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and Ad Reniers1,2
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and UWA Oceans Institute, University of Western Australia, Crawley Western Australia, Australia, 4Pacific Coastal and
Marine Science Center, U.S. Geological Survey, Santa Cruz, California, USA

Abstract Very low frequency (VLF, 0.001–0.005 Hz) waves are important drivers of flooding of low-lying
coral reef-islands. In particular, VLF wave resonance is known to drive large wave runup and subsequent
overwash. Using a 5 month data set of water levels and waves collected along a cross-reef transect on Roi-
Namur Island in the Republic of the Marshall Islands, the observed VLF motions were categorized into four
different classes: (1) resonant, (2) (nonresonant) standing, (3) progressive-growing, and (4) progressive-
dissipative waves. Each VLF class is set by the reef flat water depth and, in the case of resonance, the
incident-band offshore wave period. Using an improved method to identify VLF wave resonance, we find
that VLF wave resonance caused prolonged (�0.5–6.0 h), large-amplitude water surface oscillations at the
inner reef flat ranging in wave height from 0.14 to 0.83 m. It was induced by relatively long-period, grouped,
incident-band waves, and occurred under both storm and nonstorm conditions. Moreover, observed reso-
nant VLF waves had nonlinear, bore-like wave shapes, which likely have a larger impact on the shoreline
than regular, sinusoidal waveforms. As an alternative technique to the commonly used Fast Fourier Trans-
formation, we propose the Hilbert-Huang Transformation that is more computationally expensive but can
capture the wave shape more accurately. This research demonstrates that understanding VLF waves on reef
flats is important for evaluating coastal flooding hazards.

1. Introduction

Fringing and atoll coral reefs front many tropical islands and are characterized by a steep fore reef, leading up
to a reef crest, followed by a mildly sloping or horizontal reef flat to the island’s shore. These reefs host complex
and valuable ecosystems that support abundant marine species and provide resources for fisheries, recreation,
and even building materials. An important function of these reefs is the protection of coastlines from coastal
storm damage and flooding by reducing high-frequency wave energy up to 98% [Ferrario et al., 2014]. However,
particularly during storm and large swell conditions, overwash and coastal flooding may still occur [Jaffe and
Richmond, 1992; Hoeke et al., 2013] due to high water levels [Vetter et al., 2010; Quataert et al., 2015] and/or low-
frequency wave resonance [P�equignet et al., 2009; Shimozono et al., 2015]. The combination of wave-induced set-
up, very low frequency (VLF, 0.001–0.005 Hz) motions and the propagation of infragravity (IG, 0.005–0.04 Hz)
and high-frequency incident-band (HF, 0.04–0.2 Hz) waves can drive wave runup events that result in coastal
flooding [Merrifield et al., 2014; Cheriton et al., 2016]. This not only poses a direct threat to coastal inhabitants,
but can cause damage to infrastructure and can salinize scarce drinking water supplies in shallow aquifers and
drinking water reservoirs [Terry and Falkland, 2011]. We denote VLF and IG waves collectively as low-frequency
(LF, 0.001–0.04 Hz) waves.

On reefs, HF sea-swell waves start to break in a narrow surf zone close to the reef crest. In this process, they
exert a force on the water column [Longuet-Higgins and Stewart, 1964; Gourlay, 1996b]; this force is balanced
by a pressure gradient, which causes wave-induced setup that has been observed to be as high as, e.g., 0.5 m
[Munk and Sargent, 1948] and 1.3 m [Vetter et al., 2010], which is larger than setup typically observed on sandy
beaches. Setup is a function of the incoming wave height [Seelig, 1983; Vetter et al., 2010; Quataert et al., 2015]
and period [Gerritsen, 1980; Gourlay, 1996a; Hench et al., 2008; Nwogu and Demirbilek, 2010], is tidally depen-
dent [Becker et al., 2014], and increases with decreasing offshore tidal water levels [Seelig, 1983].
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In the zone of wave breaking, the energy in the HF band is also transferred to higher and lower wave fre-
quencies [Gerritsen, 1980], causing wave spectra to become bimodal [Young, 1989; Hardy and Young, 1991].
For a fringing reef with a fore reef slope of approximately1:20, Pomeroy et al. [2012a] showed that IG waves
were generated by the moving breakpoint mechanism, which is consistent with theory concerning steep
slope regimes [Symonds et al., 1982; Battjes et al., 2004; Baldock, 2012]. After breaking, HF waves will further
attenuate due to bottom friction dissipation on the reef flat [Lowe et al., 2005]. Bottom friction dissipation
on the reef flat also dampens LF waves, but to a lesser extent than the HF waves [Pomeroy et al., 2012a].
This attenuation is controlled by wave shape, local hydrodynamic roughness, water depth, and the width of
the reef flat [P�equignet et al., 2009; Pomeroy et al., 2012b]. At smaller water depths, this results in
progressive-dissipative LF waves dominating the observed spectra [Hardy and Young, 1996; Pomeroy et al.,
2012a; Cheriton et al., 2016]. However, at larger water depths, LF waves may reflect back from the shoreline,
increasing the possibility of standing and even resonating LF oscillations.

Standing waves can be resonantly excited [Lugo-Fern�andez et al., 1998; Pomeroy et al., 2012b] by wave
groups with a forcing period that corresponds to one of the natural reef-frequencies or eigenmodes
[P�equignet et al., 2009; Nwogu and Demirbilek, 2010; Shimozono et al., 2015]. Eigenmode oscillations are
known as seiching [Rabinovich, 2009] and can be approximated using open basin theory [Wilson, 1953]:

fn;th 5
2n11ð Þ

ffiffiffiffiffiffi
gh

p

4L
for n50; 1; . . . N (1)

where n is mode number, g is gravitational acceleration, h is water depth, and L 5 length of the basin (in
this case, width of the reef flat). Reef flats are typically too dissipative to accommodate LF resonance at
higher modes, i.e., the flats are either too wide and/or the water too shallow; therefore, resonance is mostly
observed for the longest fundamental mode (equation (1) with n 5 0). This mode has a water level node
near the reef crest and an antinode at the shoreline, meaning that a quarter wavelength matches the width
of the reef flat [Lugo-Fern�andez et al., 1998].

We will differentiate between VLF and IG waves because resonance at the fundamental mode is typically asso-
ciated with time scales of several minutes [Lugo-Fern�andez et al., 1998], which is in the VLF range. P�equignet
et al. [2009] demonstrated that resonance at the fundamental mode significantly increased the amount of VLF
energy reaching the shoreline during storm conditions at Ipan Reef in Guam. These motions possibly contrib-
uted to the inundation of parts of the island. Laboratory experiments conducted by Nakaza and Hino [1991]
revealed that increased amplitude modulation of incoming short wave groups increased the amplitude of res-
onating waves. Moreover, the impact of seiches on a coastline may be further increased by an irregular wave
shape: time-lapse photographs taken during the approach of a typhoon in 1987 at Okinawa showed a wave
bore, comparable to a tsunami [Nakaza et al., 1990]. This is consistent with laboratory observations by Nwogu
and Demirbilek [2010] and is caused by the nonlinear effects of advection and bottom friction that deform res-
onantly generated VLF waves into bore-like surges [Nakaza and Hino, 1991]. Video footage taken during
Typhoon Haiyan in 2013 captured the destruction caused to a small Philippine town by a large, fast moving
bore, which was subsequently modeled numerically by Roeber and Bricker [2015]. Due to the high propagation
speed, the inertial forces at the front of such bores have the potential to transport boulders far inland [Kenne-
dy et al., 2016] or cause severe damage to buildings [Pistrika and Jonkman, 2009]. Roeber and Bricker [2015]
showed that the observed bore and its impact would have been even larger if the bore and reef resonance
frequency had been a closer match. Hence, it is essential to understand VLF motion on reefs because, under
certain conditions, they can exhibit large amplitudes and bore-like shapes at the shoreline, two factors that
can contribute to coastal flooding and flood-related impact and damage.

In this study, we categorize VLF waves into four classes based on their physical behavior: resonant, standing
(nonresonant), progressive-growing, and progressive-dissipative. In order to identify resonant cases, we pre-
sent an approach based on a resonance diagram [Nakaza and Hino, 1991]. Our new method can be used as
a simple tool to find resonance events in large data sets. Last, we show that resonant VLF waves at our
study site occasionally display nonlinear, bore-like behavior, and propose an alternative method to the Fast
Fourier Transformation (FFT) to capture complex VLF bore shapes in time series data.

In section 2, the field site and data processing are described. Then, the methods used to separate VLF wave
classes are presented in section 3 and the results in section 4. In section 5, we elaborate on the detection
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and appearance of the resonance phenomenon and the correlation between VLF wave classes and flood-
ing. Finally, we summarize our findings in section 6.

2. Field Site and Data Processing

Roi-Namur is an atoll islet at the northern tip of Kwajalein Atoll, in the Republic of the Marshall Islands (Pacif-
ic Ocean, see Figure 1a). The islet is one of multiple study cases within the U.S. Strategic Environmental
Research and Development Program (SERDP), where instruments have been deployed to collect field data
for an extensive investigation on the vulnerability of low-lying islands to rising sea levels. Large wave events
coinciding with high tidal levels have caused flooding of Roi-Namur in 2008 [Hoeke et al., 2013] and in 2014
[Quataert et al., 2015; Cheriton et al., 2016]. Becker et al. [2014] found that wave-induced setup at the island
was tidally dependent and could be significant during a combination of low tide and energetic wave condi-
tions. Merrifield et al. [2014] confirmed the potential of the area for extreme water levels and stressed the
importance of LF wave variability and Cheriton et al. [2016] demonstrated that offshore water levels and LF
waves were the primary drivers of the 2014 overwash event. In addition, Cheriton et al. [2016] suggested
the frequent occurrence of resonance, especially for VLF wave periods at the fundamental mode of the reef.
In this context, the data collected at Roi-Namur are ideal for a comprehensive investigation on VLF wave
dynamics due to the large number of time records (3800 hourly bursts) that are long enough (34 min at 2
Hz) to resolve the VLF scales.

The fringing reef at the study site is characterized by a fore reef that commences at a depth of approximate-
ly 20 m with a lower, steeper section (slope �1:6) that merges at a depth of 10 m with an upper, milder
sloped (�1:15) section (Figure 1b). The fore reef is about 180 m wide and has a relatively rough surface due
to the presence of corals. The nearly horizontal (slope �1:700) reef flat is characterized by a coral-algal pave-
ment with sparsely scattered carbonate cobbles and boulders, and is, therefore, relatively smooth. The reef
flat extends approximately 270 m and is bordered by a narrow sandy beach with a 1:6 slope.

Between 3 November 2013 and 13 April 2014, an array of four bottom-mounted pressure sensors, at sites
defined as ‘‘fore,’’ ‘‘outer,’’ ‘‘mid,’’ and ‘‘inner’’ (Figure 1b), recorded the pressure for 34 min every hour at 2
Hz. We refer to Cheriton et al. [2016] for greater detail on the instrumentation and sampling schemes. Pres-
sure data were converted to pressure head [Fofonoff and Millard, 1983] and then corrected for the dynamic
pressure by means of the pressure response factor [Dean and Dalrymple, 1991]. This procedure assumes lin-
ear wave theory and does not account for the effects of tidal or wind-driven currents due to the lack of
velocity measurements. Spectral parameters were retrieved from smoothed, one-dimensional spectra of the
demeaned and detrended burst signal. Hanning windows were applied to time segments of 17 min with
50% overlap, yielding a spectral bandwidth of 0.001 Hz. To overcome imprecisions caused by occasionally
bimodal fore reef spectra, fore reef peak periods were obtained from smoother spectra by partitioning each
time series into 4 min segments with 50% overlap.

Figure 1. Views of the study area on Kwajalein Atoll in the Republic of the Marshall Islands. (a) Map view of the field site on Roi-Namur Island, with the location of the instruments
denoted by ‘‘cross’’ along the cross-reef transect; (b) bathymetric profile of the cross-reef transect and location of the pressure sensors.
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Over the 5 month deployment, significant wave heights measured on the fore reef station (Hs,fore) ranged
from 0.7 to 3.8 m and peak periods (Tp) from 5 to 19.6 s. The highest VLF wave energy was measured in
the vicinity of the shoreline at the inner reef flat. There, VLF significant wave heights (Hs,VLF,inner)
exceeded 0.4 m 5% of the records, with a maximum of 0.86 m in the early morning hours of 3 March
2014. The days of 2–3 March coincided with an energetic wave event that caused overwash of the beach
berm and partial flooding of the island [Quataert et al., 2015; Cheriton et al., 2016]. These reported wave
parameters are slightly different from Cheriton et al. [2016] because we used the fore reef station as the
offshore reference station and increased the VLF range from 0.001–0.004 to 0.001–0.005 Hz so that it is
symmetrically defined around the average spectral peak measured on the inner reef flat.

3. Methodology

3.1. Very Low Frequency Wave Classification
The inner reef flat VLF wave energy was normalized to incident (HF) wave energy at the fore reef and
ordered according to fore reef HF wave peak frequency and the corresponding spatially averaged (across
all reef flat stations) reef flat water depth (h) (Figure 2). As the offshore wave frequency decreases and the
reef flat water depth increases, the amount of normalized VLF energy at the inner reef flat increases (Figure
2). By applying a selection process with three criteria, we can identify and classify VLF waves with similar
behavior (Figure 3). The selection process produces four classes of VLF motions on the reef flat: resonant,
standing (nonresonant), progressive-growing, and progressive-dissipative waves. Next we describe the
selection process in detail.

3.2. Resonance Criterion
Resonant waves were found using a resonance diagram (Figure 4), which visualizes the natural response of
a forced system to various forcing frequencies and typically shows a peak when the forcing frequency cor-
responds to an eigenmode of the system. Here the reef flat is the system, which is forced by wave groups
of different frequencies and has theoretical eigenmodes at fn,th (equation (1)). Wave group frequencies are
determined by the spectrum of the wave group envelope A(t) at the fore reef, which is obtained by a Hilbert
transform following the approach by Van Dongeren et al. [2003]. The importance of various forcing frequen-
cies is determined by quantifying the energy transfer between the incident wave group envelope spectrum
and the inner reef flat wave spectrum through the use of a transfer function [Emery and Thomson, 2001;
P�equignet et al., 2009; Harkins and Briggs, 1994; Pomeroy et al., 2012b]:

HAy fð Þ5 jGAy fð Þj
GAA fð Þ (2)

where HAy(f) is the energy transfer at
frequency f; GAy(f) is the cross spec-
trum between the fore reef envelope
(i.e., the forcing) and the inner reef flat
wave record; and GAA(f) is the auto-
spectrum of the envelope signal A(t).
The frequency at which the energy
transfer peaks is treated as potential
resonance frequency (fp,transfer). The
closer fp,transfer is to an eigenmode fn,th,
the higher the expected response,
which we express by the normalized
inner reef flat energy (normEp,transfer)
atfp,transfer. Here we normalized the var-
iance at fp,transfer on the inner reef flat
by the variance of A(t) at the fore reef
station. VLF resonance occurs at the
fundamental mode f0,th (equation
(1); n 5 0), hence, the peak of the

Figure 2. Normalized very low frequency (VLF) energy (Hs,VLF,inner/Hs,fore)2 at the
inner reef flat as a function of the fore reef incident wave peak frequency and
time-averaged and spatially averaged reef flat water depth. Normalized VLF
energy levels are indicated by the gray color scale. The four major VLF wave
classes are distinguished by the colored boxes, and the percentage of occurrence
is listed for each.
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resonance diagram around fp,transfer/f0,th 5 1 is cho-
sen as the collection of resonance events, using a
minimum threshold value for normEp,transfer. Howev-
er, choosing an appropriate threshold value is not
straightforward. We used a sensitivity analysis to
identify this threshold, the details of which are
described in section 5.

Pomeroy et al. [2012b] applied a different method
to identify resonance. This method utilizes wave
measurements from two sites on a reef flat, and
identifies instances when three criteria are met: (1)
a high coherence, (2) a phase difference closely cor-
respondent to 08 or 1808, and (3) an increasing
amplitude toward the coastline. As these criteria
are met for both resonant conditions and nonreso-
nant standing waves with an antinode at the shore-
line and a node near the reef crest, this method has
the potential to incorrectly identify nonresonant
standing waves as resonant. Therefore, we use the
resonance diagram to identify resonance separately
and the ‘‘three criteria method’’ by Pomeroy et al.
[2012b] to distinguish standing wave conditions
from the remaining events. The performance of
both methods is discussed in section 5.

3.3. Damping Criterion
VLF waves that are not identified as resonance
events are then evaluated for damping (Figure 3)
by looking for a decrease of Hs,VLF from the outer to
the inner reef flat sites. If Hs,VLF decreases over the
reef flat, standing waves are not expected and the
VLF wave is labeled as ‘‘progressive-dissipative’’
(Figure 3). Note that the damping criterion does not
act on individual harmonics but the bulk value
Hs,VLF.

3.4. Standing Wave Criterion
The remaining VLF waves include those with increasing or constant Hs,VLF over the reef flat, such as
progressive-growing or standing waves. Standing VLF waves were detected by means of the coherence,
phase difference, and amplification criteria described above [Pomeroy et al., 2012b]. If these criteria are met,
a VLF wave is classified as a standing wave; if not, it is classified as a progressive-growing VLF motion (Figure
3). Note that we chose to apply these criteria to the mid and inner reef flat sites since the outer reef flat
gauge was located in a region where waves were still breaking, which results in inaccuracies when using
the phase difference criterion.

3.5. Cross-Correlation Analysis
The nature of the different wave classes are illustrated by the respective energy spectra on the reef and the
cross correlation of the fore reef wave group envelope with the VLF band-pass filtered time series of the
reef flat stations. Following Janssen et al. [2003],

RgA sð Þ5 hgVLF tð ÞA t1sð Þi
rgrA

(3)

where RgA(s) are the cross-correlation results between the fore reef envelope signal A(t) and the VLF-band
passed surface elevation gVLF(k) at reef station k 5 {inner, mid, outer, fore}. Each RgA(s) represents an array of

Figure 3. Decision tree used to identify the different very low
frequency (VLF) wave classes. The colors correspond to the boxes
in Figure 2.
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cross-correlation values at different
time-lags s. The time-lag s indicates
the shift of signals and in this case
ranges from 2500 to 500 s, h. . .i
denotes the time averaging operator,
r the standard deviation, and resulting
cross correlations have the range
21� RgA �1.

4. Results

4.1. Resonant Waves
The results of the selection process
show that resonant VLF waves
occurred over the Roi-Namur reef flat
3.6% of the records (Figure 5a). Gener-
ally, these resonant VLF motions
occurred with larger water depths
(h) on the reef flat h 5 0.4–1.6 m
(described by a normal distribution
with mean l 5 0.9 m and standard
deviation r 5 0.2 m), see also Figures
in Supporting information S1 for the
distribution of the data and relatively

long incident peak periods (Tp 5 11–19 s; normal distribution; l 5 15 s; r 5 2s) (Figure 2). During these reso-
nance events, the VLF energy at the inner reef flat was high (Figure 5b; red curve), with up to 16% (l 5 5%)
of the fore reef HF wave energy being transferred to the narrow VLF band on the inner reef flat, compared
to the overall average of 1%.These percentages are computed as the ratio of inner reef flat VLF energy over
total fore reef energy (Figures 5b, 5e, 5h, and 5k; green curve). For reference, the ratios of HF energy on the
fore reef over IG and HF energy on the inner reef flat reached up to 10% (l 5 4%) and 3% (l 5 1%), respec-
tively, for this class. For the generation of resonance over the reef flat, incident HF wave heights were less
important than incident wave peak periods, as resonance occurred across a range of fore reef wave heights
(Hs 5 0.8–3.4 m). Wave events that had both large wave heights and relatively long periods drove elevated
setup over the reef flat, which resulted in sufficient water depths for VLF resonance to occur under low tide
conditions (e.g., on 2 March 2014 resonance occurred with MSL 20.7 m, Hs 5 3.4 m, Tp 5 15 s, and
h 5 0.7 m). Hs,VLF for resonance events on the inner reef flat ranged from 0.14 to 0.83 m and had a skewed
distribution with a median at 0.33 m, which is high considering the limited water depth on the reef and the
exceptionally long wave periods. Narrow-banded fore reef spectra (Figure 5b; green curve) suggest that res-
onance was preferably induced by swell-dominated offshore wave conditions.VLF energy at the inner reef
flat was positively correlated to the incident wave groupiness factor [List, 1991] which is a consequence of
narrow-bandedness (not shown). This finding is consistent with Nakaza and Hino [1991]. A cross-correlation
analysis was performed, for an example, VLF resonance event that occurred during swell conditions with a
significant wave height of Hs 5 1.5 m (Figure 5c). The cross-reef pattern showed synchronous water surface
movement across the reef flat, indicating that VLF waves were not progressive, but resonated at the funda-
mental mode. Repetition of the pattern in horizontal direction showed subsequent VLF oscillations with the
alternation between negative (Figure 5c; blue) and positive (Figure 5c; red) bars showing that troughs fol-
lowed crests and vice versa.

4.2. Progressive-Dissipative Waves
Of the observed VLF waves, 36.8% were progressive-dissipative (Figure 5d) and occurred when water
depths were low, with the majority (93%) occurring with reef flat water depths< 0.5 m and during low tides
(l 5 MSL 20.4 m; r 5 0.2 m). When water depths are low, frictional dissipation acts to reduce VLF energy
over the reef flat leaving little energy at the shoreline (Figure 5e), independent of the incoming wave ener-
gy. This is consistent with Pomeroy et al. [2012b] who showed VLF amplification decreased for lower h and/
or higher friction. The progressive-dissipative nature of these waves is also illustrated by the mean positive

Figure 4. Distribution of bursts as a function of the normalized inner reef flat
energy at the peak transfer frequency fp,transfer and the ratio of fp,transfer over the
theoretical fundamental frequency f0,th. The identified very low frequency (VLF)
resonance events are highlighted in red. The analytical solution for a harmonically
forced, undamped system is superimposed on the scatter as reference (black
dashes). Bursts with dominant group frequencies near f0,th cluster around the uni-
ty value and validate the open basin idealization for this reef. Resonance at higher
modes is also apparent, but damped compared to the fundamental mode.
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Figure 5.
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correlation pattern for this class of wave, which follows the theoretical trajectory of a progressive wave and
shows decreasing correlation toward the shoreline (Figure 5f). The theoretical progressive wave trajectory is
calculated following Janssen et al. [2003] and is based on the celerity at the incident peak frequency (fp,fore)
and the local water depth. The switch from negative correlation at the fore reef (zero lag) to positive correla-
tions on the reef flat is consistent with VLF wave generation by the breakpoint mechanism [Pomeroy et al.,
2012a].

4.3. Standing Waves
VLF waves that showed increasing energy over the reef flat and included at least one standing harmonic
constituted 31.1% of the observations (Figure 5g). These occurred with greater water depths on the reef flat
(h 5 0.3–1.7 m; l 5 0.9 m; r 5 0.2 m), which enabled VLF waves to reflect at the shoreline and form standing
waves. Hs,VLF on the inner reef flat showed a skewed distribution with the median at 0.15 m, less than half
the value of typical VLF resonance wave heights. However, one standing wave outlier with Hs,VLF 5 0.86 m
was observed (see also Figure 9b); we suspect that this anomalously large VLF standing wave is actually a
resonant VLF wave that was not captured by our selection process. Sources of error in the identification of
resonance events, particularly with regard to missing events, are discussed in section 5. For the standing
wave class, the inner reef flat VLF energy band contained on average 1% of the total fore reef energy (Fig-
ure 5h). This is comparable to the average for the entire survey period (all classes combined). This suggests
that as long as the forcing frequency is not similar to the eigen frequency of the reef flat, standing waves
do not become resonant. We found that standing waves can exhibit a range of intensity in a wave signal,
resulting in cross-correlation patterns that show both standing and progressive waves. For example, ener-
getic incident waves (Hs 5 2.9 m, h 5 1.3 m) during the 2 March 2014 overwash event [Quataert et al., 2015;
Cheriton et al., 2016] produced VLF waves that exhibited both progressive and weaker standing wave pat-
terns, as seen at both positive and negative lags in the cross correlation (Figure 5i).

4.4. Progressive-Growing VLF Waves
For the remainder of the VLF wave events (28.5%; Figure 5j), VLF energy increased from the outer to the
inner reef flat, but no resonant or standing wave harmonics were found; therefore, these VLF waves were
classified as being progressive-growing. The progressive-growing VLF waves were associated with mid-
range water depths on the reef flat, with the majority (92%) occurring with water depths between 0.4 and
1.0 m. Similar to the progressive-dissipative waves, these events occurred across a range of incident fore
reef peak frequencies, showing no dependency with the offshore wave Tp (Figure 5j). Although both
progressive-dissipative and progressive-growing waves had similar fore-reef spectra, the progressive-
growing waves occurred with more HF energy at the outer reef flat due to higher offshore water levels
(l 5 MSL 10.0 m, r 5 0.2 m; compared to MSL 2 0.4 m, r 5 0.2 m) (Figures 5e and 5k). Although this HF
energy diminished by 95% toward the inner reef flat, the VLF wave energy increased by 86%, suggesting
that breaking HF waves continued to transfer energy to the VLF band shoreward of the outer reef flat
sensor, but the transfer was small (Figure 5k). The greater reef flat water depths enabled the progressive-
growing VLF waves to propagate across the reef flat with a faster phase speed than the progressive-
dissipative VLF waves, as indicated by the positive correlation bars that occur with shorter time-lags across
the reef (Figures 5f and 5l). Because VLF energy increases shoreward over the reef, the cross-correlation val-
ues are expected to increase as well. However, this pattern is not present because the correlations were
averaged over many wave events, which displayed a range of propagation speeds.

Examination of cross correlations for individual VLF wave events in the progressive-growing class suggests
that reflection off the shoreline rarely occurs. We attribute the lack of reflection to the nonlinear shape of
these VLF waves. By visual inspection of the time series, the observed progressive-growing VLF waves
appear in the form of nonlinear (long-period) bores (Figure 6) for 50–80% of the records. Steep bore fronts

Figure 5. Characterization of the different very low frequency (VLF) wave classes obtained from the selection process. (a, d, g, j) Normalized VLF energy (Hs,VLF,inner/Hs,fore)2 at the inner
reef flat as function of the fore reef incident wave peak frequency and time-averaged and spatially averaged reef flat water depth. Normalized VLF energy levels are indicated by the
gray color scale. VLF wave class distribution and percentage of occurrence are noted. (b, e, h, k) Normalized, ensemble-averaged inner (red) and outer (blue) reef flat and fore reef (green)
spectra for the different VLF wave classes; 90% confidence limits are shown in red dashes for the inner reef flat spectrum. Energy is normalized by the total fore reef wave energy. The
transition from the VLF to infragravity band is indicated by the vertical gray line. (c, f, i, l) Cross correlations between the fore reef envelope with the low-pass filtered VLF time series at
each instrument for various time-lags. Negative correlations are represented in blue and positive correlations in red; the dashed black line marks the theoretical incoming and reflected
wave trajectories. Figures 5f and 5l show class-averaged results, whereas Figures 5c and 5i show results for a representative burst. Averaging is not useful in the latter cases, since the
standing/resonant frequencies differ between events and correlations would diffuse.
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and the lack of reflection suggest that most of the VLF wave energy is dissipated during the breaking pro-
cess on the beach slope.

Our findings with respect to the occurrence of the different VLF wave classes are summarized in Table 1. As the
water depth on the reef flat increases, more VLF wave energy reaches the shoreline and VLF waves start to
reflect. Additionally, if the incoming HF periods are long, these VLF waves can be resonantly amplified. Thus,
reef flat water depth and offshore wave period affect which class of VLF waves will occur over the reef flat.

5. Discussion

5.1. Sensitivity of Resonant Detection
By using the resonance diagram, we classified 3.6% of all VLF observations as resonant. However, this result
is dependent on the choice of parameter values. One such parameter is the threshold value for the normal-
ized energy (normEp,transfer,thr). Events with energy above this threshold in the resonance diagram were
defined to be resonant (Figure 4). This threshold was based on an optimization procedure that employed a
Monte-Carlo simulation and measured the performance of different normEp,transfer,thr with respect to accura-
cy of the prediction and the number of selected resonant bursts. Since it is not known a priori which events
were resonant, several assumptions were made. First, it was assumed that resonance is associated with the
occurrence of highly energetic VLFs on the inner reef flat (Figure 5a). Subsequently, the top 5% most ener-
getic VLF wave events (EVnormE,5%, with EV indicating ‘‘number of events’’) were treated as events with a
high potential of being resonant. With these reference cases, we then verified the accuracy (Acc) of our pre-
diction. The events in the peak of the resonance diagram (Figure 4), EVres,diagram that were also within this
top 5% energy category, were treated as ‘‘correct’’ predictions: EVres,correct 5 EVres,diagram \ EVnormE,5%.The
accuracy, Acc, of the prediction was defined as the ratio between the correct and the total number of identi-
fied resonance events: Acc 5 EVres,correct/EVres,diagram. Then, we determined Rec—the ‘‘recognized’’ resonance
events—which is an estimate of how many of the potential events were correctly recognized:
Rec 5 EVres,correct/EVnormE,5%.

A Monte-Carlo simulation for a range of threshold values normEp,transfer,thr in the resonance diagram
revealed that the optimal compromise between accuracy and the number of recognized events (Acc* Rec)
was found for normEp,transfer,thr 5 0.0477 (Figure 7). This threshold value is tailored specifically to our data

set. While the data set-specific nature
of this method is a drawback, we found
it to produce significantly more accu-
rate identifications of resonance. Here,
the associated accuracy of the predic-
tion was Acc 5 63% and the number of
recognized events Rec 5 46%. For com-
parison, we also evaluated the accura-
cy of identifying resonance through
the application of the amplification,
phase, and coherence criteria [Pomeroy
et al., 2012b]. Using this ‘‘three criteria

Table 1. Summary of the Occurrence of Very Low Frequency (VLF) Wave
Classes

Very Low
Frequency
Classes

Observed
(%)

Conditions

Reef Flat Water
Depth h (m) for

Majority of
Events (>90%) Tp (s)

Resonance 3.6 >0.5 >11
Standing 31.1 >0.5
Progressive-growing 28.5 0.4–1.0
Progressive-dissipative 36.8 <0.5

Figure 6. Example of a time series of water elevation from 19 February 2014 demonstrating an event classified as ‘‘Progressive-Growing’’
showing long-period, nonlinear bore waveforms. The bore starting at 850 s has a period of approximately 350 s.

Journal of Geophysical Research: Oceans 10.1002/2016JC011834

GAWEHN ET AL. CLASSIFICATION OF VLF WAVES 7568



method,’’ the same scoring system
gives Acc 5 10% and Rec 5 70%, indi-
cating a tenfold increase in positive
identifications. We argue that the rea-
son for this increase is that many of
these identified events are, in fact,
standing waves. These false positives
reduce the accuracy compared to the
resonance diagram, and the Rec per-
centage is higher only because there is
statistically more overlap with energet-
ic events. Therefore, we find that the
resonance diagram method is more
suited for the detection of low-
frequency wave resonance over reef
flat environments. In addition, the
peak transfer values, HAy(fp,transfer), of
the resulting EVres,diagram ranged from
0.63 to 3.40, showing that transfer
function values under resonance con-
ditions could be lower than the values
found by P�equignet et al. [2009] and

Pomeroy et al. [2012b]. Finally, we hypothesize that for larger data sets the resonance diagram becomes
smoother and may be used to estimate the amount of damping in the reef system. This could be achieved
by finding the half-power frequencies from the diagram and subsequently calculating the quality factor for
damped seiching [see Rabinovich, 2009, equation 9.23].

Though the resonance diagram method greatly improves the accuracy of identifying resonance events, this
method also has several drawbacks. As previously mentioned, the threshold value is selected based on spe-
cific aspects of a given data set. In addition, the resonance diagram method is a data postprocessing tool,
which means that resonance predictions are based on existing data. These data are ideally in situ observa-
tions but in the absence of these, the data could be generated by a process-based model, given the off-
shore forcing and the local reef geometry.

We finally note that for each identified occurrence of VLF wave resonance, the resonance did not necessari-
ly persist throughout the entire burst length. The duration of these resonance events can be short lived
(Figure 8a). However, to evaluate the variations in resonance duration, longer measurement bursts would
be needed.

5.2. Shape of Resonant VLF Waves
Because resonantly amplified VLF bores are associated with high propagation speeds and long periods,
they have been mistaken for tsunamis; therefore, capturing their presence is important for coastal risk
assessment [Roeber and Bricker, 2015]. Our field observations (Figure 8a), coupled with reports by others
[Nakaza and Hino, 1991] confirm that resonant VLF waves can appear in bore-like shapes at the shoreline.
However, it may be hard to characterize these nonlinear waveforms using conventional signal decomposi-
tion. A weakness of the Fast Fourier Transformation (FFT) method is that higher-frequency components
would have to be included to approximate the almost vertical bore front. For bichromatic laboratory waves
this can be done by retaining the higher harmonics of the low-frequency waves [Van Dongeren et al., 2007],
but this is not possible for irregular waves. Instead, we found that a better characterization of the water sur-
face motion could be achieved by employing a Hilbert-Huang Transformation (HHT) for the decomposition
of the surface elevation time series [Huang et al., 1998; Huang and Wu, 2008; Wu and Huang, 2009]. This
adaptive analysis technique is still in development, but has been used in several cases for hydrodynamic
research [e.g., Veltcheva, 2002; D€atig and Schlurmann, 2004; Ortega and Smith, 2009]. The HHT decomposes
a signal into 10–15 natural components, called Intrinsic Mode Functions (IMFs), which can vary in frequency
and amplitude different from the preset harmonics of an FFT.

Figure 7. Optimization of the threshold normEp,transfer,thr value, based on a Monte
Carlo simulation with 50,000 trials for the range normEp,transfer,thr 5 0.00–0.08.
Shown are: the accuracy of the prediction, defined as Acc 5 EVres,correct/EVres,diagram

where EVres,correct 5 EVres,diagram \ EVnormE,5% (red); indication for recognized reso-
nant events Rec 5 EVres,correct/EVnormE,5% (blue); a curve Acc*Rec (magenta) indicat-
ing the position of the optimal value for the threshold (‘‘cross’’).
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Here we present a brief description of our application of the HHT method; specific details of the HHT proce-
dure can be found in Huang et al. [1998]. To obtain a robust estimate of the IMFs, we apply a variant of the
HHT that is based on an ensemble empirical mode decomposition (EEMD) that minimizes mode mixing
between IMFs [Wu and Huang, 2009]. The EEMD process is optimized by an end-effect correction as pro-
posed by Huang et al. [1998] and employs a Piecewise Cubic Hermite Interpolating Polynomial for an accu-
rate mode shape approximation. Energy spectra are obtained by applying a Hilbert transform to each IMF,
which then gives a time series of frequencies and associated amplitudes. Summing the amplitudes for a
predefined discrete frequency interval results in a so-called marginal spectrum. In this case, the amplitudes
were first squared and subsequently halved, to acquire the associated (marginal) energy spectrum.

A single IMF describes the VLF wave resonance signal (Figure 8a), in accordance with Huang et al. [1998]
who first proposed the association of IMFs with intrinsic physical signals. Moreover, the HHT approach cap-
tures the asymmetric waveform (Figure 8a). The associated (marginal) energy spectrum (Figure 8b) can be
interpreted as a statistical measure for energy at a certain frequency. The analysis demonstrates that the
HHT method has potential for investigations into irregular or bore-like waveforms in field data and therefore
may particularly be valuable for detecting and understanding the deformation of resonant VLFs. We note
that in contrast to VLF bores occurring within the progressive-growing class, VLF bores within the resonant
class can grow much larger as was shown by Roeber and Bricker [2015] (see also Figures 5b, 5k, and 9). These
resonantly amplified bores may contribute to flooding and have implications for coastal risk.

Also with respect to resonance events of short duration, a HHT is advantageous: instantaneous frequencies
are determined by local derivatives of the phase, which results in greater frequency resolution compared to
a spectrum acquired from FFT analysis, and, therefore, the spectra require less smoothing. Hence, the HHT
method is also suited to investigate VLF motion in short time-records and thereby useful for analyses on
short-lived resonance. However, one disadvantage of the HHT with our specific application is that it was
computationally much more expensive compared to an FFT. It was therefore not performed for the entire
classification of VLF waves in section 4, but only for a few selected bursts to demonstrate its use and poten-
tial for future research.

5.3. The Relation Between VLF Waves and Flooding
VLF motions cause a water level increase at the shoreline which is characterized by the inner VLF wave
height Hs,VLF,inner. The magnitude of this wave height is dependent on the VLF class which is determined by
the water depth on the reef and the incident wave peak period (Figure 5 and Table 1), but also by the off-
shore incident wave height Hs,fore (Figure 9).

Different classes of VLF waves can occur across a range of Hs,fore, with larger incident wave heights resulting
in larger Hs,VLF,inner. The slope of this dependency increases from progressive-dissipative waves to resonant
waves (Figures 9a–9d). The slopes for the progressive-dissipative and progressive-growing classes are less
steep because of the small water depths in which case there is higher dissipation (Figure 5). For the

Figure 8. Comparison of the application of the Fast Fourier Transform (FFT) and the Hilbert-Huang Transform (HHT) methods to identify very low frequency (VLF) motions. (a) Time series
of measured surface elevation (gray), VLF signal obtained by FFT (red), and by HHT (green). Sawtooth-shaped bore fronts are visible during the times of 900–1200 and 1800–2000 s. In
contrast to the FFT method, these waveforms are identified by the HHT method. (b) Energy spectra of the VLF signal obtained using the FFT method (red) and the HHT method (green).
The shifted peak in the HHT spectrum is caused by sharper transitions in the VLF wave shapes combined with the shorter-period oscillations preceding the resonant series at 0–600 s.
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standing and resonant classes, the water depths are higher and the waves are much less affected by dissi-
pation. Additionally, the efficient energy transfer in the case of resonance causes the largest slope.

To examine the role of the different VLF wave classes in flooding and runup, we examined two overwash
events that occurred on Roi-Namur during the period of data collection, on 19 December 2013 and 2–3
March 2014 (Figure 10). Both events occurred under resonance-favoring conditions (Tp 5 14–18 s, h> 0.5 m
for more than 90% of the records) and (incident-band) wave heights up to 3.3 and 3.8 m, for December and
March events, respectively. Since flooding was only witnessed during daylight hours [Cheriton et al., 2016], a
time frame of 24 h was chosen to establish wave class statistics for both events. During the two events,
there was an order of magnitude higher occurrence of resonance (Figure 10a) compared to nonevent peri-
ods, which agrees with findings by Cheriton et al. [2016]. However, we note that the % occurrence of reso-
nance found here (December 17%; March 33%) differs from that reported by Cheriton et al. [2016]
(December 35%; March 44%) due to a difference in methods: we only considered the zeroth mode, used
the mid-reef instead of the outer-reef station for the detection of standing waves, and chose a different
approach from the ‘‘three criteria method’’ [Pomeroy et al., 2012a,b] for identifying resonance. The higher %

Figure 9. For each of the very low frequency (VLF) wave classes, the response of the inner reef flat VLF wave height (Hs,VLF,inner) to the
offshore incident wave height (Hs,fore), colored by reef flat water depth (h). (a) Resonant, (b) standing, (c) progressive-growing, and (d)
progressive-dissipative. In each plot, the slope of the point cloud trends (H’s,VLF,inner) is indicated by a dotted line, with the linear fit and the
root-mean-squared error (RMSE) indicated in the top left. H’s,VLF,inner is steepest for the resonant VLF waves (Figure 9a), indicating that for a
given incident wave height, this class results in the largest VLF wave heights at the inner reef flat. The wave classes are also highly
dependent on water depths, with larger water depths required for (a) resonant and (b) standing VLF waves, (c) mid-range depths for
progressive-growing, and (d) the progressive-dissipative VLF waves occurring at the smallest water depths. This is consistent with greater
dissipation occurring with smaller water depths, as demonstrated in Figure 5.
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occurrence of resonance found by
Cheriton et al. [2016] is further evi-
dence of the propensity of the ‘‘three
criteria method’’ to produce false posi-
tives by misidentifying standing waves
as resonance.

Marginal flooding occurred during the
December 2013 event, in which the per-
centage of resonance was lower than
during the March 2014 event when
flooding was more widespread. More-
over, the majority of the largest Hs,VLF,inner

during these events were categorized as
resonant (Figures 10b and 10c), a rela-
tionship that was also found for the
entire data set (Figure 9). Cheriton et al.
[2016] also identified two instances of
anomalously high runup that occurred
outside of the overwash events; we
found that these runup events also coin-
cided with high instances of resonance.
Resonance appears to be a key element
in causing flooding and high runup.

We expect this to be case as well for
other smooth and narrow reefs, which
are characteristic of Kwajalein Atoll
where Roi-Namur is located. In that
respect, predicting resonance condi-
tions by means of large-scale forecast
models might serve as an indicator/
early warning for enhanced runup or
even flooding at such reefs. For coral
reefs that are not smooth and narrow-
like Roi-Namur, the rate of occurrence
and relative significance of each VLF
wave class to overwash and flooding is
likely to depend on geomorphological
factors, such as the width of the reef
flat, reef frictional characteristics, and
the fore reef slope, as explored by
Quataert et al. [2015]. For wider reefs,

we expect resonance to occur in the case of large water depths over the reef, as per equation (1) [P�equignet
et al., 2009; Pomeroy et al., 2012b]. The probability of resonance will be lower in the case of reefs with high
friction, i.e., a well-developed, healthy coral coverage [Pomeroy et al., 2012b; Quataert et al., 2015]. However,
climate change related sea level rise and coral reef degradation [Hoegh-Guldberg, 1999; Pandolfi et al., 2011]
may eventually also make these reefs vulnerable to resonance and thereby increase the risk of flooding at
reef-lined coasts that are currently well protected [Storlazzi et al., 2015].

6. Conclusions

Wave and water level data obtained from a 5 month deployment at Roi-Namur on Kwajalein Atoll in the
Republic of the Marshall Islands were used to categorize very low frequency (VLF) waves into four classes.
Resonant, standing, progressive-growing, and progressive-dissipative waves were found to occur 3.6%,

Figure 10. Percentage occurrence of the very low frequency (VLF) wave classes:
resonant (red), standing (orange) progressive-growing (dark green), and
progressive-dissipative (light green) during 24 h of the 19 December 2013 and
2–3 March 2014 flooding events. (a) Distribution of the wave classes in the overall
data (‘‘All’’) versus the distributions during the December (‘‘Dec’’) and March
(‘‘Mar’’) events. Bottom plots show the number of hours the wave classes were
observed according to inner reef flat VLF wave heights (Hs,VLF,inner) for the (b)
December and (c) March events.
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31.1%, 28.5%, and 36.8% of the records, respectively. Resonant conditions were detected using a resonance
diagram, a method that combines energy transfer estimates between fore reef wave group envelopes and
the VLF signal near the beach with open basin theory. We found this to be an improved method for identi-
fying resonance in large data sets as it produced more accurate identifications of VLF resonance than the
‘‘three criteria method’’ [Pomeroy et al., 2012b], by decreasing the number of standing waves falsely identi-
fied as resonant motions. Compared to the other three VLF wave classes, resonance has the greatest poten-
tial to drive coastal flooding and island overwash, because of the large resulting shoreline VLF amplitudes.
In the case of resonance, the energy transfer from the incident wave groups offshore to VLF waves on the
reef flat is, on average, 5 times larger than for the other VLF wave classes. In addition, VLF waves can appear
as bore-like waveforms and can retain this shape for resonant cases, which suggests that these VLF resonant
waves are likely to disproportionately impact the shoreline. Because of the irregular waveform, we found
the VLF band-pass filtered time series obtained from an FFT to be limited in representing these bore-like
waves, and the use of a Hilbert-Huang transformation (HHT) is proposed instead. This research demon-
strates that understanding the classes of VLF waves on reef flats is important for assessing coastal flooding
hazards.
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