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Glacier-fed hydrological systems in high latitude regions experience high seasonal variation in meltwater runoff.
The peak in runoff usually coincides with the highest air temperatures which drive meltwater production. This
process is often accompanied by the release of sediments from within the glacier system that are transported and
suspended in high concentrations as they reach the proglacial realm. Sediment-laden meltwater is later transported
to the marine environment and is expressed on the surface of fjords and coastal waters as sediment plumes. Direct

monitoring of these processes requires complex and time-intensive fieldwork, meaning studies of these processes

are rare.
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| 1. Sediment Plumes

Sediment plumes are common features in the fjords and coastal waters of the archipelago of Svalbard . They
regularly surface in the summer months between June—August and are a product of meltwater runoff suspending
sediment produced during the process of erosion at the ice-bed interface, and lateral areas of glaciers and ice caps
[2 or from the remobilisation of previously deposited sediment in the proglacial realm . Sediment plumes can
form at the margins of marine-terminating glaciers, where buoyant sediment-laden water sourced from the
englacial and subglacial channel networks is evacuated . They can surface at multiple locations across a glacier
calving front and, dependent on their magnitude, extend substantial distances into fijords &. However, not all
sediment plumes are linked to marine-terminating glacier systems, with a large number being formed from glacier-
fed subaerial rivers. These are often thinner plumes, as they are delivered onto the fjord surface; as a result they
are smaller in scale, but still transport significant volumes of sediment-laden meltwater to fjords and coastal
environments (8. Sediment plumes can impact upon a number of processes, dependent on whether they form at
marine-terminating glaciers or from terrestrial glacier-fed rivers, and their size, including calving and submarine

melt rates J, marine biogeochemistry & fjord circulation &, glaciomarine sedimentation 19 and marine and bird
life (111,

The researchers' understanding of sediment plumes in Svalbard comes from a combination of modelling [22IL3]

surface observations (214 and the collection of oceanographic data in areas close to where they form 2, Remote
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sensing datasets are often used to supplement in situ measurements, but because of the climate regime of the
archipelago, cloud cover is very often a limiting factor 28171 More recently, higher temporal and spatial resolution
datasets, such as Sentinel-2 have been launched, providing improved coverage of the region. These

improvements allow the researchers to better understand the behaviour of sediment plumes over shorter time
periods [181129],

Sediment plumes have been well studied in Svalbard, with a large number of in situ studies in two of the most well-
known fjord complexes, Isfjorden and Kongsfjorden. However, there have also been studies undertaken in other
areas of the archipelago, such as Austfonna in the far Northeast 3. This research has focussed on various
aspects of the glaciological and oceanographic realm, including using sediment plumes to determine volumes of
meltwater being delivered to fjords by a marine-terminating glacier [, to calculate sedimentation rates at a glacier
ice front 19, to better understand rapid changes in subglacial hydrology linked to supraglacial processes 141, and

more recently using CTD instruments attached to Ringed Seals to understand plume behaviour 29,

Sediment plumes occur as a result of enhanced meltwater runoff. The main source of water available for runoff is
connected to the melting of glaciers. Glacier melt is highly dependent on atmospheric conditions and is also
affected by long-term climate fluctuations (1. In Svalbard, the climate is changing on average 2—6 times faster than
in other regions of the world. 2228 This is demonstrated mainly through the intensive transformation of the
landscape, of which glaciers and (especially in recent years) glacial lakes are an important element. Changes in
glacier mass balance based on oblique aerial photographs dating from the 1930s have recently been published by
a team led by Geyman et al. 24, This research showed a correlation between areas where temperatures have
increased the most over recent decades and where the greatest glacier recession has occurred. Overall, the
glacierized area of Svalbard has decreased by about 14.8% [24]. Retreating glaciers leave space in the proglacial
area for the development of glacial lakes, the largest number of which on Svalbard are moraine-dammed lakes
(52%) (231, Moraine dams, due to their unconsolidated structure, are dams that are often subject to seasonal
changes. It is also common for dams to collapse due to melt-out of dead ice found within them 28], This can lead to
seasonal drainage of moraine-dammed lakes or, in certain situations, to catastrophic Glacial Lakes Outburst
Floods (GLOFs). The retreat of glaciers after the Little Ice Age (LIA) led to the development of a large number of

glacial lakes that often serve as deposition centres for fine grained fluvio-glacial sediments in Svalbard 27,

| 2. Production and Transport of Sediment

The enhanced melting of Svalbard glaciers and ice caps during the Holocene has released large amounts of
sediment previously eroded by the flow of ice over its bedrock. Meltwater has consequently transported the
material from land to the coast where it has started to be deposited, reworked, and transported along the shore.
One of the most striking and visible examples of such processes is the formation of delta systems. Lgnne and
Nemec (28] describe the formation of a delta system during the early phase of the Holocene in central Svalbard.
The timing of the delta system’s formation was very likely related to the phase of intensive deglaciation between
3000-9000 BP 29, The greatest sediment transport period occurred during “peak water” when meltwater

production was highest BY. After this point, runoff has steadily declined and so has the transport capacity of
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glacier-fed rivers. The largest delta systems were formed in the head of Svalbard’s fjords. The relatively shallow
environment and protection from the erosive action of waves and long-shore currents created favourable conditions
for sediment deposition B, Svalbard has a high elevation gradient with potential for transporting a large amount of
material towards the coast. This, together with relatively intense glacial isostatic uplift after deglaciation, also
promoted the progradation of delta systems. A similar trend of delta progradation in recent conditions was observed
by Bendixen et al. 32! in western Greenland, where the glaciers are generally much larger and are still on the rising
limb of “peak water” (29,

The volume of material transported from land to sea also depends upon the distance it will be entrained for.
Generally, the longer the distance to the coast, the smaller the volume of material that will reach this point.
Zajaczkowski 23 also demonstrated the difference in the source providing the material, as well as in the bed
topography of the fjord, using Adventfjorden and Kongsfjorden, Svalbard as examples. Whereas the sediment
transport over the shallow tidal flat of a delta was relatively short and resulted in reactivation of previously
deposited material, the transport distances in a marine-terminating glacier-dominated fjord were substantially
longer. Zajaczkowski and Wiodarska-Kowalczuk 24 reported the highest concentration (826 mg L) of suspended
sediments at the edge of the tidal flat and over the upper slope of the delta in Adventfjorden. Kim et al. 23! reported
possible progradation of a delta system in Dicksonfjorden which is very likely linked to high input of suspended
sediments from the large glacier-fed basin. Lateral movements of sediment spits were reported in only a short

period of time.

3. Using Remote Sensing to Detect Suspended Sediment in
Fjords and Coastal Waters

Apart from a handful of in situ research campaigns, direct monitoring of sediment transport in the Arctic is often
restricted by logistical and financial barriers. Satellite remote sensing is therefore widely used for monitoring and
assessment of the quality of surface waters and the dynamics of the hydrosphere 281 with more specific studies
taking place in the Arctic region BZIB8IE Early studies focused on the relationship between reflectance coefficients
obtained from the analysis of satellite images and the concentration of suspended sediments, as well as other
water quality parameters B2, Initially, Landsat satellites were key satellites for this type of research. However, with
the addition of Sentinel, they are now often used together. In addition, a number of previous studies successfully
used data from the MODIS satellite 9. However, the problem of the latter is its spatial resolution (250 m per pixel),
which makes it unsuitable for research in shallow bays, rivers, lakes, and other relatively spatially limited water
bodies.

Finding the relationship between suspended sediment concentration (SSC) in water and surface reflectance was a
key step in using remote sensing data. In this case, research on detecting indicators of the SSC in water, as well as
the calculation of chlorophyll-a, were key (e.g., [41142)) The reflection coefficient of solar radiation in the visible and
infrared parts of the spectrum and the amount of sediment in the water can be directly related. In general, the
higher the SSC, the higher the reflectance coefficient in the specific spectrum “31,
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The system for calculating many of the above indicators is based on the selection of the necessary combination of
channel reflectivity. To begin with, an image undergoes pre-processing, including atmospheric correction, more
often by the DOS method 4], Then, the values of the raster pixels (digital numbers) are converted into the spectral
reflectivity coefficient 421461,

In order to accurately calculate different environmental indicators, it is usually necessary to use the coefficients
obtained as a result of in situ sampling. The necessary coefficients are then calculated using a linear regression
method that compares in situ data with remote-sensing-derived measurements 43, However, the sequence of data
over one single study site can provide the researchers with reasonable outcomes, even without in situ calibration.
The obtained index cannot be attributed to an absolute value of SSC, but multi-temporal comparison is possible. A

similar operation is performed, for example, when calculating the vegetation index NDVI &,
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