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Factors controlling longshore variations of beach changes
induced by Tropical Storm Eta (2020)
along Pinellas County beaches, west-central Florida
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ABSTRACT

Tropical Storm Eta impacted the coast of west-central Florida from 11 November
to 12 November 2020 and generated high waves over elevated water levels for over
20 hours. A total of 148 beach and nearshore profiles, spaced about 300 m (984 ft)
apart, were surveyed one to two weeks before and one to eight days after the storm to
examine the beach changes along four barrier islands, including Sand Key, Treasure
Island, Long Key, and Mullet Key. The high storm waves superimposed on elevated
water level reached the toe of dunes or seawalls and caused dune erosion and overwash
at various places. Throughout most of the coast, the dune, dry beach, and nearshore
area was eroded and most of the sediment was deposited on the seaward slope of the
nearshore bar, resulting in a roughly conserved sand volume above closure depth. The
longshore variation of beach-profile volume loss demonstrates an overall southward
decreasing trend, mainly due to a southward decreasing nearshore wave height as
controlled by offshore bathymetry and shoreline configurations. The Storm Erosion
Index (SEI) developed by Miller and Livermont (2008) captured the longshore varia-
tion of beach-profile volume loss reasonably well. The longshore variation of breaking
wave height is the dominant factor controlling the longshore changes of SEI and beach
erosion. Temporal variation of water level also played a significant role, while beach
berm elevation was a minor factor. Although wider beaches tended to experience
more volume loss from TS Eta due to the availability of sediment, they were effec-
tive in protecting the back beach and dune area from erosion. On the other hand,
smaller profile-volume loss from narrow beach did not necessarily relate to less dune/
structure damage. The opposite is often true. Accurate evaluation of a storm’s severity
in terms of erosion potential would benefit beach management especially under the
circumstance of increasing storm activities due to climate change.

torms can cause tremendous de-
S struction in coastal regions, such as

substantial beach and dune erosion,
coastal infrastructure damages, and hu-
man life losses. Due to accelerated global
sea level rise and increasing frequency
and intensity of storms (Griggs and
Patsch 2019), coastal communities are ex-
pected to become more vulnerable in the
near future. Along the U.S. Gulf Coast,
many low-lying beaches associated with
barrier islands are highly susceptible to
extreme storm impacts (Jose et al. 2019;
Wang et al. 2020). For the State of Florida,
beaches and dunes are especially impor-
tant in term of social economics as well
as natural habitats (Houston 2018). There
exists an urgent need to comprehensively
and accurately assess a storm’s severity in
terms of its erosion potential.

In general, storm-induced beach
and dune erosion is controlled by two

categories of factors. The first category is
associated with the property of the storm
(i.e. the driving mechanism). Typical
storm factors include the center pres-
sure and wind speed, the size and move-
ment speed of the entire system, and the
storm track. These factors determine the
heights of storm waves and storm surge,
the aerial extent of storm impact, and its
duration. The second category relates to
the responding environment — beach and
dune, in this case. Typical beach and dune
factors include: 1) general geological set-
ting that controls the shoreline orienta-
tion, sediment size, and rock outcrop in
the vicinity of shoreline; 2) width and
height of the beach; 3) width, height, and
continuity of the dune field; 4) presence
or absence of nearshore sandbar; and 5)
characteristics of nearshore and offshore
bathymetry. These factors control not
only how the beach and dune respond
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to storm impact but also how the storm
forcing (e.g. waves and surge) behaves in
the vicinity of the shoreline.

The most broadly used classification
for tropical storms is the Saffir-Simpson
scale (Saftir 1977; Simpson 1971), which
ranks hurricanes into five categories, in
addition to a tropical storm category
and a tropical depression category. The
Saffir-Simpson scale only considers
one meteorological characteristic of
the storm, namely the center pressure
which is closely related to the maximum
wind speed. Because most of the storm-
beach factors as discussed above are not
considered in the Saffir-Simpson scale,
its application in assessing beach-dune
impact is quite limited and can only
provide a very general correlation. Sal-
lenger (2000) developed a storm impact
scale specifically for barrier-island coast
by evaluating peak storm surge level
relative to two elevations describing dune
morphology (i.e. the dune toe and dune
crest). The Sallenger (2000) scale has
been broadly used in both qualitative
(Claudino-Sales et al. 2008, 2010; Wang
et al. 2006; Wang and Horwitz 2007) and
quantitative (Roelvink et al. 2009) assess-
ments of morphologic response of barrier
islands to storm impact in the forms of
beach erosion, dune erosion, beach/dune
overwash, or barrier-island inundation.

The Saffir-Simpson and Sallenger
(2000) Scale evaluate the storm strength
based on 1-min sustained wind speed
(Schottet al. 2012), and peak storm surge,
respectively. The duration of energetic
conditions, which plays an essential role
in eroding beach and dune, is not consid-
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Figure 1. Study area: the beach of Sand Key, Treasure Island, Long Key, and Mullet Key barrier islands along the

coast of west-central Florida (map source is Google Earth).

ered by both scales. To more accurately
account for storm energy, Miller and
Livermont (2008) proposed a Storm Ero-
sion Index (SEI) that includes storm wave
and storm surge, as well as storm dura-
tion. The SEI has been applied at various
locations worldwide — including New
Jersey (Lemke and Miller 2020), Gulf
of Mexico and Atlantic coast of Florida
(Wehof et al. 2014), and Spain (Villatoro
et al. 2014) — with the goal of linking
beach-volume loss (or shoreline retreat)
with the SEI at a spatial scale of tens of
kilometers. In this study, we attempt to
apply the SEI to interpret spatial varia-
tion of beach-dune erosion as caused by
Tropical Storm Eta at a scale of several
hundred meters (a few thousand feet).

In general, it can be argued that storm
factors such as wind, wave and surge
are easier to quantify than beach factors
through field measurements and numeri-
cal modeling. In comparison to storm
factors, beach-dune factors typically
demonstrate greater spatial variations
as controlled by more factors, some of
which such as background geological
setting cannot be numerically modeled.
Therefore, most storm-impact classifi-
cations including the three introduced
above emphasize storm factors more than
beach factors.
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Detailed field measurements have
demonstrated that storm-induced beach-
profile changes along barrier islands are
characteristic of substantial spatial varia-
tions as influenced by, e.g. the presence or
absence of the nearshore sandbars, gentle
or steep foreshore slopes, wide or nar-
row back beaches, etc. These changes in
morphologic conditions can occur along
a barrier-island coast at a spatial scale of
hundreds of meters (a few thousand feet)
(Roberts and Wang 2012; Brutsche et al.
2014; Ojeda et al. 2011; Vidal-Ruiz and
Ruiz de Alegria-Arzaburu 2019). Since
beach nourishment, which has a spatial
scale of hundreds to thousands of meters
(thousands to tens of thousands of feet),
has become a common practice, it would
be valuable to investigate the potential
of the Miller and Livermont (2008)
Storm Erosion Index (SEI) in identifying
longshore variations of storm-induced
beach-dune erosion at a spatial scale of
hundreds of meters. The data collected by
this study allows the application of the SEI
at amuch finer spatial scale, as compared
to the previous studies.

The barrier islands of west-central
Florida, a low wave-energy coast fac-
ing the Gulf of Mexico, experienced the
impact of Tropical Storm (TS) Eta in
November 2020. The high storm waves
superimposed on elevated water level

reached the toes of dunes and impacted
various sections of seawall. This study
examines the beach morphodynamics
associated with this storm event, with the
goal of answering the following questions:
1) What are the longshore variations of
beach volume changes induced by TS Eta?
2) Can the longshore variations of beach
changes be predicted by the Miller and
Livermont (2008) SEI? 3) What are the
major controlling factors for the long-
shore variations and are they captured by
the SEI? These questions are addressed
here based on pre-and post-Eta beach-
profiles spaced at 300 m (984 ft) along
four barrier islands along the coast of
west-central Florida.

STUDY AREA

The west-central Florida coast is
composed of an extensive barrier island
chain, including both wave-dominated
and mixed-energy barrier islands (Davis
and Barnard 2003). Sand Key (Figure 1),
the longest barrier island along this coast,
is bound to the north by Clearwater Pass
and to the south by John’s Pass. Both
inlets are mixed-energy with relatively
large ebb-tidal deltas (Gibeaut and Davis
1993). Complex tidal inlet processes have
significant influences on beach morpho-
dynamics at the two ends of the barrier
island (Roberts and Wang 2012). The
Sand Key barrier island has an overall
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shoreline orientation change of 65° from
northwest-facing to southwest-facing,
controlled by antecedent geology. The
stabilized wave-dominated migratory
Blind Pass (Wang and Beck 2012) inlet
separates Treasure Island to the north
and Long Key to the south (Figure 1).
Long Key is bound to the south by Pass-
A-Grille inlet, which is one of the sec-
ondary inlets entering the greater Tampa
Bay. Complex tidal inlet processes have
significant influences on the adjacent
beaches (Beck and Wang 2019). The
southmost barrier island studied here,
Mullet Key (Figure 1), is bounded to the
north by Bunces Pass and to the south by
the main entrance (the Egmont Channel)
to Tampa Bay.

In order to mitigate the chronic ero-
sion along this coast, beach nourishment
projects have been conducted at the
beaches along these barrier islands over
the past 30 years and have been mostly
successful (Davis et al. 2000; Elko and
Wang 2007; Roberts and Wang 2012).
The northern three barrier islands (Fig-
ure 1) are highly developed and densely
populated, with hard structures such as T-
groins, jetties, and seawalls in the vicinity
of the shoreline. In contrast, Mullet Key,
located at the southern end of the study
area, is a county park and has relatively
little human alterations, although two
beach nourishment projects were con-
ducted at the southern end, one in 1973
and one in 2006 (Sandoval 2015; Westfall
2018). Mullet Key is a hook-shaped bar-
rier island situated just to the north of the
mouth of Tampa Bay, with one side facing
the Gulf of Mexico and the other side fac-
ing the Tampa Bay main channel (Figure
1). As Mullet Key is directly landward of
the large Tampa Bay ebb tidal delta, the
slope of the offshore region is consider-
ably gentler than those of barrier islands
to the north.

Along the four studied barrier islands,
offshore sand ridges, ebb-tidal deltas,
and ancient ebb-tidal deltas from closed
inlets introduce bathymetry variations of
the inner continental shelf (Figure 1 left
panel). The configuration of the shoreline,
particularly the presence of the broad
headland, and the offshore bathymetry
can cause a significant longshore varia-
tion of incident wave height and angle
(Cheng and Wang 2018; Wang et al.
2020). As discussed in the following, the
SEI is a strong function of wave height,
therefore, in order to accurately assess
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Figure 3. Measured wave and tide conditions associated with the passage
of TS Eta: A) predicted and measured water level illustrating the storm
surge generated by TS Eta; B) significant wave height and dominant wave

direction; and C) dominant wave period.

the erosion potential of a storm, long-
shore wave-height variations should be
captured with adequate spatial resolution.

The west-central Florida coast is a low
energy environment with a tidal range of
less than 1.2 m and averaged nearshore
wave height of less than 0.3 m (Wang and
Beck 2012). Waves are typically sea type
generated by local winds. Higher waves
are often associated with the passages of
cold fronts every couple of weeks during
the winter and occasional passages of
tropical storms in the summer. The sum-

Shore & Beach ® Vol. 89, No. 2 B Spring 2021

mer season is characterized by typically
small waves except during rare passages
of a tropical storm. Most tropical storm
impacts during the study period were
associated with proximal passages of
the storm as it moved across the Gulf
of Mexico. Prior to TS Fta, the last two
proximal passages of tropical storms in-
cluded Hurricane Hermine in September
2016, and Hurricane Irma in September
2017 (Chengand Wang 2019). Sediments
along the west-central Florida coast are
bimodal, composed of siliciclastic and
carbonate fractions. The siliciclastic com-
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Figure 4. Wave field during the peak of TS Eta as simulat by CMS-Wave,
with an input wave height of 4 m at the seaward boundary.

ponent is primarily fine quartz sand with
a mean grain size of roughly 0.16 mm.
The carbonate fraction is mostly shell
debris of various sizes. Mean grain size in
the study area varies typically from 0.15
mm to 1.0 mm, controlled by the varying
amounts of shell debris.

METHODS AND MATERIALS

This study involved pre- and post-
storm beach profile surveys and numeri-
cal modeling of wave field associated with
TS Eta. The Storm Erosion Index (SEI)
developed by Miller and Livermont
(2008) was applied to assess longshore
variation of beach erosion. In the fol-
lowing, the field and modeling methods
are discussed.

Beach profile survey and analysis

Beach-profile surveys were conducted
from 23 October to 8 November 2020,
or less than two weeks before the storm,
and from 13 November to 20 November
2020, or one week after the storm. A
total of 148 beach profiles were surveyed
along the coast, spaced approximately
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300 m (984 ft) apart in the longshore di-
rection at the R-monuments established
by the State of Florida. The survey lines
roughly extended across shore to the
short-term closure depth, approximately
at -3 m NAVD88 in this area (Wang and
Davis 1999). This closure depth has held
reasonably well during the passage of TS
Eta, as well as during several previous
similar storms such as Hurricane Her-
mine in 2016 and Tropical Storm Debby
in 2012, as indicated by the converging
pre- and post-storm beach profiles near
the seaward end of the survey. The 148
beach profiles span along the four barrier
islands, including Sand Key (R55-R124),
Treasure Island (JP1, R127-R143), and
Long Key (LK1B-LK6, R160-R165), and
Mullet Key (FD1-FD 28).

It is important to quantify and under-
stand storm-induced changes in different
parts of a dune-beach-sandbar system.
Beach-profile volume changes caused by
TS Eta were calculated using the Regional
Morphology Analysis Package (RMAP)
developed by the U.S. Army Corps of

Engineers. Beach-profile volume changes
were computed over four zones across
the shore, as illustrated in Figure 2, using
profile R80 as an example. The four zones
are as follows:

1) The dune field volume change is
represented by that above 1.3 m (4.3 ft)
NAVDS88 elevation. The seaward edge
of the dune field as identified based on
vegetation demonstrates some longshore
variation. It is acknowledged here that
the arbitrary 1.3 m (4.3 ft) elevation may
deviate slightly from the dune edge at
some locations.

2) The dry beach zone is defined here
as that between 0.3 m (1.0ft), or roughly
the high tide level, and 1.3 m (4.3 ft)
NAVD88 (Figure 2). This is the part of
the beach that typically draws most public
attention and is therefore of particular
interest to coastal managers.

3) The entire zone of dune-beach-
nearshore erosion is defined from the
landward survey limit (in the dune field
or on the seawall where dunes are absent)
to the nearshore location where the pre-
and post-storm profiles crossed each
other. In the case of profile R80, overall
sand volume loss (including sand loss
from the dune, the dry beach and the
nearshore) was calculated as the changes
landward of approximately 110 m (361 ft)
distance, where erosion mostly occurred
(Figure 2).

4) Offshore zone of sand gain is de-
fined from the nearshore location where
the pre- and post-storm profiles crossed
each other to the short-term closure
depth. In the case of the example profile
R80, volume gain over the sandbar was
calculated as the changes seaward of 110
m (361 ft), where accumulation mostly
occurred.

Wave modeling

In order to investigate the cause of
longshore variations of beach erosion/
accretion, the nearshore wave fields dur-
ing the storm conditions were simulated
using the CMS-WAVE model (Lin et al.
2011). The CMS-WAVE model has been
calibrated and applied in the greater
study area (Wang and Beck 2012; Beck et
al. 2020). A rather fine resolution of the
numerical model grid of 10 m x10 m (33
X 33 ft) was used to ensure accurate rep-
resentation of nearshore wave conditions.
The bathymetry data of ebb tidal deltas
and seaward of the short-term closure

Shore & Beach B Vol. 89, No. 2 ® Spring 2021



depth to approximately 1 km (0.62 mi)
from the shoreline were collected by this
study using a ship-mounted single-beam
echo sounder synchronized with an RTK-
GPS. The pre-Eta beach profiles were used
to represent the bathymetry landward of
the short-term closure depth. The wave
measured by a NDBC gauge at station
42098 (Figure 1 left panel) was used as
input offshore boundary condition. The
computed wave heights were extracted
at 38 selected beach-profile locations at
seaward slope of the nearshore sandbar to
represent the breaking wave height (H,).

In order to determine the duration of
the storm, the 95" percentile of a time-
series of significant wave heights or the
99.9% percentile of water level was used
as a threshold value for storm events. The
same statistical values were suggested by
Lemke and Miller (2020). To avoid miss-
ing the duration of the storm with low
wave but high surge, or high wave but low
surge, the longer duration determined
by the threshold values of wave and tide
was adopted as suggested by Lemke and
Miller (2020). A sufficiently long record
is necessary for the computation of the
95t percentile of wave height and 99.9*
percentile of water level. As the NDBC
wave gauge station #42098 was opera-
tional for only a few years, the computed
waves extracted from the WAVEWATCH
III model at the same location as the
NDBC for a 14-year period from 2005
to 2019 was used. The 95" percentile
of the wave height of the time-series of
WAVEWATCH III data is 1.7 m (5.6
ft). Cheng and Wang (2018) found that
the modeled wave height is on average
1.2 times lower than the measured wave
height, the 95" percentile wave height of
1.7 m (5.6 ft) was therefore multiplied by
1.2. Thus, a threshold of 2 m (6.6 ft) wave
height is determined as the threshold for
storm waves. Based on the 2 m (6.6 ft)
wave height threshold, the duration of TS
Eta was 20 hours. However, based on the
computation of 99.9" percentile of mea-
sured water level at NOAA Clearwater
Beach tide station (Figure 1 left panel)
from 2006 to 2019, the threshold value of
water level is 0.87 m (2.9 ft), which results
in a storm duration of 6.5 hours. Thus, the
longer storm duration of 20 hours based
on the 95" percentile of wave height is
used in this study for the calculation of
SEL It is worth noting that the 2-m (6.6-
ft) wave height threshold was applied at
the offshore boundary of the wave model,
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Figure 5. Examples of beach-profile changes induced by TS Eta: A) R74 at
northern Sand Key; B) R149 at the middle of Long Key; C) R130 at northern
Treasure Island; D) R109 at southern Sand Key; E) R140 at southern Treasure
Island; and F) FD25 at southern Mullet Key.

which was defined at the location of the
NOAA wave Station 42098; the nearshore
storm wave height as computed by the
CMS-WAVE model is considerably lower
than 2 m (6.6 ft).

Computation of the Miller and
Livermont Storm Erosion Index (SEI)
To calculate the storm erosion poten-
tial (SEI), we used the equation, devel-
oped by Miller and Livermont (2008).

SEI=YIEI(t) = 3{W.(1)[0.068H,(t)+S(t)/
B+1.28H,(t)1} (1)

where IEI refers to Instantaneous Ero-
sion Index. The duration of the storm
is accounted for by summing the IEI
over the period when the storm wave
criterion was met. W, is the width of the

Shore & Beach ® Vol. 89, No. 2 B Spring 2021

active surf zone, H, is the depth limited
breaking wave height. In this study, the
H, is determined directly from the CMS-
Wave model. S is the water level, which
is obtained from the NOAA measured
water level at the Clearwater Beach
gauge, which is located just to the north
of the study area (Figure 1 left panel). It
is assumed here that the level of storm
surge did not change significantly over a
distance of 40 km. B is the berm height,
determined from the measured pre-storm
beach profile. The width of the active surf
zone (W) depends on the breaking wave
height (H,), computed based on Miller
and Livermont (2008) as

W. = (h/A)" (2)
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Figure 6. Examples of dune erosmn and overwash deposit mduced by TS Eta.

where A is the sediment scale parameter,
which is 0.15 m ' for this study area
(Wang and Davis 1999). The water depth
at the breakpoint h, is calculated based
on H,=0.8h, The tlme series of breaking
wave helght (H ) for the 38 representative
beach profile locatlons were extracted at
the seaward slope of sandbar from the
modeled wave field for the computation
of SEI using Equation (1).

RESULTS
Hydrodynamic conditions and
typical beach-profile changes

The water level variations measured
at NOAA Clearwater Beach tide station,
illustrate a sustained storm surge above
1.0 m (3.3 ft) for a few hours (Figure 3).
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The wave conditions were measured at
NOAA NDBC Station 42098, about 30
km (19 miles) south of the study area
(Figure 1). The high storm waves ap-
proached dominantly from the south
with the highest measured significant
wave height reaching 4.0 m (13.1 ft), and
peak wave period reaching 11 s (Figure
3). Driven by the strong southerly wind,
a northward flowing longshore current
was observed in the field during the
storm. In general, TS Eta generated waves
that are up to 10 times higher than the
average wave conditions along this coast,
and with a much longer wave period of
roughly 11 s versus the average period of
5. The CMS-WAVE model simulated the

time-series of wave field when the wave
height at the offshore domain boundary
was greater than 2.0 m (6.6 ft), defined
here as the threshold of storm waves. A
snapshot of the modeled wave field at the
peak of the storm is illustrated in Figure
4. The wave height along northern Sand
Key is greater than that along southern
Sand Key, Treasure Island and Long Key.
Sheltered by the great Tampa Bay ebb
tidal delta, the nearshore wave height
along Mullet Key is substantially lower
than that along the three barrier islands
to the north (Figure 4).

Considerable longshore variations of
beach-profile changes were measured. Six
representative example beach profiles are
shown in Figure 5. In general, sand loss
occurred in the dune field, on the dry
beach, and in the nearshore zone, while
sand gain occurred over the nearshore
bar, particularly on the seaward slope of
the sandbar. At most of the profile loca-
tions, the sand bar was moved offshore by
the storm. This general pattern of beach
changes is illustrated using profile R74
located on northern Sand Key as an ex-
ample (Figure5A). At some beach profile
locations, especially those with a wide
pre-storm back beach, a storm berm was
formed. This is illustrated using profile
R149located on Long Key island as an ex-
ample (Figure 5B). Part of the back beach
gained sand resulting in an overall higher
elevation at the storm berm. Substantial
erosion typically occurred on the dry
beach and in the nearshore area in this
case, with part of the eroded sand depos-
ited in the form of a storm berm. For this
example (Figure 5B), sand volume gain
occurred on the dry beach between 60
m (197 ft) and 80 m (263 ft) (cross-shore
distance) due to the washover deposits.
Profile R130located on Treasure Island is
another example profile with a wide pre-
storm back beach. Although considerable
erosion occurred at the beach and in the
nearshore, the dune field that is quite
far from the shoreline was intact due to
the protection from the wide pre-storm
beach (Figure 5C).

Along sections with a narrow pre-
storm beach backed by a seawall, severe
erosion particularly in terms of the
percentage of pre-storm beach width or
volume occurred on the dry beach with
scour in front of the seawall, exposing the
riprap at several locations. In the case of
profile R109 (Figure 5D), used here as
an example, severe scour occurred along
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the exposed seawall, with the entire pre-
storm dry beach eroded. Along sections
with a narrow pre-storm beach, the dune
suffered significant erosion, resulting in
the formation of a high dune scarp or
landward movement of the pre-storm
scarp. In the example case of R140 (Figure
5E), where a dune scarp existed before
the storm, the scarp became higher and
moved landward about 4.0 m (13.1 ft),
along with the erosion of the entire pre-
storm dry beach and severe erosion in the
nearshore. The profile FD25 is located on
Mullet Key (Figure 5F). As compared to
the profiles located on the other barrier
islands to the north, the profile FD25
experienced much less erosion, and
dune field remained largely unchanged
(Figure 5).

Beach-profile volume changes
induced by Tropical Storm Eta

Throughout the four studied barrier
islands, sand volume loss in the dune
field, i.e. above NAVDS88 1.3 m (4.3 ft), is
mostly less than 5 m*/m (2.0 cy/ft). The
high storm waves superimposed on the
elevated water level reached the toe of
dunes at various places and caused some
dune erosion (Figure 6). However, the
overall impact to the dune field is not too
significant due to the relatively low storm
surge of slightly above 1 m (3.3 ft) during
a neap tide and a short storm duration.
Overwash occurred at a few places on the
back beach and in the dune field. Based
on the Sallenger (2000) scale, the impact
of TS Eta was mostly swash regime (Scale
1) with some collision (Scale 2) regime
at places.

Thelongshore averaged profile volume
loss measured above the mean high tide,
i.e. sand loss from the dry beach and
dune field, at Sand Key, Treasure Island,
and Long Key were 12.9 m*/m (5.1 cy/ft),
13.3 m*/m (5.3 cy/ft), and 9.8 m*/m (3.9
cy/ft), respectively (Figure 7 A, B, C). A
large and highly 3-dimensional swash bar
complex (Sandoval 2015) existed at the
northern end of the Mullet Key near the
Bunces Pass, which has significant influ-
ence on the beach-profile changes. It is
beyond the scope of this paper to examine
beach changes in the close vicinity of tidal
inlets. Thus, the beach profiles located at
northern Mullet Key were not included
in the volume calculations. Seven beach
profiles (from FD21 to FD27) located
along the middle and southern portion
of Mullet Key were included (Figure
7D). The longshore averaged volume loss
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Figure 7. Profile volume change above the dune line, above the mean high
tide level, overall erosion and overall deposition on A) Sand Key, B) Treasure

Island, C), Long Key, and D) Mullet Key.
above high tide level at these survey lines
on Mullet Keyis 4.3 m*/m (1.7 cy/ft) (Fig-
ure 7D), which is considerably smaller
than the volume losses at the three barrier
islands to the north. This is related to the
considerably lower incident wave along
the coast of Mullet Key (Figure 4), due
to the wave sheltering by the large Tampa
Bay ebb tidal delta for the southerly
approaching waves, particularly by the
shallow channel margin linear bar along
the Tampa Bay main entrance (Figure 1).

The longshore averaged overall sand
volume loss from the dune, beach and
nearshore exhibits a general southward
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decreasing trend, with the values at
Sand Key, Treasure Island, Long Key and
Mullet Key being 20.5 m*/m (8.2 cy/ft),
18.7 m*/m (7.4 cy/ft),12.0 m*/m (4.8 cy/
ft), and 4.7 m*/m (1.9 cy/ft), respectively
(Figure 7, blue lines). The decreasing
trend of overall volume loss is consistent
with the decreasing trend of the nearshore
wave height along the study area (Figure
4). The highest overall volume loss occurs
at profile locations of R81 to R97 (Figure
7A), around the abroad headland of Sand
Key and directly to the south, where the
nearshore wave is the highest (Figure
4). The overall volume gain mainly at
the seaward slope of longshore bar is
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Figure 8. A) Sensitivity tests on the influence of wave height, water level,
and berm height. B) A statistically significant correlation exists between the
nearshore wave height and overall profile volume loss.

roughly equal to the overall volume loss
at the four barrier islands (Figure 7). It
is worth noting that for Sand Key the
longshore distribution patterns of sand
volume loss and sand volume gain are not
the same (Figure 7A). The sand volume
gain is skewed to the south as compared
to the sand volume loss. Similar trend is
observed at Treasure Island although to
a lesser extent. This southward skew of
sand gain may be related to the southward
decreasing wave height, although the net
longshore transport direction during the
storm was towards the north.

Overall sand volume loss and gain
Almost the entire stretches of Sand
Key, Treasure Island, and Long Key
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suffered dune, dry beach and nearshore
erosion, while the nearshore bar, particu-
larly its seaward slope, gained substantial
amount of sand (Figure 7A, B, C). Along
the 21 km (13 miles) studied section of
Sand Key, a total of 35,000 m’ (46,000
cy) of dune sand was eroded, in addi-
tion to 238,200 m*® (311,600 cy) of sand
eroded from the dry beach. Substantial
erosion also occurred in the nearshore
zone. Including the dune, dry beach, and
nearshore erosion, the total sand loss
along Sand Key amounted to 434,500 m?
(568,300 cy) with most of the erosion oc-
curring on dry beach (55%). A total sand
volume gain of 377,700 m* (494,000 cy)
was measured in the offshore area, with
most of the deposition occurring along

the seaward slope of the sand bar (Figure
5). Therefore, about 87% of the sand loss
from the dune, dry beach, and nearshore-
bar can be accounted for by the deposition
in the offshore area. The rest of the sand is
likely deposited on the ebb shoals.

For Treasure Island, along the 4.8 km
(3.0 miles) of the studied section, a total
0£ 9,500 m* (12,400 cy) of dune sand loss
was measured (Figure 7B). The dry beach
lost 60,000 m* (78,500 cy) of sand. Includ-
ing the dune, dry beach, and nearshore
erosion, the total sand loss along Treasure
Island amounted to 96,300 m® (126,000
cy), again with most of erosion occur-
ring on the dry beach (62%). Most of the
sand was deposited in the offshore area,
with a total sand volume gain of 78,200
m? (102,300 cy). Therefore, about 81% of
the sand loss from the dune, dry beach,
and nearshore bar can be accounted for
by the deposition in the offshore area. The
rest of the sand is likely deposited on the
ebb shoals, similar to the case at Sand Key.

It is worthy to note that the maximum
beach-profile volume loss at Treasure
Island is at profile location of R130, with
the overall volume loss of 35.5 m*/m (14.2
cy/ft). Profile R130 had a very wide pre-
storm beach (Figure 5C). On the other
hand, the beach profile at R140 with much
narrower pre-storm beach width (Figure
5E) experienced less volume loss as in-
duced by TS Eta (Figure 7B). The effect
of pre-storm beach widths on the beach-
profile volume changes will be discussed
in the next section.

Along the 6.3 km (3.9 miles) studied
section of Long Key, a total of 1,700 m’
(2,200 cy) of sand loss was measured
in the dune field. The dry beach lost
61,300 m* (80,200 cy) of sand. Includ-
ing the dune, dry beach, and nearshore
erosion, the total sand loss along Long
Key amounted to 77,600 m* (101,500 cy)
(Figure 7C), again with most of the sand
eroded from the dry beach (79%). Most
of the eroded sand was deposited in the
offshore area, with a total sand volume
gain of 87,300 m® (114,200 cy), slightly
greater than the overall sand loss.

Overall, for the three barrier islands
(Sand Key, Treasure Island, and Long
Key), a total of 608,300 m* (795,600 cy) of
sand were eroded from the dune field, the
dry beach, and the nearshore. About 89%
of the eroded sand can be accounted for
by the deposition over the nearshore bar,
with a total gain of 543,300 m* (710,600
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cy) of sand. It is worth noting that the
volume change for Mullet Key is not in-
cluded here due to its close proximity to
the large Tampa Bay ebb delta. As a matter
of fact, the entire Mullet Key Island can be
viewed as part of the Tampa Bay ebb delta.

DISCUSSION
Reproducing the measured longshore
variation using the Miller and
Livermont Storm Erosion Index (SEI)

The storm-induced beach profile
changes as well as the profile-volume
changes demonstrated substantial long-
shore variations. It would be valuable
to beach management, particularly that
associated with beach nourishment, if
the Miller and Livermont (2008) Storm
Erosion Index (SEI) (Eq. 1) can be applied
to reproduce the measured longshore
variation of beach-profile changes at a
finer spatial resolution than previously
investigated (Janssen et al. 2019; Lemke
and Miller 2020). Based on Equation
1, the breaking wave height (H,), water
level (S), and berm height (B) are the
main variables for computing the Storm
Erosion Index. In order to understand the
contributions of these variables to the SEI
value, a sensitivity test based on the data
from this study was conducted.

Based on the modeled wave field, the
breaking wave height (H,) at the peak of
the TS Eta has a substantial longshore
variation ranging from 1.0 m (3.3 ft) to
2.3 m (7.5 ft). The measured pre-storm
beach profile demonstrates that the berm
height at the study area ranges from 0.8
m (2.6 ft) to 1.3 m (4.3 ft); and the wa-
ter level with respect to mean sea level
ranges from 0.4 m (1.3 ft) to 1.2 m (3.9
ft). Three sensitivity tests were conducted
including, 1) with fixed water level (0.8
m or 2.6 ft) and fixed berm height (1 m
or 3.3 ft), this test evaluates how the SEI
would respond to the changing breaking
wave heights; 2) with fixed breaking wave
height (1.3 m or 4.3 ft), and fixed water
level (0.8 m or 2.6 ft), this test investigates
how the SEI would respond to changing
berm height, 3) with fixed breaking wave
height (1.3 m or 4.3 ft) and berm height
(1 m or 3.3 ft), this test examines how
the erosion index would respond to the
changing water level.

The sensitivity tests suggest that the
wave height and water level changes are
playing more significant roles in affecting
the Instantaneous Erosional Index (IEI)
values than that of berm height (Figure
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8A). The water level changes are mostly
with respect to time. In other words, at
the same time, the water level, or storm
surge, do not vary too much for a small
study area like this one. Thus, the most
important spatial variable that cause
longshore variation of SEI would be the
longshore variation of breaking wave
height. A correlation exists (R’=0.34) be-
tween the longshore variations of break-
ing wave height at the peak of TS Eta and
the corresponding overall profile volume
changes (Figure 8B). Although the cor-
relation coefficient is relatively low, the p
value (p=0.0001, which is less than 0.05)
suggests that the correlation is significant.
This suggests the importance of accu-
rately capturing the longshore changes of
breaking wave height for the application
of the SEI to resolve spatial variations on
the order of several hundreds of meters.

The spatial distributions of overall
erosion and the SEI are illustrated in
Figure 9A at the 38 profile locations.
Although not all the profile locations
are included in this analysis, the overall
trend is represented by these profiles. The
calculated storm erosion index shows a
general southward decreasing trend from
the profiles at northern Sand Key towards
Mullet Key, while the corresponding
overall erosion volume also show a
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southward decreasing trend (Figure 9A).
The availability of high-resolution near-
shore wave modeling made it possible
to calculate nearshore Storm Erosion
Index values. A statistically significant
correlation exists between the measured
longshore variations of volume change
and the calculated Storm Erosion Index
(Figure 9B). Thus, the SEI is capable of
predicting beach-profile erosion at high
longshore spatial resolution that is ap-
plicable to beach nourishment projects. It
is worth noting the R’ value between the
SEI and volume change (0.43) is greater
than the R’ between wave heights and
volume change (0.34). This indicates
that by including more factors such as
storm duration, berm height, and water
level, the capability of SEI in predicting
storm erosion is improved. The large
uncertainty associated with this linear
relation indicates that storm-induced
beach erosion is complicated, and many
factors are at play. Some of the factors are
not considered in the SEI.

Influence of pre-storm beach width
on beach profile changes
Based on our field observations dur-
ing the profile surveys, the pre-storm
beach width appeared to play an impor-
tant role in beach-profile volume chang-
es, as well as percent changes. Since the
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of dry beach volume loss.

pre-storm beach provides the availability
of sand that can be eroded by the storm
waves, the wider the pre-storm beach, the
larger beach volume loss could occur. On
the other hand, narrow pre-storm beach
was often completely (or 100%) eroded,
leading to dune erosion and infrastruc-
ture damage landward, although the
profile-volume loss as calculated from
the pre- and post-storm profiles can be
small. This is illustrated by a statistically
significant correlation between pre-storm
beach width and beach volume loss
(Figure 10A). As indicated by example
profiles at Treasure Island, the maximum
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beach-profile volume loss occurred at
profile R130, where a very wide pre-storm
beach existed (Figure 5C). The beach with
much narrower pre-storm beach width,
e.g. beach profile R140 (Figure 5E), on
the other hand, experienced less volume
loss (Figure 7B). It is worth noting that
the effect of pre-storm beach width on
the erosion volume, as illustrated in Fig-
ure 10A, may influence the relationship
between the erosion volume and the SEI,
as shown in Figure 9B.

Furthermore, it is also observed that
although more profile volume loss oc-

curred at wider pre-storm beaches, the
wide beach provided protection to the
dune field and infrastructure landward,
resulting in lower percentage of beach
volume loss and minimal damage to the
features landward (e.g. Figure 5C). In con-
trast, the narrow pre-storm beach limited
the sand volume loss. However, the dune
field and infrastructure landward suffered
from the storm impact due to the lack of
protection by the narrow pre-storm beach
(e.g. Figure 5E). Pre-storm beach width
and corresponding percentage of beach
volume loss (the volume loss measured
above the mean high tide line divided
by the pre-storm dry beach volume) is
plotted in Figure 10B. It is qualitatively
apparent that the wider pre-storm beach
tends to be associated with smaller per-
centage of volume loss. For example, when
the pre-storm beach width is over 40 m
(131 ft), on average about 36% of the dry
beach-profile volume was lost at the stud-
ied profiles (Figure 10B). In comparison,
for the narrow pre-storm beach profiles,
considerably higher percentage of volume
loss could occur. For example, at the nar-
row beach with a pre-storm beach width
of 12 m (39 ft) at R140 on Treasure Island
(Figure 5E), about 130% of beach volume
was lost (Figure 10B). It is worthy to note
that the greater than 100% dry beach
volume loss was caused by the fact that a
portion of the dune field was also eroded
in addition to the complete erosion of the
dry beach. The greater than 100% of dry
beach erosion occurred at several profiles
with pre-storm beach width less than 30 m
(98 ft) (Figure 10B). From a different per-
spective, the protection offered by wider
sections of the beach demonstrates the
value of beach nourishment as a coastal
protection measure against storm impact.
Future study may include the parameter
of pre-storm beach width in the SEI to
further improve its accuracy in erosion
prediction.

CONCLUSION

Tropical Storm Eta impacted the
coast of west-central Florida 11-12 No-
vember 2020, and generated high waves
superimposed on elevated wave levels for
over 20 hours. A total of 148 beach and
nearshore profiles, spaced about 300 m
(984 ft) apart, were surveyed one to two
weeks before and one to eight days after
the storm to quantify the beach changes
along four barrier islands, including
Sand Key, Treasure Island, Long Key and
Mullet Key. The high storm waves super-
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imposed on elevated water level reached
the toe of dunes or seawalls and caused
dune erosion and overwash at various
places. Along most of the coast, the dune,
dry beach and nearshore was eroded and
most of the sand was deposited on the
seaward slope of the nearshore bar, result-
ing in a roughly conserved sand volume
above closure depth.

The longshore variation of beach-
profile volume loss demonstrates an
overall southward decreasing trend,
mainly due to a southward decreasing
nearshore wave height as controlled by
the offshore bathymetry and shoreline
configurations. The Storm Erosion Index
(SEI) developed by Miller and Livermont
(2008) captured the longshore variation
of beach-profile volume loss reasonably
well. The longshore variation of break-
ing wave height is the dominant factor
controlling the longshore change of SEL
Temporal variation of water level also
played a significant role, while beach
berm elevation was a minor factor.

Although wider beaches tended to
experience more volume loss from TS Eta
partly due to the availability of sediment,
they were effective in protecting the dune
and infrastructure landward from storm
damage. In contrast, smaller profile-
volume loss associated with limited sand
availability from narrow beaches do not
necessarily relate to less dune and infra-
structural damage. Therefore, magnitude
of beach-profile volume loss may not be a
straightforward indicator of the degree of
dune erosion and infrastructure damage.
Accurate assessment on storm’s severity
in terms of erosion potential would ben-
efit beach management especially under
the circumstance of increasing storm
activities due to climate change.
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