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High-resolution multispectral satellite imagery was utilized to quantify shoreline recession at eleven beaches
around Lake Michigan during a record-setting water level increase between 2013 and 2020. Shoreline changes
during this period ranged from 20 m to 62 m, corresponding to 52-95 % of the initial beach widths. Average
estimated shoreline erosion across all beaches varied from 1 % to 75 % of the observed changes, with the
remainder attributed to inundation. Significant correlations were found between shoreline erosion and wave-
related factors, including offshore wave power, offshore bathymetric slope, storm energy, and potential along-
shore sediment transport divergence. In contrast, parameters related to cross-shore transport, such as dimen-
sionless fall velocity, exhibited weak correlations. Additionally, the results underscore the importance of
distinguishing between immediately reversible changes (inundation) and morphological changes that could be
reversible over longer timescales, when assessing the impact of rising water levels. The findings also suggest that
in addition to waves playing a key role in regulating shoreline changes, alongshore sediment transport processes
may play a more crucial role in beach erosion during significant water level increases than cross-shore processes,
challenging traditional models of beach adjustment to rising waters.

1. Introduction

The shoreline position of lakes and oceans is one of key variables for
coastal engineers and scientists studying coastal evolution (Douglas and
Crowell, 2000; Vos et al., 2019). Shoreline changes can affect natural
habitats, biodiversity and ecological balance (Elias and Meyer, 2003;
Porst et al., 2019), resulting in significant economic and social impacts
(Lent, 2004). Therefore, better understanding of shoreline changes can
provide insight to protect human lives and properties, preserve intricate
coastal ecosystems, and develop sustainable coastal management (Dean
and Dalrymple, 2001; Lent, 2004).

Water level fluctuations play an important role in shoreline dynamics
in coastal areas (Dean and Houston, 2016; Miller and Dean, 2004).
Unlike oceans, the Laurentian Great Lakes are largely tideless but still
exhibit significant interannual and long-term water level fluctuations.
These fluctuations are critical in shaping the shoreline evolution of the
Great Lakes (Abdelhady and Troy, 2023b, 2023a; Theuerkauf et al.,

* Corresponding author at: 440 Church St, Ann Arbor, MI 48109, USA.
E-mail address: huhady@umich.edu (H.U. Abdelhady).

https://doi.org/10.1016/j.geomorph.2025.109639

2019; Troy et al., 2021). Historically, Great Lakes water levels have
followed an 8-10 year oscillation pattern, though hydrological forecasts
suggest that climate change may increase the frequency of these cycles
(Gronewold and Rood, 2019; Hanrahan et al., 2009; Troy et al., 2021).
These interannual water level changes are crucial in shaping the long-
term evolution of Lake Michigan's natural and engineered beaches
(Abdelhady and Troy, 2023a, 2023b; Mattheus et al., 2022). Recently,
Lake Michigan experienced a dramatic water level increase of over 2 m
from 2013 to 2020 (~ 300 mm/year), compared to the global ocean's
rise of 3.4 mm/year (NOAA, 2021). These rapid changes have caused
widespread coastal impacts, including shoreline erosion, habitat loss,
dune and bluff recession, infrastructure damage, and coastal flooding
(Jose et al., 2022; Theuerkauf et al., 2019; Theuerkauf and Braun, 2021;
Troy et al., 2021). Nevertheless, the spatial variability of these shoreline
changes is not yet well understood.

Shoreline changes are commonly associated with factors related to
hydrodynamics, morphology, and/or sediment transport processes.
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Wave energy has been linked to coastal and shoreline changes, with
increased wave energy resulting in more erosion (Abdelhady and Troy,
2023a; Davidson et al., 2013; Vitousek and Barnard, 2015; Yates et al.,
2009). Storm wave energy also explains shoreline change variability
during periods with similar wave energy (e.g. Karunarathna et al.
(2014)). Wave direction, specifically bi-directional wave climates, plays
a critical role to increase erosion risks and the variability of shoreline
changes (Wiggins et al., 2019). In regions with low temperatures, such
as the Great Lakes, ice cover can have great impacts on the shoreline.
More days without ice cover can led to more wave energy reaching the
beach, thereby increasing erosion (BaMasoud and Byrne, 2012).

Net longshore sediment transport affects the distribution of sedi-
ments along the coast (Vitousek and Barnard, 2015). Positive (negative)
values indicate sediment surplus (deficit) in the system, which indicates
shoreline accretion (erosion) with values close to zero indicating no net
change. Morphological characteristics such as beach slope can signifi-
cantly influence shoreline change. Mild slopes dissipate significant wave
energy through bottom friction and wave breaking, while steeper slopes
allow for waves to break closer to shore (Putnam and Johson, 1949).

Non-dimensional factors like dimensionless fall velocity (), which
is defined as the wave height divided by wave period and sediment fall
velocity, have been linked to beach typology, erosion, and shoreline
changes. Low values of dimensionless fall velocity are more likely to be
associated with onshore sediment transport, resulting in beach accre-
tion, and vice versa (Dean and Dalrymple, 2001). Kraus et al. (1991)
found that wave steepness divided by dimensionless fall velocity to the
third power (So/Q%) is inversely proportional to beach erosion. Last but
not least, the Bruun Rule slope is often applied to estimate oceanic

Table 1
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shoreline changes due to long-term sea level rise (Dean and Houston,
2016). It is implicitly influenced by wave height and bathymetry
through the depth of closure (Nicholls et al., 1998). While all these
factors have been applied to explain oceanic coastal shoreline responses,
no comprehensive studies have assessed these factors and their relative
influence on shoreline changes, particularly in the context of rapid water
level rise, such as those experienced by the Great Lakes of North
America.

The objectives of this paper are twofold: (1) to quantify Lake Mich-
igan shoreline changes at select beaches in response to the recent
2013-2020 water level increase; (2) to investigate linkages between
these observed shoreline changes and explanatory or correlative factors
related to wave climate, morphology, and sediment transport. By
addressing these objectives, the aim is to identify the most vulnerable
areas and to provide a better understanding of the processes driving
shoreline changes in response to water level increases.

2. Methods
2.1. Study beaches

Eleven beaches were selected along the Lake Michigan shoreline to
represent a diverse range of geographic locations and physical charac-
teristics. The selected sites encompass a mix of shoreline conditions with
varying degrees of wave exposure and fetch. Beaches with significant
human modifications, such as extensive beach nourishment or shoreline
hardening, were avoided to focus on areas with more natural shoreline
dynamics. Additionally, only beaches with clear, unobstructed satellite

General characteristics of the chosen study sites. Dune heights and beach width were calculated based on the 2012 topobathymetric LiDAR. The beach width was

calculated as the distance from the 2012 shoreline (wet-dry line) to the dune toe.

Latitude and Sediment Beach Sediment size Backshore conditions 95th percentile Alongshore Beach Lake
longitude type type (D50, mm) and significant wave  length (m) width Michigan
coefficient of height (m) 2012/ shore
uniformity 2013
(m)
Whiskey 43°31'58.36'N, medium- exposed 0.35, 1.56 vegetated sandy 2.04 2312 81 east
Creek (WC)  86°29'24.93'W grained dunes, 15 m in height
sand
Pentwater 43°45'26.64"N, medium- exposed 0.28, 1.44 vegetated sandy 1.87 2457 87
Lake (PL) 86°27'15.80'W grained dunes, 15 m in height
sand
Arcadia 44°31'52.65"N, medium- exposed 0.35, 1.53 vegetated sandy 1.84 3128 40
Dunes (AD) 86°13'52.86'W grained dunes, 80 m in height
sand
Kohler 43°39'45.08"N, medium- exposed 0.33,1.77 vegetated sandy 1.74 2445 60 west
Andrae 87°43'6.04'W grained dunes, 5 m in height
Dunes (KA) sand
Two Creeks 44°19'53.75'N, coarse- semi- 0.70, 2.82 vegetated clayey 1.53 2072 25
(TC) 87°32'29.27'W grained embayed dunes, 11 m in height
sand
Legacy Nature ~ 44°45'4.15'N, medium- semi- 0.33,1.83 no dunes; scattered 1.74 1863 33
Preserve 87°20'3.89'W grained embayed houses with scattered
(LNP) sand concrete blocks
Thompson 45°55'5.46'N, fine- embayed 0.23, 1.85 no dunes, scattered 1.78 3005 66 north
Rogers (TR)  86°18'41.56'W grained trees
sand
Hog Island 46° 4'4.22'N, medium- semi- 0.34,1.49 vegetated sandy 1.13 782 59
(HD 85°16'21.54'W grained embayed dunes, 4 m in height
sand
Warren Dunes  41°55'56.08"N, medium- exposed 0.34, 1.41 vegetated sandy 1.66 3122 78 south
(WD) 86°35'25.61"'W grained dunes, 8-14 m in
sand height
Marquette 41°37'19.61'N, medium- exposed 0.33, 1.62 vegetated sandy 1.35 5080 53
and West 87°14'29.72'W gained sand dunes, 7 m in height
Mw)
Jeorse Park 41°38'41.30'N, medium- embayed 0.26, 1.81 vegetated sandy 1.30 1585 44
JP) 87°25'40.74'W grained dunes, 4 m in height;
sand some loosen concrete

blocks in the middle
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imagery during the two target periods (June-July 2013 and June-July
2020) were included, avoiding areas where trees or frequent cloud cover
might obscure the shoreline (Table 1 and Fig. 1).

2.2. Shoreline change quantification

Shoreline positions and changes for the selected beaches were
quantified using multispectral satellite imagery, following the methods
outlined in Abdelhady et al. (2022). Shoreline position was defined as
the transition from water to dry land, which is readily distinguishable
from multispectral satellite imagery. Planetscope and Rapideye satellite
imagery (Planet Labs, 2020) was acquired for the periods from June/
July 2013 and June/July 2020, spanning the full period of lake-level
rise. RapidEye images are available from 2009 to 2020 with a 5 m
pixel size and a 5.5-day revisit time, while Planetscope is available from
2016 to the present with a 3 m pixel size and a 1-day revisit time. The
shoreline position and shoreline changes between images were extracted
using the shoreline model that was developed by Abdelhady et al.
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(2022). The model uses the direct difference water index (DDWI) with a
simple technique to determine the threshold between the water and land
from the DDWI probability density function distribution. The transect-
free method developed by Abdelhady et al. (2022) was used to deter-
mine the shoreline changes between different images. The average of all
these changes was used to reduce the overall uncertainty. The uncer-
tainty in each calculated shoreline change is the sum of half the pixel
size of each of the two images used, which in this case is 4 m (1.5 m +
2.5 m). The overall uncertainty was calculated as %, where n is the

number of coupled images used to calculate the average shoreline
changes for a given site. Further details about the detection framework,
its accuracy, and validation can be found in (Abdelhady et al., 2022).
It is crucial to distinguish between shoreline erosion and inundation,
as they represent different processes with distinct implications
(Abdelhady and Troy, 2023b, 2023a; Hands, 1984; Vitousek et al.,
2017). Inundation refers to shoreline movement due to rising water
levels, which can be swiftly reversed when levels recede, a common
occurrence in the Great Lakes. In contrast, shoreline erosion involves
86°W
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Fig. 1. The eleven selected natural beaches along the Lake Michigan shoreline are shown. The images were taken during a site visit to all the sites in August 2022,
except for the Arcadia Dunes aerial image, which was downloaded from (https://portall-geo.sabu.mtu.edu/mtuarcgis/apps/sites/#/czmp/apps/d758800bb18e460a

b39aa66631051156/explore).
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sediment transport, making it more challenging to reverse. To isolate
shoreline erosion from inundation effects, passive flooding—shoreline
movement caused by water level changes without morphological alter-
ations—was subtracted from total detected shoreline changes (Fig. 2;
(Meadows et al., 1997; Vitousek et al., 2017)). Passive flooding was
estimated by multiplying water level changes with beach face slopes,
which were derived from cross-shore profiles spaced 20 m apart using
USACE 2012 topo-bathy LiDAR data (OCM Partners, 2012). For each
profile, the slope was calculated as WLEZ%}W, where WLEsgy and

WLE5g13 are the average water level in June 2020 and June 2013,
respectively, and Lj, is the horizontal distance between these elevations.
The mean slope of all profiles along a beach was used to represent that
beach's slope.

2.3. Waves

To determine wave climates for the sites, a hindcast model was
carried out for Lake Michigan using the physics-based nearshore wave
model SWAN v41.01 sssssss(https://swanmodel.sourceforge.io/)
(Huang et al., 2021). The grid resolution for the SWAN model is
approximately 1 km. The model was driven by hourly surface wind
forcing from the from Climate Forecast System Reanalysis (CFSR, (Saha
et al., 2010)) for 1991-2010 and Climate Forecast System Version 2
(CFSv2, (Saha et al., 2014)) for 2011-2020, which have a spatial grid
resolution of ~0.3° and ~0.2°, respectively.

To include the effect of ice on the wave field, historical ice fields were
incorporated into wave simulations by employing a technique that
treated ice-covered areas as lands when ice coverage was higher than 30
%. Historical ice data for the lake are accessible via NOAA Great Lakes
Ice Atlas and Great Lakes Environmental Research Laboratory (https://
www.glerl.noaa.gov/data/ice/). The ice data has a horizontal resolution
of 2.5 km for years prior to 2007 and a resolution of 1.8 km for years
after 2007, with daily temporal resolution. More details regarding the
ice datasets are available (Assel et al., 2003; Assel et al., 2013; Yang
et al., 2020).

All the wave grid points were chosen at a distance of approximately
5 km perpendicular to the middle of each beach shoreline, which was a
sufficient distance such that most waves were in deep water and were
not influenced by nearshore bathymetry. Wave height time series for all
the stations from 2013 to 2020 and the wave roses are shown in Figs. 3
and 4.

The wave model was comprehensively validated by comparing the

Shoreline
changes calculated
from satellite images
(Shoreline recession)
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model results with the measured significant wave height and peak wave
period at 18 buoy stations in Lake Michigan (Huang et al., 2021).
Validation was performed using data from buoy 45002 in the northern
basin, available since 1979, and buoy 45007 in the southern basin,
available since 1981. Additionally, 10 years of data from 16 additional
buoys located in shallower waters along the coast, all within <7 km of
the shoreline, were used. Four statistical error measures (bias, root mean
square error, scatter index, and R?) suggest good performance of the
model (R2 ranged from 0.73 to 0.91 for most buoys). Full details about
the model validation are referred available in Huang et al. (2021).

2.4. Sediment characteristics

Three to six sand samples were collected from the berm and the
beach face at each site to determine general sedimentary characteristics
(Table 1). The samples were taken 200 m apart in the longshore direc-
tion within the extent of the sites. Following the ASTM and EM 1110-2-
1906 standards (Maclver and Hale, 1970), dry sieve analysis was per-
formed on all samples to determine the Do, Dsg, and Dgg. D19 Dsg, and
D¢ are the particle sizes with 10, 50, and 60 % finer by weight,
respectively. The D5 and the coefficient of uniformity (Cu) were used to

represent the characteristics, where Cu is defined as g—fo.

2.5. Potential causative factors

Potential causative factors for shoreline changes, mentioned earlier
in the introduction, were calculated for each site for the period between
2013 and 2020: wave power, storm wave energy, wave bidirectionality
index (WBI), longshore sediment transport divergence, number of days
with ice cover, dimensionless fall velocity Q, wave steepness divided by
dimensionless fall velocity to the third power %, the Bruun Rule slope,
and the offshore slope. Detailed methodologies for calculating these
factors are provided in the supplementary materials.

To assess the relationship between shoreline erosion and the factors,
Pearson correlation analysis was performed. The correlation coefficient
(r) was used to quantify the strength and direction of the relationship. A
p-value threshold of 0.1 was applied to test the null hypothesis that no
significant correlation exists between the variables. Correlations were
considered statistically significant if the p-value was <0.1, indicating
rejection of the null hypothesis.

. . Passive inundation
Shoreline erosion {Passivafiaading)
assive flooding
\: R
- ’—__—‘\\\
-7 \ Beach face
>
slope
Water level increase
\ A 4
Effective (Actual) \\
recession slope N
S
~
~
o \\
Beach profile after S
water level increase T T=—__ T _
Initial profile— T TT=m———

Fig. 2. Schematic showing the different types of shoreline changes used in this study.

Adapted from (Meadows et al., 1997).
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Fig. 3. Simulated significant wave height time series for all the study locations. Gaps in the wave time series are caused by periods of ice cover.
3. Results Michigan), Warren Dunes (southern Lake Michigan), Thompson Rogers

3.1. Satellite-derived shoreline changes

The analysis of shoreline changes revealed significant recession at all
beaches in response to the water level increase from 2013 to 2020
(Figs. 5, 6 - a; Table 2). The median shoreline recession across all sites
ranged between 20 m and 62 m, with relative shoreline change mag-
nitudes varying from 52 % to 95 % of the preexisting (2012) beach
widths (Table 1).

Among all the sites, Whiskey Creek on the eastern shore of Lake
Michigan experienced the most substantial shoreline recession of 62 m.
Comparable magnitudes of shoreline recession were observed at Pent-
water Lake (eastern Lake Michigan), Kohler Andrae (western Lake

and Hog Island (northern Lake Michigan). In contrast, Two Creeks and
Legacy Natural Preserve on the western side of Lake Michigan, along
with Jeorse Park beach on the southern side of Lake Michigan, exhibited
the smallest shoreline recession, of approximately 20 m. The shoreline
recession for Marquette and West beaches (southern Lake Michigan) and
Arcadia Dunes (eastern Lake Michigan) was close to the overall average
for all sites, with a magnitude of around 35 m. Interestingly, the mag-
nitudes of shoreline recession did not show a significant geographic
pattern (Figs. 5, 7).

In addition to median shoreline changes, substantial variability in
shoreline changes was observed at some beaches (Table 2). Notably,
Jeorse Park beach, Legacy Natural Preserve, and Two Creeks exhibited
considerable shoreline variability along the beach, with a coefficient of
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Fig. 4. Wave roses for the study sites, for the study period (2013-2020). Roses indicate direction from which waves are arriving, with radial percentages indicating
the fraction of waves from a given direction band. Colors within direction bands indicate the significant wave height distribution for the particular band.

variance (CV) exceeding 0.4 (Table 2). This variability is clearly evident
in the shoreline change visualization depicted in Fig. 5. For instance, at
Jeorse Park beach, the northwestern section experienced an average
shoreline recession of 30 m, while the eastern part saw a lesser recession
of 12 m. All other sites had a CV of approximately 0.2, indicating more
uniform shoreline changes within the study site (Table 2).

Similar to the shoreline changes, the average shoreline erosion
exhibited significant variability across sites, ranging from minimal al-
terations to substantial shifts exceeding 40 m (Figs. 6 - a, 7). Notably,
Whiskey Creek and Pentwater Lake on eastern Lake Michigan, as well as
Kohler Andrae on western Lake Michigan, experienced the most signif-
icant shoreline erosion from 2013 to 2020. Conversely, Legacy Natural
Preserve on western Lake Michigan and Jeorse Park on southern Lake
Michigan did not demonstrate significant shoreline erosion. For the
other study sites, shoreline erosion ranged between 10 m and 25 m.
When expressed as a percentage of the total change, all sites experienced
a range of 25 % to 99 % of shoreline change due to passive inundation.
The ratio for Whiskey Creek and Pentwater Lake on eastern Lake
Michigan was 28 %, which is close to the 20 % reported by Hands (1980)
for the water level increase between 1967 and 1976 at similar sites on

eastern Lake Michigan.

3.2. Beaches characteristics

Site visits and the analysis of beach characteristics revealed distinct
features among the chosen sites that can influence their shoreline
change behavior. Most sites exhibited fine to medium-grained sand with
sizes (Dsp), ranging between 0.23 and 0.35 mm, except for Two Creeks,
which had coarse-grained sand with a Dsg of 0.7 mm (Table 1). Conse-
quently, most sites had comparable dimensionless fall velocity (Q) and
wave steepness divided by dimensionless fall velocity to the third power
(%), except for Two Creeks due to its coarse sediment size (Fig. 6 - g, h).

The backshore conditions varied slightly between sites. Most sites
featured vegetated sandy dunes of varying heights, except for Legacy
Natural Preserve, which lacked clear dunes, and Two Creeks, which had
an abrupt change from coarse sandy beach to clayey dunes (Table 1 and
Fig. 1). Beach width exhibited considerable variation among sites, with
Whiskey Creek and Pentwater Lake having the widest beaches. Among
the western sites, Two Creeks and Legacy Natural Preserve had the
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Fig. 5. The detected shoreline changes for all the study sites. The red color indicates the eroded areas and its thickness is proportional to the erosion magnitude. Site

images shown are 2020 Planetscope images.

narrowest beaches, while Arcadia Dunes had the narrowest beach width
and tallest dune height among the eastern sites. The beach width across
all sites ranged from 25 to 87 m, with a mean width of 57 m (Table 1).

Beach face slopes varied significantly between sites, ranging from 1/
27 to 1/8.6 (Table 2). Generally, the northern and southern beaches had
more gentle slopes compared to the eastern and western beaches.
Offshore slopes ranged between 1/500 and 1/86, with Whiskey Creek
and Kohler Andrea having the steepest offshore slopes (Fig. 6b), while
the northern and southern beaches displayed more gentle ones. The
Bruun Rule slopes were notably lower for Legacy Natural Preserve,
Thompson Rogers, Hog Island, and Jeorse Park, while all other beaches
had comparable Bruun Rule slopes, except for Arcadia Dunes due to its

large berm height (Fig. 6h).

Eastern Lake Michigan sites experienced the largest wave power and
storm energy from 2013 to 2020, while the northern sites had the lowest
values (Figs. 3, 4; Fig. 6d, e). Moreover, wave roses in Fig. 4 revealed
that the northern and southern sites were mainly exposed to waves from
a single dominant direction, whereas the eastern and western sites were
subject to waves from two dominant directions, due to the north-south
orientation of the lake influencing the wave energy distribution along
its shores. This resulted in WBI values close to one at the east and west
sites and near zero for the northern and southern sites (Fig. 6f).

All sites, except Arcadia Dunes, displayed a sediment surplus with
respect to longshore sediment transport divergence, indicating a
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Fig. 6. Calculated shoreline changes, shoreline erosion, and the potential causative factors calculated for all sites.

potential net accretionary effect resulting from imbalances in longshore
transport (Fig. 6¢). As defined, a higher positive longshore sediment
transport divergence corresponds to a more pronounced accretion effect.
Generally, the embayed beaches exhibited much larger positive long-
shore sediment transport divergence compared to the exposed beaches.
Exposed beaches had an average divergence of +1.2 m3/m?/year, while
embayed beaches had +23.6 m®/m?/year. Arcadia Dunes was the sole
beach with a negative longshore sediment transport divergence of —1.0
m®/m?/year, countering the net accretionary trend observed at other
sites.

Ice cover characteristics exhibited relatively consistent patterns
across the sites, with limited spatial variation. The total number of ice
cover days ranged between 150 and 273 days over the 7-year period
from 2013 to 2020, except for the northern sites (Fig. 6j). Thompson
Rogers and Hog Island, the northern sites, experienced significantly
longer periods of ice cover, with 365 and 714 days, respectively, during
the same period.

3.3. Correlation analysis

Significant correlations were found between shoreline erosion and
offshore slopes (r = 0.74), longshore sediment transport divergence (r =
0.59), wave power (r = 0.58), and storm energy (r = 0.55). Other fac-
tors, such as WBI, Q, the number of days with ice cover, %, and the
Bruun rule slope, were found to be statistically non-significant (p-value
>0.1).

The strong correlations between shoreline erosion and offshore
beach slope, storm energy, longshore sediment transport divergence,
and offshore wave power suggest that wave climate heterogeneity is a
primary driver for the spatial variability in shoreline erosion (Figs. 8 and
9). Sites with more gentle offshore slopes benefit from attenuated wave
energy as waves approach the shore, as well as wave breaking and
dissipation across a wider cross-shore area compared to steeper slopes
(Van der Meer, 1990). In contrast, steeper offshore slopes allow a greater
influx of wave energy into the surf zone, potentially mobilizing more
sediment.

Spatially, eastern Lake Michigan experienced the highest storm en-
ergy and wave power from 2013 to 2020 (Fig. 6d, e). This translated into
greater shoreline changes at Whiskey Creek and Pentwater Lake but not
at Arcadia Dunes. Hog Island, the northernmost site, was exposed to the
least storm energy and wave power during this period, primarily due to
prevailing ice cover during most of the winters, which mitigated the
impact of winter storms. Nonetheless, Hog Island still experienced sig-
nificant estimated erosion, averaging 17 m.

Longshore sediment transport divergence was found to have a
stronger correlation with shoreline erosion than Q and %, highlighting
the relative importance of longshore sediment transport over cross-shore
sediment transport at these sites. Longshore sediment transport diver-
gence is typically higher at sites with significant curvature due to the
disparity in 6 from the beginning to the end of the site. This can be
observed in the high variability of shoreline changes within each beach,
indicated by the coefficient of variance (CV), for beaches with large
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Table 2

Magnitudes of shoreline changes, shoreline change standard deviation, coeffi-
cient of variance of shoreline changes (CV), beach face slope, and estimated
shoreline erosion for all study sites. Coefficient of variance of shoreline changes
is calculated as the shoreline standard deviation along each beach divided by the
mean shoreline change.

Shoreline Shoreline Coefficient Beach Shoreline
changes changes of variance face erosion
2013-2020 standard of shoreline  slope 2013-2020
(m) deviation changes (2012) (m)
along the (cv) (m/m)
beach
(m)
Whiskey 62 + 2.3 10.9 0.18 1/12.7 443
Creek +
0.002
Pentwater 55+ 2.3 8.4 0.15 1/11.3 39.3
Lake +
0.003
Arcadia 31+23 5.6 0.18 1/11.9 14.4
Dunes +
0.003
Kohler 57 £2.3 5.2 0.09 1/9.6 43.8
Andrae +
Dunes 0.002
Two 22+ 2.8 8.8 0.4 1/6.7 12.5
Creeks +
0.004
Legacy 20 + 4.0 8.9 0.45 1/14.3 0.5
Nature +
Preserve 0.001
Thompson 54 + 4.0 8.6 0.16 1/25.3 15.4
Rogers +
0.001
Hog Island 48 + 4.0 10.5 0.22 1/26.0 17.8
+
0.001
Warren 48 +£ 2.3 15.2 0.32 1/18.3 22.7
Dunes +
0.001
Marquette 38+ 23 5.6 0.15 1/18.6 12.4
and West +
0.001
Jeorse 23.1+2.8 8.9 0.39 1/13.8 4.1
Park +
0.002

longshore sediment transport divergence (Table 2).

4. Discussion

The results reveal substantial changes and variability in the shore-
lines of Lake Michigan in response to the water level increase between
2013 and 2020. After subtracting the passive flooding from total
shoreline changes, the shoreline erosion still exhibited substantial
spatial variability, indicating that other factors contributed to the
observed differences. The correlation analysis identified a strong rela-
tionship between shoreline erosion and factors related to wave climate
suggesting that the spatial variability in these factors is the primary
reason for the differences in shoreline erosion between sites.

The findings underscore the importance of distinguishing between
inundation and shoreline erosion when assessing the impact of water
level increases on coastal areas with significant water level fluctuation.
While all beaches experienced shoreline recession in response to the
water level rise, some sites like Jeorse Park beach and Legacy Natural
Preserve showed minimal shoreline erosion, with most changes attrib-
utable to passive flooding. In contrast, beaches such as Whiskey Creek
and Kohler Andrea experienced substantial erosion for the same water
level increase. Sites primarily affected by passive flooding are likely to
revert to their original positions once water levels decrease, whereas
sites with significant shoreline erosion will require further attention.
This highlights the importance of estimating shoreline erosion when
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designing coastal restoration plans.

Longshore sediment transport divergence was found to have a sig-
nificant negative correlation with shoreline erosion, in contrast to
traditional models like the Bruun Rule, which assume cross-shore profile
adjustment to rising water levels but showed no significant correlation.
This result challenges conventional expectations of how beaches
respond to water level increases, suggesting that alongshore sediment
dynamics play a more influential role. Positive longshore sediment
transport divergence, indicating an accretional tendency, was observed
at most sites, helping to offset erosion. The only exception was Arcadia
Dunes, an exposed beach on the eastern shore of Lake Michigan with a
sediment deficit. Despite these conditions, Arcadia Dunes experienced
the least shoreline erosion (12 m) among all exposed sites, likely due to
the continuous sand supply from the large (~80 m tall) dunes behind the
beach, which mitigates shoreline recession. Additionally, the narrow
beach width at Arcadia Dunes means that erosion almost reached the
foredunes, which recedes at slower rates than shoreline changes due to
the increase in water level (Davidson-Arnott and Bauer, 2021; van Dijk,
2021).

Although the ice cover factor was weakly correlated with shoreline
erosion, it was strongly correlated with wave-related factors such as
average wave power and storm wave energy. For instance, Hog Island in
northern Lake Michigan experienced the lowest storm energy between
2013 and 2020 and the highest number of days with ice cover. Since ice
cover occurs concurrently with many winter storms, it is believed to
offer effective natural shoreline protection for coastal areas in the Great
Lakes (BaMasoud and Byrne, 2012). However, with >70 % of the Great
Lakes' ice cover lost in recent decades (Wang et al., 2012), coastal areas
are becoming increasingly vulnerable to storm activity, leading to
heightened erosion risks. It is important to acknowledge that the ice
cover examined in this study was not sufficiently detailed to capture the
potential armoring effect of the ice on the beach face (BaMasoud and
Byrne, 2012; Dodge et al., 2022). Despite the protective effect of ice
cover against wave action, Hog Island still faced significant shoreline
erosion (17 m), raising questions about the erosion mechanisms at
beaches with similar conditions. One possible explanation may be the
lack of sandy beaches and dunes around Hog Island, which could limit
sediment availability.

The Q, %, and WBI factors were found to have non-significant cor-
relations with the shoreline erosion (Figs. 8, 9 - h, i, j). These factors have
been associated with beach typology, erosion, shoreline changes, and
rotation on ocean beaches (Davidson et al., 2013; Reeve et al., 2016;
Wiggins et al., 2019). However, this was not the case for our study sites.
The lack of correlation between Q and %, and shoreline erosion for the
beaches studied here may be due to the narrower range of these pa-
rameters in the present study compared to ocean coasts, making it more
challenging to identify statistical dependencies. Ocean coastlines typi-
cally experience a mix of long-crested swells and short wind waves,
whereas Lake Michigan is primarily influenced by smaller, short-crested
wind waves and only occasionally by longer storm waves. This results in
a limited range of Q in the Great Lakes compared to the broader range
observed in oceanic settings, thereby diminishing the effectiveness of
these factors in explaining the spatial variability of erosion in Lake
Michigan (Theuerkauf et al., 2019). Yet, the positive correlation for Q
and the negative correlation for % suggests that the general trend aligns
with expectations. Additionally, for WBI, both eastern and western sites
in this study exhibited similar bidirectionality but differing shoreline
changes, suggesting that bidirectionality may not be a significant factor.

While the strongly correlated factors are predominantly wave-
related (e.g., wave energy and longshore sediment transport diver-
gence) or influence wave climate (e.g., offshore slopes), our results
indicate that shoreline changes result from a combination of various
factors, and no single factor alone can explain the variability in shoreline
changes. For instance, Whiskey Creek, which experienced the most
substantial shoreline changes, had a combination of the highest wave
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power and storm energy, the steepest offshore slopes, and negligible
sediment transport divergence. This combination led to the most sig-
nificant shoreline erosion among all sites. Conversely, Arcadia Dunes,
which had a negative longshore sediment transport divergence,
benefited from the consistent sand supply from the large dunes, signif-
icantly altering its shoreline changes pattern. This underscores the ne-
cessity of more comprehensive site-specific assessments to further
elucidate factors that regulate shoreline erosion.

The Bruun Rule slope, which represents the shoreline changes ex-
pected if the beach reached an equilibrium state in response to rising
water levels, was found to have non-significant correlation with shore-
line erosion. This was in contrast to the longshore sediment transport
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divergence which was found to be strongly correlated. Unlike the ocean,
where sea level rise occurs over very long-time scales, potentially
allowing for water level/beach equilibrium to be achieved, the Great
Lakes experience rapid, large water level fluctuations, preventing
equilibrium. The effective recession slopes, defined as the ratio of water
level change to total shoreline recession (Hands, 1980; Troy et al.,
2021), range from 1:14 to 1:45, falling between passive flooding slopes
(beach face slopes) and Bruun Rule slopes (Table 3). This suggests that
these beaches are undergoing non-equilibrium erosion. For example, the
effective recession slope was closest to the beach face slope at sites with
limited shoreline erosion (e.g., Jeorse Park and Legacy Natural Preserve)
but aligned more closely with the Bruun Rule slope at sites with
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significant erosion (e.g., Whiskey Creek). This finding highlights the
limitations of using the Bruun Rule to predict shoreline changes related
to water level increases, particularly in the Great Lakes, but also along
other shorelines where beach adjustment cannot keep pace with sea
level rise.

Although current oceanic sea level rise rates are much lower than the
water level increases observed in the Great Lakes, projections indicate
that global sea levels could rise >2 m by 2100 in some climate scenarios
(Sweet et al., 2022), which is comparable to the rise seen in Lake
Michigan-Huron from 2013 to 2020. This current study highlights the
range of responses that should be expected from sea level rise along
oceanic coasts, from passive flooding to Bruun's Rule recession (Table 3),
especially for tideless and fetch-limited environments. This emphasizes
the importance of including factors beyond sea level rise magnitu-
de—similar to those considered in this study—to achieve more realistic
predictions of future oceanic shoreline responses to sea level rise.
However, a 2-m sea-level rise over a century differs from a sub-decadal
rise due to the extended period available for coastal processes to
approach an equilibrium beach profile, as suggested by the Bruun rule.
Additionally, the hydrodynamic differences between oceanic and
lacustrine environments, such as wave energy, tidal influences, and
storm surges, must be taken into account to fully understand and predict
the coastal impacts of sea level rise in oceanic contexts.
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It should be noted that the definition of shoreline position and
shoreline erosion in this study differs from traditional geomorphological
definitions. Typically, shoreline position is defined using markers such
as the foredune toe, the edge of vegetation, and the boundary between
the foreshore and backshore. In contrast, our definition of shoreline
position as the transition from water to land inherently results in fluc-
tuations due to wave activity and water level changes over short time-
scales, which contributes to increased uncertainty. However,
fluctuations resulting in changes smaller than the pixel size (3-5 m) are
absorbed by the image resolution. Larger changes are further mitigated
by averaging shoreline positions derived from multiple images taken in
June and July of 2013 and 2020. This approach reduces the overall
uncertainty in the calculated shoreline changes.

Similarly, traditional quantification of shoreline erosion often in-
volves comparing topobathymetric surveys conducted before and after
water level increases, but such surveys are typically unavailable,
particularly for rural coastal areas. Our method is based on the hy-
pothesis that passive flooding and shoreline erosion occur on different
timescales: passive flooding happens almost instantaneously with water
level rises, whereas morphological changes (erosion) take more time to
manifest. Using initial profiles from the 2012 topobathymetric survey,
we calculated the shoreline changes that would occur if no erosion had
taken place (passive flooding). We then calculated actual shoreline
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Different recession slopes for all study sites.

5. Conclusions

In this paper, shoreline responses at eleven Lake Michigan beaches

Beach face slope: passive ~ Bruun's Rule

Effective

after a record-setting water level rise between 2013 and 2020 were
quantified and characterized, using high-resolution multispectral satel-

flooding slope slope recession slope
Whiskey Creek 1/12.7 1:59 1:44.8
Pentwater Lake 1/11.3 1:53 1:39.7
Arcadia Dunes 1/11.9 1:32 1:22.3
Kohler Andrae 1/9.6 1:76 1:41.3
Dunes
Two Creeks 1/6.7 1:105 1:15.7
Legacy Nature 1/14.3 1:202 1:14.6
Preserve
Thompson 1/25.3 1:197 1:36.5
Rogers
Hog Island 1/26.0 1:220 1:38.9
Warren Dunes 1/18.3 1:56 1:34.8
Marquette and 1/18.6 1:58 1:27.6
west
Jeorse Park 1/13.8 1:193 1:14.1

lite images. A shoreline detection model was applied to the satellite
images to accurately detect the shoreline position and calculate the
shoreline changes. The analysis of shoreline changes revealed significant
variations across the beaches, despite all being impacted by the same
water level increase. To assess shoreline erosion at these sites, the pas-
sive inundation was subtracted from the total shoreline changes detec-
ted from the satellite images. Additionally, nine morphological and
hydrodynamic parameters were investigated to discern the primary
factors influencing the spatial variability of the shoreline erosion across
the selected sites.

The results highlighted substantial variability in total shoreline
changes, with all beaches experiencing recession ranging from 20 m to

changes from satellite images, attributing any changes exceeding those
expected from passive flooding to morphological changes (erosion). This
method serves as a proxy for assessing shoreline erosion on a large scale,
but may differ from traditional methods in areas with complex beach
topography. Therefore, traditional methods should still be employed for

detailed site-specific assessments.

62 m. Shoreline erosion varied considerably from site to site, with some
sites experiencing erosion up to 44 m, while others showed minimal
changes on average. Notably, Eastern Lake Michigan sites were most
affected by the highest wave power and storm activity from 2013 to
2020. Beaches with steeper offshore slopes and higher wave energy
demonstrated more pronounced shoreline erosion compared to those
with milder slopes and lower energy. These findings underscore the
crucial role of wave climate and beach characteristics in shaping
shoreline responses to water level increases.

12
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This study emphasizes the profound impact of the recent water level
increase on Lake Michigan shorelines and highlights how diverse
morphological and hydrodynamic conditions can influence shoreline
response, even under the same water level rise. The results underscore
the importance of distinguishing between immediately reversible
changes (inundation) and changes that could be reversible over longer
timescales, if at all (erosion) when assessing the impact of rising water
levels on coastal regions. This distinction is essential for developing
effective coastal restoration and management strategies to protect Great
Lakes coastal areas from future water level fluctuations. Furthermore,
the identified explanatory parameters can be used to pinpoint the most
vulnerable beaches along the Great Lakes, guiding targeted preservation
and protection efforts using inexpensive and readily available data.
Finally, the study underscores the need for more detailed, site-specific
research to better understand coastal erosion in response to the com-
bined effects of water levels, ice cover, and local wave conditions. Such
understanding is crucial for safeguarding the unique and valuable eco-
systems and infrastructure along Great Lakes shorelines from future
water level increase events.
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