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Abstract The Arctic region is experiencing significant changes due to climate change, and the resulting
decline in sea ice concentration and extent is already impacting ocean dynamics and exacerbating coastal
hazards in the region. In this context, numerical models play a crucial role in simulating the interactions between
the ocean, land, sea ice, and atmosphere, thus supporting scientific studies in the region. This research aims to
evaluate how different sea ice products with spatial resolutions varying from 2 to 25 km influence a phase
averaged spectral wave model results in the Alaskan Arctic under storm conditions. Four events throughout the
Fall to Winter seasons in 2019 were utilized to assess the accuracy of wave simulations generated under the
dynamic sea ice conditions found in the Arctic. The selected sea ice products used to parameterize the numerical
wave model include the National Snow and Ice Data Center (NSIDC) sea ice concentration, the European
Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERAS), the HYbrid Coordinate Ocean
Model-Community Ice CodE (HYCOM-CICE) system assimilated with Navy Coupled Ocean Data
Assimilation (NCODA), and the High-resolution Ice-Ocean Modeling and Assimilation System (HIOMAS).
The Simulating W Aves Nearshore (SWAN) model's accuracy in simulating waves using these sea ice products
was evaluated against Sea State Daily Multisensor L3 satellite observations. Results show wave simulations
using ERAS consistently exhibited high correlation with observations, maintaining an accuracy above 0.83 to
the observations across all events. Conversely, HIOMAS demonstrated the weakest performance, particularly
during the Winter, with the lowest correlation of 0.40 to the observations. Remarkably, ERAS5 surpassed all
other products by up to 30% in accuracy during the selected storm events, and even when an ensemble was
assessed by combining the selected sea ice products, ERAS's individual performance remained unmatched. Our
study provides insights for selecting sea ice products under different sea ice conditions for accurately simulating
waves and coastal hazards in high latitudes.

Plain Language Summary The Arctic is changing rapidly due to climate change, resulting in a
significant decrease in sea ice. This reduction affects ocean conditions and increases coastal hazards. Our study
examines how varying sea ice data resolutions, ranging from 2 to 25 km, influence the results of a wave model
during four storm events in the Alaskan Arctic from Fall to Winter 2019. We incorporated sea ice data into our
wave model from various sources: the National Snow and Ice Data Center (NSIDC), the European Centre for
Medium-Range Weather Forecasts (ECMWF, known as ERAS), the HYbrid Coordinate Ocean Model-
Community Ice CodE (HYCOM-CICE) system, and the High-resolution Ice-Ocean Modeling and Assimilation
System (HIOMAS). We then evaluated the accuracy of wave forecasts produced by the Simulating Waves
Nearshore (SWAN) model by comparing them with satellite observations. Our findings indicate that the ERAS
data provided the most accurate wave predictions, demonstrating a high correlation (above 0.83) with satellite
observations during all storm events. Conversely, the HHOMAS data showed the weakest results relative to the
other products, particularly in Winter, with the lowest correlation (0.40) and higher errors. Notably, ERAS
outperformed the other products by up to 30% in accuracy during the storms, and even when combining different
sea ice data, ERAS's performance remained superior. This study offers valuable insights into selecting sea ice
data for accurately predicting waves and coastal hazards in the Arctic. These findings are crucial for
understanding and preparing for the impacts of climate change in this vulnerable region.

1. Introduction

The Arctic region has undergoing significant changes due to climate change (Hartmuth et al., 2023; Serreze
et al., 2000) leading to reduced sea ice presence and increased coastal hazards (Forbes & Taylor, 1994; Hume &
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Schalk, 1967; Short & Wiseman, 1974; Urdea, 2007). The warmer climate is creating longer open water seasons
in the Arctic Ocean, producing larger fetches and enabling the growth of larger wind waves (Overeem et al., 2011;
Waseda et al., 2018). The reduction in sea ice has also led to changes in the ocean currents, atmospheric cir-
culation, and the cryosphere, which have a cascading effect on the ecosystems and human activities (Valkonen
et al., 2021).

To better understand the impacts of sea ice decline in the Arctic coastal regions, ocean and coastal models have
become essential tools (Kousal et al., 2022; Thomson & Rogers, 2014; D. M. Williams & Erikson, 2021). These
models simulate the behavior of waves, tides, and currents—allowing assessment of the effects of storms, sea
level rise, and other coastal hazards (Dietrich et al., 2012; Westerink et al., 1992). Coastal modeling can also help
to identify the vulnerabilities of Arctic coastal communities and infrastructure to changing environmental con-
ditions (Squire, 2018; D. M. Williams & Erikson, 2021). Additionally, wave and sea ice modeling in the Arctic
has advanced with a multitude of methods that account for the type of sea ice and location (Squire, 2020). Wave-
ice dynamic interactions are important processes in the Arctic, not only for the breaking of ice floes and the
melting of ice, but also for wave generation, propagation, and dissipation in the Arctic basin, the Marginal Ice
Zone (MIZ), and coastal regions (Squire & Williams, 2008; T. D. Williams et al., 2013). The interaction between
waves and sea ice depends on the concentration, thickness, and distribution of the ice, as well as the characteristics
of the waves, such as their frequency and direction (Rogers, 2019). The wave-ice interaction schemes added to the
wave models can be separated into two categories: scattering modules (IS), and dissipation modules (IC). The
advancements to the wave models using these schemes have been implemented in WaveWatch III (Collins &
Rogers, 2017) and the Simulating WAves Nearshore model (SWAN, Rogers, 2019; The SWAN team, 2019), a
widely used numerical model for simulating wind-generated waves in the ocean and nearshore coastal zones
(Cassalho et al., 2022; Henke et al., 2024; Hosekova et al., 2020; Kumar et al., 2020; Yu et al., 2022).

In order to study the effects of wave dynamics on coastal hazards in the Arctic Regions, it is necessary to include
spatial and temporal sea ice data from either observations or data assimilated numerical models. Satellite sea ice
observations date back as far as 1978 (Cavalieri et al., 1996) providing researchers with both sea ice extent and
concentration (Collard et al., 2022; Comiso & Nishio, 2008; Liu et al., 2022), while numerical models assimilate
satellite observations to increase accuracy in predicting sea-ice extent and concentration (Barton et al., 2021;
Posey & Preller, 1997). For instance, the National Snow Ice Data Center (NSIDC) provides sea ice concentration
based on the Advanced Microwave Scanning Radiometer (AMSR-E), Special Scanning Microwave Imager
(SSM/I), and the Scanning Multichannel Microwave Radiometer (SMMR) sensors aboard the EOS-Aqua satellite
(Comiso & Nishio, 2008). The European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis
(ERA5) produces sea ice concentration through ensemble data assimilation of the reanalysis of two data sets from
the Ocean and Sea Ice Satellite Application Facilities (OSI-SAF) (Hirahara et al., 2016). The two-way coupled
ocean and sea ice model HYbrid Coordinate Ocean Model (HYCOM) and the Los Alamos National Laboratory
Community Ice CodE (CICE), which is assimilated with Navy Coupled Ocean Data Assimilation (NCODA)
system, provides high-accuracy predictions of the sea ice and ocean dynamics in the Arctic (Posey et al., 2010).
Finally, the High-resolution Ice-Ocean Modeling and Assimilation System (HIOMAS) is a sea ice-ocean model
that is forced with daily reanalysis of atmospheric characteristics from NCEP/NCAR (Zhang, 2021). The sea ice
models differ in spatial and temporal representations of the sea ice along with varying uncertainty and accuracy
(Hersbach et al., 2020; Hirahara et al., 2016; Lindsay & Schweiger, 2015). Overall, continued development and
improvement of sea ice models is critical for advancing our understanding of Arctic Sea ice dynamics and their
impacts on the coastal regions.

In this context, this study aims to evaluate how different sea ice products, with spatial resolutions varying from 2
to 25 km and different predicted sea-ice extents, can influence the accuracy of simulations of wave generation,
propagation, and dissipation in the Alaskan Arctic under extreme meteorological conditions. Four storm events
that occurred in the Fall of 2019 were used to assess the accuracy of simulating waves under various sea ice
conditions along the northern coast of Alaska, the Chukchi Sea, and the Beaufort Sea. This study focuses on the
freezing season, where sea ice formation and expansion dominate the wave-ice interaction dynamics. First, the
wave model was validated with the Sea State Daily Multisensor L3 satellite data under ice-free conditions.
Subsequently, the validated modeling framework was applied to the remaining events—which occurred under
varying sea-ice conditions across different seasons. The model performance was assessed as a function of the
satellite observations to highlight the overall impact the changing sea ice has on the wave model. Next, we
pursued a qualitative analysis of the implications of varying spatial and temporal resolutions of sea ice products on
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Figure 1. (a) Domain of the numerical model. (b) Focus areas of this study showing the varying resolution.

wave modeling, where key areas of influence wave dissipation were identified within the model domain. Finally,
we conducted an ensemble comparison of the model results parameterized by each sea ice product to highlight the
spatial disparities (i.e., areas where individual products diverge from the average) that different sea ice products
can impose in wave modeling. This indicated the practicality of incorporating sea ice products into wave
modeling and evaluating potential hazards for the Arctic coastal communities.

2. Methodology
2.1. Numerical Model

This study applied the coupled Advanced CIRCulation model (ADCIRC) and SWAN to simulate water levels by
solving the generalized wave continuity equation (GWCE) and currents by using the vertically integrated shallow
water equation (Westerink et al., 1994) with the wave model incorporating a Eulerian, phase-averaged, refraction
model (Boojj et al., 1999), which provides wave propagation in irregular bathymetry and topography (Gorrell
etal., 2011). While water levels and currents from ADCIRC are not analyzed in this study, their representation in
the modeling framework enhances the representation of the predicted waves in SWAN by solving the depth-
momentum equations with the surface winds, currents, and water levels (Cassalho et al., 2022).

The ADCIRC 4+ SWAN numerical mesh that was employed in this study extends from 55°N to its northern border
at 88°N, while its longitudinal coverage extends from 160°E in Russia to 80°W in Northern Canada (Figure 1a).
This unstructured grid was developed using OceanMesh2D, a MATLAB-based software for two-dimensional
mesh generation (Roberts et al., 2019), which integrated varying bathymetry and topography data sources.
This method followed a similar method to Joyce et al. (2019) and it allowed the numerical mesh to have a varying
resolution from an average of 1.2° in the open ocean (~135 km) to 0.005° (~315 m) at the northern coast of
Alaska (Figure 1c). The bathymetry and topography data were assembled from the General Bathymetric Chart of
the Oceans (GEBCO) (Weatherall et al., 2015), National Oceanic and Atmospheric Administration (NOAA)
Coastal Relief Model (Blanton et al., 2011), and United States Geological Survey (USGS) Coastal National
Elevation Database (Danielson et al., 2016). The topography and bathymetry data was transformed based on
NOAA's vertical datum transformation tool (Parker et al., 2003) to Local Mean Sea Level (LMSL). Additionally,
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Table 1
Ice Products

the model utilized a varying bottom friction based on the National Land Cover
Database (NLCD) 2019 (Dewitz, 2021), as Manning's n coefficients (values

were determined on past studies (Cassalho et al., 2022; Ferreira et al., 2014;

Sea ice product Spatial resolution Temporal resolution ] .
Miesse et al., 2023; Passeri et al., 2012)), to calculate the bottom shear stress.
NSIDC 25 km Daily
ERAS 025° ~ 32 km Daily Advancem.ents in t.he phase averaged SWAN model have allowed for s.e.a ice
] and wave interaction from deep water to nearshore through an additional
HYCOM 4°~ 10 km Daily o . o
dissipation source term, D;.. (Rogers, 2019). This method of sea ice inter-
HIOMAS 2 km Daily

action follows the process developed in WaveWatch III (Collins &

Rogers, 2017), and was established as IC4M2, where the temporal expo-
nential decay rate of energy can be derived as:

Sice
Dj.. = - —2c,k; 1

where D is the wave dissipation term, S;.. is the additional sea ice source term, E is the wave energy spectrum,
¢, is the group velocity, and k; is the linear exponential attenuation rate of wave amplitude. Additionally, Sj.. and
E vary with frequency and direction. In the SWAN implementation of IC4M2, Rogers (2019) has k; vary with
frequency and can be denoted as:

k=co+af+af+af +aft+osf +cof’ @)

where ¢, is the user defined polynomial coefficients, and f is the frequency measured in Hz. In previous studies
where this method was used in SWAN, ¢, and ¢, were the only modified coefficients while the remaining were set
to zero. The ¢, and ¢, coefficients were modified in this study following the field observation study conducted in
Hosekova et al. (2020), where ¢, = 3.8 1072 and ¢, = 7.8 * 1072, Regarding the sea ice parameterization in our
model setup, we considered the findings of Branch et al. (2021), who evaluated different sea ice coefficients and
highlighted that larger coefficients lead to overestimation in the wave damping. This led us to select the near ice
edge coefficients, as they fall between the lower coefficients derived by Meylan et al. (2014) and the larger
coefficients by HoSekova et al. (2020), which were intended for sea ice located more than 500 m from the ice
edge.

2.2. Ice Products

Table 1 describes the sea ice products selected for this study, which were chosen based on different spatial/
temporal resolution. Furthermore, a comparison of the sea ice concentration for each event outlined in this study is
presented in Figure 2. The National Snow and Ice Datacenter (NSIDC) provides sea ice concentration (shown in
Figures 2a, 2e, 2i, and 2m) from the climate data record (CDR) provided by the Defense Meteorological Satellite
Program. This sea ice concentration is generated through a combination of the brightness and temperature
collected from the Nimbus-7 Scanning Multichannel Microwave Radiometer, the Special Sensor Microwave
Imager, and the Special Sensor Microwave Imager and Sounder (Comiso & Nishio, 2008). The algorithms
developed at the NASA Goddard Space Flight Center transform the sea ice concentration into gridded data with a
resolution of 25 X 25 km on the NSIDC polar stereographic grid. The European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERAS) produces sea ice concentration through reanalysis of two
OSI-SAF (Eastwood et al., 2014) products that are interpolated to the ERAS horizontal grid (shown in Figures 2b,
2f, 2j, and 2n). Hirahara et al. (2016) discusses the uncertainties of varying data sets to enhance the reanalysis and
concludes that ERAS will include the data as a combination of the OSI-SAF products and the OSTIA sea ice
(Donlon et al., 2012). The third product (Figures 2c, 2g, 2k, and 20) is a coupled ocean and sea ice model known
as HYCOM-CICE (shown only as HYCOM henceforth), which was introduced by the Naval Research Lab
(Posey et al., 2010). The HYbrid Coordinate Ocean Model (HYCOM) (Metzger et al., 2008) simulates the ocean
stresses, temperature, and salinity. Subsequently, it exchanges the ocean variables with the Los Alamos National
Laboratory Community Ice CodE (CICE) (Hunke & Lipscomb, 2010), then CICE provides HYCOM with the sea
ice physical features and flows. The framework described also incorporates data assimilation, such as the two
products noted earlier, where the model is initialized with daily special sensor microwave/imager ice concen-
tration. The last product (Figures 2d, 2h, 21, and 2p) evaluated as a forcing in this study is the High-resolution Ice-
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Figure 2. Sea Ice Concentration from the Sea Ice Products that was outputted from the numerical model for the four events in this study.

Ocean Modeling and Assimilation System (HIOMAS) (Zhang, 2021). This model was developed based on
another sea ice model in the pan-arctic (PIOMAS), but it includes higher resolution and has the ability to
assimilate satellite ice concentration like the other products discussed earlier implement. The sea ice products
were compared to the ensemble average of the products to show the differences of the sea ice concentration and
extents in Figure S1 in Supporting Information S1. This shows that near the marginal ice zone (MIZ), that is
defined as sea ice concentration from 10% to 100%, shows the majority of the differences between the products.

2.3. Extreme Events

The Arctic experiences several types of coastal hazards (e.g., high waves, erosion and flooding) and these hazards
have been increasing in intensity and frequency due to rapid environmental warming and consequent sea ice
coverage reduction (Waseda et al., 2021). Table 2, shows the four events that occurred from October to December
2019 that generated waves that impacted the north slope of Alaska (Figure 3). The event in October 2019 was
reported to be a mid-intensity event reported by Cassalho et al. (2022) and
Yang et al. (2024). The other events were observed by HoSekové et al. (2020)

Table 21 al October 2019 ber 2019 showing the events generated waves along the coast. Additionally, Buzard
Meteorological Events From October o December et al. (2024) discuss how the majority of the storm events that occur from
Event Type Time of peak September to November in the region where the characteristics of the
Event 1 Low pressure wind event 15 October 2019 meteorological events in this study align with Finocchio et al. (2020). These
Event 2 Arctic Polar High Cyclone 12 November 2019 events are introduced into the model using ERAS winds and pressure fields at
. 0.25° resolution at 1 hr intervals following the results from Cassalho
Event 3 Arctic Polar Low Cyclone 23 November 2019 o
et al. (2022). The storms events can be classified into two types of events:
Event 4 Arctic Polar High Cyclone 8 December 2019

arctic polar low cyclones, and arctic polar high cyclones. The first has been
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Figure 3. Meteorological Events are the pressure contours and wind vectors from ERAS in the Arctic in Fall 2019 that is used
to force the ADCIRC-SWAN model. (a) Event 1: wind event. (b) Event 2: polar high cyclone. (c) Event 3: polar low cyclone.
(d) Event 4: polar high cyclone.

the subject of numerous studies and correlations have been found between declining sea ice and increasing in-
tensity of the cyclones found in the Arctic (Valkonen et al., 2021). The Arctic Polar High cyclones (also known as
anticyclonic Beaufort High) are high pressure events that occur in the Arctic Ocean with varying intensities that
are correlated to other atmospheric events, such as the Icelandic low, and studies are still determining the cause/
effect relationships of these cyclones (Kenigson & Timmermans, 2021; Serreze & Barrett, 2011).

First considering a polar low, in October 2019 henceforth know as Event 1, which generated an easterly wind with
recorded wind speeds as high as 21.8 m/s at the NOAA Prudhoe Bay station, Alaska station, and pressures ranging
as high as 10.2 kPa (shown in Figure 3a). The winds were sustained from October 15th to October 20th generating
fetch limited waves that reached 3.5 m near Jones Island and up to 6.0 m in the open ocean (within 50 km of the
Alaskan coast). The second polar low, known as Event 3, that we considered was a low-pressure cyclone that
came from the North Pacific Ocean and followed the Bering Sea toward the Chukchi Sea on 26 November 2019
(shown Figure 3c). The cyclone continued northward to the Arctic Ocean on 28 November 2019 with pressures
reaching as low as 9.9 kPa and wind speeds exceeding 20 m/s as measured at the NOAA Prudhoe Bay, AK station.
Conversely, the first polar high cyclones that we considered occurred in early November 2019 (shown in
Figure 3b). Event 2, occurred on 10 November 2019 a cyclone with pressures that exceeded 10.35 kPa traveled
southeast from the northern edge of the East Siberian Sea. Thus, reaching the Chukchi Sea on November 10th
with pressure surpassing 10.6 kPa and with measured winds reaching speeds higher than 15 m/s as measured at
the NOAA Prudhoe Bay station. It then moved west on November 14th and later declined significantly before
completely dissipating on 15 November 2019. The second polar high cyclone, Event 4, that we considered in this
study, occurred in the beginning of December 2019 (shown in Figure 4d). This cyclone started to form in the
Arctic Ocean on 8 December 2019 where it continued southeast to the Canadian archipelago on 9 December 2019
with pressures higher than 10.45 kPa and wind velocity reaching speeds as high as 21 m/s at the NOAA Prudhoe
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Figure 4. European Space Agency (ESA) Climate Change Initiative (CCI)
Sea State Daily Multisensor L3 swath paths from October to December
2019. The data coverage for the Chukchi Sea, Beaufort Sea, and partially of
the Arctic Ocean.

Bay station. This cyclone became stagnant in the Beaufort Sea near Banks
Island, Canada until 10 December 2019. It then started to dissipate while it
began moving southeast to Canada on 12 December 2019.

2.4. Model Evaluation

Observations of the current and historic sea state are a topic of academic
interest, notably in the arctic domain. Advancements in remote sensing are
allowing a better understanding of the sea state climate in areas where it is
difficult to deploy sensors (Squire, 2020; Wadhams et al., 2018). Remote
sensing products of the sea states, especially the wave heights, provide
validated data that is consistently tested and used for validation of numerical
models (Ardhuin et al., 2019; Stopa et al., 2018). In this study, we used wave
measurements from the European Space Agency (ESA) Climate Change
Initiative (CCI) Sea State Daily Multisensor L3 (Dodet et al., 2020). The ESA
CCI product provides reliable, well documented wave height observations in
open-water regions, making it a suitable data source to evaluate the predicted
wave heights in the Arctic. To ensure the quality of the data and minimize sea
ice contamination, the measurements were filtered to exclude areas with sea
ice fraction greater than 10%. This filtering step is automatically applied to the
measurements (as described by Dodet et al. (2020)) to retain observations that

are representative of open-water conditions and reducing the possible bias sea

ice can have on the measurements. Finally, the filtered satellite data was used
to assess the performance of the different sea ice products within our model framework for simulating wave
heights. The measured data was compared to the nearest model node within to ensure alignment with model
predictions. The domain of these observations can be seen in Figure 4, where it shows the spatial coverage
obtained from the satellite for the study temporal period (October—December 2019).

The significant wave height (Hs) generated by each model setup, encompassing all meteorological events, and
parameterized with each of the four sea ice products described above, were assessed with respect to the obser-
vations by finding the nearest numerical mesh node to the observation coordinates. A two dimensional Taylor
diagram (Taylor, 2001) was used to summarize the statistical performance of the sea ice products relative to the
observations during each event discussed earlier. The performance of each product (f) to the observations (r) are
evaluated through the center patterned root mean square difference (E'), correlation coefficient (R), and the
standard deviation of the model field () and reference field (o,), which is defined as follows:

o=

E = (%ZJZ‘T [(h=1)=(r,— r)]2> 3)

_w X =)= =1

R 4)
O'fO'r
2 _ 1 & 2
=526 ®
LS,y ©)
O’r—N; r,—7)

The Taylor diagram is interpreted by the distance to the observations along the x-axis (RMSE), the correlation by
the azimuthal position, and the standard deviation is proportional to the radial distance to the observations. This
diagram determines the statistical accuracy of the individual products to the observations for the four events.
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Figure 5. The difference of the extracted max. wave height 2.5 days before and after the peak of each event to the L3 swath ocean climate Hs data. The contour lines
represent the sea ice concentration of the corresponding sea ice product during the same event.

3. Results
3.1. Wave Model Validation

Comparing the observations and the modeling results during the selected events from Fall 2019, our analysis
reveals variations in simulated Hs. Figures 5 and 6 show a comparison between the modeled wave heights and the
satellite observations during a 5-day range of the peak Hs of each event near Alaska, estimated two and a half days
before and after the peak wave height. During the almost ice-free conditions in Event 1 (Figures 2a—2d), the wave
model was able to reproduce the observed wave heights with an average 0.5 m bias (shown in Figure S2a in
Supporting Information S1). In Figures 5a—5d shows differences between the wave heights affected by each sea
ice product due to varying sea ice extents in the Arctic Ocean during October, but in the Beaufort and Chukchi
Seas the waves are accurately represented in the model to the observations. HYCOM overestimates the sea ice
extent in October (can be seen in Figures 2a—2d and Figures S1a—S1d in Supporting Information S1) causing the
waves to be underestimated in the MIZ, and larger differences in the Beaufort Sea (Figure 5c). As the sea ice starts
to encroach into the Beaufort and Chukchi Seas we start to see disparities between the products.

Event 2 (Figures 6e—6h) generated the lowest Hs at 5.5 m compared to Event 3, where we see the mean biases of
each sea ice product ranging within 0.6 m in comparison to the observations (shown in Figure S2b in Supporting
Information S1). The Chukchi Sea and the MIZ show the most disparities to the observations (Figures Se—5h). In
the MIZ the products are underestimating the Hs while in the open water area in the Chukchi the Hs is consistent
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Figure 6. The extracted max. wave height 2.5 days before and after the peak of each event that was cross referenced to the L3 swath ocean climate Hs data based on the

time and location.

with the observations. Of all meteorological events shown, Event 3 (Figure 3c) generated the largest Hs with
nearly 7.5 m near the Northwest coast of Alaska in the Chukchi Sea, according to satellite observations. Our
model predicted significant wave heights, although it underrepresents the Hs that was captured by the satellites in
some areas by an average bias of 0.4 m (Figure S2c in Supporting Information S1), simulating a maximum Hs of
6.2 m during the storm peak (Figures 5i-51) regardless of differences in ice coverage from each model. Each
product had slightly overestimated the Hs in the Chukchi Sea (Figures 6i—61), while the products underestimated
the Hs along coastlines. HHOMAS (Figures 51 and 61) shows considerably more underestimation in the Hs on the
Northwest coastline in Alaska. The final event, Event 4 (Figure 3d), where a polar high cyclone event generated
waves near the north-west Alaskan Coast. The waves generated for this event (shown in Figures 6m—6p) esti-
mated to be 2.7 m while the simulated Hs had an average bias of 0.55 m (Figure S2d in Supporting Informa-
tion S1). HYCOM (Figures 50 and 60) has the highest correlation to the observations near the MIZ that is in the
Chukchi Sea. During the open water period the modeled waves provided reasonably accurate to the observations
(Figures 5a—5d and 6a—6d). However, as the sea ice encroached during Events 3 and 4 the accuracy of all the
simulated waves slightly decreased. Each wave model, with the sea ice products shown in Table 1, proved to have
a high correlation and low error relative to the satellite observations during the events where sea ice invaded the
domain.
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Table 3

Taylor Statistics for the Four Events

3.2. SKkill Assessment of the Sea Ice Products

We also compared the model results based on each of the sea ice products to

NSIDC ERAS5S HYCOM HIOMAS Observations the satellite observations using a statistical skill assessment, shown in Table 3.

Event  Correlation

1 Spev
RMSE

Event  Correlation
2 SDEV
RMSE

Event  Correlation
3 spev
RMSE

Event  Correlation
4 SDEV
RMSE

0.86
0.49
0.39
0.91
0.68
0.37
0.85
0.95
0.61
0.74
0.66
0.53

0.89
0.50
0.36
0.93
0.66
0.36
0.90
0.94
0.52
0.83
0.65
0.43

0.53 0.86 1.00 Where we then applied this diagram over all the observation measurements
0.79 053 072 during the same temporal period for each event.
0.73 0.38 0.00 Table 3 shows that during Event 1, three of the sea ice products emerging Hs
0.79 0.89 1.00 have a correlation that ranges between 0.86 and 0.90 with an RMSE of less
0.80 0.67 0.87 than 0.39 m. Additionally, these sea ice products' Hs show a standard devi-
0.54 0.41 0.00 ation difference less than 0.23 m compared to the observation. However,
0.89 0.54 1.00 HYCOM has a lower Hs correlation nearly 0.53 with an RMSE of 0.73 m, and
a standard deviation higher than the observation, with a difference of 0.07 m.
0.93 1.04 1.15
0.54 1.05 0.00 The Event 2, sea ice started encroaching into the model domain inhibiting the
0.79 0.40 1.00 wave generation from the polar high cyclone coming from the Arctic Ocean.
076 075 0 In Table 3, all the sea ice products' resulting Hs have a correlation [0.79-0.93]
and a RMSE that is greater than 0.3 m. Three of the sea ice products (NSIDC,
0.49 0.84 0.00

ERAS5, HIOMAS) Hs maintains a maximum difference in standard deviation

of 0.21 m lower than the observation, while HYCOM's standard deviation is
0.07 m below the observation. Looking at the highest Hs event in this study, Event 3, the sea ice is now extended
to the edge of the Chukchi Sea. Here we see in Table 3 that the correlation to the observations [0.85-0.90], and the
RMSE has increased to 0.61 m and a similar standard deviation to the last event, 0.22 m. However, HIOMAS has
acorrelation of 0.56, and a RMSE 1.05 m. During the last event in this study, Event 4, the sea ice is now within the
Chukchi Sea and has completely covered the Beaufort Sea. In Table 3, NSIDC, ERAS, and HYCOM Hs have the
highest correlation greater than 0.74 and RMSE range [0.43-0.53 m]. The standard deviation to the observations
of these three sea ice products Hs have increased in accuracy between [0.65-0.76]. HIOMAS has an Hs corre-
lation of 0.40 with an RMSE 0.84 m. However, the standard deviation of the Hs from HIOMAS to the obser-
vations stayed within the same deviation range as the other three sea ice products.

3.3. Influence of Sea Ice Extent on Simulating Waves

The previous results show differences between the sea ice products compared to observations, to further explain
these differences we investigate the products' spatial influence on the wave model. Figure 7 depicts the maximum
Hs of the 5 day range of the peak of the storm that was described in the validation section. This figure also shows
the sea ice concentration at the peak of the corresponding event. To demonstrate how sea ice concentration and
extents vary depending on the products during the same temporal period.

The storm that occurred in Event 1 (Figures 7a—7d) resulted in Hs reaching up to 2.5 m in the Beaufort Sea (10 km
from Alaskan coastline). During this event, three products showed similar sea ice coverage, with partial cover in
the Arctic Ocean and the Beaufort Sea (Figures 7a, 7b, and 7d; Figures Sla, S1b, and S1d in Supporting In-
formation S1). However, HYCOM (Figure 7c) presents an anomalous estimation of sea ice in comparison to the
other products (NSIDC, ERAS, and HIOMAS), which completely covers the Arctic Ocean and a portion of the
Beaufort Sea, thus constraining Hs on the coasts due to reduction in the fetch length. On the other hand, Event 2
(Figures 7e—7h), was a polar high cyclone that propagated waves from the Arctic Ocean toward the coast of
Alaska. During that time, the sea ice had covered the majority of the central Arctic Ocean and the Beaufort Sea.
Here, NSIDC, ERAS, and HIOMAS (Figures 7e, 7f, and 7h) produced similar sea ice extents with slight dif-
ferences in the spatial variability of the concentrations, although HIOMAS has the sea ice concentration spatially
spread from 152.5° to 136°W. At this time HYCOM (Figure 7g) continues to show an overestimation in sea ice
extent compared to the other products, but even though there is an overestimation in the sea ice extent, it shows no
substantial sea ice along the coast of Alaska until after 145°W. The Hs generated by the polar high cyclone, Event
3, reached 5m in the Chukchi Sea, while the Hs near the Alaskan coast was limited due to the presence of sea ice,
reaching an estimated 1.5 m Hs. In the previous section, it was mentioned that Event 3 generated the highest Hs,
notably in the Chukchi Sea (Figures 7i-71). During this event, HHOMAS (Figure 71) is fully attenuating the Hs
along the coast due to the presence of high sea ice concentration, while the other products do show sea ice near the
coast, the concentration is lower than HIOMAS. Differences in the generated Hs are observed near the MIZ due to
the variation in sea ice concentration with ERA5 and HIOMAS (Figures 7j and 71) having a larger spatial

MIESSE ET AL.

10 of 17

d ‘T ‘STOT ‘¥80SEEET

:sdny woiy papeoy

ASUADI'T SUOWIWIO) dANEAI)) d[qedtjdde ayy £q pauIoA0d a1 sa[onIE V() {asn Jo Sa[nI 10§ AIRIqIT ul[uQ) AJ[IAN UO (SUONIPUOD-PUL-SULIA} W0 K3[1m’ AIeIqrour[uoy/:sdny) suonipuo)) pue swia [, 3y} 99§ *[$z0z/10/1€] uo A1eiqry aurjuQ Ao[IA “ANsioAtup) uosepy 281090 Aq €08€00VAYTOT/6T01 01/10p/Wwod Aafim,



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2024EA003803

Event 2

Event 3

Event 4

Y
165°W

152.5°W

152.5°W

0.0

No8L
No8L

NolL NoStL
NolL NoStL

No8L
No8L
No8L
No8L

NolL NoS¥L
NolL NoS¥L
NolL NoSVL
NolL NoS¥L

140°W 152.5°W

Hs [m]

No8L

NolL NoS'tL

W 1525°W  140°W 1525°W  140°W TI65°W  1525°W

No8L
No8L
No8L
No8L

NolL NoS'tvL
NolL NoS'tL
NolL NoS'tL
Noll NoS'tL

0&/./ ; Ot Ly
140°W 165°W 152.5°W 140°W 165°W 152.5°W 140°W

£~ ¥
165°W 152.5°W

0.2 0.4 . 0.6 0.8
Sea Ice Concentration [0-1]

Figure 7. The extracted max. wave height 2.5 days before and after the peak of each event. The contour lines represent the corresponding the sea ice concentration from
the sea ice products during the same temporal period.

distribution in the concentration. The last event in this study, Event 4 (Figures 7m—7p), shows the sea ice extent at
the Chukchi Sea while the largest Hs (4m) was generated on the western side of the Chukchi Sea. HYCOM
(Figure 70) shows the largest spatial variability in sea ice extent, while NSIDC (Figure 6m) has the greatest sea ice
extent. ERAS and HIOMAS (Figures 7n and 7p) continued to have a large spread in the sea ice concentration
resulting in a more gradual wave generation than the other products.

3.4. Ensemble Model Hs Comparison

We compared the differences in the resulting Hs for each of the sea ice products, focusing on where individual
products diverge. Figure 8 shows the ensemble difference for maximum Hs near the peak of the event, spanning a
5-day period where the maximum Hs for each node was extracted. In this context, when the Hs appears blue, it
indicates an underestimation in the Hs influenced by greater sea ice coverage; conversely, red represents an Hs
overestimation influenced by a reduced amount of sea ice coverage.

During the first event in this study (Figures 8a—8d), there was limited sea ice resulting in minimal variation in
fetch driven waves between the products. However, HYCOM (Figure 8c) displayed a notable divergence due to
the more extensive MIZ in the Beaufort and Chukchi Seas. This can also be seen in Figure Slc in Supporting
Information S1, showing that the sea ice concentration is different to the ensemble average. However, even
though HYCOM overestimates the sea ice in the open water areas, the area near the Alaskan coast shows little to
no differences in Hs. As the sea ice starts to encroach into our domain for Event 2 (Figures 8e—8h), the products
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Figure 8. The difference to the ensemble average wave height of all the products to the extracted max. wave height 2.5 days before and after the peak of each event. The
contour lines represent the sea ice concentration of the corresponding sea ice product during the same temporal period.

show in the MIZ there are differences in the Hs, with HYCOM (Figure 8g) having the majority of the differences
due to having a smaller distribution in sea ice concentration than the other sea ice products. HYCOM and
HIOMAS (Figures 8g and 8h) display high concentration of coastal sea ice that is completely attenuating the Hs
along the coastline, while the ERAS5 and NSIDC (Figures 8¢ and 8f) do not include overland ice (or landfast ice)
they do show that the sea ice extent has covered over half of the Alaskan coast. The largest event in this study,
Event 3 (Figures 8i—81), shows the majority of the differences around the outer edge of the Chukchi Sea, which
transitions to both the East Siberian Sea and the Beaufort Sea. The MIZ in this temporal period has encroached to
the Chukchi Sea and here is where the products differ from each other between the sea ice concentration to the
varying extent of the MIZ. Notable differences can be seen in the Beaufort Sea, north of the Alaskan coast, and
along the coastline of Alaska with Hs differences reaching higher than 2m. ERAS sea ice results in lower Hs
differences in the MIZ, whereas HY COM sea ice is resulting in larger Hs differences in the MIZ due to open water
area being larger than the other three sea ice products. Moving to the coastline in Alaska, HIOMAS sea ice has the
Hs going to zero causing underestimation in the Hs compared to the ensemble, which can be seen with the other
products simulating Hs in these areas (earlier HHOMAS provided the lowest correlation to observations during the
Event 3, Table 3). In contrast to Event 3, Event 2 show that the sea ice products had the least number of differences
from the ensemble. The last event, Event 4 (Figures 8m—8p), the sea ice products show the MIZ has now
completely covered the Arctic Ocean, the Beaufort Sea, and the coast of Alaska. Furthermore, each product shows
varying spatial differences in the MIZ that has encroached unto the Chukchi Sea. Notably, NSIDC (Figure 8m)
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Figure 9. Taylor Diagram that describe the skill of each product and the ensemble of the sea ice products in comparison to the
L3 swath ocean climate data. (a) Event 1: wind event. (b) Event 2: polar high cyclone. (c) Event 3: polar low cyclone.
(d) Event 4: polar high cyclone.

and ERAS (Figure 8n) show broad sea ice coverage, while HYCOM (Figure 80) underestimates the extent of the
MIZ, leading to larger Hs predictions in the Chukchi Sea, exceeding 3 m in some areas. HIOMAS (Figure 8p)
shows a more spatial distribution in the sea ice concentration similar to ERAS, but it underestimates the Hs along
the coastline.

The statistical skill of the sea ice products, as detailed in Table 3, was compared to observational data and
visualized in a Taylor Diagram in Figure 9. This figure shows the statistical skill of the Hs resulting from the
individual sea ice products and the ensemble for the four events analyzed in this study. For the near ice-free Event
1 (Figure 9a), the ensemble, NSIDC, ERAS, and HIOMAS products all demonstrated a Hs correlation above 0.8
with the observations. In Figure S2a in Supporting Information S1, the bias distribution shows the resulting Hs
from HYCOM having a larger spread of bias points being underestimated affecting the distribution of the
ensemble bias. During Event 2 (Figure 9b), as sea ice began to cover the Beaufort Sea, the Hs from the sea ice
products increased in accuracy compared to the observations, though the ensemble had a slightly lower corre-
lation than ERAS. In Event 3 (Figure 9c), the correlation of Hs from the sea ice products with observations
decreased, although ERAS, HYCOM, and the ensemble maintained a correlation greater than 0.87. The distri-
bution of the bias (Figure S2c in Supporting Information S1) shows HIOMAS having a considerable spread in the
bias offsetting the distribution of the ensemble. For Event 4 (Figure 9d), ERAS exhibited the highest Hs corre-
lation with the observations, with the ensemble following closely behind. Similar to Event 3, the distribution in
the sea ice concentration in HIOMAS has increased affecting the ensemble in comparison to the observations
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(Figure S2d in Supporting Information S1). Overall, the ensemble demonstrated high accuracy across all events,
but ERAS resulted in the highest Hs accuracy for all four events when compared to the observations.

4. Discussions and Conclusions

In this study we used a varying resolution ADCIRC + SWAN model that was simulated with ERAS winds and
pressure fields for October—December 2019, where we validated Hs against satellite Hs observations. Further-
more, we incorporated sea ice from four different products using the IC4M2 method described in Rogers (2019) to
account for the growth and dissipation of waves in sea ice conditions. We evaluated how spatially and temporally
varying sea ice products influence wave propagation in the Arctic. The model performance of the wave regime in
the Arctic for the different sea ice products were assessed using Taylor diagrams, statistical skill comparison, and
event peak comparison. Moreover, an ensemble analysis was performed to delineate regions where individual
products within the ensemble diverge from the collective average. Using these methods, we determined:

1. The wave model was validated against observed Hs from Sea State Daily Multisensor L3 satellite data with an
estimated average accuracy of 80% for all events in this study (shown in Figures 6 and 9).

2. ERAS showed consistent high skill in the resulting Hs during all events in this study, maintaining over 83%
correlation, when we compared the modeled Hs to the satellite observations (shown in Figures 6 and 9).

3. HYCOM was consistently the second highest Hs of the four sea ice products in correlation to the observations
for Events 3 and 4 where sea ice coverage was greatest.

4. ERAS5 and HIOMAS produce a spatially dispersed sea ice concentration versus the other products resulting in
the sea ice having a more incremental impact.

5. The sea ice products yield differences in Hs in the MIZ and near the Alaskan coast. HIOMAS underestimates
the Hs, while HYCOM overestimates the Hs in the last two events.

6. ERAS and NSIDC provide similar sea ice representations (Figures 8i, 8j, 8m, and 8n) to the sea ice product
ensemble resulting in comparable Hs during the last two Events in this study.

7. The ensemble of the sea ice products produced consistently high Hs correlation to the observations, albeit
lower than ERAS.

The wave model was able to accurately simulate the Hs in the study domain for Event 1 when sea ice was almost
nonexistent in the study domain. Except for HYCOM, with overestimation in sea ice extent, the other sea ice
products estimated similar sea ice extents allowing the models' Hs to correlate with the satellite observations
(Figure 9a). As the sea ice encroaches onto the study domain the correlation to the observation increases in Event
2, but slightly decreases for the last two events when the sea ice has significant dynamic changes (Figures 8b and
8c). The four sea ice products yield different sea ice extents for Events 2 and 3 which is evident in Figure 8§ where
the MIZ has the largest impact at this time. One potential source for the disparity between the model and the
observations when sea ice is present is the wave model using the IC4M2 empirical wave attenuation. Yang
et al. (2024) discuss its high accuracy for local scale studies where specific sea ice is present. However, on larger
domains, the wave attenuation is spatially variable depending on sea ice properties. Squire (2020) elaborates on
the empirical parameterizations and the need for improvements to enhance the accuracy of the wave dissipation
processes in sea ice conditions.

Our results showed how the spatial and temporal differences of the sea ice extents in the different products
impacted the wave generation and the dissipation of the wave energy. In Figure 8, the sea ice extent along with the
difference in Hs highlights unique characteristics of the sea ice products, especially along the MIZ and the coast of
Alaska. The spatially varying sea ice is an important feature when modeling waves in the arctic domain, but the
dissipation methods available are meant for specific sea ice conditions in a given spatial domain. The high-
resolution sea ice products did not show any notable difference to the coarser sea ice products at this domain,
but these high resolution products can be crucial for smaller-scale studies. For example, HoSekova et al. (2021)
and Nederhoff et al. (2022) show that sea ice resolution is a key feature when modeling waves nearshore. These
studies used ERAS5 sea ice where Nederhoff et al. (2022) discuss the lack of landfast ice and the underestimation
of sea ice during the various seasons. As for HoSekova et al. (2021), they interpolated a Landfast ice mask to
ERAS sea ice from HYCOM to improve the bias of ERAS's underestimation of sea ice in coastal areas. Landfast
ice is a key feature in coastal studies that include overland components. With the method HoSekova et al. (2021)
instituted in their study, it reduced the bias of the wave response nearshore. When looking at smaller scale studies,
HIOMAS and/or HYCOM will have sea ice extents and concentrations with a better representation, including the
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sea ice along the coast versus a coarser resolution product that doesn't include such features like ERAS and
NSIDC.

Sea Ice is a crucial component when modeling hydrodynamics and waves in the arctic, and with increased
precision in the representation to the observed sea ice conditions, the accuracy of estimating the potential hazards
in the Arctic will increase. The sea ice products can be seen by the unique characteristics with the comparison to
the ensemble of the sea ice products (Figure 8). This highlights the differences between the sea ice products and
the unique characteristics that will benefit further studies in either the MIZ or the coastal zones in the Arctic.
Additionally, we showed that the ensemble of the sea ice products did not show any notable increase in accuracy
for the four events in this study. In Figure S2 in Supporting Information S1, the outlying products for the each
event affects the accuracy of the ensemble and different ensemble combinations may provide higher accuracy.
However, due to limits on computational resources and the results of the high accuracy of ERAS this was not
pursued. During the transitioning fall to winter season, where the sea ice is growing from the Arctic Ocean to the
Chukchi Sea, incorporating a sea ice product will increase the accuracy of the wave response in the Arctic regime.
Advancements in both sea ice parameterizations and wave induced sea ice break up will allow for accurate
representations of the wave climate in the arctic.

Data Availability Statement

Data for the sea ice concentration is available from the European Centre for Medium-Range Weather forecasts
(C3S, 2018), the National Snow and Ice Data Center (DiGirolamo et al., 2022), HYCOM-CICE (Barton
et al., 2021), and HIOMAS (data available through contacting uaa.adac @alaska.edu). The numerical model
ADCIRC-SWAN that is used to simulate the wave hazards influenced by the sea ice products is available at
https://github.com/adcirc/adcirc (Westerink et al., 1992). The wave simulation data used in this analysis is
available at the Designsafe data repository (Miesse, 2024).
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