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Abstract

A partly coupled wave-ice model with the ability to resolve ice-induced attenuation on waves was developed using the Finite-
Volume Community Ocean Model (FVCOM) framework and applied to the Great Lakes. Seven simple, flexible, and efficient
parameterization schemes originating from the WAVEWATCH III® IC4 were used to quantify the wave energy loss during wave
propagation under ice. The reductions of wind energy input and wave energy dissipation via whitecapping and breaking due to
presence of ice were also implemented (i.e., blocking effect). The model showed satisfactory performance when validated by buoy-
observed significant wave height in ice-free season at eight stations and satellite-retrieved ice concentration. The simulation ran over
the basin-scale, five-lake computational grid provided a whole map of ice-induced wave attenuation in the heavy-ice year 2014,
suggesting that except Lake Ontario and central Lake Michigan, lake ice almost completely inhibited waves in the Great Lakes
under heavy-ice condition. A practical application of the model in February 2011 revealed that the model could accurately reproduce
the ice-attenuated waves when validated by wave observations from bottom-moored acoustic wave and current profiler (AWAC);
moreover, the AWAC wave data showed quick responses between waves and ice, suggesting a sensitive relationship between
waves and ice and arguing that accurate ice modeling was necessary for quantifying wave-ice interaction.

Keywords Great Lakes - Wave dynamics - Ice-induced wave attenuation - FVCOM—-SWAVE-UG-CICE

1 Introduction

Extending approximately from 76.0 ° W to 92.1 ° W in longi-
tude and 41.4 ° N to 49.0 ° N in latitude, the Laurentian Great
Lakes (Great Lakes) are the largest group of fresh water lakes
on the Earth (Fig. 1a). The Great Lakes comprise about 1/5 of
the world’s surface freshwater, and nearly 1/8 of the American
population and 1/3 of the Canadian population live within their

This article is part of the Topical Collection on the 1/th International
Workshop on Modeling the Ocean (IWMO), Wuxi, China, 17-20 June 2019

Responsible Editor: Tal Ezer

< Peng Bai
peng.bai@noaa.gov; baip@gdou.edu.cn

College of Ocean and Meteorology, Guangdong Ocean University,
Zhanjiang 524088, Guangdong, China

Great Lakes Environmental Research Laboratory, NOAA, Ann
Arbor, MI 48108, USA

Cooperative Institute for Great Lakes Research, University of
Michigan, Ann Arbor, MI 48108, USA

Department of Climate and Space Sciences and Engineering,
University of Michigan, Ann Arbor, MI 48104, USA

watershed. With large dimensions in addition to complex ge-
ometry and topography, the Great Lakes present sea-like hy-
drodynamics under sustained atmospheric forcing (Beletsky
et al. 1999; Schwab and Beletsky 2003; Wang et al. 2012;
Bai et al. 2013).

Genesis and melting of ice on the Great Lakes directly
modify the hydrodynamic processes, the thermal structure,
and the adjacent atmospheric boundary layer, mainly through
three physical mechanisms: weakening surface wind stress;
generating higher albedo than over open waters; and modify-
ing heat and moisture exchange processes between lake and
atmosphere (Xue et al. 2017), which, in turn, affects the lake
ecosystem (Vanderploeg et al. 1992; Brown et al. 1993), econ-
omy (Niimi 1982), and water level variability (Sellinger et al.
2007). Lake ice coverage is characterized by large interannual
variability (Fig. 1b) and is sensitive to the modulation of
teleconnection patterns such as the Arctic Oscillation and the
El Nifio-Southern Oscillation (Wang et al. 2012; Bai et al.
2012, 2015). Lake ice also plays a vital role in regional cli-
mate, for example, modulating the lake-effect snowfall
(Wright et al. 2013; Vavrus et al. 2013).

Forced by winds, surface gravity waves generated on the
Great Lakes become one of the dominant driving forces for
lake hydrodynamics (Hubertz et al. 1991; Niu and Xia 2016;
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Fig. 1 Topography and FVCOM computational meshes for the Great Lakes (a), red triangles show locations of the NDBC buoys. Great Lakes annual
maximum ice coverage from 1973 to 2019 (b). AWAC mooring locations (purple squares) in Lake Erie (c)

Mao and Xia 2017). Waves can interact with currents, leading
to stronger bottom shear stress, enhancing the vertical mixing
and supplying additional momentum flux to the mean circu-
lation. Conversely, in addition to exerting refraction, modifi-
cation of bottom stress, and blocking effects on the waves
(Vincent 1979; Ris et al. 1999; Ardhuin et al. 2012), currents
could also change the wave frequency through Doppler shift;
meanwhile, variations in the water level could change the
water depth felt by the waves (Pleskachevsky et al. 2009).
Lake waves and lake circulation form a complicated
feedback system. For example, Brissette et al. (1993) revealed
that current-induced refraction can lead to significant differ-
ence between the wind and wave directions in Lake St. Clair.
Wave-current interaction is found to play a critical role in
sediment resuspension and transport processes in Lake
Michigan by modifying the bottom shear stress (Lou et al.
2000). Bai et al. (2013) suggested that wave mixing is a key
dynamical driver for lake thermal structure. Numerical inves-
tigation by Niu and Xia (2017) indicated that, in Lake Erie,
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wave-enhanced surface stress can significantly modulate the
surges, offshore currents, and thermal structures.

During the ice season, lake waves generated in the open
waters can penetrate into the ice-covered region, causing in-
teraction between waves and ice. Part of the wave energy is
reflected at the waterward periphery of the ice, and the remain-
ing energy, together with the winds and currents, would act on
the ice mechanically, modifying the growth process and hence
the morphology and structure of the ice cover, weakening and
rupturing the ice (Squire 2007; Barber et al. 2009; Vaughan
and Squire 2011; Dumont et al. 2011; Williams et al. 2013;
Kohout et al. 2016). On the other hand, ice modulates the
waves mainly through three physical mechanisms: (1) attenu-
ation owing to the energy transfer and dissipation during
wave-ice interaction; (2) scattering caused by energy reflec-
tion at the ice edge; and (3) refraction due to different disper-
sion relations in the open seas and the ice-covered waters.
Observations show that ice is often heterogeneous in nature
and varied in form, which strongly impacts wave-ice
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interaction (e.g., Campbell et al. 2014). Wave propagation in
ice is extensively investigated by employing various scatter-
ing or viscous models. In scattering models, wave energy is
reduced by accumulations of the partial energy reflections
occurring when waves encounter a floe edge, and therefore,
scattering models depend strongly on the distance waves trav-
eling into the ice-covered waters and the distribution of ice
floe size (Kohout and Meylan 2008; Bennetts and Squire
2009; Bennetts and Squire 2011; Williams et al. 2013). In
viscous models, wave energy is decreased by viscous dissipa-
tion, and hence, these models are independent of the floe size
(Wang and Shen 2011; De Santi et al. 2018).

Understanding the wave-ice-lake interrelations is necessary
for guiding proper navigation, engineering, hazard warning,
and regulatory actions in the Great Lakes. Previous investiga-
tions have explored and emphasized the vital roles of wave-
lake interactions in the Great Lakes (e.g., Niu and Xia 2017,
Mao and Xia 2017). However, we still have poor knowledge
about how waves and ice interact with each other in the Great
Lakes. In this paper, we developed a partly coupled wave-ice
interaction model that able to describe the ice-induced wave
attenuation within the Finite Volume Community Ocean
Model (FVCOM) framework, and then we applied the model
to the Great Lakes.

The outline of the paper is as follows. Section 2 describes the
model, parameterization schemes quantifying ice-induced wave
attenuation, model configuration, numerical experiments, and
observational data; in Sect. 3, a modeling estimation of ice-
induced wave attenuation in the Great Lakes during heavy-ice
year 2014 is presented; in Sect. 4, a practical application of the
coupled wave-ice-lake model in February 2011 is demonstrated,;
and in Sect. 5, the major conclusions are summarized.

2 Data and methodology
2.1 FVCOM-SWAVE-UG-CICE

We used FVCOM (Chen et al. 2003), which is capable of re-
solving the complex topography in the Great Lakes, to model the
lake waves (FVCOM-SWAVE, Qi et al. 2009) and ice (UG-
CICE, Gao et al. 2011). FVCOM-SWAVE is a finite-volume
unstructured-grid third-generation wave model evolved from the
Simulating WAves Nearshore (SWAN, Booij et al. 1999), which
models the wave generation, propagation, dissipation, refraction,
and nonlinear wave-wave interactions by solving the wave action
balance equation expressed as:
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where N stands for the wave action density spectrum, ¢ represents

the time, c: is the wave group velocity, U is the ambient flow
velocity vector, o and 6 are the intrinsic frequency and wave
direction, C, and Cj are the wave propagation velocities in spec-
tral space (o, 6), Sy, is the wind energy input, Sy is the energy
transfer due to nonlinear wave-wave interactions among spectral
components, and Sg is the wave decay through wave breaking
(Sas, br)» Whitecapping (Sgs, w), and bottom friction (Sgs, p)-

Presence of ice would inhibit the energy input by winds
and restrain the wave energy decay via whitecapping and
breaking; therefore, these three source-sink terms are scaled
by the open water fraction (hereinafter, the blocking effect).
Meanwhile, the terms associated with the nonlinear wave-
wave interactions and bottom friction remain the same as that
in open waters. Hence, wave propagation through ice-covered
waters is governed by:
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where Cj is the ice concentration, Si.e = —aEC, is a new
wave energy sink term due to the damping of ice cover, in
which « is attenuation coefficient, £ is wave spectral density,
and C, is wave group velocity.

The FVCOM includes an internally coupled ice model, the
UG-CICE, which was employed in this study to simulate the
lake ice dynamics. UG-CICE is an unstructured-grid, finite-
volume version of the Los Alamos Community Ice Code
(CICE, Hunke et al. 2010) implemented into the FVCOM
framework by Gao et al. (2011); it employs the same governing
equations as the CICE, has been widely applied to many cold
regions including the Great Lakes, and showed satisfactory
performance (e.g., Gao et al. 2011; Fujisaki-Manome and
Wang 2016; Zhang et al. 2016; Anderson et al. 2018).

2.2 Parameterizing schemes for estimating
attenuation coefficient a

Many efforts have been dedicated to quantifying ice-induced
attenuation coefficient, i.e., o (e.g., Wadhams et al. 1988;
Kohout et al. 2007, 2014; Kohout and Meylan 2008;
Meylan et al. 2014; Doble et al. 2015; Rogers et al. 2016).
However, some of the proposed theories are based on a
fluid-solid interactive frame, and the solving processes
are complicated and inefficient and therefore are diffi-
cult to implement in a wave-ice interaction model. In
IC4 of WAVEWATCH III, seven simple, flexible, and
efficient empirical schemes (IC4M1-M7) are given for
evaluating «, which had been referred and transplanted
to the FVCOM-SWAVE in this study.
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The origins and formulas of IC4M1-M7 are summarized
as Table 1. The IC4M1 is exponential as a function of wave
period, and the coefficients were obtained via an exponential
fit to the observations from Wadhams et al. (1988). The
IC4M2 is a 4th degree polynomial fit between v and wave
period based on the measured wave attenuation in the
Antarctic by Meylan et al. (2014). Kohout and Meylan
(2008) developed a scattering model to calculate wave atten-
uation, and based on their results, Horvat and Tziperman
(2015) utilized a quadratic equation to fit o, wave period,
and ice thickness, i.e., the IC4M3. Kohout et al. (2014) ana-
lyzed the same measurements by Meylan et al. (2014) and
found that « is a piecewise function of significant wave height
and is independent of wave frequency, i.e., [C4M4. The
IC4MS is a step function in frequency space with four steps
(Doble et al. 2015), and the IC4M6 is identical to IC4MS5 but
with several differences (Rogers et al. 2016), for example,
IC4AM6 allows up to 10 steps. For the IC4M7, it is a formula
that depends on wave frequency and ice thickness developed
by Doble et al. (2015) using the data collected in the Weddell
Sea. Further details are found in Collins and Rogers (2017)
and the WAVEWATCH II® Development Group (2016).

Figure 2 shows the relationships between attenuation coef-
ficient o and wave periods produced by IC4M1-M7. The

higher frequency the waves, the stronger damping by the
ice, which suggests that ice generally acts as a low-pass filter
for wave energy (e.g., Squire 2007; Collins and Rogers 2017).
The IC4M3 and IC4M7 consider ice thickness as a vital factor
impacting the «, demonstrating that thicker ice has stronger
damping ability on waves (Fig. 2b), while IC4M4 reveals
stronger waves lose less energy when they pass through ice
covered region (Fig. 2¢). As Fig. 2 reveals, magnitudes of o
estimated by different parameterization schemes could differ
by several orders, mainly due to the different ice and wave
conditions based on which IC4M1-M7 were obtained.

2.3 Model configuration and numerical experiments

Simulations of lake circulation, waves, and ice were carried
out over the same model domain with the Great Lakes-
FVCOM (Great Lakes Finite Volume Coastal Ocean Model,
developed by Bai et al. 2013), and as Fig. 1a shows, the com-
putational mesh covered the entire Great Lakes. Only water
exchange between Lakes Michigan and Huron was allowed,
while other lakes were kept separated due to narrow passages
between them. The averaged horizontal resolution of this un-
structured triangular grid was ~3.5 km, and in the vertical
direction, a 21-layer terrain-following coordinate with higher

Table1 Summary of the origins and formulas in IC4, where « is attenuation coefficient, 7" denotes wave period, #; is ice thickness, SWH is significant
wave height, and fis wave frequency
Method Reference Formula
ICAM1 Wadhams et al. (1988) a=e 018 3T —073) .
1CaM2 Meylan et al. (2014) a = 2-12;210 + 4-59;}0
1C4M3 Kohout and Meylan (2008) B _ . 2 ‘ )
Horvat and Tziperman (2015) o= e( 0.3203+2.058H;-0.93757~0.4269H > +0.1566 H,; T+0.0006 T )
2%5.35%107° (SWH<3)
_ —6
IC4M4 Kohout et al. (2014) a =4 2%16.05%10 SWH > 3
swi  (SWH>3)
2#5.0%10°° (f < 0.1)
2#7.0%107° (0.1<f < 0.12)
1C4M5 Doble et al. (2015) 241.5%10°° (0.12</ < 0.16)
2#1.0%10°* (£>0.16)
2%2.94%10°° (f < 0.1)
2#4.27%10°° (0.1<f < 0.15)
2%7.95%107° (0.15<f < 0.20)
IC4M6 Rogers et al. (2016) o= 2%2.95%107° (0.20<f < 0.25)
(IC4M6H) 2%1.12%107* (0.25<f < 0.30)
2%2.74%107* (0.30<f < 0.35)
2%4.95%107* (0.35<f < 0.40)
2%8.94*107* (£>0.40)
IC4M7 Doble et al. (2015) a=02xT>B%H,
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Fig. 2 Attenuation coefficient v against the wave periods T (a=AT))
based on IC4MI1, IC4M2, IC4M5, and IC4M6 (a). Attenuation
coefficient «v against the wave periods and ice thickness H; (a=f (T,

resolution placed near the surface and bottom was adopted.
The minimum depth was set to 10 m to ensure global stability,
i.e., i+ (>0 (h is the undisturbed water depth and ( is the free
surface elevation, Wang 1996). In this study, the leapfrog
(centered differencing) scheme for time discretization was
used to replace the Euler forward scheme in the internal mode
and the Euler forward Runge-Kutta scheme in the external
mode in the integral equations. The reason is that the two-
time-step Euler forward scheme has been proven inertially
unstable, while the leapfrog scheme is inertially neutral stable
(Wang and Ikeda 1997a, 1997b; Wang et al. 2020, this issue).
Lake circulation, waves, and the ice were driven by the 3-
hourly North American Regional Reanalysis (NARR) prod-
uct, a long-term set of consistent climate data covering all of
North and Central America with a 32-km horizontal resolution
(Mesinger et al. 2006). The wave module resolved wave spec-
tral frequency with 40 frequency bins ranging from 0.04 to
1 Hz (1 Hz=1/s) and applied a full cycle direction spectrum
with 36 directional bands. Exponential wave growth and
whitecapping functions based on Komen et al. (1984), bottom
friction parameterization scheme from Madsen et al. (1989),
and quadruplet wave-wave interactions following
Hasselmann et al. (1973) were utilized. In the circulation mod-
ule, time step for the internal mode was 60 s and a splitting

H))) given by IC4M3 and IC4M7 (b). Attenuation coefficient o against
the wave periods and significant wave height SWH (a =/ (7, SWH))
following IC4M4 (c)

ratio of 20 was used; meanwhile, a 60-s time step was adopted
for the ice and wave modules.

A set of numerical experiments designed as Table 2 were
conducted to explore the ice-induced wave attenuation in the
Great Lakes. In Table 2, EXP0O was a wave-only modeling
case, it was used to examine the performance of the wave
module during ice-free season, and it also provided a reference
for those experiments with ice-induced wave attenuation dur-
ing the ice season. EXP1-EXP7 were coupled wave-ice
modeling cases with both blocking effect and ice-induced
wave attenuation, and they used IC4M1-1C4M7 to quantify
wave attenuation by ice, respectively. The modeling period of
EXPO-EXP7 were in 2014 because 2014 is a “big chill” year
(Fig. 1b) and better understanding of the wave-ice interaction
under extreme climate conditions is important. EXP8 was
identical to EXPO, which was a wave-only modeling case.
For the EXP9, it was a coupled wave-ice modeling experiment
using IC4M6 to calculate ice-induced wave attenuation;
meanwhile, blocking effect was also considered. However,
the modeling periods of EXP8 and EXP9 were in 2011, when
there were available wave data observed during the ice season,
which therefore could evaluate the performance of the partly
coupled wave-ice model. All numerical runs were initialized
from a motionless state. To focus on the ice-induced wave
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Table 2 Numerical experiments

Modeling period Note

design of this study Case Method quantifying o
EXPO N/A
EXP1 1C4M1
EXP2 1C4M2
EXP3 1C4aM3
EXP4 1IC4M4
EXP5 1C4M5
EXP6 1IC4aM6
EXP7 1CaM7
EXP8 N/A
EXP9 1C4M6

2014.01.01-2014.12.31
2014.01.01-2014.06.30

Wave-only modeling
Coupled wave-ice modeling with both blocking
effect and ice-induced wave attenuation

2011.01.01-2011.03.03
2011.01.01-2011.03.03

Wave-only modeling
Coupled wave-ice modeling with both blocking
effect and ice-induced wave attenuation

attenuation, the feedback from waves to ice, and the dynamics
related with wave-current interaction were not considered dur-
ing current stage.

2.4 Observational data

To assess the model’s performance in simulating wave dy-
namics in Great Lakes, the significant wave height (SWH)
in 2014 observed by eight buoys 45001-45003, 45005—
45008, and 45012 (https://www.ndbc.noaa.gov/) were
utilized to validate the modeled SWH, and the buoy
locations are illustrated in Fig. 1a. Meanwhile, the buoy-
observed lake surface winds were used to evaluate the quality
of the NARR 3-hourly winds over the Great Lakes.

We used the satellite-retrieved ice concentration data, a prod-
uct based on multi-satellite observations (e.g., Radarsat-2,
Envisat, AVHRR, GOES, and MODIS) derived from the
National Ice Center (NIC) Great Lakes Ice Analysis Charts
managed and provided by the NOAA Great Lakes
Environmental Research Laboratory (https://www.glerl.
noaa.gov/), to appraise the model’s ability in the Great
Lakes ice dynamics.

Wave data measured using the Nortek AWAC (acoustic
wave and current profiler) at three stations 4a, 5a, and 6a in
Lake Erie (locations in Fig. 1c) during February 2011 were
employed to evaluate the performance of the coupled ice-
wave modeling, further details of these wave data are avail-
able in Hawley et al. (2018).

3 Modeling the ice-attenuated waves in 2014
3.1 Model performance in wave simulation

In the form of scatter diagrams, comparisons between the
simulated SWH and the ones observed by NDBC buoys at
eight stations are shown in Fig. 3. Valid wave observations
from the NDBC buoys were only available during ice-free
time, generally from the mid May to late November, 2014.

@ Springer

Figure 3 reveals that the modeled SWH were reasonably con-
sistent with the observed ones. To further evaluate the model’s
performance in simulating lake waves, correlation coef-
ficients (CC), root mean square error (RMSE), and
mean absolute error (MAE) were applied, and the defi-
nitions are given below:

X)) 7 3)
\/ z xl \/ ZN 1 (yz_y
RMSE = /- 22, (x3,)" @
1
MAE = NZ?L] Ixi—yil, (5)

where N is the total sampling number, x; and y; (i=1,2,3, ...,
N-1, N) are the observed and simulated time series of SWH,
and over bars donate average of the time series. CC, RMSE,
and MAE correspond to the comparisons at different buoy
stations are shown in the subfigures of Fig. 3, respectively,
and overall, CC, RMSE, and MAE for all eight comparisons
were respectively 0.77, 0.38, and 0.26 m, and were compara-
ble with former wave simulations for the Great Lakes using
third-generation wave models (e.g., Moeini and Etemad-
Shahidi 2007; Mao et al. 2016; Niu and Xia 2016). Without
any calibration, such performance of the wave module was
generally satisfactory and was eligible if for use as the basis
of coupled wave-ice modeling.

Comparisons' between the NARR winds and the NDBC
buoy-observed winds revealed that the averaged differences in
wind speed (WSPD) between the NARR winds and winds
observed by NDBC buoys 45001-45003, 45005-45008, and
45012 (WSPDgyoy~WSPDyarr) in 2014 were —0.43, 0.53,
0.47, 0.87, 0.68, 0.28, 0.84, and 0.85 m/s, respectively,

! Anemometer heights above the ground of NDBC buoys 45001-45003,
45005-45008, and 45012 are 5 m, the NARR winds at 10 m were used to
force the model, thus the buoy-observed winds were converted to winds at
10 m following a logarithmic relationship for wind speed profile (Allen et al.
1998).
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suggesting that the model wind forcing (NARR product) gen-
erally underestimated the intensity of lake surface winds
(Fig. 4). Mao et al. (2016) examined the impacts of three
different wind field sources on wave dynamics in Lake
Michigan; their results demonstrated that accuracy of wind
forcing is the key factor determining model’s performance
for waves. Therefore, the relatively weak NARR winds with
low spatiotemporal resolution misjudged the real wind field
by a certain extent, which was one of the reasons for the errors
displayed in Fig. 3. In addition to the wind forcing, as many
previous studies revealed, accuracy of the model bathymetry,
resolution and design of the computational grid, choice of
formulations describing the wind input, whitecapping, and
depth-induced wave breaking, as well as consideration of
wave-current interaction, all could affect the wave model’s
performance in the Great Lakes (e.g., Mao et al. 2016; Niu
and Xia 2016; Mao and Xia 2017).

3.2 Model performance in ice modeling

As illustrated in Sect. 2.2, ice characteristics, including ice
concentration and ice thickness, are the vital parameters deter-
mining ice ability to attenuate waves, and therefore, it is nec-
essary to evaluate model’s performance in simulating lake ice.
Using the satellite-measured ice concentration from the NIC,

the modeled spatial distribution of ice concentration over the
Great Lakes in February and March 2014 were examined.
Observations showed that Lakes Superior, Huron, and Erie
were almost fully covered by ice (Fig. 5 a and b), while there
was less ice in Lake Michigan (particularly in the central lake)
with ice concentration ranging from 20 to 50% in most parts.
In Lake Ontario, the whole lake was nearly ice free, which was
just as indicated by previous studies (Wang et al. 2018). The
various ice dynamics in different lakes are mainly caused by
the spatially different climate forcing over each lake; mean-
while, lake ice will respond differently even to the same cli-
mate forcing depending on each lake’s orientation, topogra-
phy, and turbidity as revealed by Wang et al. (2018). As dem-
onstrated by Fig. 5, the modeled ice concentration was rea-
sonably consistent with the satellite observations in the form
of intensity as well as the spatial distribution; furthermore,
observations revealed increased ice concentration from
February to March, 2014 (Fig. 5 a and b), and this tendency
was well reproduced by the model (Fig. 5 ¢ and d), suggesting
reliable model performance in simulating lake ice dynamics.

3.3 Ice-induced attenuation on lake waves

Based on EXPO-EXP7, ice-induced attenuation on lake
waves in February 2014 was evaluated. Figure 6 a shows the
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monthly mean SWH in the Great Lakes based on EXP0, and
the monthly averaged differences in SWH between EXP0 and
EXP1-EXP7 are displayed in Fig. 6b—h, respectively. As

suggested by Table 1 and Fig. 2, the ice-induced wave atten-
uations quantified by different methods in IC4 were different;
meanwhile, the blocking effect of ice on waves remained the
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Fig. 5 The monthly mean NIC satellite-measured ice concentration over the Great Lakes in February (a) and March (b), 2014, respectively. The
simulated spatial distribution of monthly averaged ice concentration over the Great Lakes in February (¢) and March (d), 2014, successively
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(b), EXP2 (¢), EXP3 (d), EXP4 (e), EXP5 (f), EXP6 (g), and EXP7 (h) in February 2014

same among different numerical runs; therefore, as revealed
by Fig. 6b-h, the attenuation of waves by ice simulated by
EXP1-EXP7 differed from each other.

Although EXP1-EXP7 simulated different values of
wave attenuation, their spatial patterns were quite simi-
lar to each other. All reasonably revealed that wave
attenuation by ice was positively correlated with ice
concentration. Spatially averaged SWH decreased by
0.435, 0.446, 0.467, 0.324, 0.418, 0.424, and 0.450 m
over the entire Great Lakes (except Lake Ontario) based
on EXPI-EXP7, respectively. In most areas of Lakes
Superior, Huron, and Erie, the reduction of SWH by
heavy ice (Fig. 6b—h) and the SWH modeled by EXPO
(Fig. 6a) nearly canceled each other out, suggesting no
wave would develop in these large lakes under heavy-
ice condition. In the central basin of Lake Michigan,

there was much less ice (Fig. 5), and the wave attenu-
ation was estimated at approximately 0.2 m (Fig. 6b-h),
which only counteracted minor parts of the SWH
modeled by EXPO; therefore, significant wave motions
still existed. The weakest wave attenuation was found in
Lake Ontario, not surprisingly due to the mild lake ice
there (Fig. 5).

Note that EXP3 (with IC4M3) and EXP7 (with IC4M7)
produced the strongest attenuation (0.467 and 0.450 m); the
modeled monthly mean ice thickness for February 2014 sug-
gested approximately a 0.3-m thick ice over the Great Lakes;
meanwhile, the typical wave period in winter was shorter than
4 s; thus, under such ice and wave conditions, the attenuation
coefficients « given by IC4M3 and IC4M7 were generally
larger than other schemes (Fig. 2), which well explains the
stronger wave attenuation estimated by these two methods.
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4 Practical application in 2011

The preceding results strongly indicated that wave-ice inter-
action over the Great Lakes plays a vital role in modifying the
local hydrodynamic environment, particularly in the wave dy-
namics. However, lack of in situ data in 2014 makes it unable
to evaluate the performance of the partly coupled wave-ice
model developed in this study. To examine the reliability of
this model, a practical application in the Great Lakes for
February 2011 was conducted, during which period wave data
observed by bottom-moored AWAC at three stations (Fig. 1¢)
are available. Two numerical experiments, EXP8 (wave-only
simulation) and EXP9 (coupled wave-ice simulation), were
performed. For EXP9, both ice-induced wave attenuation
and blocking effect of ice on waves were considered, and
the IC4M6 was used to estimate ice-induced wave attenuation
because this method approximately represented an average of
IC4M1-M7 (Fig. 6b-h).

Figure 7 a, c, and e show comparisons of the EXP§- and
EXP9-modeled SWH with AWAC observations at stations
4a, 5a, and 6a in February 2011, respectively; meanwhile,
the comparisons between the EXP9-modeled ice concentra-
tion and the NIC product for stations 4a, 5a, and 6a are
displayed in Fig. 7 b, d, and f, respectively; on the basis of
the changing trends in the SWH and ice concentration, three
representative time slots, Period 1 (February 01-February 14,
2011), Period 2 (February 18—February 20, 2011), and Period

3 (February 23—March 02, 2011) were selected for further
discussions, and these periods are marked with cyan, yellow,
and gray shading in Fig. 7, respectively.

In Period 1, high ice concentration was revealed by both
the NIC product (approximately 90%) and EXP9 simulation
(approximately 100%) at all three AWAC stations (Fig. 7 b, d,
and f). The AWAC wave observations showed that magni-
tudes of the SHW at stations 4a, 5a, and 6a were generally
zero, which was accurately modeled by the coupled wave-ice
experiment EXP9, while the wave-only case EXP8 produced
completely incorrect simulation of the SWH (Fig. 7 a, ¢, and
e). The detailed statistics (including RMSE and MAE) of
SWH comparisons during Period 1 are listed in Table 3, again
suggesting good performance of EXP9 in simulating the SWH
under heavy-ice condition.

In Period 2, as indicated by Fig. 7 b, d, and f, remarkable
decreases in ice concentration happened at all three AWAC
stations. During this period, large SWH (even exceeds 2 m)
were observed at stations 4a, 5a, and 6a, the large SWH pos-
sibly indicates that high winds strike Lake Erie, leading to
strong mixing in the entire water column, bringing up the
warm water from below, and finally melting the ice.
Moreover, “ice retreat-wave growth” positive feedback may
establish during this period: the melt of ice enlarges the area of
open waters, directly facilitating the growth of waves, while
the strengthened wave dissipation will induce ice breakage,
accelerating the melting of ice, forming a positive feedback
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Fig. 7 Comparisons of the EXP8- and EXP9-modeled SWH with obser-
vations by AWAC at stations 4a (a), 5a (c), and 6a (e) in February 2011.
The comparisons between the EXP9-modeled ice concentration and the
NIC product at stations 4a (b), 5a (d), and 6a (f), respectively. Cyan,
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Table 3 Statistics of wave ] ] -
comparisons between EXP8 and Period 1 Period 2 Period 3
EXP9 simulations with the
AWAC observations during RMSE(m) MAE(m) RMSE(m) MAE(m) RMSE(m) MAE (m)
Period 1, 2, and 3 at stations 4a,
5a, and 6a Station4a  EXP8 0.54 0.47 0.47 0.43 0.34 0.27
EXP9 0.05 0.01 1.32 1.11 0.15 0.04
Station 5a  EXP8 0.55 0.48 0.40 0.36 0.37 0.30
EXP9 0.01 0.00 1.25 1.14 0.01 0.00
Station 6a  EXP8 0.52 0.46 0.35 0.28 0.27 023
EXP9 0.06 0.01 1.02 0.95 0.20 0.05

Better statistical results are highlighted with italics

(Zhang et al. 2020). Figure 7 a, ¢, and e prove that when ice
concentration is below 10% or even zero, wave dynamics will
be generally free of influence by ice, which explains why the
SWH modeled by the wave-only case EXPS8 agreed well with
the observations. Note that EXP9 failed to reproduce the
strong melting process during this period (Fig. 7 b, d, and f)
and therefore, remarkably underestimated the SWH (Fig. 7 a,
d, and e); this may be due to the low spatial resolution of the
model, the errors in the NARR forcing, and the neglect of
wave-induced ice breakage.

During Period 3, when high ice concentration (> 80%) cov-
ered all three AWAC stations, the results were much similar to
that during Period 1, and the statistics summarized in Table 3
again suggest reasonable simulation of SWH by EXP9. Around
February 14, 19, and 26, 2011, there were three significant
decreases in ice concentration at station 6a, and each decrease
lasted for about 3 days (Fig. 7f); as Fig. 7e reveals, the waves
responded quite quickly to these ice-decreased events, suggest-
ing a sensitive relationship between waves and ice.

5 Summary and conclusions

To better understand how waves and ice interact with each
other in the Great Lakes, we developed a partly coupled
wave-ice interaction model with the ability to resolve the ice-
induced wave attenuation within the FVCOM framework. The
WAVEWATCH III® IC4 was utilized to quantify the wave
energy loss when propagating under ice. Meanwhile, the
blocking effect of ice on wind energy input and wave energy
decay via whitecapping and breaking were also implemented.

The model was then applied to the Great Lakes, and a set of
numerical experiments were conducted to assess the reduction
of wave height in the presence of ice. Numerical results dem-
onstrated that the ice-induced wave attenuation and the ice
concentration were positively correlated. In February 2014,
there were almost no wind wave motions in Lakes Superior,
Huron, and Erie because the heavy ice there could remarkably
inhibit the growth and development of wind waves.

When validated by wave observations from bottom-
moored AWAC in Lake Erie during an ice season, the
model developed in this study satisfactorily reproduced
the ice-attenuated waves. Analysis of the AWAC wave
data and the satellite-retrieved ice concentration data in-
dicated a quick response between waves and ice.
Therefore, accurate ice modeling is necessary for resolv-
ing wave-ice interaction because there is a sensitive re-
lationship between them.

In this study, the ice-induced wave attenuation in the
Great Lakes was evaluated, and the significance of
wave-ice interaction in the lake hydrodynamics was
demonstrated. The partly coupled wave-ice interaction
model provided a foundation for developing a fully
coupled wave-ice-lake model for the Great Lakes.
However, the feedbacks from waves to ice was not con-
sidered in the present investigation. Therefore, our mod-
el could not produce the “ice retreat-wave growth” pro-
cess, which may be one of the main reasons for the
modeling errors in Period 2 of Fig. 7. In the next stage,
it would be interesting to implement effects of waves on
ice into the model, e.g., wave-induced ice breakage. In
addition, due to the high difficulty, technical require-
ments, and expenses of field observation in ice season,
understanding of wave-ice interaction in the Great Lakes
(also other cold regions) is limited by the scarcity of
simultaneous wave and ice observations, and further
field observations regarding wave-ice interaction under
various ice and wave conditions are necessary in the
future.
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