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ABSTRACT ARTICLE HISTORY
Sediment-laden meltwater plumes are a common occurrence at the Received 26 August 2022
margins of marine-terminating glaciers in Svalbard and are useful Accepted 16 June 2023

proxies for inferring the glacial hydrological system and meltwater KEYWORDS

runoff. Plumes can influence calving rates, marine biogeochemistry Marine-terminating glacier;
and fjord circulation. However, little is known about how their sediment-laden meltwater
dynamics will evolve in a warmer, wetter Arctic with increasing plume; plume; Svalbard;
melt rates and retreating glacier margins. To determine the temporal Sentinel-2; remote sensing
magnitude and frequency evolution of sediment-laden meltwater

plumes, we manually delineated plume outlines in every available

Sentinel-2 image at Blomstrandbreen, Kongsfjorden, Svalbard,

between 2016 and 2021. While the frequency of plumes upwelling

on the fjord surface remained stable in each melt season, their sur-

face area increased significantly by almost an order of magnitude

between the beginning and end of the study period, owing primarily

to glacial runoff. This significant change was a result of several large

plumes (>2 km?) mapped in 2020 and 2021. The rate of glacier

terminus change throughout the study period has little-to-no influ-

ence on plume surface area. However, a notable event concerning

the terminus retreating into an overdeepening between 2017 and

2018 may have impacted plume magnitude, allowing for larger

plume migration across the calving front after 2018. Seasonal supra-

glacial lakes on Blomstrandbreen are found to be small in both area

and volume which have limited influence on plumes surfacing

between 2016-2021. Our findings suggest with increased runoff,

plumes upwelling at the glacier terminus may increase in size, trans-

porting greater volumes of sediment into the surrounding local

marine environment. These changes could be exacerbated by pro-

jected increases in glacier mass loss and retreat expected to occur

across Svalbard throughout this century and beyond, making the

study of plumes and their impacts key to constraining the transport

of water and sediment from a terrestrial to a marine environment as

demonstrated at Blomstrandbreen.
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1. Introduction

The Arctic is warming between two and six times faster than the global average, resulting
in mass loss and retreat at glaciers and ice caps (e.g. Wawrzyniak and Osuch 2020). In the
period between 2006 and 2015, Arctic land ice contributed 12.4 mm sea level equivalent
per year, a figure that has been increasing in recent years (Box et al. 2018). Continued
warming in the Arctic impacts marine-terminating glaciers which are highly sensitive to
both increasing air and ocean temperatures, which in turn can alter their behaviour (Carr,
Stokes, and Vieli 2013). At the ice-bed interface, meltwater directed from the supraglacial
and englacial drainage systems can be transported through a complex subglacial network
to the ice margin, with large volumes of water entraining sediment that later upwells as
buoyant sediment-laden meltwater plumes upon evacuation (Hewitt 2020; How et al.
2017). Sediment plumes can surface at multiple locations across glacier calving fronts, and
depending on their magnitude extend substantial distances into fjord or coastal environ-
ments (Meslard et al. 2018). The location of sediment-laden meltwater plumes can
influence calving and submarine melt rates at marine-terminating glaciers (Carroll et al.
2016; Schild et al. 2018), but can also impact fjord circulation (Everett et al. 2018; Torsvik et
al. 2019), marine biogeochemistry (Hopwood et al. 2020), glaciomarine sedimentation
(Kehrl et al. 2011), and marine and bird life (Lydersen et al. 2014). Hereafter when referring
to the surfacing of sediment-laden glacial meltwater on the fjord surface, the term ‘plume’
is used.

Much of our knowledge of plumes exists from numerical modelling (e.g. Mugford and
Dowdeswell 2011; Slater et al. 2017), in-situ sampling of suspended sediments (e.g. Schild
et al. 2017; Tallentire et al. 2022), or through oceanographic data collected in locations
proximal to, but not directly at glacier fronts (e.g. Trusel et al. 2010). While remote sensing
observations of surface plumes may yield insights into their controls and variability, the
acquisition of cloud-free imagery is challenging in Arctic maritime regions, particularly
Svalbard (e.g. Marshall, Dowdeswell, and Rees 1994; Marshall, Rees, and Dowdeswell 1993;
@stby, Schuler, and Westermann 2014). However, in more recent years a greater number
of higher temporal and spatial resolution optical data from research and commercial
satellites, such as Sentinel-2, and Planet Labs, have improved coverage of the region,
giving greater opportunities for understanding how plumes vary through space and time.

Previous remote sensing studies have used a range of different data and techniques to
better constrain the characteristics of plumes during the melt season (e.g. Chu et al. 2012).
In Greenland, many studies have focussed on Qinnguata Kuussua (Watson River) which
drains a ~ 66,000 km? hydrologic basin on the southwest margin of the ice sheet (Chu et
al. 2009, 2012; McGrath et al. 2010; van as et al. 2018). Other studies have focused on
Greenland’s plumes draining land- and marine-terminating sectors of the ice sheet (e.g.
Hudson et al. 2014; Tedstone and Arnold 2012). Similar remote sensing-based plume
investigations within the Arctic and pan-Arctic region have taken place in Iceland (e.g.
Hodgkins et al. 2016) and Svalbard (e.g. Schild et al. 2017). Plumes have been studied at a
number of locations across the Svalbard archipelago, to: (i) determine volumes of melt-
water being delivered to fjords by marine-terminating glaciers (Darlington 2015), (ii)
better understand plume distribution, and therefore the stability of an ice cap
(Dowdeswell et al. 2015); and (iii) calculate sedimentation rates at an ice front (Kehrl et
al. 2011). Primarily, these studies have made use of high temporal, low spatial resolution
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data, such as Moderate Resolution Imaging Spectroradiometer (MODIS) bands at 250 and
500 m resolution (e.g. Chu et al. 2012), often only using higher spatial resolution data, e.g.
Landsat 7 ETM+ (30 m, 15 m with panchromatic band) or ASTER (15 m) for validation
purposes.

This study presents a remote sensing approach to the manual delineation of plumes at
Blomstrandbreen, Svalbard, to determine their dynamics and characteristics by analysing
Sentinel-2 imagery (10 m spatial resolution) between 2016 and 2021. The aim of this
paper was to assess the feasibility of deriving a seasonal time series of plume outlines
within in the Google Earth Engine Digitisation Tool (GEEDIT; Lea 2018) to better under-
stand how these features are changing through both space and time. We also analysed
whether the magnitude and frequency of these plumes changed through time and
consequently considered the influence of boundary conditions such as: glacial runoff,
glacier terminus change and seasonal supraglacial lake evolution.

2, Study area

Blomstrandbreen is an 18 km long partially marine-terminating glacier which covers an ice
surface area of ~80 km? and is fed by a number of tributary glaciers that results in a calving
front width between 2.5-3.0 km (Burton et al. 2016; Sund and Eiken 2010) (Figure 1). The
glacier flows in a south westerly direction where it drains into the northern side of
Kongsfjorden. Like many glaciers on the archipelago of Svalbard, Blomstrandbreen is
classified as a surge-type glacier (Sevestre and Benn 2015), with surge activity documented
in 1911 and 1928 (Burton et al. 2016). A later surge event began around 1960 with the
glacier returning to a quiescent (non-surge) phase in 1966 (Hagen et al. 1993). During this
period of quiescence, the glacier retreated ~2.5 km from the island of Blomstrandhalvgya,
previously thought to be a peninsula (Sund and Eiken 2010). Further surge activity was
detected in 2008 when crevassing was identified in the accumulation area of the glacier,
however this surge ended in 2013, and the glacier remains in a quiescent phase (Burton et
al. 2016; Mansell, Luckman, and Murray 2012). No surge has been identified in the inter-
vening period, and we therefore do not consider the impacts of surging during our study
period. During its current quiescent phase, Blomstrandbreen flowed at speed of up to 750
m/yr~" (Millan et al. 2022).

3. Methods
3.1. Feature delineation

3.1.1. Plumes and glacier terminus position

To delineate both plumes and terminus positions at Blomstrandbreen, we used the
most recently updated version of the GEEDIT (Lea 2018). Version 2.02 allows object
delineation using polygons, rather than just polylines which older versions were
restricted to, allowing for the digitization of plume outlines. The method presented
by How et al. (2017) was used to determine the spatial extent of plumes. We analysed
two factors: water colour and the area in which icebergs had been cleared by surface
water movement (How et al. 2017). Primarily, water colour was used to determine
plume extent, and was established by the marked difference between the edge of the
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Figure 1. Main image: RGB Sentinel-2 image of Kongsfjorden (27/08/2021) and the surrounding
glaciers, the Blomstrandbreen terminus is highlighted by the orange dashed box. Top right inset:
Kongsfjorden region relative to the archipelago of Svalbard. Map courtesy of OpenStreetMap con-
tributors data available under Open Database Licence (licenced as CC BY-SA). Bottom left inset: RGB
Sentinel-2 (10/09/2021) image of Blomstrandbreen with the final terminus position of each year
overlaid from GEEDIT.

sediment-laden water (this includes brackish water) and ambient fjord water. In some
imagery, it was clear that icebergs had been evacuated by the more buoyant sedi-
ment-rich water, these were identified by lines of calved ice, that clearly marked the
edge of the plume. Once the plumes were identified using this process, they were
manually digitized (e.g. Fried et al. 2015), and assigned a surface area expression in
QGIS. When a plume was outlined, the respective terminus position was also deli-
neated using the polyline option in GEEDIT.

We utilized Sentinel-2 RGB imagery for plume delineation because of its superior
spatial resolution (10 m) compared to Landsat 8 (30 m), and better temporal resolution.
Sentinel-2 has a 5-day repeat period when both satellites (S2A and S2B) are in tandem,
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and a repeat cycle of 10 days for an individual satellite, compared to the 16-day repeat
period of Landsat 8.

Images acquired between May and October were analysed to better understand how
plumes can vary within a melt season, and from one melt season to another (Schild et al.
2017). To ensure the highest quality image analysis, we manually defined a < 20% thresh-
old of cloud per image to limit cloud contamination which is a common occurrence over
the archipelago of Svalbard. Cloud can be problematic for automated workflows, resulting
in false identification of plumes, however by manually delineating plume features, we are
able to quantify these differences with certainty. We recognize that the influence of
shadow can also lead to false plume identification, however due to the high solar altitude
angle during the months of May and October, images were not impacted by such
phenomena. After applying these filters, 327 images were available for analysis over a
six-year period with 75 images having one or more visible plumes. The temporal distribu-
tion of plume surfacing varied in each melt season, however, the majority of plumes
delineated were in July, August and September of each year (Table 1).

3.1.1.1. Error estimation of sediment-laden meltwater plume surface area. The
manual delineation of surface plumes inherently introduces some error into final surface
area measurements. However, only one operator undertook delineation to retain consis-
tency. Errors can result from a number of sources, including the resolution and positional
accuracy of the imagery, the accuracy and precision at which vertices were placed around
plumes during delineation, the ability to determine the edge of the plume, i.e. what is
sediment-laden, brackish or ambient fjord water, shadows in imagery, and the impacts of
ice melange, calving events and small islands close to the glacier terminus.

To determine total surface area errors (E) in plume delineation we have modified a
method applied to glacial catchments by Carisio (2012) and later adapted by Beason
(2017). This involves first calculating the total measurable uncertainty (E;) (Equation 1)
which is the error associated with digitization of plume outlines by the user. The second
error, potential variability error (E,), accounts for the effects of cloud cover or calving at
the glacier front, which could impact the true area of plumes.

In calculating total measurable uncertainty, A; is the surface area of the plumes, p is the
horizontal uncertainty of Sentinel-2 imagery which is 20 m, u is the horizontal uncertainty
of a placed point, which relates to the map scale, in the case of this study it is 1:200, which
is the scale used for plume delineations in GEEDIT and is equivalent to 0.169 m of
uncertainty, using USGS definitions.

Er = A x (p+u) x V2 (M

Table 1. Temporal distribution of plumes across the melt season in each year of the study period.
Julian days (DOY) are given for first and last observation.

2016 2017 2018 2019 2020 2021
First observation of plume 145 181 134 125 175 184
Last observation of plume 254 257 262 233 238 267
Length of ‘plume season’ (n) 109 76 128 108 63 83

Month(s) with most observations and (n) July (7) September (3) June/July (5) July (6) August (7) August (6)
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Potential variability error, E,, can vary considerably when digitizing glacier outlines
with values ranging from 2%, up to 5% for smaller catchments. As this study focuses on
plumes which have small surface areas, in comparison with most glaciers, and to account
for other potential errors, a value of 5% was used (Equation 2).

E2 = 0.05 x A,' (2)

To calculate the total surface area error, E, the values calculated in E; and E, are
combined (Equation 3).

E=E +E (3)

3.1.2. Supraglacial lakes and their volumes
GEEDIT version 2.02 (Lea 2018) was also used to delineate supraglacial lake (SGL) outlines that
appeared in the ablation area of Blomstrandbreen and were identified by a distinct colour
difference between surface snow, bare ice, and water. Like plumes, each SGL was manually
digitized and later assigned a surface area expression in QGIS. Lakes were delineated for the
full 2016 melt season encompassing 16 Sentinel-2 images from NaN Invalid Date NaNto 10™"
September. Lake surface areas were also measured for the 2020 melt season; this comprised
six Sentinel-2 images between 10™ to 30™ June, when lakes rapidly drained and did not refill.
Further to this, lakes on the image with the greatest surface water were delineated, this being
the image acquired on NaN Invalid Date . We only digitize SGL outlines across two full melt
seasons and in a single image in 2021 as a result of cloud cover which impacts retrievals over
the upper parts of Blomstrandbreen. However, we believe these data to be representative of
SGLs throughout the study period, with 2020 having the greatest runoff and highest air
temperatures and 2016 being a melt season with more average air temperatures and glacial
runoff.

To estimate SGL volume for further analysis of their dynamics and influence on plume
upwellings, a power relationship derived by Cook and Quincey (2015) was used to convert
lake surface area (A) to volume (V) (Equation 4).

V=3x10"A"%* (4)

Equation 4 was established for growing alpine SGLs (Cook and Quincey 2015), whilst
Blomstrandbreen is a small marine-terminating glacier in the Arctic. However, based on
the area and shape of SGLs delineated in this study, we determined that this power
relationship would be most appropriate, given that Blomstrandbreen does not have
particularly complex surrounding morphology.

3.2. Modelled air temperature and meltwater runoff

Daily air temperature (°C) and surface meltwater runoff (mm water-equivalent per
day, or mm w.e. d”") for Blomstrandbreen were extracted from the regional climate
model (RCM), Modele Atmosphérique Régional (MAR) v3.11.5 at a 6 km resolution
(available at ftp.climato.be/fettweis) and clipped to Blomstrandbreen’s catchment
boundary. This data was used to determine the impact of air temperature and
meltwater runoff on the magnitude and timing of plumes at Blomstandbreen
during the study period. To directly compare meltwater runoff and plume size,
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we sum runoff values in the catchment two days prior to the Sentinel-2 image
acquisition date. This was undertaken to ensure we captured the influence of
runoff on the size of surfacing plumes allowing correlation coefficients to be
derived.

3.3. Subglacial water routing

To explore subsequent plume locations at Blomstrandbreen and infer its subglacial
drainage structure, subglacial water routing is modelled. We use the Tidewater Glacier
Retreat Impact on Fjord Circulation and Ecosystems (TIGRIF) digital bed elevation model
(DEM) (Lindback et al., 2018a). This product has a spatial resolution of 150 m and is derived
from ~1700 km of airborne- and ground-based ice-penetrating radar surveys from across
northwestern Spitsbergen, Svalbard.

Typically, the flow and storage of subglacial meltwater are governed by gradients in
hydraulic potential, which is a function of the elevation potential and water pressure
(Shreve 1972).

O =p,gZ + ko;H (5)

Consequently, a hydraulic potential was calculated (Equation 5) to infer subgla-
cial flow routes, where p,, is the density of water (1000 kg m™3), g is acceleration
due to gravity (equal to 9.8 m s7?), Z is bed elevation (m), k is dimensionless and
represents the ice overburden pressure, while p; is the density of ice (917 kg m™3)
and H the ice thickness (m) determined by Lindback et al., (2018b). The constant k
ranges between 0 (steady-state subglacial water pressure conditions) and 1 (repre-
senting basal water pressure high enough to significantly counterbalance ice over-
burden pressure), with values of 0.5 suggesting the subglacial system has
developed enough to drain the glacier bed efficiently (Nanni et al. 2021).

To investigate the potential changes in subglacial water pressures and the subse-
quent impact on water routing at Blomstrandbreen, three k values were implemented
(0, 0.5 and 1). Once these subsequent hydraulic potential surfaces were obtained, the
removal of depressions known as sinks and potential erroneous pixels was conducted
to allow for uninterrupted modelled-flow. Water was then routed using the D8 single-
flow routing algorithm from the ArcHydro package (a toolbox available in ArcGIS Pro).
The D8 algorithm is an eight-directional routing scheme (O’Callaghan and Mark 1984),
meaning water is routed from one pixel to another following the lowest value of the
eight of its neighbours. It is a commonly used method for defining flow direction
across topographical surfaces, and has been widely applied for subglacial flow route
modelling in Greenland and Svalbard (e.g. Carroll et al. 2016; Decaux et al. 2019). To
further define subglacial flow pathways, a channel area threshold of 100 connected
cells (2.25km?) was applied to the TIGRIF DEM and the subsequent outputs were
vectorized. The threshold of 100 connected cells was selected to extract continual
subglacial channel networks without the introduction of disconnected streams or
artefacts. Due to the coarse spatial resolution of the DEM, smaller networks which
may exist within this system could not be sufficiently resolved.
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4. Results
4.1. Plume surface area

While the frequency of plumes surfacing each year (mean=24.3+5.0 (SD)) remains
relatively stable across the study period, we identify plume surface area increase by
more than an order of magnitude between 2016 and 2021 (Table 2; Figure 2a). The
surface area of plumes in every year other than 2020 (p-value =0.74) is significantly
different from plume surface area in 2021 (p-value = <0.05). 2017 is the only year where
fewer than ten images were available to the study (Table 2), as a result the total surface
area of plumes is significantly different to those delineated in 2021 (p-value = <0.05).

The majority of plumes identified at Blomstrandbreen are small in size (<1 km?) with
most having surface areas of less than 0.25 km?® However, the surface area of some
plumes exceeded 2 km? (Table 2; Figure 2b), with the largest plume in the dataset
observed on NaN Invalid Date with an area of 4.17 km? (+0.27 km?). This plume is
substantially larger than any other plume mapped during the study. It was 1.50 km?
larger than the next measured by the study, also in 2020 (26th July) and 1.57 km? greater
than the largest plume measured in 2021 6" July), which had a total surface area of 2.60
km? (+0.17 km?) (Figure 3).

Table 2. Summary of imagery and plume statistics for each year of the study period.

2016 2017 2018 2019 2020 2021
Sentinel-2 images examined in 56 45 51 57 47 71
each season (n)
Sentinel-2 images with visible 14 8 15 14 13 14
plumes (n)
Digitized plumes (n) 27 18 31 28 21 21
Average plume surface area 0.04 (0.05) 0.04 (0.05) 0.08 (0.14) 0.14(0.23) 0.48(1.02) 0.66 (0.73)
(km? (1 S.D.)
Largest plume surface area (km?) 0.19 0.22 0.74 0.94 417 2.60
Plume area error estimation 0.002-0.022 0.002-0.025 0.002-0.062 0.002-0.075 0.002-0.267 0.002-0.176

range (km?)

120 —

100

Number of plumes
Cumulative plume area (km?2)
Number of plumes

1 [

2016 2017 2018 2019 2020 2021 1 2 3 4 5
Year Plume area (km?)

Figure 2. (A) 3 axis bar chart showing the frequency of plumes remaining stable during the study
period, while the cumulative plume surface area significantly increases. The left y-axis shows the
number of plumes surfacing and the right y-axis (in dark green) is used to show cumulative plume
surface area. (b) Histogram shows the distribution of plume sizes which surfaced at Blomstrandbreen
between 2016 and 2021. The histogram bin width is 20.
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Figure 3. Sentinel-2 images showing the largest sediment-laden meltwater plumes delineated in each
year of the study period (2016 — 2021), including an example with the outlines of the plumes
delineated in the 2016 image. Dates for each year are as follows, with the Julian day, (DOY) in
brackets: 10/07/2016 (192), 10/09/2017 (253), 30/07/2018 (211), 09/07/2019 (190), 27/07/2020 (209),
06/07/2021 (187).
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4.2. Supraglacial lake presence and variability

Analysis of cloud-free imagery of the upper ablation area of Blomstrandbreen shows the
formation of SGLs on the surface of the glacier throughout the six-year study period. SGLs
form in various locations across the glacier surface, but there are three areas in which they
form most frequently (see Figure 4). In most cases, SGLs form in lateral foliations where
two ice flow units meet, or in small hollow like depressions on the ice surface and
regularly reform in these locations year after year.

In most of the years within our study period, SGLs emerge in the first two weeks of
June; although in the 2021 melt season there are no cloud free images until 3 July, and
by this time there are numerous SGLs present on the surface of the glacier. This is the date
with the greatest volume of surface water present throughout the study, equal to 5.28 x
10% m>. In most other years, SGLs partially drain and refill at least once during the melt
season, before draining in late August or in the early weeks of September. However,
during the 2020 summer melt season, partial lake drainages occurred much earlier,
between 23" and NaN Invalid Date NaNwith total surface water on the glacier reducing
from 0.99 x 10° m? to 0.69 x 10° m® in this five day period. During the period between
NaN Invalid Date NaNand NaN Invalid Date NaNof 2020 (there are no Sentinel-2 images
within the <20% cloud cover threshold), all SGLs on Blomstrandbreen had completely

Figure 4. (A) Sentinel-2 RGB image of the lower ablation area of Blomstrandbreen acquired on 14/06/
2016, the three main areas where supraglacial lakes (SGLs) form are highlighted by boxes and are
shown in panels (b), (c), and (d). (b) SGLs which form in longitudinal foliations created as a result of a
tributary glacier flowing into the main branch of Blomstrandbreen. (c) Small SGLs on the eastern
margin. (d) a swathe of SGLs which form in longitudinal foliations below the main crevasse field on
Blomstrandbreen.
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drained and did not refill again during the melt season. Comparatively, in 2021 there were
three observable partial drainage events that took place during July between 3 and 6",
6™ and 17", and NaN Invalid Date NaNand 1°* August. The lakes refilled and compared to
previous years, normal sized SGLs were present late into September with no evidence of
drainage in the final image available to the study (NaN Invalid Date). Although SGLs can
be observed on the glacier surface regularly during the study period, their area and
subsequent volume are small in comparison with daily and seasonal runoff totals.

4.3. Glacial runoff and terminus position

Correlation coefficients (Pearson’s R value) show MAR-modelled glacial runoff has little to
no influence on the surface area of plumes in 2016 and 2021 (Table 3). In the years
including and between 2017 and 2020 there is a positive relationship between glacial
runoff, this is the total runoff from up to two days prior to a plume surfacing, and plume
surface area at Blomstrandbreen (r = 0.65-0.88, Table 3). The rate of terminus change in all
years during the study period has little to no influence on plume area (r = -0.09-0.26).
Glacial runoff on a single day exceeded 200 mm w.e.d™" in July 2020 and 150 mm w.e.
d™"in 2018 and 2019 (Figure 5) which were three of the years that correlated most with
plume surface area (Table 3). In 2018, the largest plume occurs prior to this peak in glacial
runoff, whilst in 2019 the largest plume of that summer melt season surfaces three days
after peak glacial runoff. In 2020 peak glacial runoff occurs the day after the largest plume
in the study was identified, but followed multiple days with runoff >150 mm w.e. d". In
2017, runoff marginally exceeded 100 mm w.e. d'ina single day (113 and 108 mm w.e.
d'ongth September and 18t July, respectively), these lower runoff values also result in a
strongly positive relationship between runoff and plume area in this year, which corre-
lates with the largest plume in this year (10" September). Each year follows the same

Table 3. Correlation coefficient (Pearson r-value) between meltwater runoff and plume surface area,
and rate of terminus change and plume surface area for each year.
2016 2017 2018 2019 2020 2021

Meltwater runoff (mm water equivalent (w.e. d™")) 0.08 0.84 0.74 0.88 0.65 0.05
Rate of terminus change (m/yr) —-0.09 0.26 0.12 -0.02 0.05 0.26
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Figure 5. Glacial runoff (mm w.E. d') and air temperature (°C) at Blomstrandbreen modelled using
MAR between 2016 — 2021.
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trend with the month of July having the highest runoff values and May the lowest.
September has the greatest variation in runoff rates of any month, in some years, single
days exceed 140 mm w.e. d-’ (e.g. NaN Invalid Date) whilst in other years (2018) values are
close to 0 mm w.e. d™' at the same point in the melt season.

4.4. Subglacial water routing

We undertook subglacial water routing to infer the location of subglacial channels
beneath Blomstrandbreen and better understand where plumes may surface across
the glacier front. We use the values of 0, 0.5 and 1 for k in Equation 5, and identify
potential subglacial pathways beneath Blomstrandbreen (Figure 6). The channels

+ = =+ Catchment

Bed (TIGRIF)

- 1100 m

Figure 6. (A) Potential subglacial channel routing beneath Blomstrandbreen using TIGRIF, overlaying a
Sentinel-2 RGB image from 27/08/2021, with sediment-laden meltwater plume visible. Overlaid are
indicative subglacial channels for k=0.0, k=0.5 and k = 1.0. Markers denote the location of a major
outlet in 2021 and large bedrock bumps beneath the glacier exposed as a result of recent retreat. (b)
Photograph of one of the major channels evacuating sediment-laden water into the fjord from
beneath Blomstrandbreen, highlighted by marker on panel (a). (c) Photograph of one of the large
bedrock bumps visible beneath the glacier exposed by recent retreat, highlighted by marker on panel
(a). (d) Panorama of the western (left) and central (right) portions of the Blomstrandbreen margin,
showing sections of ice above the grounding line and exposed bedrock beneath (left) and a separate
flow section that remains marine-terminating (far right of image). The markers in panel (a) denote
where close ups of the major channel (b) and the bedrock bumps (c) were taken. All photographs in
(b), (c) and (d) were taken on 05/07/2021 during fieldwork at Blomstrandbreen.
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identified using k=0 and k=0.5 indicate a main channelized system that is likely
present within the centralized region of the ~ 2.5-3.0 km wide glacier terminus (77 m
difference between modelled locations), with k=1 identifying a hydraulic potential
pathway further east that may be present under high basal water pressures, 523 and
597 m from the other modelled channels, respectively. One possible reason for k=1
routing subglacial flow to a more easterly location is the presence of an over-
deepening at the bed of the glacier not far from the ice front (Lindback et al,
2018b). In addition to this, large bedrock bumps were visible beneath the glacier
terminus of Blomstrandbreen close to the margin with the fjord during fieldwork in
2021, suggesting that water under high basal pressure may have been routed
through the overdeepening and around these large bedrock obstacles to a more
favourable location for evacuation (Figure 6). In spite of the alternative constant
values (k), all of the preferred subglacial channels terminate in close proximity to
where plumes are observed on the fjord surface throughout the six-year study
period (see Figures 3 and 6).

5. Discussion
5.1. Controls on plume activity

We observe a significant increase in sediment-laden meltwater plume area at
Blomstrandbreen between 2016 and 2021, however the frequency of plumes per season
remains consistent (Table 2; Figure 2). These findings reveal glacial runoff is primarily respon-
sible for the observed increases in plume magnitude with the rate of terminus change having
little to no impact despite the retreat event that occurred between 2017 and 2018 (Figure 1).
The total volume of glacial runoff does not fluctuate substantially in each season of the study
period, but overall glacial runoff exerts the greatest control on plume size (see Table 3). This is
due to large melt events which occur at various times across the study period, and can be
highlighted by an event which takes place in late July 2020 when runoff reaches in excess of
200 mm w.e.d™". These high glacial runoff values correspond with large plume area measure-
ments, up to 4.17 km? during this period (Figure 3).

High runoff rates during the melt season at Blomstrandbreen result in the configura-
tion of an efficient hydrological system, as shown by the modelled output of the sub-
glacial routing (Figure 6), allowing plumes to surface more readily. This is demonstrated
by extremely high runoff rates (204 mm w.e. d-1) in July 2020 (Figure 4), when large plume
surface areas were observed. It is noteworthy, however, that runoff totals in 2020 are
much higher (5871.9 mm w.e. d-1) as a result of a large melt event early in July. This
resulted in the surface area of plumes reducing rapidly thereafter, which suggests that the
volume of meltwater evacuated earlier in the melt season may have exhausted the
sources of sediment at the glacier ice-bed interface. Consequently, smaller plumes were
formed later in the melt season. The larger volume of freshwater being discharged to
Kongsfjorden early in the melt season may also result in fjord stratification, inhibiting the
surfacing of plumes (e.g. De Andrés et al. 2020). This suggests that, as air temperatures
increase and melt seasons lengthen, greater volumes of freshwater reaching fjord and
coastal environments may impact upon the appearance of plumes in future years.
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The eastern sector of the glacier front noticeably retreats after 2017, the result of
this change is that the majority of plumes begin surfacing where the terminus was
previously situated (see inset in Figure 1). In spite of this retreat, glacial runoff
continues to be the greatest control on plume surface area, with the rate of terminus
change having little-to-no influence on plume area (Table 3). However, we propose
that the retreat of the glacier terminus between 2017 and 2018 may have impacted
upon the magnitude of plumes; in 2016 and 2017 plumes mapped were mostly small
in size (maximum plume area 0.22 km?2, mean plume area 0.04 km?), but when the
ice front changed in the years after the retreat (2018-2021), they increased con-
siderably (mean plume area, 0.3 km?) and upwelled in the notch that formed as a
result of the altered terminus geometry. This is likely a result of an overdeepening,
highlighted by subglacial DEMs (Lindbdck et al., 2018b) which the glacier was
occupying in the first two years of the study storing sediment-laden water, and
only releasing the suspended sediments in small volumes, when discharge was great
enough to overcome the angle of the adverse bed slope. After 2018 when the
glacier had retreated, the area in which sediment-laden water had been stored by
the overdeepening was exposed. It is possible the terminus retreated into shallower
water, enabling weaker plumes to reach the surface. Alternatively, runoff of similar
intensity could produce larger plumes, given that any turbid meltwater evacuated
from the glacier’'s subglacial system into the fjord would no longer need to flow up
an adverse bed slope.

On average, plume surface areas at Blomstrandbreen are smaller than those measured
by How et al. (2017) at Kronebreen, situated in the same fjord complex. The differences in
glacier catchments likely play a role in plume surface area, given that Kronebreen drains
an ice area of ~295 km? compared to Blomstrandbreen which drains an ice area of ~80
km?. Kronebreen is also the fastest flowing non-surging glacier on Svalbard, with velo-
cities at the glacier's tongue in winter reaching up to 1.5-2.0m d~' and in summer
peaking between 3.0-4.0 m d™' (Kaab, Lefauconnier, and Melvold 2005; Luckman et al.
2015). Blomstrandbreen and Kronebreen have very different bedrock topography, which
may impact upon their meltwater and sediment outputs. Blomstrandbreen has a slightly
inclined bed, with the last ~2 km of ice flowing downbhill into Kongsfjorden, compared to
Kronebreen which generally flows at a more consistent gradient from its upper reaches
(Lindbéack et al., 2018b). Although the average plume surface area measured by this study
was lower comparably to How et al. (2017) who used timelapse cameras stationed above
the glacier front, the largest plumes at Blomstrandbreen were far larger than those
measured at Kronebreen. We propose that this is a result of increasing air temperatures,
resulting in higher melt rates in the intervening period between the field study at
Kronebreen which was undertaken in the summer of 2014 and our remote sensing
study which encompasses plume activity between 2016-2021.

It should be noted that plumes are a dynamic phenomena, surfacing and residing in
fijords for minutes or hours and even possibly days. Consequently, data coverage
provided by Sentinel-2 has some large gaps between image acquisition with visible
plumes e.g. NaN Invalid Date and NaN Invalid Date . Some image data may also be
removed because of the cloud cover filter (<20% per image) applied and therefore not
all plumes at the ice front may have been identified throughout each of the six
summer melt seasons.
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5.2. Supraglacial lakes and their possible influence on plume activity

The timing, location, size, and duration of plumes are largely driven by hydrologic outputs
and the efficiency of the subglacial hydrological system, reflecting variations in surface
melt and runoff, as well as the potential implications of SGL drainage events. At
Blomstrandbreen, SGLs are frequently observed in the upper ablation area throughout
the melt seasons of 2016 to 2021, forming, draining and often refilling as each melt season
progresses. Through analysis of available cloud-free imagery, our study has found evi-
dence of SGLs draining, sometimes simultaneously preceding the surfacing of plumes at
the glacier terminus (see Table 4). We suggest that the drainage of SGLs may have some
influence on the emergence of plumes, as seen at Kronebreen, a larger glacier in the
Kongsfjorden complex, where SGL drainages activated main meltwater plumes in its
northern region (How et al. 2017).

As SGLs drain, there is the potential for basal water pressure to increase and the
subglacial system to become overwhelmed, which may not only impact localized ice
velocity, but also impact the hydrologic configuration of the subglacial system, typically
relating to distributed linked cavities or ‘inefficient drainage’ (lken and Truffe 1997; Kamb
1987; Scholzen, Schuler, and Gilbert 2021). As modelled in Figure 6 under k=1, increased
basal water pressure may favour water accumulation and flow routing towards the east-
ern margin of the Blomstrandbreen terminus, where large plumes in excess of 2 km? were
observed towards the end of July and beginning of August preceding SGL drainage
events in the years 2020 and 2021.

Despite seeing a pattern of SGLs draining prior to plumes forming on the surface of the
fijord in some years, a number of our observations suggest that plume surfacing is not
strictly reliant upon the drainage of SGLs at other times during the six-year study period.
For example, in 2020, all SGLs in the upper ablation area of Blomstrandbreen had drained
by the end of July and did not refill during the remainder of the melt season. This was in
spite of large plumes (>1.0 km?) surfacing throughout the middle of August and smaller
plumes (<0.2 km?) being visible in the final week of the month even as runoff rates started
to decline, demonstrating that glacier runoff is key to controlling plume area (Figure 5).

We find that there is no obvious relationship between plume surfacing and SGL
drainage, despite both events occurring in parallel during periods of the melt season
(Table 4). Visual quantification of the shape of SGLs, their surface area and volume at
Blomstrandbreen suggest that SGL drainage may play a small role in plume upwelling,
when considering the glacier volume and the proportion of SGL volume compared with
annual runoff rates. However, should these drainages of small volumes occur rapidly, the

Table 4. Examples of potential supraglacial lake drainages (partial or full) that may link to plume
activity throughout the study period. A range is provided for potential drainages and when drainages
may impact upon plumes, in most cases, due to the gaps in the availability of cloud-free satellite
images. Dates are provided as Julian days (DOY).

Potential period of SGL drainage Visible plume activity in period after potential drainages
2016 184-187 187, 190
2017 214-242 242, 253
2018 187-196 196-197
2019 185-188 188, 190
2020 182-208 208, 209, 213

2021 198-213 213, 214, 215, 220
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hydrological system could become overwhelmed, in turn modifying the subglacial hydrol-
ogy (e.g.Bartholomew et al. 2011). The initiation of these changes could mean that
previously undisturbed sediment at the ice-bed interface may be suspended and flushed
out, before being connected to more efficient areas of the hydrological system for
discharge, resulting in a larger or new plume forming (e.g.Chu et al. 2009).

Many of the SGLs present on the surface of the glacier form in the same locations year-
on-year, this points to some level of structural control on SGL area and therefore volume.
Longitudinal foliations appear to be the main control on SGLs and are visible in the
satellite imagery (Figure 4), these features occur when two flow units often of differing
velocities meet (King et al. 2016). This is evident on the western margin of
Blomstrandbreen where a small tributary glacier flows down from the north west into
the main glacier branch, resulting in a number of SGLs forming in close proximity. Due to
the structure of the longitudinal foliations, and the small, shallow hollows they create, it is
quite likely that any SGLs that form in-situ will have relatively low water volumes because
of the limiting ice surface topography. The position of SGLs has also been shown to be
controlled by underlying bedrock topography (e.g. Turton et al. 2021). It is plausible that
there are both surface and subsurface controls on the location of SGLs on
Blomstrandbreen. On the eastern margin of the glacier, smaller features more akin to
melt ponds form, however their surface areas are generally <0.01 km? which translates to
a volume of ~0.027 x 10° m?, we propose they are only likely to impact plume surfacing
should they drain rapidly later in the season when the hydrological system is more
efficient.

5.3. Recommendations for future research

Our research has shown the feasibility of manually delineating sediment-laden meltwater
plumes at a marine-terminating glacier in Svalbard, and found that complex relationships
between runoff, terminus position and glacier hydrology impact their surfacing in fjord
waters. The study used optical imagery (Sentinel-2) covering the summer months (May to
October), maximizing cloud-free imagery, but also coinciding with peak plume surfacing.
As a result of using optical imagery, there were large gaps in our data coverage. We
suggest utilizing a combination of high return frequency satellites, this may be a combi-
nation of active radar, which can see through cloud, and additional passive sensors, for
example those from Planet Labs, with higher temporal and spatial resolution to better
understand the dynamic processes occurring at glacier fronts.

Future research should focus on a greater number of marine-terminating glacier locations
across the Svalbard archipelago. GEEDIT (Lea 2018) could be used for this, as it is a powerful
tool in which to undertake rapid manual delineations, scalable across multiple locations.
However, a method could be devised to automatically delineate plumes using remote sensing
datasets, for example in Google Earth Engine due to its cloud computing nature and rapid
data processing capabilities, and to quantify the difference between sediment-laden melt-
water plume surfacing and calving events using higher temporal resolution Synthetic
Aperture Radar data at a much greater spatial scale e.g. Svalbard-wide. Additional research
could utilize empirically derived area-to-volume converters to provide insights into SGL
dynamics which may contribute to better understanding of the influence of runoff, glacier
retreat and subglacial hydrology on the surfacing of plumes. In-situ empirical data collected at
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glacier calving fronts such as conductivity, temperature, and depth profiles can act as ground
truthing, assisting with future remote sensing studies of similar locations. This data can also be
utilized in modelling studies for locations where it is not possible to collect in-situ measure-
ments, and be combined with automated thresholding using optical imagery to better
determine the volumes of sediment not only at the surface, but also at depth.

6. Conclusions

The surfacing of sediment-laden meltwater plumes at Blomstrandbreen reflects the wider
relationship between glacial runoff, subglacial routing of meltwater and the glacier’s termi-
nus position. We find that plume surfacing at Blomstrandbreen remains stable throughout
the six-year study period, but the size of plumes which surface increases significantly in 2020
and 2021, corresponding with increasing glacial runoff and a larger number of supraglacial
lakes forming in the glacier's upper ablation area. Our findings suggest there is little
correlation between the rate of glacier terminus change and the emergence of surfacing
plumes at Blomstrandbreen, but that a retreat event between 2017 - 2018 May have
impacted upon plume magnitude, allowing for greater volumes of suspended sediments
to reach the fjord surface. We therefore suggest more research is needed across the
archipelago of Svalbard to derive a direct relationship between glacier retreat and sedi-
ment-laden meltwater plume surfacing as a result of our findings at Blomstrandbreen.
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