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the changes in incident wave energy

e Basin-wide mean SSC, coastal sedi-
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and water level in southern Lake
Michigan are highly correlated
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Lafayette, IN, USA, (’Department of Civil and Environmental Engineering, University of Wisconsin-Madison, Madison,
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Abstract Sediment suspension and transport driven by waves and currents play a significant role in both
the ecological and physical environments of large lakes. Lake Michigan has faced a rapidly increasing water
level associated with intensified wind waves in the past decade. To investigate the spatiotemporal
characteristics of suspended sediment concentration (SSC) and associated coastal sediment budgets in
southern Lake Michigan, a 30-year (1991-2020) hindcast was performed using a coupled wave-current-
sediment model (SWAN-FVCOM-CSTMS). We found that in southern Lake Michigan, the basin-wide mean
SSC increased, and the coastal sediment loss accelerated dramatically, corresponding with intensified waves,
currents and lake water level rises over the past decade. The basin-wide mean SSC, coastal sediment loss,
wave height, wind speed, current speed, and water level in southern Lake Michigan are highly correlated.
Spatially, the results reveal decreases in coastal SSC and sediment loss in the western portion of the southern
basin, while the eastern sectors show an increase in both metrics. This reflects a clear shift in the wave
climate and hydrodynamic environment. The alterations in long-term coastal sediment budgets imply that
considerable shoreline transformations are being influenced by modifications in the wave climate.
Understanding the spatiotemporal characteristics of SSC and coastal sediment budgets is crucial for strategic
water resource management and coastal infrastructure planning.

Plain Language Summary The movement of sediment caused by waves and currents greatly
impacts the health and shape of large lakes. Over the past decade, Lake Michigan's water level has been rising
rapidly, associated with stronger wind waves. To understand how these changes affect the amount of sediment
in the water and along the shore in southern Lake Michigan, we employed a complex model to capture sediment
changes over past the 30 years (1991-2020). We found that the average amount of sediment suspended in the
water and the loss of sediment along the shore both increased as the lake's water level rose and waves became
more intense. These changes were strongly correlated with the height of the waves, wind speed, and water level
in the lake. We also saw decreases in coastal suspended sediment concentration and sediment loss in the western
portion of the southern basin, while an increase in sediment loss within its eastern sectors, reflecting a clear shift
in the wave climate and hydrodynamic environment. The changes in coastal sediment over time suggest
significant shoreline reshaping, driven by shifts in wave patterns and the hydrodynamic conditions. It's
important to understand these changes to manage our water resources effectively and plan our coastal
infrastructures wisely.

1. Introduction

Lake Michigan is the fifth largest lake in the world and the third largest lake in the Great Lakes by surface area.
Stretching 494 km from north to south and 190 km from east to west, Lake Michigan has a 2,640 km long
shoreline and is home to approximately 12 million people. The majority of the people live along the shore of
southern Lake Michigan, especially in the Chicago and Milwaukee metropolitan areas. Given its dense popu-
lation, this study specifically focuses on the southern portion of Lake Michigan.
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In large lakes, sediment plays a significant role in ecosystems through sediment suspension and transport
mechanisms. The sediment suspension and transport are important for the cycling of nutrients and contaminants
via sediment particles (Brooks & Edgington, 1994; Chen et al., 2004; Eadie et al., 1984; Eadie & Robbins, 1987;
Ji et al., 2002; Miller et al., 2016; Millie et al., 2002; Robbins & Eadie, 1991). Furthermore, an increase in
suspended sediment can diminish light transmission, which in turn decreases photosynthesis by aquatic plants,
negatively affecting the growth of aquatic plants as well as the dissolved oxygen levels (Berry et al., 2003; Blom
etal., 1994). When the dissolved oxygen level falls below a threshold (e.g., 5 mg/L for fish), fish and other aquatic
organisms cannot survive (Bozorg-Haddad et al., 2021).

Furthermore, sediment suspension and transport associated with sediment input from coastal erosion and rivers
influence the sediment budget within a region of interest. An imbalance of the sediment budget results in erosion
or deposition, leading to morphological changes (Amoudry & Souza, 2011; Rosati, 2005). Long-term imbalance
of the sediment budget in the nearshore and surf zone may also impact beach safety and reshape the shoreline.
Thus, understanding sediment transport and budget is fundamental for coastal nourishment and coastal protection.
As more and more people are relocating to the coastal areas, integrating sediment budget considerations into
coastal management and planning becomes increasingly critical.

Sediment suspension and transport are primarily driven by waves and currents (Grant & Madsen, 1979; Mei
etal., 1997; Miles et al., 2013). In deep water, the action of water waves cannot reach the bottom, therefore, large
sediment suspension is usually initiated in shallow coastal waters. The suspended sediment is then transported
alongshore and offshore, associated with flow advection and diffusion. This region of significant transport can be
about 10 km wide and over 100 km long along the coast of southern Lake Michigan (Eadie et al., 1996; Lee
et al., 2007). In Lake Michigan, massive sediment resuspension occurs during storm events with large waves and
currents (Eadie et al., 2008; Mortimer, 1988). Since the 1980s, storms have become more frequent and ice cover
has decreased with climate warming, leading to more frequent, massive sediment resuspension events (Schwab
et al., 2006). During such large resuspension events, the total amount of suspended sediment is comparable to the
total annual sediment input from shoreline erosion and tributaries to the entire lake (Colman & Foster, 1994;
Eadie et al., 2002; Lou et al., 2000). The resuspended sediment can be transported tens or even hundreds of
kilometers along the shore with redistribution throughout the lake (Hawley & Lee, 1999), resulting in enormous
local erosion and deposition along the coast of southern Lake Michigan. The wave climate in Lake Michigan has
changed significantly, with a decreasing wave energy trend in the western lake and an increasing trend in the
eastern lake over the recent decade, coinciding with rapid lake level rises (Huang, Zhu, et al., 2021). This un-
derscores the growing need to better understand sediment suspension and transport under changing wave
climatology. Understanding the long-term change in sediment suspension and transport will benefit water re-
sources management and coastal infrastructure construction.

The objective of this study is to investigate the spatiotemporal changes in sediment resuspension and transport in
southern Lake Michigan (below the latitude of 44°N), a region noted for having one of the greatest population
densities in the Great Lakes region (https://www.britannica.com/place/Great-Lakes/Physiography). We con-
ducted a 30-year (1991-2020) hindcast for the entire lake using a coupled wave-current-sediment model.
Following a comprehensive model validation, we examined spatiotemporal patterns of the 30-year mean sediment
suspension in southern Lake Michigan. Subsequently, we explored the relationships between the long-term
changes in sediment suspension and the changes in water levels, waves, and winds across both spatial and
temporal dimensions. Finally, the implications of the sediment suspension and transport on the sediment
budget along the coast of southern Lake Michigan are discussed.

2. Approach
2.1. Model Configuration

The wave-current-sediment processes in Lake Michigan were modeled using a 3D numerical model system,
which coupled the third-generation wave spectral model, Simulating Wave Nearshore (SWAN, Booij
et al., 1999), the ocean circulation model, Finite-Volume Community Ocean Model (FVCOM, Chen et al., 2003,
2006), and the sediment transport model, Community Sediment Transport Modeling System (CSTMS, Warner
et al., 2008) that is integrated into FVCOM. SWAN computes random, short-crested wind-generated waves in
coastal regions and inland waters. It solves the evolution equation of wave action density in space and time over
frequency and wave direction considering the following physics (https://swanmodel.sourceforge.io/features/
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features.htm): (a) wave propagation in time and space, shoaling, refraction due to current and depth, frequency
shifting due to currents and non-stationary depth, (b) wave generation by wind, (c) three- and four-wave in-
teractions, (d) white capping, bottom friction and depth-induced breaking, (e) dissipation due to aquatic vege-
tation, turbulent flow and viscous fluid mud, (f) wave-induced set-up, (g) propagation from laboratory up to
global scales, (h) transmission through and reflection (specular and diffuse) against obstacles, (i) diffraction. With
these features, SWAN has been widely applied for wave simulation for coastal oceans (Cheng et al., 2015;
Dietrich et al., 2011; Huang et al., 2013; Niroomandi et al., 2018; Xie et al., 2016, 2019) and the Great Lakes
(Anderson et al., 2015; Huang, Anderson, et al., 2021; Huang, Zhu, et al., 2021; Mao et al., 2016; Mao &
Xia, 2017). SWAN was adapted into an unstructured-grid model and incorporated into FVCOM, forming
FVCOM-SWAVE (Chen et al., 2003; Qi et al., 2009). However, its application has been constrained due to
limited computational efficiency. To enhance the computational efficiency in our long-term simulation, one-way
coupling with offline wave input from SWAN (Huang, Zhu, et al., 2021) was used in this study. The wave pa-
rameters including significant wave height, peak wave period, mean wave direction, mean wavelength, bottom
wave orbital velocity, and bottom wave period, are passed to FVCOM with CSTMS to consider the effects of
waves on currents and sediment suspension and deposition through 3D wave radiation stress and combined wave-
current bottom stress in the bottom boundary layer. CSTMS was implemented into FVCOM as FVCOM-SED,
which accounts for suspended and bedload transport, layered bed dynamics, and erosion/deposition actions for
multiple cohesive and non-cohesive sediment classes. The vertical mixing processes and the horizontal diffusivity
were calculated using the Mellor-Yamada level-2.5 (MY25) turbulence closure model (Mellor & Yamada, 1982)
and the Smagorinsky numerical formulation (Smagorinsky, 1963), respectively. The FVCOM-based wave-
current-sediment models have been applied for sediment transport analysis for coastal oceans (Gao
et al., 2018; Ge et al., 2018; Li et al., 2022; Wu et al., 2011; Yang et al., 2022; Zhou et al., 2021) and the Great
Lakes (Khazaei et al., 2021; Niu et al., 2018).

The computational domain covering the entire lake was developed using an unstructured mesh with the ba-
thymetry data sets from the National Oceanic and Atmospheric Administration (NOAA, https://www.ngdc.noaa.
gov/mgg/greatlakes/michigan.html). The horizontal resolution of the mesh varied from ~60 to 300 m near the
coast to ~4.4 km in the central lake areas (Figure 1). In the vertical direction, the mesh was equally divided into 20
sigma layers such that the vertical resolution was about 0.05 m near the coast and less than 5 m for most offshore
regions.

The sediment properties were estimated based on the alignment with previous studies and successful model
calibration (Table 1). Earlier studies utilized either a single sediment size class (e.g., Lou et al., 2000) or multiple
sediment size classes (e.g., Cardenas et al., 2005; Hawley et al., 2009; Khazaei et al., 2021). However, Hawley
et al. (2009) pointed out that the results using two-size classes were similar to those with four-size classes.
Therefore, two representative sediment classes with 15 pm for fine sediment and 150 pm for coarse sediment were
used in this study. The fractions of fine and coarse sediment, 17% and 83% respectively, were estimated based on
the sediment percentage along the coast of Lake Michigan (Eadie & Lozano, 1999; Lee et al., 2007) and further
adjusted based on model calibration. Given that most of the sediment is of sand size, following the precedent set
by Hawley et al. (2009) and Lou et al. (2000), the sediment is assumed to be non-cohesive. This assumption is
reasonable for analyzing long-term trends on a basin-wide scale. The sediment density was estimated using the
default value of 2,650 kg/m> (Soulsby, 1997), which is comparable to the estimations (2,300-2,450 kg/m°) in
Khazaei et al. (2021). The settling velocity (w), surface erosion rate (E,), and critical shear stress for erosion (z,,)
were calculated from sediment size and density using the formulas in Soulsby (1997), yielding @ = 0.2 mm/s,
Ey =1.22 x 10~ kg/m*/s, and z,, = 0.05 N/m? for fine sediment, and @ = 14.8 mm/s, E, = 1.31 x 10~ kg/m?/s,
and 7, = 0.15 N/m? for coarse sediment, where E,, was adjusted for a better comparison. In this study, we focused
on the basin-scale coastal sediment resuspension and transport. The sediment sources from tributaries and
shoreline erosion as well as the effects of small-scale coastal structures on sediment transport were not considered,
which are further discussed in Section 4. Due to the limited data on sediment layer thickness at the basin scale, it
was assumed that the bottom sediment source is unlimited, following the approach by Lou et al. (2000).

The driving forcing including downward solar radiation, wind speed and direction, air temperature, atmospheric
pressure, relative humidity, and cloud cover were interpolated from the hourly data sets from Climate Forecast
System Reanalysis (CFSR, Saha et al., 2010) for 1991-2010 and Climate Forecast System Version 2 (CFSv2,
Sahaetal., 2011) for 2011-2020, which have a spatial grid resolution of ~0.3° and ~0.2°, respectively. CFSR and
CFSv2 have shown good performance for the Great Lakes regions (Huang, Anderson, et al., 2021; Huang, Zhu,
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Figure 1. Unstructured triangular grids for FVCOM model mesh and locations for selected wave buoys (magenta circles),
current meters (blue triangles), and suspended sediment concentration (SSC) transmissometers (red squares) in the coastal
area for model validation in Section 2.2: (a) the entire lake and (b) zoom-in on the southeastern lake. The depth contour lines
greater than 30 m are not presented.
Table 1
Sediment Parameters Used in the Model
Fine sediment Coarse sediment
Mean sediment diameter D5, [pm] 15 150
Fraction 17% 83%
Sediment density p, [kg/m?] 2650 2650
Sediment settling velocity @ [mm/s] 0.2 14.8
Surface erosion rate E, [kg/m?/s] 122 x 107° 131 x 107*
Critical shear stress for erosion 7, [N/m?] 0.05 0.15
Critical shear stress for deposition 7, [N/m?] 0.04 0.10
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et al., 2021; Jensen et al., 2012; Xue et al., 2015). The ice effects on waves were considered by masking the grid
cell as land when the local ice coverage exceeds a threshold value of 30%, following Anderson et al. (2015) and
Huang, Zhu, et al., 2021. The water level was updated gradually based on monthly water level data. The time steps
were 3 s for FVCOM with CSTMS and 1 hr for SWAN, respectively. The model initiated at rest, with zero values
for current velocity, wave height, and suspended sediment concentration. The initial temperature was set at 2°C
on January 1. The bottom roughness length was set to 0.002. No open boundary conditions were employed as the
whole lake was modeled, and the river influx was not considered. More details on the configurations of FVCOM
and SWAN are described in Xue et al. (2017) and Huang, Zhu, et al., 2021.

2.2. Model Validation

The model was validated with the measured wave data from the National Data Buoy Center (NDBC, https://
www.ndbc.noaa.gov) of NOAA (Huang, Zhu, et al., 2021), the measured current data from the project,
Episodic Events—Great Lakes Experiment (EEGLE, https://www.glerl.noaa.gov/res/projects/eegle/), and the
measured suspended sediment concentration (SSC) data from EEGLE, Lou et al. (2000), and Lee
et al. (2005). Huang, Zhu, et al. (2021) have thoroughly validated the wave model that this study employs. To
demonstrate the performance of the wave model, we present the comparisons in hourly significant wave
height (H,) and peak wave period (7,) at 6 selected representative coastal and offshore buoys across southern
Lake Michigan in 2020 in Figure 2 as an example. The difference between the calculated and measured mean
values (Bias) and the coefficient of determination (R?) are used to assess the performance of the model and
given by (Huang, Zhu, et al., 2021)

Bias=Y - X, )]
and
N
> =X
R=1-" @)
;(Xt -X)’

where Y = va:l Y;/N is the mean of the calculated values Y; (i = 1,2,...,N) from the model and X = Z?LIX,/N is
the mean of the measured values X; (i = 1,2,...,N) from observation with sample size of N.

The model captures the spatial and temporal characteristics of Hs very well with R* ranging from 0.76 to 0.86 and
a bias between —0.15 and 0.02 m (Figure 2). The comparisons in T}, are reasonably well with and R? of 0.48-0.66
and a bias ranging from —0.18 to 0.46 s (Figure 2). For certain extreme events, the model tends to underestimate
the local maximum H,. For example, the modeled largest H, = 1.47 m is less than the measured largest
H,=2.98 m on 4 August 2020, at buoy 45,174 (Figure 2f1). Overall, the model results are in good agreement with
the measured data for wave comparison.

The model performance in the current simulation is demonstrated by comparing the model current velocities in
the east (1) and north (v) directions with the observations in the southern part of Lake Michigan in 1997 (Figure 3).
Additional comparisons for other years (1998, 1999, and 2000) are provided in the (Figures S1-S5 in Supporting
Information S1). The model currents match well with the observations with R values ranging from 0.50 to 0.80
and biases less than 0.03 m/s (Figure 3). The model underestimates some large current velocities at sites Al
(Figure 3a) and VO1 (Figure 3c), such as the peak current velocities on 6 December 1997. However, overall, the
model and the observations generally align well.

The effectiveness of the model in simulating sediment transport is assessed through the comparison between the
modeled and measured suspended sediment concentration (SSC) as illustrated in Figure 4. Though sediment
models are generally known to be less precise compared to wave and hydrodynamic models, our model SSC
reasonably reproduced the observed patterns, with an R ranging from 0.39 to 0.77 and a bias between —3.35 and
—0.19 mg/L (Figure 4) except at the location STA20, which shows a low R? value of 0.05 in 1998 (Figure 4e).
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Figure 2. Significant wave height (H,) and peak period (7,) comparison at six representative buoys in southern Lake Michigan for the year 2020. Buoy locations are
shown in Figure 1. More comparisons for more buoy stations (14 buoy stations over the whole lake) and other years (2012, 2014, 2016, 2018) are referred to Huang, Zhu,
et al., 2021.

Despite this low R? at this site, the model still captured major SSC events, such as on November 11 and 23
December 1998. In 1999, the model at this site performed relatively better, with an R* of 0.39 (Figure 4g). Overall,
there is an adequate to good agreement between the modeled SSC and the observed data. The validated model was
then used to perform a 30-year hindcast from 1991 to 2020 to examine the spatiotemporal patterns of SSC in
southern Lake Michigan.
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Figure 3. Current velocity (u positive eastward, v positive northward) comparison for the year 1997. The locations for the data are shown in Figure 1. More comparisons
for other years (1998, 1999, and 2000) are shown in Figures S1-S5 in Supporting Information S1.

3. Results
3.1. Basin-Wide Suspended Sediment Concentration (SSC) in Southern Lake Michigan

The annual basin-wide mean of depth-averaged suspended sediment concentration (SSC,), significant wave
height (H,), and wind speed (U, ) in southern Lake Michigan (below 44°N) over the 30 years from 1991 to 2020 is
shown in Figure 5. These variables exhibited dramatic fluctuations, with the highest SSC occurring in 2012 and
the highest H; and U, in 2013, closely preceding the strong El Nino event of 2014-2016. Over the past 30 years,
the water level decreased from a high of 177.0 m in 1997 to approximately 176 m, and maintained this lower level
from 2000 to 2013. It then surged rapidly to a near-record high of 177.3 m from 2014 to 2020 (Figure 5). Linear
regression analysis revealed an annual upward trend in SSC, at a rate of # = 0.0026 + 0.0018 mg/L, which,
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Figure 4. Data comparison for suspended sediment concentration (SSC) in 1994, 1998, 1999, and 2002 at different locations and water depths (mab: meters above
bottom).

however, was not statistically significant with p = 0.17 > 0.05. Similarly, H, and U, also increased at rates of
0.0017 £ 0.0009 m/yr and 0.005 = 0.003 m/s/yr, but these increases were also not statistically significant with
p = 0.07 and p = 0.14, respectively.

As there are no statistically significant linear trends for SSC,, H,, and U, an alternative technique to analyze
these long-term trends is to utilize moving mean methods, aiming at removing the seasonal and annual variability
(Huang, Zhu, et al., 2021; Meadows et al., 1997). Following Huang, Zhu, et al. (2021), the 10-year trailing moving
mean method was implemented. Figure 6 presents the 10-year trailing moving mean values of SSC,, H,, and U,
as well as depth-averaged mean current speed (U,,,), in southern Lake Michigan, in relation to the lake water level.
SSC,, along with H,, U,,, and U, have dramatic increased since 2010, corresponding with a rise in the lake water
level starting in 2013, indicating a lag of about 3 years (Figure 6). The strong correlations among SSC,, H,, U,
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Figure 5. Modeled annual mean basin-wide depth-averaged suspended sediment concentration (SSC,), significant wave
height (H,), and wind speed (U, ) as well as the water level in southern Lake Michigan. The linear trends () of U, H,, and
SSC with standard error and p-value are shown in the legend. The shaded patch indicates the strong El Nifio event 2014-16.

and U, reflects the fact that the sediment resuspension is closely associated with waves and currents, which are
mainly driven by wind forcing.

More importantly, the long-term changes in SSC,, H,, and U, are all highly correlated with water level changes,
with the correlation coefficients () of 0.80, 0.86, and 0.84, respectively. The long-term changes in U, also show
a fairly strong correlation of 0.69 with water level, yet not as strong as the correlations of other variables with
water level change. This difference is attributable to the fact that depth-averaged currents are influenced not only
by surface winds but also by changes in the thermal structure, which result in density-driven circulation. Note that
the high correlations do not imply the direct causal relationship between water level and SSC,, H,, U,, and U,
rather, they highlight the impact of regional climate variations on these variables. Regional climate assessment
showed that the frequency and intensity of storms over the Great Lakes region have increased in the past decade.
Consequently, more intense storms associated with stronger winds intensified the generation and growth of waves
and currents in the Great Lakes (Donelan et al., 1985; Huang, Zhu, et al., 2021; Pore, 1979), resulting in the
acceleration of SSC. Meanwhile, the amount of precipitation has also increased (USGCRP, 2017), which, along
with runoff, channel flow, and evaporation, has driven the water level rise in the Great Lakes (Deacu et al., 2012;
Gronewold et al., 2021; Gronewold & Rood, 2019). Unlike the near-instant effects of storms on waves, and the
resultant sediment resuspension and transport, the impact of precipitation on lake level rises may take more time,
which varies from a few months to several years (Changnon, 1987; Meadows et al., 1997), due to the complexity

0.66 0.047 57r 78-5 water level
g E : (b) ——10-year trailing moving mean Uyg (r = 0.84)

o 10-year trailing moving mean H, (r = 0.86)
0.64 - 0.046 - 5.65¢ 8+ |—10-year trailing moving mean U, (r = 0.69)
: ——10-year trailing moving mean SSC, (r = 0.80)

[]m -HI/SI

056 |
He El Nifio

‘ | 2014-16

2000 2005 2010 2015 2020

0.54 —0-042 5:35

Figure 6. Long-term changes of 10-year trailing moving mean basin-wide depth-averaged suspended sediment concentration
(SSC,), significant wave height (H,), current speed (U,,) and wind speed (U, ) as well as the water level in southern Lake
Michigan. The correlation coefficients (r) with lake level are shown in the legend. The shaded patch indicates the strong El
Nifio event 2014-16.
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of the basin-wide hydrologic cycle. Thus, increases in U,,, H,, SSC, and U, have preceded lake level rise by
several years (Figure 6).

For the sensitivity analysis regarding the selection of the time window for the moving average, we conducted
examinations using the 5-year and 7-year trailing moving averages (not shown). The results derived from these
smaller time windows are less smooth than those from the 10-year trailing mean. However, all the results
consistently indicate increasing trends in SSC,, H,, and U, after 2010, in alignment with the results derived
from the 10-year trailing average.

3.2. Spatial Patterns of the SSC in Southern Lake Michigan

Figure 7 shows the 30-year mean of depth-averaged, surface, and bottom suspended sediment concentration
(SSC). As expected, the bottom SSC is the highest, followed by the depth-averaged SSC, with the surface SSC
being the lowest. In most regions with a depth of less than 20 m, SSC is significant, exceeding 1 mg/L. It is
important to emphasize that these values represent the 30-year mean SSC. During individual sediment plume
events, SSC can be much higher. In a few regions, significant SSC (>1 mg/L) can extend to depths of up to 30 m.
This aligns with the observations that sediment resuspension occurs frequently in shallow waters, specifically
those less than 30 m deep (Hawley & Lee, 1999; Lee et al., 2005). High SSC levels (>10 mg/L) are found along
the shore of Sheboygan and south of Racine in the State of Wisconsin on the lake's western side. Along the shore
of Illinois in the southwestern lake, the SSC levels are much higher, especially at the headland between Waukegan
and Chicago. In the southeastern lake, high SSC extends along the shore from St. Joseph to Muskegon in
Michigan. The SSC is also significant along the shore of Ludington in the eastern lake.

After understanding the spatial pattern of the 30-year mean SSC in southern Lake Michigan, we further inves-
tigated the spatial pattern of the long-term changes in annual SSC at 120 coastal locations (stations), situated
~5 km apart along the shore and ~2.5 km offshore (Figure 8a). Our focus was on the recent 20 years from 2000 to
2020 which encompasses a decadal low water period (2000-2013) followed by a rapid increase in water level
(2014-2020) (Figure 6). Out of the 120 stations, only 22 exhibited statistically significant (p-value <0.05) linear
trends in SSC (Figure 8b). In comparison, more stations showed statistically significant linear trends for H, (27
stations), U,. (75 stations), U, (96 stations), shown in Figure 8b. This is likely due to the increasing complexity of
the physical processes from wind field to current and wave dynamics to sediment resuspension and transport.
Among all the stations with statistically significant linear trends, the results suggest a consistent pattern: SSC
decreased in the western lake and increased in the eastern lake, aligned with changes in wind, waves, and currents.

Considering the water level regime shift from the decadal low (2000-2013) to a phase of rapid increase (2014—
2020), we conducted an alternative analysis to examine the spatial pattern of the changes in local SSC between
these two periods (2000-2013 vs. 2014-2020) (Figure 6), where the regime shift year 2014 corresponds to the
strong El Nifio event 2014-16. The spatial patterns of the changes between the two periods in SSC,, SSC,, and
SSC,, are consistent with spatial correlation coefficients of » = 0.99 and r = 0.98 (Figure 8c). Moreover, the
changes in SSC, are also highly correlated with the changes in wave height, wind and currents (H, U,y U, U,
and U,_,), with all correlation coefficients r > 0.90 (Figure 8c). The regime shift analysis further corroborates that
the SSC decreased in the western lake while increasing in the eastern lake consistent with the changes in wind,
waves, and currents. Sensitivity analysis for the locations at 1 and 5 km offshore are shown in Figures S6 and S7 in
Supporting Information S1, and these analyses reveal similar spatial patterns.

3.3. Coastal Sediment Budget in Southern Lake Michigan

To explore the implications of sediment resuspension and transport on the coastal sediment budget, we divided
the coast of southern Lake Michigan into 120 contiguous budget cells, each approximately ~5 km in width
(offshore direction) and ~5 km in length (alongshore direction) (Figure 9a). We selected 5 km-wide budget cells
because our 30-year wave simulation results showed that 70% of the lakeward edges of these budget cells were
influenced by the largest 10% storm waves, which are the major drivers of large sediment resuspension. The wave
effects diminish further offshore. Results from 1 km-wide and 2 km-wide budget cells are presented in Figure 9b
for the purpose of sensitivity analysis. In this study, the net change in sediment budget within each cell volume
was the result of sediment being transported in and out of the cell with the coastal longshore and cross-shore
currents over a given period. The positive sediment budget indicates sediment gain (deposition) in the budget
cell while the negative sediment budget indicates sediment loss (erosion) in the budget cell. In this study, we
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Figure 7. Modeled 30-year (1991-2020) mean of (a) depth-averaged, (b) surface, and (c) bottom suspended sediment
concentration (SSC) in southern Lake Michigan. The depth contour lines greater than 30 m are not presented.

focused on the sediment budget changes due to sediment suspension, transport, and redistribution. The sediment
input from rivers and land-based sources through shoreline erosion or bluff erosion was not considered.

The 30-year mean sediment budget in the 5 km-wide coastal regions in southern Lake Michigan is shown in
Figure 9a. In the western lake, most budget cells around Sheboygan experienced sediment gain while the budget
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from west to east. (b) Statistically significant (p-value <0.05) linear trends for annual mean SSCy, SSC,, SSCy, U, U, U,
H,, and U, in the 120 coastal stations from 2000 to 2020. The surface, depth-averaged, and bottom values of suspended
sediment concentration (SSC) and current speed (U,.), are denoted by subscript (, subscript ,, and subscript ,. (c) The changes
in the mean SSC,, SSC,, SSC,, U, U,,.. U,,,, H,, and U |, from 2000 to 2013 with low water levels to 20142020 with high

water levels. The correlation coefficients (r) between the change in SSC, change with changes in these values are shown in
the legend.
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Figure 9. (a) The modeled 30-year (1991-2020) mean sediment budget along the ~5 km-wide shore of southern Lake Michigan. The 120 sediment budget cells are about
~5 km in length along the shore. (b) Comparison of the sediment budget in different sized budget cells (1, 2, and 5 km offshore).

cells along southern Wisconsin to the south of Port Washington were dominated by sediment loss. In the
southwestern portion of the lake, most budget cells along the shore of Illinois predominantly exhibited sediment
loss except for the scattered cells around Waukegan and Chicago, which saw sediment gain. In the southernmost
Lake Michigan along the shore of Indiana, most budget cells gained sediment. The sediment deposition pattern in
the southwestern and southernmost lake is also consistent with the model results in Khazaei (2020), although this
only reflects the period from May to October 2018. The budget cells experienced significant variations in
sediment loss or gain along the southeastern shore of Lake Michigan up to Muskegon, MI. In the eastern lake, the
budget cells along the coast between Muskegon and Ludington primarily showed sediment loss. Overall, the
coastal region was dominated by erosion, aligning with the short-term results (spanning several months) reported
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Figure 10. Long-term changes of 10-year trailing moving mean coastal sediment budget (B,) and 10-year trailing moving
mean basin-wide depth-averaged suspended sediment concentration (SSC,) in southern Lake Michigan as well as the annual
water level, where B, is the sum of the sediment budget in the 120 budget cells in the 5 km-wide coastal regions (Figure 9a)
and negative B, indicates sediment loss. The shaded patch indicates the strong El Nifio event 2014-16. The correlation
coefficients (r) among B,, SSC, and water level are shown in the plot.

in Lee et al. (2007) and Khazaei (2020). The total sediment loss averaged over the past 30 years at the erosion cells
was 2.62 x 10° m® (6.94 x 10° kg), of which 44% (1.14 x 10° m®, 3.02 x 10° kg) was recouped by the deposition
cells alongshore, 8% (2.11 x 10° m3, 0.56 x 10° kg) was transported to the northern lake, and 48% (1.27 X 10° m3,
3.37 x 10° kg) was transported offshore. This is consistent with the estimation in Lee et al. (2007), which is
4.05 x 10° kg per year in the southern basin. The sediment transported offshore, primarily fine sediment,
accounted for 75% (9.52 x 10> m?, 2.52 x 10° kg). The sediment transported offshore into deep water is presumed
to be a “permanent” loss because the sediment is rarely resuspended due to negligible (nearly 0) wave bottom
velocities in deep water. The 30-year mean net sediment loss of the entire 5 km-wide coastal water in southern
Lake Michigan was 1.48 x 10° m® (3.92 x 10° kg) including 86% transported offshore and 14% transported to the
north.

The comparisons of the sediment budget among different cell sizes (5, 2, and 1 km-wide) are shown in Figure 9b.
There are more cells gaining sediment in the 5 km-wide budget cells, while fewer cells gaining sediment in the 2
and 1 km-wide budget cells. One possible explanation is that the sediment suspension is more severe in the areas
closer to and within the surf zone, and the suspended sediment may be possibly transported lakeward but partially
deposited within the 5 km-wide regions. This phenomenon could result in a 1 km-wide budget cell showing
sediment loss while a 5 km-wide budget cell experiences sediment gain (e.g., cell 75 off St. Joseph in Figure 9b).

4. Discussion
4.1. Temporal and Spatial Characteristics of Coastal Sediment Budget Correlated With SSC

To explore long-term changes in the total sediment budget along the coastal regions (B,, sum of the sediment
budget in the total 120 budget cells), a 10-year trailing moving mean was applied to remove the seasonal and
annual variability (Figure 10 for 5 km-wide coastal regions). Additionally, we analyzed the relationship between
the 10-year trailing moving mean of basin-wide depth-averaged SSC (i.e., SSC,) over the southern lake and the
lake water level. The total sediment budget B, was negative, signifying sediment loss in the 5 km-wide coastal
regions. The larger |B,l, the more pronounced the sediment loss. As expected, we observed a strong correlation
between total coastal sediment loss (IB,l) and SSC, (Irg, s5cl = 0.98). In association with increases in SSC,, the
total sediment loss (IB,) also increased dramatically since 2010. Similar to SSC,, sediment loss was also highly
correlated with water level change with Irg, ;| = 0.82 and preceded the water level rise by about 3 years
(Figure 10).

While budget cell size may affect the local sediment budget, the trend of the long-term changes in the total
sediment budget remains consistent regardless of cell sizes. The total sediment loss in both 2 km-wide and 1 km-
wide coastal regions in southern Lake Michigan also accelerated in the past decade (Figures S8 and S9 in
Supporting Information S1), in agreement with the result in the 5 km-wide coastal regions (Figure 10).
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Figure 11. The changes in the mean sediment budget (including sediment loss and gain) from 2000 to 2013 with low water
levels to 2014-2020 with increasing water levels compared with the changes in depth-averaged suspended sediment
concentration (SSC,). The sediment budget is calculated from 120 budget cells in the 5 km-wide coastal regions (Figure 9a)
while the SSC, is in the middle of the cells about 2.5 km offshore. The correlation coefficient (r) between the changes in
sediment loss and SSC, is 0.57.

After exploring the long-term temporal change in the total coastal sediment budget in southern Lake Michigan,
we proceeded to identify the spatial pattern of the local sediment budget. Similar to the local SSC,, only a few
budget cells exhibit statistically significant (p-value <0.05) linear trends in sediment budget from 2000 to 2020.
Likewise, we conducted a regime shift analysis to examine the spatial pattern of the changes in the local sediment
budget from the regime 2000-2013 with low water level to the recent regime 2014—-2020 with rapidly increasing
water level (Figure 11). The changes in sediment loss between the two regimes correlated with the in SSC,
changes with a spatial correlation coefficient of r = 0.57. Consistent with SSC,, the sediment changes (loss and
gain) decreased (being negative) in the western lake and increased (positive) in the eastern lake. The local
sediment gain showed the similar decreasing trend as nearby local sediment loss in the west of the lake, partly due
to the fact that the decreasing sediment loss reduces the sediment supply for the sediment gain at nearby cells.
Furthermore, the general spatial patterns of the changes in sediment loss (and gain) along the 2 km-wide coastal
regions (Figure S10 in Supporting Information S1) are also consistent with the 5 km-wide coastal regions
(Figure 11), showing a decreasing trend in the western lake and an increasing trend in the eastern lake.

4.2. Coastal Sediment Budget and Shoreline Changes

We have shown the “coastal sediment budget” that is, sediment loss and gain due to sediment resuspension,
transport, and redistribution induced by waves and currents, which can reshape the shoreline over an extended
period. In addition to the coastal sediment budget, shoreline changes are also driven by the sediment budget
originating from land. This encompasses factors including bluff and shoreline erosion, river influx, and engi-
neering activities such as shoreline armoring and large-scale harbor structures exemplified at St. Joseph. These are
not accounted for in the current model due to considerations of computational efficiency. Addressing all the
parameters and processes influencing shoreline change requires a suite of models with extremely high resolution
(down to ~1 m scale and even smaller). Such simulations over a long period (e.g., 30 years) across the entire lake
are technically challenging and computationally expensive, thus exceeding the scope of this research. However,
as coastal sediment transport is one of the major mechanisms for shoreline change, the long-term change of the
coastal sediment budget can still provide valuable information on shoreline change management.

To illustrate the connection between the coastal sediment budget and shoreline change, the sediment budgets
(quantified as sediment loss and gain) in budget cells are compared with the historical shoreline changes in Pope
et al. (1999) in Figure 12. Although the shoreline changes were computed using historical data from intermittent
time periods (10 to over 100 years) before 1991 (Stewart, 1994), our sediment budget generally reflects observed
shoreline changes in most cells, showing that the sediment loss (gain) is associated with shoreline recession
(accretion). This is particularly evident in the 1 km-wide budget cells (Figure 12a), likely due to the shoreline's
heightened responsiveness to sediment budget changes in the surf zone nearer to the shore. For instance, cells
along the shore of southern Wisconsin, predominantly experiencing sediment loss, show a clear association with
shoreline recession (Figure 12a). Conversely, sediment gain along the western shore of Indiana is associated with
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Figure 12. (a) The modeled 30-year (1991-2020) mean coastal sediment budget (sediment loss and gain) in the 1, 2, and 5 km-wide budget cells compared with historical
shoreline changes in Pope et al. (1999). Note that the shoreline change rate was estimated with historical data (over 10 to more than 100 years) before 1991
(Stewart, 1994). (b) An example of the modeled coastal sediment budget within the 5 km-wide coastal region compared with historical shoreline changes on map.

shoreline accretion. Similarly, the eastern lake exhibits a predominance of sediment loss and consequent shoreline
recession with only a few discrepancies. These discrepancies could stem from (a) different time periods for the
calculated sediment budget and shoreline changes, and (b) limitations of the present basin-scale model, which
neither accounts for the swash zone process nor considers sediment transport from land, or impacts of coastal
structures and human activities. Nevertheless, a correlation persists between the coastal sediment budget and
shoreline changes. Consequently, the accelerated coastal sediment loss in southern Lake Michigan in the past
decade may exacerbate the shoreline erosion, particularly in tandem with lake water level rise. Illustrations of
some coastal erosion hotspots in the western and eastern lakes are shown in Figures 13 and 14, respectively. The
severe shoreline erosion and bluff collapse have inflicted significant damage to coastal infrastructures and
properties.

As mentioned before, owing to model simplification and data limitations, the sediment input from tributaries was
not incorporated. Nevertheless, more than half of the input sediment is deposited in deep water (Buckler &
Winters, 1983), and the remainder is spatially redistributed through wave-current processes, culminating in a
comparable spatial pattern of the resuspended sediment. Therefore, omitting the sediment input is unlikely
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Figure 13. Illustration of a coastal erosion hotspot in Wisconsin along the coast of the western lake. (a) Location of the hotspot. (b) Historical satellite images (Sources:
Google Earth). (c) Historical oblique photos (Sources: https://www.arcgis.com/home/item.html?id=8cafb47224274bf394e3{2f05a165842; Credits: Association of
State Floodplain Managers Flood Science Center).

significantly alter the overall spatiotemporal pattern of sediment suspension and budget at the basin scale, though
it may lead to underestimation of the sediment concentration, especially at the local sites of sediment influx.
Additionally, coastal engineering structures were not resolved due to their relatively small dimensions compared
to the mesh resolution. The effects of coastal engineering structures could be significant at local sites and play a
critical role in local sediment suspension and transport. However, due to their small dimensions, the coastal
engineering structures are unlikely to significantly alter the general spatial pattern of the sediment suspension and
budget at the basin scale.

The coupled SWAN-FVCOM-CSTMS model effectively simulated physical processes in a broad nearshore
region, as corroborated by the measured wave, currents, and SSC data. The model exhibits exceptional perfor-
mance in basin-scale analysis. The findings indicate that the rate of coastal sediment loss accelerated in response
to strengthened winds and wave energy associated with water level rise in the last decade. A recent study by
(Kayastha et al., 2022), utilizing the Great Lakes-Atmosphere Regional Model (GLARM), projects that Lake
Michigan's average annual water level could rise by 0.44 m by 2040-2049, compared to the 2010-2019 average.
The strong correlation observed between coastal sediment loss and water level rise suggests that coastal erosion
will also intensify in the coming years. Furthermore, due to climate change, there has been a general decline in
winter ice cover across the Great Lakes since 1973, both in terms of maximum extent and duration (Assel
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Figure 14. Illustration of two coastal erosion hotspots in Michigan along the coast of the eastern lake. (a) Location of the hotspots (b, ¢). (b, ¢) Historical satellite images

(Sources: Google Earth).

et al., 2003; Wang et al., 2012). This trend of reduced ice coverage and shortened ice duration is projected to
persist (Mason et al., 2016; USGCRP, 2017; Wang et al., 2012), driven by regional warming (Xue et al., 2022;
Zhang et al., 2020). Consequently, the coastal areas will face greater exposure to intensified wave action during
winter seasons (Huang, Zhu, et al., 2021), leading to more severe erosion (Barnes et al., 1994). Therefore,
developing adaptation and mitigation strategies for coastal protection is imperative. These strategies should
address ongoing lake-level fluctuations and projected regional climate impacts through both conventional hard
engineering structures and cost-effective, sustainable, nature-based solutions (Temmerman et al., 2013; Zhu
et al., 2020).

5. Conclusions

In this study, the coastal sediment transport and budget in southern Lake Michigan from 1991 to 2020 were
simulated using coupled SWAN-FVCOM-CSTMS. To the best of our knowledge, this is the first effort in using a
coupled wave-current-sediment model for multi-decadal, long-term simulation to analyze the basin-wide coastal
sediment budget in the Great Lakes. The results showed that in southern Lake Michigan, the basin-wide mean
SSC increased and the coastal sediment loss accelerated, corresponding with intensified wind, current speed, and
wave energy, as well as rising lake water levels over the past decade. The strong correlations among these
variables reflect the impacts of regional climate on Lake Michigan. Spatially, our results reveal decreased coastal
SSC and sediment loss in the western portion of the southern basin, contrasting with an increase in coastal SSC
and sediment loss in its eastern sectors. This contrast mirrors a clear shift in the wave climate and hydrodynamic
environment. The alterations in long-term coastal sediment budgets imply that considerable shoreline trans-
formations are being influenced by modifications in the wave climate. The projected rise in water levels and
diminishing ice coverage and duration in the Great Lakes due to climate change are expected to enhance wave
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energy and SSC, resulting in more substantial coastal sediment loss and erosion. It is crucial to comprehend the
spatial and temporal dynamics of SSC and coastal sediment budgets for effective water resource management
strategies and informed planning of coastal infrastructure.
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