Contents lists available at ScienceDirect

Journal of Marine Systems

Lo
>5
—_A z

FI. SEVIER

journal homepage: www.elsevier.com/locate/jmarsys

Modelling suspended particulate matter dynamics at an Antarctic fjord
impacted by glacier melt

Camila Neder ™", Vera Fofonova ¢, Alexey Androsov ¢, Ivan Kuznetsov ¢, Doris Abele “',

Ulrike Falk“, Irene R. Schloss “"#, Ricardo Sahade *", Kerstin Jerosch

@ Universidad Nacional de Cérdoba, Facultad de Ciencias Exactas, Fisicas y Naturales, Cérdoba, Argentina

b Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET), Instituto de Diversidad y Ecologia Animal (IDEA), Cérdoba, Argentina
¢ Alfred-Wegener-Institut fiir Polar und Meeresforschung, Bremerhaven, Germany

d Climate Lab, Institute for Geography, Universitit Bremen, Bremen, Germany

¢ Instituto Antdrtico Argentino, Buenos Aires, Argentina

f Centro Austral de Investigaciones Cientificas (CADIC), Ushuaia, Argentina

8 Universidad Nacional de Tierra del Fuego, Antartida e Islas del Atlantico Sur, Ushuaia, Argentina

ARTICLE INFO ABSTRACT

Keywords: When Antarctic glaciers retreat, high sediment loads from geomorphological and glaciological sources can
SPM dynamics disturb the biota, especially filtering organisms, and thereby significantly alter the ecology of the Antarctic coast.
FESOM-C We applied the Finite volumE Sea-ice Ocean-Coastal Model (FESOM-C), a numerical tool equipped with a
(S)ecgialﬁe[::del sediment module, to simulate for the first time the suspended particulate matter (SPM) dynamics in a fjordic

environment at the northern West Antarctic Peninsula, Potter Cove as a case study. Depth-averaged SPM dy-
namics during a meteorologically representative austral summer (120 days from December to March) considered
tidal and atmospheric forcing. Additionally, idealised experiments with passive particles based on post-
processing Lagrangian module identified and followed possible material trajectories in Potter Cove. Particle
dynamics in the area show them to be primarily tidal and wind-driven, sensitive to bathymetry, with the higher
SPM concentrations in the inner cove and the highest hydrographical complexity in the transitional area between
the fjordic and marine habitat. The SPM plume covers 5.5 km? of the total inlet of 9 km?, with monthly mean
values between 15 and 330 mg/l. The maximum SPM concentrations are during January (790 mg/1), and the
maximum plume expansion during February. The model was validated with available in situ measurements. With
this study, we can identify areas in Potter Cove (and similar coastal fjordic environments, prospectively) of
increasing physical stress by longer SPM residence time and high accumulation rates induced by glacial melt-
water. These factors are crucial for pelagic and benthic assemblages dependent on light and food availability, as
well sediment deposition.

Coastal ecosystems

1. Introduction

Fjords are unique and important morphological structures of glaci-
ated coastlines. They are hotspots of marine and coastal biodiversity,
highly productive systems, and recruitment areas for many marine
species, including apex predators such as penguins, seals, and whales
(Howe et al., 2010; Friedlander et al., 2020). These coastal ecosystems
are naturally exposed to high sedimentation rates due to glacier melt-
water input loaded with sediments (Thrush et al., 2004). Fjords present a
clear gradient, both in environmental variables and biological

assemblages towards glacier fronts, mainly driven by different sedi-
mentation rates (Wlodarska-Kowalczuk et al., 2005; Howe et al., 2010).
Under current climate changes such as increased temperatures, glacier
retreat can force an increased input of terrigenous material into the
fjords with a concomitant biological effect. The Antarctic Peninsula (AP)
is warming faster and at a higher magnitude than the planetary mean
(Hoegh-Guldberg and Bruno, 2010; Turner et al., 2016). Consequently,
90% of all tidewater glaciers on the AP coast are on retreat (Cook et al.,
2016). Biological responses were predicted (Slattery and Bockus, 1997;
Clarke et al., 2007; Barnes and Peck, 2008; Smale et al., 2008; Hoegh-
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Guldberg and Bruno, 2010) and recent changes in benthic assemblages
could be related to increased sedimentation rates in a fjord ecosystem
(Sahade et al., 2015). Therefore, increased sedimentation can be
considered an important forcing factor, driven by the rapid warming on
the AP, in shaping Antarctic coastal ecosystems. Hence, a better un-
derstanding of the sediment input dynamics becomes crucial to improve
our current predictive capacities on ecosystem responses to Climate
Change.

Via subglacial and surface meltwater, polar ice sheets have the po-
tential to alter the physicochemical properties of the oceanic water
column (e.g., ocean circulation, sea-level, salinity, surface water tem-
perature), release nutrients (e.g., silica and iron), and modify turbidity-
inducing particles, contaminants, and organic carbon directly to the
ocean due to fluvial erosion, hence introducing the terrestrial material
into the marine system (IPCC, 2019; Meredith et al., 2019; Gutt et al.,
2021). Locally enhanced freshwater run-off charged with a high con-
centration of lithogenic particles change the biogeochemical processes
(Dierssen et al., 2002; Falk et al., 2018a; Meredith et al., 2018). An in-
crease in turbidity results in an initial decrease of the photosynthetically
active radiation in the water column and hence, in the net primary
production (Schloss and Ferreyra, 2002) with consequences for local
and regional food web and bentho-pelagic dynamics (Schofield et al.,
2010; Braeckman et al., 2021; Gutt et al., 2021). Spatial patterns and
shifts in the benthic community have been related to physical distur-
bance of lithogenic particles (Moon et al., 2015; Sahade et al., 2015;
Pineda-Metz et al., 2019). Also, sediment run-off impacts many sensitive
habitat-building and key species through light-availability reduction,
shading, and sediment coverage (i.e., macroalgae, Deregibus et al.,
2016), and by clogging sensitive respiratory and digestive structures (e.
g., krill, Fuentes et al., 2016 or ascidians, Torre et al., 2012, 2014).
Subsequently, other sediment tolerant species are locally becoming
more abundant, such as bivalves (Philipp et al., 2011; Pasotti et al.,
2015) or sediment dwellers such as infaunal worms (Sicinski et al.,
2012).

In Potter Cove, a fjord of King George/25 de Mayo Island (KGI) at the
northern tip of the West Antarctic Peninsula, collaborative interdisci-
plinary research on the nature of coastal ecosystem has an ongoing
history of over 30 years (e.g., Schloss et al., 2012; Sahade et al., 2015;
Abele et al., 2017). Therefore, it serves as an ideal coastal ecosystem for
assessing long-term historical climate-induced changes and predicting
climate responses along the Antarctic Peninsula. Published results
document the rapid landward displacement of the adjacent Fourcade
Glacier (Riickamp et al., 2011; Falk et al., 2016) which has become land-
terminating in 2016 (Meredith et al., 2018), except in a small portion at
the north-eastern side (fig.8 from Falk et al., 2016; Deregibus and Neder
unpubl.). If glacial retreat along with the AP continues leading to gla-
ciers becoming land-terminating, the dynamics of sediment-laden
meltwater and its ecological consequences we describe at Potter Cove
are likely to be similar to those in most glaciated fjords around the WAP.

Falk et al. (2018a) detected daily and even hourly fluctuation of
meltwater stream discharge, responding to rapidly changing weather
scenarios (e.g., warm days with intense sunshine versus cold days). This
illustrates the complexity of the temporal variability of the Fourcade
glacial system. Periodically accelerated (Falk et al., 2016, 2018b) and
episodically enhanced (Meredith et al., 2018) coastal run-off during the
summer melt season alters the physicochemical regime in the water
column. Monien et al. (2017) analysed the discharge of four main
meltwater streams (MWS) at the south coast of Potter Cove during two
austral summers (2010/11). They estimated the total suspended par-
ticulate matter (SPM) washout ranging between 23,000-39,000 tons/
year for the ~9km? cove, albeit with highly variable sediment transport
in different rivers. SPM run-off triggered a community shift from large
diatoms to smaller dinoflagellate phytoplankton during the summer
melt peak, affecting the pelagic food chain (Schloss and Ferreyra, 2002;
Schloss et al., 2012, Garcia et al., 2019; Fuentes et al., 2016). Also, SPM
run-off reduced the depth distribution of benthic macroalgal and diatom

communities due to light restrictions (Zacher et al., 2007; Campana
et al., 2018), and drove community assemblages’ changes suggesting
alternative equilibrium states (Sahade et al., 2015). Additionally, the
release of ice blocks through the glacial front causes scouring of the
seabed to remove benthic organisms in the shallower parts of the fjord
(Deregibus et al., 2017), while in deeper areas (>10 m), sedimentation
rates gain importance as a factor shaping the benthic assemblages
(Lagger et al., 2018). As evidenced from the above references, in Potter
Cove we are fortunate to have gathered highly resolved, multi-year
knowledge of the spatio-temporal patterns of community and ecosys-
tems shifts in response to glacier retreat (Schloss et al., 2012, 2014;
Pasotti et al., 2015; Sahade et al., 2015; Jerosch et al., 2019; Braeckman
et al., 2021; Lagger et al., 2021; Torre et al., 2021). This knowledge can
be combined with the spatio-temporal patterns of the coastal run-off for
further predictions of ecological implications at this, and other areas
under glacier retreat.

The general pattern of SPM distribution in Potter Cove is a higher
turbidity zone in the inner cove near the glacier front. The outer cove has
more marine conditions since is less affected by glacier meltwater
(Schloss and Ferreyra, 2002; Meredith et al., 2018). Jerosch et al. (2018)
used a single satellite image to show a temporal snapshot for the sedi-
ment plume, which extended <1 km away from the glacier front. The
geostatistical spatial analysis of Neder et al. (2020) narrows down the
maximum time frame of summer SPM data to only one day. However,
since local SPM is tightly linked to hydrodynamics and meteorological
conditions, and is therefore highly variable (Falk et al., 2018b); the
numerical reproduction of the spatial and temporal SPM dynamics re-
mains difficult with such applied methodologies.

Understanding SPM dynamics in coastal ecosystems is crucial when
(i) modelling current and future distribution scenarios of several benthic
suspension-feeders and communities sensitive to sedimentation or
water-mass circulation (Pineda-Metz et al., 2019), and (ii) correlating
particle pathways and transport processes of dissolved substances such
as nutrients or contaminants, as well organisms, i.e. pelagic larvae
transport to predict and explain habitat restrictions (Jansen et al., 2018;
Lagger et al., 2021; Sparaventi et al., 2021), colonisation of new ice-free
areas (Lagger et al., 2017, 2018) and genetic diversification within an
area (Martinez, 2021). Jerosch et al. (2018) extrapolated the local pat-
terns of meltwater run-off and the characteristic of coastal habitats with
higher sediment impact in Potter Cove to a broad area of 200-400 km?
along King George Island’s coastline, that are presently ice-covered bays
and fjords. As glacial retreat remains high along the AP and is becoming
land-terminating (Cook et al., 2016), there is great importance for better
understanding of spatio-temporal SPM dynamics in Antarctic terrestrial
to marine transition zones. Therefore, we aim to describe the transport
and the spatio-temporal distribution of suspended particulate matter in
the water column at Potter Cove. In particular, we will simulate: (1) the
hydrodynamics applying the Finite-volumE Sea-ice Ocean Coastal
model FESOM-C (Androsov et al., 2019), (2) the residence time of
glacier-induced passive particles, using the Lagrangian module, and (3)
the SPM concentration dynamics, equipping the model with the sedi-
ment module using as input an extensive in situ data set of meltwater
and sediment discharge. These input data include sediment discharge
measured in meltwater streams (Monien et al., 2017), total meltwater
discharge from several glacial draining processes in Fourcade glacier
sub-catchment areas (Falk et al., 2018a), run-off from meltwater streams
(Falk et al.,, 2018b), calving (Falk et al., 2016), and groundwater
discharge (Falk and Silva-Busso, 2021). Also, we will validate the SPM
dynamics in Potter Cove calculating the bias of simulated and available
in situ oceanographic, SPM and meteorological measurements (Roese,
1998; Monien et al., 2017; Servicio Nacional Meteorologico, 2019). We
hypothesise that SPM concentration and its dynamics respond to sedi-
ment run-off budget and the velocity of residual circulation dependent
on tidal and atmospheric forcing, predicting smaller bias on SPM con-
centration in less hydrodynamical areas and high SPM concentrations in
the inner cove.
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2. Methods
2.1. Potter Cove as a study area

Potter Cove, a ~ 9 km? fjord located at the northern part of the
Antarctic Peninsula in King George/25 de Mayo Island (58° 35.0’ to 58°
41.0' Wand 62° 13.9' to 62° 15.7' S) has served as a long-term study area
for more than three decades. Researches include observation of the rapid
retreat of the Fourcade Glacier and its immediate consequences for the
coastal ecology. Two central moraines divide the cove into an outer,
middle, and inner part (Fig. 1). Winds control the dominating surface
cyclonic circulation (Kloser et al., 1994; Schloss et al., 1997) shown by
Roese (1998) and Lim (2014). The incoming water current from
Maxwell Bay flows towards the middle and inner cove along the
northwest coast where it then forms a gyre at the glacier front. Currents
then move out to the cove along the southeast coastline at the location of
the meltwater run-off streams (MWS) and Carlini station (Fig. 1).

The Fourcade Glacier discharge is measurable as freshwater and
particulate inputs. These inputs are strongly related to meteorological
conditions such as air-soil temperature, precipitation, and radiation that
are the main drivers determining the glaciological and hydrological
discharge and groundwater contribution (Fig. 1, Falk et al., 2016,
2018a,2018b; Meredith et al., 2018; Falk and Silva-Busso, 2021).
Several freshwater inputs were located based on photographs taken
during the summer of 2010/2011 (Fig. 2). The subdivisions of the
glacier catchment were based on personal and GPS-supported

observations during the annual glaciological summer field campaigns
from 2010 to 2017, as well as a detailed topographic map (Braun et al.,
2016). The glacier then was subdivided into smaller sub-catchments by
identifying the higher glacial-elevation division accounting for gravi-
tational flow, the position and orientation of crevasses, and the glacial
flow directions (Falk et al., 2016). The derived sub-catchments (SC)
were then calibrated against oceanographic data roughly quantifying
the significant meltwater input to coastal waters along the coastline in
Potter Cove. Subglacial discharge was acknowledged but not quantified.
The total annual discharge of 25 + 6 hm3/y (Falk et al., 2018a) was
compartmentalised into sub-catchment areas on a percentage and
hourly basis (Table 1) to model in a high time resolution.

Based on the analysis of meteorological summer observations from
December 1990 to February 2019 measured at Carlini station every 3 h
(n = 21,763) at an altitude of 11 m (Servicio Nacional Meteorologico,
2019, Exp.175494, Argentina), we identified the summer season
2010/2011 as a representative summer to model. Mean air temperature
is 1.78 + 1.68°C, mean wind speed 34.56 + 18.68 km/h, mean atmo-
spheric pressure 989.1 + 9.21 hPa and mean humidity 83.5 + 6.9% of
humidity. It is not significantly different from its previous decade mean
(summers between December 2000-February 2010) of 1.84 + 1.87°C
mean air temperature, 29.20 + 17.72 km/h mean wind speed, 989.8 +
9.21 hPa mean atmospheric pressure and 85.5 + 6.6% of mean hu-
midity. Nor to the next decade mean (summers between December
2011-February 2019) of 1.04 &+ 1.45°C mean air temperature, 27.91 +
16.44 km/h mean wind speed, 984.2 + 24.23 hPa mean atmospheric

L = f o
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17.2-1551.3
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Fig. 1. Research area in Potter Cove, at the (a) northern tip of the West Antarctic Peninsula of (b) King George/25 de Mayo Island. (¢) The Fourcade Glacier
catchment is subdivided into sub-catchments (SC) from the northwest (NW) to the east (E) and the creek’s catchment (North and South Potter). Glacier discharge and
meltwater input processes are shown in arrows. Glaciological discharge: Glacier draining (blue arrows) and run-off glacier meltwater streams (light orange arrows);
Hydrological discharge: groundwater aquifers (pink arrow), subglacial discharge, (yellow arrow) and waterfalls (green arrow); Calving: ice breaking-off front (from
point 1 to 2 in black arrows). The star symbol “** with an alphabetic character corresponds to photos in Fig. 2 and the location where they were taken. Run-off stream
with precipitation origin (dark orange arrow) is not a glacier discharge but is a freshwater input. Suspended particulate matter sampling in summer 2010/2011 in
increased value (mg/1) in blue, green, orange, red circles show the variation at different stations located within the cove. Meltwater streams run-off with sediment
input (MWS). Background base map Maxar-DigitalGlobe (2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. During the summer season of 2010/2011 at Potter Cove, Fourcade Glacier discharge consisted of different photographed processes. Photography locations
correspond to the “*’ symbol in Fig. 1 following the corresponding alphabetic character (a, b) Glaciological discharge with glacier drains from glacier front and
extensions and ice crevasse but not calving capture, Dec. 2010. (c) Ice-covered by land, Jan. 2011. (d, ) Hydrological discharge: Waterfall in the inner northern Cove
with clear freshwater input, Dec. 2010. (f) Hydrological discharge: groundwater, Dec. 2010. (g) Glacier discharge: run-off streams with soil erosion dragging
sediment into the Cove, entering the marine system as suspended particulate matter (SPM). Photos with Creative Common License by Doris Abele.

pressure and 90.6 + 9.2% of mean humidity. Due to the geographic
location of Potter Cove, wind direction is essential to understand the air
masses and how it influences air humidity, temperature, rain. The nature
of wind masses in Potter Cove differs between seasons: Westerlies during
the summer with warm and moist air from mid-latitudes, Easterlies
during winter with cold and dry air from the Antarctic continent (Mer-
edith et al., 2018). Wind Rose analyses over three decades characterise
Potter Cove’s meteorology with a predominance of breeze type in all
speed subclasses from the west and south-west (Fig. 3, Appendix Al).

2.2. FESOM-C model description

The FESOM-C model (Androsov et al., 2019) was used to simulate
total SPM dynamics in Potter Cove. The FESOM-C is the coastal branch
of the global Finite volumE Sea ice-Ocean Model (FESOM2; Danilov
et al., 2017). The model has been validated in a series of idealised and
realistic scenarios (e.g., Androsov et al., 2019; Fofonova et al., 2019,
2021; Kuznetsov et al., 2020). It uses cell-vertex finite volume dis-
cretisation and works on any triangular, quadrangular, or hybrid
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Table 1

Total glacier discharge division for different processes such as glacier draining (Falk et al., 2018a, 2018b) and groundwater (Falk and Silva-Busso, 2021) considering
different measurements in their maxim calculated resolution of glacier sub-catchments — SC — division and run-off meltwater streams (Falk et al., 2018b) as input in

FESOM-C. Subglacial discharge remains up-to-date unknown.

Process Day Day Sub-catchment Long Lat Long Lat Discharge Unit Photographic
start end area position] position] position2 position2 record
0,
SC-NWO —58.70843 —62.22943 —58.70626 —62.22818 t7<;‘t‘af of -
0,
SC-NW1 —58.70626 —62.22818 —58.70234 —62.22782 tl(ifl/o of -
0,
SC-NW2 —58.70234 —62.22782 —58.69353 —62.22693 3(;?3;0 of -
0,
SC-NW3 —58.69353 —62.22693 —58.68021 —62.22388 tzc;faf) of -
Glaciological and 01/12 31/03 11.1% of (m®/
hydrological discharge 2010 2011 SC-NW4 —58.68021 —62.22388 —58.66065 —62.22476 tot.al ° h) -
SC-NW5 —58.66065 —62.22476 —58.64778 —62.21978 3% of total Fig. 2 (d, e)
0,
SC-E0 —58.64778 —62.21978 —58.64417 —62.22016 tl(?t.all/u of
.29 Fig. 2 (a—
SC-E1 5864417 6222016 5863685 6222331  L0-2%of ig. 2 (a-c),
total Fig. 2 (f)
0,
SC-E2 —58.63685 —62.22331 —58.63660 —62.22752 ?(;faf of
Run-off meltwater streams 30/01 05/03 North Potter —58.63660 —62.22752 —58.65155 —62.23276 1.07 (m3/ Fig. 2 (2)
2011 2011 South Potter —58.65155 —62.23276 —58.65996 —62.23622 0.74 s) &<l
N N
(a) NNW 7 NNE 1990-2019 (b) NNW. 7 NNE 1st decade:1990-2000
Y 6 S = N mFresh breeze
5 u Fresh breeze 5
y = m Strong breeze = mStrongibreeze
Z B Gentle breeze
WNW / 33 \ENE mGentle breeze = =
= \ 2 mModerate breeze
m Moderate breeze 9

u Light breeze

Near gale
Fresh gale
m Light air

u Strong gale

SSW SSE mViolent storm
S Calm: 5.1%
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Fig. 3. Thirty years of summer wind conditions at Potter Cove. Wind roses for (a) all summers 1990-2019, (b) summers of the first decade 1990-2000, (c) second
decade 2001-2010, and (d) third decade 2011-2019. The legend shows, in decreasing order, the percentage of relative wind speed frequencies classified according to
Beaufort categories (Britannica, T. Editors of Encyclopaedia, 2017) for each direction. Calm wind type is extracted from the rose due to lack of direction information.
For further analysis, see Appendix A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

meshes, ensuring geometrical flexibility and numerical efficiency for
coastal simulations (Danilov and Androsov, 2015). It solves a standard
set of equations for ocean dynamics in the Boussinesq, hydrostatic, and
traditional approximations (see, e.g., Marshall et al., 1997).

The simulated period is one extended austral summer season from
1st December 2010 to early autumn 31st March 2011 (120 days). The

SPM data availability and the representative meteorological conditions
of recent summers between 2000 and 2019 dictated the period’s choice.
This study considers SPM as an inert stressor to the ecosystem with a
higher inorganic fraction and does not consider directly biological
processes such as uptake of nutrients by phytoplankton and bacteria,
nutrient regeneration, or degradation. We performed a series of
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barotropic 2D runs (depth-averaged solutions) with tidal forcing and
turned on/off wind forcing (model setup 1, only tidal and model setup 2,
tidal and wind forcing) varying parameters attributed to the sediment
module. The bottom friction coefficient was set to 2.6 x 1075,

2.2.1. The mesh

An unstructured mesh with 30,401 nodes and 30,000 quadrilateral
elements in a horizontal plane was constructed for the modelling
domain using an elliptical method allowing for smooth distances be-
tween nodes and quasi-orthogonalization to the boundaries (Fig. B1).
The horizontal resolution varied from 23.4 m in the deep part of the
domain near the open boundary to 5.3 m in the shallow part near the
coastline.

2.2.2. FESOM-C setup

Bathymetry raster in a 5 x 5 m grid (Jerosch et al., 2015; Fig. B2a)
was used to define lateral solid boundary — bathymetry and coastline
position of the studied domain. These data were updated to the year
2018 by a new coastline and ice-free areas in 2018, digitised from sat-
ellite imagery (DigitalGlobe, 2014, and Landsat 8 in 2018 from U.S.
Geological Survey, 2019) since the most remarkable glacier retreat
occurred before 2010 with a glacier retreat of 0.124 km? between 2010
and 2018.

We relied on the TPXO 9 atlas (TPXO, 2020; Egbert and Erofeeva,
2002) for the open boundary conditions of the tidal elevation. In this
study we considered eight main diurnal and semidiurnal harmonic
constituents and one higher harmonic (M2, S2, N2, K2, K1, O1, P1, Q1,
M4) to generate an elevation at the open boundary. TPXO 9 atlas
combines the 1/6° base global solution and the 1/30° resolution local
solutions for all coastal areas, including our domain of interest. Each
subsequent model in TPXO is based on updated bathymetry and as-
similates more data than previously available versions (King and Pad-
man, 2005).

The atmospheric data for our simulations were derived from down-
scaled re-analyses by CCLM 5.0 model (see Table 2, Zentek and Heine-
mann, 2020). The ocean model uses surface winds and air pressure at sea
level.

The total meltwater discharge from the Fourcade Glacier catchment
(Fig. B2b) defined in Table 1 for each sub-catchment depends on air-soil
temperature, precipitation, and radiation, as well as variates in time
from December 2010 until April 2011 (Falk et al., 2016, 2018a, 2018b;
Falk and Silva-Busso, 2021. Hourly glacier discharge data were used to
calculate the volume input for each sub-catchment located at the
northern and eastern parts of the domain considering various glacier
melt processes (Table 1 and Fig. 1). Due to a significant level of uncer-
tainty related to the exact source location, the discharge of each sub-
catchment was distributed through the whole boundary proportionally
to the length of the boundary edges (Fig. B1).

SPM data for the study period were taken from the PANGAEA data
archive (Neder et al., 2016), a compilation of SPM measurements from
Philipp et al. (2011), Schloss et al. (2012), Monien et al. (2017), and the
meteorological summer data from the Argentinian National Meteoro-
logical Service. Three meltwater streams (MWS) located in the North
and South Potter creeks (Fig. 1, orange arrows), and one originating in
the south-eastern part of Potter Cove (Fig. 1, brown arrow) were
considered as sources of sediment discharged from the terrestrial into
the marine system. The SPM concentrations were measured at these four
streams hourly/daily during December 2010 and February 2011
(Fig. B2c, Monien et al., 2017). A maximum daily average input was
identified on 31st January 2011 from MWS-4 (1198.1 mg/1). If the time
gap between two subsequent observations were <24 h, the SPM value
was linearly interpolated to generate a consistent hourly data set.
Otherwise, the averaged SPM concentration was used (MWS-1: 91.1 mg/
I, MWS-2: 20.1 mg/1, MWS-4: 296.6 mg/1 or MWS-5: 14.8 mg/1). The
freshwater run-off throughout the streams varies from 0.74 to 1.07 m®/s
(740 1/s to 1070 1/s).

Table 2
Observed and derived input data to run FESOM-C models.
Input Type/Resolution Source
Bathymetry Raster data of 25 m? This study, updated from
interpolated via topo to raster ~ Jerosch et al., 2015
ArcGIS tool
Coastline Line shapefile data This study, updated from

Tidal elevation
forcing at the
open boundary

Coriolis pseudo-
force

Atmospheric
forcing

Glacier freshwater
run-off forcing

Meltwater stream

TPXO 9 Atlas 1/30° to force
at the open boundary

Value calculated at each
node of the designed mesh in
Potter Cove depending on
the given latitude
Downscaled reanalyses by
CCLM 5.0 model with hourly
resolution and 15 km
horizontal resolution.
Atmospheric model data
linearly interpolated to the
considered domain

Hourly discharge during 120
days in summer/spring (see
Table 1)

4 MWS stations measured

DigitalGlobe, 2014, Jerosch
et al., 2015, U.S Geological
Survey, 2019
https://www.tpxo.net/
global/tpxo9-atlas;Egbert
and Erofeeva, 2002

This study

University of Trier, CCLM
simulations Weddell Sea
(SPP project HE 2740/19).
Pers. comm.: Giinther
Heinemann (Universitat
Trier), Zentek, Rolf
(Universitat Trier) and
Lukrecia Stulic (AWI).
Zentek and Heinemann,
2020

Derived from Falk et al.,
2016, 2018a, 2018b; Falk
and Silva-Busso, 2021
Monien et al., 2017

(MWS) SPM run-
off forcing

suspended particulate matter
(SPM) concentration during
nine days of summer Dec
2010 to Feb 2011 and
estimated SPM percentage at
the glacier front

Due to the lack of SPM measurements of discharge along the Four-
cade glacier catchment or similar ecosystems, but acknowledging
freshwater input near the glacier front along the identified sub-
catchments (Figs. 1 and 2); the SPM contribution was tested. Three
scenarios were proposed: the glacier discharge contained i) 0.1%, ii)
0.5%, and iii) 1% SPM of the average concentration published by
Monien et al. (2017), which correspond to 0.27 mg/1 (0.00027 kg/m3),
1.35 mg/1 (0.00135 kg/m®) and 2.7 mg/1 (0.0027 kg/m®), respectively.
The glacier run-off and corresponding SPM input were distributed across
the whole border of each sub-catchment. Available observations eval-
uated the performance of these scenarios with a deviation of <0.01 mg/1
at the measurements closest to the glacier front (Fig. 1, SC-NW4, SC-
NWS5, and EO). For this study, the middle-low glacier discharge scenario
ii) of 1.35 mg/1 SPM concentration (0.5%, see Section 2.5) was chosen as
default due to a better performance with smaller bias in experiments
with tidal and atmospheric forcing than the other two scenarios i) and
iii). We should stress that additional measurements closer to the glacier
front in the inner cove are needed to further confirm the number used in
this study. Due to ice-breaking risks, those could not be measured.
Table 2 summarises the input and forcing data to run FESOM-C
modelling. Table 3 presents the output of the model.

2.3. The FESOM-C Lagrangian tracking module

As a post-processing tool, the Drift Model (FESOM-C drift) was
applied to estimate the trajectories of massless particles (passive tracers)
in the Lagrangian representation using the FESOM-C results. First, the
horizontal velocities were interpolated to the points with the particle
coordinates. Then, after calculating the velocity vector acting on the
particle, its new coordinates were determined. This process was
repeated. If the particle left the open boundary or remained in the same
position >4-time steps (4 h), it was moved to its initial position. The drift
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Table 3
Derived output from FESOM-C simulations.

Output Resolution Source

Sea surface height Calculated at each node or cell centre  This study, Fig. C1

Residual of the designed mesh in Potter Cove. This study, Fig. 4
circulation The time step in the model is 2 s. The
Vorticity output for all fields (as the snap- This study, Fig. 5

Bottom stress
Current velocity
Tracer trajectories

shorts) is organed every hour This study, Fig. C2
This study, Fig. C3
This study, Fig. 7,
Video S1, Fig. D1
This study, Fig. 8,
Video S2, Appendix
E

SPM concentration
dynamics

model used calculated horizontal velocity with hourly output. Time
layers for the velocity vector were linearly interpolated in one-minute
increments to calculate the motion of the tracers.

A 120-days simulation (December 2010-March 2011) of a passive
tracer’s release experiment was carried out to understand the particle
transport pattern and residence time in Potter Cove. At each particular
glacier sub-catchment area, 25 tracers, and at each particular run-off
MWS area, 50 tracers, were released with a radius of up to 3 grid edge
lengths.

2.4. The FESOM-C sediment module

The dynamic of fine-grained sediments moving in the water column
was determined based on the vertical averaged shallow water
equations using: i) the equation of impurity transport with a source
function describing the processes of roiling or accumulation of
sedimentary material, and ii) the continuity equation written for the
bottom soil in a unified system of the FESOM-C hydrodynamic model
(Androsov et al., 2019). The dynamical coupling of hydrodynamics and
sediment processes within the framework of one numerical model is
dictated by the close relationship between litho-dynamic and hydrody-
namic processes (e.g., mixing, advection), especially in the coastal areas.

The numerical model to calculate the particle transport and deposi-
tion is a set of equations defined in Androsov et al. (2019) with a source
function describing the particle spatial and temporal development pro-
portional to the difference between the actual and equilibrium con-
centrations in the bottom layer. Bottom sediment discharge is
determined by the Van Rijn approach (van Rijn, 1984, 1985, 1987). The
change in depth caused by bottom erosion or sediment accumulation
was calculated based on the continuity equation, which takes the rate of
settling or roiling into account. The model used assumes that the
adaptation of bottom sediments to the fluid flow is instantaneous. The
critical velocity of roiling was determined by the Shields criterion (van
Rijn, 1984). The average settling velocity of the material available for
transport was computed according to Simpson and Castelltort (2006).
Each SPM simulation defined in the following section considers only one
type of particle.

2.5. Sediment module evaluation

Due to the large level of uncertainty regarding the characteristics of
the typical particles in the area, ten sensitivity experiments were per-
formed to minimise the discrepancy between observation and simula-
tion data. In a default run, the diameter of realised particles equalled
0.045 mm, particle density was set to 1450 kg/m®, and material porosity
was set to 0.4 equivalent to a mud/sand particle. In the additional
experiments:

1. The particle deposition rate was decreased by 10% of the primary
deposition rate.

2. The diameter of sediment particles was decreased by about 10%
(from 4.5 x 107> mto 4 x 107> m).

3. The density was decreased 10%-15% of the reference density (from
1450 kg/m® to 1305 kg/m®, and 1232.5 kg/m®).

Also, we tested three sediment discharge scenarios as described in
Section 2.2.2.

The model performance was evaluated by the root mean standard
deviation error (RMSD) analysis between modelled and a total of 63
SPM in situ concentration measurements spatially distributed in space
and time for the considered summer period and domain (Neder et al.,
2016; Monien et al., 2017).

3. Results
3.1. Hydrodynamics in Potter Cove

Tidal-only forcing (setup 1) only tracks the tidal effect on the cir-
culation pattern. The simulated residual circulation of a summary tide
(by M2, S2, N2, K2, K1, O1, P1, Q1, M4 constituents) is shown in Fig. 4a.
The flow reflects the bathymetric features and follows the position of the
moraines, which formally divides the cove into the inner, middle, and
outer cove. Note that the pattern shown represents the continuously
induced tidal transport and can be treated as a benchmark circulation.
This pattern does not apply to a particular time frame but represents the
residual currents after one synodic month (29.5 days). It can be signif-
icantly modified by wind forcing and local currents of different origins
(Fig. 4b).

The only-tidal residual circulation (Fig. 4a) differs from the residual
circulation, considering both tidal and wind forcing (Fig. 4b). In the first
case, the residual circulation is relatively weak with a maximum of
0.005 m/s and larger velocities in the middle cove than the inner cove.
The main direction of residual circulation is cyclonic and is determined
by the direction of the Kelvin wave in the Southern Hemisphere. Against
the background of the main transport, there are multidirectional small-
scale vortex systems of residual circulation due to the morphometric
features of the modelled area and the meltwater inflow. An intensifi-
cation of the residual circulation is observed as expected in the zones of
large bathymetric gradient (bottom slope) where the greatest velocity
shift in the spatial direction took place.

Residual velocities with the wind component showed for the whole
summer 20 times higher amplitudes than in setup 1 without wind
forcing, reaching 0.1 m/s. No significant changes in the velocity vectors
were found in the outer cove with or without wind forcing during the
considered period (Fig. C3c and d). A distinctive feature due to atmo-
spheric forcing and bathymetry was a change in the direction of the
vortex in the central deeper part (45-50 m) of the middle cove at
—58.685 latitude. Noticeably, a similar circulation pattern occurred in
the inner cove in both experiments, but with an intensification of the
current’s amplitude in the setup with wind forcing.

An important aspect of wind-driven circulation against the back-
ground of tidal dynamics was the structure of vortex fields. Monthly
averaged vorticity (Fig. 5), showed high temporal variability and a
complex spatial structure. Cyclonic vortices alternate with anticyclonic
ones, forming a system corresponding to minimum energy loss. A
cyclonic vortex along Potter Cove coastline was remarkable at the
southeast coastline in January and at the northwest coast in March
(Fig. 5). During December and February, the water movement followed
the seafloor topography with some anticyclonic vortexes at the centre of
the inner cove and in the middle cove. Both tidal dynamics and atmo-
spheric forcing determined the character of the present vortex struc-
tures. In the middle part of the domain, the anticyclonic vortex, possibly
determining the main factor in sediment transport, retained its structure
throughout all months except for January. The nature of this vortex was
mainly determined by the tidal movement formed during the passage of
the alongshore tidal wave. The bed stress for the analysed period showed
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higher values along the southern coast, leading to sediment motion of
particles with small grain size as clay/silt and deposition of bigger size as
sand/gravel particles (Fig. C2).

3.2. Lagrangian tracers’ trajectories

As an idealised experiment, the trajectories of the massless particles
(passive tracers) released from the glacier sub-catchment (SC, Fig. 6)
and the four meltwater streams (MWS, Fig. 7), were calculated by the
Lagrangian post-processing module. The dynamics of ten passive parti-
cles (the number of particles is limited for visualisation purposes)
released from glacier SC are shown in the video ‘Tracer’s trajectories of
glacier SC’ available in the electronic version of this article (Video S1)
and summarised in Fig. 6 (also see Fig. D1). Tracers stayed longer in the
middle cove, and often, export from the domain occurred via the
southeast coast. Note that once the particles are exported from the
domain, they would be released again to restart the trajectories simu-
lation. Particles released from SC-NWO, SC-NW1, and SC-NW2 were
exported to the open sea within seven days. Particles from SC-NW3 and
SC-NW4 moved in a clockwise direction towards the middle cove into
the location of the moraine 2 (Fig. 6). Particles from the inner cove SC-
NW4, SC-E0, SC-E1, and SC-E2 moved counter clockwise.

In the inner cove, the trajectories of the tracers released from the four
MWS (Fig. 7) followed the residual circulation pattern defined by tidal
and wind forcing (Fig. 4b). Such circulation retained the tracers for a
longer time in the inner cove, extending the export period towards
Maxwell Bay via the southern coastline. On average, the residence time
of tracers was between eight days in the inner cove and three in the outer
cove, with maximum residence time of 17 days (Fig. 7).

When tracers particles were released from the MWS-1, after a week
the trajectories show that particles circulate in two main vortexes (yel-
low trajectories, Fig. 7e), one in the inner cove with a longer lifespan and
the other in the middle cove with a shorter residence time before they
get exported out of the domain following the southern coastline. These
trajectories highlight that, particles released from this stream will likely
be found in the inner cove for up to two weeks. Meanwhile, the particles

released from MWS-2 will be caught in the middle cove, although the
immediate circulation trajectory was towards the inner cove. Particles
released from MWS-4 and MWS-5 have a shorter lifespan (between 7 and
9 days) and a faster export towards the southern coastline. Except for a
single tracer, which lasted 17 days before being exported out of the
domain along the north-western coastline. The experiment with the
massless particles (passive tracers) allows us to follow the potential
trajectories of material in the considered domain. However, a compre-
hensive view of SPM spatio-temporal dynamics is further described in
the following section.

3.3. Suspended particulate matter dynamics

The SPM dynamics in Potter Cove during an average austral summer
and beginning autumn (120 days from 1st December 2010 to 31st March
2011) was animated on an hourly basis with a spatial resolution of
5.3-24 m applied by the designed mesh. The resulting video is available
in the electronic version of this article. The monthly mean of spatial SPM
concentration showed an average and standard deviations of 9.17 +
13.92 mg/1 in December, 16.23 + 17.85 mg/l in January, 17.78 +
21.33 mg/1 in February, and 14.15 + 21.10 mg/1 in March (Fig. 8a).
Monthly mean SPM decreased with distance from the northern glacier
front and water depth, reflecting the monthly mean vorticity (Fig. 5).
Higher mean SPM concentrations (15 to >200 mg/1) were constantly
found in the inner cove. The SPM plume originates from the sub-
catchment area of the MWS and southeastern coastline and moves to-
wards the inner cove in December. In January, the area with a relatively
high SPM concentration starts to extend, causing a higher mean SPM
concentration in the inner than in the middle cove. Subsequently, the
middle cove experienced higher mean and more homogeneous SPM
concentrations in February than in December (15 to >330 mg/1). The
SPM input was lower in March and particles were faster exported from
the cove, maintaining higher concentrations in the inner cove. MWS-1
and MWS-2 are still the main suppliers with a significant impact on
the SPM dynamics (Fig. 7).

The modelled monthly average SPM plume for December, January,
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Fig. 5. Monthly mean vorticity (non-dimensional) on setup 2 (tidal and wind
forcing). Positive values for cyclonic eddies and negatives for anticyclonic.

February, and March expands from the glacier front to 1.40 km?, 3.47
km?, 3.86 km?, 2.51 km? offshore, respectively, with values between 15
and > 170 mg/l. Maximum SPM concentration occurred along the
southern coast of Potter Cove with the highest estimated concentrations
simulated during January 2011 of 790 mg/1 SPM near the MWS run-off
stations, 250 mg/1 at the centre of the middle cove, and over 500 mg/1 in
the inner cove (Fig. E1). Contrarily, the minimum values show that
during December 2010, the SPM concentration was associated directly
with the MWS run-off input (Fig. E1). February 2011 concentrations
were mainly derived from the particles released in the previous two
weeks from MWS-1 and MWS-2 (i.e., on the 31st of January 2011) and
retained in the water column of the inner cove due to atmospheric
forcing.

3.4. Model assessment

According to the available sea surface height (SSH) observations, the
mean sea level in the area is ~1.34 m (Fig. C1). The tidal height spec-
trum contains the pronounced peak at semidiurnal and diurnal fre-
quencies attributed to tidal dynamics. The major tidal constituent was
M2, with an amplitude equal to 0.43 m, followed by diurnal constituent
O1 with an amplitude equal to 0.285 m based on observational data by

Roese (1998). The difference between the observed and modelled am-
plitudes for two main constituents, M2 and O1, equalled 2.35 x 102m
and 7 x 10~* m respectively, showing very good agreement between the
numerical results and observational data.

Uncertainties attributed to the characteristics of the particles led us
to run a series of sensitivity experiments (Table E1). The average error
for all experiments was 3.74 mg SPM/l. The default configuration
(Parameterization 1) resulted in the best model to describe SPM dy-
namics considering the smallest RMSD (root-mean-square deviation). As
expected, the setup with the full forcing (setup 2) showed better results
than the setup with only tidal forcing (setup 1). The RMSD for setup 1
equalled 8.5 mg/1, the RMSD for setup 2 equalled 6.5 mg/1 (Table 4).
The mean and maximum SPM concentration according to all available
observations (n = 63) within the considered period amounted to 4.3 to
43.4 mg/], respectively. The deviation time (Fig. 9) and spatial (Fig. 10)
distribution cannot be neglected. Parameterization 2 is a remarkable
example with a middle-level performance considering a RMSD of 13.9
mg/]1 due to the large discrepancy between simulations and observed
data, particularly on 31st January 2011 at three stations in the middle-
cove (WC-02, WC-08, E2-WC-04). On that day, the maximum SPM
concentration was observed both in the water column and meltwater
streams, and consequently, in all simulations as an overestimate be-
tween 22.6 and 66.3 mg/l. If observations of 31st January were
excluded, the RMSD for all experiments varied from 3.6 to 4.8 mg/1
reducing the RMSD up to 4.5 times (Table E1).

The mean deviation between the simulated and observed values per
station showed better performance when the wind was included
(Fig. 10a—d). Only tidal forcing bias (Fig. 10a) yielded a higher deviation
with a mean underestimation of —1.35 mg/l compared to setup 2
(Fig. 10b-d, —0.55 mg/1 default Parameterization 1 vs 0. 55 mg/1
Parameterization 2).

A significant overestimation was evident at the stations WC-02 and
WC-08, located in the middle cove, with a maximum mean bias of 3.73
mg/l in WC-02 setup 1 (Fig. 10a) and 3.84 mg/l in WC-08 setup 2
(Fig. 10b and c). Note that at these stations the average overall available
observations differed by <1.3 mg/1 (underestimation of 30% for WC-02
and overestimation of 27% for WC-08) excluding the measurements on
the 31st of January and using a particle density of 1305 kg/m®
(Fig. 10d). Particularly, both stations WC-02 and WC-08 in the middle
cove and WC-07 in the outer cove (Fig. 10a-d) were sampled on the
same critical days, the 31st January and 14th February 2011. Hence, we
assume that the sources of observed bias are attributed (i) to the extreme
SPM input and (ii) to the quality of the wind forcing superimposed on
bathymetry data uncertainty. During 13th and 14th February, rapid
changes in wind speed and direction (Fig. 11) reflected the atmospheric
forcing. During 14th February, the wind from the northeast changed to
the southeast and increased its velocity by six times. The velocity 2 m/s
on the 13th at midnight changed to 12 m/s at ~14:00 h, shifting the
current’s direction towards the northwest and doubling its velocity to
0.023 m/s.

In both setups and parameterizations, a single measurement also
located in the middle cove showed the highest underestimated SPM
concentration by <79% of the observation (WC-16, Fig. 10). This
measurement was taken on 9th February 2011, five days after a high
SPM input and in the vicinity of the stations WC-02 and WC-08. The area
around these stations, the middle cove, can be characterised by a more
complex circulation pattern in setup 2 compared to setup 1.

On 14th February 2011, the default parameterization driven only by
tides (green line, Fig. 9) performed better, indicating that rapid changes
in the wind pattern have a significant effect on the currents. Fig. 12
shows the simulated currents for the dates of exceptionally over-
estimated SPM concentrations (13th-14th February 2011). High-speed
currents along the solid boundary of the northwest and southeast
coast could have led to a higher transport of particles to the middle cove
during noon of the 13th February.
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of this article (Video S1).
4. Discussion

Lithogenic particle run-off into glacial coves is one of the central
drivers of nearshore community change and ecosystem shift in coastal
fjords (Thrush et al., 2004; Moon et al., 2015; Sahade et al., 2015; Clark
etal., 2017; Braeckman et al., 2021). This modelling effort improves our
understanding of the spatial and temporal distribution of SPM that in-
fluences the sessile benthic community (e.g., Philipp et al., 2011; Torre
etal.,, 2012, 2017, 2021; Ahn et al., 2016; Campana et al., 2018; Jerosch
et al., 2019). This newly-gained knowledge relates the spatio-temporal
patterns of meltwater run-off to the observed ecosystem shifts in
Potter Cove. It also serves as a sample study to predict future changes in
comparable fjordic ecosystems along polar and subpolar regions under
glacier retreat.

The results highlight that (1) the circulation pattern in Potter Cove
and the consequent particle transport are driven by tidal and wind
forcing sensitive to changes in wind speed and direction, and bathym-
etry, (2) SPM dynamics are sensitive to extreme SPM input events and
SPM particle characteristics, (3) the middle cove is the area with the
highest hydrographical complexity, (4) the maximum tracers residence
time is 17 days with a longer lifespan in the middle cove because of the
particles released from the major SPM suppliers (MWS-1, MWS-2, fol-
lowed by MWS-4), and (5) the SPM plume expands in the inner and
middle cove with monthly mean values between 15 and 330 mg/1 with a
maximum of 790 mg/1 during January and a maximum plume expansion
during February.

4.1. Hierarchy of drivers of coastal change

The material transport in a semi-enclosed aquatic environment is
primarily determined by residual tidal circulation, which is directly
related to the nonlinear processes such as advection of momentum,
water level nonlinearity, and quadratic friction (e.g., Fofonova et al.,
2019). Because it is the only permanent feature over time, tidally-
induced residual circulation can be treated as a baseline transport

force primarily driven by semidiurnal lunar constituent M2 (Androsov
et al., 2019). However, as shown in this study and other coastal eco-
systems, the residual circulation is sensitive to wind forcing and local
baroclinic effects (e.g., Fofonova et al., 2019; Yoo et al., 2015; Ruiz
Barlett et al., 2021). The model setup with tidal and wind forcing
improved the model outcome by a 27% reduction in RMSD (root-mean-
square deviation validated by SPM measurements) compared to the
model without wind (from 8.9 mg/1 to 6.5 mg/1, Table 4).

Our assumptions on the concentration and distribution of SPM from
the glacier discharge (0.5% equal SPM 1.35 mg/1) resulted in a small
bias (<0.01 mg/1) between observed and modelled values comparing
the variation of the three possible scenarios. Deviations occurred mainly
due to high SPM input during critical days (31st January and 14th
February, Monien et al., 2017) when rapid changes in wind speed and
directions changed the currents and delayed the response in the sedi-
ment plume of up to five days (9th February, Neder et al., 2020). The
SPM observations do not always capture the extreme measurements
when weather conditions do not allow navigation. Additional run-off
measurements of the glacier catchment and closer to the glacier front
would contribute to improving the model.

We observed that SPM dynamics were highly sensitive to particle
characteristics. Particles of lower density (from default 1450 kg/m? to
1305 kg/m>) doubles the RMSD when the critical date of the maximum
input (31st January) was included. Meanwhile, a decrease in the particle
diameter (4.5 x 10> m to 4.0 x 10~> m) improved the overall perfor-
mance by 5-16%, reducing the RMSD when data measured at that date
were not included. These changes in performance indicate that the
dominant particles suspended in the water column could consist of a
pool of particles with a mixture of densities and sizes. The organic and
inorganic fraction of the SPM might behave differently as the organic
matter is smaller (<2 pm). This corresponds with the finding that lighter
clay particles correlated with the organic fraction are horizontally
transported, forming the SPM plume. Meanwhile, the silt fraction mostly
sinks to the bottom (Schloss et al., 1999).
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Fig. 8. (a) Suspended particulate matter (SPM) plume expansion and average
monthly concentration simulated for December 2010 until March 2011.
Considered particles have 4.5 x 10~°m diameter and 1305 kg/m® density. (b)
SPM dynamics is available in the electronic version of this article (Video S2).

4.2. SPM spatial-temporal distribution

This is the first model simulating SPM dynamics in Potter Cove. A
model animation showing results is available in the electronic version of
this article (Fig. 8b). The present analysis of 120 days SPM distribution
with high temporal (hourly) and spatial resolution (meters) show a
complex and dynamic picture in Potter Cove. The SPM dynamics ranged
from 0.02 to >330 mg/l, in agreement to Monien et al. (2017) spatial
summer estimation. In particular, the spatial mean SPM concentration
pattern estimated for a summer scenario proposed by Monien et al.
(2017) is comparable with the maximum values simulated for February
in our analysis. The local circulation patterns and the SPM dynamics
show the middle cove to be the area of highest hydrographical
complexity. This area represents a transition between the inner cove,
highly affected by meltwater and sediment input, and the marine
habitat. Following Neder et al. (2020)’s range of high SPM values be-
tween 4 and 35 mg/l, the dynamic SPM plume reaches a monthly
average area of 5.02 km? and expands it an additional 0.5 km? with SPM
concentrations >35 mg/1.

The hydrography of Potter Cove, the dynamic expansion of the SPM
plume, and the classification based on the cluster analysis by Jerosch
et al. (2018), indicates that the meltwater fjord habitat can be reclas-
sified. On one extreme, the meltwater fjord habitat could be extended to
awider area (monthly mean 5.52 km?) by merging with the fjord habitat
(FH). A more conservative approach (Fig. 13), would be to reclassify the
now-single benthic habitat into four: high meltwater fjord habitat
(HMFH) up to moraine 2, low meltwater fjord habitat (LMFH) up to the
deepest area of the centre of the middle cove, fjord habitat (FH) up to
moraine 1 and marine habitat (MH).

The SPM simulations of this study and the plume spread of lithogenic
particles transported into marine systems are consistent with observa-
tions in other marine studies. At the North Sea (51°-52°N), the plume
varies similarly to our study along the gradient from the SPM source to
the marine habitat unaffected by the discharge, showing sediment
concentrations near the coast between a minimum of 20-70 mg/1 with
maxima up to 1000 mg/1, to a minimum of <10 mg/1in the offshore area
(Fettweis et al., 2007). Our monthly SPM mean values are slightly higher
than those measured in the Arctic Kongsfjorden Fjord (79°N 12-13°E)
where SPM concentrations range between 0.13 and 8.38 mg/1 (Ardini
et al., 2016). Also, SPM values are two orders of magnitude lower
(50-14,200 mg/1) than the maximum-SPM simulated concentrations in
the Canadian Arctic (68°-70°N, 138-132°W) during the boreal summer
2010. Such difference could be attributed to the SPM budget considered
to be transported by the Mackenzie River, characterised as the river that
transport more lithogenic particles to the Arctic Ocean than any other
Arctic River (Doxaran et al., 2012). As in the Potter Cove middle area,
Doxaran et al. (2012) and Fettweis et al. (2007) highlight higher vari-
ations of the SPM in the transitional area between turbid rivers, plumes,
and particles in open ocean conditions.

4.3. Beyond SPM dynamics: ecological implications

If the regional warming trend at the Antarctic Peninsula continues as
predicted (IPCC, 2019; Meredith et al., 2019), we can envision two non-
exclusive scenarios related to the effects of tidewater glacial retreat on
coastal ecosystems such as Potter Cove: (i) initially, increased glacial
meltwater discharge with high sediment load from the underlying
moraine in the glacier foreland or (ii) then the streams eventually dry
out and meltwater SPM transport ceases.

The tracer dynamics (Fig. 7) show that particles transported by the
meltwater streams closer to the glacier front (MWS-1 and MWS-2) are
retained in the inner cove during a longer period compared to those
MWS further away from the glacier. Particles transported by MWS-4 are
tracked in the inner cove within the first week. Potential scenarios can
be described if the glacier continues retreating at high speed (1.7 m/y to
the glacier front reference point in 2018). On one side, the increase in air
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Table 4

Root-mean squared deviation (RMSD) in mg/1 error for selected numerical experiments with best performances: default Parameterization 1 and Parameterization 2.
Mean and maximum observations for the whole period, including measurements on a high SPM input date (31st January) and without them.

Incl. 31st of Jan, w/031st of Jan, Diameter size of the SPM (m) Density of the SPM (kg/m®) Settling velocity (%) SPM scenario (mg/l)
N of obs. = 63 N of obs. = 57 @i 0.27
(i) 1.35
(i) 2.7
Parameterization 1 8.9 4.4 4.5 x 107° 1450.0 100 (ii)
(tidal forcing only)
Parameterization 1 6.5 4.3 4.5 x 107> 1450.0 100 (ii)
(tidal and wind forcing)
Parameterization 2 13.9 4.3 45 x 10°° 1350.0 100 (ii)
(tidal and wind forcing)
Mean obs., (mg/1) 4.3 3.7
Max. obs., (mg/1) 43.4 37
by it like the soft-coral Malacobelemnon daytoni by Lagger et al. (2021)
90 ——observations would be highly vulnerable. In the case of this soft-coral, the analysis of
80l ——only tidal forcing, param. 1 its distribution has been related to a time-lag on the exposition of the ice-
—tidal and wind forcing, param. 2 free area (Lagger et al., 2021). The fact that the particles remain in the
70} —tidal and wind forcing, param. 1 middle cove and the gyre limits the transport towards the inner cove
could explain the time-lag of the species with a pelagic phase to colonize
60 a newly-available habitat. Our results about circulation pattern and the
= post-processing Lagrangian analysis of passive tracers can contribute to
£50r the understanding of the pelagic system, such as larvae pathways from
02: 40k the middle cove to the inner cove, as well the benthic spatial distribution
%) pattern explained through water circulation and variables related to
30F A 15012011 390950171 water-mass characteristics (Pineda-Metz et al., 2019). Therefore, our
ML o 1 9:02:2011 1802200 study provides the baseline for further modelling sediment-sensible
species distribution and system shifts under changing environmental
circumstances. These are crucial hints considering that species survival
and biological community shifts can affect carbon standing stock po-

0 10 20 30 40 50 60 70
N of observation

Fig. 9. Intercomparisons of the two selected Parameterisations of numerical
experiments with tidal only forcing (setup 1) and tidal and wind forcing (setup
2). Note the higher bias between observations on 31% January followed by 14th
February 2011, and simulated suspended particulate matter (SPM) in mg/1.

temperature could induce an increase of meltwater streams with higher
proportions of lithogenic particles carried into the fjord, with a longer
lifespan in the inner cove but moving inside the entire cove. Further, the
particle concentration depends on the type of bedrock beneath the
glacier that is being scraped away. If glaciers retreat exposes sedimen-
tary bedrock, which is a porous rock and therefore particularly sensitive
to erosion, warming will accelerate the increase of subglacial sediment
run-off. However, if glacial retreat uncovers erosion-resistant basalt,
there may be a decrease in sediment input once the glacier has
completely retreated overland. On the other hand, if the glacier retreats
quickly, it could result in creating a high terminal moraine that hampers
a further run-off into the fjord. Consequently, SPM concentrations may
decrease.

A certain threshold in sediment concentrations can trigger an abrupt
change in the ecosystem (Sahade et al., 2015; Torre et al.,, 2021).
Because the sedimentation process influences community compositions
based on species-specific physiological perturbation thresholds (Torre
et al., 2014, 2021), a decline or increase in SPM concentrations could
shift the system to a new alternative equilibrium state. Torre et al.
(2021) estimated the scope for growth of three ascidians species increase
up to 10 mg/l and become negative between 40 and 60 mg SPM/I,
values ranged at the ecosystem in the present study.

The SPM concentrations simulated in the inner cove and along the
southern coastline could explain observed spatial and structural shifts in
the benthic community. Species sensitive to sedimentation, such as as-
cidians (Sahade et al., 2015; Torre et al., 2021) or practically unaffected

tential for sequestration, and consequently, the negative feedback on
climate change (Barnes et al., 2020; Zwerschke et al., 2021).

Suspended particulate matter also decreases light penetration
through water, shallowing the compensation point for primary pro-
duction thus reducing phytoplankton biomass accumulation in Potter
Cove (Schloss and Ferreyra, 2002; Schloss et al., 2012). SPM further
affects zooplankton and, in particular, krill, as shown in Fuentes et al.
(2016). Garcia et al. (2019) showed the influence of glacier-related
particles on other zooplankton causing a transition from an herbivo-
rous to a microbial-based food web in proximity to the glacier and
particle-induced perturbation. Along with the coastal areas around KGI,
Jerosch et al. (2018) calculated that an additional 200-400 km? could be
similarly affected by glacier influence.

King George/25 de Mayo Island is often outside the dry and cold
areas of the polar vortex, even during winter since the global climato-
logical circulation patterns are changing and modifying the extension of
the circumpolar vortex around Antarctica (Meredith et al., 2019). The
consequences are that glacial melt and retreat are enhanced, as well as
loss and melt of permafrost (Falk and Silva-Busso, 2021). Even if the
current warming trend is reversed (Falk et al., 2018a), melting will
continue until the glacier reaches its equilibrium. Freshwater release
modifies the local circulation patterns in fjords ecosystems through sub-
glacier release from tidewater glaciers and run-off from land-
terminating glaciers (Meredith et al., 2019). The Potter Cove system is
a prime example of both processes and their ecological consequences
allowing to generalise responses to climate change along with other
polar and subpolar ecosystems.

5. Conclusion

We provide SPM dynamics resulting from the application of coastal
ocean model FESOM-C to a unique data set of sediment run-off data
measured at meltwater streams, in the water column, and from glacier
discharge through several draining processes in glacier sub-catchment
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Fig. 10. Model evaluation: the mean difference between simulated and observed SPM concentrations (mg/1) for (a) setup 1: only tidal forcing and (b-d) setup 2:
wind and tidal forcing, (b) by default and (¢, d) Parameterization 2. Note that different results are performed when (d) 31st of January measurements are excluded.
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Fig. 11. Wind forcing and currents (a) direction and (b) speed at different days in February 2011 with a simulated underestimated (9th February) and overestimated
(14th February) suspended particulate matter concentration. Between 8th to 10th February the wind direction from the northeast changes to the southeast increasing
the speed, revealing the intensity of current velocities. Moreover, a rapid change in wind direction was observed between13™ and 14th February after midday, six

times the wind speed, modifying the currents.

areas streams. Atmospheric and tidal forcing was considered to simulate
circulation pattern and SPM dynamics. The results also provide a valu-
able baseline for further interdisciplinary research (e.g., species distri-
bution modelling, larvae transport for colonisation predictions,
contaminants residence time, etc.) related to SPM distribution and
ecosystem dynamics. This study allowed a detailed explanation of the
SPM distribution in space and time highlighted by a video of SPM

dynamics from 1st December 2010 to 31st March 2011 (Fig. 8b, Video
S2). At the beginning of the analysed period, the SPM plume (>15 mg/1)
extends mainly in the inner cove, provoking a maximum monthly
average SPM concentration and plume extension in February. However,
at the end of the period, in March 2010, the plume extension is similar to
December 2010 extension covering the inner cove as far as moraine 2.
Differences in the simulations are limited by the particle characteristics
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Fig. 12. Average current velocities at different times of days in February 2011 with a simulated overestimated suspended particulate matter concentration.
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Fig. 13. Fjord habitats in Potter Cove modified from Jerosch et al. (2018) in agreement with the monthly suspended particulate matter (SPM) plume expansion (SPM
>15 mg/1) as a relation to meltwater influence. Note the different brown colours are due to overlap on the extension along the other months. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

and defined parameterization, showing that particles in the water col-
umn could consist of conglomerates of various densities and diameter
sizes. As a post-processing analysis, the Lagrangian tracking module
shows the idealised transport dynamics of passive particles from the
meltwater streams and glacier sub-catchments. Particles are retained in
the inner cove for a maximum of 15 days being exported after 17 days. If
specific particle characteristics are further given, the transport trajec-
tories would also allow us to comprehend the fate of not only suspended
particulate matter but also nutrients such as dissolved iron or silica,
surface-derived food (Jansen et al., 2018), or even possible contami-
nants as microplastics or metals (Sparaventi et al., 2021) from the
terrestrial inputs. Potter Cove is one of many fjords at the tip of the
Antarctic Peninsula under atmospheric and ocean warming attributed to

anthropogenic factors (IPCC, 2019; Meredith et al., 2019). Increases in
ocean temperature show a north-south gradient accompanied by
accelerated glacier retreat and ice thinning (Cook et al., 2005, 2016;
Vaughan et al., 2013). The FESOM-C model successfully applied to SPM
spatial-temporal distribution in Potter Cove can be an exemplary study
for other fjordic ecosystems under the impacts of increasing sediment
loads associated with glacial melt and other climate-change driven
processes.
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