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The Rockefeller Wildlife Refuge, located along the Chenier Plain in Southwest Louisiana,
was the location of the sequential landfall of two major hurricanes in the 2020 hurricane
season. To protect the rapidly retreating coastline along the Refuge, a system of
breakwaters was constructed, which was partially completed by the 2020 hurricane
season. Multi-institutional, multi-disciplinary rapid response deployments of wave gauges,
piezometers, geotechnical measurements, vegetation sampling, and drone surveys were
conducted before and after Hurricanes Laura and Delta along two transects in the Refuge;
one protected by a breakwater system and one which was the natural, unprotected
shoreline. Geomorphological changes were similar on both transects after Hurricane
Laura, while after Delta there was higher inland sediment deposition on the natural
shoreline. Floodwaters drained from the transect with breakwater protection more
slowly than the natural shoreline, though topography profiles are similar, indicating a
potential dampening or complex hydrodynamic interactions between the
sediment—wetland—breakwater system. In addition, observations of a fluidized mud
deposit in Rollover Bayou in the Refuge are presented and discussed in context of the
maintenance of wetland elevation and stability in the sediment starved Chenier Plain.

Keywords: hurricane impact, wave attenuation and erosion control, storm surge, chenier plain, breakwater, field
measured data, natural infrastructure, shoreline retreat

INTRODUCTION

During the hurricane season of 2020, the sequential landfalls of Hurricane Laura (27 August 2020) and
Hurricane Delta (09October 2020) in southwest Louisiana caused widespread damage and led to estimated
economic losses in excess of $7 billionUSD (Xi and Lin, 2021). These storms led to devastating impacts in a
region that is already subject to environmental stressors such as altered hydrology, shoreline erosion,
wetland loss, and saltwater intrusion (Gary, 1979; Shiner Mosley and Associates, 2002; Penland et al., 2005;
Morton and Barras, 2011; (LACPRA, 2017). Prior to the 2020 hurricane season, to conserve ecosystem and
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infrastructure integrity, breakwaters were installed along portions of
the southwest Louisiana shoreline (Campbell et al., 2005; Jafari et al.,
2020; Reid, 2021). The landfalls of Hurricane Laura and Hurricane
Delta led to a unique opportunity to examine the effects of two major
hurricanes impacting the same location, half of which was protected
by a system of breakwaters by the time of the 2020 hurricane season.

Both Hurricanes Laura and Delta underwent a process known
as rapid intensification, i.e., an increase in the maximum
sustained winds of at least 56.3 km/h over a 24-h period, prior
to landfall (Eley et al., 2021; Zhou et al., 2021; Zhu et al., 2021).
Rapid intensification is a highly dangerous process that is difficult
to forecast, but which seems to be increasing in frequency for
Atlantic storms and worldwide (Balaguru et al., 2018). Hurricane
Laura rapidly intensified from being a Category 1 hurricane the
day prior to landfall, to a Category 4 hurricane at landfall and the
strongest hurricane to strike Louisiana since Hurricane Camille in
1969 (Pasch et al., 2021). Hurricane Delta rapidly intensified from
a tropical depression to a Category 4 hurricane over a 30-h period.
However, it weakened while passing over the tip of the Yucatan
Peninsula before then re-strengthening and making landfall as a
Category 2 near Creole, Louisiana, six weeks after and only
19 kms east of the landfall location of Hurricane Laura
(Cangialosi and Berg, 2021; Pasch et al., 2021).

Southwest Louisiana is home to significant oil and gas
infrastructure (Martin Associates, 2021) and supports a large
portion of the state’s agriculture and fisheries industries (LACPRA,
2017). The part of southwest Louisiana in which these storms made
direct landfall notably features the Cameron Liquified Natural Gas
facility and a variety of other industrial shipping terminals on the
Calcasieu Ship Channel, estimated to have provided $39 billion USD
in economic value in 2020 to the United States and supported 53,722
jobs (Martin Associates, 2021). Impacts from the 2020 hurricane
season on the fishing-related businesses in Louisiana including
commercial fishers, marinas, charters, etc., are estimated on the
lower bound to be $117 million, on the upper bound to be $205
million, and estimated on average to be on the order of $161 million
(Caffey et al., 2022). The region is also home to several state and
federal wildlife refuges, including the Rockefeller Wildlife Refuge
(RWR or Rockefeller). Located proximal to the Calcasieu Ship
Channel in southwest Louisiana, and having experienced direct
landfall impacts from Hurricanes Laura and Delta, RWR and
adjacent areas provided a unique case study to monitor the
response of coastal wetlands using field observations to sequential
major hurricane passage. In addition, at the time of the 2020 hurricane
season, approximately half of Rockefeller’s Gulf of Mexico shoreline
was protected by an artificial breakwater system with the remainder
slated for construction, providing the opportunity to evaluate
differences in wetland system response to the storms and help
provide guidance to stakeholders and practitioners in the coastal
engineering community.

STUDY SITE: ROCKEFELLER WILDLIFE
REFUGE

The Rockefeller Wildlife Refuge (Figure 1) is a state-managed
wildlife refuge in Cameron and Vermillion Parishes, Louisiana,

located in the Chenier Plain, a geographic feature that spans
much of coastal southwest Louisiana and southeast Texas (Oscar
et al., 2001). The Chenier Plain is one of two distinct
geomorphological zones in Louisiana; the Mississippi River
Delta Plain is located in the southeastern portion of Louisiana
while the Chenier Plain resides in the southwestern portion of
Louisiana (Roberts, 1997; McBride et al., 2007; McBride et al.,
2013) Considered one of the most biologically diverse refuges in
the nation, RWR has 43 km of shoreline and covers 287 km2 of
chenier ridges and a range of fresh, brackish, and salt marshes
(LDWF, 2021). Due to its location at the southern terminus of the
Mississippi and Central Flyways, RWR hosts hundreds of
thousands of birds annually, serving as a critical seasonal stop-
over for tropical passerines, a wintering ground for migratory
waterbirds, and a year-round habitat for resident species -
including species of concern like western Gulf Coast Mottled
Ducks (Anas fulvigula)(Selman et al., 2011; LDWF, 2021).

When the land was donated to the state of Louisiana by the
Rockefeller Foundation in 1919, Rockefeller Wildlife Refuge
encompassed an area of approximately 348 km2; due to rapid
coastal erosion this area was reduced to 309 km2 by 2004,
294 km2 by 2011, and by more recent estimates, approximately
287 km2 (Wise et al., 2004; Selman et al., 2011; LDWF, 2021). The
average rate of erosion-driven shoreline retreat derived by remote
sensing has been measured at approximately 14.5 m/yr between
1998–2017, with extreme rates of 19 m/yr and 25.5 m/yr during
the years Hurricanes Rita (2005) and Ike (2008) struck (Yao et al.,
2018). In fact, Yao et al. (2018) estimated a total erosion of
approximately 300 m of shoreline between 1998 and 2017. Aerial
imagery between 1998 and 2002 indicate an approximate erosion
rate of 17 m/yr (Wise et al., 2004). Comparisons between
shoreline positions from U.S. Department of Agriculture
(USDA) National Agricultural Imagery Program (NAIP, +/−
1 m resolution) images from 2009 to 2019 (Figures 2A,B)
show an approximate shoreline retreat of 170 m over the ten-
year period, yielding similar results to the aforementioned Wise
et al. (2004) erosion rate of 17 m/yr.

To protect the shoreline in this region from these high rates of
retreat, extensive systems of breakwaters have been placed along
the shoreline of southwest Louisiana (Reid, 2021). The
breakwaters are part of a shoreline stabilization effort that has
been discussed since at least 2001 (Hill and Belhadjali, 2005). The
system was a collaboration between the National Oceanographic
and Atmospheric Association (NOAA), the Louisiana Coastal
Protection and Restoration Authority (CPRA), Louisiana
Department of Wildlife and Fisheries (LDWF), and the
National Marine Fisheries Service, with $34 million of funding
secured from the Coastal Wetlands Planning, Protection and
Restoration Act (CWPPRA) to construct a 6.4 km transect of
emergent breakwaters along the RWR shoreline designed for
Category 1 conditions (Jafari et al., 2020; Cohen et al., 2021; Reid,
2021). Funded as “ME-18,” the multi-million-dollar project
incorporated a Light Weight Aggregate Concrete (LWAC)
breakwater system. The extremely soft subsurface sediments
that extend for nearly 12 m below the ground surface make
employing traditional shoreline stabilization structures difficult
(Shiner Mosley and Associates, 2002), and thus the breakwaters
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FIGURE 1 | Location of the study site, Rockefeller Wildlife Refuge (yellow star), on the Louisiana coastline and the time-stamped (UTC) paths of Hurricane Delta
(white triangles) and Hurricane Laura (red circles) (Basemap: Satellite imagery courtesy of the U.S. Geological Survey, Google Earth Engine).

FIGURE 2 | USDA NAIP imagery of the study site in 2004 (A), in 2009 (B), in 2019 showing ~170 m of shoreline retreat (C), and NOAA post-Delta aerial imagery in
2020 (D) showing the location of the two transects in relation to the breakwater structure.
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were designed specifically to function atop the ultra-soft
sediments offshore of the RWR shoreline through the use of
lightweight aggregates enclosed in a geotextile fabric, which local
engineers refer to as “pillows.” During an experimental period in
which various breakwater systems were placed along the RWR
shoreline, the LWAC pillow system performed very well, and the
protected shoreline lost approximately one meter of land while
the unprotected shoreline eroded by nearly fourteenmeters (Wise
et al., 2004; Hill and Belhadjali, 2005; Geesey et al., 2011; Shows,
2019). The construction of the original 6.4 km reach of
breakwaters was completed by June 2020, just prior to the
period of major storm activity in Southwest Louisiana.

INSTRUMENTATION AND DATA
COLLECTION PLAN

Prior to the landfall of Hurricane Laura, a collaborative team of
members from Louisiana State University (LSU), Northeastern
University (NEU), Woods Hole Oceanographic Institution
(WHOI), and the University of North Carolina at Wilmington
planned and rapidly mobilized to deploy instrumentation as part
of a National Science Foundation Nearshore Extreme Events
Reconnaissance (NEER) effort. The team repeatedly deployed
along coastal Louisiana to monitor the effects of the devastating
2020 hurricane season on the fragile and rapidly eroding
Louisiana shoreline. Due to the inherent time-restraints
imposed by extreme event reconnaissance, namely the
uncertainty in exact landfall location, site access,
instrumentation, and crew availability, as well as the logistical
and health concerns due to the timing of field work and the
COVID-19 pandemic, data reconnaissance methods were
restricted to instruments and equipment that could be rapidly
deployed by a small crew. Post-Laura reconnaissance was
performed at RWR on 04 September 2020. Due to the short
time period between arrival of major storms in the Gulf of
Mexico, the post-Laura reconnaissance also acted as pre-storm
reconnaissance for Hurricane Delta. Prior to the landfall of
Hurricane Delta (07 October 2020), a pre-storm
reconnaissance was performed in the wetlands of Terrebonne
Bay, near Houma, Louisiana, where the storm track was originally
projected to make landfall. Post-Delta reconnaissance was
performed at RWR on 26 October 2020. Two transects within
RWR were the primary interest for this study: one termed the
natural shoreline (not fully protected by the breakwater) and one
in an area with a protected shoreline (protected by the
breakwater). The two transects were visited for
instrumentation staging and data reconnaissance on 25 August
2020 before the landfall of Hurricane Laura, on 4 September 2020
after the landfall of Hurricane Laura, and on 26 October 2020
after the landfall of Hurricane Delta.

USDA National Agricultural Imagery Program (NAIP) aerial
imagery of the study site in 2004 (Figure 2A), 2009 (Figure 2B),
and 2019 (Figure 2C), and NOAA Hurricane Delta (2020) post-
storm aerial imagery (Figure 2D) are shown in Figure 2. Each of
the four aerial images are geo-referenced and cropped to display
the same region, and each show the locations of the two study

transects and the eight monitoring stations which were
implemented in the pre-storm deployment. All eight
monitoring stations were located on land in 2004 (Figure 2A)
and 2009 (Figure 2B). The shoreline monitoring stations, NAT-1
and BW-1 were both located in vegetated saltmarsh wetlands well
inland of the shoreline in 2004 and 2009. Between 2009 and 2019,
the shoreline experienced approximately 170 m of retreat
(Figure 2C) as evidenced by the transition of the offshore
monitoring station from wetland to open-water. No significant
pond expansion is visible inland, suggesting that wetland
elevation and vegetation health in the saltmarsh in this system
are relatively stable until directly affected by processes such as
shoreline retreat (Cadigan et al., 2020). The location of the edge of
the breakwater noted in Figure 2D corresponds to the progress
made towards construction of the breakwater system between
2019–2020 prior to the 2020 hurricane season.

During each of these field explorations, the breakwater and
natural transects were surveyed with a GPS-RTK system to
monitor elevation profiles from the shoreline inland to infer
geomorphological changes and sediment deposition on themarsh
platform. To avoid issues with identifying the shoreline location
in the dynamic environment of RWR, each transect featured a
consistent location across all three site visits from which distance
inland was measured. In the natural shoreline transect, wave
gauges were placed at four (4) locations at equal spacing from the
shoreline inland. In the breakwater transect, gauges were placed
at three (3) locations from the shoreline inland. In addition, a
wave gauge was placed offshore in water depth of 3.3 m. At each
wave gauge location apart from the offshore gauge, above-ground
biomass samples were collected by randomly placing a 0.25 m ×
0.25 m PVC square on the ground, cutting, removing and bagging
all vegetation within the square. To help preserve the quality of
the above-ground biomass during transport back to the
laboratory, all samples were kept cool in an ice-chest from
collection until transfer to a cold-storage room at Louisiana
State University. Site instrumentation is depicted in Figure 3.

At each wave gauge site, TruBlue piezometer arrays were
placed with one piezometer located just beneath the root mat
(~30 cm below surface) and another approximately 1 m below
surface. The wave gauges and piezometers recorded pressure
hourly. Unfortunately, due to faulty equipment only two of
the total twenty TruBlue sensors placed along the two main
transects (as well as those further inland near buildings which
house RWR’s research facilities) retained recorded data. To
rapidly capture high-resolution aerial products of the sites, two
different UAVs were deployed; the DJI Mavic Pro 2 and the DJI
Matrice 210.While the DJI Mavic Pro 2 was used to capture aerial
imagery to be processed into high-resolution orthorectified
images (orthomosaic), the DJI Matrice 210 was flown with a
MicaSense Altum multispectral sensor attached to collect
multispectral imagery that could be utilized to calculate
Normalized Difference Vegetation Index (NDVI) (Broussard
et al., 2018; Klemas 2013). All UAV surveys were planned
using Pix4Dcapture, a commercial software application
developed for creating and executing autonomous UAV flight
plans (Pix4D). The DJI Mavic Pro 2 was flown in a grid pattern of
parallel flight lines with 80% frontal overlap and 70% side overlap
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from an approximate altitude of 40 m and a camera angle set at
70°. The DJI Matrice 210 was flown with all of the same flight
settings as the DJI Mavic Pro except for the camera angle, which
was set at 90°. Images were geotagged during capture through the
UAVs’ on-board GPS. Image processing was executed using
Pix4Dmapper, a commercial software designed to be
compatible with Pix4Dcapture and built for processing UAV
imagery and data (Pix4D). Multispectral imagery was
radiometrically calibrated in the program using images
captured of a calibrated reflectance panel prior to the DJI
Matrice 210 surveys. The resulting NDVI maps were
compared to NDVI values calculated from Sentinel-2 satellite
imagery retrieved and processed using Google Earth Engine
(Gorelick et al., 2017). Cone penetrometer tests (CPT) were
performed using a modified sleeve designed to better capture
the effects of vegetation in the soil column after Hurricane Delta
on 26 October 2020 along both transects to measure sediment
shear strength and to identify any stratigraphic changes (Jafari
et al., 2019a; Harris B. D. et al., 2020; Cadigan et al., 2020; Harris
et al., 2021). Multispectral imagery at both transects was collected
through DJI Matrice 210 surveys on 4 September 2020 and 26
October 2020 and true-color aerial imagery at both transects was
captured viaDJI Mavic Pro 2 surveys after Hurricane Delta on 26
October 2020. In addition to instrumentation placed along the
natural and breakwater-protected transects, observations were
made of a large, fluidized mud deposit at Rollover Bayou.
Sediment density observations and deposition thickness
measurements were made on-the-ground by researchers from
Comite Resources, Inc. Drone surveys using similar methodology

to the aforementioned transects were also conducted on the
fluidized mud deposit.

WAVE CHARACTERISTICS

The wave gauges were sampled at 10 Hz to take continuous
absolute pressure data. The recorded pressure (P) consists of
hydrostatic pressure, hydrodynamic pressure, and atmospheric
pressure (Patm). The raw Pwas firstly converted to gauge pressure
Pgage � P − Patm in which Patm was measured at a nearby NOAA
station (8768094) in Calcasieu Pass, LA, about 51 km northwest
of the offshore wave gauge. The continuous time series of gauge
pressure data was divided into bursts with each burst containing
30-min data. For each burst, the gauge pressure data were
corrected and transformed from the time domain to the
frequency domain by using the Ocean Wave Analyzing
Toolbox, OCEANLYZ V2.0 (Karimpour and Chen, 2017).
Specifically, OCEANLYZ detrends the pressure signal,
computes and applies the pressure response factor, and
conducts Fast Fourier Transform (FFT) to generate a wave
energy spectrum (Sηη) from each 30-min pressure record.
Characteristic wave parameters, such as the zero-moment
wave height (Hm0) and peak wave period (Tp), can be
obtained from Sηη as below:

Hm0 � 4
���
m0

√ � 4

�������������∫fmax

fmin

Sηη(f)df√
, Tp � 1

fp

(1)

FIGURE 3 | Placing wave gauge and burying piezometers along beach shoreline (A), conducting GPS-RTK measurements from the shoreline-inland (B), typical
study site layout with wave gauge, cane-pole marker, and PVC pipe attached to buried piezometers (C), and deploying wave gauge offshore (D).
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wherem0 is the zeroth moment, f is the frequency, and fp is the
peak frequency associated with the maximum value of Sηη. In this
study, the maximum frequency to cut off the upper part of the
spectrum is fmax � 1 Hz, whereas the minimum frequency to cut
off the lower part of the spectrum is fmin � 0.04 Hz. During the
data processing, the Patm is measured 51 km away from the study
site. A sensitivity analysis using Patm taken from another NOAA
station 8770822 in Texas Point, Sabine Pass, TX (about 97 km
west of the study site) show the dramatic pressure gradients
associated with the hurricane introduce small differences to water
depth and wave height. The peak Patm from Station 8770822 was
4 kPa larger than the Patm used in this study, and the peak mean
water depth andHm0 associated with Patm from Station 8770822
are 0.4 and 0.1 m smaller, respectively.

The temporal variations of water level, Hm0 and Tp at the
offshore wave gauge, together with the measured wind velocity and
direction at NOAA 8768094 are shown in Figure 4. The offshore
wave gauge is placed on the seabed with an elevation of −3.39m
(NAVD88). At the offshore wave gauge, Tp ranges from 3.5 to
16.5 s during the event. The change of Tp at 9 a.m. UTC on August
26 indicates that the dominant wave energy switched from wind
sea energy to swell energy. The swell energy became stronger than
the wind sea energy at 9 a.m. UTC on August 26 and caused the

abrupt change of Tp. The maximum Hm0 is 2.7 m and the
maximum water level reaches 3.6 m (NAVD88) around 06:00
UTC on 27 August 2020, about the same time as Hurricane
Laura made landfall near Cameron, LA.

The wave height reductions along the two transects are
quantified and demonstrated in Figure 5. The wave height
reduction rate is calculated as γ � (Hm0,1 −Hm0,2)/Hm0,1 in
which the subscripts “1” and “2” indicate the locations along
the transect in the wave propagation direction. The threshold of
Hm0 > 5 cm is applied to filter out small waves from
measurements. Along the natural transect, the averaged γ from
the offshore wave gauge (OF) to NAT-1 is around 56%, whereas
along the protected transect, the averaged γ from OF to BW-1 is
around 42%. The larger γ from OF to NAT-1 is related to the
smaller wave heights recorded at NAT-1. Figure 6 illustrates the
time series of Hm0 at OF and the first onshore wave gauge,
i.e., NAT-1 and BW-1. Although protected by the low-crested
light-weighted breakwaters, BW-1 recorded slightly larger waves
than did NAT-1. The larger wave heights at the BW-1 are likely
caused by the combined three-dimensional effects of wave-
structure-bathymetry interaction when the breakwaters were
submerged. Similar wave amplifications behind submerged
breakwaters were observed in the field (Zhu et al., 2020) and

FIGURE 4 | Time series of water level at the offshore wave gauge (A), wind speed and direction at NOAA station 8768094 (B), and zero-moment wave height Hm0

and peak wave period Tp at the offshore wave gauge (C).
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in the laboratory (Seabrook and Hall, 1998) with transmission
coefficient greater than 1. A phase-resolving numerical model
with fine spatial resolution for the study site is needed to
understand the observed nearshore wave processes of hybrid
infrastructure under hurricane conditions.

Compared with γ from NAT-1 to NAT-2 (= 45% from
Figure 5), the γ from BW-1 to BW-2 is greater (= 65% from
Figure 5). Figure 7 shows the temporal variations ofHm0/h ratios
at NAT-1, NAT-2, BW-1 and BW-2. The high Hm0/h ratios at
NAT-1 and BW-1 (Figure 7A) suggest that the depth-limited
wave breaking contributes to the wave attenuation near the marsh
edge. The Hm0/h ratio is greater at BW-1 than NAT-1. This
means there was greater depth-limited wave breaking at BW-1,
and thus, there was greater wave height reduction at BW-1.
Starting from NAT-2 and BW-2 landward, the Hm0/h ratios
were always less than 0.3 (Figure 7B), suggesting that the depth-
limited wave breaking became negligible and vegetation plays a
more important role in wave attenuation.

The wave height reduction rate per meter, denoted as δ, is
estimated as δ � γ/Δx, where γ is the average wave height
reduction rate and Δx is the distance between a pair of wave
gauges, respectively. The greatest reduction in wave height occurs
along the shorelines for both transects. Using the offshore wave
gauge (OF) which was located approximately halfway between
the two transects (Figure 2), the δ afforded by the breakwater
system was 1.78% during Hurricane Laura. For the natural
shoreline transect, the δ was slightly greater at 4.67%.

On both transects, once the waves reach the interior wetlands,
the wave height reduction rate per meter is essentially identical.
Between sites BW-1 and BW-2, δ � 0.42%, and between sites
NAT-1 and NAT-2, δ � 0.46%. Between BW-2 and BW-4,
separated by a distance of 342 m, δ � 0.10%, similar to the δ
between NAT-2 and NAT -3 as well as NAT-3 and NAT-4 at 0.17
and 0.10%, respectively. The similarity in wave height reduction
rate per meter between the sites is likely attributable to the similar
topography (Figure 8) and vegetation (Figures 12, 13). Of
interest is the difference between the offshore sites and the
sites closest to the shoreline on both natural and breakwater-
protected transects. While a greater reduction in wave energy
would be expected for a breakwater protected system, and while
this reduction has been observed for typical (non-major storm)
waves at the site, a more complex hydrodynamic interaction
between the breakwater system and storm-driven waves may be
occurring. As previously mentioned, a phase-resolving numerical
model with high spatial resolution is needed to better understand
the unexpectedly lower wave height reduction afforded by the
breakwater system during hurricane-scale events such as
observed here at RWR during Hurricane Laura.

SHORELINE GEOMORPHOLOGICAL
IMPACTS

The coupled effects of erosive removal of overlying sediments by
storm-driven overwash, inland deposition of suspended

FIGURE 5 | Comparison of measured zero-moment wave heights at neighboring wave gauges along the two transects.

FIGURE 6 | Comparisons of zero-moment wave heights at the offshore
wave gauge, NAT-1 and BW-1.
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sediments, and consolidation of the soft wetland sediments
characteristic of RWR can create significant differences in the
forecasted surface elevation over long time periods. These
differences become critically important to predicting the
viability of shoreline protection projects in coastal Louisiana,
where an estimated $50 billion worth of restoration projects are

underway or planned (LACPRA, 2017; Harris B. D. et al., 2020).
Therefore, there is an important economic and engineering
rationale for understanding if and how the geomorphological
effects of major storms differ between shorelines protected by
engineered systems such as breakwaters and natural unprotected
shorelines. The elevation profiles for the breakwater protected

FIGURE 7 | Time series of wave height to water depth ratio at wave gauges near the shoreline, i.e., NAT-1 and BW-1 (A), and at inland wave gauges NAT-2 and
BW-2 (B).

FIGURE 8 |RTK-GPS elevation transects from the shoreline inland for the natural shoreline (A) and the (B) breakwater protected shoreline showing the locations of
study sites on 25 August 2020, 4 September 2020, and 26 October 2020.
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shoreline and natural shoreline on 25 August 2020, 4 September
2020, and 26 October 2020, are presented in Figure 8. The August
25th profile represents a pre-storm baseline with which the post-
storm effects of Laura and Delta can be compared. Following
Hurricane Laura, there is a significant loss of elevation at the
shoreline in both the natural Figure 8A and breakwater-
protected Figure 8B transects.

The material which composed this elevation appears to have
been pushed inland, rather than eroded and transported offshore.
After the storms, both transects show a more shallow, rounded
ridge at the shoreline than in the pre-storm condition when the
ridges were very steep on the side facing the Gulf of Mexico, and
slightly less steep on the landside. The high elevation peak present
near the shoreline prior to storm landfall is characteristic of
elevation profiles at RWR. The natural transect appears to feature
more severe overwash and rounding of the beach ridge, as well as
more in-land deposition. The half-width of the ridge on the
natural transect prior to the passage of Hurricane Laura is
approximately 20 m. Following the passage of Hurricane
Laura, the half-width of the ridge on the natural transect
broadened to 50 m. For the breakwater-protected transect, the
half-width of the ridge broadened to 40 m. The location of the
high elevation point on the shoreline is located 80 m inland from
the shoreline following Hurricane Laura on the natural transect,
indicating that the high point was pushed 60 m inland. The
location of the high elevation point on the shoreline for the
breakwater transect was located 40 m inland, indicating that the
high point was pushed 20 m inland after Hurricane Laura.

To better compare the elevation changes after both storms, the
RTK-GPS elevation data were processed by linearly interpolating
the transects at regularly spaced intervals using MATLAB. The
elevation data at the regularly spaced intervals can be directly

subtracted from the pre-storm baseline elevations to determine
the total elevation changes after Hurricane Laura in September
and the total elevation changes after the combined effects of
Hurricanes Laura and Delta in October. Using the elevation
profiles measured after Hurricane Laura (Aug-Sept) and Delta
(Aug-Oct), the differences between the breakwater-protected and
natural shoreline transects are shown in Figure 9. The majority of
elevation change on both transects at the shoreline occurred
following the landfall of Hurricane Laura. For the natural,
unmodified shoreline shown in Figure 9A, the elevation loss
as the beach is overwashed inland is approximately 1 m between
24 August 2020, and 4 September 2020. In both transects, the
elevation loss shown at the shoreline transitions to elevation gain
40 m inland from the shoreline as the low-lying wetlands undergo
storm-driven deposition. Following Hurricane Delta, the
elevation profile at this site seems to suggest that some
material from offshore was deposited along the shoreline. The
breakwater transect profile shown in Figure 9B exhibited a
similar, but lesser decrease in elevation of about 80 cm at the
shoreline ridge.

The overwashed sediment forms a mound which extends
approximately 20 m further inland on the natural transect
(Figure 9A) when compared to the breakwater-protected
transect (Figure 9B). Interestingly, while the inland
deposition following Hurricane Laura appears to be similar
on both the breakwater-protected and natural shorelines, the
breakwater-protected transect exhibits less inland deposition
following Hurricane Delta than the natural shoreline transect.
Following Delta, approximately 25 cm of sediment was
deposited broadly across the interior wetlands behind the
beach ridge over a distance of 400 m. The breakwater
protected transect exhibits no significant elevation change

FIGURE 9 | Change in elevation from pre-storm baseline after Hurricanes Laura (Aug-Sept) and Delta (Aug-Oct) for the natural transect (A) and the breakwater
transect (B).
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between the post-Delta and post-Laura surveys apart from the
interior ridge located between 80–120 m inland. As the interior
ridge is bordered to the landside by a depression, the ridge is
inferred to be composed of sediments which were deposited as
floodwaters retreated from the interior back to the Gulf of
Mexico, though the mechanisms behind this potential erosion
and deposition event and the reasons why this process is
observed in the breakwater transect but not the natural
shoreline transect are not well-understood.

SURGE AND INUNDATION

The water depths measured across an array of field sensors and
the nearby NOAA station located in Calcasieu Pass are displayed
in Figure 10. The piezometer measurements for the three
piezometers which retained data are shown in Figure 10A. All
piezometers which retained data were embedded approximately
30 cm below the marsh surface and are assumed to transmit the
full hydrological load from the inundation on the marsh surface.
The piezometers which retained data were located at sites NAT-3
and NAT-4, as well as the furthest inland site on the breakwater-
protected transect BW-4. The rise in inundation recorded at all
three sites is nearly identical as Hurricane Laura began to make
landfall at RWR, reaching a peak of just under 4 m. As the eye of
the storm passes over the measurement stations, there is a visible
drop in ponded depth above the wetland surface (Figure 10A-
inset) commiserate with the lowered pressure within the center of
the storm (Willoughby, 1998). The drop in measured water levels
which corresponds to a decrease in pressure, is approximately
20 cm at each of the three sites. Following passage of the eye,
water levels immediately recover to the peak achieved prior to the
eye passage before rapidly decreasing as the storm moves inland.
The offshore site and water levels measured at station NOAA
8768094 are compared in Figure 10B. The levels measured by the
offshore site achieve a much higher peak than the NOAA site
located within Calcsieu Pass. The difference of approximately
1.5 m is inferred to be caused by the lcoation of the NOAA station
on the weaker western side of the storm, while the offshore site
was located in the path of the stronger wind and waves associated
with the eastern section of the hurricane. Following the passage of
the storm, the water levels begin to again converge, however the
NOAA site water levels are slightly lower likely as the station is
located further to the north and protected within the shipping
channel whereas the offshore site is directly exposed to the Gulf of
Mexico. The water levels above the ground surface measured at
each of the three sites on the breakwater transect are presented in
Figure 10C. Accounting for ground surface elevation, the site at
BW-1 measured a greater surge (Figure 10), however the
measurements above ground surface for the interior sites
provide insight into the period of time which the interior
wetlands remain inundated following the passage of the storm.
At both interior breakwater sites, BW-2 and BW-4, even while the
surge caused by the passage of the hurricane subsides quickly, the
sites remain inundated for days after the event. The long
inundation period may induce stress on the wetland
vegetation within the interior of the wetland, weakening the

wetland at the same time that the shoreline is eroded towards
those locations. The exposure of site BW-1 directly to the Gulf of
Mexico following the drastic elevation change and inland
migration of the beach ridge (Figures 8, 9) can be readily
observed by comparing the observations recorded at the
offshore site and NOAA station in Figure 10B. Similar
observations were made along the natural shoreline transect
(Figure 10D), though the response to tidal variations in the
Gulf of Mexico is more muted and is observed to be delayed by
approximately a 12 h period. Again, a numerical model is likely
required to determine the observed time delay, though one
inference is that the delay may be due to floodwaters draining
more rapidly from the interior wetlands out to the Gulf of Mexico
on the natural transect, dampening the ability of the shallow tidal
variations to be measured by the wave gauge NAT-1.

A comparison showing the water levels above the ground
surface at four sites which occur across both transects is shown in
Figure 11. This comparison allows for better insight into the time
that the interior wetlands remained inundated after the storm
passed, as well as the rate at which the inundated wetlands
drained as sites NAT-2 and BW-2 and sites NAT-4 and BW-4
are located at similar distances from the shoreline, respectively.
As the storm passes, the sites all record nearly identical increases
in water depth to approximately 4.1 m. As the storm passes and
flood waters retreat, clear differences begin to emerge. Comparing
sites NAT-2 and NAT-4, a total time difference of four hours is
required for the inundation depth at NAT-4 to drain to a similar
depth as NAT-2 (12:00 p.m. 08/27/20, cross-mark in Figure 11).
The inundation difference of 30 cm over a period of four hours
gives an initial drainage rate of 1.8m/day from the interior
wetlands to the shoreline on the natural shoreline, and a
hydraulic slope of 0.078% from the interior of the wetlands to
the shoreline. The breakwater transect drains at nearly the same
rate at both locations of the transect, however for BW-2 to reach
the same inundation depth as NAT-2 took eight hours. Taking
the difference between the two transects as approximately
1750 m, a hydraulic slope from east-to-west in the interior
wetlands of 0.029%. For both transects, the long term drainage
rate is 0.20 m/day, however the breakwater transect drained more
slowly and thus remains inundated for a longer period of time.
The longer inundation period may place more stress on the
interior vegetation, leading to long-term differences in
vegetative health along the two transects. Given the similar
elevation profiles (Figure 8) between the two transects, the
observed difference between the time for the floodwaters to
retreat seem to indicate that the presence of engineered
systems within the wetlands (Figure 2) and the breakwater
structure acted to dampen the floodwater retreat in some way.

VEGETATION

The results of above-ground biomass (AGB) measurements,
processed according to the procedure in Snedden et al. (2015),
at each location along both transects are displayed in Figure 12.
The AGB values are initially lowest at site BW-1, and highest at
site NAT-2, with the remaining sites falling within a range of
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1,500–2000 g/cm2. Following Hurricane Laura, there is a sharp
decrease in AGB for site NAT-2, and moderate decreases in all
other sites except for BW-1. The increase in AGB at site BW-1 is
likely due to experimental error and is not reflective of field
observed conditions. Between Hurricanes Laura and Delta, the
vegetation appears to have recovered somewhat, as the post-Delta
measurements are marginally higher at each study site apart from
NAT-2, which endured the most severe degradation following
Hurricane Laura. The most in-land sites exhibit the strongest
recovery and highest AGB following delta, while there is no clear
or discernable trends between the remaining sites or transects
apart from site NAT-2 which endured the most severe damage
following Hurricane Laura.

NDVI measurements taken from drones (UAV) during field
reconnaissance and claculated from satellite measurements along

the two transects before Hurricane Laura (August 23), after Laura
(September 4) and after Hurricane Delta (October 26) are presented
in Figure 13. The NDVI values for the natural shoreline transect
(Figure 13A) increase from a value near zero at the shoreline to
0.25 at a distance of 20m inland. At a distance of 40 m inland, the
NDVI values level off and indicate similar vegetative health in the
interior wetlands. A similar trend is shown for the breakwater-
protected transect (Figure 13B). In both transects, the NDVI values
dropped significantly following Hurricane Laura, indicating severe
damage to the vegetation in the interior wetlands. The drop inNDVI
corresponds to a drop in ABG in Figure 12. The inferred damage to
the vegetation in the interior wetlands decreases with distance inland
from the shoreline, leading to a trend of increasing NDVI with
increasing distance inland. Neither transect displays a significant
difference inNDVI after Laura across the entire time period of study.

FIGURE 10 | Piezometer water levels above surface from Hurricane Laura on (A), Offshore (OF) and NOAA Calcasieu Pass water levels (B), water levels above
surface from wave gauges on the breakwater transect (C) and on the natural transect (D).
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WETLAND STRENGTH

The results from the modified cone penetrometer sleeve testing
taken following Hurricane Laura using a modified cone designed
tomore effectively characterize the shear strength of the vegetated
upper-most layer of the wetlands are shown in Figure 14. The
sites closest to the shoreline, Figure 14A, show very little shearing
resistance in the upper 30 cm of the soil column. A slight peak,
indicative of a layer of vegetated soil, can be seen at a depth of
approximately 40 cm in both the breakwater-protected and
natural transects. Moving further inland, the vegetated peak

can be seen at a shallower depth in the soil column
(Figure 14B). A double-peak shape can be seen in the curve,
with the first, weaker peak present in the upper 10–20 cm of the
column. This first peak is likely due to sediments deposited on top
of the original wetland surface. At this location, coarse grained
deposits were not as prevalent as they were close to the shoreline,
and the double peak may be due to re-worked and re-deposited
vegetative material. The breakwater-protected transect shows a
higher resistance value at the deeper peak in the soil column,
indicative of the original soil profile prior to storm deposition
atop of the soil surface. The higher resistance value at this site for

FIGURE 11 | Water depth with time at BW-2 and BW-4, and NAT-2 and NAT-4.

FIGURE 12 | Above-ground biomass measurements pre-Laura, Post-Laura, and Post-Delta.
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the breakwater-protected transect may be due to the protection
provided to the inland wetlands here from smaller-scale
inundation events in which higher-salinity waters from the
Gulf of Mexico may stress and decrease the health of the
inland vegetation of the natural transect. The furthest inland
tests, Figure 14C, display similar resistance curves with depth,
and a single, sharp peak in the upper soil column. The shape of
the resistance with depth curve is similar to other Louisiana
wetlands, where the vegetative root depth extends to depths of
approximately 20–30 cm (Jafari et al., 2019a; Jafari et al., 2019b;
Harris B. D. et al., 2020; Cadigan et al., 2020). The identical
profiles, and singular-peaks of the resistance curves, indicate that
the furthest inland sites are likely unaffected by the storms to a
significant degree as compared to the sites closer to the shoreline.
The profiles would also indicate, unlike those in Figure 14B, that
the protection afforded to more typical inundation events by the
breakwater system to interior wetlands is negated at the distances
inland of the shoreline that these tests were taken.

OBSERVATIONS OF THE MUD DEPOSIT AT
ROLLOVER BAYOU

The storm driven sediment deposition on the interior of the
wetlands (Figures 8, 9) is also of great interest as wetland
elevation is strongly tied to vegetative health and wetland

stability (Cahoon et al., 2006; Chambers et al., 2019; Cadigan
et al., 2020). The highest accretion values in RWR by far were
found at the mouth of Rollover Bayou, which experienced amajor
depositional event consisting of a very large lens (in the order of
2.5 km2) of fine grained mud deposit with a thickness of
approximately 1800 mm (1.8 m or 6 ft) in the middle and
tapering off towards the edges. Surrounding sites had
accretion ranging from 1.0 ± 0.1 mm to 446.7 ± 3.3 mm.
These observations are similar to previous observations of
storm-driven mud deposits on the Chenier Plain. Hurricane
Audrey made landfall in June 1957, near the Texas-Louisiana
border and generated a 3–4 m storm surge in the study area.
Morgan et al. (1958) reported about “a mass of fluid mud that was
transported by the storm tide and deposited as a unit”. In themid-
1960s, Coleman (1966) found little change with respect to the
distribution of mud in the study area, but added much new
information on the physical and biological properties of the
mudflat sediments (Kemp, 1986). Coleman (1966) X-rayed
mudflat cores which, to the unaided eye, appeared almost
featureless and found multiple sets of parallel laminations
relatively undisturbed by biological reworking.

Kemp (1986) studied fluid mud dynamics along a 30 km
section of the Louisiana coast west of the Southwest Pass of
Vermilion Bay on the eastern margin of the Louisiana chenier
plain about 10 miles east of Rollover Bayou. There Kemp
reported a depositional feature of highly fluid mud with

FIGURE 13 | NDVI from satellite and UAV on 23 August 2020, 04 September 2020, 26 October 2020, and for the natural (A) and breakwater protected (B)
shorelines.
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dimensions of 300 m × 1,500 m and a maximum thickness of
2 m. Initial measurements of the elevation of the deposit at
Rollover Bayou indicated elevations ranging between 0.44 and
1.8 m. The soil had a bulk density of 1.1 g/cm3, moisture
content of 32.7%, and was 10.2% organic matter. Previous
observations of fluid mud deposits on the Chenier Plain by
Kemp (1986) indicate bulk densities of 1.2 g/cm3 at the surface
to 1.4 g/cm3 a meter below. More recent surveys conducted
after Hurricane Rita in 2005 by Turner et al. (2006) reported an
average bulk density of the newly deposited material of 0.37 g/
cm3 with a range of zero to 1.78 g/cm3, which was highest near
the coastline and decreased inland. Turner et al. (2006)
reported that Hurricane Rita deposited mud with a
thickness of 5.18 cm, with deposition greatest near the
center of the storm track and along the eastern side of the
hurricane path. The western side of the storm track had lower
sediment deposition thicknesses corresponding to the lower
surge and inundation times from west to east. The observations
of Kemp (1986), together with the sedimentological data
provided by Coleman (1966), and the observations
presented here, indicate that chenier plain mudflats are
deposited rapidly under the highest energy conditions this
coast experiences (Kemp, 1986).

CONCLUSION

The results of multi-institutional and multi-disciplinary field
observations made in Rockefeller Refuge during the intense
2020 hurricane season indicate key differences and similarities
between a section of wetlands protected by a breakwater system
and a natural, unprotected section. In addition, observations of a
storm-driven fluidized mud deposit in Rockefeller Refuge
provide key insight into the energy required for the wetlands
along the Chenier Plain to receive sediment deposition which
may allow for the maintenance of interior wetland stability.
Several differences in the response of the protected and natural

shorelines to major hurricanes became apparent over the 2020
hurricane season:

• The breakwater protected shoreline drained more slowly
following the passage of Hurricane Laura. The difference in
drainage times may be due to the engineered water features
in the breakwater transect, however a numerical model is
required to fully understand the processes and causes
behind this observed difference.

• On both transects, once the waves reach the interior
wetlands, the wave height reduction rate per meter is
essentially identical and seems to be controlled primarily
by vegetation.

• The difference in inundation period between the two
transects may have implications for long-term marsh
health, as prolonged flooding and exposure to sea-
strength saltwater may negatively impact plant
productivity and marsh elevation.

Several similarities in the response of the protected and natural
shorelines to major hurricanes became apparent over the 2020
hurricane season:

• The storm induced surge on the wetlands reached similar
values at the same time on both the protected and natural
shorelines.

• Vegetative health measured remotely using NDVI seem to
have responded similarly in both the breakwater protected
and natural shorelines. However as there may be a latent
effect caused by differing inundation periods, long-term
NDVI measurements are required to confirm this
conclusion.

• NDVI analysis the following years which may show greater
differences among the natural and hybrid transects as some
vegetation effects are latent. For example, if vegetation roots
were killed by prolonged inundation in the breakwater
transect, vegetation regrowth the following year may be

FIGURE 14 |Modified cone-penetrometer resistance values with depth for (A) sites closest to the shoreline, (B) the locations at themidpoint between shoreline and
furthest inland site, and (C) furthest inland site.
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less extensive and make the area more susceptible to
erosion/ponding/etc.

• No significant difference is present between the CPT
resistance profiles with depth at each site between the
two transects.

• Double-peaks in the CPT resistance curve with depth may
be indicative of reworked vegetation or storm deposition
atop the now-buried, previous wetland surface.

• Furthest inland sites show curves characteristic of vegetated
Louisiana wetlands, though are much higher than sites in
the Terrebonne Basin.

Observations of the fluid mud deposit at Rollover Bayou in
Rockefeller Refuge indicates that:

• Massive deposits of fluid mud are driven onto the wetland
platform on the more energetic, western side of hurricanes.

• The effect of breakwater systems on the deposition of this
fluidized mud is still unclear.

• The majority of mudflat deposits, and interior deposits
which control the elevation and in turn the health of the
sediment-starved wetland system in the Chenier Plain,
are deposited by only the highest energy storm events
which strike the coastline.
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