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ABSTRACT

Large (km-scale) mangrove forests can provide protection to shorelines and near-coast structures during extreme
coastal flood events, including tsunamis and tropical cyclones. However, little is known about the effects of
mangroves with a modest cross-shore thickness (~10-50 m), on flow hydrodynamics and resulting inland
pressures and forces on near-coast structures. We constructed a 1:16 geometric-scale physical model of a Rhi-
zophora mangle (red mangrove) fringe with modest cross-shore thickness to measure the effects of a mangrove
forest’s cross-shore thickness on wave attenuation and subsequent load reduction on near-coast structures,
idealized during experiments with an array of cubes. Three configurations, one baseline with zero mangroves and
two with mangrove cross-shore thicknesses corresponding to prototype-scale forest widths of 8.2 m and 19.0 m,
were considered in front of an array of idealized slab-on-grade residential buildings. Transient wave conditions
with varying incident parameters (wave amplitude, wave representative time scale, water level/mangrove
emergence, and presence of a background current) were considered. Water surface elevations, water velocities,
cross-shore forces, and pressures measured near and against the building array indicate that mangroves affected
inland flow hydrodynamics and forces. The presence of mangroves was associated with elevated water levels and
reduced peak velocities between the mangroves and inland structures. Increasing the mangrove cross-shore
thickness reduced the cross-shore force on a structure by 11%-65% compared to the baseline case without
mangroves. The force reduction by the mangrove configurations varied with incident wave representative time
scale; waves with longer representative time scales required larger cross-shore thicknesses to provide similar
force reductions to those observed for shorter waves. Further investigation into a wider range of mangrove cross-
shore thicknesses, trunk densities, and wave conditions is needed to inform engineering performance of natural
and nature-based features for resilient coastal design.

1. Introduction

and magnitude of coastal hazards (Sweet et al., 2017; IPCC, 2013).
Therefore, coastal communities across the globe require sustainable,

Coastal communities worldwide are threatened by both chronic
(nuisance flooding, sea level rise) and acute (tropical cyclone, tsunami)
flood hazards. These events disrupt transportation, power, water, and
communication networks and damage buildings, including residential
buildings and critical facilities, putting human lives at risk. The
vulnerability of these nearshore regions is increasing, owing to higher
population densities continuing to settle near the coast (Small and
Nicholls, 2003) as well as climate change exacerbating the frequency
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resilient adaptation solutions to mitigate the impacts of rising seas and
extreme events so that they may continue to thrive in present and future
coastal environments.

As coastal communities search for adaptation solutions, an emerging
body of literature has identified mangroves, wetlands, and other natural
systems as effective in wave height attenuation and flood mitigation,
while providing additional co-benefits such as ecosystem and cultural
services (Reid et al., 2005; Farber et al., 2006; Scyphers et al., 2011,
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2015). In particular, mangrove forests, located along coastlines in 118
countries and territories in tropical and subtropical areas, have been
observed to mitigate waves and provide protection during tropical cy-
clones and tsunamis (Giri et al., 2011; Alongi, 2008; Pontee et al., 2016;
Tomiczek et al., 2020). However, the protection provided to coastal
infrastructure by mangrove forests in terms of a reduction in wave
loading has not been quantified. This uncertainty creates challenges in
the effective incorporation of natural and nature-based features into
engineering design for community resilience. In addition, the perfor-
mance of mangroves over various spatial scales, an important consid-
eration in engineering design, is not well understood. Although previous
studies have documented the benefits of km-scale mangrove forests
(Zhang et al., 2012), little is known about benefits of mangrove forests
with modest thicknesses of the mangrove belt (10-50 m) that are often
found along shorelines of coastal communities.

The goal of this work is to quantify the effects of mangrove fringes
with modest cross-shore thickness on inland hydrodynamic character-
istics as well as the forces and pressures on near-coast infrastructure
shielded by mangrove forests. This paper is structured as follows. In the
remainder of Section 1, we describe characteristics of mangrove species
and previous field, computational, and laboratory investigations of
mangrove effects on wave transformation and propagation. Section 2
describes the scaling, laboratory setup, wave conditions, and instru-
mentation used in the physical model experiments for this study. Section
3 presents results indicating the effects of mangrove configurations of
varying modest cross-shore thicknesses on hydrodynamic characteristics
in the nearshore as well as on forces experienced by idealized structures
located inland of the mangrove testing section. Section 4 discusses re-
lationships between physical and hydrodynamic parameters and load
reduction on inland structures and identifies areas for future work, and
we present conclusions of this study in Section 5. The Appendix dis-
cusses the effects of mangrove configurations on pressure distributions
against the idealized structures.

1.1. Characteristics of mangrove shorelines

Mangroves trees are found in subtropical and tropical coastal and
brackish waters. Studies have estimated that mangrove forests
comprised 140,000-150,000 km? worldwide at the beginning of the
century (Spalding et al., 2010; Giri et al., 2011). Two-thirds of the
world’s mangroves are found in 12 countries, with nearly 42% of
mangrove forests found in South and Southeast Asia (Spalding et al.,
1997, 2010), where Indonesia, in particular, is home to the largest ex-
panses of mangrove forests (22%) (Giri et al., 2011). Mangroves repre-
sent a diverse group of trees and shrubs, with species diversity tending to
decrease with increasing latitude (Ellison, 2002). For example, the
Indo-Malaysian region (~6°S — 6°N) represents one of the most diverse
mangrove habitats worldwide, with 48 mangrove species (Duke et al.,
1998), while 3 species of mangroves thrive in southern Florida of the
United States (~24°N - 27°N): red mangroves (Rhizophora mangle),
black mangroves (Avicennia germinans), and white mangroves (Lagun-
cularia racemosa). The latitudinal limits of mangroves have been re-
ported at 32°N and 38°S (Quisthoudt et al., 2012) and future climate
change is likely to cause mangroves to spread into higher latitudes
across the globe (Lovelock et al., 2019).

The Rhizophora genus was chosen as the focus for this study, owing to
its prevalence in intertidal zones around the world. Trees in this genus
are often distinguished into four groupings: R. mangle and R. racemosa in
the Atlantic-East Pacific region, and R. mucronata-stylosa and
R. apiculata in the IndoWest Pacific region, with several hybrid species
(Duke et al., 2001). R. mangle thrive seaward of other mangrove species
including A. germinans, L. racemosa, as well as buttonwood trees (con-
ocarpus erectus). These species are found across western Africa, South
America, Mexico, and the Florida Keys, while other Rhizophora species
including R. apiculata, R. mucronata, R. racemosa, and R. stylosa may be
found in concentrated or patchy local regions (Spalding et al., 2010).
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Trees of the Rhizophora genus are characterized by their complex system
of stilt roots, also called prop roots, forming dense networks extending
from the trunk to the ground. Ong et al. (2004) found that 10-20% of the
biomass of R. apiculata trees sampled in the Matang mangrove forest,
Malaysia, was apportioned to these prop roots.

1.2. Previous studies of mangrove effects on nearshore hydrodynamics

Previous studies have leveraged theoretical solutions, field obser-
vations, computational simulations, and physical model experiments to
investigate the effects of mangrove forests on wave transformation and
inland damage mitigation. Mendez and Losada (2004) presented a
widely accepted theoretical model for wave transformation over vege-
tation fields at various depths, which relates wave height transformation
to wave characteristics, geometric and physical properties of the plants,
and a drag coefficient specific for each plant. Field campaigns have
shown that mangrove forests attenuate boat wakes (Trung et al., 2015;
Ismail et al., 2017; Thuy et al., 2017) as well as tidal and wind-generated
wave conditions (Mazda et al., 1997a; Quartel et al., 2007; Bao, 2011;
Horstman et al., 2014).

Post-disaster field studies, several complemented by computational
models, have documented the protective capabilities of mangroves in
reducing inland tsunami (Chang et al., 2006; Alongi, 2008; Yanagisawa
et al., 2009; Cheong et al., 2013) or storm (Krauss et al., 2009; Tomiczek
et al., 2020) impacts. Mangroves were observed to provide significant
protection from the 2004 tsunami in southeast India, Sri Lanka, and the
Andaman Islands (Danielsen et al., 2005; Kathiresan and Rajendran,
2005; Chang et al., 2006; Alongi, 2008). Zhang et al. (2012) evaluated
field observations and numerical results of storm surge inundation in
South Florida due to Hurricane Wilma (2005) and found that while
storm surge levels tended to increase seaward of the mangrove zone, the
surge amplitude and inland extent were significantly decreased by the
6-30 km wide mangrove forests. Sheng and Zou (2017) conducted a
numerical investigation of the role of mangroves and salt marshes in
attenuating surge and waves during Hurricane Andrew (1992) in
southeast Florida, finding that removing vegetation from the model
increased the inundation area and volume in the area behind Biscayne
Bay. Other numerical studies have shown that these coastal habitats may
reduce economic loss and damage during tropical storms and hurricanes
(Liuetal., 2013; Guannel et al., 2016; Narayan et al., 2016). While many
previous studies considered extensive forests with cross-shore thick-
nesses greater than 100 m, a post-Hurricane Irma (2017) reconnaissance
study in the Florida Keys by Tomiczek et al. (2020) observed that in a
region with similar near-coast structural archetypes and hydrodynamic
hazard intensity measures, structures fronted by 10-50 m of mangroves
consistently experienced less damage when compared to damage expe-
rienced by structures fronted by other shoreline archetypes including
sandy beaches, revetments, and rip-rap.

Laboratory investigations have also made strides to improve the
understanding of and develop parameterizations for wave interaction
with flexible and rigid vegetation (Nepf, 1999, 2004; Nepf and Vivoni,
2000; Mendez and Losada, 2004; Neumeier, 2007; Anderson and Smith,
2014; Ozeren et al., 2014; Rominger and Nepf, 2014; Smith and
Anderson, 2014; Blackmar et al., 2014; Maza et al., 2015a; Wu et al.,
2015a, 2015b; 2016; Lara et al., 2016). While tests on live vegetation at
full scale can identify relevant processes associated with complex
wave-vegetation interaction (Lara et al., 2016), mangroves and similar
coastal forests are generally modelled as rigid vegetation, or parame-
terized mimics. Previous experiments have simplified trees as stems
without roots using polyvinyl chloride (PVC) pipe, wooden dowels, or
metal rods (Tanino and Nepf, 2008; Irtem et al., 2009; Huang et al.,
2011; Irish et al., 2014). Results from experiments have informed nu-
merical model validations. Maza et al. (2015b) used IHFOAM to study
tsunami interaction with mangrove forests, considering wave impinge-
ment on uniform and random distributions of emergent cylinders and
validating results with experimental measurements by Huang et al.
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(2011). Irish et al. (2014) measured runup, flow depths, and flow ve-
locities of tsunami inundation through a staggered array of stems rep-
resenting a patchy coastal forest and found that patchy coastal forests
may provide increased protection in some areas and decreased protec-
tion in others. Other tests have considered the effects patchiness of
Avicennia mangroves on wave dissipation (Maza et al., 2016).

Several studies focused specifically on mangroves have indicated
that the Rhizophora species’ characteristic prop roots have a significant
effect on wave and/or flow attenuation (Ismail et al., 2012; Hashim and
Catherine, 2013; Liu et al., 2015; Zhang et al., 2015; Maza et al., 2017,
2019). These studies have parameterized the mangrove trunk-prop root
system using wire roots or plastic with a similar porosity as the root
system. Strusinska-Correia et al. (2013) used relationships between
water depth and submerged root volume presented by Mazda et al.
(1997b) to create 1:20 scale models of mangrove trunk-prop root sys-
tems with three root densities; tsunami transmission rates from solitary
wave and tsunami bore experiments were reported to be 20%. Based on
field measurements of mangrove prop root geometry and elasticity,
Zhang et al. (2015) constructed a 1:7.5 scale model of a mangrove forest
to measure mean flow velocities, Reynolds stress, and turbulent kinetic
energy around prop roots. The authors reported drag coefficients
consistent with those measured in field studies. Ohira et al. (2013)
conducted extensive fieldwork and provided a detailed methodology for
parameterizing Rhizophora prop root morphology. Based on the
parameterization by Ohira et al. (2013), Maza et al. (2017) constructed a
1:12 scale model of a mature Rhizophora mangrove and measured the
drag force on individual trees and water velocities around prop roots.
The authors found that velocities were reduced by up to 50% and tur-
bulent kinetic energy increased by up to five times within the root zone
compared to upstream conditions. Kazemi et al. (2018) parameterized
mangrove roots as a simplified array of cylinders and used particle
image velocimetry (PIV) to investigate the turbulence and flow around
mangrove roots. Recently, Maza et al. (2019) constructed a 1:6 scale
Rhizophora forest and measured wave attenuation along the 26 m forest
expanse during both regular and irregular wave conditions. The authors
measured wave attenuation and wave-induced forces on the mangroves
through the forest; results indicated that water depth, wave height, and
the frontal area of the mangroves were important parameters in deter-
mining wave decay for short-period waves.

Despite these advances in the understanding of fluid-mangrove in-
teractions, the accompanying changes to wave-induced forces and
pressures on nearshore structures are not well understood. Furthermore,
it is critical that engineers understand processes affecting flow through
mangrove forests of modest cross-shore thickness in order to identify
cross-shore thicknesses required for mangroves to produce noticeable (if
any) reductions in wave heights, water velocities, and wave-induced
forces and pressures on nearshore structures for a given event. There-
fore, we constructed a 1:16 scale-model of a fringing Rhizophora
mangrove trunk-prop root system fronting an idealized urban array in
Oregon State University’s Directional Wave Basin (DWB) and measured
hydrodynamic parameters, pressures, and forces for varying incident
wave conditions. Specifically, our experimental goals were to (1)
observe the effects of varied mangrove cross-shore thicknesses on wave
hydrodynamic propagation and transformation; (2) identify how
increasing mangrove cross-shore thicknesses affect wave-induced pres-
sures and forces on idealized inland structures; and (3) investigate re-
lationships between mangrove cross-shore thickness, incident wave
characteristics (e.g., height, representative time scale) and load reduc-
tion on sheltered structures. In the next section, we describe details of
the physical model, experimental setup, instrumentation, and test
conditions.
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2. Physical model experiments
2.1. Physical model of Rhizophora mangle

We constructed 100 specimens of the Rhizophora species’ trunk-prop
root system on a 1:16 geometric scale. Mangrove geometric parameters
including prop root diameter, prop root density, trunk diameter, and
elastic modulus were measured during a field campaign in Key West, FL
(Tomiczek et al., 2019). These field measurements were complemented
with the parameterizations presented by Ohira et al. (2013) to design
scaled models of the mangroves, similar to previous studies (Zhang
et al., 2015; Maza et al., 2017). As shown in Fig. 1, Ohira et al. (2013)
idealized the mangrove trunk as a cylinder and presented empirical
equations for calculating the height of the highest root Hg jmax, the total
number of primary prop roots N, root diameter ¢, and the root hori-
zontal spreading xr based on the mangrove’s diameter (girth) at breast
height DBH, measured at a point 1.3 m above the ground or the upper
point of the highest prop root. Informed by the equations and data
presented by Ohira et al. (2013), field measurements from Key West, FL,
and considerations from other studies, we used modifications to the
parameterization of Ohira et al. (2013) to construct each specimen.
Table 1 presents the dimensions of the scaled and full-sized mangrove
considered in our experiments, and Table 2 presents the heights and
horizontal spreading distances for the 11 pairs of prop roots at both
model and full scale. Roots are indexed from the base of the mangrove to
the highest root, with Hg; corresponding to the lowest prop root
elevation and Hg ;; = HR max, corresponding to the highest elevation.

We machined each mangrove using a 1.3 cm diameter x 26.0 cm long
PVC rod for the trunk. Using a rotary drill, we installed 11 holes along
the trunk in a 45° spiral pattern at 1.3 cm vertical increments ranging
from 2.5 cm to 15.2 cm above the base of the trunk, creating a total of 22
prop roots per mangrove. Galvanized steel wire with 2.5 mm diameter
was threaded through the holes and fastened with cyanoacrylate. The
scaled trunk diameter of 20.3 cm is within the ranges of values for girth
at breast height from previous studies of the Rhizophora species in
Thailand (Tamai et al., 1983), Indonesia (Kamiyama et al., 1988),
Australia (Clough and Scott, 1989), and Malaysia (Ong et al., 2004) and
field measurements at seven R. mangle sites in Key West, FL (Tomiczek
et al., 2019). The model represents an idealization of the mangrove
trunk-prop root system; therefore, the mangrove trunks and prop roots
are assumed to be rigid, and geomorphological and bathymetric effects
(e.g., loose sediment capture and muddy environment) associated with
mangrove systems are neglected in this study.

Mangroves occur in nature with irregularly positioned trunks and
prop roots. Danielsen et al. (2005) found Rhizophora apiculata and Avi-
cennia marina densities of 14-26 trees per 100 m?, while restoration
efforts recommend planting mangroves with 1.3-3.0 m spacing (Envi-
ronmental Agency — Abu Dhabi, 2015). These results agree with analysis
by Clough et al. (1999), who suggested thinning R. apiculata plantings to
15-20 stems per 100 m? for mangrove cultivation in the Mekong Delta,
Vietnam. The goal of this project was to simulate similar mangrove
densities while providing quantifiable numerical boundary conditions
for future numerical modeling efforts. Therefore, we spaced mangroves
at 0.17 m between trunks in the cross-shore Xgpqcing (2.7 m spacing full
scale), and 0.19 m in the alongshore yspqcing (3.0 m full scale), resulting in
a trunk density peunk of 43 trees per 1 m? (model-scale) or 17 trees per
100 m? (full-scale). Rows were staggered; the diagonal distance between
trunks in adjacent rows was 0.195 m.

2.2. Laboratory setup

Experiments in the DWB were part of a larger experimental
campaign investigating the effects of macro-roughness, debris, and
partial or full shielding by seawalls, revetments, and vegetation. The
DWB has plan dimensions 48.8 m by 26.5 m; within the basin, a 30 m
long by 10 m wide test bathymetry representing that of an idealized
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Fig. 1. (a) R. mangle trunk-prop root system; (b) variables defined by Ohira et al. (2013) to parameterize mangrove prop root morphology.

Table 1

Scaled and full-sized mangrove dimensions.

Dimension Model Scale (m) Full Scale (m)
DBH 0.013 0.203
¢ 0.0025 0.04
Hi max 0.15 2.4
XR max 0.26 4.2
Yspacing 0.19 3.0
Xspacing 0.17 2.7

Table 2

Root height and horizontal spreading.
Root Index Model Full

Hpg; (m) Xg_; (m) Hpg; (m) xg_; (m)

1 0.025 0.021 0.406 0.332
2 0.038 0.045 0.610 0.714
3 0.051 0.069 0.813 1.096
4 0.064 0.092 1.016 1.478
5 0.076 0.116 1.219 1.860
6 0.089 0.140 1.422 2.242
7 0.102 0.164 1.626 2.624
8 0.114 0.188 1.829 3.006
9 0.127 0.212 2.032 3.388
10 0.140 0.236 2.235 3.770
11 0.152 0.259 2.438 4.152

barrier island was constructed out of concrete. Upon generation, waves
propagated 11.7 m over the basin’s horizontal bottom before reaching a
20 m long, 1:20 concrete slope marking the onset of the test bathymetry.
Guide walls were installed on either side of the concrete slope and test
platform. At the crest of the slope, 100 idealized structures were
installed on a 10 m long by 10 m wide horizontal platform, beyond
which water dropped into a 1 m deep recirculating basin. A unique,
recirculating pumping system was installed in the basin outside of the
guide walls to allow the generation of conditions with waves propa-
gating in the presence of a background current. Fig. 2 shows an oblique
view of the entire basin, including the test bathymetry, guide walls, and
current generation system, while plan and profile views of the test ba-
thymetry with water depth h = 0.98 m can be seen in Fig. 3(a) and (b),
respectively.

As shown in Fig. 2, the DWB was divided into four sections: three
longitudinal sections nearest the wave maker, and one section spanning
the basin width upon which the 10 m by 10 m horizontal platform with
macro-roughness elements was installed 1 m above the basin floor. This
section created a reservoir physically separated from the remainder of
the basin by a concrete wall. The central longitudinal section, shown in
Fig. 3(a) and (b), provided bathymetry leading to the horizontal plat-
form, while rip-rap wave dissipation structures were installed in each of
the longitudinal sections to the north and south of the central section to
minimize effects of reflection outside the test bathymetry.

Each structure on the 10 m by 10 m horizontal platform was a cube
with side length 0.40 m. Structures were installed in an idealized urban
array with 1.0 m and 0.8 m spacing (center to center) in the alongshore
and cross-shore directions, respectively. Eight specimens were con-
structed of aluminum as seen in the photographs of Fig. 3(c) and (d);

Fig. 2. Oblique view of DWB showing test bathymetry, guide walls, and recirculating pumping system.
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Fig. 3. (a) Plan view of mangrove configurations M4 (dark green circles only) and M8 (light green + dark green circles) fronting idealized macro-roughness
specimens (array of squares). Instrumentation used for experiments are denoted as light blue diamonds (WGs), blue squares (USWGs), and red down-facing tri-
angles (ADVs). Instrumented specimens are shaded gold (6DOF LC), pink (PGs), or grey (ILLCs), and uninstrumented, concrete macroroughness elements are un-
shaded. Instrumentation considered in this study are labeled; (b) Profile view of basin test-section bathymetry h = 0.98 m; (c) Inland-looking photograph of M4
configuration and instrumentation; (d) side-looking photograph of M8 configuration, h = 0.98 m.

these structures were instrumented to record pressures and loads due to
varied wave conditions and mangrove configurations.

This analysis investigates shielding by mangrove elements with
modest cross-shore thickness and the resulting effects on inland hydro-
dynamics and pressures on near-coast structures. Therefore, we focus on
the three experimental configurations considering mangrove vegetation
and urban macro-roughness elements: zero rows of mangroves (MO),
four rows of mangroves (M4), and eight rows of mangroves (M8). Fig. 3
(c) shows an inland-facing photograph of the M4 configuration with
mangroves positioned in front of idealized structural elements, and
Fig. 3(d) shows a side-looking photograph of the M8 configuration
during testing. The M4 configuration considered 50 mangrove models,
and the M8 configuration considered an additional 50 (100 total)
mangrove models installed on the horizontal platform seaward of the
idealized structure array. Mangroves were secured to the concrete ba-
thymetry using drop-in anchors. The two configurations with varying
rows of mangroves allowed us to compare effects of varying cross-shore
thicknesses of mangrove forests on inland hydrodynamic conditions and
loads on the idealized structures. The cross-shore thicknesses of the
three mangrove configurations were 0 m, 0.51 m, and 1.19 m (trunk to
trunk) for MO, M4, and M8, respectively, representing full-scale trunk to
trunk cross-shore distances of 0 m, 8.2 m, and 19.0 m, respectively. In all
configurations with mangroves, the distance from the inland-most

mangrove trunk to the first row of structures in the idealized urban
array was 0.41 m. For the M8 configuration, the mangrove trunks
extended seaward to the intersection of the 1:20 slope with the hori-
zontal test section. We note that mangrove roots extended beyond the
trunks, as indicated in Table 2. The alongshore expanse of the mangrove
test section was 2.3 m, or 36.5 m at full-scale, similar to the modest
alongshore lengths of mangrove forests fronting structures observed in
the Florida Keys by Tomiczek et al. (2020).

2.3. Instrumentation

The complete suite of instrumentation used to measure water levels,
velocities, forces, and pressures during the full experimental campaign is
shown in Fig. 3(a), which shows a plan view of the test section (not
including pumping system exterior of the guide walls shown in Fig. 2).
Water level and water velocity measurements were made offshore and
onshore to characterize hydrodynamic transformation along the slope
and around macro-roughness elements. Wire resistance wave gauges
(WGs), ultrasonic wave gauges (USWGs), and acoustic Doppler velo-
cimeters (ADVs) measured flow hydrodynamics as waves propagated
across the bathymetry and in and around the mangrove and building
macro-roughness elements. Six pressure gauges (PGs) were installed on
an aluminum specimen shielded by mangrove configurations M4 and
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M8. PGs were installed along the instrumented specimen’s centerline,
vertically spaced 0.04 m apart (center-to-center), with the bottommost
pressure gauge installed 0.02 m above the base of the instrumented
structural element. In addition to PGs, a six-degree-of-freedom load cell
(6DOF LC) was installed in a structure positioned in the first row,
shielded by mangrove configurations M4 and M8, and five in-line load
cells (ILLCs) were positioned in the first through fifth rows as shown in
Fig. 3. The x, y, and z coordinates of hydrodynamic instruments and
structures housing load and pressure gauges considered in this study,
and mangrove bounding locations shown in Fig. 3(a) are listed in
Table 3. Cartesian coordinates are referenced with respect to the DWB
coordinate system, a right-handed coordinate system where the x-axis is
the cross-shore coordinate (m), positive onshore, the y-axis is the
alongshore coordinate (m), with its origin at the alongshore centerline of
the tank and positive to the left (south) when facing shore, and the z-axis
is the vertical coordinate (m), positive upwards from the base of the
basin. The photograph shown in Fig. 3(c) labels the nearshore instru-
mentation considered for this analysis.

For each trial, two groups of instruments were synchronized: WGs,
USWGs, and ADVs recorded at 100 Hz, while PGs and load cells sampled
at 1 000 Hz. All load cell and pressure data were checked for high fre-
quency noise using a fast Fourier transform, and raw data were passed
through a low pass filter of 55 Hz to account for any contribution to the
signal due to background electricity. Raw and filtered measurements
showed good agreement; therefore, subsequent analyses of time series
and peak values considered the unfiltered data.

2.4. Wave conditions

The snake-type wave maker system in the DWB is equipped with 30
independently programmable servomotor-driven points and 29 paddles,
each having a maximum stroke of 2.1 m and a board height of 2.0 m.
Over the entire duration of experiments, a range of water levels and
wave conditions (including solitary, transient (tsunami-like), regular,
and irregular waves) were generated with and without a background
current. The novel pumping system comprised two 37.3 kW (50 HP)
pumps, each capable of driving 126.2 L/s (2000 gpm) of water to create
a continuous background current over the test section. The flow
fundamentally became stagnant and increased the water level in the
basin, creating an overflow at the testing section when the water level in
the basin exceeded 1 m. It took about 30 min for the system to achieve a
steady state, where the volume introduced by the pumps equaled to the
volume of land overflow. For the case of still water level 0.98 m, the
equilibrium state was reached when the water elevation reached 1.09 m.
Because the discharge was performed underwater, the current speed at
the beginning of the 1:20 foreshore slope was about 0.028 m/s,
considered to have minimal (Doppler and non-linear) effect on the
waves during the generation stage.

The wave conditions tested for the MO, M4, and M8 configurations
were scaled according to Froude similitude and included irregular and

Table 3

Selected locations of instruments and specimens.
Instrument x (m) y (m) z (m)
Wave maker center 0.000 0.000 0.000
WG2 14.048 —0.056 -
ADV1 31.489 —-0.019 1.020
USWG5 33.170 —0.003 2.357
ADV5 33.170 —0.026 1.018
Base-center, 6DOF LC Structure 33.457 —0.503 0.993
Base-center, PG Structure 33.457 —1.503 0.993
Northwest Bound, M4, M8 32.849 —1.782 0.993
Southwest Bound, M4, M8 32.859 0.317 0.997
Northeast Bound, M4 32.340 —1.878 0.993
Southeast Bound, M4 32.341 0.403 0.995
Northeast Bound, M8 31.661 —1.878 0.989
Southeast Bound, M8 31.657 0.403 0.992
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transient waves propagating over two differing water depths depending
on the presence of a background current. Here, we focus on transient
waves generated using error function time series programmed into the
wave maker’s displacement to create long waves (e.g., Thomas and Cox,
2012). Waves were generated with or without a background current; the
background current was accompanied with a 0.11 m increase in water
depth to allow the pumping system to circulate water over the 10 m by
10 m horizontal test platform. This increase in water level affected the
relative wave amplitude and therefore transformation of the wave signal
over the bathymetry. Including a background current-only (no waves)
case, seven unique trials were tested for each mangrove configuration.
Fig. 4 shows the water surface elevation time series measured at WG2,
located near the onset of the test section’s 1:20 bathymetric slope, for
the ensemble-average of each of the three wave conditions generated
over mangrove configurations. Water levels were zeroed before each
trial, and a 0.1 s moving average was applied to more clearly show each
trial; for all trials, raw and smoothed peak amplitudes were within 10%.
Dashed lines in Fig. 4 indicate trials run without a background current
for ERF1 (green), ERF2 (lavender), and ERF3 (pink), with the water
depth at the wave machine set to h = 0.98 m, while solid lines present
the time series for trials run in the presence of a background current:
ERF1C (green), ERF2C (lavender), and ERF3C (pink), with h = 1.09 m.
Time series are truncated to show only the incident wave signal for
which hydrodynamics and loads were considered, before a reflected
wave was measured by WG2.

Table 4 shows the wave amplitude A, representative time scale Tg
(defined as the duration for which the wave signal exceeded 10% of its
amplitude), average cross-shore velocity u taken before the wave gen-
eration, and water depth h taken at the wave maker for each wave/
current trial. The “C” suffix in the table indicates that the pumps were
operating to create a background current with h = 1.09 m at the wave
maker, while the absence of the suffix indicates that waves propagated
with no background current and h = 0.98 m at the wave maker. Wave
amplitudes and representative time scales listed in Table 4 were
measured at WG2, with standard deviations of wave amplitude and
representative time scale across all configurations indicated in paren-
theses. Wave amplitudes ranged from 0.13 to 0.22 m and varied by less
than 0.02 m across configurations, while representative wave time
scales ranged from 5.71 to 11.15 s and varied by 0.006-0.802 s across
configurations. Greater variation in Tg was observed for trials in which

- — ERF1
- — ERF2||
- — ERF3

n (m)

15 20 25 30
t(s)

Fig. 4. Ensemble averaged water surface time series at WG2 for all transient
wave trials with h = 0.98 m (emergent mangroves), no background current
(dashed lines) and with h = 1.09 m (partially submerged mangroves), back-
ground current (solid lines). Line colors indicate wave condition: ERF1 (green),
ERF2 (lavender), and ERF3 (pink).
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Table 4
Mean (standard deviation) experimental wave conditions for MO, M4, and M8
configurations.”

Trial A(m)[WG2] Tg (5) [WG2]  u(m/s)° h (m) [wave
[ADV1] maker]

ERF1  0.13(0.009) 11.15 0 0.98
(0.144)

ERF2  0.14 (0.010)  8.30(0.006) 0 0.98

ERF3  0.21(0.007) 5.71(0.031) 0 0.98

ERFIC  0.14 (0.008)  10.83 0.31 1.09
(0.802)

ERF2C  0.17 (0.018)  9.20 (0.627)  0.31 1.09

ERF3C  0.22(0.018)  5.95(0.211)  0.31 1.09

C 0 0 0.31 1.09

@ Location of measurement is denoted in brackets.
b u refers to the steady background current measured before the wave
occurrence for the MO configuration.

waves propagated in the presence of a background current (h = 1.09 m)
and for the longest waves generated during experiments (ERF1 and
ERF1CQ), possibly owing to small oscillations observed in Fig. 4 along the
tails of these water surface elevation time series. While incident water
depths at the wave maker are presented in Table 4, the two water depths
considered created differing conditions at the test section. The mangrove
specimens were fully emergent during trials with no background current
and h = 0.98 m, while the specimens were partially submerged by 0.09
m (i.e., the roots were 60% submerged) during trials with a background
current and elevated water level of h = 1.09 m.

Average cross-shore velocities reported in Table 4 were measured at
ADV1, located at the onset of the horizontal test section, 1.60 m seaward
of the built environment. Cross-shore velocities were averaged over the
first 20 s of the trials for the MO configurations, before the transient
wave reached the ADV. ADV1 measurements during the M4 and M8
configurations are not reported in Table 4. ADV1 measurements during
the M4 configuration suggested offshore effects, such as reflection, by
the mangroves; no ADV1 measurements were taken during the M8
configuration in order to prevent root overlap with the ADV1 instrument
head. However, the consistency in velocity measurements within each
mangrove configuration suggests that a similar background current was
achieved for all trials.
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3. Mangrove effects on hydrodynamics and inland pressures and
forces

3.1. Mangrove effects on hydrodynamics

Aerial images collected using a stationary camera suspended over the
wave basin suggest that the mangroves affected wave transformation,
air entrainment, and resulting interaction with inland structures. Fig. 5
shows aerial images at the moment of maximum splash-up against the
structures during the M4 configuration for each of the six wave condi-
tions. For the M4 and M8 configurations, the aluminum (silver) struc-
tures were protected by mangroves while the concrete (red) structures
were unshielded. The visual characteristics of the wave against the
concrete structures were similar to those during the MO configuration.
The visual characteristics of the wave against the aluminum structures
were similar during both the M4 and M8 configurations.

These aerial images suggest that mangroves reduced splash-up
against the structures behind the mangroves during most of the wave
trials. Wave breaking typically occurred either within the mangrove
patch or on the idealized structures. During the MO configuration, most
wave trials interacted with the structures as broken or breaking waves,
except trial ERF1C, which was nonbreaking. ERF3 initially broke just
offshore of the crest of the 1:20 slope (white line, Fig. 5(c)) and impacted
the first row of structures as a turbulent bore. For the M4 and M8 con-
figurations, an aerated water surface can be seen within the mangroves
(in front of the aluminum structures), alongshore of clear water in front
of the concrete structures, potentially owing to mangrove-induced air
entrainment. The relative reduction of splash-up against the shielded
structures appears large for all wave trials conducted with h = 0.98 m
(emergent mangroves) and no background current (Fig. 5(a), (b), and 5
(c)). For wave trials conducted with h = 1.09 m (partially submerged
mangroves) and a trailing background current, visual wave character-
istics (breaking and degree of aeration) and the relative reduction of
splash-up against the structures varies between trials. The effects of
mangroves on ERF1C (Fig. 5(d)) is not visually apparent; the wave did
not break against the structures and the mangroves induced the least
aeration in this trial. ERF2C and ERF3C (Fig. 5(e) and (f)) show minor
reduction of splash-up.

Although aerial images suggest that the splash-up against the
structures was reduced by the presence of mangroves (Fig. 5), the peak
water level behind the mangroves in the alongshore gap between
structures increased compared to the MO configuration for all wave

Fig. 5. Aerial images at the moment of maximum splash-up due to wave-structure interaction for transient wave cases for the M4 configuration (a) ERF1; (b) ERF2;
(c) ERF3; (d) ERF1C; (e) ERF2C, and (f) ERF3C. The solid white line in panel (c) indicates the location where the wave first breaks before encountering the structures.
The red line in each panel just offshore of the mangroves on the concrete bottom is the location of the crest of the 1:20 slope.
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trials. Fig. 6 shows the time series of the water surface elevation 7
measured at USWG5 for each of the six wave conditions propagating
through the M0, M4, or M8 configurations. USWG5 was zeroed at the
beginning of each trial.

The percent difference, PD, between peak water levels smoothed
with a 0.1 s running average was calculated using the following
equation:

pp =m0 v (1009%) 1

Mmo

where 19 is the peak water level for configuration MO and #y is the
peak water level for configuration M4 or M8. A positive PD indicates a
percent reduction relative to MO; a negative PD indicates a percent in-
crease relative to MO. Table 5 shows percent differences for peak water
surface elevations and peak cross-shore velocities.

The increases in peak water levels relative to those in the MO
configuration during wave trials with h = 0.98 m (emergent mangroves)
and no background current (ERF1, ERF2, and ERF3) ranged from 65 to
128%. For these wave conditions, the relative increase in peak water
level was greater for wave conditions with shorter representative time
scales (or larger wave amplitudes) and for shorter mangrove forest cross-
shore thicknesses. During wave trials with h = 1.09 m (partially sub-
merged mangroves) and a trailing background current (ERF1C, ERF2C,
and ERF3C), the peak water levels relative to those in the MO configu-
ration increased by 24-58%. Change in peak water levels during wave
trials did not show a consistent, monotonic trend with change in
mangrove forest width or wave characteristics (representative time scale
or amplitude). We observe an earlier arrival of the wave generated in the
presence of a trailing background current (h = 1.09 m) compared to the
same wave maker signal generated over the lower water depth and no
background current. The increased water level during the trials with
background current affected the relative wave amplitude and resulting
shoaling characteristics as it propagated along the slope, affecting the
subsequent wave-vegetation interaction. Furthermore, increasing the
water level during trials with a background current reduced the frontal
area of the mangroves as they interacted with the transient waves.

Peak cross-shore velocities behind the mangroves decreased
compared to those in the MO configuration for all wave trials. Fig. 7
shows time series of the cross-shore velocity measured at ADV5 for each
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Table 5

Percent difference for peak water levels at USWG5 and cross-shore velocities at
collocated ADV5 measured during M4 and M8 configurations compared to MO
configuration.”

Trial Peak n [USWG5] Peak u [ADV5]

Nmax PD, MO to PD, MO Umax, MO PD, MO PD, MO
MO (m) M4 (%) to M8 (m/s) to M4 to M8
(%) (%) (%)

ERF1 0.09 —-83 —65 0.63 10 5
ERF2 0.11 -100 —66 2.06 68 41
ERF3 0.12 —128 —95 2.12 26 29
ERF1C 0.20 -39 —-36 1.37 43 54
ERF2C 0.29 -32 —24 1.78 39 44
ERF3C  0.30 —47 —58 2.26 43 50

@ Location of measurement is denoted in brackets.

of the six wave conditions tested. Table 5 shows the percent difference in
the peak cross-shore velocity for each wave trial (Eqn. (1), replacing 5
with u), where the peak cross-shore velocity is defined as the maximum
velocity after smoothing the time series with a 0.1 s running average. In
wave trials without a background current, the lower offshore water level
caused the ADV to be exposed until the arrival of the wave. The peak
cross-shore velocity used in Eqn. (1) was selected after the high scatter
observed in Fig. 7(a), (b), and 7(c) smoothed to a steady velocity,
indicating the transition of the instrument to a good signal to noise ratio
(SNR) and submerged conditions. Therefore, peak cross-shore velocities
recorded may not capture velocities associated with the first arrival of
the wave for these trials.

The large scatter in Fig. 7(a), (b), and 7(c) was retained to show when
the wave arrived at the ADV. In these trials, the time duration of high
scatter is reduced in the M4 and M8 configurations, compared to the MO
configuration. Aerial images suggest that the mangroves introduced air
into the propagating wave and enhanced wave energy dissipation prior
to encountering the structure, resulting in the decreased vertical jet
observed in Fig. 5. The reduction in peak cross-shore velocity for ERF1 is
smaller (5-10%) than that for ERF2 and ERF3 (26-68%, Table 5). This
low percent difference may be owing to the lower cross-shore velocity
associated with the ERF1 wave propagating through MO configuration
(less than one-third of the cross-shore velocity of ERF2 or ERF3). For the

23 26 29 32 35 38 41 44

23 26 29 32 35 38
t(s)

23 26 29 32 35 38

Fig. 6. Time series of water level y at USWG5 for transient wave cases (a) ERF1; (b) ERF2; (c) ERF3; (d) ERF1C; (e) ERF2C, and (f) ERF3C. Line styles indicate
configuration MO (black solid line), M4 (blue dashed line), or M8 (orange dash-dot line). Thin (a—c) and thick (d-f) lines indicate trials without background current, h
= 0.98 m (emergent mangroves) and with background current, h = 1.09 m (partially submerged mangroves), respectively. Horizontal solid lines near the top of each
panel indicate the times when Fr > 1 (calculated at co-located USWG5 and ADV5) for MO (black), M4 (blue), and M8 (orange).
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Fig. 7. Time series of cross-shore velocity u at ADV5 for transient wave cases (a) ERF1; (b) ERF2; (c) ERF3; (d) ERF1C; (e) ERF2C, and (f) ERF3C. Symbols indicate
raw data and lines indicate 0.1 s averaged data. Line and marker styles indicate configuration MO (black solid line, transparent black circles), M4 (blue dashed line,
transparent blue triangles), or M8 (orange dash-dot, transparent orange squares). Thin lines and open symbols (a-c) indicate trials without background current, h =
0.98 m (emergent mangroves) and thick lines and filled symbols (d—f) indicate trials with background current, h = 1.09 m (partially submerged mangroves).
Horizontal solid lines near the top of each panel indicate times when Fr > 1 (calculated at co-located USWG5 and ADV5) for MO (black), M4 (blue), and M8 (orange).

ERF1 trial, we observed vertical velocities ranging from —2 to —1 m/s
between the high scatter and peak cross-shore velocities, suggesting that
water piled up against and deflected around the structures, converging
over ADV5 in a downward rush between the structures before a strong
cross-shore velocity could be established, potentially affecting peak
cross-shore velocity measurements. This vertical velocity was reduced
by roughly 45% in the M4 and M8 configurations, compared to that in
the MO configuration, suggesting that the mangroves induced a similar
percent reduction to total velocity for wave trials ERF1, ERF2, and ERF3.

In trials ERF1C, ERF2C, ERF3C, the peak cross-shore velocity was
reduced by 39-54% (Table 5), with a small increase in reduction for the
larger mangrove forest width and no consistent, monotonic trend with
change in wave representative time scale or amplitude. This reduction in
cross-shore velocity was similar to the reduction in cross-shore velocity
of the background current (measured during trial C and trials ERF1C,
ERF2C, and ERF3C before the arrival of the wave). Percent reductions of
the background current of 37-39% and 45-47% were observed during
the M4 and M8 configurations, respectively, with no statistical differ-
ence between trials prior to the arrival of the wave. Background current
velocities were consistent throughout the 20 min trial C, with a standard
deviation less than 0.05 m/s for 0.1 s averaged currents, indicating that
the pumps generated a uniform, steady background current across the
test section for the duration of trials.

Froude numbers were calculated for all trials with collocated ADV5
and USWGS5 data using:

Fr=—— 2)

where U is the total speed (U = vu? + v2, with alongshore velocity v),
and g is the gravitational acceleration. The horizontal bars near the top
of each panel in Figs. 6 and 7 show the times when the flows were su-
percritical (Fr > 1). The presence of mangroves either reduced the time
duration or eliminated supercritical flow for all wave trials. These results
are similar to observations and aerial imagery from experiments, which
suggested that the mangroves introduced air into waves and similarly
enhanced breaking wave dissipation compared to the MO configuration,
reducing the duration of supercritical flow near the structures. We note

that the offshore initiation of the subcritical flow regime by mangroves
observed for wave trials ERF1C, ERF2C, and ERF3C generated in the
presence of a background current may be owing to combined effects of
the trailing background current and increased offshore water depth,
which allowed higher peak water levels during the M4 and M8
configurations.

3.2. Mangrove effects on inland forces and pressures

The mangrove-induced transformation of water surface elevations
and cross-shore velocities for individual wave trials affected the
magnitude of the wave-induced cross-shore force Fyx measured by the
6DOF LC positioned behind the mangrove fringe (Fig. 3). For each
configuration, the cross-shore forces measured during the current-only
trial and during trials with a background current before the wave’s
arrival were within 8%, indicating that the background current gener-
ated by the pumps was steady. This hydrodynamic current-induced force
was less than 10% of the force due to wave impingement on the structure
for all trials. Therefore, we zeroed pressure gauges and load cells before
the wave generation to consider the wave-induced force in all load and
pressure analyses. We note that an additional dynamic contribution is
associated with the waves generated in the presence of a background
current owing to nonlinear interactions between waves and current and
the increased water levels for trials with waves generated in the presence
of a background current.

Fig. 8 shows the wave contribution to the cross-shore force Fy,
normalized by pgA®B, where p is the water density and B is the along-
shore width of the idealized structure, plotted against time normalized
by the representative wave time scale for each of the wave trials and
mangrove configurations considered during experiments. While the
temporal pattern and duration of loading varied for each wave trial, the
cross-shore force time series show similar trends across all configura-
tions (MO, M4, and M8) for each unique wave trial, indicating that the
mangroves subtracted energy from the flow while the waves maintained
similar breaking characteristics. Experimentally generated waves with
the longest representative time scales (ERF1 and ERF1C) created a quasi-
static load condition on the structure, while waves with shorter repre-
sentative time scales, especially ERF3C, induced peakier forces
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Fig. 8. Normalized wave-induced FX,/pgAZB vs. t/Tg for transient wave cases with h = 0.98 m (emergent mangroves) over still water (a) ERF1; (b) ERF2; (c) ERF3;
and h = 1.09 m (partially submerged mangroves) with trailing background current, (d) ERF1C; (e) ERF2C, and (f) ERF3C, based on 6DOF LC measurements. Line
styles indicate configuration MO (black solid line), M4 (blue dashed line), or M8 (orange dash-dot line).

associated with the impingement of the breaking or broken wave on the
idealized structure. The time series shown in ERF3C indicates a short-
duration, impulsive peak force due to the wave’s initial impact on the
structure, consistent with observations of breaking wave impacts by
previous studies (Oumeraci et al., 1993; Cooker and Peregrine, 1995;
Wood et al., 2000; Peregrine, 2003; Bullock et al., 2007; Bradner et al.,
2009; Thomas and Cox, 2012; Tomiczek et al., 2016; Park et al., 2017).
Although the time series show similar temporal patterns, the magnitude
of the peak measured force decreased from the MO to M4 to M8 con-
figurations for all wave trials. This reduction was especially evident for
the impulsive force induced by perfect-breaking wave of trial ERF3C in
the MO configuration.

While the cross-shore force time series shown in Fig. 8 allow for
qualitative comparisons of the temporal pattern and magnitude of cross-
shore forces, Fig. 9 shows the changes in the maximum cross-shore force
measured by the 6DOF LC due to varying incident wave parameters or
shielding by mangroves. The relationship between F, and Ty is shown in
Fig. 9(a) for all wave trials and mangrove configurations, with symbol
types and colors indicating mangrove configurations MO (black circles),

M4 (blue triangles), and M8 (orange squares); shaded symbols indicate
trials generated with h = 1.09 m (partially submerged mangroves) in the
presence of a trailing background current, and hollow symbols indicate
trials generated with h = 0.98 m (emergent mangroves) over still water.
As shown in the figure, increasing Tr was associated with decreasing Fy
for all configurations; we note that waves with longer representative
time scales had smaller amplitudes in this experiment. Similarly, Fig. 9
(a) indicates the effect of the presence of four or eight rows of mangroves
on the total cross-shore force: for all wave conditions tested, the cross-
shore forces measured during the M4 and M8 configurations were less
than those measured for the MO configuration. Effects are most readily
observed for trial ERF3C (h =1.09 m, A = 0.22 m, Tg = 5.71 s), which
induced the largest force on the structure during the baseline MO
configuration.

Fig. 9(b) shows the measured cross-shore force Fy plotted against the
cross-shore thickness of shielding mangrove configurations. Symbol
types and colors indicate the varying wave maker signals for wave
generation ERF1/1C (green, right-facing triangles), ERF2/2C (lavender,
left-facing triangles), and ERF3/3C (pink diamonds); filled symbols
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indicate waves generated at an elevated water level over a trailing
background current, while hollow symbols indicate wave trials gener-
ated at the lower water level over still water. For a given mangrove
configuration, waves with larger amplitudes (shorter time scales)
propagating over elevated water levels in the presence of a background
current tended to increase the cross-shore force measured by the 6DOF
LC. Increasing the cross-shore thickness of the mangrove forest reduced
the cross-shore force on the idealized structure. This reduction is most
readily observed for ERF3C, which induced the largest load on the
structure during the MO configuration. The relative importance of
representative time scale and amplitude to the reduction of cross-shore
force is discussed further in Section 4.

The percent differences in cross-shore force calculated using Eqn.
(1), substituting Fy for 7, are listed in Table 6 for each wave trial and
mangrove configuration. The reduction in cross-shore force was be-
tween 11 and 49% for the M4 configuration and 21-65% for the M8
configuration. For wave conditions during which waves propagated
with h = 0.98 m (emergent mangroves) and no background current, the
percent reduction was greatest for the ERF2 condition for both the M4
and M8 configurations, with ERF1 (longer representative time scale;
smaller amplitude) and ERF3 (shorter representative time scale; larger
amplitude) associated with a smaller PD compared to the MO configu-
ration. We hypothesize that wave breaking condition associated with
each trial was an important contributor to wave load reduction; Fig. 5
indicates that the ERF3 wave broke just offshore of the horizontal test
section during the MO condition, allowing for wave dissipation as the
broken wave propagated across the horizontal section before interacting
with the structure. In contrast, the waves generated in by the ERF1 and
ERF2 conditions interacted with the vegetation as breaking waves.
Therefore, for similar wave breaking conditions at the location of the
instrumented specimen, the percent reduction in measured force was
greater for the shorter-time scale wave (ERF2). For trials run with h =
1.09 m (partially submerged mangroves) and in the presence of a
trailing background current, the percent reduction in total force tended
to increase with decreasing wave representative time scale (increasing
wave amplitude).

The largest percent reductions were observed for the ERF2 and
ERF3C wave trials: compared to the baseline MO configuration, 0.51 m
of mangrove shielding (M4) resulted in 43% and 49% F, reductions and
1.19 m of mangrove shielding (M8) resulted in 57% and 65% Fy re-
ductions, respectively. While increasing the mangrove cross-shore
thickness from M4 to M8 showed a nearly linear trend in percent
reduction for the ERF1, ERF3, and ERF1C trials, the additional benefit
from the M4 to M8 configurations was less than the initial benefit from
introducing mangroves (MO to M4) for the ERF2, ERF2C, and ERF3C
trials.

Results shown in Fig. 9 and Table 6 suggest that (1) the presence of
mangroves provided measurable protection to inland structures for all
wave trials considered here; and (2) the percent difference in F, for a
given wave condition (compared to a no-mangrove configuration) var-
ied depending on physical parameters of the mangrove forest (cross-
shore thickness and emergent frontal area) and incident hydrodynamic
conditions (water depth, wave representative time scale and wave

Table 6
Measured cross-shore force for baseline (MO0) configuration and percent reduc-
tion for M4 and M8 configurations.

Trial Peak F, [6DOF LC]
Fymaxs MO (N) PD, MO to M4 (%) PD, MO to M8 (%)

ERF1 47.1 23 44
ERF2 110.0 43 57
ERF3 174.9 22 46
ERF1C 85.1 11 21
ERF2C 212.1 20 24
ERF3C 942.7 49 65
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amplitude). Relationships between these parameters are explored in
more detail in Section 4.

While the wave-induced force on a structure is important to assess
global stability of a structure and the required capacity for components,
the distribution of wave-induced pressures on a structure may also be
important when considering impulsive wave forces or localized damage.
We compared the vertical distribution of pressures induced by each
wave trial at the time of the maximum force (calculated by integrating
the pressure distribution time series over the face of the idealized
structure) for the three mangrove configurations (see Appendix). Results
indicate that the presence of mangroves changed the shape of the
pressure distribution, particularly for wave trials generated with h =
0.98 m (emergent mangroves) over still water. Additional tests are
required to resolve more finely the spatial distribution of pressures and
account for the inherent variability in impulsive wave pressure mea-
surements (Witte, 1988; Oumeraci et al., 1993; Hattori et al., 1994).

4. Discussion
4.1. Cross-shore forest thickness effects on force reduction

Measurements showed that, for all wave conditions tested, the
presence of mangroves, even at modest cross-shore thicknesses, affect
flow hydrodynamics, reducing cross-shore forces on inland structures.
The degree of force reduction depends on a complex relationship be-
tween the wave characteristics (e.g, water depth, wave amplitude,
representative time scale, breaking), the presence of a background
current, and mangrove physical parameters (cross-shore thickness,
emergent frontal area). We investigated the relative importance of
mangrove cross-shore thickness and incident wave parameters in
effecting a given percent reduction in cross-shore force compared to that
force induced by waves interacting with an unshielded structure.

Fig. 10 shows the relationship between the percent difference PD in
cross-shore force measured by the 6DOF LC and the cross-shore thick-
ness of the mangroves Xmangrove Normalized by the incident wave’s
representative time scale, Tg, and shallow-water celerity, /gh. Fig. 10
indicates that the wave representative time scale affects the additional
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Fig. 10. Percent difference in cross-shore force measured by the 6DOF LC PDpx
(%) vs. mangrove cross-shore thickness Xmangrove Normalized by the incident
wave representative time scale (Tg) and offshore celerity@. Symbols indicate
incident wave conditions: ERF1 (black circles), ERF2 (blue triangles), and ERF3
(orange squares) trials. Filled symbols: wave propagated with h = 1.09 m
(emergent mangroves) over a trailing background current; hollow symbols:
wave propagated with h = 0.98 m (partially submerged mangroves) over
still water.
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benefit associated with added mangrove cross-shore thickness. The data
collapse to an approximately linear relationship between PD and Xpqn-
grove/ ( Tr+/gH) (% = 0.73). Therefore, waves with longer representative
time scales propagating in deeper water require larger expanses of
mangrove cross-shore thicknesses to achieve the same reduction in
cross-shore force. However, it should also be noted that a cross-shore
thickness of mangroves that is 2-7% of the quantity (Tr./gh) had a
significant effect on inland loads for the wave conditions tested here
(11-65% reduction, Table 6), emphasizing the potentially significant
contribution that mangroves with modest cross-shore thickness can have
in providing protection from surge and tsunamis.

4.2. Other factors affecting force reduction

Wave trials considered in these experiments varied incident wave
amplitude with representative time scale (Table 4), and the presence of a
background current was accompanied by an increase in water level that
partially submerged the mangrove configurations. Thus, the trend in
Fig. 10 may also suggest effects of changing wave amplitude or wave
height to water depth ratio and emergent frontal area of mangrove roots
on the overall load reduction. For these trials, individual contributions
of increased water level, amplitude, representative time scale, and
presence of a background current cannot be separated. However, anal-
ysis of force reduction relationships between the cross-shore thickness of
mangroves and incident wave amplitude (Xmqngrove/A), onshore water
surface elevation (Xmangrove/n), and root height and relative wave
amplitude ((Xinangrove/HR max)/(A/h)) yielded lower correlations =
0.46, 0.40, and 0.44 respectively). Examination of force reduction
versus mangrove cross-shore thickness normalized by Tr+/gh multiplied

by relative wave amplitude (TR\/g_h (A/h)) did not change the correla-
tion (2 = 0.73), suggesting that the impact of wave amplitude or wave
amplitude to water depth ratio may be secondary to the representative
time scale of the wave.

The increase in water level from trials without a background current
to those run in the presence of a trailing current changed the condition of
the mangrove specimens from emergent (h=0.98 m, 0% submerged
roots) to partially submerged by 0.09 m (h=1.09 m, 60% submerged
roots). Experiments by Maza et al. (2019) suggest that the frontal area of
mangroves associated with different water depths is a dominant variable
driving wave attenuation. Partially submerging the mangrove speci-
mens reduced the emergent frontal area of the mangrove trunk-prop
root system, which affected the blockage potential during
wave-vegetation interaction and resulting wave dissipation and aeration
as the wave propagated through the forest.

The wave breaking condition is also an important factor in wave-
vegetation interaction and the resulting impulsive and/or quasi-static
loads on near-coast structures. ERF3 was the only wave trial in which
the wave broke offshore of the mangroves for all configurations. The
mangroves enhanced energy dissipation and further aerated the broken
wave, leading to a force reduction against the structures. ERF3C had the
highest force reduction of all trials, including ERF3, potentially owing to
the additional effect that the mangroves had in reducing the impulsive
force on the structure. In ERF3C, aerial images show that the wave be-
gins to break just in front of the structure for the MO configuration,
inducing the impulsive force observed in Fig. 8(f). The introduction of
macro-roughness (mangroves) in the M4 and M8 configurations caused
the wave to lose energy within the mangroves. Work done on the
mangrove elements by the wave dissipated the wave’s energy before it
interacted with the structure, resulting in a lower measured impact
force. The additional water depth for trials ERF1C, ERF2C, and ERF3C
also changed the relative wave amplitude and shoaling characteristics
over the bathymetry, affecting the interaction of the wave with the
mangroves. A wider range of water depths, wave representative time
scales (periods), wave amplitudes, background currents, and vegetation
emergence must be tested to envelope a broader range of prototype-
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scale conditions allowing for the identification of controlling hydrody-
namic parameters and quantification of the combined effects that these
parameters have on the force reduction.

4.3. Experimental considerations and areas for future work

Further work is needed to determine the effects of mangroves on
inland loads and hydrodynamic transformation for other wave condi-
tions including repeated, shorter-period waves (i.e., storm waves), in
order to evaluate benefits of these natural systems during daily condi-
tions and tropical storms. Work is ongoing to analyze the transformation
of irregular waves through the mangrove configurations described here;
future work may further consider regular, irregular, and other wave
conditions. In addition, it is critical in future tests to quantify not only
the engineering benefits of mangroves but also breakpoints, or condi-
tions at which the system is expected to fail (i.e., the mangroves are
damaged beyond recovery) due to either long-lasting or extreme con-
ditions. Metrics that combine the coastal protection benefits that man-
groves supply with their failure limits will be important for decision-
makers to identify viable and sustainable nature-based engineering
solutions.

While this study focused on the inland benefits provided by man-
groves, edge and seaward effects must also be examined in future
studies. Due to the alongshore gap created by the mangrove configura-
tions in these experiments (replicating observations from fringing
mangroves in Key West, FL by Tomiczek et al. (2020)), edge effects will
have affected wave transformation and dissipation around the mangrove
sections, potentially providing enhanced flow velocities and loads on
unshielded structures located next to the mangrove patch. In addition,
the presence of mangroves and structures induces wave-reflection,
leading to feedbacks with inland wave propagation as well as seaward
effects that may be more fully explored in future tests.

Although the wave conditions presented here represent long waves;
there are still significant differences in time scales when scaling labo-
ratory conditions to those of a tsunami (Madsen, 2008). Several alter-
native methods of long wave generation have been investigated,
including by pneumatic wave maker (Rossetto et al., 2011),
pump-driven wave maker (Goseberg et al., 2013; Bremm et al., 2015),
and other systems (Synolakis, 1990; Tomiczek et al., 2016; Prasetyo
et al., 2019). Experiments considering alternative long wave generation
methods will further improve the understanding of interactions between
mangroves of varied cross-shore thicknesses and short- and long-period
waves.

In addition, scaling effects must be considered when applying
experimental results to prototype conditions. The mangrove models in
these tests were constructed at a 1:16 geometric scale. We checked that
the Reynolds Number was sufficiently large to ensure that viscous effects
did not dominate inertial effects typical of overland flow conditions at
full-scale. For these trials, peak water velocities ranged from 0.63 to
2.27 m/s. The Reynolds Number Re of flow around mangrove roots,
defined as Re = ud,,o/v, where v is the kinematic viscosity of water,
ranged from 1570 to 5650, sufficient to generate turbulent wakes (Maza
et al., 2017). Future work may characterize turbulence of flow around
individual roots and systems of roots at larger scales and other flow
velocities. Tests at a range of geometric scales will allow for identifica-
tion and resolution of scale effects from model to prototype as well as the
incorporation of other mechanical properties of mangroves such as
elasticity.

In addition to expanding the range of wave conditions and geometric
scales tested, a wider range of mangrove configurations and species
must be tested in future work. Mangroves grow in nature at irregular
locations and at varying tree densities. The mangrove configurations
tested in these experiments correspond to a densely vegetated mangrove
forest (Danielsen et al., 2005); field studies have documented a range of
tree density, basal area, and DBH (Jin Eong et al., 1995; Dawes et al.,
1999; Novitzky, 2010; Sreelekshmi et al., 2018). Future tests may
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consider randomizing mangrove placement during laboratory setup to
identify benefits of sparser or denser mangrove spacing than those
considered in these trials. Similar to previous studies (Maza et al., 2017,
2019), this work idealizes the mangrove trunk-prop root system by
neglecting effects of branches or tree canopies. However, as water levels
increase, wave and current interaction with a mangrove canopy may
become more important, particularly at the leading edge of a mangrove
forest. Therefore, future work may seek to quantify the effect of
mangrove canopies on wave propagation and transformation during
extreme flooding or storm surge conditions. Further, mangroves trap
sediment, effecting local bathymetric changes that affect wave trans-
formation; this bathymetric change may similarly cause wave shoaling,
breaking, and energy dissipation, but its impact has not been quantified
in this study. The effects of mangrove ground rooting on anchoring trees
and stabilizing local bathymetry must also be considered when evalu-
ating the performance of these natural systems. Finally, the interaction
of mangroves with other natural or hardened systems must be consid-
ered in future work when considering hybrid and multi-tiered ap-
proaches to coastal hazard mitigation. Multi-disciplinary work can
further identify co-benefits of these natural and hybrid systems in terms
of engineering performance, ecosystem services, and carbon storage,
among others, to more holistically quantify benefits and costs associated
with mangrove shorelines.

5. Conclusions

These experiments investigated effects of mangrove trunk-prop root
systems with modest cross-shore thicknesses on flow hydrodynamics,
and novel measurements of pressures and forces on idealized inland
structures under transient wave conditions. Based on results presented
above, we present the following main conclusions:

@ The presence of mangroves affected inland hydrodynamic charac-
teristics including inland water surface elevations and peak cross-
shore velocities, with the M4 and M8 configurations increasing
water surface elevations by 24-128% and decreasing peak cross-
shore velocities by 5-68% for individual wave conditions,
compared to the MO baseline configuration. The increase in water
level behind the mangroves was likely affected by wave reflection
between the mangroves and building elements and wave interaction
with the vegetation.

@ The emergent macro-roughness associated with the mangrove con-
figurations enhanced energy dissipation as waves performed work on
mangrove elements and introduced air into the propagating wave.
This wave-mangrove interaction reduced or eliminated supercritical
flow behind the mangroves, similarly reducing the vertical jet asso-
ciated with wave interaction with the first row of idealized
structures.

@ The presence of mangroves reduced the magnitude of the cross-shore

wave-induced force, compared to the MO baseline configuration, by

11-65%. The increased benefit from additional mangrove cross-

shore thickness varied for unique wave conditions (water depth/

mangrove emergence, wave amplitude, wave representative time
scale, and presence of a background current).

Incident hydrodynamic conditions, including the presence of a

background current, water depth, wave amplitude, and representa-

tive time scale as well as the emergence of the prop roots affected the
degree of benefit due to a mangrove fringe with a given cross-shore

thickness. The percent difference between the force measured for a

given configuration with mangroves (M4 or M8) and the unshielded

configuration (MO) varied approximately linearly with mangrove
cross-shore thickness normalized by the incident wave representa-
tive time scale and offshore celerity. Longer waves required a greater
cross-shore thickness for the same percent reduction in force. How-
ever, the M4 and M8 mangrove configurations reduced the cross-
shore force on the 6DOF LC in all wave trials tested, despite
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comprising only 2-7% of the quantity Tr./gh. Therefore, results
indicate that for the range of water depths, wave amplitudes, and
wave representative time scales considered in these experiments,
even modest cross-shore thicknesses of the mangrove forest provided
some degree of protection during overland flow conditions.

Mangroves and other natural and nature-based features offer po-
tential as sustainable, resilient natural infrastructure that, when imple-
mented appropriately, may provide benefits including coastal
protection, habitat creation, carbon-storage, and others. While addi-
tional work is needed to fully understand the potential and limitations of
mangrove forests in providing protection to inland structures, coastal
communities may leverage these natural systems in suitable locations
and as part of multi-tiered approaches including both natural and
engineered infrastructure. Hybrid systems in which natural infrastruc-
ture can complement the performance of engineered structures (e.g,
seawalls, revetments) may improve the robustness and resiliency of
coastal communities worldwide.
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Appendix. Mangrove Effects on Dynamic Pressures on Inland Structures

We analyzed the pressure distributions over the vertical face of the specimen instrumented with PGs 1-6 during the unshielded configuration (MO0)
and shielded configurations M4 and M8. Fig. A1 shows the pressures at PGs 1-6 plotted along the x-axis at their respective elevations (y-axis) for each
of the trials conducted with h = 0.98 m (emergent mangroves) and no background current. The pressure distributions shown were taken at the time of
the maximum force calculated by integrating the pressure gauge measurements over the face of the structure. Similarly, Fig. A2 shows the comparison
of shielded pressures to the MO configuration for trials conducted with h = 1.09 m (partially submerged mangroves) and in the presence of a
background current.
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Fig. A.1. Summary of pressure distribution at the time of the peak integrated force for wave trials with h = 0.98 m, (emergent mangroves) over still water: (a, d)
ERF1; (b, e) ERF2, and (c, f) ERF3 during (a, b, ¢) M4 (blue lines) configuration and (d, e, f) M8 (orange lines) configuration. Black dotted lines and circles correspond
to pressure distribution at time of peak integrated force for MO configuration.

As shown in Fig. A1, the presence of mangroves significantly changed the shape of the pressure distribution compared to the baseline MO
configuration for all three wave trials with h = 0.98 m (emergent mangroves) and no background current. The maximum elevation at which pressure is
measured decreases from the MO to M4 to M8 configuration for trials ERF1 and ERF2, and nearly all pressure gauges show a reduction in pressure at
their respective elevation compared to the baseline MO configuration. The elevation of the peak pressure shifts downward from PG3 (0.10 m above the
base of the specimen) to PG1 (0.02 m above the base of the specimen) for ERF2 and from PG3 to PG2 for ERF3. We note that for ERF3, the highest
pressure gauge (PG6, 0.22 m above the base of the structure) recorded a larger pressure in the M4 configuration and similar pressure in the M8
configuration to that measured during the baseline MO configuration. While reduction was observed for nearly all locations on the instrumented
specimen, the pressures associated with breaking or broken-wave impact can be highly variable depending on the shape of and air entrainment in the
incident wave (Chen and Melville, 1988; Cooker and Peregrine, 1995; Peregrine, 2003; Bullock et al., 2007). Therefore, although mangroves were
shown in Figs. 8 and 9 (see manuscript) to reduce the total force on the structure, they may not necessarily guarantee that all pressures are reduced
over the vertical domain of a structure.
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Fig. A.2. Summary of pressure distribution at the time of the peak integrated force for wave trials with h = 1.09 m (partially submerged mangroves), in the presence
of a background current: (a, d) ERF1C; (b, e) ERF2C, and (c, f) ERF3C during (a, b, ¢) M4 (blue lines) configuration and (d, e, f) M8 (orange lines) configuration. Black
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dotted lines and circles correspond to pressure distribution at time of peak integrated force for MO configuration.

While Fig. A1 shows a clear reduction in peak pressures measured during shielded conditions, the effect of mangroves on pressures due to waves
propagating with h = 1.09 m (partially submerged mangroves) and in the presence of a trailing background current (Fig. A2) is less apparent,
particularly for the longer waves of ERF1C and ERF2C. Pressure gauges recorded the largest pressures at the highest elevations of pressure gauges for
the M4 configuration for wave trial ERF2C, which may be related to the onshore location of wave breaking in this trial. These increased pressures
contrast with load cell measurements showing a 20% reduction of force in the neighboring specimen, suggesting a potential for locally channelized
flow inland of the mangroves leading to non-uniform pressures over the face of an inland structure. These differences may be owing to pressure gauges
not extending to the crest of the structures and documented variability in impulsive pressure measurements (Witte, 1988; Oumeraci et al., 1993;
Hattori et al., 1994). Pressure gauges have been shown to capture an impulsive spike due to wave breaking that is not necessarily registered by a load
cell due to the inertia of the structure and short duration of the impulsive force (Bullock et al., 2007; Bradner et al., 2009). Additional work must
further investigate the impulsive force associated with wave impact to determine outcomes for structures subject to short duration impacts followed by
longer duration, quasi-static wave loading. A significant reduction in measured pressures for the shielded configurations is observed for ERF3C
(Fig. A2(c)and(f)). This shorter time scale wave broke directly on the structure (near PG6) in the MO configuration; the presence of mangroves caused
wave energy dissipation offshore and significantly reduced the impulsive slamming force associated with the wave.
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