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ABSTRACT
Permafrost coasts are eroding at an accelerating pace, delivering vast amounts of sediments, organic matter, nutrients, and pol-
lutants into the Arctic Ocean. These fluxes play a crucial role in the coastal biogeochemical cycle, yet their magnitude, as well as 
the trajectory and fate of the eroded material, is largely unknown. Direct observations of hydrodynamics in the Arctic nearshore 
zone are needed to overcome this issue, but these are challenging and scarce. Here, we report on direct current measurements 
performed in the nearshore zone. We deployed two Acoustic Doppler Current Profilers (ADCP) in 7- and 12-m water depth close 
to Herschel Island–Qikiqtaruk Yukon, Canada, to measure current velocities and directions throughout the water column. The 
data show that the currents change on a synoptic scale based on meteo-oceanographic forcing. During storms, these currents 
exceed the threshold of bottom sediment remobilization. The mobilization potential in the nearshore zone is therefore primarily 
related to wind forcing but can be strongly diminished by the presence of sea ice. These observations have implications for the 
future state of the Arctic nearshore zone, because larger fetches and a longer open water season could enhance sediment mobi-
lization and dispersal.

1   |   Introduction

The Arctic coastline is more than 400,000 km long. This is about 
a third of the world's coastline [1]. Much of this coastline is fro-
zen as permafrost (sediment, soil and rock that is frozen for 
more than two consecutive years). These coasts are often rich in 
ice (i.e., ground ice) and therefore highly vulnerable to thaw and 
erosional processes [2, 3]. Increasing air and water temperatures, 
together with sea ice shrinkage and enhanced ocean waves and 
storm events, lead to higher coastal erosion rates of the ice-
bound sedimentary material [4, 5]. Erosion rates are projected 
to increase by a factor of 2 to 3 under the SSP5-8.5 warming 

scenario [6, 7]. The associated land-loss threatens local infra-
structure, as well as cultural and archeological sites. The eroded 
matter entering the sea can also be rich in carbon and nutrients 
and has the potential to alter the nearshore biogeochemistry [8]. 
Organic carbon that enters the sea can be rapidly released as 
greenhouse gas [9], potentially fuelling further climate warm-
ing. Next to CO2 production from eroded organic carbon on land 
and in the nearshore zone [9, 10], another share gets transported 
offshore or alongshore and is buried in nearshore or offshore 
sediment sinks [11, 12]. Remote sensing of Arctic coastal zones 
shows that large plumes of sediment associated with coastal ero-
sion can drift over hundreds of kilometers [13, 14].
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The pathways of eroded coastal sediment are critical, as studies 
have highlighted the importance of the nearshore zone for the 
degradation of this previously freeze-locked matter [12, 15–17]. 
This critical nearshore zone (< 20-m water depth) of the Arctic 
Ocean accounts for around 20% of the size of its shelf [8]. The 
Arctic Ocean coastal current dynamics are poorly understood, 
because landfast-ice threatens traditional sea-floor mooring 
systems in shallow water, which leaves a paucity in directional 
nearshore currents and wave measurements. Although mea-
surements of Arctic currents exist [18, 19], they are usually 
limited to depths greater than 20 m, and the shallow nearshore 
zone along eroding coasts has been the scope of very few studies 
[20]. The aim of this paper is to provide direct measurements of 
the direction and velocity of coastal currents in the upper and 
lower water column in the nearshore zone of Herschel Island–
Qikiqtaruk, where high rates of coastal erosion of up to 22 m/
year and retrogressive thaw slumps discharge large amounts 
of terrestrial material into the nearshore environment [21–23]. 
Specifically, we aim to relate the nature of the observed currents 
to driving environmental forces and to bring this into the con-
text of sediment transport and resuspension. To understand the 
magnitude and timing of resuspension, a comparison of calcu-
lated maximum horizontal bed velocities from a long-term wave 
and current hindcast model with resuspension thresholds from 
the literature was performed.

2   |   Methods

2.1   |   Study Site

Herschel Island–Qikiqtaruk (HIQ) is located about 3 km offshore 
in the southern Canadian Beaufort Sea in the Yukon, Canada 
(Figure 1). The island is about 116 km2 in size and geographically 

separated from the mainland by the Workboat Passage, a shal-
low depositional area, which is bordered by multiple dynamic 
sediment spit systems [4, 21]. Eastward of the island lies a de-
pression called Herschel Basin. The basin is a remnant of the 
excavation by an advancing side lobe of the Laurentide Ice Sheet 
during the later phase of the Wisconsin glaciation, excavating 
and pushing up the marine and terrestrial sediments that form 
the HIQ endmoraine [26, 27]. The up to 180-m-high island is 
characterized by ice-rich permafrost sediments of glacial origin 
overlain by a layer of Holocene peat and organic material [21].

The western Canadian Beaufort Sea is influenced by the dis-
charge of relatively warm water from the Mackenzie River, 
which is the 4th largest river system in the Arctic by discharge 
(about 325 km3/year) and delivers the highest amount of sedi-
ment among the big Arctic rivers [28, 29]. Riverine water and 
sediment dispersal in the Beaufort Sea starts around the end 
of May, whereas the exact distribution of the water depends 
on regional wind conditions and the location of sea ice [30]. 
Mackenzie River water has a temperature of up to 15°C and can 
extend over large parts of the southern Canadian Beaufort Sea 
and even westward beyond HIQ, which is about 120 km away 
from the river mouth [30, 31].

The ice breakup around HIQ usually occurs around mid-May, 
whereas due to the bottom topography at Herschel Sill, sea 
ice freezes to the bottom (bottom-fast ice) and is attached to 
the coast (landfast ice) so that it forms a solid ice cover that 
delays the complete opening of the island's coast until mid-
June. This results in an effective open water period of about 
4 months until mid-October. During that period, the length of 
the fetch (length of water over which the wind can blow) is 
often 100 km or longer, as indicated by Canadian Ice Service 
charts. Sea ice may retreat up to 500 km offshore in summer in 

FIGURE 1    |    Study area of Herschel Island–Qikiqtaruk in the western Canadian Arctic. The background image is a true color Sentinel-2 satellite 
image from July 10, 2023, showing typical summer season sediment plumes along the coastal areas in mainly sea-ice free waters. The squares indi-
cate the location of the MSC Beaufort (MSCB) wave and current hindcast (red) and the ERA5 atmospheric reanalysis grid point (blue). White crosses 
show the study sites, that is, the Acoustic Doppler Current Profiler (ADCP) mooring positions and the year of deployment. Bathymetry is taken from 
O'Connor [24], showing the 4-, 6-, 8-, 10-, 20-, 30-, 40-, 50-, 60-, and 70-m isobaths. Bathymetry colormap based on Thyng et al. [25]. [Colour figure 
can be viewed at wileyonlinelibrary.com]
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the Canadian Beaufort Sea [32, 33]. The coast around HIQ is 
microtidal with a mixed-semidiurnal pattern with tidal ranges 
from 0.15 to 0.25 m [34].

Around HIQ, storms and strong winds are observed in a 
bimodal pattern, with the major storm component from 
the northwest and a minor component from the southeast 
(Appendix S1, [35]). This leads to more developed waves along 
the northwest facing coasts, in comparison to coasts facing to-
wards the southeast [36]. In the Beaufort Sea, storm waves are 
believed to be the main driver for coastal sediment transport 
[37, 38]. The decadal regional average erosion rate along the 
mainland coast of the Yukon is 1.3 m/year with spatial dif-
ferences [4]. HIQ has a reported erosion rate of 0.68 m/year 
(2000–2011) [22]. Shoreline changes are taking place all over 
the island and occur through retrogressive thaw slumps, ac-
tive layer detachments, and bluff erosion. Spit systems around 
HIQ are migrating with net movement in longshore and on-
shore direction controlled by storm waves and sediment sup-
ply [37, 39, 40].

2.2   |   Meteo-Oceanographic Data Acquisition

2.2.1   |   ERA5 Wind Reanalysis

The ECMWF Reanalysis v5 (ERA5) wind reanalysis was used 
to provide wind hindcast. The ERA5 reanalysis provided 
hourly wind direction and wind speed for this study [41, 42], 
because the wind record from the closest WMO meteorologi-
cal station of HIQ showed too many gaps. The ERA5 product 
spans from January 1940 to present day, providing hourly data 
along a global spatial grid of 0.25° (31 km). Recent studies in the 
Beaufort Sea region found a good agreement between ERA5 and 
the HIQ weather station recording, even though the data from 
the weather station was not assimilated into the ERA5 reanaly-
sis product [31, 43]. The model grid point at N69.5°, W139° (blue 
square on Figure 1) was less than 10 km away from the moor-
ing locations and was used here for wind data. ERA5 data were 
loaded into tables to calculate mean and extreme values for the 
study period and 30-year averages of wind speed for each month 
(June to October) in the open-water season. The term “storm” is 
used after the definition for Arctic coasts that storms are events 
of wind speed exceeding > 10 m/s for more than 6 h [44]. Data 
analysis was performed using MATLAB 2023b for this and all 
other used datasets in this study [45, 46].

2.2.2   |   MSCB Wave and Current Reanalysis

The MSC50 Wind and Wave Climate Hindcast [47, 48] was 
used to provide a continuous wave hindcast. This wave hind-
cast product provides hourly oceanographic data, and infor-
mation about sea ice is updated weekly into the model [49]. 
The hindcast domain for the Beaufort Sea extends along a grid 
of about 6 × 6 km covering the Canadian Beaufort Sea from 
N69.45° to N72.00° and W126.00° to W142.50°. The MSCB 
extends temporally from January 1970 to December 2018. 
Due to the high spatial and temporal resolution and the fre-
quently updated regional sea ice position, the MSCB was used 
successfully in previous studies in the Beaufort Sea [49–51]. 

Recently, current velocity and direction produced with the 
ADCIRC (An Advanced Three-Dimensional Circulation Model 
for Shelves, Coasts, and Estuaries) model were included in the 
output, but not in the production of the model [52, 53]. The 
ADCIRC hydrodynamic model was forced with astronomic 
tides, wind stress, and atmospheric pressure data adapted to 
ice conditions [54]. The data outputs are given as vertically av-
eraged hourly values of current velocity and direction for the 
MSCB temporal and spatial domain. The MSCB output point 
“217” (bathymetry of 20.5 m) is hereafter named Point A and is 
the closest point to the field study site in 2015. The MSCB out-
put point “183” (bathymetry of 5 m) is hereafter named Point 
B and is the closest point to the field study site in 2018 (see 
Figure 1).

The 49-year-long MSCB data set was used to calculate average 
and maximum significant wave height and current velocity val-
ues for the study period and to relate these values to the sea-
sonal and long-term data. The data set was also used to calculate 
the maximum horizontal velocity at bed, which is often used 
to indicate if sediment can get resuspended [55]. It was calcu-
lated using Hs (significant wave height), Tp (peak period), and 
h (water depth) values from the MSCB for both study sites (red 
squares in Figure  1). The simplified expression formula from 
Davidson-Arnott et al. [55] was implemented in MATLAB; the 
results are presented in Figure 2.

2.2.3   |   In Situ ADCP Measurements

In 2015 and 2018, a custom-made stainless steel mooring plat-
form containing a 600-kHz Teledyne Workhorse Sentinel ADCP 
was deployed in the nearshore zone close to the Herschel Basin 
(N69.5584°, W138.9144° and N69.4658°, W139.0306°; Figure 1). 
An ADCP is an underwater device that uses passively drifting 
particles in the water column to derive current velocity and di-
rection by sending ultrasonic sound waves and receiving their 
echo. At both study sites, the ADCP was used as a stationary in-
strument to measure the water flow in bins from the sea bottom 
to the sea surface. In 2015, the ADCP was measured current ve-
locity and direction at a 15-min interval. The sensor was placed 
in 12 m depth, 1 km offshore, and was retrieved after 17 days. In 
2018, the ADCP was measured every minute for 14 days. It was 
placed about 1 km offshore, at 7 m water depth. The size of the 
bins was set to 0.5 m; the first bin covered 1.6 to 2.1 m above 
the seafloor. The uppermost bin in 2015 covered 10.1 to 10.6 m 
and in 2018 covered 4.6 to 5.1 m above the seafloor; bins above 
this are disregarded due to air bubbles, echo interference, and 
turbulences [56–59]. The detailed deployment procedure for the 
ADCP moorings and the data preprocessing is described in two 
data publications [60, 61].

The ADCP-based current measurements (eastward and north-
ward component of the flow) were averaged to hourly values. 
Measured current velocities and directions were visualized 
using an adaptation of the “provec” function from the jLab 
oceanographic function toolbox  [62]. This allowed a better 
visualization of differences in potential transport directions 
between the upper and lower water column at the study sites. 
To relate the measured bottom currents to sediment transport 
and sediment resuspension, critical bottom shear-velocity 
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values from the Canadian Beaufort shelf of 10–40 cm/s [63] 
and 18–36 cm/s [64] are used to compare the velocity data to 
the characteristics of bottom sediment in the nearshore zone 
around HIQ.

2.2.4   |   Grain Size Analysis

Nearshore sea floor surface sediments were collected in 2016 with a 
gravity corer (15 short cores), in 2018 with one Van-Veen grab sam-
ple and in 2019 with gravity coring (two cores). Sampling followed 
two transects A and B from the coast to the basin (see Figure 5, 
[11]). The upper 0–2 cm of sediment from the gravity cores were 
subsampled for grain-size analyses, and the results were averaged. 
Sediment samples were treated according to a standard protocol 
with H2O2 to remove organic material [65]. The grain size distribu-
tions were obtained using a laser diffractometry analyzer (Malvern 
Mastersizer 3000, Malvern Panalytical, United Kingdom). Sorting 
was calculated with the graphical method [66, 67], and the mean 
grain size was calculated and named based on the standardized 
size scale [66]. The number of measurements was enhanced with 
205 existing sediment data points from regional Van-Veen surface 
samples using the mean grain size and sorting method based on 
(Folk & Ward method, Graphic micron fraction < 1 mm) [35, 40].

3   |   Results

3.1   |   ERA5 Wind Data

The 30-year (1991–2020) mean wind speed at HIQ was 4.29 m/s 
(June to October), with a maximum wind speed of 16.17 m/s on 
September 1, 2015. Overall wind speed distribution showed a 
seasonal trend with 4.09 m/s in June, 4.14 m/s in July, 4.30 m/s 
in August, 4.55 m/s in September, and 4.37 m/s in October. The 
wind direction was bimodal: (1) The main wind direction was 
WNW-NW with on average 44.2 h of wind speeds above the 
10 m/s threshold for Arctic storms per year (June to October) 
[44]. (2) The secondary wind direction was SE-SES with on av-
erage only 4.1 h of wind speeds above 10 m/s per year (Jun-Oct) 
(Appendix S1, upper plot).

For the observation period in 2015, the mean recorded wind speed 
was 4.33 m/s. The distribution of winds during this period was 
similar to the observed bimodal distribution (Appendix S1, middle 
plot). The maximum recorded value for this period was 11.73 m/s 
(WNW) on August 11 at (03:00) (all datetimes in this study are in 
UTC-6 h); this is the only classified storm event and lasted for 16 h. 
For the mooring period in 2018, the mean recorded wind speed 
was 4.91 m/s, which is slightly above the long-term mean. The 
maximum recorded value for this period was 12.04 m/s (WNW) 
on August 17 at (06:00) in an 8-h-long storm event. The period 
compares to the observed wind strength during the other mooring 
period in 2015 (Appendix S1, lower plot).

3.2   |   MSCB Waves and Currents

The hydrodynamical record in the open water season (June to 
October) is obtained from the MSCB wave and current model 
providing output for two points close to the current measurement T
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sites (Figure 1). In Table 1, the 48-year (1970–2018) data set of 
mean significant wave height and current speed is grouped by 
months.

The data for the two study sites show calm wave conditions of 
0.19 to 0.37 m of mean significant wave height for the months of 
June, July, and August. During September and October, wave 
heights increased at Study Site A (B) to 0.65 (0.42) m and 0.87 
(0.54) m.

The mean current speeds varied through the season with a 
minimum in June at both sites 4.8 (A) and 5.0 cm/s (B) and 
a maximum of 12.5 (11.4) cm/s in September. The median 
maximum horizontal bed velocity is below 2 cm/s during the 
whole season at Site A, and during June and July at Site B with 
an increase in August, September and October to 4.7, 14.3, 
and 19.3 cm/s. The highest maximum horizontal bed velocity 
gradually increases at both sites from record 17.7 cm/s in June 
towards 87.5 cm/s in October at Site A and 59.8 cm/s in June 
and 136.7 cm/s in October at Site B. These large differences 
between the study sites likely reflect the different depths of 
both analysis points.

The 48-year long MSCB record provides the opportunity to 
observe long-term trends in hydrodynamics (Figure  2). The 
current speed shows a moderate variability with a mean of 
8.6 ± 4.3 cm/s at Site A and 7.5 ± 3.8 cm/s at Site B without any 
trend. The yearly number of open water days, calculated as the 
aggregated hours of significant wave heights above 0 cm per 
year, is more variable. Between 1970 and 2000, the length was 
about 90 days (56 and 133 in extreme years) for both study sites. 
Since the year 2010, 130 days are the norm, with 2012 and 2016 
as extreme years of 161 and 168 open water days at Site A, elon-
gating the open water period by more than 1 month.

The maximum horizontal bed velocities differ significantly at 
both sites. Although the median and maximum values are not 
directly following the minima of sea-ice extent, they often re-
spond to it. For Site A (respectively B), the highest recorded ve-
locity was for years with low sea ice (2006, respectively 1998), 

but these years were not record low sea ice years, highlighting 
the role of other factors, potentially strong storms, in driving 
current velocity. However, the 75th percentile of the maximum 
horizontal bed velocity values rises in line with the length of the 
open water period over the last decades.

During the in  situ measurements from July 28, 2015 (0:00), 
to August 13, 2015 (15:00), the mean significant wave height 
was 0.31 m with a maximum of 0.99 m on August 8, 2015 
(2:00). The mean vertically averaged current velocity was 
7.3 cm/s, with a recorded maximum of 23.0 cm/s on August 2, 
2015 (00:00). During the second ADCP measurement period 
(August 4, 2018 [01:00], to August 18, 2018 [13:00]), the mean 
significant wave height was 0.28 m with a maximum of 0.82 m 
on August 5 at 04:00. The mean vertically averaged current 
velocity was 9.4 cm/s, with a recorded maximum of 39.2 cm/s 
on August 5 at 18:00 (Figure 3).

3.3   |   ADCP Current Measurements

The ADCP was deployed from July 28, 2015 (0:00), to August 
13, 2015 (15:00), at Study Site A and from August 4, 2018 (01:00), 
to August 18, 2018 (13:00), at Study Site B (for locations, see 
Figure 1).

At Study Site A in 2015, the recorded mean current velocity 
close to the sea bottom was 9.1 cm/s, with a maximum value of 
31.8 cm/s on August 9 at 10:00 (Figure  3). The flow direction 
showed a bimodal pattern with an onshore (NNW-N) and off-
shore (SSE-SE) directed flow, perpendicular to the shoreline. 
The potential cumulative net drift (see Figure 4, upper red line) 
was 14.4 km offshore but was characterized by a frequent change 
in direction along the onshore-offshore direction.

At the surface, the average flow velocity was 17.9 cm/s, with a 
maximum current velocity of 61.8 cm/s on August 10 at 04:00. 
The flow velocity was inconsistent, but without a visible peri-
odicity during the measurements. The potential cumulative 
net drift (see Figure  4, upper blue line) was 157.9 km offshore 

FIGURE 2    |    Time series of current and bed velocities coupled to the length of the open water season for MSCB Points A and B. Left axes show 
the MSCB-derived current (green line) and the maximum horizontal bed (boxplot) velocity statistics from 1970 to 2018 (June to October). Right axes 
show the annual number of open water days from 1970 to 2018 (blue line) derived from the annual hours of significant wave height (Hs) above 0 cm. 
Boxplots: center line—median value, box: 25th and 75th percentile of the data, black range (min to max) of the data. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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6 of 12 Permafrost and Periglacial Processes, 2024

FIGURE 4    |    ADCP measurements plotted as cumvec-plot transferring stationary measurements into a potential cumulative net drift [62]. Applied 
scaling is 1 to 25, to fit the distances on the map, small green line as a scaling reference (1 day of constant eastward flow of 20 cm/s). Surface flow in 
blue color. Bottom flow in red color. Note the different years and lengths of the measurements. [Colour figure can be viewed at wileyonlinelibrary.
com]

FIGURE 3    |    Time series of ADCP measurements surface (surf), bottom (bot), vertically averaged, and reanalysis data (ERA5 wind speed, MSCB 
significant wave height, and vertically averaged current velocity) at Study Sites A and B. For Study Site A, the data cover the period from July 28 to 
August 13, 2015. For Study Site B, the data cover the period from August 4 to August 18, 2018. Parameters from top to bottom: ADCP surface column 
velocity in cm/s, ADCP bottom column velocity in cm/s, vertically averaged ADCP velocity in cm/s, ERA5 wind speed in m/s, MSCB significant 
wave height in m, and MSCB vertically averaged current velocity in cm/s. [Colour figure can be viewed at wileyonlinelibrary.com]
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(towards SSE), spanning a much larger distance than the one 
calculated for the bottom currents. Changes to the overall flow 
direction occurred, but to a much smaller magnitude than for 
the bottom currents. Averaged through the whole water column, 
the mean value was 14.6 cm/s with a maximum of 31.7 cm/s on 
July 29 at 04:00.

At Study Site B in 2018, the mean recorded current velocity was 
11.0 cm/s at the sea bottom, with a maximum flow of 31.6 cm/s 
recorded on August 10 at 23:00. The potential cumulative net 
drift (see Figure 4, lower red line) was 71.6 km towards NNE, 
oblique to the shoreline towards the basin. For a short time, 
the flow was exactly opposite (SSW-SW) to the overall direc-
tion. At the surface, the mean recorded surface flow velocity 
was 15.2 cm/s, with a maximum value of 60.0 cm/s recorded 
on August 6 at 05:00. The potential cumulative net drift (see 
Figure 4, lower blue line) was 97.3 km towards SSW, although 
for short time periods, the drift direction was towards the oppo-
site direction. Averaged through the whole water column, the 
mean value was 12.6 cm/s with a maximum value of 52.4 cm/s 
on August 6 at 06:00.

3.4   |   Sediment Distribution

The mean grain size varied from very fine sand (64.3 μm) to 
fine silt (5.4 μm). At depths greater than 12 m, the sediment was 
made of fine to medium silt (data available in Appendix  S2). 
The sediments along Transect A, located close to the 2015 
ADCP measurements, were primarily silts. This contrasts with 
the observations made by Radosavljevic et al. [40], who found 
fine silts in the sheltered embayment behind Simpson Point but 
sediments as large as medium sand around the Simpson Point 
spit close to this transect (Figure 5, left inset, [40]). Overall, a 
strong gradient in the sediments from sands (close to the shore) 

towards medium silts in 8 m water depth was seen (Figure  5, 
left inset, gray circles, [35]). At Transect B from Catton Point 
towards Herschel Basin, grain sizes varied from very fine sand 
to fine silt. A strong change from very fine sand to medium silt 
was observed at the 12-m isobath. The sorting of the samples 
from both transects was poor to very poor (2.25 to 4.32) with 
slightly better sorted sediments found inside the deeper parts of 
the basin. Overall, it compares to the sorting previously found 
by Radosavljevic et al. [40] (Figure 5, right inset; Appendix S2).

4   |   Discussion

4.1   |   Nearshore Coastal Currents

The current velocities measured by the ADCPs showed a 
strong gradient between the surface and the bottom of the 
water column. The currents were generally greater close to 
the surface (average of 32 cm/s in 2015 and 2018) than at the 
bottom (average of 9 and 11 cm/s in 2015, 2018). The highest 
surface current velocities of 62 cm/s (2015) and 60 cm/s (2018) 
were both recorded in short events and were followed by a 
rapid decline. In 2018, the increase in surface current velocity 
was directly linked to the occurrence of higher wind speeds, 
albeit with a time lag. During the field study, the lag between 
a strong wind event and a response in the surface current had 
a variable duration between 1 and 23 h, resulting in no mea-
surable correlation. Fissel and Birch [63] examined the time 
lag between wind and currents events for multiple recordings 
in the Beaufort Sea and found time-lags of up to 7 h (< 20 m 
water depth), with longer time-lags further offshore. The ob-
served currents generally reflect the episodic nature of the 
pronounced strong wind events, where intense periods follow 
certain lulls in the overall variable wind conditions. In 2015, 
the link between winds and surface current velocities was not 

FIGURE 5    |    Left, mean grain size [66]. Right, sediment sorting [67]. Central view on the Herschel Basin; see Figure 1 for location names. Gray 
data markers from previous measurements [35, 40]; red data markers from this study. Red lines show gravity coring locations along the two transects: 
A and B [11]. [Colour figure can be viewed at wileyonlinelibrary.com]
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as obvious. This is particularly true for August 11, 2015. The 
storm recorded on that day did not lead to a substantial rise in 
the current velocity.

Multiple studies in the Arctic have reported that wind is the 
main driving force for nearshore currents: Low winds lead to 
drastically reduced current velocities, and storm events lead to 
the strongest current events [13, 20, 63, 68, 69]. Fissel and Birch 
[63] found that in the Beaufort Sea, the major frequency band of 
changes in currents happens at a synoptic period of 2 to 20 days, 
corresponding to the passage of regional wind systems, whereas 
the tidal influence is minor [20, 68, 70]. However, multiple wind-
driven phenomena alter the direct response due to surges, pres-
sure differences, and subsequent water-level differences and 
waves [20, 37, 68]. In our measurements, the coupling of the 
bottom currents to the wind (ratio between mean bottom cur-
rent and wind speed) was 0.021 (2015) and 0.022 (2018), which 
is close to the reported value of 0.02 for West Atkinson, NWT, 
Canada, in 8 m water depth [63] and within the reported range 
of 0.01 to 0.025 for the inner Canadian Beaufort Shelf [13]. This 
confirms the coupling of bottom currents and wind during the 
measurements.

The average recorded bottom velocities of 9 cm/s (2015) and 
11 cm/s (2018) are comparable to the average values of 8 to 
16 cm/s for the inner shelf and the nearshore (< 20 m) zone of the 
Canadian Beaufort Sea [63]. The episodic nature of the current 
velocity, where low values of less than 20 cm/s are recorded for 
multiple days during calm wind conditions, was also observed 
by Héquette and Hill [20], where fair weather periods led to cur-
rent velocities of less than 8 cm/s.

The maximum recorded near bottom current velocities of 
32 cm/s (2015) and 32 cm/s (2018) are low compared to previous 
measurements of 40–56 cm/s (Fissel and Birch, [63]; 50 cm/s of 
Héquette and Hill [20]; 100 cm/s Hill et  al. [13]; and 100 cm/s 
Weingartner et al. [68]), likely reflecting the absence of exten-
sive strong storms during our measurements in summer, where 
only one moderate storm event during each measurement pe-
riod was observed. This limits the applicability of our results to 
the relatively calm summer season.

The bottom currents tended to be lower than the surface ones, 
except for the period between August 10 to August 13, 2018, 
when bottom currents were faster. This period corresponded 
to the presence of open pack ice over the Herschel Basin, with 
mobile scattered ice floes covering locally up to 70% of the usu-
ally ice-free waters of the Southern Beaufort Sea [32]. This dras-
tically limited the fetch length at the field sites (Figure 1) and 
therefore reduced surface flow velocities at that time. The simul-
taneous increase in bottom flow velocity could be the result of 
ice keel induced momentum flux, as reported by other studies 
under medium sea ice concentrations [43, 71, 72].

The lack of a strong relationship between the wind and the cur-
rents, especially in 2015, is likely the result of the concomitance of 
multiple small-scale (complex bathymetry, sheltered mooring posi-
tion) and large-scale (water level surges due to pressure gradients, 
influence of shelf flow patterns, position of the sea ice) processes 
[20, 63]. The relationship is further complicated by the variabil-
ity in the response time-lag based on preconditions and the wind 

direction. Additionally, the forcing needs to overcome the inertia 
of the system, and this threshold is also subject to the steadiness 
of the wind direction and incoming wind intensity [20]. This is 
important because the angle between incident wind direction and 
coastal orientation results in different current responses [20, 63]. 
In the Beaufort Sea, water column stratification due to the pro-
nounced Mackenzie River plume, as well as upwelling and down-
welling events, is also adding complexity to the linkage between 
wind forcing and current velocity response [68, 73, 74].

The currents observed in 2015 and 2018 were primarily per-
pendicular or oblique to the shoreline. In 2015, the net di-
rection of bottom and surface flows was directed offshore 
towards Herschel Basin with an occasional reversal of the 
flow. In 2018, the net flows at the bottom and the surface 
layer were in opposite directions, albeit in a general axis 
oblique to the shorelines. This contrasts with findings from 
other authors along most stretches of the Beaufort Sea coast, 
where a pronounced along-shore coastal current flowed par-
allel to the local bathymetry [63, 68]. West of HIQ, Lin et al. 
[43] observed a pronounced longshore coastal flow. Local ef-
fects linked to the sheltering effect of the island of HIQ and 
the presence of mobile sea ice likely led to the reduction of 
the along-shore current potential [13]. The Mackenzie River 
plume front was previously connected to perpendicular or 
slightly oblique to the shoreline directed flow directions 
[13, 20, 63]. Although it could have influenced the currents 
for a period, it is rather unlikely the plume front constantly 
affected the measurements.

The vertically averaged MSCB current velocities are slower com-
pared to the measured currents in both study periods. Although 
the model generally captures the frequency and magnitude of 
the pronounced current events, it does not resolve the moderate 
events in great detail. The timing of the modeled high velocity 
events retrieved from the MSCB reanalysis differed from the re-
corded measurements by up to 1 day. This time lag was particu-
larly prominent on August 6, 2018, when the strongest currents 
were measured.

4.2   |   Sediment Transport

Much of the organic-rich permafrost material eroded at the 
coast is released to the nearshore zone. There, it is likely to un-
dergo a series of processes leading to transport, degradation, 
and deposition [8, 10, 75]. Traditionally, authors have considered 
that the eroded material was transported offshore and deposited 
there, yet a growing number of studies show that coastal resus-
pension may play an important role in sediment transport and 
organic matter degradation [9, 16]. Our bottom current velocity 
measurements were all below or close to the lower boundary 
of this range, indicating that no lasting sediment resuspension 
would have taken place. This is hardly surprising because our 
sampling periods were characterized by moderate winds, and 
sediment resuspension is more likely to occur during autumn 
storms.

It was observed, however, that in these wind conditions, resus-
pension can occur in shallower water depths, along a gradient 
from the shore to the sea [12]. This gradient was also observed 
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by Klein et al. [14], who showed the continuous presence of a 
highly turbid fringe along the shoreline of HIQ in Landsat im-
agery collected over a 30-year period. Our sampling locations 
at Points A and B were not located in the immediate vicinity to 
the shoreline and could not capture resuspension very close to 
the shore.

The maximum horizontal bed velocities from the MSCB 
showed that in 20 m depth (at the edge of the nearshore zone), 
resuspension would be limited to prominent October storms 
[13], whereas at 5 m water depth, resuspension would fre-
quently take place during September and October, with occa-
sional events in August [20, 76]. This shows that the potential 
for resuspension greatly increases in shallow waters and is 
linked to seasonality.

This resuspension potential gradient is reflected in the grain 
size from the two sea floor transects. On exposed shorelines, 
the grain size decreased drastically from the shoreline to the off-
shore. Jong et al. [12] showed that deposition occurred only be-
yond a critical depth. Our data show that beyond 12 m depth, the 
small fraction (fine to medium silts) dominated. Fine grained 
sediments were also found close to the shoreline, albeit in a shel-
tered low-energy nearshore deposition center behind Simpson 
Point [35].

Sediment mobilization potential in the nearshore zone is there-
fore primarily related to wind forcing but can be strongly di-
minished by the presence of sea ice. During open-water storm 
events, sediments up to fine sand are mobilized in the water col-
umn [13, 20, 77]. Fissel and Birch [63] observed in the Beaufort 
Sea that greater turbidity at depth was associated with greater 
waves. This was also supported by findings of sediment-covered 
instruments in the nearshore zone [68]. These observations have 
strong implications for the future state of the Arctic nearshore 
zone, because larger fetches, longer open water season, and de-
creased sea ice extent could enhance sediment mobilization and 
dispersal.

4.3   |   Implications

Arctic warming leads to the shrinkage of the seasonal sea ice 
coverage, to the lengthening of the open-water season and to 
an increase in wave heights [6]. The general increase in wave 
forcing would potentially lead to greater transport of eroded 
material. Sediment resuspension is also largely driven by wave 
forcing. From the year 2000 onwards, a rise in the average hor-
izontal bed velocities in line with the elongating open water pe-
riod is visible. Although an interseasonal variability remains, 
less ice coverage increases the potential for more sediment 
mobilization in the Beaufort Sea region. A larger fetch during 
the stormy season would lead to more reworking of the sedi-
ments. Sediment transport could be greater during months al-
ready characterized by open water conditions (July, August, and 
September) and during months previously dominated by sea ice 
presence (October and November).

In the Canadian Beaufort Sea, the dominant incident wave 
direction was historically from the northwest. Recent studies 
have noted a shift towards more eastern conditions, which 

would increase the frequency of larger wave events into regions 
around the Herschel Basin, which are otherwise sheltered 
from northwest storms [36, 49, 78]. The enhanced turbidity 
linked to resuspension could potentially lead to substantial 
changes to the coastal biogeochemical budget through an 
added increase in carbon and nutrients. It already has direct 
impacts on the microfauna in the nearshore zone [78] and po-
tentially alters sedimentary-bound carbon transport [12, 16].

5   |   Conclusion

In situ measurements of coastal currents along permafrost 
coasts are challenging. The presence of sea ice prevents the use 
of techniques used at lower latitudes. Arctic nearshore currents 
are therefore poorly understood, and data are scarce. Yet near-
shore currents play a crucial role in mobilizing eroded coastal 
permafrost material and determine the fate of sediments and 
organic matter in the nearshore zone.

This study reported on current measurements using ADCPs 
deployed in 7 and 12 m depths for a short season in the vicinity 
of Herschel Island–Qikiqtaruk, Yukon, Canada. At both loca-
tions, the current velocity was stronger in the upper than in 
the lower water column. The potential drift direction showed 
that currents in the lower water column pointed in a net off-
shore direction. The surface water currents were directed ei-
ther offshore (2015) or in an oblique onshore direction (2018). 
These contrasting pathways in the lower water column are 
due to multiple factors acting upon the small and large syn-
optic scales.

The current velocity was mainly driven by the intensity of the 
wind. The current velocity increased drastically during a storm 
event in 2018 but did not in 2015, where no clear current velocity 
response could be detected during strong wind events. Previous 
studies linked this variable response to differences in the wind 
direction, sea ice coverage, the pronounced water stratification 
from the Mackenzie River plume, and large-scale circulation 
systems. Our results suggest that coastal promontories such 
as HIQ play an important role in controlling the relationship 
between wind and currents. The comparison of in  situ ADCP 
current measurements with the MSCB reanalysis data shows 
that both datasets generally agree but that some substantial dis-
crepancies remain. The modeled events often lagged behind the 
measured ones by up to a day. Short events were often missed 
by the model, whereas longer and more intense events were ad-
equately captured. Overall, the measured currents were often 
faster than the modeled ones.

This study opens opportunities to investigate coastal currents 
along permafrost coasts, where the deployment of instruments 
is often costly and challenging. Yet our in  situ measurements 
covered very limited time spans, and future efforts should be 
focusing on the acquisition of comprehensive wave and current 
datasets over the entire open-water season. This would help val-
idate reanalysis datasets and to provide the boundary conditions 
required to develop accurate models of coastal hydrodynamics. 
This is crucial to the compilation of coastal sediment and bio-
geochemical budgets and the projection of the impact of coastal 
erosion along permafrost coasts.
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