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A B S T R A C T

Cross-shelf water motions influence fluxes of nutrients, larvae and sediments, which in turn affect nearshore
morphodynamics. Among these motions are infragravity waves, which typically exhibit periodicities from 20 to
200 s, and originate from multiple sources including the superposition of incident wave fields. To examine how
infragravity waves co-vary with water motions in an area of complex bathymetry, we analyzed measurements
from acoustic Doppler current profilers around cape-associated shoals near Cape Canaveral, on the Florida (USA)
Atlantic coast. Observations of water motions and infragravity wave heights at the outer and inner swales of two
isolated shoals (Shoal E and Shoal D), located approximately 15 km offshore in ∼ 14 m water depth, were
subjected to squared coherency and wavelet coherence analyses. Coherences between infragravity wave heights
and flow conditions were unsteady, i.e. variable over time, and exhibited differences between outer and inner
swales. Subtidal flows (periods > 0.5 days) were sporadically coherent with the total and bound infragravity
wave heights at both inner and outer swales. Tidal flows (∼ 2 cycles/day) were coherent with the total infra-
gravity wave heights only at outer swale locations. These results indicate that tidal motions may modulate the
generation of free (directed both oppositely to and in the direction of short-wave propagation) infragravity
waves by short-wave groups shoaling and by refractive trapping at shoals. Subtidal flows, on the other hand,
may influence triad interactions that generate infragravity motions.

1. Introduction

Cross-shelf exchanges of material are controlled by relatively weak,
yet relevant flows that dictate the fate of larvae, pollutants, and sedi-
ments (Nittrouer and Wright, 1994; Brink, 2016). At cape-related inner
shelves, sediment fluxes are actually driven by combinations of
bathymetry-controlled water motions of different periods. These pro-
cesses include tidal rectifications, wind-driven currents, resuspension
by wave-orbital velocities, and longshore drift gradients (Geyer, 1993;
McNinch and Luettich, 2000; Kumar et al., 2013; Limber et al., 2017,
and others).

Also known as headland-associated linear sandbanks (Dyer and
Huntley, 1999), cape-related shoals have been shown to migrate up to
10 m/yr (Olsen Associates, 2013; Thieler et al., 2014), supporting the
idea that they have been reworked by oceanographic processes during
the Holocene (Field and Duane, 1974; McNinch and Luettich, 2000).

Shoals ultimately act as sediment sinks because wave-related longshore
currents lose transport capacity at the cape tip (Limber et al., 2017) and
offshore-directed, tidal-residual flows relocate sediment seaward, away
from the headland (Signell and Geyer, 1990; Geyer, 1993; Berthot and
Pattiaratchi, 2006, and others). Cross-shelf exchanges of material off
capes are therefore governed by flow separation of wind-driven cur-
rents (Kumar et al., 2013; Lamas et al., 2017) and the well-known
Ekman transport (Pedlosky, 1987, Section 4.3). Over cape-related
shoals, cross-shelf exchange may also be influenced by short-wave-re-
lated motions (Lentz et al., 2008), and infragravity waves (Thomson
et al., 2005; Pomeroy et al., 2012; Winter et al., 2017).

Long gravity waves (LGWs, also known as infragravity waves) have
been found to exert a first order control on nearshore morphodynamics
(Bertin et al., 2018, and references therein). Under non-breaking con-
ditions, irrotational LGWs (typically from 5 to 50 mHz, or 20 to 200 s)
propagate either as oscillations bound to short-wave groups (Longuet-
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Higgins and Stewart, 1962; Herbers et al., 1994), nearshore-trapped
edge waves (Lippmann et al., 1999; Sheremet et al., 2005; Winter et al.,
2017), or free waves (Herbers et al., 1995). Both forced and free in-
fragravity motions have been found to contribute to nearshore sand
fluxes, especially during storms (Ruessink et al., 1998; Aagaard and
Greenwood, 2008; de Bakker et al., 2016a). Although LGW contribu-
tions to the cross-shelf material transport over cape-related shoals are
not well understood, it is likely that they generate both onshore- and
offshore-directed transport. Infragravity wave variability over cape
shoals might also be related to partial reflections and trapping (Herbers
et al., 1995; Rijnsdorp et al., 2015; Zou, 2011), and add to other phe-
nomena that can influence the effect waves exert on ambient currents
(Lane et al., 2007).

The objective of this study is to explore the relationship between
LGWs and ambient flows at cape-related shoals. This exploration is
done mainly with coherence and wavelet coherence analyses of velocity
and water level data collected off Cape Canaveral, Florida, USA. In
Section 2 we describe the study area, the data collection schemes, and
the data analysis. We compare LGW heights to flow conditions, parti-
cularly water depth, principal-, and secondary-axis velocities. Section 3
presents the main findings revealed by these comparisons. Coherence
between LGW motions and flow conditions were found to be variable
over time and spatially heterogeneous (different in outer and inner
swales of isolated shoals). The focus of Section 4 is to explain tidal and
subtidal coherences found in Section 3 and to provide additional evi-
dence of the coherence between LGWs and synoptic phenomena, i.e. the
Florida Current transport and wind speed. We do not, however, claim
that these processes produce the observed infragravity motions, be-
cause short-gravity wave variability appears to explain the majority of
LGW energy, as expected. We, instead, suggest that winds and geos-
trophic flows modulate the water level that influences LGW variability
over the relatively shallow bathymetry of cape-related shoals. Conclu-
sions are in Section 5.

2. Data and methods

2.1. Cape Canaveral shoals

Cape Canaveral shoals are found surrounded by depths between 5
and 25 m offshore of the Cape Canaveral region, on the Atlantic coast of
central Florida. Shore-attached Southeast shoal and Chester shoal ap-
pear as offshore extensions of Cape Canaveral and False Cape, respec-
tively. This study concentrates on Shoal E and Shoal D (Fig. 1), which
are separated by 5 km from Southeast and Chester shoals (Field and
Duane, 1974; Thompson et al., 2015). Observations were conducted on
the inner and outer swales of Shoal E, and on both swales plus the ridge
of Shoal D. Inner locations, therefore, refer to the inner swales of Shoal
E and Shoal D during all deployments. In the Fall 2015 deployment,
however, inner location refers to Shoal D ridge. Instruments were not
moored simultaneously at all locations, which prevented data com-
parison among sites. However, we assume data can be comparable
when considering that they represent cape-related shoal hydro-
dynamics over a range of conditions.

Offshore wave characteristics, 25 km from the observations over
shoals, were obtained from the National Oceanic and Atmospheric
Administration's (NOAA) National Data Buoy Center (NDBC) buoy
41009 (Fig. 2). During all deployments, waves commonly exhibited
peak periods, Tp, ∼ 8 ± 2 s (Fig. 2 F–J) and approached from directions
between East and East-North-East (i.e. Dp=60−90 °T) (Fig. 2 K–O).
Significant wave heights, the mean of the highest one-third waves, Hs,
were typically less than 1.5 m, but exceeded 2.5 m during energetic
conditions. Winds had maximum speeds >8 m/s and exhibited diurnal
(sea breeze) periodicities (Fig. 2 A–E). While wind variability at buoy
41009 may not represent the conditions at Canaveral shoals, it was the
closest oceanic record available. Wind measurements closer to the
sampling site are required (Kumar et al., 2013).

2.2. Data analysis

2.2.1. Field measurements
Water velocity profiles and near-bottom pressure were measured

near Shoal E and Shoal D (Fig. 1 D and E) during five deployments from
Fall 2013 through Fall 2015, with 3 deployments at Shoal E and 2 at
Shoal D. Two data collection schemes were used. Water depth, h, and
profiles of velocity, =q z( ) u v( , ) (with u and v as the east-west and north-
south velocity components, respectively, and z the vertical distance),
were measured as ensembles per fraction of 1 h (typically 3 min). Va-
lues of q were measured between 1 m above the instrument and ∼ 90%
of total water depth due to side-lobe effects at 0.5 m cells. This scenario
is referred to as currents. In addition, pressure and velocity ∼ 2 m below
the surface were recorded at Hz2 either continuously or in bursts of
1200, 2048, and 3600 data per hour (or fraction of hour) adjusted for
each instrument's functionality and battery availability. The total
amount of data per burst limited the statistical reliability acquired by
windowing. Minimum frequency (or maximum period) resolved by the
Fourier transformation depended on length of windows as explained
later. This second scheme was used to examine waves.

Velocities collected using the currents scheme were rotated by an
angle p that matched the principal-axis of the flow, which is (Thomson
and Emery, 2014, Eq. 4.52b)

= u v
u v

0.5 arctan 2 ,p 2 2 (1)

where u and v represent the demeaned time series of east and north
velocity components, and indicates averaging in time. Depth-aver-
aged velocities were then calculated from the principal-, U, and sec-
ondary-axis, V, velocities as (e.g. for U) =U z z U z dz1/( ) ( )s b z

z
b

s ,
where zs and zb are the distances to the surface and bottom velocity
measurements, respectively. See Paniagua-Arroyave et al. (2018) for
details of the deployment set-up and data analysis.

2.2.2. Spectrograms and band-specific significant wave heights
A power spectrum was quantified for each 1-h package of de-

trended and attenuation-corrected bursts of pressure from the waves
sampling scheme. Each package was block-averaged and Fourier
transformed using segments of Hanning windows of 29 (windows of
256 s) elements overlapped by 75%. For each spectrum, significant
wave heights were quantified for the infragravity and short-gravity
wave (SGW) frequency bands as, e.g. for LGWs, H m4LGW LGW

(Holthuijsen, 2007, Eq. 4.2.24 therein), where =m df S f( )LGW f
mHz50

min
is the zeroth-moment of the sea surface variance spectrum for the in-
fragravity band, and = =f 1/256 s 3.9 mHzmin (Thomson and Emery,
2014, their Eqs. 5.121 and 5.6.3). Oscillations at frequencies between
50 and 300 mHz (periods from ∼ 3 to 20 s) were considered to be the
SGWs.

Fig. 3 shows the spectrograms, t f( , ), and the SGW significant
wave heights, HSGW , for each deployment. Spectrograms represent the
time series of variances at all frequencies resolved by our methodology,
whereas HSGW corresponds to the mean value of the highest one-third of
waves measured in the range between 3 and 20 s. These values are
presented for each deployment at inner and outer locations. Variances
at LGW frequencies (nominally between 5 and 50 mHz, or 20–200 s)
covary with HSGW , especially for SGW waves larger than ∼ 1.5 m (Fig. 3
A–J).

2.2.3. Coherence between LGW heights and water motions
The LGW tidal and subtidal variabilities, however, are not obvious from

a visual inspection of the spectrograms. Application of coherency squared
calculations allowed confirmation of this co-variability at periods ranging
from 0.25 to 16 days (or 4 to 0.06 cycles/day), of water level and velocity
(from the currents scheme) with LGW heights. To analyze the average co-
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variability between LGW waves and water motions, squared coherence
spectra –squared coherencies–, x H( ,log [ ])

2
LGW10

, were calculated for base-10
logarithms of HLGW (Jenkins and Priestley, 1957, their Section 7) given that
HLGW time series were typically non-stationary (Dickey and Fuller, 1979),
and parameters measured using the currents scheme (water level and ve-
locity components) as

=
| |

,x H
x H

x H
( ,log [ ])
2 ( ,log [ ])

2

log [ ]LGW
LGW

LGW
10

10

10 (2)

where x H( ,log [ ])LGW10 represents the cross-spectral density between
time series x and Hlog [ ]LGW10 (with x representing h, U , and V ) for a
given frequency (Thomson and Emery, 2014, their Section 5.6.6). In
such case, Hlog [ ]LGW10 is the power spectral density (or autospectrum) of
time series Hlog [ ]LGW10 for a frequency. Statistically significant squared
coherency values were calculated as (Thomson and Emery, 2014, their
Eq. 5.173)

= 1 ,EDof
1
2 [1/( 1)] (3)

where EDof represents the number of independent values used to
smooth the cross-spectra in each frequency band in some cases multi-
plied by a factor, i.e. 8/3 for Hanning windows (Thomson and Emery,
2014, their Table 5.5), and is given by the confidence interval, e.g. for
95% = 0.05. The phase (in °) between x and HLGW is given by

I

R
= × °arctan

[ ]
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with I[ ]x H( ,log [ ])LGW10 and R[ ]x H( ,log [ ])LGW10 representing cross-
spectrum imaginary and real arguments, respectively. Depending on

the frequency under consideration, f, phases represent the temporal lag
between time series x and Hlog [ ]LGW10 . A phase of °0 , for example, re-
presents both time series modulating together. Similarly, x H( ,log [ ])LGW10
equal to °90 indicates x leading Hlog [ ]LGW10 ( °90 suggests Hlog [ ]LGW10
leading x) by a time lag equal to °f/(360 )x H( ,log [ ])LGW10

. Coherence
spectra were smoothed over consecutive frequency values using
Hanning windows of 16 elements, except for outer locations during
Spring and Fall of 2015 for which 8 elements were used given that time
series were shorter.

Coherency analysis was expanded to include variations in the time
and frequency domains. The time series of wavelet coherence values
between x and HLGW , WTC x H( , )LGW , were then calculated for each scale,
s, following (see Appendix in Torrence and Webster, 1999)

=WTC
s W

s W s W
| |
| | | |

,x H
x H

x H
( , )

1
( , )

2

1 2 1 2LGW
LGW

LGW (5)

where Wx and WHLGW are the wavelet transforms of x and HLGW ,
respectively (Torrence and Compo, 1998, their Eq. 4), W x H( , )LGW is the
cross-wavelet spectrum, s is the scale (a measure of period), and
represents smoothing in time and scale. The phase (per scale) between
time series x and HLGW , x H( , )LGW , was obtained from

I

R
= × °s W

s W
arctan

[ ]
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x H

x H
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1
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( , )

LGW
LGW

LGW (6)

which comes from the same principle as Eq. (4). Statistical con-
fidence intervals for WTC x H( , )LGW values were calculated by means of
Monte Carlo simulations of synthetic signals with spectral character-
istics similar to those of the time series analyzed (Grinsted et al., 2004,
their Section 3.4).

Fig. 1. Cape Canaveral shoals and mooring locations of acoustic Doppler current profilers (ADCPs). Magenta filled circles indicate ADCP locations near Shoal D and
Shoal E. The magenta diamond shows the location of the NOAA buoy 41009. Black rectangles in A and B show the location of Florida Peninsula (within North
America) and Cape Canaveral on the Florida Peninsula, respectively. The map in C shows the bathymetry near Cape Canaveral with an inset highlighting shoals E and
D. Contours indicate water depths at intervals of 5 m. Brown line corresponds to bottom depths across Chester Shoal and Shoal D (D) and Southeast shoal and Shoal E
(E). The bathymetric data were obtained from NOAA through its Geophysical Data Repository (resolution of 3 arc-seconds of longitude and latitude). The package
M_Map was used to create North America and Florida maps (https://www.eoas.ubc.ca/rich/map.html). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Coherence between water levels and LGWs

Fig. 4 shows the coherency squared per frequency (in cycles/day)
between h and HLGW measured during each deployment and at each
location. Water level variations were coherent with HLGW at tidal fre-
quencies –approximately 2 cycles/day– at all outer locations (Fig. 4B).
Phases related to these coherences were ∼ 0° (no temporal lag) for
Spring and Fall 2014, °45 (h leading HLGW by ∼ 1.5 h) for Spring and
Fall 2015, and 90° (HLGW leading h by ∼ 3 h) for Fall 2013 (Fig. 4D).
Only during Spring 2015, however, h and HLGW were highly coherent
( > 0.752 ) at the inner swale of Shoal D, with close to 45°, or HLGW
leading by 1.5 h (Fig. 4 A and C).

Subtidal coherencies between h and HLGW , those at frequencies <0.5
cycles per day, were found for observations from Fall 2013 at both
locations (Fig. 4A and B). Phases were close to zero. There was also high
coherence at over-tidal frequencies, ∼ 4 cycles/day , at the outer swale
of Shoal D during Spring 2015 (Fig. 4B) with values ∼ 90° (HLGW
leading h by 1.5 hours) (Fig. 4 C and D).

Fig. 5 shows, for each deployment, time series of water depth and

infragravity wave heights, along with their wavelet coherence spectra
and phases. Unsteady, yet high coherences ( >WTC 0.75) were found at
periods ∼ 0.5 and ∼ 8 days for some of the deployments. These high
coherences were exhibited during all deployments at the outer locations
(bottom panels in Fig. 5 B, D, F, H, and J), and during Fall 2014 and
Spring 2015 at the inner sites (bottom panels in Fig. 5 E and G). Note
that the temporal scales for inner and outer locations differ in Fig. 5.

Phases that remain relatively constant throughout periods of sig-
nificant coherence indicate reliable phase behavior, which suggests that
time series were connected by a physical mechanism. However, phases
varied with deployments and measurement location. During Fall 2013
at the outer swale of Shoal E phases were ∼ 90° at 0.5 days (HLGW
leading h by 3 h) and ∼ 0° at 3 days (no lag). Phases were ∼ 45° at 8
days (HLGW leading h by 1 day) for both locations (bottom panels in
Fig. 5 A and B). During Spring 2014 (Fig. 5 D) and Fall 2014 (Fig. 5 F) at
the outer swale of Shoal E, phases were approximately − 45° at 0.5 days
(h leading HLGW by 1.5 h), and °90 at 8 days (h leading HLGW by
48 h). During Fall 2014, h and HLGW were not coherent at subtidal
frequencies. During Spring and Fall 2015 at the ridge (Fig. 5 H) and
outer swale (Fig. 5 J) of Shoal D, phases at 0.5 days were °45 (h
leading HLGW by 1.5 h). At 8 days, phases were ∼ 90° (HLGW leading h

Fig. 2. (A–J) Wave statistics at the NOAA buoy 41009 (28.501N, 80.184W, 40-m deep) offshore of Cape Canaveral, Florida Atlantic coast, during each deployment.
(A–E) Colored lines indicate the significant wave heights, Hs, while gray lines show the wind speeds, qwind in m/s, with gray sticks pointing to the direction of wind
origin. (F–J) Gray lines show the peak period, Tp (in s) while colored dots show the peak direction, Dp (in °T). (K–O) Polar joint histograms of peak direction, Dp, and
peak period, Tp (in s). Contours indicate the percentage of occurrence of a combination of period and direction. K–N are represented by the first colorbar (0–12%) and
O is represented by the second colorbar (0–36%). Buoy data were obtained from the NOAA National Data Buoy Center (NDBC) at http://www.ndbc.noaa.gov/
station_page.php?station=41009/. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (A–J) Spectrograms –time series of spectra– and SGW significant wave heights during each deployment at each location. Values in colormaps correspond to
the variance at each frequency (left vertical axes) at a particular time, with the right colorbar indicating that value in logarithmic scale. Values of short-wave heights,
SSGW , correspond to right axes in all panels. Dashed lines indicate the limit at 50 mHz (or 20 s) that separate short-waves from infragravity motions. For comparison
purposes, the time limit in each panel was chosen to match the time span when both inner and outer locations were deployed concurrently. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Scatter plots showing coherence spectra and phases between h and Hlog [ ]LGW10 at each site for all deployments. Left panels (A and B) show the statistically
significant (95%) values of squared coherency, h HLGW( ,log10[ ])

2 , whereas right panels (C and D) display the phase, h HLGW( ,log10[ ]) . Cross-spectral values from inner
locations were smoothed using segments of 24 elements (i.e., = × =EDof 8/3 2 42. 64 ). For outer locations EDof values were × =8/3 2 42. 64 for Fall 2013, Spring
2014, and Fall 2014; while = × =EDof 8/3 2 21. 33 for Spring 2015 and Fall 2015. Vertical axes correspond to frequency in cycles/day . Coherence and phase values
correspond to left and right colorbars, respectively. Upper panels show results for the inner locations, whereas lower panels represent outer sites. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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by 48 h) with moderate coherence (∼ 0.5) at the ridge. These 8-day
oscillations in HLGW were not within the period scope during the Fall
2015 deployment.

3.2. Coherence between U and LGWs

Fig. 6 shows the squared coherence between U and HLGW . These
time series were highly coherent ( >2 0.75) at ∼ 2 cycles/day at the
outer locations during Fall 2013, Spring 2015 and Fall 2015. Time
series were moderately coherent during Spring and Fall 2014 (Fig. 6 B).
At the inner sites, in contrast, the time series were highly coherent only
during Spring 2015, and moderately coherent ( 2 0.50) during Spring
2014 and Fall 2015 (Fig. 6 A). At the outer location, phases at ∼ 2
cycles/day were ∼ 45° (HLGW leading by 1.5 h) during Spring 2014;
∼ 0° (no lag) during Fall 2014; and ∼ 135° (HLGW leading by 4.5 h)
during Fall 2013, Spring and Fall 2015 (Fig. 6D). At the inner locations,
phases were ∼ 135° (HLGW leading by 4.5 h) during Fall 2013, ∼ 0° (no
lag) during Spring 2014, ∼ − 90° (h leading by 3 h) during Spring
2015, and ∼ 90° (HLGW leading by 3 h) during Fall 2015 (Fig. 6C).

Infragravity wave heights and depth-averaged principal-axis

velocities were moderately coherent ( 2 0.50) at subtidal frequencies
during Fall 2013 at both inner and outer locations. Phases were ap-
proximately 135° (Fig. 6 A–C). Those values suggest that the increase in
HLGW preceded the peak in principal-axis velocities by 18 h at a fre-
quency of 0.5 cycles/day.

Temporal variability in coherences (bottom panels in all subplots of
Fig. 7) suggests U co-varied with HLGW at tidal periods during some
instances. Phase values, however, were not consistent at periods ∼ 0.5
days (∼ 2 cycles/day). At subtidal periods of ∼ 8 days, phases indicated
consistency during Fall 2013, Fall 2014, and Spring 2015 at the cor-
responding inner and outer locations (bottom panels in Fig. 7A, B,
E–H). These phases indicate HLGW preceded U by a time lag of 2 (90°) to
3 (135°) days.

3.3. Coherence between V and LGWs

Fig. 8 shows the squared-coherency spectra between V and HLGW . At
tidal frequencies, they were highly coherent ( >2 0.75) at the outer
location during all deployments, except for Spring 2014 when 2 0.5.
This high coherence was observed at an inner location during only one

Fig. 5. Time series of h (gray) and HLGW (color), and their wavelet coherence spectra and phases, WTC h HLGW( , ) and h HLGW( , ), for each deployment and site. Each
subplot (e.g., A) is formed by panel pairs consisting of time series and wavelet coherence spectra. Upper and lower rows of subplots (e.g., A, C, E, G, and I) represent
the calculations at a location. Wavelet coherence plots show levels of coherency at a period and time. Black lines enclose portions of statistically significant coherence
at the 95% level of confidence. Right-angle of arrows represent the phase between time series, with h as the first time series used in calculation (see legend in the
lower right part of each subplot collection). Shaded regions (cone of influence) indicate where edge effects become important and coherence estimates are not
reliable. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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deployment (Spring 2015). Phases for deployments of high coherence at
outer locations were approximately 0° (no lag) for Fall 2013, − 90° (V
leading by 3 h) for Spring 2014, − 180° (V leading by 6 h) for Fall
2014, and 45° (HLGW leading by 1.5 h) for Spring and Fall 2015
(Fig. 8D). High coherences at subtidal periodicities (frequencies less
than 0.5 cycles/day) were found during Spring and Fall 2015, with
approximately equal to − 180 and − 45° (V leading by 6 and 1.5 h),
respectively.

Fig. 9 shows, for each location and deployment, the time series of V
and HLGW along with their wavelet coherence spectra. Physically con-
sistent coherency at ∼ 0.5 days, i.e. instances exhibiting statistically
significant wavelet coherence and nearly constant phases, was observed
during some instances at all outer locations (bottom panels in Fig. 9 B,
D, F, H, and J). Values of V H( , )LGW varied notably: 0° (no lag), − 90° (V
leading by 3 h), − 135° (V leading by 4.5 h), 45° (HLGW leading by
1.5 h), and 90° (HLGW leading by 3 h) for Fall 2013, Spring 2014, Fall
2014, Spring 2015, and Fall 2015, respectively. At the inner location
during Spring 2015 (bottom panel in Fig. 9G) coherences were con-
sistent, although unsteady, during the deployment. Phases were
∼− 135° (V leading by 4.5 h) in this case. Subtidal V motions at the
inner locations were coherent with HLGW during certain periods of Fall
2013 and 2014, with 45V H( , )LGW and 90° (V leading by 1.5 h and
HLGW leading by 3 h), respectively.

4. Discussion

Differences in coherence between ambient flows and HLGW suggest
that infragravity wave variability was modulated by processes with
time scales and locations within the shoals. Tidal and subtidal flows
have been found to be affected by cuspate forelands and related inner-
shelf bathymetry (Geyer, 1993; McNinch and Luettich, 2000; Lamas
et al., 2017). These flows may exert control on cross-shelf exchange,
among other processes, by influencing infragravity wave variability. We
consider the influence of tidal and subtidal motions on LGWs separately

given the observed spatial differences in coherences. Possible influences
include offshore-onshore migrations in the turning point of shoal- and
shoreline-reflected LGWs (Eckart, 1951; Huntley et al., 1986; Rijnsdorp
et al., 2015), variability in water depth and bathymetric profile shape
(Sand, 1982; Thomson et al., 2006; de Bakker et al., 2016b), and in-
teractions between short-wave groups and horizontally sheared sub-
tidal velocities (Liu et al., 1990). In particular, we envision shoal-
trapping of edge waves, which is modulated by ambient motions, to
exert control on the maintenance of isolate shoals. Such a mechanism
would operate at Shoal D and Shoal E in analogy to bar-trapping at
alongshore-uniform bars (Bryan and Bowen, 1996; Rijnsdorp et al.,
2015).

4.1. Tidal variability of LGWs over cape-related shoals

Spatial variability in coherence at tidal frequencies suggests that
cape shoals might influence the tidal modulation of LGWs. Tidal
modulations of infragravity waves have been found by previous studies
in the surfzone (Thomson et al., 2006) and inner shelves 8–30 m deep
(Okihiro and Guza, 1995). In the shoaling and surf zones, this mod-
ulation is considered to occur because the nearshore bathymetry (i.e.
the overall profile shape) varies according to tidal stage, thereby con-
trolling nonlinear interactions between sea-swell and infragravity mo-
tions. During low tide, nonlinear energy transfers from LGWs to SGWs
are enhanced, decreasing the amplitude of infragravity oscillations. The
outgoing LGWs are therefore reflected from the shoreline with ampli-
tudes that are smaller than their counterparts during high tide
(Thomson et al., 2006). The tidally modulated reflected LGWs actually
provide an explanation for the tidal variability of LGWs observed at
inner shelves in ∼ 20 m water depth (Okihiro and Guza, 1995). The
tidal modulation is explained by the fact that total energy transfers
depend upon the horizontal extent of SGW propagation. As found by
Thomson et al. (2006), energy transfers from short to long waves are
smaller over a convex, low-tide profile for a constant tidally-averaged

Fig. 6. Scatter plot showing coherence spectra and phases between U and Hlog [ ]LGW10 at each site of all deployments. The same formatting as Fig. 4 is used.
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surfzone width. Two facts translate to smaller LGWs during low tide.
First, the level of resonance between triads of waves that include LGWs
is inversely proportional to water depth in shallow water. Second, the
available space over which transfers occur, i.e. the horizontal extent, is
shorter.

Long-gravity waves could also be generated at shoals by the
breaking-point forcing mechanism (Symonds et al., 1982). This me-
chanism is expected to vary according to tidal changes in water depth
and bottom profile. If that mechanism operates, larger LGWs should be
observed during low tide when steeper profiles and lower depths were
expected. That situation, however, does not correspond to our ob-
servations.

In contrast to these previous studies, at Cape Canaveral shoals the
tidal modulation of LGWs was found to be relatively weak in compar-
ison. Variations in HLGW between successive high and low tides were
∼ 0.01 m. This difference may be related to the microtidal regime
found near Cape Canaveral (∼ 1 m) that might imply small differences
in LGW forcing during successive high and low tides.

The fact that coherences between h and HLGW at 2 cycles/day were
typically found at outer locations further suggests that isolated shoals
exert control on the tidal variability of LGWs. A plausible mechanism
relates to a tidal modulation of LGWs that are generated by the shoaling
of (and that travel opposite to) short-wave groups (Baldock, 2006; Zou,
2011). In the simplest 2D case, we speculate that the bathymetric

profile during low tide has overall wider shoaling and surf zones
compared to the high tide profile. This case is different from beaches
where typically the surfzone width remains constant over a tidal cycle
but the profile shape differs from convex to concave (Thomson et al.,
2006).

The refractive trapping of LGWs at shoals (Rijnsdorp et al., 2015)
does not explain the phases 0° found between h and HLGW . For a given
infragravity energy and wavelength, the turning point for shoal-trapped
LGWs should migrate offshore during low tide allowing larger energy to
reach the deployment locations. This relationship implies larger LGWs
during low tide, which was not supported by our observations.

Given that the tidal modulation of LGWs varies with the location in
the shoal complex, the interaction between tides and infragravity waves
over cape-related shoals may provide a morphodynamic process that
contributes to sediment transport gradients at shoals. During times near
low tide, relatively weaker tidal flows occur, thus LGW motions and
their influence on the cross-shelf exchange would be weaker. The
contrary (stronger tidal flows and larger LGWs) would occur during
instances close to high tide as suggested by values of h H( ,log [ ])LGW10
between − 45 and 45° during Spring 2014, Fall 2014, and Spring 2015
(e.g., Fig. 5D–H). This mechanism would depend upon the direction of
LGW transport and resuspension by other processes, e.g. subtidal flows
and SGWs. Further observations and analyses can more closely examine
this possibility.

Fig. 7. Time series of U (gray) and HLGW (color), and their wavelet coherence spectra and phases, WTC U HLGW( , ) and U HLGW( , ), for each deployment and site. See Fig. 5
for the format description.
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4.2. Subtidal coherence between flows and LGWs

The coherence between LGWs and flows at subtidal periods can be
explained by variations in synoptic processes, namely variations in
Florida Current (Gulf Stream measured off South Florida) transport
rates and wind speeds. Changes in the strength of the closest western
boundary current, the Florida Current (FC), may influence water levels
via changes in the cross-shelf pressure gradient that is geostrophically
balanced (Pedlosky, 1987). Similarly, wind-driven surface stresses may
produce water level tilting and wind-driven flows that are steered by
the cape and its complex inner-shelf bathymetry (Lamas et al., 2017).
These water elevation changes and horizontally sheared flows likely set
the level of triad interactions between SGWs and LGWs, increase the
likelihood of short-wave breaking over the shoals, and move the turning
point for nearshore trapping of shoreline reflected LGWs (Liu et al.,
1990; Herbers et al., 1994; Baldock, 2006; Rijnsdorp et al., 2015).

4.2.1. Coherence between Florida Current transport and LGWs
Fig. 10 shows the time series of FC transport, QFC , the infragravity

wave heights, and their wavelet coherence spectra and phases at the
outer locations. During Fall 2013 and Spring 2014 there were two in-
stances of high coherence ( >WTC Q H( , )FC LGW 0.75) at 4, 6, and 8 days
(bottom panel in Fig. 10A); and 6 days (bottom panel of Fig. 10B),
respectively. Phases ranged from 180° to 225° (or − 135°) during Fall
2013, i.e. QFC leading HLGW by 2–4 days, and from 90° to 135° during
Spring 2014, i.e. HLGW leading QFC by ∼ 2 days.

To the best of our knowledge, this connection between geos-
trophically driven water levels and LGW heights has not been pre-
viously explored. However, the role of the Gulf Stream “backset ed-
dies”, i.e. vortices formed between the current and shoreline that rotate
in the reverse direction to the main current, was recognized more than a
century ago as a mechanism that might influence cuspate foreland
formation (Gulliver, 1895). In the simplest case, geostrophic flows

influence coastal water depths through the relationship (Pond and
Pickard, 1995, their Eq. 8.6)

=f V g
x

,Can FC (7)

where VFC is the principal-axis velocity component of the FC,
=f 2 sin ( )Can Can ( 6.92 × 10 s5 1) is the Coriolis frequency at

Canaveral shoals with representing the Earth's rotation angular fre-
quency ( 7.27 × 10 rad/s5 ) and Can is the latitude at Canaveral shoals
( 28.4°N at Shoal E), g is the acceleration due to gravity, is the water
level, and x is the cross-shelf direction. Values of VFC correspond to

=V Q A/FC FC , with ×A 20 10 m6 2 representing approximately half of
the cross-sectional area at the submarine cable measurement station in
the Straits of Florida (Leaman et al., 1987, their Fig. 2).

If we further assume a uniform water level slope, the variation in
water depth at the shoals caused by changes in the Florida Current
transport may be given by

x f V
g

,Can Can FC

(8)

with xCan 40 km as a representative distance from the FC to
Canaveral shoals. Cross-sectional averaged FC velocities, VFC, thus vary
between 1.3 and 1.8 m/s, i.e. QFC vary between 25 and 35 Sv (Leaman
et al., 1987). These observations translate to ranging from 0.36 to
0.51 m that indicate water level variations of the same order of mag-
nitude as the mean tidal range. Values of therefore suggest that the
coherence between QFC and HLGW may be related to variations in water
level caused by FC transport.

Cross shelf Coriolis accelerations ( fv) and gradients in period-aver-
aged normal stresses caused by wave orbital velocities, S x/xx , gen-
erally balance the cross shelf slope in water elevation as represented by
the pressure gradient, P x/ . In this case, x is the cross shelf direction, v
represents the along shelf velocity, P is pressure, and Sxx is the cross-

Fig. 8. Scatter plot showing coherence spectra and phases between V and Hlog [ ]LGW10 at each site of all deployments. See Fig. 4 for details about the formatting.
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shore component of the wave radiation stress normal to the y-z plane
(Lentz et al., 1999). These cross-shelf balances remain not well under-
stood at the transition between the inner shelf and the surfzone,

specially over the complicated bathymetry offshore of capes. Possible
influences may relate to wave-current interactions among gravity
waves propagating in intermediate water depths, horizontally and

Fig. 9. Time series of V (gray) and HLGW (color), and their wavelet coherence spectra and phases, WTC V HLGW( , ) and V HLGW( , ), for each deployment and site. The
reader is referred to Fig. 5 for details.

Fig. 10. Time series of the Florida Current transport, QFC in Sv (1 = ×Sv 1 106 m /s3 ) (gray) and HLGW (color), and their wavelet coherence spectra and phases,
WTC QFC HLGW( , ) and QFC HLGW( , ), at the outer location for each deployment. The reader is referred to Fig. 5 for details. The Florida Current transport estimates were
made available by the Atlantic Oceanographic and Meteorological Laboratory at www.aoml.noaa.gov/phod/floridacurrent/.
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vertically sheared tidal and subtidal flows, and asymmetries in tidal
motions (Lane et al., 2007).

4.2.2. Coherence between offshore wind velocity and LGWs
We separately considered the effects of along- and cross-shelf wind-

driven motions on LGWs. Coherence analyses were, therefore, per-
formed between HLGW and the along and cross shelf wind components.
These components approximately correspond to the north-south (vwind)
and east-west (uwind) wind speed components, respectively.

Upper pairs of subplots (A, C, E, and G) in Fig. 11 show the wavelet
coherence spectra and time series for the along-shelf (north-south
component) wind speed at an offshore location and infragravity wave
heights. High coherence was found during some intervals of Fall 2013
deployment at periods ∼ 6–8 days with v H( , )wind LGW between 90° and
180° (HLGW leading by ∼ 1.5–3 days). High coherence was also found at
periods of 8 days during Fall 2014 with v H( , )wind LGW 135° (HLGW
leading by 3 days) during the ∼ 10 day span near 10/27/2014.

Bottom pairs of subplots (B, D, F, and H) in Fig. 11 show the time
series of the east-west (cross-shelf) component of wind speeds, uwind;
infragravity wave heights; and their wavelet coherence spectra. High
coherences, i.e. those larger than 0.75, were found during some in-
stances at periods ranging from 3 to 10 days. During Fall 2013 and

Spring 2015 uwind and HLGW were coherent at ∼ 10 days with phases
∼ 180° (uwind leading by 5 days) during Fall 2013, and 90° (HLGW
leading by 2.5 days) during Spring 2015. Note, however, that high
coherence during Spring 2015 was found inside the cone of influence
most of the time. High coherency was also found during Spring 2014 at
a period ∼ 6 days with phases ∼ 90° (HLGW leading by ∼ 1.5 days), and
during approximately 20 days near 12/04/2014 at a 3-day period
during Fall 2014 with u H( , )wind LGW 135° (HLGW leading by 27 h).

Coherences between infragravity waves and water level could be
interpreted to be connected to the two synoptic phenomena analyzed,
i.e. Florida Current transport and wind speed. During Fall 2013 at
periods ∼ 8 days, h H( , )LGW values were approximately equal to 0°
(bottom panel in Fig. 5B), therefore higher water levels were related to
larger HLGW . This variability could relate to a modulation of the non-
linear transfers from SGWs to LGWs analogous to the tidal modulation
found in the surfzone (Thomson et al., 2006). That connection cannot
be explained by relatively larger LGW energy reaching the shoals when
water is deeper overall, therefore we suggest subtidal variability was
not related to free LGW motions. These ideas are supported by the in-
stances when coherence between HLGW and h was also found between
LGWs and QFC (bottom panels in Fig. 10 A and B), vwind (upper panels in
Fig. 11 A), and uwind (bottom panels in Fig. 11 B and D).

Fig. 11. Time series of the along-shelf (north-south component), vwind, and cross-shelf (east-west component), uwind, both in gray; and HLGW (in color), and their
wavelet coherence spectra and phases, WTC vwind HLGW( , ) and vwind HLGW( , ), at the outer location for each deployment. The reader is referred to Fig. 5 for details. Wind
data for the NOAA buoy 41009 are available at http://www.ndbc.noaa.gov/station_page.php?station=41009/.
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4.3. Coherences between water motions and predicted bound LGWs

We calculated the bound (locally forced) infragravity wave heights
and analyzed their coherence with ambient flows to identify the pro-
cesses influencing the former (see Appendix A). Wavelet coherences
between bound infragravity wave heights, HLGW bnd, and water levels
were inconsistent at tidal frequencies at the outer locations (Fig. 12),
but were similar to WTC h H( , )LGW at subtidal frequencies in Fall 2013 and
Spring 2014. This comparison indicates that triad interactions con-
ducive to bound LGWs generation were sensitive only to variations in
subtidal water levels. Similarly, wavelet coherence and phases between
bound LGWs and flow conditions, i.e. QFC , U , and V , were similar to
their counterparts that included total LGWs.

Wavelet coherences between HLGW bnd, and U and V are shown in
Fig. 13. Low coherence at tidal periodicities, and its (unsteady) occur-
rence at subtidal frequencies, was observed for WTC U H( , )LGW bnd (Fig. 13
A, C, E, G, and I). For WTC V H( , )LGW bnd , consistent coherence at tidal
frequencies was only observed for 5 days during Spring 2014 (cf.
Fig. 13 B, D, F, H, and J). These observations concur with wavelet co-
herences between principal-axes motions and HLGW found at outer lo-
cations (cf. pairs of subplots B, D, F, H, and J in Figs. 7 and 9).

Fig. 14 shows the wavelet coherence spectra and time series for
wind components and bound LGWs heights. Such coherences and
phases are comparable to those found between wind components and
HLGW (cf. Fig. 11). This comparison suggests that, during some in-
stances, the wind driven motions modulated triad interactions related
to bound LGWs. Furthermore, phase values between ∼ 135° and 180°
indicate that northeastward winds (positive uwind and vwind components)
were related to decreasing LGW wave heights, with a temporal lag of
∼ 1 day during some occasions. As these phases are also observed be-
tween wind and bound LGWs, they suggest that there was a decrease in
LGW forcing associated with northeastward winds.

4.4. Coherences between flows and infragravity waves near Capes:
implications for the cross-shelf exchange

Cross-shelf sediment transport by LGWs is relatively well re-
presented by the ratio H H/LGW SGW (de Bakker et al., 2016a). In our case,

<H H/LGW SGW 0.3 during all deployments, which suggests that our

measurements were located in the shoaling zone and LGW-related
transport was directed opposite to the direction of SGW propagation (de
Bakker et al., 2016a, their Fig. 11a). If we assume LGW transport was
directed opposite to the SGW propagation, the LGW-related cross-shelf
exchange would depend upon the coherences and phases reported
herein. Specifically, the contribution of LGWs to cross-shelf exchange
would increase or decrease the net transport depending upon the
strength of other processes such as the undertow or the tidal residual
currents.

Offshore directed transport linked to SGW-LGW ratio is related to
bound infragravity waves (de Bakker et al., 2016a). According to our
results, bound LGWs appear to be mostly modulated by subtidal mo-
tions, thus offshore-directed transport by LGWs appears to be in-
dependent of tidal flows. We expect, however, that the tidally produced
residual flow near capes (Geyer, 1993) adds to the subtidally modulated
LGW bound motions – possibilities that will be explored in future stu-
dies.

Since wind-related subtidal flows typically produce cross-shelf mo-
tions, e.g. via Ekman transport, LGWs should enhance, or counteract,
sand fluxes depending on the wind direction. Observations exhibiting
coherence at ∼ 8-day periodicity occurred when wind components
were in quadrature with HLGW bnd, with bound infragravity waves
leading by ∼ 2 days. The fact that wind components were not si-
multaneously coherent with HLGW bnd (except during some instances in
Fall 2013) suggests northward and eastward (blowing offshore) winds
increase SGW-LGW interactions separately.

4.5. Methodological limitations

We acknowledge that our methodology has two weaknesses that
could be improved. First, our deployments did not capture the 2-di-
mensional nature of LGW motions that may include edge waves trapped
at shoals similar to bar-trapping at alongshore-uniform bars (Bryan and
Bowen, 1996; Rijnsdorp et al., 2015) and alongshore current in-
stabilities (Lippmann et al., 1999). It is conceivable that the shoals are
located sufficiently far from the shoreline as to render the alongshore
instabilities negligible. However, shore-attached shoals (e.g. Southeast
Shoal) may cause the longshore current to migrate offshore as the
shoaling zone widens offshore to include isolated shoals. Similarly, the

Fig. 12. Time series of h (gray) and bound LGWs heights (HLGW bnd, color), and their wavelet coherence spectra and phases, WTC h HLGW bnd( , ) and h HLGW( , ), for each
deployment at the outer locations. See Fig. 5 for the format description.
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shoal-trapping of edge waves (Rijnsdorp et al., 2015) likely governs
LGW motions at the shoals. This shortcoming could be addressed by
using arrays of instruments at each shoal (Sheremet et al., 2002, 2005)
and by applying non-hydrostatic numerical modeling (Rijnsdorp et al.,
2015). Second, bound LGW prediction does not account for the effect of
horizontally-sheared currents (Liu et al., 1990) or variable depth (Zou,
2011, Section 5). These processes should be relevant offshore of capes
as their physiography include the shallow bathymetry of cape shoals
and induce flow separation at the inner shelf.

5. Summary and conclusions

Squared coherency and wavelet coherence analyses provided in-
formation on the temporal co-variability followed by h, U , V , and HLGW
at the inner and outer swales of Shoal D and Shoal E, as well as the ridge
of Shoal D, near Cape Canaveral, on the Florida Atlantic coast.
Statistically significant squared coherencies and wavelet coherences

(>0.75) at tidal ( 2 cycles/day) and subtidal (<2 cycles/day) fre-
quencies were found to be unsteady and heterogeneous at locations
within the shoal complex. Semidiurnal coherences were typically found
at the outer locations for the total infragravity wave heights. Subtidal
coherences were found between ambient flows and bound LGWs re-
gardless of the location.

Cross-shelf particle transport at shoals depends on the coupling of
headland-distorted ambient flows, geostrophic water levels and stresses
caused by surface gravity waves. These connections include the mod-
ulation of triad interactions involving LGWs by water motions driven by
the geostrophycally balanced Florida Current. The unsteadiness in co-
herences between LGWs and ambient flows offshore of capes may be
linked to morphodynamic feedbacks that govern their evolution over
decadal time scales. Although our results did not account for the full
range of infragravity motions that may be relevant over the shoals, they
do provide evidence of connections among processes that govern cross-
shelf exchanges near cuspate forelands.

Fig. 13. Time series of U and V (gray) and bound LGWs heights (HLGW bnd, color), and their wavelet coherence spectra and phases, e.g. WTC U HLGW bnd( , ) and
U HLGW( , ), for each deployment at the outer locations. See Fig. 5 for the format description.
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Appendix A. Calculating bound infragravity waves

The calculation of bound LGW waves was based on the formalism presented in (Herbers et al. 1994, their Appendix). Also see Sand (1982) and
Okihiro et al. (1992). The spectral density of a bound LGW wave of frequency f, E f( )bnd , is given by (Herbers et al., 1994, their Eq. A8)

=

+ + + +
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with E f( , ) as the directional spectrum at frequency f and direction (Benoit et al., 1997), =fmax 0.3 Hz as the maximum frequency in the sea-
swell band, and the first and second terms on Eq. (A.1) corresponding to sum and difference interactions, respectively. The interaction coefficient,

Fig. 14. Time series of east-west uwind and north-south vwind velocity components (gray), and bound LGWs heights (HLGW bnd, in color), and their wavelet coherence
spectra and phases, i.e. WTC uwind HLGW bnd( , ) and uwind HLGW( , ) for the east-west component, for each deployment at the outer locations. See Fig. 5 for the format
description.
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D s f s f( , , )1 1 2 2 , which represents the interaction level between a pair of waves with frequencies f1 and f2, and a difference in propagation direction
, is given by
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with i referring to waves 1 and 2, = s f2i i i, = =s s 11 2 (for sum interactions) or =s 11 and =s 12 (for difference interactions), and the
secondary wavenumber given by + = + +k k k k k k k| | [ cos ]3 1 2 1

2
2
2

1 2
1/2 . An example of the coupling coefficient for a given water depth and

difference in frequency between the pair with frequencies +f f and f , + +D f f f( , , ), is shown in Fig. A.1. Further, k represents the
wavenumber in vector form =k k k( cos , sin ), is the propagation direction, and = 1 2 is the difference in propagation directions of the
interacting pair of primary waves s f k( , )1 1 1 and s f k( , )2 2 2 . Note that directions 1 and 2 relate to the wavenumber via =k k k( cos , sin )i i i i i , and fi
relates to ki, in this case, by the well-known linear dispersion relation (e.g., Guo, 2002)

=f gk k h1
2

[ tanh( )] .i i i
1/2

(A.3)

Lastly, significant wave heights for the bound (forced) LGWs were calculated as =H m4LGW bnd bnd0 , with =m dfEbnd f
f

bnd0
min

max , with
=f 0.004 Hzmin and =f 0.05 Hzmax . A comparison between HLGW and HLGW bnd for all deployments is shown in Fig. A.2.

Fig. A.1. Contour plot showing values of the interaction coefficient, + +D f f f( , , ), for parameters =h m13 and =f Hz0.03 (cf. Herbers et al., 1994, their
Fig. 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. A.2. Comparison of HLGW and HLGW bnd for all deployments (cf. Herbers et al., 1994, their Fig. 4b). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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