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KEYWORDS Summary Tidewater glaciers supply large amounts of suspended particulate matter (SPM) and
Seasonality; freshwater to fjords and affect oceanographic, sedimentological and biological processes. Our
Suspended particulate understanding of these processes, is usually limited to the short summer season. Here, we present
matter; the results of a one-year-long monitoring of the spatial variability in SPM characteristics in a
Particulate organic context of oceanographic and meteorological conditions of a glacial bay next to Hansbreen, a
matter; tidewater glacier in Hornsund (southern Spitsbergen). The observed range of SPM concentrations
Tidewater glacier; was similar to ranges measured in other sub-polar glaciated fjords, especially in Svalbard. The
Fjord; major source of SPM is the meltwater discharge from the glacier. The maximum water column-
Svalbard averaged SPM concentrations did not correlate with peaks in freshwater discharge and were

observed at the beginning of the autumn season, when the fjord water transitioned from
stratified to fully mixed. The observed spatiotemporal variations in the total SPM, particulate
organic matter (POM) and particulate inorganic matter (PIM) are likely controlled by a combina-
tion of factors including freshwater supply, water stratification and circulation, bathymetry, the
presence of sea ice, biological productivity and sediment resuspension. During the ablation
season, the SPM maximum concentrations were located within the upper water layer, whereas
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during the winter and spring, the greatest amounts of SPM were concentrated in deeper part.
Thus, typical remote sensing-based studies that focus on SPM distributions may not reflect the
real SPM levels. POM and PIM concentrations were correlated with each other, during most of the
time suggesting that they may have a common source.

© 2018 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glaciers are one of the most sensitive indicators of ongoing
climate changes that have commonly resulted in their recent
very rapid retreat since the end of the Little Ice Age (e.g.,
Carr et al., 2017; Radi¢ and Hock, 2011; Solomina et al.,
2016). Due to the retreat of marine-terminating tidewater
glaciers, at a rate of several tens of metres per year, as in
Svalbard (e.g., Btaszczyk et al., 2013), or several hundreds of
metres per year, as in Alaska (e.g., Molnia, 2007), new glacial
bays have formed and host immature coastal ecosystems.
Melting glaciers affect coastal waters in many ways, the most
important of which is the delivery of freshwater and sus-
pended particulate matter (SPM), which is often called
suspended sediment. They are among the key driving factors
for coastal glaciomarine ecosystems, as well as oceano-
graphic and sedimentary regimes (e.g., Bennett and Glasser,
2009; Chauche et al., 2014; Motyka et al., 2003; Szczucinski
and Zajaczkowski, 2012). Their influence can also extend far
beyond the coastal zone into the open ocean and affect
larger scale circulation and biological processes. For exam-
ple, SPM-rich glacial meltwater can provide critical limiting
micronutrients (e.g., Fe) to the ocean and thereby influence
its primary production (e.g., Bhatia et al., 2013; Markussen
et al., 2016).

Many of the existing records of sediment accumulation
rates in fjords suggest that climate warming has enhanced
sediment production and export to the fjords (Boldt et al.,
2013; Koppes and Hallet, 2002; Szczucinski et al., 2009;
Zajaczkowski et al., 2004). In addition, the combination of
historical data and modelling experiments suggests that
present-day sediment fluxes to the polar zone of the coastal
ocean have increased. For instance, the suspended sediment
supply from Greenland to the ocean is currently approxi-
mately 56% higher than it was during the 1961—1990 period
(Overeem et al., 2017). Moreover, one may expect that the
seasonality of SPM delivery, distribution and sedimentation
processes will also change. However, this issue is still open to
research because present-day seasonal changes in SPM dis-
tributions are poorly known.

SPMis mainly delivered to fjords by ice-contact processes,
including meltwater discharge, rafting by icebergs and sea
ice, riverine inputs and exchanges with external water
masses (Syvitski, 1989; Winters and Syvitski, 1992). The
general model of SPM delivery shows the driving role of
freshwater and sediment-laden outflows from tidewater gla-
ciers, which, due to density differences, form surface brack-
ish water plumes covering most of the glacial bays during the
summer season (Syvitski, 1989). However, a growing number
of observations, indicate that other factors are also signifi-
cant. For example, a study on a large dataset from Greenland

found that the delivery of SPM is likely mainly a function of
the regional glacial dynamics and the resulting intensity of
erosion, not freshwater flux (Overeem et al., 2017). Further-
more, oceanographic circulation is important not only in
terms of the sediment transport and circulation patterns
in glacial bays but also as a driving factor of tidewater glacier
stability (e.g., Straneo and Heimbach, 2013). Because field
observations on seasonal cycles are sparse, the driving forces
that control the SPM input and distribution in fjords are still
subject to ongoing debate.

The fjords of Svalbard are particularly suitable for studies
on climate warming impacts on the supply and fate of SPM
since they are affected by the northward flowing West
Spitsbergen Current (WSC) that transports warm Atlantic
Water (AW), resulting in accelerated warming (e.g., Cisek
et al., 2017; Osuch and Wawrzyniak, 2016; Prominska et al.,
2017). Moreover, these fjords are among the best studied
subpolar fjords in the world, and many supplementary data
are available (e.g., Drewnik et al., 2016; Forwick et al.,
2010; Svendsen et al., 2002). The SPM concentrations in the
fjords of Svalbard are commonly documented during the
summer season in central parts of fjords (e.g., Sagan and
Darecki, 2018; Svendsen et al., 2002), in meltwater river-fed
bays (e.g., Dowdeswell and Cromack, 1991; Zajaczkowski
and Wtodarska-Kowalczuk, 2007) and in the glacial bays near
tidewater glaciers (e.g., Elverhgi et al., 1983; Gorlich et al.,
1987; Schildt et al., 2017; Szczucinski and Zajaczkowski,
2012; Trusel et al., 2010; Urbanski et al., 2017; Zajaczkowski,
2002, 2008).

However, observations on the seasonal SPM concentration
changes and their major controlling factors in the fronts of
tidewater glaciers in Spitsbergen are very limited. Szczu-
cinski and Zajaczkowski (2012) studied sedimentary pro-
cesses in the summer and autumn in Adolfbukta next to
the calving front of Nordenskioldbreen. These authors found
that in the autumn, the vertical particulate matter fluxes
(sedimentation) decrease much more than the SPM concen-
trations and that residence time of the SPM in the water
increases likely due to less effective flocculation. These
authors also suggested a list of factors that affect the sedi-
mentation of SPM, such as the positions of freshwater inlets
(surface/subsurface), meltwater discharge, SPM concentra-
tions in the meltwater, local wind damming effects, tides and
resuspension. Moreover, studies conducted in glacier-distal
settings revealed that phytoplankton blooms are important
factors in the increase of SPM concentrations in the spring
(Pawtowska et al., 2011; Westawski et al., 1988).

The goal of the paper is to present a unique time series of
the seasonal changes of the SPM delivery, distribution
and composition in a glacial bay next to the calving
front of Hansbreen in Hornsund. This paper presents a
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complementary dataset, including supporting meteorologi-
cal and oceanographic monitoring data, for the period from
May 2015 to June 2016. The obtained data are used to
identify major SPM sources and driving processes responsible
for SPM spatial distribution and composition during various
seasons.

2. Study area

Hornsund is an approximately 34 km long fjord in the south-
west part of Spitsbergen. Glaciers cover approximately 60%
of its catchment (Btaszczyk et al., 2009, 2013). The most
frequently studied glacier in Hornsund is Hansbreen, a poly-
thermal tidewater glacier that ends with a 1.5 km wide
calving cliff in Hansbukta (Hans Bay), which is almost 80 m
deep. The bay covers an area of 6 km?, and its outer region,

with a maximum depth of less than 25 m, is shallower than its
innermost region (Cwiakata et al., 2018) (Fig. 1). The bay was
formed during the last century due to glacier retreat; pre-
sently, the glacier retreats approximately 40 m year™
(Btaszczyk et al., 2013). The Hansbreen area is 56 km?,
and its mean ice thickness is approximately 170 m (Btaszczyk
et al., 2013; Grabiec et al., 2012). The bedrock beneath the
glacier is composed of various types of low to intermediate
grades of metamorphic rocks including schists, gneisses,
amphibolites, marbles and quartzites (Birkenmajer, 1990).
The meltwater is delivered from Hansbreen to the bay mainly
through subglacial tunnels that enter the bay from the
central and eastern parts of the glacier cliff (Palli et al.,
2003).

The WSC and East Spitsbergen Current (ESC) influence the
oceanographic conditions of Hornsund and make its climate
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Figure1 Study area: Hansbukta with transects and monitoring stations marked. Legend: 1 — land, 2 — moraines on land, 3 — glaciers,

4 — marine areas with no bathymetry data, 5 — lakes and rivers, 6 — ADCP transects and monitoring stations, 7 — outflows from the
glaciers (based on satellite images collected between the 6th of June and 1st of October 2015), 8 — the meteorological station in the
Polish Polar Station (PPS). The inset maps show the location of the study area within the Hornsund Fjord and the location of Hornsund

within the Svalbard archipelago.

Sources: Shoreline, lakes, rivers, glaciers and moraines are based on the Norsk Polar Institute data (http://geodata.npolar.no/)
(updated for the Hansbreen position in 2015), bathymetric data are from The Norwegian Hydrographic Service (the permit for data use
was issued by the Institute of Geophysics, Polish Academy of Sciences no. 13/G722) with isobaths every 10 metres.
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mild and maritime (Marsz and Styszynska, 2013; Osuch and
Wawrzyniak, 2016). The mean annual air temperature from
1979 to 2014 was approximately —4.0°C, with the highest
temperature recorded in July and the coldest in March. The
mean annual precipitation during the same period was
approximately 450 mm, with the highest amounts during
the late summer and autumn seasons and the lowest during
spring (Osuch and Wawrzyniak, 2016). Approximately 60% of
the mean total annual precipitation in the region falls as snow
orsleet (Lupikasza, 2013). On average, the snow cover occurs
approximately 240 days of the year, with maximum mean
snow depths in April. However, the snow depths and durations
vary strongly from year to year (Kepski et al., 2017).

The fjord water masses are generally stratified during the
ablation season, then they are subjected to mixing in the
autumn and winter. Moreover they are affected by the inflow
of water masses from the Greenland Sea, as documented in
previous oceanographic studies (e.g., Drewnik et al., 2016;
Gorlich, 1986; Prominska et al., 2017; Westawski et al., 1991,
1995). Consequently, six types of water masses were distin-
guished according to the classification system for fjords of
Svalbard. The AW and Transformed Atlantic Water (TAW)
masses enter the fjord from the shelf. The AW comes from
the WSC, and its temperature and salinity are higher than 3°C
and 34.9 PSU respectively. The TAW is a mix of AW and Arctic-
type Water (ArW) from the ESC and has a temperature
between 1°C and 3°C and a salinity higher than 34.7 PSU.
The third type of water mass is Surface Water (SW), which is
the uppermost layer formed from the glacial melt water. SW
is common from late spring to autumn and has a water
temperature higher than 1°C and a salinity lower than
34.7 PSU. Mixing of the SW and AW or TAW forms Intermediate
Water (IW), with a temperature higher than 1°C and a salinity
between 34 and 34.7 PSU. Cooling during the winter gener-
ates Local Water (LW), with a temperature lower than 1°C
and Winter Cooled Water (WCW) with a temperature lower
than —0.5°C and salinity higher than 34.4 PSU (Nilsen et al.,
2008). The circulation in the fjord is enhanced by the Coriolis
force (Jakacki et al., 2017; Pawtowska et al., 2017) and the
tides with mean spring tidal range of over 1 m. Lately, the
fast ice cover in Hornsund usually covers more than 40% of
the fjord and last for approximately 45 days per year
(Muckenhuber et al., 2016).

3. Material and methods
3.1. Meteorology

The meteorological data, including air temperature (Fig. 2A)
and precipitation (Fig. 2B), from the period from May 2015 to
June 2016 were obtained from the Polish Polar Station Horn-
sund (PPS), which is located 2 km west from Hansbukta. The
daily mean air temperatures were smoothed by a robust local
regression using a weighted least squares method and second
degree polynomial model with a 45-day duration (LOESS
model implemented in MATLAB software).

3.2. Oceanography

The water temperature and salinity values were measured
using a Valeport miniCTD probe (CTD) during 22 surveys at

18 monitoring stations along 2 transects (Fig. 1). Due to
equipment failure, CTD measurements were not made from
December 2015 to March 2016. Most of the figures in this
paper are based on data from monitoring station H1_09
(Fig. 2C and D), which is considered a representative station
because it is located in the deepest central part of the bay,
almost 1000 m from the glacier cliff (Fig. 1). At that station,
the freshwater from all the meltwater outflows is mixed. The
temperature and salinity data from that station were
smoothed by a robust local regression using a weighted least
squares method and second degree polynomial model for 10 m
depth sections (LOESS model implemented in MATLAB soft-
ware) and interpolated over time using a cubic Hermite spline
(method implemented in MATLAB software) to obtain the
seasonal fluctuations in the water properties (Fig. 3A and C).

To obtain information about seasonal water stratification
changes, the water temperature standard deviation (o7) for
the depth profile at station H1_09 was calculated from the
measured and interpolated data (Fig. 3B). Higher values of o1
imply greater temperature ranges in the depth profile and,
consequently, the development of stratification. Values of o
close to zero indicate no stratification in the water column.

To determine the input by the meltwater discharge from
the glacier, the freshwater fraction (FWF) was calculated for
the interpolated and measured salinity (Fig. 3D). Guided by
Ketchum (1950) and Nut and Coachman (1956), the FWF was
calculated using the equation:

(S0—5)
So

where Sy = 34.92 PSU, which was the highest measured salin-
ity (from H1_01, which is the point nearest to the mouth of
the Hornsund Fjord), and S is the average salinity in the water
column at station H1_09.

To identify the circulation pattern in the bay, a Teledyne RD
Instruments Workhorse Sentinel 600 kHz Acoustic Doppler Cur-
rent Profiler (ADCP) was used twice during the summer, on the
13th of July, and the 1st of September 2015, along transects
perpendicular and parallel to Hansbreen cliff (Fig. 1). The
velocity (Fig. 4B, E, H, K) and the direction (Fig. 4A, D, G, J)
of the flow were directly measured by the ADCP.

The positions of meltwater outflows from Hansbreen were
marked on satellite images collected by Landsat 8 (images
from U.S. Geological Survey Department of Interior for the
years 2015 and 2016) based on the method outlined by
Dowdeswell et al. (2015), in order to compare them with
water circulation and SPM concentration data.

Information about the sea ice conditions in Hansbukta
during the measurement period were based on the observa-
tions that were made by the authors and PPS staff (Fig. 2C).

FWF = -100%, 1)

3.3. Suspended particulate matter

Spatial and temporal changes in SPM were obtained from the
ADCP measurements and filtered water samples. The echo
strength (in counts) measured by the ADCP provided insight
into the acoustic intensity Intapcp (in dB):

Intapcp = 20log10(R) + 2-a-R+ K¢-E + Cg, (2)

where R is the range along the beam (in m), « is the
attenuation coefficient due to water absorption (in dB m~'),
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station H1_09, and suspended particulate matter (SPM) with loss on ignition (LO/) data from all the sampling stations (see Fig. 1 for site
locations). (A) Daily mean (blue line) and smoothed (black line) air temperature; (B) daily precipitation and snow coverage (based on
Kepski et al., 2017); (C) mean (black circles linked by black line), minimum (blue circles) and maximum (red circles) water
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water salinity; (E) mean (black circles linked by black line), minimum (blue circles) and maximum (red circles) SPM concentrations; (F)
mean (black circles linked by black line), minimum (blue circles) and maximum (red circles) LOI in SPM. (For interpretation of the
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E is the echo strength measured by the ADCP (in counts), and
Kc (in dB counts™") and Cy (in dB) are constants. The values of
the constants are calculated during the calibration proce-
dure. The K¢ value ranges from 0.35 to 0.55 dB counts " and
is typically 0.45 dB counts™' (Deines, 1999; Kim and Voul-
garis, 2003). Using the latter value a modified acoustic
intensity (Int) may be calculated from:

Int = Intspcp—Cx = 20-l0g4o(R) + 2-a-R + 0.45-E, (4)
Int is related to SPM (concentration) (Deines, 1999; Kim

and Voulgaris, 2003):

1Olog10(SPM) = Intspcp (5)

and based on Egs. (4) and (5) the SPM (concentration) is
expressed as:

SPM = 100.14CK.100,1-Int_ (6)

In this study, no calibration procedure was performed, so
only Int was calculated (Fig. 4C, F, I, L).

Water samples were taken 13 times at regular intervals
between the 31st of May 2015 and the 28th of June 2016,

except of March 2015, using a Hydrobios Free Flow 1l Niskin
Bottle at several water depths at the monitoring stations
(Fig. 1). The samples (approximately 1 | each) were filtered
through Whatman GF/F 0.7 um filters that had been pre-
viously dried for 2 h at 200°C and weighed. There were no
animals or plant fragments visible on the filters. After filter-
ing, the filters were rinsed with fresh water and were dried
for 24 h at 40°C and weighed again to calculate the SPM
(Appendix 1, Fig. 2E). Subsequently, all filters were heated at
550°C for 3 h to calculate the loss on ignition (LOI), according
to the Heiri et al. (2001) equation:

DW —DWssq
bw

where DW is the dry weight of the sediments before heating
and DWssg is the dry weight of the sediments after heating
(Appendix 2, Fig. 2F). With the total SPM concentration and
LOI values, particulate organic matter (POM) and particulate
inorganic matter (PIM) concentrations were calculated:

POM = SPM-LOI ®
PIM = SPM-(1—LOI)"

LOI = -100%, (7)
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To determine the spatial distribution of SPM, POM and
PIM, the calculated data were interpolated using a cubic
Hermite spline (a method implemented with MATLAB soft-
ware) for the depth profile and between the profiles
(Figs. 5—7). In the interpolated profiles perpendicular to
the glacier cliff (Figs. 5—7), the data presented for station
H5_03 (the closest station to the glacier cliff) are the average
values from all the stations along a transect parallel to the
glacier cliff. All the interpolated SPM, PIM, and POM data
were used to represent the annual variability of the inner
part of Hansbukta, up to 2000 m from the glacier. The data
were averaged for two water layers: the surface (0—10 m
depth) and deeper layer (20—50 m depth) (Fig. 3E and F) and
analysed for the particular calendar seasons. Accordingly, the
relationship of POM to PIM (Fig. 8A) and the LOI distributions
(Fig. 8B—E) were analysed. The correlation coefficient and

regression analysis using robust regression (each implemen-
ted within MATLAB software) were calculated for the PIM and
POM values in the particular seasons (Fig. 8A, Table 1).

4. Results
4.1. Meteorological conditions

The daily mean air temperatures, precipitation and snow
coverage during the study period (2015—2016) are presented
in Fig. 2A and B. The air temperature was the highest (11.5°C)
at the end of July and beginning of August 2015. The lowest
daily mean air temperatures (down to —16.1°C) occurred in
March 2016. The ablation season, defined as the period with
positive air temperatures, lasted from the end of May 2015 to
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the middle of October 2015 and from the beginning of May
2016 to the end of the study period. However, during the
winter, the daily average temperatures were above 0°C
several times, particularly at the end of December and the
beginning of January (Fig. 2A). Average daily air tempera-
tures were close to 0°C during the second half of October and
first half of November. The daily precipitation was low until
the middle of August 2015, then precipitation values
increased significantly and slowly decreased in autumn
2015 (Fig. 2B). In 2015, the snow coverage percentage was
less than 50% in the middle of June and completely disap-
peared from coastal zone during the beginning of July. The
snow coverage pattern in 2016 was similar, but the snow
melting occurred about half a month earlier (Fig. 2B).

4.2. Oceanography

The oceanographic conditions revealed clear seasonal varia-
tions. The water temperature measured at station H1_09
ranged from —1.8°C during winter and early spring to more
than 2°C at the end of July and beginning of August 2015
(Figs. 2C and 3A). The seasonality of the mean water tem-
perature was characterised by a rapid increase from late
spring to early summer, small fluctuations during summer and

a gradual decrease during autumn. The water temperature
increase during the spring/summer transition occurred about
one month earlier in 2016 than in 2015 (Figs. 2C and 3A).
Water salinity ranged from less than 30 to almost 35 PSU
(Figs. 2D and 3C). The highest salinity was measured during
the early spring (May 2015, April and May 2016) and the
lowest was measured during the summer (August 2015).
During the study period, three types of water masses were
observed in the inner part of Hansbukta. In the spring, the
WCW dominated (in 2015, it dominated below a 25 m depth,
and in 2016 was present in complete water column). The
dominant water mass became LW by the end of June in
2015 and by the middle of June in 2016. Then, in the span
of a few days the LW mass was replaced with SW. The latter
completely filled the inner part of Hansbukta during the
summer of 2015, and it was replaced by LW in the autumn
(mid-October 2015). The late autumn/winter period, during
which WCW became the dominant water mass, was not
documented due to a gap in the measurements. The periods
of WCW transformation into LW and then into SW coincided
with periods of distinct water stratification (Fig. 3A and C)
with maximum o7 values in June 2015, as well as at the end of
May and beginning of June 2016 (Fig. 3B). During the summer
(from mid-July to October 2015), stratification was less
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pronounced and was restricted to the surface water layers.
During the late autumn of 2015 and the early spring of 2016,
the waters were well mixed (Fig. 3A—C).

The calculated FWF ranged from nearly 1% in spring
2015 and 2016 to almost 10% in summer, with a maximum
in August 2015 (Fig. 3D). A rapid increase in the FWF was
observed from the late spring (beginning of June) to the
middle of the summer (beginning of August) 2015. The FWF
slowly decreased in the autumn. During the spring of 2016,
the increase in FWF was slower and started earlier than in the
spring of 2015 (Fig. 3D).

The ADCP data from the mid-July, revealed two main flow
directions in the inner part of Hansbukta (Fig. 4A, B, D, E).
Surface flux, with a velocity between 10 and 15cms™,
moved from the NE (east part of ice cliff) to SW (into the
fjord), while near-bottom and mid-water depth flux, faster
than 15 cm s, had the opposite direction. In early Septem-
ber the fluxes were weaker and originated mainly from the
western part of glacier cliff (Fig. 4G, H, J, K). The high flow
velocity was observed in subsurface water and near the
bottom, where current velocities along the bay were over
15cm s~ (Fig. 4A, B, D, E).

Fast ice was observed inside Hansbukta until the middle
of May 2015. After this period, the bay and almost entire

Hornsund fjord was covered by drifting sea ice until the end
of May 2015. Almost no sea ice was observed during the
2016 season (Fig. 2C).

4.3. Suspended particulate matter

Information on the SPM distribution was obtained from
satellite images and ADCP surveys for the mid- and late
summer and from water sampling throughout the study
period. The satellite images revealed the location of major
freshwater sediment-laden subglacial outflows from the tide-
water glacier cliff. The outflows were observed in the images
from the 6th and 31st of June; 8th, 15th, and 17th of
September; and the 1st of October 2015 as SPM-rich surface
water plumes. In the case of the other available images, the
weather was cloudy or outflows were not identified. The most
prominent outflow was from the eastern part of the Hansb-
reen cliff, and it was seen in all the described satellite
images. Moreover, a number of images contain emerging
plumes from outflows located in the western (the 6th and
31st of June, the 15th and 17th of September and the 1st of
October 2015) and central (the 15th of September and 1st of
October 2015) parts of the glacier cliff (Fig. 1).
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Table 1

(PIM) and particulate organic matter (POM) for different seasons.

The correlation coefficient R?, number of measurements and robust linear regression for particulate inorganic matter

R? Number of measurements Robust linear regression
Spring 0.56 135 during 5 days POM =0.78 + 0.33 - PIM
Summer 0.08 212 during 4 days No correlation
Autumn 0.59 93 during 2 days POM =0.43 + 0.16 - PIM
Winter 0.59 30 during 2 days Low number of measurements

In the ADCP surveys, the outflow from the eastern part
of Hansbreen was the most evident, while the western and
central outflows were only partly resolved (Fig. 4D—F, J—L).
The values of Int, which reflect SPM concentration, were
higher in July than in September. However, while both sur-
veys showed that most of the SPM was contained to Hans-
bukta and that only a small amount escaped from the bay
(Fig. 4C and 1), the SPM distributions within the bay was
different. In July, the SPM maximum was related to the major
outflow from the eastern part of Hansbreen, while the two
secondary maxima of Int were likely related to the outflow
from the western part of Hansbreen and to the region in axial
part of the bay, below 40 m deep, with rapid flow towards the
glacier (Fig. 4D—F). In September, although the outlined

maxima in Int were still visible, the SPM distribution was
more uniform (Fig. 4L).

The SPM concentrations measured in the water samples
ranged from 2.3 mg =" on the 24th of May 2016 at station
H1_09 on the water surface to 82.8 mg [~ on the 18th of June
2015 at station H5_05, which is close to main glacier outflow,
at a 1 m depth. The mean SPM concentrations averaged for
the daily data were the highest during the ablation season in
the summer and early autumn, with a maximum average
concentration in October 2015 (over 35 mg l="). The lowest
average concentrations were measured during the winter and
spring, and a minimum averaged concentration was docu-
mented in the 2015 spring season (below 10mgl™") in a
period shortly after the sea ice disappeared (Appendix A1,
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Fig. 2E). The annual course of the changes in the SPM mean
concentration is characterised by a rapid increase at the end
of May and beginning of June 2015 (from 10 to more than
25mg L") After June, the mean concentration increased
gradually until the end of October. The mean SPM concen-
tration decreased during the late autumn and beginning of
winter to approximately 25 mgl™" in December. In April
2016, the mean SPM concentration was approximately
25mg l~" and increased to 35 mg |~ in the second part of
June. Moreover, an episodic increase of the SPM concentra-
tion was observed in the first half of May 2016 (Fig. 3E).

A comparison of the SPM distribution (Figs. 5—7) and mean
SPM concentration in the surface waters (0—10 m) and dee-
per layers (below 20 m) (Fig. 3E) reveals clear seasonal
variability. From June to September, the SPM was predomi-
nantly in the surface layer, while from November until May, it
was predominantly in the deeper water. In October 2015, the
amount of SPM in the surface waters was very similar to the
amount in the deeper layers.

The LOI in the SPM ranged from 2.9% on the 9th of May
2016 at station H1_09 near the bottom of the bay to 70.6% on
the same day at station H1_04 at a depth of 10 m. During the
spring, the measured LOI mostly ranged between 20 and 40%,
with a mode of approximately 25% (Fig. 8B). The highest
average LOI (approximately 30%) was observed during the
spring of 2016 (Appendix A2, Fig. 2F). During the summer
season, the LOI achieved its lowest values and varied
between 10 and 30% with a mode of approximately 15%
(Fig. 8C). The values of LOI in the SPM during the autumn
were similar to the values in the summer and ranged from
10 to 20% with a mode of approximately 15% (Fig. 8D). In the
winter, the LOI in the SPM was slightly higher, ranging from
20 to 30% (Fig. 8E).

The highest concentrations of POM were measured during
the spring and summer, and the highest concentrations of PIM
were measured during the summer and autumn (Fig. 8A). No
correlation was observed between the measured POM
and PIM during the summer (R? = 0.08). During the winter,
the correlation between POM and PIM was 0.59; however,
there were too few measurements for linear regression to be
calculated. The correlations between POM and PIM were
0.56 during the spring and 0.59 during the autumn (Table 1,
Fig. 8A). The seasonal spatial variability of the POM and PIM
distributions (Figs. 3F and 5—7) was similar to the total SPM
concentration pattern.

5. Discussion

5.1. The studied seasons in the context of
multiyear variability

During previous decades, due to specific oceanographic or
meteorological conditions like the massive intrusion of AW
into fjords, some years and seasons were exceptional (e.g.
Cottier et al., 2005). However, the study period from 2015 to
2016 appears to be representative of typical conditions
during the past decade when it is considered in a context
of multiyear analyses of meteorological conditions from the
PPS in Hornsund (Cisek et al., 2017; Osuch and Wawrzyniak,
2016, 2017), as well as snow coverage variability analyses
(Kepski et al., 2017). A comparison of the study period to the

general summer oceanographic condition in Hornsund also
proved that the studied summer was similar to those
observed in the previous years (Prominska et al., 2017). In
the studied period, sea ice occurred in the spring of
2015 and was absent in 2016. However, as documented by
Muckenhuber et al. (2016), the irregular presence of sea ice
in Hornsund was also noticed during previous seasons. In
terms of the range of the SPM concentrations, the measured
summer values are similar to the concentrations that have
been previously reported from tidewater glacier-affected
bays in Svalbard, which usually have values ranging from a
few to approximately 100 mg =" (Elverhgi et al., 1983;
Gorlich, 1986; Gorlich et al., 1987; Svendsen et al., 2002;
Szczucinski and Zajaczkowski, 2012; Zajaczkowski, 2008).
Thus, the conditions during the studied period can be con-
sidered to be typical for contemporary subpolar fjords of
Svalbard.

5.2. Sources of SPM

In Hansbukta, the SPM is mainly delivered through subglacial
meltwater outflows from the cliff of Hansbreen. Based on
satellite images (Fig. 1) and ADCP measurements (Fig. 4), we
found that the positions of the outflows fluctuated during the
studied period. However, the major subglacial meltwater
discharge came from the eastern part of the ice cliff
(Fig. 1), which was also predicted by a sub-glacial water
flow model by Palli et al. (2003). Hansbreen is a polythermal
glacier (Jania et al., 1996); thus, meltwater discharge is
possible throughout the year. However, the discharge
becomes significant only during the ablation season
(Fig. 2A), when the major glacial channels are unblocked
due to the high pressure of the meltwater (Palli et al., 2003).
The available data does not allow for precise estimates of
suspended sediment discharge. However, assuming that the
documented near-surface SPM-rich brackish layer contains
mainly sediment delivered from the outflows, a simple esti-
mate can be made based on the July ADCP profile (Fig. 4D and
E). Using the cross-sectional area of a SPM-rich surface water
plume of approximately 2500 m?, multiplying this value by a
minimum southward flow velocity of 0.12 m s~" and an aver-
age SPM concentration of 50 mg =", the obtained minimum
estimate of the sediment flux is in the order of 15 kg s ". If
this value is multiplied by the three months of the effective
ablation season that have relatively high discharge rates
and divided by Hansbreen drainage basin area of approxi-
mately 55 km?, it provides a sediment yield in order of
2000 t km~2 year™" (for the ablation season). This value is
in the same order of magnitude as the sediment yields
reported for subpolar and temperate glaciers (e.g., Gurnell
et al., 1996; Koppes et al., 2015). Thus, it is very likely that
the overwhelming majority of the SPM is delivered by the
meltwater outflows and that the other SPM sources are
secondary and may be important only seasonally.
Approximately one-fourth of the total ablation of Hansb-
reen is due to icebergs calving and ice front melting processes
(Grabiec et al., 2012). The icebergs that are produced by
Hansbreen are relatively small, and many of them are
grounded and melted in the shallow parts of the Hansbukta
(Cwiakata et al., 2018). Their contribution to the total SPM in
the bay is relatively small. In the period from 2000 to 2008,
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approximately 25.5 x 10® m? of ice was released as icebergs
annually (Grabiec et al., 2012). Except in specific zones, such
as 1—2 m thin basal ice layers or shear zones, the average
percentage of debris in Hansbreen ranges from 0.05 to 0.5%
(Rachlewicz and Szczucinski, 2000). Assuming an average
rock density of approximately 2.5 kg m—3, the annual sedi-
ment supply from melting icebergs is approximately 65; 5% of
the daily supply from the meltwater outflows.

The remaining potential sources of SPM include transport
by wind and surface runoff from the non-glaciated part of the
Hansbukta drainage basin, coastal erosion, rafting by sea ice,
biological production (e.g., phytoplankton blooms), import
from the main fjord basin due to water exchange (e.g., due to
tides) and the resuspension of previously deposited sedi-
ments. The supply of sediment from the non-glaciated land
is negligible because it has a very small area and low relief.
The majority of the terrestrial marginal zone of Hansbreen
drains to adjacent bays (Fig. 1). In Hansbukta, no major
coastal erosion is observed, although when the SPM concen-
trations from spring 2015 and 2016 are compared (Fig. 3D and
E), they are higher in 2016, which is when no wave-protecting
shore ice was observed.

The POM comes at least from two sources: supply of old
organic matter from land and delivery of modern organic
matter produced in marine environment. The recent works in
Hornsund fjord applying carbon isotopes in organic matter in
fjord sediments (Koziorowska et al., 2016; Szczucinski et al.,
2017) and in SPM (Apolinarska et al., 2017) suggest that
significant portion of organic carbon is delivered from erosion
of older organic-rich sediments and rocks. This may also
apply to the Hansbukta. However, the POM is at least partly
derived from modern biological production, particularly in
specific periods, for instance on the 9th of May 2016 (Fig. 5H)
and on the 21st of December 2015 (Fig. 7H), when phyto-
plankton blooms and massive zooplankton advection likely
occurred, respectively. Such phenomenons are commonly
reported in the Arctic during the spring and autumn—winter
seasons (e.g., Cowan et al., 1998; Gorlich et al., 1987;
Kwasniewski et al., 2003; Rabindranath et al., 2008; Walkusz
etal., 2003; Weydmann et al., 2013; Westawski et al., 1988).

The SPM is also delivered by sediment resuspension from
sill and shallow water regions. The resuspension is due to
waves as well as water flow over the sill related to water
exchange processes between Hansbukta and the main part of
the Hornsund. The water exchange is driven by the tides,
Coriolis-driven circulation patterns, as well as by water
replacement due to freshwater supplies from meltwater
outflows. This exchange of water is a typical oceanographic
phenomenon in glacial bays separated by sills (e.g., Motyka
et al., 2003; Rignot et al., 2010). The water exchange results
in relatively fast near-bottom water flows (Fig. 4), in order of
15 cm s, and sediment resuspension. The bottom of the bay
around sill has relatively high SPM concentrations throughout
the year (Figs. 5—7), which suggests that sediment resuspen-
sion from the sill is an important factor contributing to the
SPM distribution in the bay.

5.3. Seasonality in SPM distribution

The seasonal changes in the SPM concentration, spatial dis-
tribution and composition (POM/PIM) result from the over-
lapping influences of a number of factors. The drivers

discussed here include the duration of the ablation season,
freshwater supply, glacial dynamics, SPM supply, water stra-
tification and circulation in the bay, the bay bathymetry,
presence of sea ice, light availability (polar day and night),
biological productivity and sedimentary processes. Moreover,
there are also several factors that were found important for
SPM distribution in similar environments (Cowan and Powell,
1990; Gilbert et al., 2002; Gorlich et al., 1987; Syvitski, 1989;
Szczucinski and Zajaczkowski, 2012) but cannot be here
accurately evaluated due to the applied monthly sampling
resolution. These factors include tides, storm events, daily
fluctuations in the suspended sediment discharge and local
wind damming effects.

5.3.1. Summer season

The summer distribution of SPM, with SPM-rich surface
brackish water layer, is generally similar to the patterns that
have been previously reported for tidewater glacier fronts
(e.g., Curran et al., 2004; Gorlich, 1986; Gorlich et al., 1987;
Syvitski, 1989; Szczucinski and Zajaczkowski, 2012; Zajacz-
kowski, 2002), although the 3D pictures provided by ADCP
surveys (Fig. 4) showed the circulation to be more complex
than previously believed. The intensive freshwater outflows
that start in the spring-summer transition period (during June
2015 and May—June 2016) caused slight increase in the water
temperature (Figs. 2C and 3A), a decrease in salinity (Fig. 2D
and 3C) (transformation of WCW to LW), the development
of water stratification (Fig. 3B), and increases in the
FWF (Fig. 3D) and SPM concentration (Fig. 2E and 3E) in
Hansbukta.

The large amount of SPM that was delivered to the bay was
mainly confined to the approximately 10 m thick (Fig. 6)
brackish surface water layer. Considering the total SPM
supply, one could expect even higher SPM concentrations
in the surface water; however, this water mass is in motion
(Fig. 4A and B), and the SPM is partly exported from the bay
by the surface currents. Moreover, SPM in surface layer is
removed due to fast settling of flocculated particles.

The flocculation (aggregation) of SPM, documented by
Laser In Situ Scattering and Transmissometry measurements
(Szczucinski and Moskalik, 2017), is enhanced by high
SPM concentrations, turbulence related to fast flow velocity
and the mixing of saline water with freshwater. The SPM is
composed of approximately 85% of grains smaller than
60 um, as inferred from the bottom sediments (Gorlich,
1986). However, the suspended aggregates that were
observed during summer in the surface water layer had a
mean floc grain size ranging from 30 to over 120 pm, and
below the pycnocline were transferred only aggregates with
a mean floc size over 125 pm, which is an equivalent of fine
sand grain size fraction (Szczucinski and Moskalik, 2017).

Thus the well-developed pycnocline serves as a barrier for
settling particles and is likely the major reason for the higher
SPM concentrations in the surface water, in particular close
to pycnocline (Figs. 3E and 6). During the summer, a steady
increase in FWF (Fig. 3D) and a weakening of the stratifica-
tion (Fig. 3B) reduced the role of pycnocline. Simultaneously
faster increases in the SPM concentration in the deeper water
was observed than in the nearby surface (Fig. 3E), which was
possibly related to the longer residence time (slower settling
rate) of smaller aggregates, which could settle through a
smaller density gradient of the pycnocline.
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The SPM concentration near the bottom of the bay (Fig. 6)
is likely a result of resuspension due to the fast water flow
over the sill separating Hansbukta from the main Hornsund
basin, which was observed during the ADCP surveys (Fig. 4).

The SPM in the summer is mostly composed of PIM, while
the POM concentration reaches a similar level to the POM
concentration during the remaining part of the year. There is
no correlation between the POM and PIM (Fig. 8A and C),
which suggests various SPM sources or segregation processes.
In the summer, POM is mainly concentrated along the lower
boundary of the surface brackish layer (Fig. 6). According to a
commonly reported model (e.g., Lydersen et al., 2014), the
POM maximum is likely related to zooplankton, which is
pumped to Hansbukta at depth with fjord water in exchange
for the exported brackish surface water. The fjord waters
upwell next to the ice front and the zooplankton population
experiences massive mortality rates due to osmotic shock
(Westawski and Legezynska, 1998; Zajaczkowski and Lege-
zynska, 2001). Consequently, such settings are well-known
feeding grounds for birds and mammals (Lydersen et al.,
2014; Urbanski et al., 2017).

5.3.2. Autumn season

The annual maximum mean SPM concentration occurred in
the middle of the autumn season (Fig. 3E). During that time,
the SPM, POM and PIM distributions were relatively uniform
(Fig. 7) in the surface and deeper water masses (Fig. 3E and
F). This is likely due to several processes: the density-driven
vertical mixing of water in the bay and disappearance of the
water stratification (Fig. 3B), enhanced resuspension and
mixing during frequent in autumn storms (Wojtysiak et al.,
2018), and a reduction in flocculation processes that elon-
gates the residence time of the SPM in the water column. The
latter was reported also for autumn season in the glacial bay
of Adolfbukta (central Spitsbergen) by Szczucinski and
Zajaczkowski (2012). They compared the summer and
autumn conditions and found that the vertical particulate
matter fluxes measured with sediment traps decreased by an
order of magnitude in the autumn, while the SPM concentra-
tions decreased only two-fold. Szczucinski and Zajaczkowski
(2012) interpreted these observations as a result of a
decrease in SPM flocculation, resulting in the slowing of
the settling rate and the elongation of SPM residence times
in the water column. However, in contrary to their study, in
Hansbukta the SPM concentration increased in the autumn.
The major reason for the difference may be the fact that
Adolfbukta lacks a shallow sill, thus SPM may be easily
exported from the bay and potential sediment resuspension
is limited. In Hansbukta, the presence of a shallow sill causes
the SPM to be trapped in the bay and enriched in resuspended
sediment due to accelerated water flow over the sill.

In November, the SPM concentration decreased, particu-
larly in the surface water layer (Figs. 3E and 7A, D), which
was depleted of SPM due to successive SPM settling that was
not compensated by the delivery of new SPM.

POM and PIM concentrations are correlated in autumn
(Table 1, Fig. 8A and D). The correlation is likely due to
efficient mixing of the SPM during the autumn. In December
and at the end of autumn (Fig. 7H), an increase in the POM
concentration in the subsurface waters of the central part of
the bay was observed. At that time, the supply from the land
had already ceased, air temperatures were well below 0°C,

and the primary production in the water was at its lowest
level due to the polar night conditions, so the most likely
source of the elevated POM was the advection of rich in
zooplankton fjord and/or shelf waters, as was mentioned in
other studies (e.g.: Rabindranath et al., 2008; Walkusz et al.,
2009; Weydmann et al., 2013; Westawski et al., 1988; Zajacz-
kowski et al., 2010).

5.3.3. Winter season

During the winter, the mean SPM concentrations reached
minimum values in the surface layer, but the water column
average remained same as during the summer season
(Fig. 3E). The SPM was mainly concentrated in the deeper
part of the bay (Fig. 7G and J), particularly above the sill, on
the sill slope and near the glacier. This may suggest that a
major source of SPM is the resuspension of sediments, parti-
cularly in shallow areas. In the winter, the SPM largely
comes from the recycling of previously delivered material.
The partial exposure of the bay to oceanic swell, the tidal
currents and the relatively shallow sill that confines the bay
and accelerates flow may all contribute to resuspension
of sediments and sustain the SPM in suspension. Since
Hansbreen is a polythermal glacier (Jania et al., 1996), it
is also possible that there are some minor subglacial dis-
charges of suspended sediment in winter.

5.3.4. Spring season

The studied period encompassed two spring seasons, which
differed in terms of sea ice conditions. During the spring of
2016, which had no sea ice cover, the average SPM, POM and
PIM concentrations were similar to the concentrations of the
previous autumn and winter seasons (Figs. 2E and 3E, F). The
spatial SPM distribution was also the same as the distribution
in the winter before the onset of ablation (April) and devel-
oped into the summer distribution by an increase in the
surface water layer in the weeks following the ablation onset
(Fig. 6D—0). The conditions were different in spring 2015,
when sea ice cover and well-developed shore ice occurred
(Figs. 2, 3 and 6) and the SPM, POM and PIM were the lowest.
In both of the spring seasons, the PIM and POM were corre-
lated (Table 1, Fig. 8A and B), which may suggest that the SPM
is largely composed of the same material, which is reworked
over time. The difference between the 2015 and 2016 spring
seasons is likely mainly due to sea ice occurrence during
2015 and limited wave action during this season.

Although POM and PIM generally correlate, there were
also some differences. This was most likely a result of a
phytoplankton bloom increasing suspended POM concentra-
tions, as commonly occur in the Arctic during the spring
season (e.g., Cowan et al., 1998; Gorlich et al., 1987;
Pawtowska et al., 2011; Westawski et al., 1988; Zajaczkowski
et al., 2010). Such situation was documented on the 9th of
May 2016 (Fig. 5H).

5.4. Implications for remote sensing based
studies

The estimates of freshwater and SPM delivery to the coastal
ocean from tidewater glaciers and the assessment of their
global importance require the application of remote sensing
methods that allow simultaneous measurements over large
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areas. While these methods appeared to be successful in
estimating the sediment supplies of meltwater rivers (e.g.,
Overeem et al., 2017), they are still of limited use in the case
of fjords. The in situ investigations of SPM deliveries and
distributions near tidewater glacier fronts are often danger-
ous, expensive and time-consuming, so investigations apply-
ing analyses of satellite images are particularly useful (e.g.,
Hodgkins et al., 2016; Hudson et al., 2014; Schildt et al.,
2017; Urbanski et al., 2017). However, they have a number of
restrictions. For example, they are usually limited to the
short summer season, they must be calibrated with in situ
data and they only provide information about surface water.
It is commonly assumed that the major SPM discharge near
tidewater glacier fronts is limited to the brackish surface
layer of the water in front of tidewater glaciers. However, the
present study shows that a maximum amount of the SPM
during the summer is at the lower boundary of the surface
brackish water layer, which is approximately 10 m thick.
Moreover, during the majority of the year, most of the SPM
is located in deeper waters (>20 m), which is also the case
during the period with maximum average SPM concentrations
in early autumn (Fig. 3E). Thus, the remote sensing data must
be carefully interpreted when water surface reflectance is
used to estimate the SPM concentration because subsurface
SPM concentrations may be even higher than at the surface.

6. Conclusions

The study presents the first monitoring data of SPM concen-
trations in a sub-polar glacial bay in context of its local
oceanographic and meteorological conditions over almost
one year. The observed seasonal SPM concentration varia-
tions appear to result not only from the dominant glacial
meltwater input that delivers the vast majority of SPM but
also from the intensity of flocculation processes that control
the residence period of the particles in the water, the
resuspension of SPM and biological productivity. The docu-
mented circulation pattern appears to be more complex than
the patterns typically assumed in simple 2D models and is
strongly affected by the presence of shallow sill at the
entrance. In Hansbukta, the highest single SPM concentration
value was measured at the beginning of the summer, but the
mean SPM value gradually increased during the summer with
a peak in the autumn, long after the freshwater discharge
maximum. During the summer, the SPM was mainly concen-
trated in the surface water layer; during the rest of the year,
the opposite occurred, with higher SPM levels observed in the
deep water layer. Generally, the POM content of the SPM was
stable, except during spring phytoplankton blooms (maxi-
mum POM concentration) and spring periods with sea ice
cover (minimum POM concentration).
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