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ABSTRACT

Coastal erosion is a ubiquitous hazard for sandy beaches in the Laurentian Great Lakes,
especially during periods of more energetic wave climates associated with high lake levels. A
fundamental barrier to managing these hazards is the lack of a process-based, quantitative
understanding of longshore and cross-shore sediment exchange and connectivity across the entire
coastal profile. In this study, a unique multidecadal dataset of beach and nearshore profiles
collected at six sandy beaches along the eastern coast of Lake Michigan and contemporaneous
hydrodynamic data are utilized to quantitatively identify long-term boundaries of sediment
transport zones during accretionary and erosive wave conditions. Data analysis demonstrates that
accretionary wave conditions can transport sediment onshore nearly exclusively from the lower
reaches of the subaerial beach and from shallow sediment ridges in the inner nearshore while
erosive wave conditions can mobilize sediment from all areas of the profile and redistribute it
offshore. While sediments stored in deeper nearshore bars in the surf zone are activated by high-
energy erosive wave conditions, they likely only function as multidecadal sinks for eroded beach
sediment and not as sources of sediment for near-term beach accretion. The results of this study
also demonstrate that cross-shore sediment transport has a more dominant role in long-term
profile morphology change than longshore sediment transport along this stretch of coastline.
Most importantly, the findings of this study suggest that future rates of beach recovery following
high lake levels are likely to decrease in the study region as extensive coastal armoring will
reduce sediment availability in the narrow profile zones activated during accretionary conditions.
By identifying the edges of active sediment transport zones during accretionary and erosive wave
conditions, this study is an initial step towards being able to better forecast the likelihood and

manage the impacts of coastal erosion and beach recovery in the future.
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Introduction

Coastal erosion and accretion are complex processes resulting from gradients in
longshore (LS) and cross-shore (CS) sediment transport induced by local and regional wave and
water level dynamics. In the Laurentian Great Lakes, a wide range of fluctuations in mean lake
levels pose a unique challenge to mitigating the hazardous impacts of erosion. Periods of high
lake levels are linked with more energetic wave climates and heightened storm activity (Huang et
al., 2021; Meadows et al., 1997) which result in increased rates of shoreline erosion (Birkemeier,
1981; Hands, 1976; Theuerkauf et al., 2019). Greater rates of coastal erosion during high lake
levels cause billions of dollars of damage (Angel, 1995) and often lead to the wide-spread
construction of shoreline armoring to slow the immediate impacts of erosion (Dobie et al., 2022;
House, 2020; Lino Grima, 1993; Rovey & Borucki, 1994). During the most recent rise and peak
in high lake levels between 2013 and 2020, areas of the Great Lakes experienced enhanced rates
of shoreline recession (Troy et al., 2021), severe foredune erosion (Kilibarda & Kilibarda, 2022),
accelerated loss of coastal habitat (Theuerkauf & Braun, 2021), and the destruction and landward
migration of coastal wetlands (Anderson et al., 2023).

While the processes and dominant offshore sediment transport characteristic of erosive
conditions have been well studied and can be modeled with some reliability (Dubarbier et al.,
2015; Eichentopf et al., 2018; Gallagher et al., 1998; Hoefel & Elgar, 2003), the accretionary
processes which lead to beach recovery remain poorly quantitatively constrained and cannot be
reliably numerically modeled at present (Aagaard et al., 2002; Grossmann et al., 2022;
Kobayashi & Jung, 2012; Ruggiero et al., 2009; Sanchez-Arcilla & Caceres, 2018; van Rijn et
al., 2011; Volpano et al., 2022). The lack of model reliability for beach accretion is primarily due

to the relative scarcity of field and laboratory observations of beach accretion at high degrees of



temporal resolution which would allow for the development of more accurate parameterizations
of coastal processes (Eichentopf et al., 2018; van Rijn et al., 2011). Consequently, it is incredibly
challenging to predict when or if sediment transported offshore during beach erosion will be
returned to the beach. Given the inherent vulnerability of Great Lakes coasts to accelerated
erosion during periods of high lake level, it is imperative that coastal managers and property
owners be able to effectively mitigate risks posed by erosion and predict the manner and
possibility of subsequent beach recovery.

There are several obstacles to improving the quantitative understanding of beach erosion
and accretion in the Great Lakes. A primary and fundamental challenge is the lack of long-term
(multidecadal or longer) data sets which are required to effectively assess the impacts of multiple
morphodynamic cycles (Gorman et al., 1998; Lopez et al., 2020; Splinter et al., 2013; Splinter &
Coco, 2021; Zuzek et al., 2003). Previous research of coastal geomorphic change in the Great
Lakes has largely been conducted over timescales which do not encompass multiple cycles of
rising and falling lake levels and primarily focuses on periods of rising water levels. For
instance, previous studies have analyzed coastal morphological change and sediment transport
during storm events (Aagaard & Greenwood, 1995; Greenwood et al., 2006; Houser &
Greenwood, 2005a), over several months or seasons (Boczar-Karakiewicz & Davidson-Arnott,
1987; Davis & Fox, 1972; Dubois, 1973; Farhadzadeh et al., 2018; Fox & Davis, 1973; Houser
& Greenwood, 2005b; Volpano et al., 2020, 2022), over several years (Bajorunas & Duane,
1967; Davis, 1976; Hands, 1976, 1984; Saylor & Hands, 1970; Tanner, 1975; Theuerkauf et al.,
2019; Troy et al., 2021; Weishar & Wood, 1983; Wood & Weishar, 1984), and occasionally over

a decade or more (Hands, 1979, 1980; Stockberger & Wood, 1991; Wood, 1988).



However, only recent work such as that by Theuerkauf et al. (2022), Mattheus et al.
(2022), and Abdelhady and Troy (2023) have begun to address multidecadal changes in coastal
profile morphology in the Great Lakes which span multiple cycles of rising and falling lake
levels. These types of studies are essential, as previous studies have shown that it is usually
impossible to scale up the findings of localized, deterministic observations of sediment transport
and wave dynamics to explain morphological change over larger spatial scales and time periods
(Aagaard et al., 2004; M. Larson & Kraus, 1995; Pape et al., 2010; Pilkey & Cooper, 2002;
Ruessink et al., 1998).

Another barrier to understanding beach recovery is poor quantitative understanding of the
morphodynamic processes that lead to beach accretion. The hypothesis that calm, non-breaking
wave conditions generally lead to onshore-directed sediment transport and beach accretion is
widely accepted in the literature (Aubrey, 1979; Davis, 1976; Elfrink & Baldock, 2002; Fox &
Davis, 1973; Grossmann, Hurther, van der Zanden, et al., 2023; Hallermeier, 1981; Hands, 1980;
Ruessink & Terwindt, 2000; Sunamura & Horikawa, 1974). Usually, the process of beach
accretion and gradual shoreline progradation begins with the shoreward transport of sediment
stored in shallow bars or storm ridges just offshore of the shoreline where calm wave conditions
can activate and suspend fine-grained sediment particles (Evans, 1939; Hands, 1984; Houser,
2009; Morton et al., 1994; M. S. Phillips et al., 2015, 2017). These shallow bars or sediment
ridges should not be confused with nearshore bars, sometimes referred to as longshore bars,
which contain much larger volumes of sediment and occur along deeper portions of the profile in
the surf zone (see Figure 2b). Although some conceptual models based upon wave and sediment

characteristics have been proposed to help classify calm, accretionary beach states (Short, 1979;



Wright et al., 1985; Wright & Short, 1984), the quantitative definition of “‘calm” wave conditions
appears to be relative to a given beach or study.

Furthermore, there is a lack of a clear definition of the meaning of the term “beach
recovery.” Beach recovery can be defined in terms of losses or gains in sediment or as a return to
pre-storm positions of key morphological features such as the shoreline and nearshore bar crests
(Morton et al., 1994). However, recovery is highly site-specific and can vary in what it looks like
and how long it takes (Corbella & Stretch, 2012). For the purposes of this study, beach recovery
is defined in terms of sediment gain following periods of beach erosion. This definition was
selected to avoid confusing the effects of shoreline retreat associated with inundation during high
water levels and actual sediment erosion. Previous work in the Great Lakes demonstrated that
rising lake levels account for 20-26% of measured shoreline retreat, while the remaining 74-80%
of measured shoreline retreat was directly attributable to sediment erosion during high lake
levels (Dubois, 1975; Hands, 1976). While beaches may still become wider during periods of
low lake level, beaches remain more vulnerable to future erosion if sediment is not regained
through accretion following accelerated periods of erosion during high lake levels.

Another obstacle to predicting beach erosion and accretion is the inherent complexity and
site-specific nature of sediment transport and the resulting morphology change. Sediment
transport exhibits high spatiotemporal variability (Aagaard & Greenwood, 1994; Zuzek et al.,
2003) and is the outcome of the interaction of a complex array of morphodynamic variables
(Bird, 1983; Osborne & Greenwood, 1992; Pilkey & Cooper, 2002; Pranzini & Williams, 2021).
Higher volumes of both LS and CS sediment transport are typically associated with storm
activity (Davis, 1976; Lick et al., 1994; Mortimer, 1988), although the episodic nature of

sediment transport makes study results highly time-scale dependent (M. Larson & Kraus, 1995;



Ruessink et al., 1999). Additionally, human modification of the coast, especially through
shoreline armoring and the construction of harbor breakwaters and jetties can substantially alter
the gradients of LS and CS sediment transport by reducing sediment volumes transported via
littoral drift and how wave energy is dissipated at the shoreline (Bajorunas & Duane, 1967;
Kittinger & Ayers, 2010; Lin & Wu, 2014; Lino Grima, 1993; Morisawa & King, 1974; Saylor &
Hands, 1970; Wood, 1988). A further complicating factor is the lack of knowledge of the long-
term relationship between the relative dominance of LS and CS sediment transport processes
(Lopez-Doriga & Ferreira, 2017). While changes in LS transport are typically linked to long-
term changes in profile and shoreline morphology (Ashton & Murray, 2006; Roelvink & Breker,
1993), CS transport processes are responsible for many of the most observable and dramatic
changes in profile morphology such as the offshore transfer of beach and dune sediments to the
inner nearshore during storms (Hands, 1984; Olson, 1958; Thom & Hall, 1991; van Dijk, 2021),
and the genesis, migration, and growth or decay of nearshore bars (Aagaard et al., 2008; Dyhr-
Nielsen & Serensen, 1970; Greenwood et al., 2006; Houser & Greenwood, 2007; Marinho et al.,
2020).

Finally, and perhaps most essentially, it is difficult to predict beach accretion because
there are few quantitative assessments of the degree of sediment connectivity across the entire
beach and nearshore profile at multidecadal timescales (Aagaard, 2014). Sediment connectivity
describes how sediment is transported and exchanged between different sections of beach and
nearshore morphology (Anthony & Aagaard, 2020). While the near-term (weeks to months)
relationship between beach recovery and the transport of shallow nearshore sediments has been
demonstrated (Fox & Davis, 1973; Morton et al., 1994; M. S. Phillips et al., 2017), it remains

poorly quantitatively constrained over longer timescales. Furthermore, patterns of potential long-



term sediment transport between nearshore bars and the subaerial beach are not well quantified.
While observations of the variability of nearshore bar CS position and volume led previous
researchers to speculate about a potential mechanism of onshore sediment transfer from these
nearshore bars to the subaerial beach (e.g. Bajorunas & Duane, 1967), field observations have
not been able to quantitatively confirm the degree of potential onshore sediment transport from
nearshore bars to the subaerial beach.

Subaerial beach erosion and accretion are often the most visible components of sediment
exchanges across and along beach and nearshore profiles and thus receive the most amount of
attention from the general public (Hands, 1980; Lino Grima, 1993). However, beaches are just
one component of a multifaceted morphodynamic system which involves complex interactions
and feedbacks between water motion, sediment transport, and underlying morphology (King,
1970; Wijnberg & Kroon, 2002). Previous studies in the Great Lakes have investigated the
impacts of wave action and changing water levels on coastal bluff recession (Amin & Davidson-
Amott, 1995; Krueger et al., 2020; Rovey & Borucki, 1994; Vallejo & Degroot, 1988; Volpano et
al., 2020), dune and foredune erosion and accretion (Arbogast et al., 2023; Arbogast & Loope,
1999; Davidson-Arnott & Bauer, 2021; Olson, 1958; Olyphant & Bennett, 1994; van Dijk,
2021), shoreline recession and beach erosion (Abdelhady & Troy, 2023; Fox & Davis, 1973;
Mattheus et al., 2019, 2022; Theuerkauf et al., 2019; Troy et al., 2021; Wood & Weishar, 1984),
and the cross-shore migration of nearshore bars (Bajorunas & Duane, 1967; Davidson-Arnott,
1988; Davis, 1976; Davis & Fox, 1972; Greenwood et al., 2006; Hands, 1976; Houser &
Greenwood, 2005a; Saylor & Hands, 1970; Theuerkauf et al., 2022). Despite these investigative
efforts, a quantitative understanding of the sediment connectivity between different profile

sections, especially nearshore bars and the subaerial beach, remains underdeveloped.



To begin to address these current knowledge gaps, this study utilizes a unique dataset of
beach and nearshore profile observations collected using various methods between 1988 and
2021 (Norton et al., 2011; Theuerkauf et al., 2022) and contemporaneous records of lake level
and wave conditions to examine multidecadal trends in profile morphology at six sandy beaches
along the eastern shore of Lake Michigan. The shoreline of this region is primarily composed of
unconsolidated, fine-grained sediments which form pristine sandy beaches, striking bluffs, and
some of the largest freshwater dunes in the world (Arbogast et al., 2023; G. Larson & Schaetzl,
2001). The eastern shore of Lake Michigan is particularly vulnerable to coastal erosion owing to
the underlying geologic composition (G. Larson & Schaetzl, 2001; Norton et al., 2011) and long
fetch distances parallel to the dominant west-to-east tracks of regional midlatitude cyclones
which generate intense storm waves (Huang et al., 2021; Meadows et al., 1997). To develop the
capacity to predict future beach erosion and accretion, it is necessary to understand the roles that
fluctuations in hydrodynamics, particularly mean lake level and seasonal oscillations in wave
energy, and the underlying morphological structure of the coastal profile play in sediment
transport.

Background
Great Lakes Hydrodynamics

Unlike oceanic coasts, Great Lakes coastlines are subject to a much wider range of mean
water levels instead of the steady, incremental rise of global mean sea level observed over the
last century (Abdelhady & Troy, 2023; Hands, 1984). While the Great Lakes are large enough to
be influenced by diurnal tidal cycles, they are often called North America’s “tideless coast”
because of the negligible magnitude of tidal fluctuations which range from 0.01 — 0.05 m

(Hamblin, 1987; Quinn, 2002; Trebitz, 2006; Weishar & Wood, 1983). In addition to small tidal



fluctuations, hourly fluctuations in water level are primarily driven by seiches and range between
0.05 — 0.30 m (Trebitz, 2006; Wilcox, 2004). Lake levels also fluctuate seasonally between 0.20
— 0.40 m with the seasonal high water peak occurring during the summer due to high runoff
throughout the spring and summer months and the lowest seasonal lake level occurring during
the winter due to higher rates of over-lake evaporation in the fall and winter months (Lenters,
2001; Quinn, 2002; Thompson & Baedke, 1995). Over longer timescales, work analyzing the
sediments contained in strand plane topography in beach ridges surrounding Lake Michigan
found evidence for several temporal cycles of oscillations in lake level varying in magnitude
from 0.50 — 0.60 m every 25 to 35 years, 0.50 — 1.50 m every 120 to 180 years, and 1.80 —3.70
m every 500 to 600 years (Thompson, 1992; Thompson & Baedke, 1997). These longer-term
fluxes in mean lake level are driven by variations in three climatic variables: over-lake
precipitation, lake evaporation, and basin runoff (Deacu et al., 2012; Gronewold et al., 2016;
Gronewold & Rood, 2019).

Within the last forty years, Lake Michigan water levels have exhibited an incredible
amount of variability (Figure 1). Between 1982 and 1986 water levels rose to then record-setting
high levels before returning to near average levels followed by a brief period of moderately
elevated lake levels between 1994 and 1998. Between 1999 and 2013, Lake Michigan
experienced an unusual, prolonged stand of low lake levels well below average values.
Beginning in 2013, lake levels rapidly increased to a record-setting high in 2020 before

beginning to fall again in 2021.
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Figure 1. Lake Michigan monthly mean lake level elevations from 1980 — 2021. Elevations are
reported in NAVD&S. Data taken from NOAA gauges 9087031 (Holland, MI) and 9087023
(Ludington, MI).

Water levels in the Great Lakes are notoriously difficult to forecast due to the complexity
of climatic variables which influence net basin supply (Deacu et al., 2012; Gronewold et al.,
2016; International Joint Commission, 2012). However, accurate forecasts are invaluable
because lake level fluctuations have both major ecological and socioeconomic impacts.
Fluctuating water levels in the Great Lakes change shoreline ecosystems form and function
(Evtimova & Donohue, 2016). For example, annual to decadal lake level fluctuations control the
inundation, areal extent, and plant succession of critical Great Lakes coastal wetland habitat
(Anderson et al., 2023; Keddy & Reznicek, 1986; Trebitz, 2006; Wilcox, 2004). Lake level
variability also impacts navigation, hydropower production, municipal water supplies, and
coastal recreation opportunities (Gronewold et al., 2013; Lino Grima, 1993; M. R. Phillips &
Jones, 2006; Quinn, 2002). The impacts of water levels on coastal ecology and socioeconomic
activities are important, but the most important geomorphic role of lake levels is modulating the

zone of interaction between incident wave energy and the beach and nearshore profile. For the

purposes of this study, this area of interaction is called the “active zone.”



Like water levels, waves in the Great Lakes also exhibit seasonal fluctuation. Average
wave heights increase due to stormy midlatitude cyclone activity in the fall and winter and
decrease during more quiescent summer periods. Elevated wave energy during stormier periods
generally results in beach erosion and offshore transport while calmer wave conditions tend to
lead to beach accretion and onshore transport. One of the key functions of variations in wave
energy, which are further adjusted by lake level, are changes to the dimensions of the active zone
of the profile above the depth of closure (DOC) (Birkemeier, 1985; Hallermeier, 1978, 1981) and
beneath the limit of wave runup (often denoted as R>) (Gomes da Silva et al., 2020; Stockdon et
al., 2006). It is important to note that the DOC and R values do not represent absolute limits to
sediment transport. Rather they serve as a best estimate of the extent of the most variable
morphodynamic activity in the littoral zone (Brutsché et al., 2016; Gorman et al., 1998; Nicholls
et al., 1999; Stive et al., 1993).

On Lake Michigan, lake levels and significant wave height (H5), defined as the average of
the highest third of observed wave heights, have a direct relationship where increases in mean Hs
are coincident with periods of rising water levels (Huang et al., 2021). This relationship is
potentially related to changes in storm frequency and intensity which in turn are likely tied to
long-term regional climate variability (Huang et al., 2021; Meadows et al., 1997). With lake
levels expected to become more variable in the future due to climate change (Gronewold &
Rood, 2019) and an anticipated increase in over-lake precipitation and basin runoff projected to
lead to an increase in Lake Michigan water levels of 0.44 m (with an uncertainty range of -0.13
to +0.80 m) by 2040-2049 (Kayastha et al., 2022), it is critically important to advance the
quantitative understanding of relationships between hydrodynamic variables and long-term

trends in erosion and accretion.

10



Great Lakes Morphology and Sediment Transport

Wave energy impacts facilitated by water levels are the primary driver of erosion and
accretion, and hence of sediment transport. However, antecedent profile morphology, especially
the profile slope and the cross-shore position of nearshore bars (Houser & Greenwood, 2005a,
2005b), combined with local wave climate are an integral part of determining the morphological
state of the beach (Wright et al., 1985; Wright & Short, 1984) and facilitating LS and CS
sediment transport.

The beach and nearshore profile morphology of the eastern shore of Lake Michigan has
been a topic of great interest to researchers over the past eighty years. Multiple studies (e.g.
Birkemeier, 1981; Davis, 1976; Davis & Fox, 1972; Evans, 1939, 1940; Hands, 1976, 1980,
1984; Saylor & Hands, 1970; Theuerkauf et al., 2022; Weishar & Wood, 1983; Wood & Weishar,
1984) have reported on the coastal geomorphology of the eastern coast of Lake Michigan and
describe the typical profile structure found along unconsolidated sandy shorelines. The typical
coastal profile structure of the beach and nearshore can be roughly divided into four sectors
which each exhibit unique patterns of morphological change and are dominated by different
coastal processes. These four sectors are the subaerial beach (sector A), the inner nearshore
swash bar (sector B), the inner surf zone and nearshore bars (sector C), and the outer surf zone
(sector D). Figure 2 diagrams each of these sectors and describes important morphological
features and coastal processes associated with each sector. Previous studies have demonstrated
the utility of classifying similar profile sectors based on vertical profile variations over time to
better understand geomorphic change and to assess the role of LS and CS sediment transport

processes in those changes (Almeida et al., 2011; Lopez-Doériga & Ferreira, 2017).

11



a) Beach and inner nearshore profile morphology (sectors A-B)
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Figure 2. Diagram of coastal profile morphology sectors and processes. Figures display the
characteristic profile morphology, sectors, and coastal processes of sandy beach coastal profiles
in the Great Lakes. a) Shows a close-up of the morphology of sectors A and B (beach and inner
nearshore swash bar). b) Displays an example of the coastal profile extent (sectors A-D)
analyzed in this study and illustrates how waves interact with the lakebed as they shoal and
break. Figure b) also illustrates where the average idealized locations of the boundaries of the
littoral/active zone (wave runup (R2) and depth of closure (DOC)) might typically fall.
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Each section of the profile has different morphological and sediment transport
characteristics. Sector A, which contains the subaerial beach, is the most visible zone of the
profile structure, and its condition is usually what draws the most attention from the public and
coastal managers alike (Hands, 1980). Sector A extends from the shoreline landwards towards
the backshore (Figure 2a). Characteristic features of a subaerial beach on eastern Lake Michigan
are a relatively flat-sloped beach backed by a foredune, bluff, or dune field. Sediment transport
on beaches is closely associated with wave runup and is driven though the swash and backwash
of waves. Sediments transported onshore via swash of incoming waves can then be mobilized by
aeolian processes and blown into the backshore and contribute to foredune and dune growth.
During storms, elevated wave energy levels can erode large amounts of geologic material from
the beach or the backing foredune and deposit the eroded sediment offshore. In periods of high
lake levels, larger storm waves can reach farther up along the profile and erode sediments which
are relatively inaccessible to wave action during periods of low lake levels.

Moving lakeward from the beach, sector B contains the inner nearshore swash bar which
is a shallow submerged feature of the profile which extends from the shoreline lakeward towards
the inner surf zone and nearshore bars in sector C (Figure 2a). Sediment transport in this sector is
dominated by swash zone processes as energy from breaking waves is dissipated across the
profile in swash and backwash. The swash zone is an extremely active section of the profile
which typically has the greatest concentration of suspended sediment of anywhere along the
profile and serves an essential role as the conveyor belt for littoral drift (Butt & Russell, 2000;
Elfrink & Baldock, 2002; Evans, 1939, 1940). The profile lakeward of the swash zone often
develops a step-like feature which Evans (1939) initially described as a “nearshore terrace.” This

step serves as the base for a highly mobile sediment ridge which behaves similarly to swash bars
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documented on marine coasts (Davis et al., 1972; Houser & Greenwood, 2007; M. S. Phillips et
al., 2017). Due to the negligible influence of tidal water level fluctuations in the Great Lakes, the
swash zone on Great Lakes coasts tends to be narrower than on marine coasts. This is one reason
why the shallow swash bar on Great Lakes profiles can be mistaken as the first member of the
nearshore bar system (Evans, 1939, 1940). However, because of how shallow this bar is, it is
much more mobile than larger bars found farther offshore and lacks a consistent seasonal pattern
of morphodynamic development (Weishar & Wood, 1983). As was noted earlier, this profile
section is an important source of sediment for beach recovery during a quiescent post-storm
period as small waves which lap over the crest of the swash bar produce onshore-directed
transport and weld the swash bar to the shoreline (Davis, 1976; Houser, 2009; Morton et al.,
1994).

Sector C encompasses the inner surf zone which contains a series of nearshore sandbars
which store large amounts of unconsolidated sediment (Figure 2b). The nearshore bars of eastern
Lake Michigan have generated an immense amount of scholarly inquiry and are occasionally
also referred to as longshore bars. These sandbars are remarkable for their continuity along
hundreds of miles of coastline (Evans, 1940) and are more permanent and well-developed
features unlike the tidal bars found on marine coasts (Davis et al., 1972; Hands, 1984). This
area’s hydrodynamics are dominated by surf zone processes initiated by breaking waves. As
waves approach the shore, the wavelength and amplitude of the wave decrease due to shoaling as
wave orbitals encounter friction along the lakebed. This friction causes the wave orbitals to
become more skewed and oversteepened until the waves eventually break. Within a multi-barred

profile during periods of elevated wave energy, lines of wave breakers may form at the location
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of each of the nearshore bars which act to dissipate incident wave energy and protect the beach
from storm damage.

The location of the nearshore bars shifts in response to variability in hydrodynamic
conditions. Over shorter timescales of hours to weeks, bar location is controlled by wave
conditions. Dyhr-Nielsen & Serensen’s (1970) widely accepted breakpoint hypothesis of
nearshore bar formation states that bars form and are maintained around an equilibrium point at
the convergence of offshore-directed suspended sediment transport from the undertow of broken
waves and onshore-directed bedload sediment transport from the lower shoreface. During
periods of non-breaking, low-energy wave conditions, typically associated with spring and
summer wave conditions in the Great Lakes, nearshore bars tend to migrate onshore while during
periods of breaking, high-energy wave conditions, associated with late fall and winter wave
conditions in the Great Lakes, nearshore bars tend to migrate offshore (Fox & Davis, 1973;
Gallagher et al., 1998; Grossmann, Hurther, Sdnchez-Arcilla, et al., 2023; Ruessink et al., 1999;
Sallenger et al., 1985; Weishar & Wood, 1983). These shorter-term migrations in nearshore bar
location along the profile appear to be closely associated with water depth above the bar crest
and result in the movement of the bar crest toward the breakpoint location for a given wave
condition (Eichentopf et al., 2020; Pape et al., 2010; Plant et al., 1999, 2001).

Over longer, interannual timescales, nearshore bars in the Great Lakes exhibit a lagged
response to lake level fluctuations and typically shift shoreward and gain volume following an
increase in lake level and move offshore and lose volume following a drop in lake levels (Hands,
1976, 1980; Saylor & Hands, 1970). Owing to the limited spatial resolution of previous studies,
the nature of the lagged repositioning of nearshore bars following changes in lake level has not

been quantitatively determined, with previous research speculating that the response often occurs
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over a period of several years following a shift in lake levels (Hands, 1976, 1980; Wood et al.,
1994). Due to the large fluctuations in nearshore bar location and crest depth beneath the water
level, some researchers have speculated that during periods of prolonged low lake levels
nearshore bars in the Great Lakes may be an important source of sediment for beach recovery
and dune development (Bajorunas & Duane, 1967; Houser, 2009; Olson, 1958). However, the
long-term degree of sediment connectivity between nearshore bars and the subaerial beach is still
not well understood.

The final profile sector considered in this study, sector D, contains the outer surf zone
(Figure 2b). Compared to the morphological features of the other three sectors of the coastal
profile, this sector is rather simple and is characterized by a gentle slope from the lakeward edge
of the outermost nearshore bar down towards the lake basin. This sector is the least active in
terms of sediment transport. The limited amount of sediment transport which occurs in this
sector is most likely limited to small amounts of onshore bedload transport initiated by shoaling
waves and offshore-directed suspended transport during the most energetic storm conditions. It is
important to note that the depth of closure for these extreme storm conditions typically occurs
lakeward of this sector, and as a result a single strong storm event has the potential to suspend
and transport unconsolidated material in this sector.

Research Questions

Although the knowledge of coastal profile morphology and the typical patterns of
sediment transport across and along this morphology in the Great Lakes has been studied, a
fundamental gap in the quantitative understanding of multidecadal sediment connectivity across

these profiles remains. As a result, the ability to sustainably manage these coastlines with the
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goals of mitigating the impacts of erosion and promoting beach recovery is limited. To begin to
address this gap, two primary research questions were pursued by this study:

1) What is the degree of long-term sediment connectivity across the coastal profiles of
sandy beaches in the Great Lakes?

2) How do long-term patterns of sediment exchange across the coastal profile contribute to
the likelihood of beach recovery following periods of accelerated erosion during high
lake levels?

To investigate these questions, this study utilized a unique multidecadal dataset of profile
morphology surveys at six study sites along the eastern coast of Lake Michigan and a novel
combination of methodologies based on established principles of hydrodynamics and sediment
transport to analyze shifts in the active sediment transport zone during different morphodynamic
conditions (MCs) described by different wave parameters. Specifically, this study analyzed three
key elements of profile morphology and sediment transport:

1) how profile morphology changed over several decades,

2) the relative role and importance of LS and CS sediment transport in shaping profile
morphology, and

3) where, when, and how different MCs interact with profile morphology and transport
sediment.

This study is an initial investigation of broad-scale trends in interactions between accretionary
and erosive wave conditions and various morphological configurations over multiple periods of
rising and falling lake levels. As a result, this study aims to be an important first step towards

quantitatively assessing the likelihood and rate of future beach recovery.
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Study Area and Methods
Study Sites

From 1988 to 2000, a team of researchers at the Ocean Engineering Laboratory at the
University of Michigan conducted periodic surveys of the beach and nearshore profile at sandy
beaches along the eastern coast of Lake Michigan (Norton et al., 2011). A subset of six of these
sites that were resurveyed by the Coastal Processes and Geomorphology Laboratory at Michigan
State University in 2021 were selected as the study areas for this project. One of these sites
(UMO04) is located near New Buffalo, MI, one site (UM14) is in P.J. Hoffmaster State Park, MI,
three sites (UM19, UM21, and UM22) are located around Ludington, MI, and the final site is
located 2.5 miles north of Manistee, MI (Figure 3, Table 1). Four of these sites, UM04, UM19,
UM21, and UM22, are all located in filets of harbor structures in sand-rich environments and
were the locations for a recent study by Theuerkauf et al. (2022). UM14 and UM29 are not
located near major harbor protection structures, but the beach at UM29 has been recently
armored with riprap and is relatively narrow while the beach at UM 14 is backed by large,
vegetated dunes and is free of any shoreline armoring. More detailed descriptions of each site are
available in Table 1.

All six of these sites have nearshore bathymetry characterized by multiple, temporally
persistent bars and were selected for the quality and length of the profile survey record at the site.
They were also selected to achieve a wide spatial distribution of study sites to analyze long-term
changes in profile morphology across an extensive area of the eastern coastline of Lake

Michigan.
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Figure 3. Study area map. a) Shows the general location of each study site along the eastern

Lake Michigan coastline. b) — g) Site maps display large-scale views of each study site.
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Site

Profile

D Site Name Bearing (°) Site Description and Notes
City Waterfront Park, Sandy beach backed by large foredune.
UMO04 | New Buffalo Harbor 328 Located 0.2 km north of the New Buffalo
North harbor jetty.
Sandy beach backed by large, vegetated dunes
UM14 PJ. Hoffmaster State 250 and dune blowouts. Limited coastal
Park ..
development due to location in a state park.
Sandy beach backed by small, vegetated
Buttersville Park, dunes. 1.5 km south of Ludington harbor
UM19 Ludington Harbor 261 breakwater. Small groin field to the north of
South the site. Coastline south of site is heavily
armored.
Wide sandy beach backed by foredune.
Immediately south of the Ludington Water
Stearns Park, ; 7. .
. Plant’s drain into Lake Michigan. 0.6 km north
UM21 Ludington Harbor 251 ) )
North of Ludington harbor breakwater. Coastline
° north of the site was armored with riprap and
seawalls.
Juanita Street Public Sandy beach.backed by foredune. 1.7 km
. north of Ludington harbor breakwater.
UM22 | Easement, Ludington 251 . )
Surrounding coastlines are armored. Very
Harbor North . .
heavy armoring north of the site.
Bar Lake A Narrow sandy beach north of Bar Lake’s
UM29 ar Maarfis tececess, 300 outflow to Lake Michigan. Beach has been

heavily armored with riprap.

Table 1. Study site descriptions. Profile bearings were the survey headings used to collect each
profile. Site descriptions provide a brief report of the beach and any major coastal infrastructure
or armoring at the site or along the adjacent shoreline.

Data Collection

Profile Data

Members of the Ocean Engineering Laboratory at the University of Michigan surveyed

beach and nearshore profiles periodically from 1988 to 2000. In total, six of these survey records

from each study site were used in this study. These data were collected during the summer in

August 1988, August 1989, July-August 1996, July-August 1997, June-July 1998, July-August

1999, and June-August 2000. Benchmarks for repeatable profile measurements were established
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at the top of local dunes or bluffs in 1988. Profiles were surveyed from these benchmarks out to
an offshore depth of approximately 10 m along a bearing perpendicular to the orientation of the
shoreline. Due to extensive shoreline erosion at some of these sites during the study period it was
unsafe or impractical to start the survey from the established benchmark and the surveys were
instead started from as close to the original benchmark as possible. Elevation and CS distance
data for the subaerial beach and upper nearshore portions of the profile out to wading depth were
surveyed using an engineer’s automatic level. The elevation of the still water level relative to the
benchmark was recorded at the time of each onshore survey. Bathymetric data for the remaining
section of the nearshore profiles were collected using a single beam echosounder with survey
overlap between the sonar and the wading survey data to allow for calibration of the bathymetry
data. All survey data were adjusted to the water level at the time of the survey and referenced to
the International Great Lakes Datum of 1985 (IGLD85) low water datum for Lake Michigan.
The overall vertical and horizontal accuracies of these data were not calculated at the time of the
survey. However, similar survey techniques using an engineer’s automatic level to collect profile
data at coastal sites along Lake Michigan in the 1960s and 70s reported overall vertical profile
accuracies of = 0.05 m (Hands, 1979).

The survey lines at these sites were resurveyed by researchers at Michigan State
University in August-September 2021 using updated survey equipment technology. Topographic
data for the subaerial beach and bathymetry data for the upper nearshore out to wading depth
were collected using a Trimble R10-2 Real-time Kinematic Global Positioning System (RTK-
GPS). Horizontal and vertical accuracies for these data range from 0.01 — 0.02 m. Bathymetry
data for the rest of the nearshore portion of the profile were collected using the RTK-GPS system

in conjunction with a SonarMite 200 kHz single beam echosounder. Due to the draft of the
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research vessel used for bathymetric surveying, the vessel could not get close enough to shore to
overlap with the observations surveyed out to wading depth. Horizontal and vertical accuracies
for these data range from 0.05 — 0.10 m. Horizontal position data collected during the
topographic and bathymetric surveys were referenced to NAD 1983 UTM Zone 16N and
elevation data were vertically referenced to the North American Vertical Datum of 1988
(NAVDSS).

Topobathy LiDAR data collected in 2008 and 2012 by the U.S. Army Corps of
Engineer’s (USACE) National Coastal Mapping Program (NCMP) was accessed from the
National Oceanic and Atmospheric Administration’s (NOAA) Data Access Viewer to fill in the
gap between the 2000 and 2021 field surveys (Joint Airborne Lidar Bathymetry Technical Center
of eXpertise (JALBTCX), 2022a, 2022b). These LiDAR data were downloaded in raster format
with 3 m cell resolution with the horizontal datum set to NAD 1983 UTM Zone 16N and the
vertical datum set to NAVDS88. The 2008 data had a vertical accuracy of 0.20 m and a horizontal
accuracy of 0.75 m and were collected from 7/28/2008 — 9/16/2008. The 2012 data had a vertical
accuracy of 0.15 m and a horizontal accuracy of 0.50 m and were collected from 9/02/2012 —
10/19/2012 and 11/05/2013 — 11/26/2013. Combining all three collection types of profile surveys
together, each study site had a total of nine survey periods: 1988-1989, 1989-1996, 1996-1997,
1997-1998, 1998-1999, 1999-2000, 2000-2008, 2008-2012, and 2012-2021.

Hydrodynamic Data

Hourly records for significant wave height (), wave peak spectral period (7,), and wave
mean direction (#) downloaded from the U.S. Army Corps of Engineers Wave Information Study
(WIS) wave hindcast model database (U.S. Army Corps of Engineers, 2023) were used as the

wave descriptors for this study. WIS data were downloaded from 1/1/1988 — 12/31/2021 from the
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nearest WIS station with the most complete record at each study site. These data were used as the
primary wave data for each study site. Data from surrounding WIS stations were also
downloaded and used to fill data coverage gaps at the primary WIS station. Additional
information about the WIS stations used in this study can be found in Appendix A.

Hourly records for Lake Michigan water levels between 1/1/1988 — 12/31/2021 were
downloaded from NOAA’s National Ocean Service (NOS) tide gauges 9087031 (Holland, MI)
(National Oceanic and Atmospheric Administration, National Ocean Service, Center for
Operational Oceanographic Products and Services, 2023b) and 9087023 (Ludington, MI)
(National Oceanic and Atmospheric Administration, National Ocean Service, Center for
Operational Oceanographic Products and Services, 2023a) with water level elevations referenced
to the IGLDS85 vertical datum. Water levels from the Holland, MI, gauge were used for UM04
and UM14 while the water level data from the Ludington, MI, gauge were used for UM19,
UM21, UM22, and UM29.

Data Processing
Profile Data Processing

Prior to data analysis, some additional data processing and cleaning of the profile data
was necessary to facilitate comparison of profile elevations throughout the timeseries. The initial
profile data processing and analysis was performed using Microsoft® Excel® (Microsoft, 2023)
software unless otherwise noted. The elevation data for profiles collected between 1988 and
2000 were converted from IGLD85 to NAVDS8S using conversion factors provided by NOAA’s
National Geodetic Survey’s IGLD 85 Height Conversion tool (National Oceanic and

Atmospheric Administration, National Geodetic Survey, 2018). Bathymetric data generated
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during the 2021 surveys contained some noisy data artifacts due to the survey vessel motion, and
these points were visually inspected and removed manually.

Due to wave conditions or the need to deviate from the survey line to avoid obstructions
in the water, some of the 2021 survey data were not collected directly along the historically
established survey lines and were horizontally displaced by an average of 8.9 m across all study
sites. To account for the slight differences in survey headings and align CS distances of the
different surveys, these observations were snapped to the historical survey line using the Snap
tool in ESRI’s ArcGIS Pro software (Environmental Systems Research Institute, 2021).

Following these steps, all profile data were brought into ESRI’s ArcGIS Pro software
(Environmental Systems Research Institute, 2021) for additional processing. Small holes in the
2008 and 2012 LiDAR data were interpolated using the Focal Statistics tool. To match the 3 m
spatial resolution of the 2008 and 2012 profiles, the profiles surveyed in the field were
interpolated using the Spline with Barriers tool. This tool was selected after testing several
interpolation methods because it generated the most natural-looking outputs through its
minimum curvature surface gridding technique which compared the weighted sum of 12
neighboring cells to interpolate new values. To measure the uncertainty in the interpolated profile
results, 10% of survey observations were withheld for an accuracy assessment. These points
were selected randomly from a subset of non-sequential soundings from the bathymetry data at
each site and excluded any topographic observations because many surveys had very limited
numbers of surveyed points on the subaerial beach.

Due to field conditions at the time of the surveys, not all profiles started at the survey
benchmark or terminated at the same distance offshore from the benchmark. To enable

comparison throughout the timeseries, profiles were clipped both onshore and offshore to the
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maximum shared common profile extent between all surveys. An example of what the unclipped
and clipped profiles looked like at UM14 is provided in Appendix B. Finally, for each profile
survey line, a series of points spaced at 3 m were generated from the common starting point out
to the common ending point. The predicted values of the interpolated profiles and the values of
the LiDAR rasters which intersected with each point were extracted and used as the profile
elevation data in subsequent analysis.
Hydrodynamic Data Processing

Hourly lake level elevation data were converted from IGLD85 to NAVDS&8 using
conversion factors provided by NOAA’s National Geodetic Survey’s IGLD 85 Height
Conversion tool (National Oceanic and Atmospheric Administration, National Geodetic Survey,
2018). Any gaps in the records of either the Holland or Ludington gauges were filled in where
possible with data from the other gauge. In total, only 0.016% of records were missing from the
lake level data. Missing records from the primary WIS station at each site were filled where
possible using the average of the data from nearby stations. The number of stations used to create
this average varied from site to site depending on the density of WIS stations in the area and the
number of those adjacent stations which also had concurrent gaps in their own records. Overall,
the total percentage of coverage gaps was 3.28% at UMO04, 2.79% at UM14, 1.95% at UM19,
UM21, and UM22, and 1.68% at UM29. (See Appendix A for additional information.)
Data Analysis
Profile Sector Classification and Areal Change

The first step in analyzing the profile data was to classify morphodynamically unique
sectors of each profile. Following Almeida et al.’s (2011) method, the profile was subdivided at

nodes (points of lower variability) which were separated by one or more antinodes (points of
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higher variability) on the plot of the standard deviation of all profile surveys at each site. Figure
4 shows an example of how sectors were classified using this method at UM04 and UM 14.
(Similar graphs for all study sites are available in Appendix C.)

Most profiles were divided into the four major sectors described in the introduction. The
boundary between sectors A and B was placed at the node closest to the average CS position of
the shoreline throughout the study period. The boundary between sectors B and C was placed at
the node closest to the farthest shoreward location of a clearly visually discernable nearshore bar
during the study period. Finally, the boundary between sectors C and D was placed at the node
closest to where the standard deviation of profile elevations fell and remained below 0.3 m. This
cutoff was chosen because changes of this magnitude were well within the margin of error of the
vertical accuracies for the profile data used in this study. UM21 only had sectors A-C, but all
other sites had all four profile sections. To measure smaller-scale shifts in sediment within the
four major sectors, subsector boundaries were placed at smaller nodes within the major sectors.
As a result, some major sectors were split into two or more subsectors. The number of subsectors

identified varied widely across study sites. (See Appendix C for more information.)
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Figure 4. Examples of classification of cross-shore profile sectors at UM04 and UM14 based on
standard deviations of profile elevations. Sector boundaries are shown at nodes between profile
sections. Subsector boundaries are placed at smaller nodes which occur within major sectors
before a transition to a different sector type.

To quantify long-term trends in the geomorphic change of the profiles, the area under the
profile curve was measured for each survey by subsector. Figure 5 shows an example of the
morphological change between two profile surveys at UM14 and identifies the part of the area
under the profile that was measured. Areas were calculated using a simple rectangular estimation
approach where the minimum recorded elevation observed throughout the entire study period at
each site (the baseline identified in Figure 5) was subtracted from the elevation of each profile

observation. That difference was then multiplied by the distance between profile observations,

which was typically 3 m, to measure the area of the rectangle between the surveyed minimum
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and the profile elevation being considered. These area totals were summed for each profile sector
and subsector and the difference in sector and subsector profile areas for each survey period and

the net differences in sector and subsector profile areas were calculated.
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Figure 5. Calculating change in profile area. An example of the areal change in coastal profile
morphology between T1 (1996) and T2 (1998) at UM14. The area which fell within the dashed
outline around the area of T1 was summed up and recorded as the total profile area for that
survey. These areal measurements were also taken for each sector and subsector. The bottom
dashed line labeled as the baseline for profile area calculations is the minimum elevation value
observed throughout the entire study period at this site (observed in 1998) and was used as the
base elevation for calculating profile areas for each survey at this site.
LS and CS Sediment Transport

The changes in the profile area of subsectors at each study site were then used to
quantitatively estimate the relative dominance of LS and CS sediment transport processes and
connectivity for each survey timestep and across the entire study. This assessment was carried
out using the LvC index created by Lopez-Doriga and Ferreira (2017) who used Almeida et al.’s
(2011) profile sector classification method. The LvC index is a ratio which compares how much

sediment was redistributed by CS sediment transport across the profile to how much sediment

was gained or lost from the profile due to LS sediment transport during a given survey period.
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The index is based on the observation that if the loss of sediment from one profile subsector is
made up for by a corresponding gain of sediment in another profile subsector, CS processes are
likely more prevalent. However, if the gains of sediment in one subsector cannot be accounted
for by simultaneous losses of sediment from other subsectors or vice versa, LS processes are
likely more prevalent. The LvC index ranges between -1 and 1 and is given by a modified

version of Equation 2 in Lopez-Dériga and Ferreira (2017):

n n
1< ZAAi /ZIAAL-I <1 (1)
i=0 i=0

where AA; represent the change in profile area between surveys for each profile subsector. Figure
6 provides a visual illustration of the range and meaning of LvC index values. Positive LvC
index values indicate profile accretion, while negative LvC index values indicate profile erosion.
An LvC index value between -0.5 and 0.5 reflects the relative dominance of CS sediment
transport, while values less than -0.5 or greater than 0.5 represent the relative dominance of LS
sediment transport. The LvC index was calculated using changes in profile area observed in each
study period and for the net change in profile area observed between the 1988 and 2021 profiles

at all study sites.

-1 0 1

Figure 6. LvC index. lllustration of the range of values for the LvC index and the associated
interpretations. Positive values indicate profile accretion, and negative values indicate profile
erosion. LvC values between -0.5 and 0.5 indicate the dominance of CS processes, while values
less than -0.5 and greater than 0.5 indicate the dominance of LS processes.
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All subsequent analyses were coded and performed using R Statistical Software (v4.1.2)
(R Core Team, 2023) unless otherwise noted. Functions from the readxl (Wickham & Bryan,
2023) and openxlsx (Schauberger & Walker, 2023) R packages were used to import and export
spreadsheet data from Microsoft® Excel®. Specialized functions from the dplyr (Wickham et al.,
2021), tidyr (Wickham, 2021), and plyr (Wickham, 2011) R packages were also used to analyze
the data.

To further establish long-term trends in the role of LS and CS sediment transport at each
site, the average wave direction, wave incidence angle, and LS and CS velocity vectors for each
MC were calculated for each study site across the entire study period using an average of vectors
method. Calculating the average wave direction through vector analysis was more accurate and
meaningful than simply taking the average of the mean wave direction variable provided by the
WIS data because of the difficulties associated with averaging data collected in circular

coordinate systems. The average wave direction was calculated using:

0ave = l360 + ((atanZ(wvx, va)) (?))l mod 360 ()

where wvy was the horizontal vector and wv, was the vertical vector given by:
wv, = ¥ (v, [sin(6(180/m))])/n ?3)
wo, = ¥ (v, [cos(6(180/n))])/n 4)
where vy is the velocity of the wave and 7 is the number of observations in the survey period.
The horizontal (CS) and vertical (LS) vector components of the average wave vector were then
calculated normalized to the shoreline for each MC at every study site.
Morphodynamic Condition Classifications
MC classifications were defined to determine the frequency of accretionary and erosive

waves and where along the coastal profile these forces had the potential to suspend sediment and
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rework profile morphology. Based on the work of Wright and Short (1984) which established a
classification system for morphodynamic beach states based on dimensionless sediment fall
velocity () (Dean, 1973; van der Meulen & Gourlay, 1968), laboratory experiments by Pape et
al. (2010) and Grossmann et al. (2022) demonstrated that different values of dimensionless
sediment fall velocity could be used to classify the direction of sediment transport under different
wave conditions. In both Pape et al. (2010) and Grossmann et al. (2022), values of Q <2
corresponded to onshore-directed sediment transport and beach accretion, while values of Q > 2
corresponded to offshore-directed sediment transport and beach erosion.

In this study, three MCs were classified: accretionary (AC), moderately erosive (ME),
and severely erosive (SE). Erosive states were split into two categories using differences in
significant wave height (H;) to separate the impacts of high-frequency, lower-energy erosive
conditions (ME) and low-frequency, high-energy stormy wave conditions (SE). The wave
characteristics of AC conditions will tend to produce onshore-directed sediment transport while
the wave characteristics of ME and SE conditions will tend to generate offshore-directed

sediment transport. The MCs were defined using the following parameters:

AC, <2
MC={ME, Q=>2AH;<2m (5)
SE, O>2AH,>22m
Dimensionless sediment fall velocity is given by:
Q= Hpps /Tyw (6)
where Hims is the root mean square wave height and w is the sediment fall velocity. Hyms was
calculated using a formula created by the USACE Coastal Engineering Research Center (1984)

given as:

H,ne = H,/1.416 (7)
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Sediment fall velocity was calculated using Equation 4 from Ahrens (2000) and is given by:

w = C,Agd?/v + C,\/(Agd) (8)
where A = p, — p/p (where p, is the density of the sediment particle and p is the density of the
fluid), g is the acceleration of gravity, d is the characteristic sediment particle diameter, v (the
lowercase Greek letter nu) is the kinematic viscosity of water, C; is a coefficient associated with
laminar flow, and C:is a coefficient associated with turbulent flow. A value of 1.65 was used for
A. This value is within the typical range used for sandy sediments and assumes the sediment is
primarily composed of quartz and is being transported through freshwater (Bosboom & Stive,
2023). A value 0of 0.3035 mm was used as the value for d. This value was taken from Fingleton
(1973) and is the mean of the range of mean sediment grain sizes of beach sediments collected at
seventeen sandy beaches along the eastern coast of Lake Michigan between the
Michigan/Indiana state line and Frankfort, MI. The value of v for freshwater was calculated
using a modified version of Equation 7 from Ahrens (2000) and is given by:

v=(cg+ ¢;T+c,T)/10* )
where T is water temperature between 0 — 30°C, ¢p is 0.0178, ¢; is -0.000529, and c> is
0.0000069. The values of coefficients C;and Cr were derived by Ahrens (2000) for quartz
sediments and are given by:
C, = 0.055 tanh[1247%%% exp(—0.0004A4)] (10)
C, = 1.06 tanh[0.016A%° exp(—120/4)] (11)
where 4 is the Archimedes buoyancy index. The value of 4 is calculated as:
A =Agd3/v? (12)
Dimensionless sediment fall velocities were calculated for each hourly record in the WIS

dataset for each site using a month-specific value of kinematic viscosity calculated using the
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long-term monthly mean water temperature recorded at the Holland, MI, NOAA NOS gauge.
These month-specific values of kinematic viscosity were calculated using Microsoft® Excel®
(Microsoft, 2023) and were then brought over into R Statistical Software (R Core Team, 2023)
Data for the monthly mean water temperature were accessed from the NOA A National Center for
Environmental Information (NCEI) Coastal Water Temperature Guide (National Oceanic and
Atmospheric Administration, National Ocean Service, 2023). This information was not available
from the gauge at Ludington, so the data from Holland were used for all study sites.
Sediment Mobilization Likelihood
Having classified different MCs, the next step was to identify where along the profile

sediment had the potential to be suspended and transported by each MC. To calculate the
elevation of the DOC for each hourly record in the WIS data sets, Equation 3 from Hallermeier
(1978) was modified to include a term for lake level and was calculated as

DOC = h — (2.28H, — 68.5(HZ/gT?)) (13)
where 4 is the lake level elevation. The elevation of wave runup, defined as the height above lake
level exceeded by the top 2% of wave runup peaks, was calculated using Equations 18 and 19
from Stockdon et al. (2006) modified to calculate height above lake level and is given by

h+0.043\/(H,L,), & <023
h+ 1.1(0.358,+/(HoLy) + J[H0L0(0.563B]§ +0.004)]/2), &, =023

R, =

(14)

where Ho is deepwater significant wave height, Lo is deepwater wavelength, f; is the foreshore
beach slope in radians, and ¢, is the Iribarren number. The value of Hs was used as the value of
Hy since most WIS stations are located out beyond shoaling depth (For additional detail, see

information on WIS station depth in Appendix A.), and Lo was also calculated using H;. In

Stockdon et al.’s (2006) work, the calculation of B, is not defined, although the foreshore is
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typically defined as the intertidal zone of the profile (McGlashan et al., 2005). Because of the
almost negligible tidal range in the Great Lakes, a different range was used to calculate slope for
this study. Work by Gomes da Silva et al. (2020) suggests that a slope value which is calculated
across the entire nearshore is preferable for R> calculations given the fact that shoaling and
breaking waves interact with the slope of the entire nearshore profile above shoaling depth. For

this study, the value for B, was defined at each site as the average of the slopes of all surveyed
profiles between the maximum offshore extent of the profile, which was within the maximum
shoaling depth, and the upper limit of the swash zone (See Figure 2a). Following Gomes da Silva
et al. (2020), the upper limit of the swash zone for each survey period was calculated as the
elevation of mean lake level plus two standard deviations of the series of vertical oscillations
about the mean lake level within each survey period. The Iribarren Number, also called the surf-
similarity parameter, is a commonly used metric of dynamic beach steepness and was developed
by Battjes (1974) based on the work of Iribarren and Nogales (1949) and is given by:

§o =tan /v (Hy/Ly) (15)

where f is the beach slope in radians. The same value used for B, in Equation 14 was used as the
value for § in this study. Values of ¢, are often used to classify different wave breaker types and
the dissipative vs. reflective behavior of any given beach. Values of ¢, < 0.3 reflect extremely
dissipative conditions, and the value of R can be reliably predicted with a less computationally
expensive formulation (see Equation 14).

Using the above equations, the upper and lower limits of the active zone were calculated
for each hourly record in the WIS data. Calculating DOC and R: in terms of elevation with

respect to the hourly recorded lake level allowed this analysis to control for the effects of water

level fluctuations throughout the study. Using the profile measured at the beginning of each
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survey period, the total number of hours that each elevation along the profile and each major
profile sector was within the active zone during each MC for that survey period was calculated.
This was repeated for each survey period and the raw counts were normalized to show the
likelihood of sediment mobility at each observation along the profile for every MC. The result
was a series of data which showed the mean sediment mobilization likelihood for each MC at
each observation along the profile. The mean sediment mobilization likelihood numbers were
then totaled for each MC within each profile sector.
Profile Active Zone Summary Statistics

Finally, to better understand where the upper and lower limits of the active zone for each
MC intersected with the morphology of each surveyed profile, the average DOC and R: values
for the wave conditions associated with each MC were calculated for each study site. To
understand the wave characteristics associated with the different active zone ranges for each MC
at every study site, the average values for Hs and 7, were calculated. To quantify where the limits
of the active zone fell during the most energetic wave conditions associated with each MC, the
average of the DOC and R:> values associated with the effective wave height (H.) and the
corresponding effective wave period (7¢) were calculated. The effective wave height is the wave
height only exceeded for 12 hours out of a year, which is equivalent to the highest 0.137% of
waves observed every year (Brutsché et al., 2016; Hallermeier, 1978; Nicholls et al., 1999) and
was calculated as the 99.863 percentile of significant wave heights for each MC at each study
site. The effective wave period is the average of the 7, values recorded when the H values
exceed He. The average of the DOC and R: values associated with H. values were called the
effective DOC (DOC.) and the effective R> (R2, ¢). These mean DOC. and R>, . limits for each

MC for the entire study period were plotted on top of graphs of the 2021 profile morphology.
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These graphs helped identify parts of the 2021 profile that fell within the active zone of each MC
to assess the potential role different sectors might play in beach recovery following the most

recent period of high lake levels.

36



Profile Morphology Change

Results

Profile Interpolation Accuracy Assessment

The results of the accuracy assessment conducted on the interpolated profiles are

presented in Table 2. The total RMSE for the vertical accuracy assessment across all profiles and

all surveys was 0.30 m. There is considerable variability in the individual RMSE values of each

profile, with some exceptionally low values, such as 0.02 m at UM04 and UM22 for the 1999

data collection, and some higher RMSE values, such as 1.03 m at UM21 in 1996 and 1.02 m at

UM14 in 1999. Overall, UM04, UM19, and UM22 had RMSE:s at least half of those of UM 14,

UM21, and UM29. Combined with the vertical accuracies of the original data sources, the

overall final vertical accuracy range for the profiles in this study was 0.15 — 0.54 m.

Site

D Variable | 1988 1989 1996 1997 1998 1999 2000 2021 | Total
UMo4 RMSE (m) | 0.17 030 021 0.05 0.08 002 032 0.11 0.15
n 8 7 7 14 13 14 4 24 91

UM14 RMSE (m) | 023  0.15  0.11 0.16 0.04 1.02 0.07 0.04 | 0.37
n 8 7 10 14 13 14 16 32 114

UM19 RMSE (m) | 0.08 028 0.03 0.03 0.10 0.06 0.05 0.06 | 0.08
n 11 5 10 13 12 10 15 34 110

UM21 RMSE (m) | 0.09  0.23 1.03 0.12 0.03 0.03 002 080 | 0.49
n 15 6 9 10 15 11 16 25 107

UM22 RMSE (m) | 0.10 0.07 0.11 0.10 0.05 0.02 0.05 0.11 0.09
n 14 9 7 14 13 11 16 29 113

UM29 RMSE (m) | 0.05 0.18 0.08 0.21 0.04 0.04 084 0.03 | 035
n 15 6 11 16 16 14 20 24 122

Total RMSE (m) 0.30

Table 2. Profile interpolation accuracy assessment results. Displays the RMSE and number of

points (n) used for the accuracy assessment of each interpolated profile at every study site.
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Profile Areal Changes

The area of each profile sector and subsector was calculated to quantitatively assess
geomorphic change over the study period. Table 3 summarizes these trends by sector and Figure
7 displays changes in profile areas by sector. Total profile areas changed relatively little over the
entire study period. The net change in total profile area of all sites except UM04 was less than
+5.20%, but the net change in profile area at UM04 was 20.61%. Rates of interannual change in
profile areas by subsector ranged between -1.90% and 16.80%, but the average rates of change
for the majority of profile subsector areas between surveys ranged between -0.53% and 1.47%.

Throughout the study period, only UM04 and UM19 exhibited a net increase in profile
area, while all other sites experienced a net decrease in profile area. At UM04, UM21, UM22,
and UM29 sector A exhibited the greatest vertical variability and had the highest standard
deviation value of all sectors. However, at UM14 sector C had the greatest variability and at
UM19 sector B had the greatest variability. For most of these sites, the subaerial beach and the

nearshore bars were the most dynamic and variable components of the profile.
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Study Site PaCrl::rIllegt:r Sector A Sector B Sector C Sector D P"l;-(:)tta;lle
Net (m?/m) 3.09 1.16 0.82 -0.28 0.86

UMO04 Net Pct. 34.33% 18.81% 23.69% -16.39% 20.61%
S.D. 0.58 0.34 0.48 0.46 0.27
Net (m?/m) 0.73 0.13 -0.28 -0.21 -0.20

UM14 Net Pct. 9.13% 1.75% -6.51% -17.86% -5.17%
S.D. 0.46 0.34 0.18 0.18 0.16
Net (m?/m) -0.60 0.64 0.44 -0.17 0.08

UM19 Net Pct. -7.63% 10.29% 9.48% -8.87% 2.11%
S.D. 0.88 0.31 0.45 0.12 0.15
Net (m?/m) 0.02 0.10 -0.07 - -0.04

UM21 Net Pct. 0.28% 1.80% -2.03% - -0.90%
S.D. 1.09 0.44 0.28 - 0.26
Net (m?/m) -0.82 -0.43 -0.02 -0.09 -0.12

UM22 Net Pct. -9.01% -5.65% -0.45% -5.06% -3.01%
S.D. 0.89 0.25 0.51 0.18 0.28
Net (m?/m) 0.41 0.45 -0.19 -0.30 -0.14

UM29 Net Pct. 5.23% 6.69% -4.95% -26.72% -3.64%
S.D. 0.55 0.26 0.14 0.20 0.12

Table 3. Summary of changes in coastal profile area, 1988 — 2021. Displays the net change, net
percentage change, and standard deviation (S.D.) of profile area changes by morphodynamic
sector and across the entire profile for the study period (1988 —2021). To enable cross-site

comparison, net changes in area were normalized and are reported in m?/m.
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Figure 7. Changes in beach and nearshore profile areas, 1988 — 2021. Graphs display long-term
variations in profile areas grouped by morphological sector for each profile survey.
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While changes in sector profile area generally exhibit site-specific variability, the general
trends in total profile area tend to correspond to lake level fluctuations during different survey
periods. Between 1988 and 1996, lake levels decreased from the then record-setting high lake
levels recorded in 1986 and stabilized around the long-term average lake level. Throughout this
period, profile areas remained relatively stable at all sites, except for UM29, and experienced
accretion in sector A. Subsequently, as lake levels rose again between 1996 and 1998, profile
areas all increased until most, except for UM04, reached the maximum observed profile area of
the entire study period in 1997 or 1998. This gain in sediment was primarily driven by an
increase in the amount of sediment in the nearshore bars and the outer surf zone in sectors C and
D while sector A tended to lose area. Following a smaller peak in lake level in 1998, most
profiles lost area in 1999 but then gained some of the lost area back immediately in 2000 with
the largest losses occurring in sectors C and D as sectors A and B tended to increase in area
during this period.

Between 2000 and 2012 there was an unusually long period of below-average lake levels
which marked a unique period of profile morphology change. During this period of low lake
levels, profiles tended to lose area from 2000 to 2008 and then slightly gained area between 2008
and 2012. Sectors C and D were the profile sections where the most sediment was lost from the
profile between 2000 to 2008. However, sediment was regained in these sectors between 2008
and 2012. From 2000 to 2012 all sites except for UM14 saw a net increase in the area of sector A
with the peak areal extent of sector A occurring in either 2008 or 2012 for most of the profiles.
Finally, during the last time step of the survey period between 2012 and 2021, lake level rose
rapidly to record-setting levels in 2020 before beginning to slightly decrease in 2021.

Interestingly, all profiles except for UM21 saw a net increase in profile area between 2012 and
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2021. Sectors B, C, and D all tended to increase in area during this time period. Concurrently,
this period also saw the largest average drop in the area of sector A, as all sites lost beach
sediments during this period with the notable exception of UM14 which gained area in sector A.
Overall, one of the primary observations of areal change throughout the study period was
that at most sites sectors A and C tended to exhibit the most variability with areal changes in
sector A usually being the opposite of those observed in sector C for any given period. Average
areal trends in sectors B, C, and D, generally followed the same pattern as total profile areas,
while the average areal trend in sector A followed a separate pattern. Sector A gained the most
area when average lake levels were falling or were stable, while sectors B, C, and D tended to
gain area during periods of rising lake level.
Nearshore Sediment Transport
MC Parameters and Classification
Table 4 summarizes key hydrodynamic parameters and the active zone limits of AC, ME,
and SE conditions averaged across all study sites. Owing to substantially larger average H; and
H. values, ME and SE conditions contain much more wave energy and have substantially larger
R> and DOC values than AC conditions. The R> and DOC values are reported as heights and

depths, respectively, from lake level.
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Paﬁ?r:’:ter AC ME SE
H, (m) 0.22 0.82 2.49
H, (m) 0.69 1.98 5.59
YTp (s) 3.26 4.52 7.28
T, (s) 6.86 6.69 10.44
R, (m) 0.08 0.23 0.62
R, . (m) 0.31 0.51 1.33

DOC (m) 0.47 1.63 4.84

DOC, (m) 1.50 3.89 10.74

Table 4. Averaged wave parameters and active zone limits for AC, ME, and SE MCs. Displays
the mean significant wave height (H), mean effective wave height (H.), mean wave period (7)),
mean effective wave period (7e), mean wave runup height (R2), mean effective wave runup
height (R2, ¢), mean depth of closure (DOC), and mean effective depth of closure (DOC.) for each
morphodynamic condition considered in this paper.

Figure 8 illustrates the seasonal and monthly patterns of changes in the occurrence and
relative dominance of each of the three classified MCs from data averaged across all six study
sites and the corresponding monthly fluctuations in H; values and lake levels. Throughout the
entire study, AC conditions occurred 38.5% of the time, ME conditions occurred 58.0% of the
time, SE conditions occurred 2.9% of the time, and calm conditions with no wave activity

occurred the remaining 0.6% of the time.
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Figure 8. Monthly variations in morphodynamic conditions, wave height, and lake level. Data
averaged across all six study sites shows marked seasonal variation in MCs, H;, and lake level. a)
Presents the seasonal patterns of all three MCs averaged across all study sites. b) — c)
Demonstrate monthly fluctuations in two of the most important hydrodynamic variables which
influence sediment transport: wave height and lake level.

AC conditions are the predominant MC during June, July, and August and drastically
decrease into the fall, winter, and spring months. The rise in AC conditions exhibits the same
trend as seasonal lake level fluctuations (Figure 8c), with the highest mean monthly lake levels
occurring during the summer along with the highest rates of AC conditions. Conversely, ME and

SE conditions have an inverse relationship with AC conditions and mean monthly lake level and

have a noticeably direct relationship with mean monthly Hs values (Figure 8b, ¢). ME conditions
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prevail over 60% of the time October through April. SE conditions, while rarer, also increase in
frequency during the fall and winter months and are extremely rare during the summer months.
Roles of LS and CS Transport

Measurements of change in sector area were used to quantify the role that LS and CS
sediment transport have in both interannual and decadal changes in profile morphology. Sites and
survey periods dominated by LS processes generally have a wider range of total profile areal
change and areal gains or losses in one cross-shore sector will not be balanced with a
corresponding loss or gain, respectively, in another profile sector. Sites or survey periods
dominated by CS processes will tend to maintain the same overall profile area with losses in one
sector being compensated for by a corresponding gain in another sector. Figure 9 displays Lopez-

Doériga & Ferreira’s (2017) LvC index values for this study.
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Figure 9. Profile LvC index values, 1988 — 2021. Displays the LvC index calculated using a
modified version of Equation 2 from Lopez-Doriga & Ferreira (2017). The gray shading
indicates whether a particular LvC index value reflects the dominance of LS or CS processes.

LvC index values exhibit a wide range of temporal variability across all study sites.
While a majority of LvC values (55.5%) are between -0.5 and 0.5 and indicate a relative
dominance of CS processes, all sites show large oscillations across the LvC index range,
indicating fluctuations across time from dominance by erosive LS processes to dominance by
accretionary LS processes. Despite periods of pronounced accretion or erosion due to LS
transport, the net changes in profile area over the entire period for UM14, UM21, UM22, and
UM29 indicate long-term dominance by CS processes with some erosion due to LS processes. At

UMI109, net changes in profile area reflect a dominance by CS processes with some accretion due
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to LS processes. UMO04 is the only study site where the net change in profile area indicates
relative dominance by accretionary LS processes.

Analysis of hourly wave hindcast data during different MCs throughout the study period
yields additional insight into the role of LS and CS sediment transport at each site. Table 5
displays the average wave direction, average angle of wave incidence, the average LS wave
velocity vector magnitude, and the average CS wave velocity vector magnitude during AC, ME,
and SE conditions. Positive and negative values for the LS velocity vector magnitude correspond
to northward and southward directed motion, respectively. Positive and negative values for the
CS velocity vector magnitude correspond to eastward and westward directed motion,

respectively. Figure 10 displays the average wave vectors during AC, ME, and SE conditions.

MC Cha;’:&‘éﬁisﬁcs UMO04  UMI14  UMI19  UM21  UM22  UM29

4 () 34152 29001 29632  293.15  293.15  278.75

AC g, (°) 7648  49.99 54.68 47.85 47.85 68.75
LS 7 (mfs) -0.81 1.72 -1.09 1.23 1.23 0.75
CS & (mhs) 3.38 2.05 1.55 1.36 1.36 1.94

4 () 31524  259.00  268.19 26345 26345 27535

e g, (°) 77.24 81.00 82.81 77.55 77.55 65.35
LS 7 (mis) 0.77 -0.64 -0.41 -0.74 -0.74 1.46
CS 7 (mis) 3.42 4.07 3.25 3.33 3.33 3.19

4 () 33191  259.69  271.96 26427 26427  290.20

- g, (°) 86.09 80.31 79.04 76.73 76.73 80.20
LS 7 (ms) -0.74 -1.48 1.2 -1.57 .57 1.22

CS & (mhs) 10.85 8.66 6.30 6.65 6.65 7.04

Net LvC Index 0.84 -0.36 0.21 -0.14 -0.33 -0.48

Table 5. Average wave directions and velocities associated with trends in LS/CS sediment
transport. Displays long-term averages of several key variables related to the dominance of LS
and CS processes across the three morphodynamic conditions (MCs) at each study site. 8 is the
average wave direction. @, is the wave incidence angle. LS © is the mean LS wave velocity
vector magnitude and CS v is the mean CS wave velocity vector magnitude.
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Figure 10. Average wave vectors under different morphodynamic conditions. The length of the
arrows symbolizing the wave vectors corresponds to their relative magnitude. Overall, erosive
waves tend to approach the shoreline at more direct perpendicular angles than accretionary
waves.
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With the exception of UMO04, the angle of wave incidence is more oblique to the
shoreline during AC conditions than during either ME or SE conditions. Consequently, the
magnitudes of the LS and CS vectors are more closely matched during AC conditions indicating
that LS transport likely has a more pronounced role in accretionary processes in the upper
nearshore. During ME or SE conditions, waves tend to approach the shore at more direct angles,
with no mean wave incidence angle being more than 25° from directly perpendicular to the shore
for ME conditions and no more than 14° from directly perpendicular to the shore for SE
conditions. These more direct angles of approach cause more wave energy to be directed in the
CS direction during erosive wave conditions.

Sediment Mobility Across Profile Sectors

A final metric used to evaluate the role of different nearshore processes was a measure of
the likelihood of sediment mobilization and transport during each MC within different profile
sectors. Figure 11 displays the mean sediment mobilization likelihood by sector at each study
site. On average, sediments in sector A can be mobilized by wave conditions 50.2% of the time,
sediments in sector B can be mobilized 81.7% of the time, sediments in sector C can be
mobilized 32.8% of the time, and sediments in sector D can be mobilized only 0.9% of the time.
The vast difference in mobilization likelihood accounts for higher variability in profile elevations
in sectors A through C and suggests that most sediment transport at any given location takes
place well above the DOC. for these study sites.

Due to a smaller range between DOC and R limits, AC conditions predominately have
the potential to initiate sediment transport in profile sectors A and B. Across all study sites, AC
conditions only mobilize sediment in sector C an average of 1.5% of the time (Figure 11). In

contrast to AC conditions, ME conditions are the most common set of conditions and also the
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predominant conditions which mobilize sediment across sectors A, B, and C. Because of the
greater wave heights associated with these conditions, a much greater portion of the profile can
be mobilized by ME conditions than by AC conditions. SE conditions occur very rarely, but they
are the only MC which can mobilize all profile sectors and the only MC able to mobilize
sediment across the deeper portions of nearshore bars in sector C and on the outer profile slope
in sector D.

Figure 12 shows an example with the 2021 profile from UMO04 of how the calculated

sediment mobility likelihood curves and the DOC, and R, , limits for each MC can be used in
tandem to depict regions of potential transport across profile sectors. Appendix D contains mean
sediment mobilization likelihood graphs for each study site. At UMO04, both the graphs of the AC
mean sediment mobility rate (Figure 12a) and the AC active zone plotted on the 2021 profile
(Figure 12b) indicate that accretionary waves generally only act on areas between 90-190 m
lakeward from the survey benchmark. As was seen in Figure 11, AC conditions predominately
mobilize sediment in sectors A and B. By contrast, ME conditions can mobilize sediment in
sectors A, B, and C and SE conditions can mobilize sediment across all profile factors. However,
sediment in sectors C and D is mobilized substantially less in comparison to sectors A and B and
is typically mobilized only by wave conditions that are more likely to lead to erosion and net

offshore transport of sediment.
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Figure 11. Mean sediment mobilization likelihoods by profile sector. Graphs show how often
sediment within each profile sector under each MC. Because of the low magnitude of sediment
mobilization potential in sector D at most sites, the bar is barely visible in a), b), e), and f).
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Figure 12. UM04 mean sediment mobilization likelihood and active sediment transport zones,
2021. Example from UMO04 of how the three different MC states interact with and are distributed
along observed profile morphology. a) Displays the mean sediment mobilization likelihood
curves across all four profile sectors. b) — d) Display where those curves are located along the
2021 profile at UMO04. Sediment within the active zone of each MC (between the effective DOC
(DOC, ) and the effective wave runup R, ,) has a high likelihood of being placed in suspension
and transported when those conditions prevail throughout the year.
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Discussion

The findings reported in this study quantitatively document relationships between
nearshore sediment transport and potential beach recovery on the eastern coast of Lake Michigan
on annual to decadal timescales. Unlike previous studies in the Great Lakes which have
described individual aspects of beach and nearshore profile morphodynamics on hourly (Davis &
Fox, 1972), event-scale (Greenwood et al., 2006; Houser & Greenwood, 2005b), monthly to
seasonal (Dubois, 1973; Volpano et al., 2022; Weishar & Wood, 1983), or interannual (Davidson-
Armott, 1988; Davidson-Arnott & Bauer, 2021; Davis, 1976; Hands, 1976, 1979, 1981; Saylor &
Hands, 1970; Theuerkauf et al., 2019) timescales, the primary focus of this study was on
exploring multidecadal trends in sediment connectivity across morphologic zones. Beginning to
address this knowledge gap will help to focus future coastal geomorphic change modelling
efforts and to start to develop reasonable beach recovery predictions following periods of high
lake level. The discussion will center around three key topics:

1) multidecadal trends in the relative roles of CS and LS sediment transport,

2) potential nearshore sediment sources for beach recovery, and

3) potential implications of these results for coastal management.
The Long-term Role of LS and CS Sediment Transport

Like most factors in coastal geomorphology, the relative importance of LS and CS
components are both spatially and temporally variable. Taken together, the overall stability of
profile areal measurements, the net LvC index values, the average wave incidence angles, and
the LS and CS wave velocities during different MCs suggest that CS processes have a more
dominant role in shaping the decadal evolution of profile morphology than LS processes at all

study sites except for UMO04.
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While the net change in total profile area at UM04 exceeded 20% over the entire study
period, the smaller net area changes of less than £5.20% at all other study sites are indicative of
relative stability in the coastal profile on decadal timescales associated with a balanced gradient
of LS sediment transport (Lopez-Doriga & Ferreira, 2017). UMO04’s location immediately north
and updrift of a harbor jetty is likely a major contributing factor to the observed multidecadal
trend of accretion. Not only does the jetty act as a barrier to southerly-directed LS transport, but
it also shields the beach from some of the erosive effects of ME conditions because ME waves at
this site approach the profile from an off-perpendicular southerly incidence angle. The proximity
of this site to a major human modification to the coastline in many ways makes UMO04 an outlier
among the other study sites which tends to exhibit intensified or different patterns of areal profile
change.

While overall profile areas remained relatively stable at most of the study sites over the
slightly more than three decades of monitoring, changes in sector and subsector areas fluctuated
widely between surveys. Changes in the area of profile sectors exhibited long-term patterns
which appear to be closely associated with fluctuations in lake level (Figure 7). The large
variability in interannual LvC index values at most sites (Figure 9) is indicative of shifts in the
dominance of LS and CS processes across time. However, for all sites except UMO04, the LvC
index calculated using the net areal change between 1988 and 2021 reflected a multidecadal
trend of the dominance of CS transport. This suggests that all sites except UM04 have a stronger
CS sediment connectivity over several decades, while the profile at UMO04 has a stronger LS
sediment connectivity than CS sediment connectivity.

A final piece of evidence indicating the long-term dominance of CS transport at most of

the study sites is the shore-perpendicular wave approach angle during ME and SE conditions and
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the associated LS and CS wave velocities. Erosive wave conditions generally exert a stronger
control over the CS form of profile morphology than accretionary wave conditions (Thom &
Hall, 1991). When ME and SE waves approach a beach at a nearly 90° angle, there is little wave
refraction during wave breaking and most of the wave energy is dissipated directly onto the
beach, resulting in a stronger undertow that pulls sediment lakeward. Because of the more
perpendicular wave incidence angles during ME and SE conditions, the magnitude of the average
CS wave velocities are often 3 to 10 times the magnitude of average LS wave velocities (Table
5). Taken together, these results indicate most of the erosive energy that reworks profile
morphology occurs in the CS direction as opposed to the LS direction.

While CS processes may be the primary factor shaping long-term changes in profile
morphology, it is essential to note that wave incident angles associated with LS and CS wave
velocities during AC conditions do not follow the same patterns as ME and SE conditions. AC
waves tend to approach at an oblique angle to the shore. Consequently, the relative magnitudes
of average AC LS and CS wave velocities are similar. However, UM04 and UM29 do not follow
this pattern. At both sites, the AC wave incidence angle is less oblique than the other four study
sites (Table 5, Figure 10). The magnitude of CS wave velocities at UM04 and UM29 during AC
conditions is much greater than the magnitude of LS wave velocities. Interestingly, the LvC
index values of these two sites show the greatest long-term trend of the dominance of LS
processes. This is counter-intuitive, as it would make sense to assume that sites with more
perpendicular average angles of wave incidence should display a greater dominance of CS
processes. Both UM04 and UM29 have been modified through human activity and coastal

armoring which likely causes profile behavior to deviate from an anticipated outcome.
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Nearshore Sediment Sources for Beach Recovery

One of the most impactful uses of the results of this study is to assess the location of
potential sources of nearshore sediment for beach recovery following periods of high lake level.
By quantifying where and how often AC, ME, and SE conditions have the potential to mobilize
sediment across the coastal profile, it is possible to assess the likelihood that sediment from one
part of the profile can be transported lakeward during the MCs known to lead to onshore-directed
sediment transport and beach accretion. The long-term nature of the assessment of this study is
crucial because it allows for improved insight into overall trends in beach and nearshore
morphology and improved insight into sediment connectivity between different profile sectors
over multiple cycles of rising and falling lake levels.

While the general concept of varying hydrodynamic conditions shifting the upper and
lower limits of the active zone of the profile has been explored in previous studies (e.g.,
Meadows et al., 1997), the ability to quantify exactly where along the profile the active zone
occurs with different types of MCs without the use of a more complex numerical model allows
for powerful insight into the role of different nearshore sectors in beach erosion and recovery.
Given the results of this study, it appears that these profiles have a greater degree of sediment
connectivity related to offshore-directed sediment transport than onshore-directed sediment
transport. Under AC conditions, usually only sediment from sectors A and B can be transported
onshore. However, under erosive conditions sediments from all profile sectors can be mobilized
and transported offshore. As a result, if sediment is eroded from sector A and carried CS and
deposited in sector C, there is very little likelihood that sediment will be able to make its way

back onto the beach.
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Consequently, it is highly unlikely that much of the sediment stored in deeper nearshore
bars in sector C or in the lower shoreface in sector D can serve as a source for beach accretion
over management-relevant timescales of 1-5 years. However, the nearshore bars in sector C are
well within the activation limits of ME and SE conditions and likely serve as decadal sinks for
eroded material from the beach and the inner nearshore swash bar. These findings suggest that
not only are shallow nearshore sediments essential for short-term beach recovery following
storms (Evans, 1939; Hands, 1984; Houser, 2009; Morton et al., 1994; M. S. Phillips et al., 2015,
2017), but they may also be the most important source of sediment for long-term beach recovery
following periods of accelerated erosion during high lake levels. While the nearshore bars may
not be a source of sediment for beach accretion, nearshore bars do still play an important
morphodynamic role in protecting accretionary gains in beach sediment by causing larger waves
to break and dissipating wave energy which protects beach sediment from direct exposure to the
most energetic wave conditions.

There are other potential mechanisms besides the ones used to classify AC conditions in
this study which could lead to onshore transport of nearshore bar sediment such as velocity and
acceleration skewness and infragravity waves (Aagaard & Greenwood, 1994; Elgar et al., 2001;
Hoefel & Elgar, 2003). However, these alternate mechanisms have highly site-specific impacts
and are difficult to parameterize quantitatively.

In general, AC conditions do not have the potential to mobilize sediment from sector C in
a manner which would meaningfully contribute to beach accretion or dune growth. The site with
the highest potential rate of onshore transport under AC conditions in sector C was UM19, which
had a potential sediment movement rate of 5.2%. Given the dominance of ME conditions in this

sector, this amount of AC time is likely too short to contribute meaningfully to beach accretion or
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dune growth. While Olson (1958) originally speculated that nearshore bars had an important role
to play in dune growth by dissipating wave energy and serving as a source of sediment for
onshore-directed transport, it is doubtful sediment from sector C would serve as a major source
of sediment for dune growth along Great Lakes shorelines. The maximum measured profile areas
in sector A at most study sites occurred during the 2008 and 2012 surveys when lake levels
remained below average levels for an extended period of time. As a result of increased sediment
supply and longer beach widths, more sediment was likely available for acolian transport and
dune building processes between 2000 and 2012. However, lake level would likely have to drop
farther down than the anomalous low levels observed between 2000 and 2012 and remain at
lower levels, instead of rising rapidly as they did between 2013 and 2020, for sediments located
in nearshore bars to be able to be mobilized by AC conditions and transported onto the beach
where the sediment could then be transported via aeolian processes into coastal dunes.
Investigating other potential mechanisms for the onshore-directed transport of nearshore and
lower shoreface sediments onto the beach and into dunes will likely remain a critical research
area in the future (Aagaard et al., 2004; Anthony & Aagaard, 2020).
Implications for Coastal Management

Mitigating the impacts of shoreline erosion is often the primary goal for coastal zone
management (Dobie et al., 2022; Lawrence, 1997; Smith & Houser, 2022). Historically, the
dominant strategy to combat coastal erosion and protect infrastructure in the Great Lakes has
been to harden or armor the shoreline through the use of seawalls, jetties, groins, and rip-rap
revetments (Clark et al., 2013; Lino Grima, 1993; Rovey & Borucki, 1994). Periods of high lake
level and accelerated coastal erosion, such as those experienced from 1985 to 1986 and from

2013 to 2020, are associated with an increased number of shoreline stabilization and armoring
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projects (Department of Environment, Great Lakes, and Energy, 2021; House, 2020). While
these structures can slow erosion in the near-term, shoreline armoring interrupts natural sediment
transport gradients by decreasing the amount of sediment available for transport in littoral drift
and accelerating erosion at the base and along the edges of the armored structure (Branham et al.,
2021; Ewing, 2015; Kittinger & Ayers, 2010; Lin & Wu, 2014; Scyphers et al., 2020; Wood,
1988).

A decrease in sediment availability in LS littoral drift and the scouring of the lakebed at
the base of seawalls and revetments is likely to limit future rates of beach recovery. A decrease in
sediment availability via littoral drift will substantially reduce a key sediment source for AC
waves in sector B and consequently slow the rate of beach accretion during calm conditions.
Additionally, because hardened coastal structures reflect incident wave energy downward
towards the lakebed instead of dissipating it over a more gently sloped shoreface, the lakebed at
the base of the structure is eroded at an accelerated rate. Deepening of this area of the profile
would further decrease the amount of time AC waves could mobilize sediment for onshore-
directed sediment transport because the sediment in the upper nearshore in sector B would be
much closer to the DOCe limit for AC conditions. By reducing the total sediment able to be
mobilized during AC conditions through modifying LS littoral sediment drift and lowering the
elevation of the inner nearshore swash bar, the current prevailing strategy to manage coastal

erosion could be facilitating more severe erosion in the future.
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Conclusion

The methods developed in this study hold promise for future applications in other regions
of the Great Lakes or on marine coasts for scalable quantitative assessments of coastal
morphodynamics and sediment connectivity. These methods are more accessible than complex
numerical modeling approaches and can be applied in any location with a series of profile
observations and contemporaneous wave hindcast and water level records. Some possible
directions for future research aimed at predicting beach recovery include advancing the
knowledge of swash zone morphodynamics, quantifying how much sediment eroded from the
beach during erosive conditions is deposited within the inner nearshore swash bar and thus
mobilizable during onshore transport under accretionary conditions, and studying how the CS
displacement of nearshore bars may support beach recovery through dissipating incoming wave
energy by shifting the location of the breaker line for high-energy waves farther offshore.

The findings of this study are an important initial step toward better understanding
multidecadal patterns of beach and nearshore sediment transport and sediment connectivity
across the coastal profile in the Great Lakes. Identifying the long-term boundaries of the active
zones of different MCs allows for unique and powerful insight into the role of different profile
zones in beach erosion and accretion. While sediment transport is ultimately the result of LS and
CS processes working in tandem, CS processes appear to drive most of the long-term changes in
profile morphology at the sites examined in this study. This finding suggests that future modeling
studies of beach erosion and recovery should particularly focus on CS sediment transport
patterns. Although sediment from the subaerial beach can be eroded and deposited offshore in the
swash bar, in nearshore bars, or beyond nearshore bars towards the lake basin, only sediment

contained in very shallow swash bars and storm ridges in the inner nearshore can meaningfully
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contribute to near-term and long-term beach recovery. While onshore and offshore migration of
nearshore bars was documented throughout the study period, they rarely became shallow enough
to serve as a direct source of sediment for beach recovery during accretionary wave conditions.
As a result, the vast amount of sediment stored within or lakeward of nearshore bars during
periods of accelerated erosion associated with high lake levels is likely out of play for future
beach recovery without a dramatic drop in lake levels. These findings provide quantitative
confirmation of the critical importance of inner nearshore swash zone sediments and processes in
beach recovery.

Given the importance of swash zone sediment transport for beach recovery, this study
also highlights how increased coastal armoring throughout the study area could impact beach
recovery in the future. Decreasing sediment transport via littoral drift in the inner nearshore and
deepening the profile in front of armored coastlines via increased wave scour will decrease
sediment availability within the active zone for accretionary conditions which lead to onshore-
directed sediment transport. These changes will likely lead to slower beach recovery rates which
will increase future coastal vulnerability to erosive events and further endanger existing coastal
infrastructure. To protect the ecological and socio-economic value of eastern Lake Michigan’s
sandy beaches, researchers, coastal managers, and property owners need to begin to consider and
plan for a future where beach recovery following periods of elevated lake level will be much

slower or perhaps not even possible in some areas due to extensive armoring.
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APPENDIX A: WAVE INFORMATION STUDY STATION INFORMATION

Primary
. Station .
Primar Primary Primary I)Sl;l;ltli?)l;ly Distance I\I_/;:)Ss;lllg
Site ATY  Station Station Offshore Secondary y
Station . . Water . Records
ID Latitude Longitude from Station IDs
ID o o Depth (1988-
(°N) (°W) (m) Survey 2021)
m Benchmark
(km)
94449, 94450,
94450,94453,
UMO4 | 94456 4188  86.80 29 074  garad sl 3.58%
94463, 94466,
94467
94408, 94409,
94410, 94411,
UM14 | 94413 43.12 86.36 39 6.93 94412,94413,  2.79%
94414, 94415,

94416,94417

94383,94384,

UM19 | 94387 43.92 86.52 23 5.73 94385,94386,  1.95%
94388, 94389

94383, 94384,

UM21 | 94386 43.96 86.52 16 4.75 94385,94387,  1.95%
94388,94389

94383,94384,

UM22 | 94386 43.96 86.52 16 4.73 94385,94387,  1.95%
94388,94389

94368,94369,
94370,94371, o
94373,94374, 1.68%
94375,94376

UM29 | 94372 44.32 86.36 30 4.96

Table 6. Wave Information Study (WIS) station information. Table provides additional details for
the WIS station data used in this study. Hourly records between 1/1/1988 and 12/31/2021 were
downloaded for all primary and secondary stations. Gaps in the records of the primary station
were filled using the average of available data from secondary stations adjacent to the primary
station for each study site. The “Missing Hourly Records (1988-2021)” column shows the
percentage of hourly records still missing at each site after using this technique to fill gaps in the
primary station record.
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APPENDIX B: EXAMPLE OF CLIPPED COASTAL PROFILES
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Figure 13. Example of unclipped and clipped profile extents from UMI14. Displays the full length
of all ten coastal profiles surveyed at UM14. Profiles were clipped to their maximum shared
common extent to ensure data comparability across the entire study period.
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APPENDIX C: PROFILE SECTOR AND SUBSECTOR CLASSIFICATION
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Figure 14. Classification of cross-shore profile sectors based on standard deviations of profile
elevations. Figures display the sector and subsector boundaries identified at each study site.
Sector boundaries are shown at nodes between the major profile morphological zones. Subsector
boundaries are placed at smaller nodes which occur within major sectors before a transition to a
different sector type.
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Figure 14 (cont’d)
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APPENDIX D: MEAN SEDIMENT MOBILIZATION LIKELIHOOD
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Figure 15. Mean sediment mobilization likelihood across all study sites. Figures display the

mean sediment mobilization likelihood curves for AC, ME, and SE morphodynamic conditions

for all six study sites. These likelihoods are calculated by averaging the amount of time each
location along the surveyed coastal profile was within the active zone for sediment transport
during each MC over each of the nine study periods. Overall, profile sectors A and B have the
highest overall mobilization likelihoods, while ME conditions are the most common MC. AC

mobilization likelihoods are highest in sectors A and B, indicating that onshore-directed sediment

transport during conditions conducive to beach recovery likely mobilizes shallow sediments

contained in these sectors.
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Figure 15 (cont’d)
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Figure 15 (cont’d)
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