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Abstract: The Arctic is greatly affected by climate change. Increasing air temperatures drive permafrost thaw and an increase in coastal erosion and river discharge. This results in a greater input
of sediment and organic matter into nearshore waters, impacting ecosystems by reducing light
transmission through the water column and altering biogeochemistry. This potentially results in
impacts on the subsistence economy of local people as well as the climate due to the transformation
of suspended organic matter into greenhouse gases. Even though the impacts of increased suspended
sediment concentrations and turbidity in the Arctic nearshore zone are well-studied, the mechanisms
underpinning this increase are largely unknown. Wave energy and tides drive the level of turbidity
in the temperate and tropical parts of the world, and this is generally assumed to also be the case
in the Arctic. However, the tidal range is considerably lower in the Arctic, and processes related
to the occurrence of permafrost have the potential to greatly contribute to nearshore turbidity. In
this study, we use high-resolution satellite imagery alongside in situ and ERA5 reanalysis data of
ocean and climate variables in order to identify the drivers of nearshore turbidity, along with its
seasonality in the nearshore waters of Herschel Island Qikiqtaruk, in the western Canadian Arctic.
Nearshore turbidity correlates well to wind direction, wind speed, significant wave height, and wave
period. Nearshore turbidity is superiorly correlated to wind speed at the Beaufort Shelf compared to
in situ measurements at Herschel Island Qikiqtaruk, showing that nearshore turbidity, albeit being of
limited spatial extent, is influenced by large-scale weather and ocean phenomenons. We show that,
in contrast to the temperate and tropical ocean, freshly eroded material is the predominant driver of
nearshore turbidity in the Arctic, rather than resuspension, which is caused by the vulnerability of
permafrost coasts to thermo-erosion.
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1. Introduction
The Arctic is disproportionally strongly affected by climate change [1,2]. It affects
the biophysical system in multiple ways: intensified permafrost thaw [3], increased river
discharge [4], and intensified coastal erosion [5]. Permafrost coasts are especially vulnerable
to increasing air temperatures, as frozen sediments can thaw and provide lower resistance
against physical erosion such as wave erosion [6,7]. This has the potential to release the vast
pools of organic matter, which are stored in permafrost [8], to release carbon and nutrients
to nearshore waters [5], or to directly emit greenhouse gases into the atmosphere [9–11].
Arctic nearshore areas are defined as seawater shallower than 20 m along coastlines [5]
and have witnessed increased sediment input from river discharge and coastal erosion
over the past few decades [12–14]. Permafrost coasts in the Arctic are eroding at a mean
annual rate of 0.5 m/a [15]. This leads to high sediment loads in the nearshore zone, which
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likely contain large amounts of carbon given the high organic matter content of coastal
permafrost [5]. Sediment fluxes from coastal erosion in the Arctic are not well-known
due to the limited accessibility of most Arctic study sites. The few studies attempting to
calculate sediment and carbon fluxes from coastal erosion to the Arctic Ocean report fluxes
of ~430 Tg sediment per year and 4.9–46.54 Tg carbon per year [15–18].
Upon entering the nearshore waters, sediment and organic matter are exposed to
a multitude of processes. Carbon-rich suspended sediments could be transformed into
greenhouse gases and transferred to the atmosphere [19]. Coastal erosion, resuspension,
and longshore sediment transport cause a regular supply of carbon-rich sediments in
surface waters. Despite this relevance, nearshore zones remain understudied in Arctic
oceanography [5]. Highly suspended sediment loads increase water turbidity, which
reduces light penetration in the water column [20]. This, in turn, will likely reduce primary
production, which impacts local food webs and eventually the subsistence economy of
local people [21]. All these processes have been considered in isolation, but there is
limited understanding of their interplay in nearshore waters, which is detrimental to the
compilation of comprehensive biogeochemical budgets for the nearshore zone.
The drivers of nearshore turbidity are generally assumed to be wave energy and tides,
which cause the resuspension of sediments [22]. However, these assumptions were made
in the temperate and tropical oceans. The tidal range in the Arctic is generally lower than
in most parts of the world’s ocean [23], and wave heights are also generally lower in the
Arctic Ocean due to reduced fetch lengths caused by sea ice [15,24], even in the summer
months, since the sea ice in the Arctic Ocean is not melting entirely. Despite these factors,
sediment load is extraordinarily high in Arctic coastal and nearshore waters [25], because
of the low water depths of the Arctic shelves and high terrestrial sediment supply. We,
therefore, hypothesize that the drivers of nearshore turbidity in the Arctic nearshore zone
go beyond waves and tides.
The absence of infrastructure to document the potential multitude of processes driving
turbidity has hampered the ability to provide an Arctic-specific quantitative understanding of the link between processes other than tides and waves with turbidity. Remote
sensing plays a crucial role in regional turbidity observations because it provides the spatial and temporal coverage needed to link turbidity to a wide range of environmental
drivers. Turbidity caused by suspended sediments generally shows a high correlation to
the water-leaving reflectance in the red and near-infrared (NIR) parts of the electromagnetic
spectrum [26]. Semi-empirical algorithms to relate turbidity from water-leaving reflectance
have been widely used during the past decade [27,28] and were even recently validated for
the Arctic nearshore zone [29]. Remotely sensed turbidity retrieval is still limited by the
availability of cloud-free images, especially in the Arctic, where the ocean is covered by ice
for 8 months of the year.
In this study, we used high-resolution satellite imagery, which covers most parts of
the 2019 summer season at Herschel Island Qikiqtaruk in the western Canadian Arctic, to
identify and analyze seasonal variations in nearshore turbidity. ERA5 ocean and climate
variables were used together with in situ measurements to identify drivers and influences
on nearshore turbidity.
2. Methods
2.1. Study Area
The focus regions of this study are the coastal and nearshore waters around Herschel
Island Qikiqtaruk (HIQ) on the Canadian Beaufort Shelf (Figure 1). The Mackenzie River
is the main freshwater source of the shelf, with a maximum discharge of 35,000 m3 /s
during its freshet in May [30–32]. Coastal erosion and the associated sediment supply to the
nearshore zone are limited to the open-water season, the part of the year when the ocean
is not covered by ice, which generally spans from mid-June to the end of September [33].
However, sea ice is generally found on the Canadian Beaufort Shelf yearlong. Permafrost
along the Yukon Coast has a high ice content [34], making it especially vulnerable to
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2.2. Satellite Imagery
2.2. Satellite Imagery
In this study, satellite images recorded by Landsat 7, Landsat 8, and Sentinel 2 during
In this study, satellite images recorded by Landsat 7, Landsat 8, and Sentinel 2 during
the open-water season of 2019 were used to map turbidity in space and time. Landsat
the open-water season of 2019 were used to map turbidity in space and time. Landsat
imagery was downloaded from the United States Geological Survey (USGS) Earth Explorer
imagery was downloaded from the United States Geological Survey (USGS) Earth Exas a level 1T product. Sentinel 2 imagery was downloaded as a level 1C product from
plorer as a level 1T product. Sentinel 2 imagery was downloaded as a level 1C product
the European Space Agency (ESA) SciHub. Atmospheric correction toward water-leaving
from the European Space Agency (ESA) SciHub. Atmospheric correction toward waterreflectance was performed using the ACOLITE software (version 20210114.0, RBINS, Oostleaving reflectance was performed using the ACOLITE software (version 20210114.0,
ende, Belgium) [40,41], and the dark spectrum fitting algorithm was applied. To relate turRBINS, Oostende, Belgium) [40,41], and the dark spectrum fitting algorithm was applied.
bidity to water-leaving reflectance, the Arctic Nearshore Turbidity Algorithm (ANTA) [29]
To relate turbidity to water-leaving reflectance, the Arctic Nearshore Turbidity Algorithm
was applied to each scene.
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2.4. Reanalysis of Data
ERA5 is the fifth generation of reanalysis datasets from ECMWF, using an advanced 4Dvar data assimilation scheme [43]. The variables used are air temperature, wind speed, wind
direction, sea-ice concentration, and sea-surface temperature, which are all at an hourly
temporal resolution and a spatial resolution of approximately 0.25 degrees. Significant
height of combined wind waves and swell, as well as peak wave period, are at a 0.5-degree
spatial resolution. All variables were extracted from the domain bounds of 68.5–70 N and
136–142 W (green are in Figure 1a), and the area-weighted averages over all the latitudes
and longitude grid cells within this bounding box were calculated. The hourly timesteps
were then averaged over the 24 h prior to 15:00, in order to correspond with the satellite
imagery recording. ERA5 [43] was downloaded from the Copernicus Climate Change
Service (C3S) Climate Data Store.
3. Results and Discussion
3.1. Time Series Analysis
3.1.1. Ice Breakup
The time series of high-resolution satellite imagery shows the period of the ice breakup
between 5 June and 21 June in great detail. The landfast ice in Thetis Bay retreats from
scene to scene (Figure 2a–f). It covers Collinson Head completely on 5 June (Figure 2a),
which becomes ice-free by June 6 (Figure 2b). Thetis Bay and the Workboat Passage are
still covered by sea ice, while the west side of HIQ is ice-free. This is a typical situation
during the breakup period. Pack ice is generally transported northwards on the shelf and
does not affect the HIQ nearshore zone. This situation seems to greatly affect turbidity
dispersal at the W side of HIQ. During ESE wind conditions, this is the lee side of the island,
which causes the high turbidity there due to longshore sediment transport. However, this
feature faces the SW direction, which is not visible on any other scene from 2019 (arrow in
Figure 2b). The authors of [39] suggested that upwelling, which typically occurs N of HIQ
during ESE wind direction, is affected by the occurrence of sea ice and its movement. This
has the potential to move the main upwelling area slightly towards the west and partially
“block” the longshore current towards the NW. This might only occur during very limited
times of the year when the sea ice on the shelf is melting and transported towards the W
due to wind forces. However, there is no existing in situ dataset to validate this hypothesis.
This SW facing longshore drift feature was not identified in another study [25], in which
satellite imagery from late June until mid-September was analyzed over three decades,
showing that it is either confined to this small period of time per year or may even be a
2019-exclusive feature.
Images with high ice content in Thetis Bay (Figure 2a–c) show areas where water
was identified by the atmospheric correction algorithm within the landfast ice area (green
circles). These water areas can be caused by either thawing or flooding. The authors
of [30] reported that flooding of landfast ice is widespread during the breakup period,
when rivers have their freshets, and that substantial amounts of sediment are likely to be
deposited. Another possibility is misclassifications of the atmospheric correction; however,
RGB composites (see Appendix A) indicate shallow water areas. Thus, the high modeled
turbidity values (above 100 FNU, Formazin Nephelometric Unit) do not necessarily reflect
a high sediment load but might be contaminated by the reflection of ice beneath the water.
During a period of NW winds in mid-June, the landfast ice became detached from the
Yukon Coast (Figure 2d–f). By 19 June, sea ice subsisted only in the Workboat passage, and
all large chunks of pack ice had vanished from the study area. The formerly ice-covered
area in Thetis Bay has relatively high and uniform turbidity (Figure 2e,f), which is caused
by increased primary production and the suspended load, which was stored in the ice [44].
The high-turbidity feature caused by the longshore drift towards the SE direction on 12 June
is considerably larger than that identified in [29] and is the largest feature of this kind
identified in the whole summer season. Wind speed was very high during the recording of
the scene, which has likely caused the high levels of suspended sediment concentration due
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According to our results, 27 July marked a day of exceptionally high turbidity in
the whole nearshore zone of HIQ (Figures 2 and 3). High, uniform turbidity values were
resolved in the Workboat Passage, the area between HIQ and the Yukon mainland, which
is only rarely visible on the 2019 imagery. The longshore drift towards the NW was wellresolved along the NE coast of HIQ. High turbidity values were also resolved in Herschel
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Basin east of the island, which indicates that external sediment sources were transported
into the nearshore waters of HIQ. This high level of suspended sediment load does not
correspond to typical drivers, such as wind speed or the Mackenzie discharge. The listed
features were not long-lasting, as turbidity on 30 July decreased significantly (Figure 2m,n).
Turbidity values close to the shoreline were among the lowest during the whole summer
season but remained higher than average a few kilometers off the coast. On the one hand,
Water 2022, 14, x FOR PEER REVIEW this shows the quickly changing conditions in the nearshore area, but on the other hand,
6 of 13it
highlights the need to further investigate external influences on turbidity and suspended
sediment concentration in nearshore waters.
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3.2. Drivers
of Turbidity
largely
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the findings made by [25].

cant wave height (R2 = 0.46, Figure 5b), and turbidity and wave period (R2 = 0.27, Figure
5c). Interestingly, in contrast to the reanalysis wind speed, the in situ wind speed from the
HIQ weather station does not show any correlation to turbidity. This might be due to the
location of the weather station on the island: located at Simpson Point, it is slightly
shielded from wind from westerly directions. During westerly and northwesterly 8wind
of 13
conditions, the highest turbidity values were detected around HIQ (Figure 6), which
largely contrasts the findings made by [25].
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No correlation was identified between the Mackenzie River discharge and turbidity
at HIQ (Figure 5j). It is noted, however, that the discharge data used in this study are
preliminary and, therefore, did not pass through the complete quality checks at Environment Canada. It is also shown that the daily discharge did not necessarily follow expected
seasonal patterns in 2019 (Figure 4), as daily discharge values between 12,000 m3/s and
13,000 m3/s were detected both early and late during the summer season [32]. For example,
the Mackenzie discharge around 9 June (Julian day 160) 2019 hit a maximum during the
ice breakup period with ~13,000 m3/s, which is more than 50% lower than the 1973–2011
average of ~21,000 m3/s [32]. In contrast to the findings in [25], the sea-surface temperature
did not correlate with the Mackenzie river discharge.
The data from 2019 indicate that nearshore turbidity is related to wave energy (Figure
5b,c). This is due to erosion-inducing wave action on permafrost coastlines, supplying
sediment to the nearshore waters, and resuspension of formerly deposited sediment,
which describes the large sediment load detected during a storm in Figure 2e,f. The rate
at which resuspension affects surface turbidity has not been quantified yet. Resuspension,
however, is mainly driven by the breaking characteristics of the wave [47]. Its kinetic energy has only limited influence on resuspension [48], which causes shear stress on the
seafloor based on the wave period [49]. This means that the area that is influenced by
sediment resuspension is refined to the surf zone and, thus, smaller than the high-turbidity area detected in most imagery in Figure 2, and also smaller than the results reported
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average of ~21,000 m3 /s [32]. In contrast to the findings in [25], the sea-surface temperature
did not correlate with the Mackenzie river discharge.
The data from 2019 indicate that nearshore turbidity is related to wave energy
(Figure 5b,c). This is due to erosion-inducing wave action on permafrost coastlines, supplying sediment to the nearshore waters, and resuspension of formerly deposited sediment,
which describes the large sediment load detected during a storm in Figure 2e,f. The rate at
which resuspension affects surface turbidity has not been quantified yet. Resuspension,
however, is mainly driven by the breaking characteristics of the wave [47]. Its kinetic energy
has only limited influence on resuspension [48], which causes shear stress on the seafloor
based on the wave period [49]. This means that the area that is influenced by sediment
resuspension is refined to the surf zone and, thus, smaller than the high-turbidity area
detected in most imagery in Figure 2, and also smaller than the results reported by [25].
Even though the presented data do not include wave-breaking characteristics, Figure 5
shows the lesser importance of resuspension due to wave propagation to surface turbidity.
As turbidity caused by breaking waves affects only a small area very close to the coastline,
it is likely not fully detected by the imagery. This is caused by the occurrence of mixing
pixels of land and ocean, which are subject to large errors and are, thus, flagged during the
atmospheric correction.
The data further clarify that nearshore turbidity is not driven by air temperature
(Figure 5d,h), sea-surface temperature (Figure 5f), or sea-ice concentration on the shelf
(Figure 5e). This shows that sea ice, which does not completely melt even during summer, does not affect wave energy and, therefore, erosion in a significant way. Higher air
temperatures, which increase thermo-erosion, do not lead to an increased sediment export
to the nearshore zone, and the data even suggest the opposite. A general comparison
indicates that in situ data from HIQ do not correlate to nearshore turbidity in most cases, in
contrast to the reanalysis data from the shelf (best visible in Figure 5a,i). This shows that
nearshore turbidity, albeit being of very limited spatial extent, is strongly affected by the
weather conditions several hundreds of kilometers offshore, while weather conditions in
close vicinity have a very limited impact on it.
4. Conclusions
The aim of this study was to identify seasonal patterns of nearshore turbidity and its
drivers in the nearshore zone of Herschel Island Qikiqtaruk in the western Canadian Arctic.
A time series of high-resolution satellite imagery from the summer season of 2019, as well
as in situ measurements and ERA5 reanalysis data of atmospheric and oceanic climate
variables, and Mackenzie River discharge data, were used. It was shown that nearshore
turbidity is driven by wind speed and wind direction, as well as wave height and wave
period. Seasonal variations could not be identified; however, it was shown that turbidity
was higher during the period of ice breakup than during the rest of the open-water season,
even though erosion rates are low during this time of the year.
Nearshore turbidity did not show spatial patterns that were expected based on the
results presented in [25], in which long-term trends show a remarkably larger area that
is affected by high turbidity. The highest turbidity was detected under westerly wind
conditions. The correlation between nearshore turbidity and the Mackenzie discharge
is weak, which eliminates the Mackenzie discharge as a potential influencing factor on
nearshore turbidity. Nearshore turbidity shows a higher correlation to ERA5 wind speed
rather than in situ wind speed from Herschel Island Qikiqtaruk, showing that nearshore
turbidity, despite being of regional spatial extent, is driven by weather conditions several
kilometers away from the nearshore zone. Remote sensing has shown to be a powerful
tool to detect nearshore turbidity, especially in areas that are difficult to access such as
the Arctic.
To further facilitate the drivers of nearshore turbidity in the Arctic, longer time series
analyses are needed to eliminate yearly anomalies. However, time series of high-resolution
satellite images, such as the one presented in this study, are rarely available due to the low
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temporal resolution of appropriate satellite sensors and challenging weather conditions.
This might improve with the recent launch of OLI2 onboard Landsat 9, essentially doubling
the potential amount of available Landsat imagery to increase the temporal coverage over
one summer season. Including multiple study sites will validate the results on a pan-Arctic
scale and help to foster our understanding of suspended sediment dynamics in Arctic
nearshore zones.
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Figure A1. RGB composites of the satellite imagery similar to Figure 2. Figures a–f depict11the
ice
of 13
break-up with increased turbidity. During mid-Summer (Figures g–n), turbidity is decreased with
one exception (l). During Fall (Figures o–r), the turbidity features are unstable and change rapidly.
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during the whole year.
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