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Observations of wave transformation over a fringing coral reef
and the importance of low-frequency waves and offshore
water levels to runup, overwash, and coastal flooding

Olivia M. Cheriton?, Curt D. Storlazzi’, and Kurt J. Rosenberger’

"Pacific Coastal and Marine Science Center, U.S. Geological Survey, Santa Cruz, California, USA

Abstract Many low-lying tropical islands are susceptible to sea level rise and often subjected to over-
wash and flooding during large wave events. To quantify wave dynamics and wave-driven water levels on
fringing coral reefs, a 5 month deployment of wave gauges and a current meter was conducted across two
shore-normal transects on Roi-Namur Island in the Republic of the Marshall Islands. These observations cap-
tured two large wave events that had waves with maximum heights greater than 6 m with peak periods of
16 s over the fore reef. The larger event coincided with a peak spring tide, leading to energetic, highly
skewed infragravity (0.04-0.004 Hz) and very low frequency (0.004-0.001 Hz) waves at the shoreline, which
reached heights of 1.0 and 0.7 m, respectively. Water surface elevations, combined with wave runup,
reached 3.7 m above the reef bed at the innermost reef flat adjacent to the toe of the beach, resulting in
flooding of inland areas. This overwash occurred during a 3 h time window that coincided with high tide
and maximum low-frequency reef flat wave heights. The relatively low-relief characteristics of this narrow
reef flat may further drive shoreline amplification of low-frequency waves due to resonance modes. These
results (1) demonstrate how the coupling of high offshore water levels with low-frequency reef flat wave
energetics can lead to large impacts along fringing reef-lined shorelines, such as island overwash, and (2)
lend support to the hypothesis that predicted higher sea levels will lead to more frequent occurrences of
these extreme events, negatively impacting coastal resources and infrastructure.

1. Introduction

Coral reefs that surround low-lying islands and land masses provide important protection against the
impact of large waves and storm damage [Ferrario et al., 2014], including tsunamis [Kunkel et al., 2006], by
energy dissipation through wave breaking and bottom friction [Lowe et al., 2005]. However, climate change
and sea level rise have led to growing concern for how the hydrodynamics across these reefs will evolve
and whether these changes will leave islands more vulnerable to large wave events [Storlazzi et al.,, 2011;
Grady et al., 2013; Merrifield et al., 2014; Storlazzi et al., 2015a].

Because the majority of reef flats are depth limited, with many going dry during lower low tides, offshore
water levels (i.e., tidal stage) strongly control the ability of waves to propagate across a reef and impact the
shoreline [e.g., Young, 1989; Brander et al., 2004; Hoeke et al., 2013]. In addition to offshore water levels,
wave-induced setup also contributes to reef flat water levels; as offshore swell breaks over the shallow reef
topography, the change in radiation stress leads to a water level increase (“setup”) over the reef flat [Lon-
guet-Higgins and Stewart, 1964]. Setup is strongly governed by offshore wave height and period [Hench
et al.,, 2008], but is also dependent on tidal stage in that setup generally increases with decreasing water lev-
els on the reef [Seelig, 1983; Vetter et al., 2010; Becker et al., 2014], so the potential effects of wave-induced
setup are greatest at low tide phases.

Due to the complex bathymetry and wave dynamics characteristic of reef environments, the transformation
of waves over reefs is distinctly different from that on sandy beaches [Lee and Black, 1978]. Waves propagat-
ing onto shallow reefs steepen and break, and while some of the breaking wave energy propagates shore-
ward as reformed high-frequency (0.04 < f< 0.2 Hz, i.e., “incident”) waves, the spectral wave energy shifts
into lower frequencies and long-period (f < 0.04 Hz; i.e., “infragravity”) waves often dominate. Observations
of how low-frequency waves become increasingly important across reef flats (from the reef crest toward
shore) have been reported for a variety of environments [e.g., Hardy and Young, 1996; Lugo-Fernandez et al.,
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1998; Péquignet et al., 2011; A. Pomeroy et al., 2012a; Ford et al., 2013; Beetham et al., 2015] and have also
been demonstrated in laboratory and modeling studies [Nwogu and Demirbilek, 2010; Torres-Freyermuth
et al.,, 2012; van Dongeren et al., 2013; Shimozono et al., 2015]. These low-frequency waves are thought to be
generated in the surf zone by breakpoint forcing [A. Pomeroy et al., 2012a], where the time-varying oscilla-
tion of the shore wave breakpoint produces free low-frequency waves [Symonds et al., 1982]. This stands in
contrast to the bound low-frequency waves that form via the nonlinear interactions between short-period
wind/gravity waves shoaling over gently sloping seabeds [Longuet-Higgins and Stewart, 1960].

Previous observations of low-frequency waves over shallow reef flats have established relationships
between the offshore conditions and resulting reef flat wave characteristics. Over depth-limited reef flats,
short-period wave heights are primarily governed by water levels [Hardy and Young, 1996; A. Pomeroy et al.,
2012a; Becker et al., 2014]. Low-frequency wave heights are also controlled by water levels but equally influ-
enced by the offshore incident wave heights and periods, in that greater offshore wave power impinging
on the reef crest leads to larger low-frequency waves over the reef flat [A. Pomeroy et al., 2012a]; this is due
in part to the increased water levels generated by wave-induced setup [Péquignet et al., 2011].

The importance of low-frequency waves to reef flat water level dynamics has recently been explored by a
number of field [A. Pomeroy et al,, 2012a; Ford et al., 2013; Péquignet et al., 2014; Beetham et al., 2015] and labo-
ratory and modeling studies [Nwogu and Demirbilek, 2010; Torres-Freyermuth et al.,, 2012; van Dongeren et al.,
2013; Pomeroy et al., 2015]. There is increasing evidence that low-frequency waves not only tend to dominate
the nearshore reef flat wave patterns, but may also be the significant forcing behind many coastal hazard
processes, such as shoreline accretion/erosion, wave overwash, flooding, and beach runup. Hardy and Young
[1996] noted the nonlinear shape (“sharp peaks and long flat troughs”) of waves propagating across a reef
flat. This skewness and asymmetry of low-frequency waves likely contributes to cross-shore transport of sedi-
ment and other material, as was demonstrated in a recent laboratory experiment by Pomeroy et al. [2015].
During large storms and wave events, this transport may be a key determinant of subsequent shoreline ero-
sion or accretion, as has been observed for planar beach coastlines [Aagaard and Greenwood, 1995].

Additionally, during large wave events, low-frequency waves may have a disproportionately large impact
by driving resonance [Péquignet et al., 2009], runup [Merrifield et al., 2014; Shimozono et al., 2015], and over-
wash [Hoeke et al., 2013]. Seelig [1983] defined runup as the maximum wave-driven vertical uprush elevation
(above the mean water level) that occurs on land. The early laboratory study by Seelig [1983] noted how
runup was strongly influenced by offshore “surf beat” and increased under irregular wave forcing at the
simulated reef crest. These observations pointed to the role of low-frequency waves in generating runup,
however, only recently have the processes governing runup on fringing reef-lined coasts been more thor-
oughly investigated. In their laboratory experiments and numerical simulations, Nwogu and Demirbilek
[2010] identified the importance of low-frequency waves to resultant runup, and found that reef flat reso-
nance can further increase runup at the shoreline. Several recent modeling studies also report that shoreline
runup is dominated by contributions from the low-frequency (<0.04 Hz) band [Beetham et al., 2015; Shimo-
zono et al., 2015]. Under intense storm conditions, the amplification of runup by reef flat resonance patterns
can lead to extreme coastal inundation and flooding: when super typhoon Haiyan made landfall in the cen-
tral Philippines, the interaction between shoreline resonance and the incident and infragravity waves on
the reef flat drove runup that exceeded 10 m [Shimozono et al., 2015]. In addition, modeling work by Qua-
taert et al. [2015] was the first to demonstrate how reef characteristics influence resultant runup, with the
greatest runup associated with narrow, relatively smooth (low-friction) reefs; they also found that rising sea
levels cause an increase in runup—findings that have since been replicated by other models [Beetham
et al., 2015; Shimozono et al., 2015]. Using a model based on field observations from a narrow reef on Funa-
futi Atoll, Tuvalu, Beetham et al. [2015] showed how a fringing reef-lined beach can be affected by runup a
majority of the time, even if the connecting reef flat is exposed during low tides. This frequency of exposure
to runup is also predicted to increase with sea level rise [Beetham et al., 2015].

These laboratory and model-based studies provide projections of reef flat hydrodynamics under large wave
forcing and suggest that low-frequency motions are the primary drivers of resulting extreme shoreline proc-
esses such as overwash and large runup. However, direct field observations of reef wave dynamics during
storm events are limited. They include reports on the impact of Typhoon Russ [Jaffe and Richmond, 1992]
and Typhoon Man-Yi [Péquignet et al., 2009; Vetter et al., 2010] on fringing reefs in Guam, as well as a small
overwash event on Majuro Atoll, Republic of the Marshall Islands (RMI) [Ford et al., 2013]. Here we present

CHERITON ET AL.

REEF FLAT LONG-PERIOD WAVES AND OVERWASH 3122



@AGU Journal of Geophysical Research: Oceans 10.1002/2015)C011231

direct in situ and shoreline-based observations of two large (1-2 occurrences per year; based on mean
wave characteristics for 2 year scenario model hindcast [Storlazzi et al., 2015b]) wave events on the fringing
reef of Roi-Namur Island, RMI, that resulted in overtopping of shoreline berms (overwash) and flooding of
inland areas. We also assess the nonlinear characteristics of these low-frequency waves, and demonstrate
how they drive runup patterns at the shoreline during both storm and nonstorm conditions. Our results
demonstrate how the coupling of high water levels with low-frequency reef flat wave energetics can lead
to large impacts at the shoreline, such as runup and overwash, and lend support to the hypothesis that
higher sea levels will lead to more frequent occurrences of these extreme events.

The findings herein are organized as follows: section 3.1 describes the general wave patterns across the reef
flat, including the cross-reef wave energy, nonlinearity, skewness, and asymmetry. Section 3.2 presents the
observations from the two large wave events. Then, section 3.3 explores a large “anomalous” runup event
that did not occur during either of the large wave events. Following these results, we discuss the role of
reef morphology and low-frequency wave propagation, focusing on the role of frictional dissipation (section
4.1). And, given the morphology and frictional characteristics of the reef, we explore the possibility of low-
frequency wave resonance over the reef flat (section 4.2). Then, we discuss how low-frequency waves can
have a disproportionate impact at shorelines through both accretion/erosion effects (section 4.3), as well as
runup (section 4.4). We conclude with a discussion of how these findings inform predictions regarding
coastal hazards for fringing reef-lined coasts given future climate change (section 4.5).

2. Methods

2.1. Study Area

The experiment took place in the Republic of the Marshall Islands (RMI), a Pacific island nation that is
located roughly halfway between Hawaii and Australia and is composed of 29 low-lying coral atolls and 5
single coral islands. Kwajalein Atoll, RMI, has a mean island elevation of 1.8 m and is considered the second
largest atoll in the Pacific Ocean, encompassing an area of over 2000 km? [U.S. Department of Interior, 2006].
The study site was located on the island of Roi-Namur at the northern point of Kwajalein Atoll (Figure 1a).
Because of its orientation, the northern (ocean-side) coastline is primarily subjected to northerly swell and
northeast trade wind waves.

The fringing reef at the study site is characterized by a gently sloping (~1:110) platform that ranges from
250 to 350 m wide, is relatively smooth, and predominantly covered by coralline algae (Figure 1). The reef
flat has an average depth of 0.7 m, is mostly exposed at lower low tide, and extends from a narrow, steep
(~1:6), 3-4 m high sandy beach to a slightly elevated reef crest. Offshore of the reef crest, the fore reef
slope is steep (~1:20; Figures 1b and 1¢) and is characterized by high coral cover and relief.

2.2. Wave Measurements

From 3 November 2013 to 13 April 2014, we deployed two cross-shore transects (“NW” and “NE") of
bottom-mounted RBR virtuoso wave gauges (i.e., pressure sensors) over the reef flat and fore reef (Figure 1).
Each transect consisted of three gauges on the reef flat and one gauge on the upper fore reef at depths
~7 m. The NE1 fore reef record is not included due to sensor failure. The two transects were 650-800 m
apart, and between them an upward-looking 600 kHz Nortek Acoustic Wave and Current Meter (AWAC) was
placed deeper on the fore reef (~21 m depth). Every hour the wave gauges collected pressure measure-
ments at 2 Hz in 34 min bursts (4096 samples) and the AWAC recorded pressure at 1 Hz in 34 min bursts
(2048 samples). For the analyses presented herein, the pressure bursts from the AWAC were used to allow
direct comparison with the wave gauge records. The wave parameters obtained from the dynamic acoustic
surface-tracking feature of the AWAC were used to verify those computed from the pressure records and to
determine maximum recorded wave heights, H,,q. To distinguish between the fore reef sensors, the AWAC
site (NO) is referred to as “offshore,” while the NW1 wave gauge site is referred to as “fore reef.”

The following method for calculating bulk wave statistics was applied across all pressure sensors. Atmos-
pheric pressure measurements from the Kwajalein airport weather station were obtained through the
National Oceanic and Atmospheric Administration’s National Climate Data Center (gis.ncdc.noaa.gov), and
these interpolated records were subtracted from each pressure burst. The resultant sea pressure values
were converted to water levels. Note: herein we will use h to refer to the burst-mean water level, while b’
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Figure 1. Map of Roi-Namur Island (a) showing locations of instruments in cross-reef arrays including wave gauges (yellow circles) and the
offshore AWAC (yellow triangle). Cross-reef profiles for (b) NW and (c) NE transects showing reef bathymetry and relative cross-reef distan-
ces between wave gauges (yellow circles) according to distance from the reef crest. The depth of the AWAC (“N0”) relative to the wave
gauges is indicated on these profiles, however, because it was not along a shore-normal transect line to the wave gauges, the cross-reef
distance is not accurate.

indicates the instantaneous water level measured within a burst, and h',,. is the maximum A’ within a
given burst. The one-dimensional energy spectra, 5(f), were computed using the Welch’s averaged modified
periodogram method, which utilizes a Hamming window (length of 2048 elements ~17 min) with 50%
overlap. Pressure response factor corrections were applied to the spectra. The S(f) records were then parti-
tioned along frequency bands chosen for incident (“IC"; 0.20-0.04 Hz), infragravity (“IG”"; 0.040-0.004 Hz),
and very low frequency (“VLF”; 0.004-0.001 Hz) waves. The purpose of separating the low-frequency band
into the IG and VLF partitions was to illustrate the importance of the VLF wave energy for our reef flat obser-
vations. However, we note that there is both no natural frequency separation between these two bands, as
often exists between the short-period and long-period wave energy, and that the resolution obtained in
the VLF band is limited (see Figure 2).
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Figure 2. Variance-preserving energy spectra from a representative burst during the March large wave event, showing the transfer of
energy to lower frequencies that occurs from the outer to inner reef flat. The gray lines indicate the 95% confidence interval. The regions
of the incident (IC), infragravity (IG), and very low frequency (VLF) bands are denoted by the vertical dashed lines.

Significant wave height, H;, was determined as

f,
H,=4 J S(f)df (1
fi

And the root-mean-squared wave height, H,,,;, was computed as

fl
Hims = SJ S(f)df ()
fi
where, for both (1) and (2), f; and £, are the lower and upper frequency limits for each wave band. The peak
period, T,, was identified as the frequency associated with the peak energy in each band, and the total
energy associated with each frequency band was determined as £=(1/2)(Hms/2)>. Because the majority of
the reef flat was exposed at low tides, all analyses using reef flat wave parameters only include times when
inner reef flat water levels were at least 0.2 m.

Wave-induced setup over the reef flat, n, was calculated after Vetter et al. [2010] as n=h—hos— (bt+c),
where h and h.g are the burst-averaged water levels at the reef flat and offshore, respectively, and b and ¢
are best fit parameters to account for relative pressure drift between the two sensors over time. Then,
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following Becker et al. [2014], the resulting n was normalized to the computed setdown at the offshore site,
Nofr determined by the Longuet-Higgins and Stewart [1962] formula:

2
H rms.off kOff

Moff = 8sinh (zkoffhoff) 3)

in which H, s of is the offshore root-mean-squared offshore wave height, and k. is the offshore wave num-
ber. We note that 5.+ was never lower than —0.02 m. And, while 7,4 referenced to this site may not neces-
sarily equal the maximum setdown offshore of the reef crest, we consider it a valid estimate, as setdown at
the fore reef site (NW1) was also O(—0.01) m.

Three parameters were used to assess the characteristics of the observed waves: the Ursell number, wave
skewness, and wave asymmetry. The Ursell number [Ursell, 1953] is a dimensionless parameter often used
to quantify the nonlinearity of surface waves [e.g., Kirby and Dalrymple, 1984; Osborne et al., 1996; Peng et al.,
2009]. The local Ursell number, U, utilizes the horizontal and vertical extents of a wave (relative to water
depth) and is defined as

_ H?

u e

(4)
where the wavelength, 4, was determined from the wave period. Wave skewness and asymmetry were esti-
mated under the assumption that the reef flat waves can be considered long waves, with the wave orbital
velocities proportional to the free surface elevation [e.g, Dean and Dalrymple, 1991]. Wave skewness, Sk, and
asymmetry, As, were calculated using the third-order moments of h [Grasso et al., 2011; Pomeroy et al., 2015],

Sk </i’27:>/ 8
o000 .

u_n

where H is the Hilbert transform and the “~" indicates the deviation from the burst mean.

3. Results

3.1. Wave Patterns Across the Reef Flat

Wind patterns throughout the study were dominated by northeasterly trade winds, and tides were predom-
inantly semidiurnal, with a range of approximately =1 m (Figure 3). Offshore significant wave heights aver-
aged 1.6 m at 10.9 s, with an H; range of 0.7 to 40 m, and a T, range of 5.0-18.3 s. Hy,qc averaged 2.9 m,
with peak wave heights reaching 6.9 m. Waves were predominantly out of the northwest to northeast, with
a mean direction of 19°T and a range of —33 to 50°T (Figure 3e). The contribution to the overall sea state by
locally wind-forced waves was small compared to the remotely generated swell. While IC waves dominated
over the fore reef, H; g and H, ;. often grew larger than H; - by the mid to inner reef flat. For both transects,
the largest reef flat H - was observed at the outer reef flat sites, and decayed shoreward. Reef flat H; ;; and
Hs vir increased toward shore, with the greatest wave heights at the innermost reef flat sites. Across both
reef flat transects, H,; averaged 0.2 m, with peak values reaching nearly 1.0 m. The average Hsy,r was
0.1 m, but could reach heights of 0.7 m. Over the depth-limited reef flat, H;,c increased and decreased
according to water levels. Water levels also influenced the reef flat H; ;; and H;y,r, but low-frequency wave
heights were also controlled by the offshore incident wave heights and periods, in that greater offshore
wave power on the fore reef led to larger low-frequency waves over the reef flat. These findings are in
agreement with previous observations [Hardy and Young, 1996; Péquignet et al.,, 2011; A. Pomeroy et al.,
2012a; Becker et al., 2014; Beetham et al., 2015]. We also explored the role of offshore wave groupiness [List,
1991] on the observed reef flat wave dynamics, but found no significant correlations between the groupi-
ness factor of offshore waves and resulting reef flat wave characteristics.

We examined the cross-reef patterns of wave energy, E, as well as the waveform characteristics through the
Ursell number, U, wave skewness, Sk, and wave asymmetry, As. The energy and nonlinearity of reef flat
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Figure 3. Time series of meteorologic and oceanographic conditions during the 5 month deployment. (a) Daily-averaged wind velocity,
with stick vectors indicating heading; (b) offshore tide levels; (c) offshore significant (black) and maximum (gray) wave heights, with black
triangles indicating the two large wave events and the open triangle indicating the 18 November runup event; (d) offshore wave period;
(e) offshore wave direction from true north. (f) Incident, (g) infragravity, and (h) very low frequency reef flat wave heights for the outer
(blue), mid (green), and inner (red) NW reef flat sites.

waves varied in response to a range of water levels and offshore wave conditions. From the outer to inner
reef flat, E;c decreased while E;; and E, r showed little loss across the reef flat (Figures 4a, 4e, and 4i), partic-
ularly under average to high water levels, suggesting minimal frictional dissipation over the reef flat for
these low-frequency waves. The cross-reef low-frequency wave energy also exhibited standing mode pat-
terns during higher reef flat water levels and the large wave events; E;; peaked at the outer and inner reef
flat, with a node near the mid-reef site, while Ey; ¢ increased from a minimum at the outer reef flat to maxi-
mum at the inner site, possibly indicative of the fundamental mode. Under mean or lower-than-average
reef flat water levels, these resonance patterns were not evident and the low-frequency wave energy at the
inner reef flat was markedly decreased, likely due to the increased importance of frictional dissipation with
decreased water levels.

Across all wave types, nonlinearity was controlled by reef flat water levels, with increasing nonlinearity with
lower water levels (Figures 4b, 4f, and 4j). The incident wave nonlinearity, U, consistently peaked at the
outer reef flat site, while U,g and Uy,r increased across the reef flats toward shore, peaking at the innermost
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Figure 4. Cross-reef average values of wave characteristics for (a-d) incident (IC), (e-h) infragravity (IG), and (i-I) very low frequency (VLF) waves according to distance offshore of reef
crest. For all plots, average profiles for overall (black), low water levels (blue), high water levels (red), and the two large wave events (thick gray) are shown for both the NW (solid line)
and NE (dotted line) transects. The most offshore data point is the NO site. (a, e, and i) Wave energy, E; (b, f, and j) Ursell number, U; (c, g, and k) wave skewness, Sk; (d, h, and |) wave
asymmetry, As. Note that y axis limits for the first and second columns vary.

reef flat sites under high or average water levels. During times of low water levels, peak low-frequency
wave nonlinearity was reached closer to mid-reef, probably due to depth limitations at the inner reef sites.
The general pattern of wave skewness showed Sk, maximum at the outer reef flat sites, consistent with
short-period wave breaking at the reef crest (Figure 4c). From the outer to inner reef flat, Skis increased and
was particularly enhanced during the large wave events (Figure 4g). The Sky,r remained near zero across all
sites and water levels (Figure 4k). Wave asymmetry was sensitive to water levels, with lower water levels
leading to greater As magnitudes for IC and IG waves (Figures 4d and 4h). As,c magnitudes were largest at
mid-reef flat sites, while Ass increased toward shore, with maximum (negative) asymmetry at the inner reef
flat sites, particularly under low water levels or large offshore wave conditions. The negative asymmetry
indicates that these waves are pitched forward, with steep front faces and more gently sloping rear faces.
These skewed and asymmetric IG waves may disproportionally drive cross-shore transport of reef material
during high energy events [Malarkey and Davies, 2012; Terry et al., 2013; Pomeroy et al., 2015].

Despite the positive skewness and negative asymmetry associated with the IG reef flat waves, it is unlikely
that these waves were breaking at the inner reef flat, given the steep slope of the beach (1:6). With the suite
of instruments used, it is not possible to distinguish between shoreward and seaward propagating reef flat
waves. However, to evaluate whether these waves were in a reflective or breaking regime, we can utilize
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(g, h) infragravity wave heights; (i, j) very low frequency wave heights; (k, ) setup; (m, n) maximum instantaneous water levels for each burst; (o, p) burst-averaged water levels plus total
(incident + infragravity) maximum runup estimates, with the black dashed line indicating the vertical height of the beach berm at the inner reef flat site.

the reflection coefficient found by Battjes [1974] and validated for low-frequency waves by van Dongeren
et al. [2007]: R=0.2nf3,. Here f3; is essentially a normalized bed slope that is proportional to the Iribarren
number (or surf similarity parameter) and is given by ,=4T/ Zn\/_CT/ﬂ where f is the bed slope, H is the
low-frequency wave height with associated period T, and g is the graV|tat|onaI acceleration (9.81 m s~ ?) [de
Bakker et al., 2014]. The resulting R for the observed |G and VLF reef flat waves indicates a fully reflective
regime, with R >> 1 through the study period.

3.2. Large Offshore Wave Events and Overwash

Two large wave events, with Hy,q > 6 m and T, > 15 s, impacted Roi-Namur during this experiment: (1) 19
December 2013 (“December event”; Figure 5) and (2) 2-3 March 2014 (“March event”; Figure 6). Model hind-
casts for this area estimate wave events of this magnitude impacting the Kwajalein Atoll roughly every 2
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Figure 6. Time series of 10 day period covering the March 2014 large wave event for both the (left column) NW and (right column) NE transects. (a, b) Water levels from the mean from
the offshore site; (c, d) offshore maximum wave heights (gray dotted) and fore reef significant wave heights (black solid); in Figure 6d, significant wave heights from offshore site (gray
solid) due to no fore reef data. For subsequent (third through eighth) rows, measurements from outer (blue), mid (green), and inner (red) reef flat sites: (e, f) incident wave heights; (g, h)
infragravity wave heights; (i, j) very low frequency wave heights; (k, I) setup; (m, n) maximum instantaneous water levels for each burst; (o, p) burst-averaged water levels plus total (inci-
dent + infragravity) maximum runup estimates, with the black dashed line indicating the vertical height of the beach berm at the inner reef flat site. The gray shaded box in each plot
indicates the period of eye-witnessed overwash (P. Swarzenski, personal communication).

years [Storlazzi et al., 2015b]. During both events, H; c at the outer reef flat of both transects exceeded 1 m,
while H, s at the inner reef flat site adjacent to the beach reached approximately 1 m. Reef flat H;,r and
water level setup n were greater during the March event than the December event; during the March event,
H; vir reached 0.7 m at the mid to inner reef flat, and at low tide # > 1 m. Offshore conditions during the
March event differed from those during the December event, primarily in terms of incoming wave direction
and tidal stage. During the December event, peak swell was out of the north-northeast (—33°T), approxi-
mately —5°(—52°) from shore-normal for the NW(NE) reef flat, whereas during the March event, the swell
was almost directly out of the north (—4°T), corresponding to 24°(—23°) from shore-normal for the NW(NE)
transects. The December event occurred during the transition from spring to neap tide, whereas the March
event occurred at the height of spring tide.
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Although both the Decem-
ber and March wave events
produced overwash and
flooding of the island, the
flooding during the March
event was more substantial.
The RMI government
declared a state of emer-
gency following the March
event, which not only caused
flooding on Roi-Namur, but
also considerable inundation
and structural damage to
other atoll islands across
RMI, including contaminat-
ing water and agriculture
reserves (see United National
Office for the Coordination
of Humanitarian  Affairs,
www.unocha.org).  Eyewit-
ness accounts (P. Swarzenski,
personal communication,
2013) and photos taken on
Roi-Namur (Figure 7) during
the March event indicate
instances of overwash occur-
ring within a narrow window
of time that coincided with
the peak of a spring tide
(Figure 6, shaded boxes). We
will refer to this time window
as the “overwash period”,
but emphasize that only
instances of overwash were
occurring (i.e,, not continu-
ous overwash). The over-
wash period was also when

Figure 7. Two photographs taken during March 2014 large wave event that show the over- outer reef flat Hs 1 inner reef
wash and wave-driven flooding that occurred on the northwestern coastline of Roi-Namur.
Inset maps show location of where each photo was taken.

flat Hgi, and maximum
instantaneous water levels,
K, reached peak levels of
2.8 m at the toe of the beach. We note that the photos and eyewitness account do not preclude the possi-
bility of overwash also having occurred during the following high tide, which fell during early morning
hours locally, before civil twilight. Notably, the documented period of overwash occurred before offshore
wave heights peaked and did not coincide with maximum reef flat 5. However, 1 over both reef flat trans-
ects was approximately 0.5 m during the observed overwash, which, while not at a maximum, did comprise
a consequential portion (~18%) of total overall water levels. Still, the overwash window ended as the tidal
stage dropped, even as offshore waves and 7 increased, indicating the importance of overall water levels
for the ability of both short-period and long-period waves to propagate over the reef flat.

To produce the observed overwash, we presume that there were instances when the inner reef flat water
levels (including n) combined with nearshore wave dynamics were capable of exceeding the vertical
heights of the coastal berms (Figure 6). The maximum expected runup, Rpq. can be estimated using the
wave conditions measured at the inner reef flat sites. R4 was calculated after Nwogu and Demirbilek
[2010], using the Hunt [1958] formulation Rmax =Hms&, where £ is the Iribarren number (or surf similarity
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parameter), {=tan 3/, /2nHms/gT2, with tanf equal to the slope of the beach face (~1:6 for our sites).
Using the wave parameters measured at the inner reef flat sites, an R, Was calculated separately for IC
and the low-frequency waves. Here we did not find it appropriate to delineate the IG and VLF bands; the
energy spectra exhibit a bimodal profile (Figure 2) and, as such, we chose to use a representative low-
frequency T, from the combined IG and VLF bands. This approach to runup, with the use of ¢, treats these
reformed (i.e., shoreward of the reef crest) waves over the reef flat as in-coming waves approaching a planar
beach face and does not take into account the wave breaking dynamics at the reef crest. Showing agree-
ment with the reflection coefficient discussed in section 3.1, the corresponding ¢ values for the low-
frequency waves are large (¢ > 1), further indicating that these waves were predominantly reflected at the
shoreline. Runup values for the IC and low-frequency waves were summed to give an approximate total
runup, which is taken to represent the upper limit of possible vertical runup due to waves at the shoreline.
The vertical height from the inner reef flat site to the highest point of the coastal berm was approximately
3.3 m for the NW transect and 3.8 m for the NE transect, as measured at the beginning of the deployment.
Light Detection and Ranging (LIDAR) profiles taken at the end of the deployment showed very little change
in the beach berm vertical heights (J. Logan, personal communication, 2014). During the observed over-
wash time window, the water level plus the total R, exceeded the 3.3 m berm height at the NW inner reef
flat, and was just below the 3.8 m berm height (R,.x = 3.7 m) at the NE site (Figures 6o and 6p). The com-
bined h + R,,.x Was also greater than the NW berm height during the December event, suggesting that
overwash may have occurred on that part of the island during that event as well (Figure 50). During both
events, the contribution to R4 by low-frequency waves exceeded 80% at both sites, underscoring how
reef flat low-frequency waves may act as the primary drivers of overwash at this site.

Merrifield et al. [2014] estimated extreme shoreline water levels on Roi-Namur using a summation of setup
and the standard deviation of surface elevation over the IC and IG bands, and predicted that wave inunda-
tion would occur when this level exceeded 2.0 m. Applying this formulation to our data, we find extreme
shoreline water levels of 1.9 m at both transects during the March event overwash period. The Merrifield
et al. [2014] model hindcasts for the December 2008 large overwash event estimated total extreme water
levels of 1.9 m during the high tides, matching our in situ measurements for the March 2014 event. Given
the good agreement (i.e., within the uncertainty) with our measurements, the Merrifield et al. [2014] formula-
tion seems applicable to this study site.

3.3. Anomalous Wave Runup Event

An anomalous wave runup event, serendipitously captured both by the oceanographic sensors and a
shore-based time-lapse camera, provides another example of how offshore water levels coupled with low-
frequency waves on the reef flat can produce extreme shoreline effects. On 18 November 2013 at 04:17:17
GMT, the NW alongshore-oriented camera imaged a large runup event (Figure 8a). Analysis of the photo,
performed by Quataert [2015], estimated a maximum vertical runup height (which includes h and #) of
3.3 m at the time the photo was taken. Using the burst that coincided with the camera photo, our estimated
total runup at the NW site gives an h + Rp,qx = 3.5 m. We consider this significant runup event “anomalous”
not only because it was the sole runup event captured in the camera time series, but because it did not
occur during a large offshore wave event. Offshore wave conditions during the =6 h around this event
were moderate, with average Ho¢=2 m and T, = 14 s, with no large variations (Figure 3). However, it did
coincide with the second-largest peak water level during a spring tide, with h,s= 0.7 m above the mean. At
this tidal peak, the full-burst h’ record shows a large (maximum height ~ 1.6 m) wave packet at the NW fore
reef from approximately 04:16-04:17 (Figure 8c). The signature of this wave packet can be seen propagating
across the reef flat (Figures 8d-8f). From the outer to the inner reef flat, the amplitude of the band-pass fil-
tered h' peaks associated with this packet decreased by 0.5 m for the IC band, remained constant for the IG
band, and increased 0.2 m for the VLF band. At 04:17:20—within a few seconds of the runup shown in the
photo—the resulting inner reef flat instantaneous h’-h (i.e, above mean water level) reached just over
1.0 m (Figure 8f), corresponding to a total overall h" of 2.2 m. The relative contributions of the IC, IG, and
VLF amplitudes to the peak h’ were 31, 39, and 30%, respectively.

Taking the inner reef flat h' characteristics during the November anomalous event as a proxy for runup
events not captured by the camera, we developed a runup event finder and applied it to the entire NW
inner reef flat record. For each burst, this event finder looked at h" minus the burst mode and identified
peaks > 0.9 m. The 0.9 m threshold was chosen based on the 18 November runup event. As expected, the
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Figure 8. Details from an anomalous runup event captured in both the time-lapse camera and wave gauges of the NW transect. (a)
Photograph taken of the runup event, which was estimated to have reached 3.3 m vertically up the beach face [Quataert, 2015]. (b)
For comparison, a photo taken the next day at same tidal stage as Figure 8a but with no runup event. Instantaneous water level
measurements above the burst mean from the (c) fore reef, (d) outer, () mid, and (f) inner reef flat. In Figure 8c, the wave envelope
amplitude is also shown (gray line). Reef flat plots include the infragravity (blue) and very low frequency (red) band-pass filtered water
level records. At the inner reef flat site, water levels of 1 m above the mean occurred at 04:17:20, within a few seconds of the photo in
Figure 8a.
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majority of these possible NW runup events occurred during higher tidal stages, with over 50% occurring
when hy> 0.5 m above the mean. Large beach runup events, as defined by our indicator, were also possi-
ble during low tides, however, larger fore reef waves were required. Approximately 11% of the runup events
occurred when h, was below mean water level, but all of these except one occurred during the December
and March large wave events. The one exception happened on 20 February 2014, when mean H,g was
2.0 m, hog was —0.2 m below the mean, and a large (2.5 m) wave packet was observed at the fore reef,
which subsequently resulted in a total h + h’ peak of 1.4 m. The IC, |G, and VLF amplitudes associated with
this peak were 0.2, 0.6, and 0.4 m, respectively. Consequently, extreme shoreline runup events are possible
even under moderate offshore wave conditions, but are most likely during periods of high water levels.
Model projections for Roi-Namur have also shown how high extreme water levels can occur with moderate
offshore wave conditions when they coincide with peak spring tides [Merrifield et al., 2014]. Both the 18
November anomalous runup event and the possible one on 20 February demonstrate how offshore water
levels and low-frequency reef flat waves can lead to large runup at the shoreline, which can occur in the
absence of exceptionally large offshore waves.

4. Discussion

Over the Roi-Namur reef flat, low-frequency waves, together with offshore water levels, appear to be the
primary drivers of extreme water level dynamics at the shoreline, in terms of their dominant role in runup
and overwash—processes that affect shoreline morphology, erosion/accretion, and coastal flooding. The
two large wave events we observed on Roi-Namur had wave heights that occur approximately every 1-2
years for the northern Marshall Islands [Storlazzi et al., 2015b], usually in the boreal winter months [Merrifield
et al,, 2014]. However, the frequency and severity of these wave events vary inter-annually according to El
Nino-Southern Oscillation (ENSO) phases [Australian Bureau of Meteorology and CSIRO, 2014]. The large
waves impacting this region are generally wind-waves forced by distant midlatitude storms. The overwash
and coastline flooding caused by the cooccurrence of large waves and high tides are phenomena that are
not unique to Roi-Namur Island, but have been observed at numerous Pacific islands and are a concern for
the majority of populations living near fringing reef-lined coasts [Hoeke et al., 2013].

4.1. Reef Morphology and Low-Frequency Wave Propagation
The reef morphology on Roi-Namur may be particularly suited to support the propagation of IG and VLF
waves. Similar to other relatively smooth, low-relief reef flats, the low-frequency waves we observed appear
to undergo very little frictional dissipation and exhibited large increases in energy toward shore, particularly
with raised water levels. Following Lowe et al. [2005] and Péquignet et al. [2011], we can estimate the wave
friction factor, f,,, for the Roi-Namur reef using a formula relating f,, to bottom roughness:
r\ 2

fy,=exp [01 <Z> +ag} )
where r is the bed roughness and A is the wave orbital diameter at the bed, given by A=H,n,s/sinh (kh), with k
being the wave number determined by the linear dispersion relationship for surface gravity waves, H,,,s taken
from the IC band. The a;, a,, and as coefficients are empirically derived, and we used the values provided by
Nielson [1992] for a fully developed, rough turbulent regime: a; = 5.5, a, = 0.2, and a3 = —6.3. We used an
r=0.14 m from Lowe et al. [2005], an empirically derived estimate from a large barrier reef at Kaneohe, Hawaii,
USA. Based on visual observations, this roughness length scale—equivalent to a rugosity on the order of tens
of centimeter—seems reasonable for the Roi-Namur reef flat. Roughness scales of the same order of magni-
tude have been used for the Ipan, Guam, reef [Péquignet et al., 2011] and Ningaloo, Western Australia [A. Pom-
eroy et al.,, 2012a]. Taking the mean value across all three reef flat sites for each transect, a mean wave friction
factor of f,,= 0.11 is estimated for the NE transect and f,, = 0.09 for the NW transect. These values agree with
estimates for other similarly smooth, low-relief reefs, such as Ipan, Guam (f,, ~ 0.12 [Péquignet et al., 20111), and
John Brewer reef, Australia (f, = 0.08 — 0.22 [Nelson, 1996]), and are lower than estimates from reefs with
greater coral coverage and bathymetric complexity (e.g., f,, = 0.28 from A. Pomeroy et al. [2012a]).

4.2. Reef Flat Resonance
In addition to the relatively low bottom friction (for a reef environment), the narrow reef geometry may
have led to excitation of resonant frequencies over the Roi-Namur reef flat, which would act to further
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amplify the amount of energy at the shoreline, especially under storm conditions. Indeed, the elevated
energy observed in the VLF band may be a by-product of this resonance. During tropical storm Man-Yi, the
increased water level setup over the Ipan, Guam, reef flat enabled a resonant response that led to coastal
wave-driven flooding [Péquignet et al., 2009]. This resonant forcing and VLF patterns over the Ipan reef were
found to be caused by the modulation of breaking swell waves at the reef crest [Péquignet et al., 2009]. A
subsequent modeling study based on the Ipan observations found that the forcing of resonant modes over
this reef was dependent on not only the increase in water levels due to the storm event, but also the fric-
tional characteristics of the reef flat; dissipation due to bottom friction counteracts the excitation of reso-
nant frequencies by dampening the amplification peaks at the shoreline [A. W. M. Pomeroy et al., 2012b].
Thus, for a given reef geometry and water depth, one would expect smoother, lower relief reefs, such as
Roi-Namur, to be subject to greater shoreline amplification due to resonance modes. The cross-reef wave
energy profiles for the IG and VLF waves further suggest the establishment of standing modes over our
study area (Figures 4e and 4i).

Theoretical reef flat resonance periods can be investigated using the open basin estimate [e.g., Chapman
and Giese, 2009]:

a
T,=————— n=0,1,2... )

(2n+1)\/gh

where L is reef flat width and h is water depth. This can be applied to the NW and NE sections of the Roi-
Namur reef flat, which have L of 270 and 344 m, respectively, and using h as the water level averaged across
all three reef flat sensors. The fundamental resonance modes for the Roi-Namur reef range from 263 to
770 s for the NW transect, and 323 to 981 s for the NE transect; these ranges fall well within VLF band, even
for very low water levels. For the n = 1 mode, resonance periods range from 132 to 533 s for the NW tran-
sect, and 164 to 809 s for the NE transect, indicating possible resonance at this higher mode within the IG
band as well. Thus, in contrast to Ipan, Guam, the narrower Roi-Namur reef flat may be subject to resonance
under a range of water levels, not just those during extreme storm conditions.

To test this further, three indicators used by A. W. M. Pomeroy et al. [2012b] to identify instances of reso-
nance between the outer and inner reef flat sites can be applied: (1) high coherence (>0.9) between the
two water level surface records, (2) a 0° or 180° phase difference, and (3) amplification of the signal at the
inner reef flat site, defined as the ratio of the spectral energies at the inner to outer reef flat sites being >1.
Furthermore, once all three criteria have been met, the identified resonant frequencies must match the the-
oretical modes (equation (8)) set by the water depth and reef flat geometry. Applying these indicators to
each burst record, resonance was identified at the n =0, 1, and 2 modes in 4%, 17%, and 15% of the NW
bursts, respectively, for an overall resonance incidence throughout the entire study period of 36%. Reso-
nance was found across a range of water levels, but was more likely to occur when water levels were
greater than average; the mean =1 std. deviation of the overall reef flat water level at times of resonance
was 0.90 = 0.24 m, compared to the overall mean reef flat water level of 0.61 = 0.32 m. The incidence of res-
onance was much lower at the NE transect, with 3%, 6%, and 6% of the bursts at the n =0, 1, and 2 modes,
respectively, passed the resonance criteria, for an overall resonance incidence of 15%. The greater incidence
of resonance at the NW transect is likely due to the narrower reef flat width. Resonance at the NE transect
was also more likely during higher water levels, with a mean reef flat water level during times of resonance
of 1.05 £ 0.27 m, compared to 0.74 = 0.34 m for the overall record.

During the March large wave event, the fraction of bursts with identified resonance in the first three modes
increased to 44% for the NW transect and to 21% for the NE transect. Interestingly, the instance of reso-
nance decreased slightly during the December event, to 35% for the NW transect and to 8% for the NE,
most likely due to the smaller tidal range that occurred with the December event. We speculate that differ-
ence in resonance behavior may not only be due to the differing offshore water levels during the two wave
events, but also the different angles of these shore-normal transects relative to the incoming waves (see
section 3.2). The effects of coastline curvature and offshore wave direction on resultant low-frequency wave
dynamics on reef flats are currently not well understood. In a modeling study applied to the Puerto Morelos
fringing reef lagoon, Torres-Freyermuth et al. [2012] also found that nearshore low-frequency wave dynamics
were highly sensitive to reef geometry, with IG wave energy and resonance increasing with decreasing reef
width. Additionally, in their observations of overwash on the coast of Guam after Typhoon Russ, Jaffe and
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Richmond [1992] noted an inverse relationship between reef flat width and overwash elevation on the adja-
cent coast. For the Roi-Namur reef flat, the low frictional characteristics, coupled with the narrow reef width,
likely drive a high degree of resonance over the reef flat, causing amplification of water levels and low-
frequency waves at the shoreline. The narrower portions of the reef appear to be more susceptible to these
amplification dynamics, and, thus, the coastline near these areas might be more prone to overwash and
flooding by extreme storm events.

4.3. Shoreline Accretion and Erosion

Taken together, the relative skewness and asymmetry of the low-frequency waves, coupled with reef flat
resonance, may be an important mechanism of sediment transport over shallow reef flats. A laboratory
experiment by Pomeroy et al. [2015] found that for smooth, shallow reef flats, the sediment transport at the
back of the reef (i.e., closest to the shoreline) had a considerable contribution from low-frequency wave
motions that resulted in shoreward transport. Similar to the shape of the IG waves we observed over the
Roi-Namur reef flat, the low-frequency waves driving this transport had high positive skewness and nega-
tive asymmetry close to shore. In addition to the shape of the waveforms, standing wave patterns also have
the potential to affect sediment transport patterns over reef flat, as has been reported for planar beach
environments. The location and movement of sandbars has been linked to standing wave patterns, with
accumulation of seafloor material associated with the nodes and antinodes of standing low-frequency
waves [e.g., Short, 1975; Holman and Bowen, 1984; Aagaard et al., 1994]. In addition, these low-frequency
standing waves may differentially transport different grain sizes, effectively sorting coarser sands from fine-
grain material [Landry et al., 2007]. It is currently unclear how standing-wave behavior affects transport of
sediment over reef flats. However, it is probable that the shoreline accretion and erosion patterns along
fringing reef-lined coasts are affected by not only the skewness and asymmetry of these low-frequency
waves but also resonance dynamics over the reef flat. Given the highly energetic, skewed, asymmetrical I1G
waves observed during the large wave events on Roi-Namur, these effects on sediment transport are likely
most pronounced during such energetic events. And, as a consequence, large wave events impacting the
seaward shoreline of a fringing reef-lined coast may act as island accretionary events [Maragos et al., 1973;
Woodroffe, 2008; Webb and Kench, 2010; Smithers and Hoeke, 2015].

4.4. Low-Frequency Waves and Subsequent Shoreline Runup

It is becoming clear that an accurate assessment of how waves and water levels affect fringing-reef coasts
must also consider shoreline runup. As emphasized by Beetham et al. [2015], in terms of temporal exposure,
runup is the primary process connecting reef flat water dynamics and the beach face. Laboratory and mod-
eling studies have demonstrated how low-frequency waves over reef flats are important drivers of runup
on the adjacent shorelines [Seelig, 1983; Nwogu and Demirbilek, 2010; Beetham et al., 2015; Shimozono et al.,
2015]. Our long-term in situ measurements from Roi-Namur corroborate this further; during both the large
wave events and the anomalous runup event, low-frequency waves, particularly in the IG band, made the
dominant contribution to overall runup, and this runup was largest during the highest water levels. Recent
modeling studies indicate that runup along fringing reef-lined coasts is expected to increase under rising
sea levels, particularly for coastlines fronted by relatively narrow (widths < 300 m) reef flats [Beetham et al.,
2015; Quataert et al., 2015; Shimozono et al., 2015]. In addition, if rising water levels lead to increased excita-
tion of resonance frequencies, this could further amplify shoreline runup [Nwogu and Demirbilek, 2010; Shi-
mozono et al., 2015].

4.5. Climate Change and Coastal Hazards for Fringing Reef-Lined Coasts

There is increasing interest in how coastal hazards will evolve with current climate and sea level rise projec-
tions, and, recently, there has been focus on fringing coral reef coastlines, which appear to be particularly at
risk to changing global conditions [e.g., Nicholls et al., 2007]. Sea level is expected to rise 0.4-1.8 m by year
2100 [Kopp et al., 2014], and the rate of increase may be accelerating for the western tropical Pacific [Merri-
field, 2011]. Because vertical reef flat accretion rates in high-energy areas (1-4 mm yr™') [Montaggioni,
2005] are up to an order of magnitude smaller than the rates of projected sea level rise [Kopp et al., 2014],
projected sea level rise will outstrip new reef flat accretion, resulting in net increase in water depth over
coral reef flats. Higher water levels over reef flats would leave these shorelines more vulnerable to large
waves.
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Model projections of the how the storm and wind-wave climate in the equatorial Pacific will change over
the next century are inconclusive, and the predicted trends have a high degree of uncertainty [Mori et al.,
2010; Young et al., 2011; Dobrynin et al., 2012; Fan et al., 2013; Hemer et al., 2013; Australian Bureau of Meteor-
ology and CSIRO, 2014; Storlazzi et al., 2015b]. However, even with a reduction in significant wave heights
and/or the frequency of tropical cyclones, rising water levels will increase the ability of offshore waves to
transmit energy across reef flats to the shoreline [Storlazzi et al., 2011; Becker et al., 2014; Taebi and Pattiar-
atchi, 2014; Hoeke et al., 2013]. Therefore, with sea level rise, future overwash and flooding events may tran-
spire with smaller waves.

In addition to changes in atmospheric and oceanographic forcing, coral degradation caused by increasing
sea temperatures [Hoegh-Guldberg, 1999] and ocean acidification [Pandolfi et al., 2011] could further
increase the vulnerability of these coasts to wave impacts by decreasing the frictional dissipation of waves
[Sheppard et al., 2005; Quataert et al., 2015]. For reefs with higher coral coverage, damage to coral commun-
ities through climate change effects will likely result in not only increased transmission of wave energy over
the reef flat, but also a shift of this energy to lower frequencies, leading to greater dominance of longer-
period waves on the reef flat [Ma et al., 2014].

Thus, while it remains unclear how the wave climatology of the equatorial Pacific will change over the next
century, based on potential sea level rise and coral degradation, we predict (1) that overwash events will be
possible with less extreme offshore wave heights, and (2) an increase in the transfer of wave energy from
the offshore incident to the low-frequency band over the reef flat. These potential outcomes point to an
overall intensification of the wave power impacting the shorelines along fringing reef-lined coasts as well as
the increased vulnerability of these coasts to wave-driven coastal hazards [e.g., Storlazzi et al., 2015a].

5. Conclusions

The recent focus on reef flat hydrodynamics by a number of field-based, model-based, and laboratory-
based studies has greatly improved our understanding of how the energy associated with offshore proc-
esses transforms and transmits across reef flats to impact fringing reef-lined coasts. This growing body of
work points to the dominant role of low-frequency waves and resonance over these reef flats, particularly
at the shoreline. With our 5 month field study of wave dynamics and wave-driven water levels on a fringing
coral reef on Roi-Namur Island, RMI, we present direct in situ observations of reef flat waves across a range
of water level and offshore conditions, including two large wave events that had maximum wave heights
greater than 6 m with peak periods of 16 s over the fore reef. Low-frequency waves were found to be the
primary contributors to not only overwash during large offshore wave events, but also runup. During the
larger event, which coincided with a peak spring tide, infragravity (IG; 0.04-0.004 Hz) and very low fre-
quency (VLF; 0.004-0.001 Hz) wave heights of 1.0 and 0.7 m, respectively, were observed at the shoreline.
During this event, instances of overwash were observed for a 3 h period, which coincided with high tide
and the largest low-frequency reef flat wave heights. These low-frequency waves were the major contribu-
tors to runup at the shoreline. This runup, combined with the elevated water surface elevations, reached
3.7 m above the toe of the beach at the inner edge of the reef flat, exceeding the vertical height of the
beach berm. The IG waves were also highly skewed and asymmetrical, but due to the steep beach face,
were most likely in a fully reflective regime.

The narrow reef width and low frictional characteristics of the Roi-Namur study site likely further enhanced
low-frequency wave propagation and resonance on the reef flat. Throughout the study, both the IG and
VLF wave energies exhibited resonance patterns, particularly across the narrower reef flat, and this reso-
nance occurred more frequently with higher reef flat water levels. The combination of the skewed, asym-
metrical IG waves and reef flat resonance observed during the large wave events suggests that these low-
frequency motions may disproportionally drive sediment transport over the reef and at the shoreline during
these high energy events. However, more research is needed to investigate how these irregular waveforms
interact with standing wave patterns.

One of the motivating factors behind the recent research on fringing coral reef coastlines is concern over
how climate change and sea level rise may adversely affect the communities and resources associated with
these coastal areas. With the projected change in global conditions, we expect to see higher water levels
and a decrease in the frictional characteristics of these reefs. Consequently, these fringing reef flat
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environments may become increasingly dominated by low-frequency wave dynamics. Our results demon-
strate how these changes will likely result in more frequent and higher-impact overwash and runup events.
Therefore, in order to use global and regional wave models to accurately characterize extreme shoreline
water levels and coastal hazards for fringing reef coastlines, it is critical to take into account how offshore
conditions and reef flat morphology drive inner reef flat wave dynamics, particularly in the low-frequency
spectrum.
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