HYDROMORPHOLOGICAL DYNAMICS OF CANADIAN ARCTIC DELTAS : AN
HYDROLOGICAL MODEL OF THE COPPERMINE DELTA.
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Climate change has transformed coastal and deltaic environments in the Arctic with warmer temperatures, loss of sea
ice, higher water levels, and larger storm events. Coastal retreat rates have been measured over 10 m per year in
Canadian Arctic severely affecting Indigenous communities. This paper presents one of the first hydrodynamic models
of an Arctic delta to better understand the processes specific to the Arctic. The hydrodynamic model has been calibrated
and validated with water level and current velocity field measurements in summer 2022. Water levels are well predicted
during both calm weather and storm events. A correlation between water level and permafrost erosion at cliff foot is
analyzed with a parameter called erosion potential. The erosion potential has been defined as the number of days for
which the water level at Graveyard is above the threshold of 0.1 m divided by the total number of days during summer.
According to water level measurements from 2021 to 2024, the erosion potential is stochastic across years, with a
significant increase in mean water level in 2023, followed by a drop in 2024. Following IPCC projections for sea-level
rise, erosion at the foot of Graveyard cliff could occur one out of two days during the summer season in 2050 and every
day in 2100. Based on our recent field studies, the aim of this project is to analyze the extent to which hydro-
morphodynamic models without considering thermal exchanges can be applied to Arctic coastal engineering. Correctly
predicting the impact of climate change in the Arctic will enable better adaptation of local communities in the future.

Keywords: arctic; delta; hydrodynamic modelling; Delft3DFM; erosion

INTRODUCTION

Indigenous communities along Arctic coastlines are becoming increasingly vulnerable to climate
change and the impacts of storms (Archer et al. 2017; Ford et al. 2021). Throughout the Arctic,
infrastructure, such as houses, schools, roads, airstrips and numerous archaeological sites, have already
been eroded/flooded or are under serious threat (Irrgang et al. 2018; Liew et al. 2022). Warmer air, water
and permafrost temperatures, higher water levels and waves, increase in precipitation and discharge have
altered the hydro-morphological dynamics of Arctic coastlines and deltas (Box et al. 2019). As a result,
some permafrost coastal retreat rates have been measured over 10 m per year in Canada (Obu et al. 2016),
in Alaska (Jones et al. 2018) and in Russia (Giinther et al. 2015). Although mean annual erosion rates
were lower, some localized extreme events severely eroded the coastline exceeding 19 m/year in
Varandey (Sinitsyn et al. 2019) and 22.3 m/year in the Lena delta in Russia (Fuchs et al. 2020). The
majority of permafrost coastlines erosion takes place during the summer months, due to the protection of
sea ice during the winter (Chan et al. 2022).

Coastal erosion adaptation projects are beginning to emerge in the Arctic, with hard infrastructure
such as dykes, breakwaters and rock revetments, and soft solutions, such as beach nourishment, dune
stabilization and infrastructure retreat (Liew et al. 2020). However, the coastal protection measures
already in place are described as incomplete and short-term (Smith and Sattineni 2016), sometimes
forcing communities to relocate (Albert et al. 2017). Both local communities and scientists agree on the
need for protection and adaptation projects (Magnan et al. 2022). However, a lack of knowledge about
the processes causing erosion of permafrost coastlines has limited the effectiveness of traditional
engineering protection methods. With a better understanding of these hydro-morphological dynamics
and the impact of climate change, new hard and soft methods could be developed and discussed with
local communities in the Arctic.

387 Arctic deltas have been inventoried and classified according to their hydrodynamic forcing:
river, tidal or wave dominated, as for deltas in temperate environment. Nevertheless, Arctic delta
morphodynamics can vary widely due to differences in ice cover and sediment fluxes related to the
presence of permafrost (Overeem et al. 2022). However, few studies, combine delta dynamics with
processes specific to permafrost dynamics, and this is hindered by a lack of field data and hydro-
morphological models suited to the region (Frederick et al. 2016). Some are using hydro-morphodynamic
models based on physical equations (Bull et al. 2020) but with a low spatial resolution of 100 m for the
hydrodynamic part around the coast. Other studies modelled the hydrodynamics with a reduce
complexity approach (Chan et al. 2022) without considering oceanographic processes such as tides and
waves. However, water level variability in an estuary depends on several processes with constructive or
destructive interactions with each other: mean sea level, tides, atmospheric surge, river discharge, waves
and wave set up (Krien et al. 2017; Pertiwi et al. 2021). Tide-surge interactions, also called still water
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level, are defined as the interactions between mean sea level, tides and wind-driver surge (Idier et al.
2019). Wind-driver storm surge cannot be neglected in shallow water areas and could lead to extreme
water levels causing flood hazards in deltas (Eilander et al. 2020). Tide-surge interactions could increase
extreme water level up to 1 m (Krien et al. 2017) whereas the addition of waves can also contribute to
flood hazards but have less effect on extreme water level (Idier et al. 2019). Furthermore, the projected
flood hazards due to extreme water levels need to consider the sea level rise, up to 1.01 m in 2100 with
the extreme scenario according to the IPCC 6 Assessment Report (Fox-Kemper et al. 2021; Garner et
al. 2021). Current numerical models are unable to assess the processes behind the erosion of permafrost
shoreline due to storm impacts in an Arctic delta and predict the hydro-morphological dynamic
depending on climate change scenarios.

AIM AND APPROACH

The long-term objective of this project is to provide a basis for improving numerical models of
Arctic deltas on a local scale of a few dozen kilometers. To address the concerns of the community of
Kugluktuk about morphodynamic changes in the Coppermine delta in Nunavut (Canada), this study
aims to:
1. Calibrate a hydrodynamic model of the Coppermine Delta in Canadian Arctic;
2. Validate the hydrodynamic event with a storm event;
3. Analyze the impact of sea level change on erosion risk.
This study takes into account the river and ocean hydrodynamics with water level and current velocity
measurements from field surveys from summer 2021 to 2024. Local anthropogenic impacts are
considered insignificant compared to other environmental changes in the Arctic, nor biological
processes. The presence of ice (break-up, plug, floating ice), which is absent in summer in the
Coppermine Delta, is not considered in the model. Heat transfer, although assumed to be relevant to
understanding the dynamics of an Arctic delta, is not included at this stage of the project. Thus, this
study will provide a basis for modelling morphological dynamics and sediment transport in the delta,
and for assessing the impact of thermal processes on morphological changes.

STUDY AREA

The Hamlet of Kugluktuk (°d°5%2%, meaning "Place of moving water") is located on the north
coast of mainland Canada in the Kitikmeot administrative region of Nunavut (latitude: 67° 49'N and
longitude: 115° 07'"W) (Wilson et al. 2021). At the mouth of the Coppermine River and Coronation Gulf,
the community of 1382 inhabitants (from the 2021 census) is on the western edge of the Coppermine
delta. The highest point is 170 m above sea level, at the top of a rocky hill (Smith 2014). By 2100,
isostatic uplift would be around 23 cm higher, and relative sea level rise is expected to be between -20
and +65 cm depending on climate change scenarios (James et al., 2011). In 2007 and 2009, community
surveys highlighted vulnerability to weather changes (ice, precipitation, wind, temperature) and to
infrastructure degradation due to permafrost freezing/thawing cycle (Prno et al. 2011; Smith 2014). A
climate change adaptation plan was drawn up with the community (Johnson and Arnold 2010).
Nevertheless, some critical infrastructure such as the port, shown on Smith's (2014) map, are no longer
accessible and fishing cabins along the shoreline have been damaged. Due to the decline in water depth
making navigation and fish migration difficult in the delta and an increase in shoreline erosion, priority
areas for protection and restoration were identified in February 2019 by the Hamlet Council and members
of the Hunters and Trappers Organization (Wilson et al. 2021). Coastal erosion is particularly threatening
the traditional cemetery located on one of the deltaic islands (Fig. 1). The community's concern about
the possible destruction of part of the cemetery is reinforced by the retreat of the coastline visible in aerial
photographs and satellite images since 1952 (Binette et al. 2024). Up to now, at least one grave has
already fallen into the water. The foot of the cemetery is well protected from offshore waves due to the
delta morphology corresponding to a low energy environment with a maximum significative wave height
of 0.2 m (Binette et al. 2024).
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Figure 1. Location of the Coppermine delta in the Canadian Arctic (a) and main region of interest, the Graveyard
Island where the traditional cemetery is on the top of cliff (b).

METHODOLOGY

Field measurements

Community-based field surveys were carried out during the summer months from 2021 to 2024 from
July to October in the Coppermine Delta. Pressure sensors (RBR Virtuoso, recording total pressure
continuously at 4 Hz) and ADCPs were used for the model calibration and validation in 2022 (Table 1).
Water levels are determined considering hourly atmospheric pressure from the weather station at
Kugluktuk airport. Water in the delta was always considered fresh due to the low salinity < 0.1 ppt
measured with an RBR CTD sensor in summer 2021. Current velocity was measured from two types of
ADCEP sensors: ADCP Nortek Eco Current Profiler (called ADCP ECO) and ADCP Nortek Signature
1000. For both ADCPs, the current velocity was automatically processed by Nortek software and was
averaged in the water column every 20 min and converted in ENU coordinates. In the river, the daily
discharge was calculated from the current velocity daily averaged at River upstream multiplied by the
estimated cross-sectional area of 634 m?. The cross-sectional area corresponds to an approximation of
the surface between bed level determined from the bathymetric map and the water level considered
constant at z= 0 m. The location of each sensor and the bathymetric measurements were determined in
NADS3 UTM zone 11N (EPSG: 2955) with the CGVD2013 datum.

Table 1. Hydrodynamic sensors characteristics.

Instruments Location Sampling rate | Deployment Recovery
[HZ] [mm/dd/yyyy] | [mm/dd/yyyy]

RBR Virtuoso D Graveyard 4 07/08/2022 10/06/2022

Nortek ADCP Signature1000 Graveyard 2 07/06/2022 07/15/2022

Nortek ADCP Eco Current Profiler | River upstream 0.008 07/06/2022 07/15/2022

Nortek ADCP Eco Current Profiler | River upstream 0.003 07/17/2022 10/05/2022

A bathymetric survey campaign was conducted in July 2022 with a single beam eco-sounder
(HydroBall® buoy) that can measure to a minimum water depth of 0.1 m. The data collected was
validated by the Canadian Hydrographic Service (CHS) quality analysis procedure (Anon. 2020) with
771 intersections and a vertical error of less than 0.4 m for 98.8 % of the measurements. The bathymetric
map used in the model was constructed by combining field measurements; a satellite derived bathymetric
map produced by two Sentinel-2 images (10 m spatial resolution) in 2022 (2022-08-01 and 2022-08-06)
including tidal correction produced by the ARCTUS Al-assisted empirical model; and open access data:
ArcticDEM (https://fridge.pgc.umn.edu/) (2 m spatial resolution) and Canadian Hydrographic Service
Non-Navigationnal NONNA (https://data.chs-shc.ca/dashboard/map) (10 m spatial resolution). Due to a
lack of data in the North-East region, new offshore points of 50 m depth were created. Interpolation
method k-nearest neighbours regressor depending on 3 neighbors and considering a uniform weight
between each neighbor was applied by splitting the map into 5 areas and then over the whole map. The
bathymetric map was interpolated on the model’s mesh with a triangular interpolation and was compared
with 2023 RTK GPS field measurements. A relatively low correlation is shown with a R? equal to 0.38,
a RMSE of 0.41 m and a bias of 0.3 m. Considering the bathymetric map with a 10 m spatial resolution
and many sand bars at this depth, the bathymetric map interpolated on the mesh of the model is considered
acceptable (Fig. 2).
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Figure 2. Bathymetric map of the Coppermine delta including the ADCP sensors and a pressure sensor (RBR)
at River upstream and along Graveyard Island.

Model set up

The hydro-morphological model was implemented using Delft3D FM software
(https://oss.deltares.nl/web/delft3d), widely used tool for simulating deltaic evolution in temperate
environments (Edmonds et al. 2021). The Delft3D FM software module D-FLOW was used, which
simulates multi-dimensional hydrodynamic circulation and transport dynamics including sediments
transport. In this model, we focus on the hydrodynamics of the delta in 2D, with particular emphasis on
the region of interest Graveyard. The model solves the 2D shallow-water equations derived from the
Navier-Stokes equations for an incompressible fluid in the horizontal plane The averaged depth
assumption could be applied due to the shallow bathymetry and the limited stratification based on salinity
measurements from 2021. Delft3D has been widely used to model delta dynamics, and the 2D model can
provide accurate results while reducing computing power and time (Tejedor et al. 2016; Braat et al. 2017,
Lenstra et al. 2019). We assume anisotropic turbulent viscosity and hydrostatic pressure. The effect of
the Coriolis force was neglected. Wave and wind processes were considered negligible for the following
hydrodynamic model.

In Cartesian coordinates, seven different triangular flexible mesh were tested around same spatial
resolution of 440 m offshore and 27 m in the river with different resolution closed to Graveyard. To
ensure the model's stability, all the grids were orthogonalized (<= 0.001) and smoothed. The boundary
conditions were defined hourly as the discharge in the river upstream and the water level offshore. All
the model parameters were described in Table 2 and the other parameters were set as default. All the
simulations were run in parallel with six partitions. The model results were independent from the initial
water level. A robust sensitivity analysis was carried out to identify the best-performing mesh spatial
resolution. Then, sensitivity analysis of the viscosity, diffusivity and Manning’s coefficients were
conducted for the model’s calibration from 07/09/2022 to 07/12/2022 which allows the simulation of
several tidal cycles. The best suitable parameters have been selected and validated from 07/14/2022 to
07/17/2022 during a storm event including one of the highest water levels measured at Graveyard in
summer 2022.
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Table 2. Model parameters in D-Flow FM module
Parameters units | Selected
Mesh spatial resolution (at Graveyard) | m 2-18
Horizontal eddy viscosity m?/s 0.01-10
Horizontal eddy diffusivity m?/s 0.1-10
Manning friction coefficient s/m'® | 0.015-0.035
Salinity ppt 0

Water temperature °C 18
Uniform bed level (if no data) m -1.5
CFL - 0.7
Maximum time step s 30

Model parameters were evaluated on the Root Mean Square Error (RMSE), the correlation
coefficient R?, the coefficient of determination r and the bias according to:

1. Water level, with the most accurate possible predictions at Graveyard in 2022. Current velocities
at Graveyard were close to 0 m/s and it is assumed that water level variation mainly controls erosion
at the foot of Graveyard.

2. Current velocities towards East and North, with the most accurate predictions possible at River
upstream in 2022. Current velocities in River upstream are essential for sediment transport, which
will be studied later.

Erosion potential

Storms events were analyzed at Graveyard Island from the 8% of July to the 29" of September from
2022 to 2024 with the Peaks-Over-Threshold (POT) method (Bocharov 2023) applied on water level
field measurements. Extreme values were selected above a threshold of 0.1 m. This threshold was
determined according to the water level during events generating erosion visible at the Graveyard bluff
foot. Erosion events were analyzed from time-lapse cameras in the report from Binette et al. (2024). A
minimum time between two events of 24 h is considered to ensure event independence (Kim et al. 2021).
The erosion potential was calculated as the number of days for which the water level is above the
threshold of 0.1 m divided by the total number of days from the 9" of July to the 29" of September for
each year. This method has been used by Anderson et al. (2021), who calculated the number of days per
year that water level exceeded a threshold to study the overtopping prediction of a berm.

The most recent regional projections of sea-level change were provided by the IPPC sixth
Assessment Report (AR6) (Fox-Kemper et al. 2021; Garner et al. 2021) available on the NASA sea-level
projection tool (https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool). The water level change was
relative to the water level between 1995 and 2014 and depend on the region, in our case latitude 68° N
and longitude -114° E. Three scenarios were selected SSP2-4.5, SSP3-7.0 and the highest water level
scenario SSP5-8.5 from 2020 to 2100 with a medium confidence interval (Fig. 3). To analyze erosion
potential due to project sea level rise, a bias was added on the total water level measured during summer
2022 at the offshore boundary depending on IPCC scenarios. The addition of a sea level bias on water
level is similar to the projection of annual high tides depending on IPCC scenarios by Idier et al. (2019).
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Figure 3. Median sea-level change projections [m] near the Coppermine Delta (lat : 68°, lon:-114°) from 2020 to
2100 according to IPPC ARG for 3 scenarios : SSP2-4.5, SSP3-7.0, SSP5-8.5. Shaded areas correspond to the
5th-95th percentile ranges for each scenario.
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RESULTS

Model Calibration

Among the seven triangular flexible mesh grids tested, statistical analyses of three grids are presented
from the coarsest to the finest spatial resolution (Table 3). The characteristic length (Lc) of a cell is
considered as the average length of a triangle. The characteristic length at River upstream was equal to
27 m for each grid. Mesh spatial resolution varied especially at Graveyard location with a characteristic
length between 3.7 m to 30 m.

Table 3. Characteristics of 3 triangular flexible mesh grids including for each
grid the minimum characteristic length (Lc, min), the maximum characteristic
length (Lc, max), the characteristic length at Graveyard (Lc, graveyard) and the
number of elements.

Grids Lc, min Lc, max Lc, graveyard Number of elements
Grid 1 17.5 464 30 140 682
Grid 2 3.1 447 7.5 460 070
Grid 3 21 447 3.7 556 180

The statistical analysis (Fig. 4) confirmed all the grids correctly predict water level, with an average
R? greater than 0.8 at Graveyard and River upstream. The grid chosen for the further analysis was grid
2, with a better correlation for current velocities at River upstream. However, all the grids have shown a
poorer correlation for current velocity at Graveyard. With the Grid 2, the current velocity at Graveyard
had a correlation coefficient about 0.56 towards East and 0.31 towards North.

Grid statistical analysis
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Figure 4. Grid statistical analysis with the correlation coefficient R*> at Graveyard and River upstream
depending on water level (hgand h, respectively), velocity towards East (ve g and ve,) and velocity towards North
(Vn,g and Vn,r).

Several model parameters were tested and the parameters with the best predictions for water level
and current velocity were selected depending on RMSE and R? analysis (Table 4). The other model
parameters were left at their default values.

Table 4. Model parameters tested and selected in D-Flow FM module

Parameters unit Default | Tested Selected
Horizontal eddy viscosity m?/s 0.1 0.01;0.1;1;5;7;10 0.1
Horizontal eddy diffusivity | m?s 0.1 0.1;1;5;10 0.1
Manning friction coefficient | s/m"® | 0.023 | 0.015;0.017;0.2;0.023; | 0.015
0.026 ; 0.028 ; 0.035 ;
variable [0.015-0.035]

Horizontal eddy diffusivity and viscosity calibration had no significant improvement in prediction;
thus, the default values have been chosen. The impact of Manning coefficient on current velocity at
Graveyard and River upstream is presented on Fig. 5. For constant Manning’s coefficients, the simulation
with R? closest as possible to 1 is better with 0.015 s/m'” for current velocity at River upstream and, in
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contrast, the largest Manning coefficient of 0.035 provides a better prediction at Graveyard. The result
of a variable Manning coefficient equal to 0.015 s/m'”? at River upstream and 0.035 s/m'? at Graveyard
and offshore improve slightly the general prediction but the current velocity at River upstream is less
well predicted than the results with the one constant of 0.015 s/m'?3. Considering the current velocity at
River upstream, the subsequent analysis will use a Manning coefficient constant equal to 0.015 s/m'3
(Table 5).

Friction analysis
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Figure 5. Correlation coefficient R compared with manning coefficient for the velocity towards East and North
at Graveyard and River upstream. The statistics are calculated for a 3-day simulation period from 07/09/2022
to 07/12/2022 during a period considered without storm event.

Model Validation

The analysis for the calibration period from 07/09/2022 to 07/12/2022 and during a storm event for
the validation period from 07/14/2022 to 07/17/2022 are presented in the Table 5. The time series of
model prediction avec field measurements for water level and current velocity towards East and North at
Graveyard and at River upstream are shown for the validation period on the Fig. 6.

Table 5. Statistical analysis with the selected parameters depending on water level at
Graveyard (hg) and velocity towards East (ver) and velocity towards North (vn,) at River
upstream for a 3-day calibration period and for the validation the first 3-day storm event in
July 2022.
Statistics Calibration Validation

hg Ve,r Vn,r hg Ve,r Vn,r
RMSE 0.01 0.02 0.04 0.02 0.03 0.03
R? 0.98 0.63 0.67 0.99 0.51 0.45
r 0.99 0.80 0.82 0.99 0.71 0.67
bias 0.002 -0.006 0.037 0.000 -0.028 0.011

The water level at Graveyard is well predicted for the model calibration and the validation. During
the storm event of the validation period, the model is able to predict the water level rise as measured in
the field at Graveyard and at River upstream. The current velocity predictions are considered acceptable
at River upstream, therefore the fluctuation during the storm is not predicted and the velocity towards
North are overestimated by the model especially during the calibration period. The current velocity
towards North and East at Graveyard are variable in the field measurements and closed to 0 m/s.
However, the model cannot predict the current velocity, especially towards East for which the prediction
and the measurements are in the opposite direction.



COASTAL ENGINEERING 2024

04 At Graveyard At River upstream
021 _ 029
E k=)
T 0.0 T 001
2L 2
B B
2 021 Z 02
0.4 o4
07-11  07-13  07-15  07-17  07-19 07-11  07-13  07-15  07-17  07-19
0.4
0.10 1
) % 0.3
g 0.057 =
£ 000 8021
z % X o z
5 ~0.05 - %« X X 5 0.1
o105 % TR
0.0 1
X x x X
07-11  07-13  07-15  07-17  07-19 07-11  07-13  07-15  07-17  07-19
0.4
X

i) ©' 0.3

£ E

s 9 5 0.2

> 0.004 >

E 5014

2 ~0.05 © X Field

0.0 == Model
-0.104+— | X . . . | |
07-11 07-13 07-15 07-17 07-19 07-11 07-13 07-15 07-17 07-19

Figure 6. Time series of the water level, velocity towards East and North at Graveyard (left panels) and at River
upstream (right panels) with the field measurements in red cross and the model prediction in blue line during
a storm event for the validation period from 07/14/2022 to 07/17/2022 (in light gray). Except for the water level
measurements at Graveyard, no sensor was deployed between 07/16/2022 and 07/18/2022.

Erosion Potential

From water level measurements at Graveyard, 6 storm events causing potential erosion have been
identified, corresponding to 20 days with a maximum water level higher than 0.1 m from 07/09/2022 to
09/29/2022 (Fig. 7). For the same period, the model estimates 19 days, one day inferior to the field
measurements which proves the good model estimation of water level.
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At Graveyard in 2022

.o
(V)
°

S o
(e —
T
1
1
1
1
1
i
—1
=
 — 1
—
1
1
1
. 1
1
1
1
|
| E—
1
— 1
1
1
1
1
=SS |
1
1
1
1
1
e 1
1
—
———
Iy 1
1
H
1
1
:
==
==
—
— 1
1
]
1
1
1
1
L
= |
1
1
1
1
1
1

Water level [m, CGVD2013]
<
[\

|
=]
AN

07-15 08-01 08-15 09-01 09-15 10-01

Figure 7. Water level at Graveyard during summer 2022 field measurements with the threshold of 0.1 m in red
dash line, the peak extreme values in red dots and the grey shaded areas for each event.

The erosion potential (Fig. 8) at Graveyard increases significantly when the water level rises. An
average 0.1 m rise in water level means that one out of two days the foot of the cliff is eroded during the
summer period. In 2022, the model prediction as well as the field measurements show an erosion potential
of 0.23. The erosion potential is not linear across years, with a significant increase in mean water level
seen in 2023, followed by a drop in 2024. In summer 2023, the field measurements show an average
water level increase of 0.08 m compared to the summer 2022. 15 storm events for a total of 31 days
above the threshold have been recorded during the summer 2023 field campaign, equal to a probability
of 0.38. However, the scenario SSP2-4.5 predicts an average rise of water level in 2023 about 0.004 m
compared to 2022 corresponding to a probability of 0.23, same than in 2022. In summer 2024, the average
water level in the field drops of 0.03 m compared to 2022. 7 storm events have been identified with 7
days out of 83 days above the threshold.

Erosion potential during summer months
at Graveyard Island with 2022 baseline
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Figure 8. Erosion potential at Graveyard Island depending on water level change [m] (blue line) as a bias added
on the water level field measurements from 07/09/2022 to 09/29/2022. The erosion potential is calculated as the
number of days for which the water level is above the threshold of 0.1 m divided by the total number of days.
The erosion potential is predicted in 2030, 2050 and 2100 for the scenario SSP2-4.5 (blue dot) and calculated
from field measurements during summer months from 2021 to 2024 (red triangles).

The IPCC projections of sea level rise expect an average median increase of 0.1 m in 2050 with the
scenario SSP2-4.5 corresponding to an erosion potential of 0.5, meaning erosion at the foot of the cliff



10
COASTAL ENGINEERING 2024

could occur one out of two days during the summer season. In 2100, erosion could occur every day during
the summer season if this cliff foot elevation is maintained.

DISCUSSION

The current velocity is relatively well predicted by the model in the correct amplitude range, but its
direction was not following the ebb and flood tidal variation unlike the field measurements. In a micro-
tidal estuary, the location of current velocity sensor could have an impact on the analysis of model
performance (Khanarmuei et al. 2020), as well as the bathymetric map accuracy (Ye et al. 2018). The
lower bathymetry precision in some part of the delta could be one of the reasons why the grid giving the
best predictions of water level and current velocity is not the grid with the finest spatial resolution.
Nevertheless, this model predicts well water levels during both calm weather and storm events, as has
also been demonstrated with larger tidal amplitude in embayments on Prince Edward Island (Manson et
al. 2015).

The water level seems to be the most relevant hydrodynamic parameter to induce erosion, especially
when water level rises. With sea level rise projections, the frequency of extreme events could increase
more rapidly considering the interactions between tides, storm surge, wave setup and sea level rise (Idier
et al. 2019). Like in the Coppermine delta, unprecedented summer storms are recorded in the Arctic
with significant increase in water level (Yamagami et al. 2017), accentuating the risk of erosion and
delta flooding in the Arctic deltas (Forbes et al. 2022). In the Mackenzie delta, a storm in July 2016 has
led to a local increase in water level of 1 m (Scharffenberg et al. 2019). Nevertheless for long-term
predictions, the isostatic adjustment has not been considered in the erosion potential predictions but in
2100, the median relative sea level should decrease up to 0 m in the Coppermine delta for SSP5-8.5
based on the ARS IPCC report, which is the most detailed study of the Canadian Arctic (James et al.
2021). The impact of high temperature, as measured in the Coppermine delta in 2022 (Binette et al.
2024), could also have a significant impact on permafrost erosion, and so have influenced on
morphological change, sediment transport and hydrodynamics in the delta.

CONCLUSION

The hydrodynamic model of the Coppermine Delta has been calibrated and validated with water
level and current velocity field measurements in summer 2022. Water levels are well predicted during
both calm weather and storm events (R? > 0.98). The erosion potential has been defined as the number
of days for which the water level at Graveyard is above the threshold of 0.1 m divided by the total number
of days from the 9 of July to the 29" of September for each year. According to water level measurements
from 2021 to 2024, the erosion potential is a stochastic process, with a significant increase in mean water
level in 2023, followed by a drop in 2024. Following IPCC projections for sea-level rise, erosion at the
foot of Graveyard cliff could occur one out of two days during the summer season in 2050 and every day
in 2100. The coastal protection projects of the last 20 years in the Arctic have, at best, been based on
hydro-morphodynamic models without considering thermal exchanges. Based on our recent field
studies, we are currently analyzing the extent to which these models can be applied to Arctic coastal
engineering. Correctly predicting the impact of climate change in the Arctic will enable better adaptation
of local communities in the future.
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