MODIS data. Furthermore, iceberg melting is a dominant mech-
anism of sediment dispersal from calving marine-terminating glaciers (Andrews et al.,
1994), and can complicate plume SSC retrieval because those sediments do not origi-
nate from terrestrial runoff sources. However, this sediment melt-out process typically
occurs beneath the surface (Azetsu-Scott and Syvitski, 1999), unobservable with re-
mote sensing. Therefore, in fjords with moderate iceberg interference, any detection
of a surface sediment plume likely reflects input of ice sheet meltwater runoff rather
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than sediment from icebergs. While the northern part of Greenland is of interest due
to extensive bottom melting (rather than iceberg calving as the primary ablation mech-
anism, Reeh et al., 1999), data scarcity from persistent sea ice precludes adequate
SSC recovery from MODIS reflectance products. Therefore, higher spatial resolution
sensors are required 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 spatio-temporal aggregation is not effective for
resolving the well-known temporal resolution limitations of MODIS in narrow fjord envi-
ronments (Chu et al., 2009; McGrath et al., 2009). This lack of correlation at near-daily
time scales is perhaps unsurprising, owing to the very large 100 km aggregations re-
quired to produce near-daily time series. Also, other physical factors besides terrestrial
runoff influence plume dynamics, including tides and wind (e.g., Dowdeswell and Cro-
mack, 1991; Whitney and Garvine, 2005; Halverson and Pawlowicz, 2008). Detecting
short-term (days to ~1 week) variations in terrestrial runoff from sediment plumes re-
mains challenging from a satellite remote sensing approach.

Regardless of these limitations, this study provides a first synoptic assessment of
remotely-sensed buoyant coastal sediment plumes around Greenland, and links them
to outflows of ice sheet runoff from land- and marine-terminating outlet glaciers. Melt-
water production on the ice sheet surface, as approximated by PDD, is the most signifi-
cant driver of spatial variations in suspended sediment 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 calf ice. Despite known complexities in plume formation and develop-
ment 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 meltwater from the Greenland ice
sheet to the global ocean over broad spatial and temporal scales.
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Table 1. All parameters for each of the 47 gridcells, which are grouped and averaged into six
regions. 10-year mean SSC and 10-year mean PDD are shown with standard deviations and
ranges (minimum PDD is 0°C for every gridcell), and region averages are shown with standard
deviations of gridcell averages within the region. B is drainage basin size, / is ice edge length,
Appp is melt area within each drainage basin, Fppp is percent of drainage basin actively melting,
Dppp is melt penetration distance, Ny, is number of marine-terminating glacier outlets, F, is the
fraction of marine-terminating outlets, N, is number of land-terminating glacier outlets, F_is
the fraction of land-terminating outlets, DDy, , is average data density of open water from raw
500m data, DD, is data density of open water from aggregated 100 km gridcells, Fgg¢ 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 20002009, and R
(seasonal) is the correlation between 10-year mean seasonal cycles.

Gridcell  10-yr Mean SSC Max SSC Min SSC  10-yr Mean PDD  Max PDD B ! Aeop Feoo Depp N AL Ny Fy  DDsgom  DDygopm  Fssc R R
(mgl™") (mgl™")  (mgl™) C) C) (km?)  (km)  (km?) (km) (%) (%) (%) (Interann.) (Seasonal)

1 40£277 723 0.8 1.23+3.78 1413 2847 141 80 029 59 3 033 6 067 222% 922% 014 061 0.48
2 1624 1,784 1.0 223203 2769 6587 212 1720 026 81 10 071 4 029 144% 856% 0.16  0.26 0.75
3 1375 377 0.8 0.78+1.20 7.41 711 73 310 044 42 5 050 5 050 204% 89.4% 007  0.02 0.63
4 4+35 65 0.9 1.10£1.31 1238 6711 189 1041 016 55 1 007 14 093 84% 751% 009 -0.18 0.46
Northwest 55+63 737 0.9 1.34+£0.54 1540 4214 154 975 029 59 5 040 7 060 164% 856% 0.1 0.18 0.58
5 8+27 226 0.7 5.09+7.07 4246 55652 207 4531 008 219 0 000 6 100 54% 57.7% 009 017 0.54

6 10416 112 1.0 3.81+4.92 2873 36968 212 3176 009 149 0 000 5 100 11.9% 67.3% 004 033 0.74
7 42£95 686 0.9 5.29+7.05 4424 46506 204 3645 008 178 3 027 8 073 137% 81.6% 006 058 0.87
8 38458 677 0.8 7.86+9.82 59.84 41373 121 4721 011 390 4 044 5 056 11.8% 843% 013 083 0.89
9 18426 215 1.0 1.50+£2.97 2343 30978 148 1763 006 119 3 050 3 050 19.8% 737% 002 042 0.81
10 140 +290 1925 1.1 2.30+3.61 2915 10166 203 2089 021 103 O 000 4 100 193% 788% 004 083 0.55
1 109 £227 1553 0.9 7.74£9.42 49.37 72190 170 5495 008 323 1 017 5 083 161% 91.4% 005 032 0.76
12 93220 1616 0.9 13.25+15.49 8872 99210 224 9863 0.10 441 3 043 4 057 165% 79.9% 010  0.46 0.08
West 57447 876 0.9 5.85+3.82 4574 49131 186 4410 010 240 2 023 5 077 143% 769% 007 049 0.65
13 112119 1149 0.8 23.12+24.21 11325 39964 258 10551 0.26 40.9 13 087 2 0.13 226% 944% 019  -0.09 0.62
14 565422 1875 1.7 30.79+£3427 16493 55891 146 16277 029 1119 8 100 0 000 259% 784% 044  —0.08 0.92
15 238 +209 1,568 1.1 10.76 +12.86 6563 21152 111 6725 032 607 3 100 O 000 169% 895% 033  -0.09 0.65
16 207 +187 939 1.9 3.93+4.38 2056 1200 39 1200 1.00 309 2 100 O 000 239% 91.3% 033 -0.23 0.61
17 312£405 1887 0.9 11.10+12.83 8269 33462 135 7803 023 580 5 071 2 029 173% 81.6% 020  0.19 0.81
18 552 4481 1887 1.0 9.64.+10.41 5770 8603 135 4314 050 318 3 075 1 025 144% 849% 021  -0.25 0.82
19 397345 1772 0.8 13.39+13.85 7297 12796 159 4926 038 310 6 100 0 000 141% 913% 017  -001 0.35
20 129213 1820 0.8 16.55+16.11 8657 21386 245 6272 029 256 3 050 3 050 99% 871% 009  -021 0.81
21 61£76 443 0.8 5.53+4.86 2393 3134 131 1384 044 106 7 088 1 013 159% 935% 013  -0.10 0.52
22 2504351 1925 1.0 12.19+13.09 7405 15793 338 6219 039 184 12 057 9 043 150% 944% 012  -045 0.31
23 72£115 623 0.7 0.96+0.96 6.13 553 35 349 063 98 4 067 2 033 7.2% 929% 012  -0.26 0.85
Southwest 262168 1444 1.0 1254+8.16 69.85 19449 157 6002 043 390 6 081 2 019 167% 89.0% 021 -0.14 0.66
24 6+13 133 1.1 0.30+0.45 3.12 3052 74 176 006 24 1 009 10 091 56% 615% 001 0.12 0.42
25 416 62 1.2 1.94£3.10 2741 5344 92 1196 022 131 0 000 12 100 7.8% 68.9% 0.1 0.04 0.28
26 26462 704 0.8 1.05+£2.10 2329 11994 227 891 007 39 3 018 14 08 56% 999% 001  -039 0.46
27 91184 1838 0.9 0.27.0.60 5.88 4808 125 227 005 18 0 000 4 100 9.0% 685% 010 -032 0.32
28 5+9 373 0.9 1.27+2.35 1478 11014 344 963 009 28 3 013 20 087 83% 895% 004 -0.23 0.10
29 3+5 49 1.0 1.04+1.83 1173 13047 184 1026 008 56 O 000 15 100 50% 820% 001  -0.37 0.09
30 3+3 22 0.9 214342 2577 22121 318 2500 0.12 82 2 015 11 085 7.7% 784% 008  -0.01 0.64
31 2:1 11 0.9 0.30%0.42 2.41 753 110 219 029 20 1 025 3 075 103% 81.0% 002  0.00 0.63
32 4490 679 0.9 1.84+2.85 1758 8391 250 1542 018 62 1 005 19 095 7.4% 67.1% 012 020 0.40
33 6491 697 1.3 1.78+2.97 2566 13117 302 1472 011 49 3 030 7 070 7.2% 56.8% 0.16  0.05 0.30
34 49103 806 0.9 0.56+1.12 8.53 6917 197 635 009 32 0 000 8 100 9.0% 509% 013 043 0.09
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Gridcell 10-yr Mean SSC Max SSC Min SSC  10-yr Mean PDD  Max PDD B ! Asop  Feoo Dppp N AL Ny Ay DDsgom  DDygoum  Fssc R R n
(mgl™") (mgl™  (mgl™) (c) (c) (km?)  (km)  (km?) (km) (%) (%) (%) (Interann.) (Seasonal) )
Southeast 2729 489 1.0 1.13£0.68 15.10 9142 202 994 012 49 1 010 11 090 7.5% 731% 006 -0.04 0.34 ho)
35 117 108 1.0 151£272 21.38 6235 126 1111 018 88 3 050 3 050 108% 56.6% 000  0.41 0.33 o
36 4+3 22 0.7 0.83+1.28 8.03 1464 62 363 025 59 1 025 3 075 102% 626% 000 -0.15 0.66 i
37 23431 211 0.8 0.67+0.99 7.96 1884 117 318 017 27 2 033 4 067 134% 539% 007 062 0.54
38 26428 149 11 1.34+2.88 2075 29747 283 1462 005 52 9 064 5 036 122% 656% 004 068 0.44
39 35437 185 0.7 0.42+0.95 8.66 7563 170 302 004 18 7 058 5 042 209% 651% 008 017 0.55 o
40 31+44 350 0.8 0.45+1.01 936 44694 310 490 001 16 6 067 3 033 68% 634% 009 -0.11 0.72
East 22511 171 0.8 0.87 +0.42 1269 15264 178 674 012 43 5 050 4 050 124% 612% 005 027 0.54 )
41 17435 333 0.9 0.91£2.19 2813 27790 242 841 003 35 6 060 4 040 190% 654% 004 -0.25 0.66 =
42 104 +202 1579 0.9 0.47:£1.03 989 10232 178 501 005 28 3 060 2 040 229% 656% 008 046 0.57 4
43 84+97 603 1.0 1.13£2.49 1923 17528 170 1273 007 75 6 086 1 014 207% 656% 0.10  0.18 0.76 o
44 13£35 362 0.9 0.05£0.15 1.10 1165 96 32 003 03 1 050 1 050 89% 51.0% 006 -0.20 0.18 c
45 2131 260 0.9 0.41£0.71 4.80 2790 138 231 008 17 5 045 6 055 130% 583% 016 075 0.79 n
46 115+ 141 1497 1.0 2.29+556 5698 142175 164 2675 002 163 2 050 2 050 141% 537% 027 032 0.30 25
47 9143 396 14 0.50+4.15 10.37 8043 180 437 005 24 3 060 2 040 17.9% 454% 0.11 061 0.49 o
Northeast 6341 719 1.0 0.82:0.68 1864 29960 167 856 005 49 4 059 3 041 167% 57.9% 0.12 027 0.54 =)
Gridcell average 94£121 793 0.9 454+6.37 3338 21823 176 2685 019 162 4 044 5 056 135% 747% 011 013 0.54 ne
Avg gridcell min 2 1 0.7 0.05 1.10 553 3 32 001 03 0O 0 0 0 50% 454% 0 -0.45 0.08 Q
Avg gridcell max 555 1925 19 30.79 164.93 142175 344 16277 1.00 111.9 13 1.00 20 1.00 259% 99.9% 044  0.83 0.92 o]
o
) ! !
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MODIS 500 m
daily reflectance

Classification validation
using ASTER and Landsat TM/ETM+

500 m open water Dat'a density (_DDSOO,“)
classification Sediment persistence (Fgc)

Data density check

Fjord spatial sampling:
2,800 ROIs within open water class

Data aggregation:
100 km x 100 km fishnet overlaid

Derivation of Ry from ROIs
within 100 km x 100 km gridcells
and 7-day intervals

100 km aggregated
coastal gridcells (Rpex)

Empirical relationship between
MODIS band 1 reflectance (R,,) and SSC

100 km aggregated 10-yr mean SSC
coastal gridcells (SSC ) Data density (DD g,)

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 grid-
cells, whose value was represented by A, within the gridcell and a 7-day interval. Apgq
was derived from fjord ROIls that met a data density threshold. SSC was extracted for each
100 km coastal gridcell using an empirical model relating MODIS band 1 reflectance (Rpeax)
and SSC. New measures of sediment persistence and data density along with average SSC
were calculated from these data.
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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
validation. Remote sensing analysis included all fjords directly draining the ice sheet through
land-terminating glaciers (and downstream rivers) or from marine-terminating glaciers where
plumes may form. Landsat and ASTER images show examples of different outlets and result-
ing plumes, including: (1) fjords fed by land-terminating glaciers, with large sediment plumes
forming after transport through a river floodplain, (2) fjords with marine-terminating glaciers, few
icebergs and a visible plume, and (3) fijords with marine-terminating glaciers heavily calving ice
and no visible plume. 2400
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density (%)
" 40.6%

Fig. 3. Coastal 100 km gridcells and their corresponding ice sheet drainage basins are overlaid
onto an image showing data density (DDgq,,,) for 10 years 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 (ROls, 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. 2401
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Fig. 4. Empirical relationship between field SSC and simultaneous MODIS band 1 reflectance
established from field data (R? = 0.86).
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Fig. 5. (a) Map of 10-year mean ice sheet PDD (blue) and fjord plume SSC (red circles).
(b) Spatial variation of 10-year 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) Maps
of mean yearly SSC (red circles) and PDD (blue) for 2000—-2009.
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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 (N, ) or
marine-terminating (NV,;), with the size of the circle representing the total number of outlets
reaching the fjord. (b) Sediment persistence (Fggc) shows the fraction of open water days with
sediment-rich water detected. (¢) Data density (DD4qq,y,) 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.
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Fig. 8. Mean seasonal development of ice sheet PDD and downstream fjord SSC for each of
the six regions. A seasonal climatology is calculated by taking day-of-year averages over 2000—
2009. 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.
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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 2
only being available up to 2009. -
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