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ABSTRACT 

 Field observations of shoreline reflection and Bragg scattering for sea and swell 

waves along varying rocky shores from Monterey to Santa Cruz, CA, are described in 

comparison to sandy shores. The estimates are derived from directional spectra obtained 

primarily from Global Positioning System (GPS)-based Spotter wave-buoys. Wave 

reflection and Bragg scattering vary by shoreline type, with sandy shores reflecting up to 

23% and rocky shores reflecting up to 30% at rocky platforms. However, rocky shores 

with cliffs reflected up to 14% and rough rocky shores up to 8%. A new estimator is 

proposed that accounts for the decrease in reflection for rocky shores associated with 

increasing shoreline roughness and works well for both rocky and sandy shores (r2=0.45). 

Bragg scattering was expected along rocky shores due to the large bottom roughness and 

scales that coincide with the resonant response for sea and swell waves. However, the 

absence of Bragg scattering is believed to be associated with the non-uniformity of the 

bottom roughness and moderate bottom profile slope, which leads to an insufficient 

number of wave-bottom interactions for development. The directional narrowing with 

decreasing water depth is similar to sandy shores. The study describes aspects of sea 

swell transformation that occurs for rocky shores with observations and theory. 
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CHAPTER 1:
Introduction

The significance of wave energy reflection by the shoreline and nearshore bottom-induced
Bragg scattering for rocky shores is unknown for sea-swell (SS) band waves ( 𝑓 = 0.04 −
0.2 Hz). Field observations for sandy shores show that shoreline wave reflection can be
significant (∼20%), particularly for steeper beach slopes (Elgar et al. 1994). Bragg scattering
by bottom undulations, such as bedforms (Ardhuin et al. 2003) and nearshore sandbars
(Elgar et al. 2003), contribute toward larger reflection and increased directional spreading.
Rocky shores support large bathymetric gradients with steep shoreline slopes and large
amplitude (1 − 10 m) subaqueous bottom variability (Gon et al. 2020) with varying cross-
and alongshore length scales where shoreline reflection and Bragg scattering are expected
to co-occur. Nearshore directional wave observations along varying rocky shores near
Monterey and Santa Cruz, California, USA, are used to examine the magnitude of SS wave
energy reflection and Bragg scattering and are compared to sandy beaches.

Wave energy reflection, 𝑅2( 𝑓 ) is the ratio of offshore propagating energy, 𝐸off, to onshore
propagating energy, 𝐸on, (Elgar et al. 1994) expressed as a function of frequency, 𝑓 :

𝑅2( 𝑓 ) =
𝐸off( 𝑓 )
𝐸on( 𝑓 )

=

∫ 270

90
𝑆( 𝑓 , 𝜃) 𝑑𝜃∫ 90

−90
𝑆( 𝑓 , 𝜃) 𝑑𝜃

, (1.1)

with 𝜃 the angle relative to shore normal, and 𝑆( 𝑓 , 𝜃) is the directional spectrum. Bulk
reflection in the SS band, 𝑅2 is calculated by energy-weighted 𝑅2( 𝑓 ) over the SS frequency
band:

𝑅2 =

∫ 𝑆𝑆

𝑅2( 𝑓 ) · 𝐸 ( 𝑓 ) 𝑑𝑓∫ 𝑆𝑆

𝐸 ( 𝑓 ) 𝑑𝑓
, (1.2)

where 𝐸 ( 𝑓 ) is the energy density spectrum of the surface elevation. Field observations from
a natural sandy beach (Elgar et al. 1994) show that 𝑅2 was qualitatively consistent with
the Miche number, 𝑀 (Miche 1951), which was empirically derived for normally-incident,
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monochromatic waves. 𝑀 approximates 𝑅2 and is given by:

𝑅2( 𝑓 ) ≈ 𝑀 =
16𝑔2

(2𝜋)5
tan5 𝛽

𝐻2
∞ 𝑓 4

, (1.3)

where 𝑔 is gravity, 𝛽 is the beach slope, 𝐻∞ is the deep-water significant wave height,
and 𝑓 is the wave frequency. Based on Equation 1.3, 𝑅2 will increase with steepening 𝛽,
decreasing 𝑓 , and decreasing 𝐻∞. For Duck, NC, 𝑅2 was as large as 0.18 and proportionally
varied with 𝛽5, where 𝛽 tidally varied from 0.051 to 0.142 (Elgar et al. 1994). Other sandy
beach observations show a similar reflection relationship with 𝑓 and 𝐻∞ (Huntley et al.
1999; Tatavarti et al. 1988; Walton 1992).

Bragg scattering is a phenomenon that happens when the wavelength of surface waves is
twice the size of seafloor features, such as bedforms, that are oriented in the same direction
as the waves (Elgar et al. 2003). Bragg scattering was observed by Elgar et al. (2003)
on a sandy shore where there were a series of shore-parallel sinusoidal sandbars with a
wavelength of approximately 50 m. As a result of this configuration, surface waves with
a wavelength of around 100 m were scattered backward. This increased 𝑅2 from 0.4 at a
nearby region without the sandbars to 0.7 where the sandbars were present.

When waves propagate at an angle 𝜑 to the bottom undulations, the wavelength of the
surface wave must be longer by a factor of 1/cos 2𝜑 compared to the case where the waves
propagate parallel to the bottom features. This Bragg condition is stated more generally
in Ardhuin and Herbers (2002) in terms of wavenumbers. An incoming surface wave with
wavenumber ®𝒌′ will resonantly interact with the bottom roughness wavenumber ®𝒍 to excite a
surface (Bragg) wavenumber of ®𝒌 = ®𝒌′ + ®𝒍. As the frequency of the incoming and scattered
waves are the same, so too is the magnitude of their wavenumbers, | ®𝒌′| = | ®𝒌 |. This means
that ®𝒍 must lie on (0, 2| ®𝒌′|) if there is to be any Bragg scattering. The growth of Bragg
waves can be calculated using the energy balance equation (Ardhuin and Herbers 2002).
The transfer of energy 𝑆Bragg( ®𝒌) for a given wavenumber ®𝒌 is defined by

𝑆Bragg( ®𝒌) = 4𝜋𝑔1/2ℎ−9/2𝜒(𝑘ℎ)
∫ 2𝜋

0
cos2(𝜃 − 𝜃′)𝐹𝐵 ( ®𝒌 − ®𝒌′)

[
𝐸 ( ®𝒌′) − 𝐸 ( ®𝒌)

]
𝑑𝜃′, (1.4)

2
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with

𝜒(𝑘ℎ) =
(𝑘ℎ)9/2√︁tanh(𝑘ℎ)

sinh(2𝑘ℎ) [2𝑘ℎ + sinh(2𝑘ℎ)] ,

where ℎ is water depth, 𝐹𝐵 is the bottom elevation spectrum, 𝐸 ( ®𝒌′) is the energy at the
incoming wavenumber, 𝐸 ( ®𝒌) is the energy at the Bragg wavenumber, and 𝜃 and 𝜃′ denote
the direction associated with each respective surface wavenumber. Owing to the Bragg
condition, the angle between the scattered and incident waves, 𝜃 − 𝜃′, is twice the angle
between the bottom undulations and the incident wave, 𝜃 − 𝜃′ = 2𝜑. Holding all other terms
constant in Equation 1.4, the source term is largest when 𝜑 = 0 or 90◦, and reduces to 0 as
𝜑 → 45◦. For each 𝜑 there is one acute combination of 𝜃 − 𝜃′ and one obtuse. If 𝜃 − 𝜃′ is
acute, the resultant scattering is forward, and if 𝜃 − 𝜃′ is obtuse, the scattering is backward.
Owing to the Bragg condition, forward scattering will occur if

√
2| ®𝒌′| > |®𝒍 | and backward

scattering will occur if
√

2| ®𝒌′| < |®𝒍 |. Backward scattering would be observed by an increase
in reflection (Elgar et al. 2003), and forward scattering would be observed as an increase in
the directional spread of the incoming wave (Ardhuin et al. 2003).

According to Bird (2011), about 75 percent of the world’s shorelines are categorized as
rocky. These rocky shorelines can be classified as either rough, rocky shores or rocky
platforms (Gon et al. 2020). Rocky platforms represent approximately 20 percent of all
rocky shorelines, and they are nearly flat with a bottom roughness of 0.03 meters. The
platforms are made up of erodible rock, which can result in offshore steps and a steep
intertidal cliff (Kennedy and Beban 2005; Marshall and Stephenson 2011; Sunamura 1992;
Poate et al. 2018). In contrast, rough, rocky shores have larger bottom roughness (greater
than 1 meter) that extends from above the intertidal zone to the subtidal zone well offshore
(Gon et al. 2020). The value of 𝛽 scales with grain size based on the angle of repose (Bascom
1951; Dean and Dalrymple 1991; Reniers et al. 2013), is similar or larger at rocky shores
than at sandy beaches. Therefore, based on Equation 1.3, 𝑅2 at rocky shores is expected
to be the same or larger than that observed at sandy beaches. Interestingly, both coral reef
studies and one rocky shore study found 𝑅2 to be small (less than 0.1) (Monismith et al.
2015; Gon et al. 2020). Observations of 𝑅2 for an artificial breakwater protecting Monterey
Harbor, built from large (approximately 1 m) rocks with a slope of 0.6, ranged from 0.2 to
0.5, with variability primarily attributed to the dependence of 𝑅2 on 𝑓 (Dickson et al. 1995).
However, due to the limited number of observations for rocky shores, more field studies are

3
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needed to fully understand wave reflection in this environment.

The bottom slope and elevation spectra computed from bathymetry (discussed further in
section 2.1) off China Rock, Monterey, CA are compared to the bottom slope and elevation
spectra off Cape Cod, MA and Duck, NC, where Bragg scattering was directly observed
(Elgar et al. 2003) and inferred from observations (Ardhuin et al. 2003). The relative
bottom slope and elevation variance at all wavenumbers are significantly larger at China
Rocky (Figure 1.1a-b). The cross-shore bottom elevation and slope spectra at Cape Cod,
MA, have distinct peaks at a wavenumber of 0.02 m−1 (Figure 1.1 b). The larger variance in
bottom slope and elevation at China Rock suggest Bragg scattering should occur so long as
the incoming waves are of the requisite geometry. For a given bottom elevation spectrum,
the maximum of the source term in Equation 1.4 is calculated by assuming there is no
energy at the scattered wavenumber, and the geometry is such that the incoming waves
and scattered waves are parallel (e.g., the situation in Elgar et al. (2003)). This yields the
following approximation for the maximum of the Bragg source term:

max
(
𝑆Bragg( ®𝒌)

)
≈ 4𝜋𝑔1/2ℎ−9/2𝜒(𝑘ℎ)𝐹𝐵 (2𝑘), (1.5)

max
(
𝑆Bragg

)
for the ℎ and bottom wavenumber range at China Rock were calculated and

shows the expected trend of max
(
𝑆Bragg

)
increasing as ℎ decreases. In addition, as ℎ

decreases, the bottom wavenumber associated with the largest max
(
𝑆Bragg

)
changes, starting

at 𝑘 ≈ 10−2 m for ℎ = 30m, increasing to 𝑘 ≈ 2 × 10−2 m when ℎ = 20m (Figure 1.1c).
This behavior is explained by the max

(
𝑆Bragg

)
dependence on 𝐹𝐵. The wavenumber of a

surface gravity wave will vary with ℎ owing to the linear wave dispersion relation:

𝜔2 = 𝑔𝑘 tanh(𝑘ℎ) (1.6)

where 𝜔 is the radian frequency, 𝜔 = 2𝜋 𝑓 . By considering the dispersion relation and
max

(
𝑆Bragg

)
, the 𝑓 of surface waves which satisfy the resonance condition with ®𝒍 that

supports a large max
(
𝑆Bragg

)
for a given ℎ is determined. A cross-shore spatial pattern

emerges between 𝑓 and expected Bragg scattering. Bragg scattering in the swell band
(0.05 < 𝑓 < 0.125 Hz) is expected to be 1 - 2 orders of magnitude larger than in the sea
band (0.125 < 𝑓 < 0.3 Hz) for 10 < ℎ < 30 m. For ℎ < 10 m, both sea and swell band
waves increase in Bragg scattering strength, and the frequency dependence becomes less

4
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apparent (Figure 1.1c). Based on the average surface spectrum measured at China Rocky,
energy throughout the SS band with a peak at 𝑘 = 8 × 10−3 m−1 (Figure 1.1d). From
the discussion above on Bragg scattering, the maximum backward Bragg scattering occurs
when the bottom wavenumber is twice the surface wavenumber, mean energy spectra are
given in terms of 𝑘 and 2𝑘 in Figure 1.1d to show that the surface spectra coincide with the
bottom spectra. The bottom elevation spectrum, the Bragg source, the bathymetry, and the
average wave spectrum at China Rock suggest that Bragg scattering occurs at China Rock,
and be more pronounced for lower frequencies in deeper water, then becomes spectrally
uniform for depths shallower than 10m.

5
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Figure 1.1. (a) Bottom slope spectrum as a function of wavenumber (𝑘) for
China Rock (blue line) as well the bottom slope spectra for North Carolina
(yellow line) and Cape Cod (red line) where Bragg scattering has been ob-
served (Ardhuin et al. 2003; Elgar et al. 2003) (b) Bottom elevation spectra
as a function of 𝑘 for China Rock (blue line) and Cape Cod (red line). The
wavenumber of the sinusoidal sandbars are highlighted for Cape Cod Elgar
et al. (2003). (c) The Bragg resonant condition as a function of 𝑘. The
blue contours represent the frequency of the surface wave, which satisfies
the Bragg condition for a given bottom undulation 𝑘 and depth. The brown
contours are the magnitude of the Bragg source term from Equation 1.5.
(d) The time mean surface elevation spectrum as a function of 𝑘 and 2𝑘
observed at China Rock.

6
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There are a variety of instruments and corresponding methods for estimating directional
spectra required herein for evaluating 𝑅2 and Bragg scattering. Instrumentation includes
an array of bottom-mounted pressure sensors, sometimes with co-located current meters
(Benoit et al. 1997; Dickson et al. 1995; Elgar et al. 2003), bottom-mounted acoustic
Doppler current profilers (ADCPs) (Herbers et al. 1991; Herbers and Lentz 2010), and
global positioning system (GPS)-based surface buoys (Herbers et al. 2012; Raghukumar
et al. 2019). The computational methods for estimating directional spectra include the
extended maximum entropy method (EMEM) given in Hashimoto et al. (1994), the Bayesian
directional method (BDM) given in Hashimoto and Konbune (1988), and many others.
Field and laboratory tests were conducted to determine the best method for the particular
instrument deployed (Benoit et al. 1997; Lin et al. 2022; Lancaster et al. 2021). Arrays
of synchronous observations work best, owing to the increased degrees of freedom, and
the BDM is the recommended method (Benoit et al. 1997). Single point measurements
from either fixed instruments or surface floating buoys are best analyzed using the EMEM,
though with an underestimation for describing directional spread (Lin et al. 2022). Huntley
and Davidson (1998) demonstrated through numerical simulations the applicability of
directional methods in a reflective environment. GPS-based surface directional wave buoys
have not been explicitly evaluated for 𝑅2, owing to their quasi-Lagrangian nature. They have
been shown to reliably estimate directional spectra (Herbers et al. 2012; Raghukumar et al.
2019; Lancaster et al. 2021), and it is expected that they will provide reasonable estimates
of 𝑅2, adhering to the limitations in Huntley and Davidson (1998). In the absence of a
spatial bottom array, a bottom-mounted ADCP can be analyzed as a spatial array owing to
the beam geometry (Herbers and Lentz 2010; Benoit et al. 1997) providing the second best
estimates of wave direction. Here 𝑅2 for GPS-based buoy is tested against bottom-mounted
ADCP with a modified solution for instrument tilt.

𝑅2 and Bragg Scattering are analyzed using nearshore wave directional spectra. SS wave
reflection and directional statistics are characterized at a variety of rocky and sandy shores
along Monterey and Santa Cruz. Comprehensive comparisons are provided for reflection
and directional spreading amongst these varying shores. The field sites, experiments, instru-
mentation, and processing methods are outlined in chapter two. In chapter three, statistical
analysis and results are presented and discussed in chapter four. The summary and con-
clusions are given in chapter five, where an argument is made that estimates of reflection

7
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at rocky shores can be improved by including the shore roughness in the estimate, which
reduces wave reflection. Additionally, the comparison of reflection estimates demonstrates
that GPS-based wave buoys are capable of reflection estimates equivalent to those derived
from ADCPs. Finally, Bragg scattering was expected along the rocky shore at China Rock,
but it was not observed and the reasons why are discussed.

8
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CHAPTER 2:
Methods

2.1 Experiment site and Instrumentation
Wave measurements were taken with surface GPS-tracking wave buoys and bottom-mounted
ADCPs over three field experiment phases off the southern sandy beaches in Monterey Bay
(phase 1), the rocky shores around the Monterey Peninsula (phase 2) and the rocky platforms
on the western shores of Santa Cruz (phase 3). The entire experiment area, with the location
of each phase, is highlighted in Figure 2.1a, along with the beaches used to name each array
(white squares). Phase 1 took place during June-July 2021 with sparse cross-shore arrays
of wave buoys deployed at Sand City (SC), North Sand City (NSC), and Marina (MAR).
An ADCP was colocated with a wave buoy in the middle of the Sand City array. Phase
2 was conducted during August-September 2021 with cross-shore arrays of wave buoys
deployed at China Rock (CR), Asilomar (AS), and Pescadero Point (PP), and a single wave
buoy was deployed at South Cypress Point. Two of the wave buoys at China Rock were
colocated with an ADCPs (Figure 2.1c). The phase 3 deployment took place in August
2022, with cross-shore arrays of wave buoys at Wilder Ranch (WR), and a single wave buoy
was deployed at Mitchell’s Cove (MC) (Figure 2.1b). Site descriptions are provided in more
detail below. The instruments varied in depth from 10 to 40 m and offshore distances from
140 m to 2 km. Distances and depths for each instrument are provided in Table 2.1.

9
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Figure 2.1. (a) Overview of the experiment sites, highlighting the location
of each observation phase. Enlarged maps of the Santa Cruz site (b) and
the two Monterey sites (c), wave buoys are shown as yellow circles with the
ADCPs as magenta triangles. The red, cyan, and green lines highlight the
10, 30, and 50-meter isobaths. The beach used to name each array is shown
by a white square. Bathymetry source: OCM Partners (2023).

The bottom-mounted, upward-facing ADCP is a Nortek Signature 1000 (1MHz) ADCP
(SIG1000), and the surface GPS wave buoy is a Sofar Ocean Technology Spotter (Spotter).
The SIG1000 was mounted on a small bottom-weight at China Rock and a gimballed tripod
at Sand City. The SIG1000 has five beams, with four beams slanted at 25 degrees and
the fifth beam is vertical. The SIG1000 has an integrated attitude and heading reference
system (AHRS) and pressure sensor. SIG1000 sampled beam velocities at 2 Hz. Spotters

10
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Table 2.1. Summary table of the experiment sites showing the deployment
depth, offshore distance, beach slope 𝛽, and beach roughness, 𝜎𝑧𝑏. Sites are
color-coded by the beach type: yellow denotes sandy beaches, orange denotes
rough rocky shores, purple denotes rocky shores with cliffs, and grey denotes
rocky platforms. * for instrument depth represents co-located Spotter and
SIG1000

site depth
[m]

distance
offshore
[m]

beach
slope
𝛽

beach
shoreline
roughness

𝜎zb
tide [low, middle, high] L M H L M H

Sand
City

10, 15*,
20

490, 720,
970

SIG1000 15* 620 0.09 0.14 0.14 0.02 0.03 0.04

North
Sand
City

10, 15,
20

470, 560,
870 0.09 0.14 0.14 0.03 0.04 0.04

Marina 12, 18 750, 1130 0.09 0.10 0.11 0.03 0.03 0.03
China
Rock

10*, 16*,
20, 30

310, 540,
700, 1000

SIG1000 10*, 15* 330, 500 0.09 0.15 0.18 0.08 0.12 0.13

Asilomar 15, 30,
40

635, 1300,
1730 0.09 0.09 0.10 0.08 0.09 0.10

Pescadero
Point 15, 20 140, 420 0.16 0.19 0.25 0.11 0.16 0.17

South
Cypress

Point
15 240 0.15 0.19 0.25 0.11 0.19 0.20

Wilder
Ranch

10, 17,
20

410, 700,
940 0.11 0.19 0.26 0.02 0.12 0.13

Mitchell’s
Cove 20 870 0.14 0.32 0.46 0.05 0.23 0.25

measure the GPS displacements at 2.5 Hz with an accuracy ± 2 cm depending on the field
of view, weather conditions, and satellite availability (Sofar Ocean 2023). Hourly spectral
estimates are based on a Hanning window of 200 seconds with a 50% overlap. The analysis
focuses on the SS frequency band (0.05 - 0.2 Hz), where differences in Nyquist frequencies
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and low-frequency GPS drifts are not an issue.

Elevation data are sourced from the United States Geological Survey coastal national eleva-
tion database (CoNED) application project, which has generated an integrated topobathymetric
digital elevation model (TBDEM) covering the experiment site at 1-meter resolution
(Danielson et al. 2016; OCM Partners 2023). The TBDEM is based on 70 different bathy-
metric and topographic surveys seamlessly combined for nearshore applications (Danielson
et al. 2016; OCM Partners 2023). Beach shoreline slopes, 𝛽, are calculated from cross-shore
profiles at ±5 m over the vertical relative to the mean water level. 𝛽 are computed over mul-
tiple cross-shore profiles in a defined alongshore shoreline region and alongshore-averaged.
The alongshore region is defined by refracting the wave directions from the buoy measure-
ments to the shoreline by Snell’s Law (Herbers et al. 1999), representing the reach that
incoming waves interact with the shoreline. Beach shoreline roughness, 𝜎𝑧𝑏, is the standard
deviation from the mean cross-shore profile for the same region.

In addition to the elevation data, visual inspections by land and sea were conducted at
the experiment sites to classify the shorelines as sandy, rough rocky, rocky cliffs, or rocky
platforms. 𝛽 and 𝜎𝑧𝑏 for the field sites are provided in Table 2.1, grouped by beach type
with instrument depth and distance from shore. Sand City, North Sand City, and Marina
are sandy with 𝛽 0.09 at low tide and increasing at high tide to 0.11 to 0.14. 𝜎𝑧𝑏 at
sandy beaches is small with little tidal variability, 0.02 to 0.04 m (Figure 2.2 ab). China
Rock and Asilomar are rough rocky shorelines with quasi-periodic small rocky headlands
with alternating embayments. Most embayments terminate with cobbled beaches and the
occasional sandy spots, particularly at Asilomar. The headlands are rough and rocky. The
rocky shore 𝛽 varies from around 0.09 at low tide to 0.10-0.18 at high tide; 𝜎𝑧𝑏 is 0.08m at
low tide and 0.10-0.13 m at high tide (Figure 2.2 cd). 𝛽 and 𝜎𝑧𝑏 were smaller at Asilomar
possibly owing to the inclusion of more sandy embayments. Rocky shores terminating at
cliffs were observed at Pescadero Point and South Cypress Point, where 𝛽 at low tide was
the largest at 0.15, increasing to 0.25 at high tide, 𝜎𝑧𝑏 varied from 0.11 to 0.20 m throughout
the tidal range (Figure 2.2 ef). Wilder Ranch and Mitchell’s Cove are both described as
rocky platforms, with 𝛽 ranging from 0.11-0.14 at low tide up to 0.26-0.46 at high tide;
𝜎𝑧𝑏 has the largest range with the tide at rocky platforms with low tide 𝜎𝑧𝑏 of 0.02-0.05
m are comparable to sandy beaches, and high tide 𝜎𝑧𝑏 of 0.13-0.25 m among the roughest
observed (Figure 2.2 gh). The differences between shoreline classes are also evident when
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inspecting the distribution of beach profiles along the reach of incoming waves. The sandy
beaches show very little variability, while the rocky shores and platforms have much greater
slopes and much larger variability (Figure 2.2).
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Figure 2.2. Cross-shore profiles of the alongshore average with 25% and 75%
quartile and extrema variability as a function of normalized distance at low
and high tide for Sand City (a) and (b), China Rock (c) and (d), Pescadero
Point (e) and (f), and Mitchell’s Cove (g) and (h). The mean profile is
shown by the black dashed line, with the inter-quartile range shown in light
brown and extrema shown in dark brown. Bathymetry source: OCM Partners
(2023). 14
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Spatially-averaged elevation and bottom slope spectra were estimated at China Rock using
350 cross-shore profiles with 1 m alongshore spacing (Figure 1.1a-b). A Hanning window
was applied to each profile to limit spectral leakage. The bathymetry underwent a filtering
process by applying a circular mask filter with a diameter of 100 m. This generated a low-
pass bathymetry used later for estimates of shoaling and refraction (Ardhuin et al. 2003).
The 1/100 m smoothing was deemed most appropriate due to large elevation gradients
and the presence of cliffs at the shoreline. For these experiments, 1/100 m was applied
universally.

During phase 1, the significant wave height, 𝐻𝑠 ranged from 0.5 - 1.7 m, with the mean
direction, 𝜃, predominantly from the northwest with a very narrow distribution owing to
the aperture of Monterey Bay, and the mean period, 𝑇 , was mostly between 6 - 10 seconds
(Figure 2.3abc). 𝐻𝑠 was larger in phase 2, ranging from 0.7 - 2.7 m, with a broader 𝜃

distribution still predominantly from the northwest (Figure 2.3de). The distribution of 𝑇
was similar to those observed during phase 1 with the addition of the occasional long swell
(12-18 seconds) from the southwest (Figure 2.3f). The conditions during phase 3 were
more benign with 𝐻𝑠 mostly in the 0.5 - 1 m range, southwesterly 𝜃𝑝, and 𝑇 was generally
between 8 - 12 seconds, which is slightly longer (on average) than the other two phases
(Figure 2.3ghi).
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Figure 2.3. time-series of one-hour averaged significant wave height, 𝐻𝑠,
mean wave direction, 𝜃, and mean wave period, 𝑇 , for the three observational
phases. Observations were obtained from Spotters at (a,b,c) Sand City at 15
m water depth, (d,e,f) China Rock at 30 m water depth, and (g,h,i) Wilder
Ranch at 17 m water depth (see Figure 2.1 for mooring locations).

2.2 Directional spectra and their bulk statistics
An energy density directional spectrum 𝑆( 𝑓 , 𝜃), commonly referred to as a “directional
spectrum”, describes the wave variance in 2D as a function of frequency, 𝑓 , and direction,
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𝜃, (Benoit et al. 1997). A directional spectrum can be decomposed into the product of
an energy density spectrum of the surface elevation, 𝐸 ( 𝑓 ), and a normalized directional
distribution, 𝐷 ( 𝑓 , 𝜃),

𝑆( 𝑓 , 𝜃) = 𝐸 ( 𝑓 ) · 𝐷 ( 𝑓 , 𝜃), (2.1)

where ∫ 2𝜋

0
𝑆( 𝑓 , 𝜃) 𝑑𝜃 = 𝐸 ( 𝑓 ), (2.2)

and

𝐷 ( 𝑓 , 𝜃) ≥ 0 for all ( 𝑓 , 𝜃) (2.3)∫ 2𝜋

0
𝐷 ( 𝑓 , 𝜃) 𝑑𝜃 = 1 for all 𝑓 . (2.4)

𝐷 ( 𝑓 , 𝜃) is characterized by the mean direction, 𝜃0, and directional spread, 𝜎𝜃 , as a function
of frequency (Kuik et al. 1988). 𝜃0 is the vector mean of the 𝐷 ( 𝑓 , 𝜃), while 𝜎𝜃 is analogous
with standard deviation. 𝜃0 is given by:

𝜃0( 𝑓 ) = arctan
©­­­­«
∫ 2𝜋

0
sin 𝜃 𝐷 ( 𝑓 , 𝜃) 𝑑𝜃∫ 2𝜋

0
cos 𝜃 𝐷 ( 𝑓 , 𝜃) 𝑑𝜃

ª®®®®¬
(2.5)

𝜎𝜃 is then given by:

𝜎𝜃 ( 𝑓 ) =

√︄
4
∫ 2𝜋

0
sin2

(
𝜃 − 𝜃0( 𝑓 )

2

)
𝐷 ( 𝑓 , 𝜃) 𝑑𝜃. (2.6)

The energy weighted mean direction, 𝜃 and energy weighted directional spread, 𝜎𝜃 , are the
bulk statistics of 𝜃0( 𝑓 ) and 𝜎𝜃 ( 𝑓 ). They are calculated by taking the energy-weighted mean
of each parameter. Since the mean direction is a circular measure, a vector mean must be
taken. 𝜃 and 𝜎𝜃 are given by:
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𝜃 = arctan
©­­­­«
∫ 𝑆𝑆

𝑤( 𝑓 ) sin 𝜃0( 𝑓 ) 𝑑𝑓∫ 𝑆𝑆

𝑤( 𝑓 ) cos 𝜃0( 𝑓 ) 𝑑𝑓

ª®®®®¬
(2.7)

and

𝜎𝜃 =

∫ 𝑆𝑆

𝜎𝜃 ( 𝑓 ) · 𝐸 ( 𝑓 ) 𝑑𝑓∫ 𝑆𝑆

𝐸 ( 𝑓 ) 𝑑𝑓
, (2.8)

where the energy weight, 𝑤( 𝑓 ), is

𝑤( 𝑓 ) = 𝐸 ( 𝑓 )∫ 𝑆𝑆

𝐸 ( 𝑓 ) 𝑑𝑓
. (2.9)

It is commonplace to calculate 𝜃0,𝜎𝜃 , 𝜃, and𝜎𝜃 using Fourier moments (i.e., 𝑎0, 𝑎1, 𝑎2, 𝑏1, 𝑏2)
calculated directly from cross-spectral estimates for co-located observations scaled using
linear wave theory (Longuet-Higgins et al. 1961; Kuik et al. 1988; Herbers et al. 2012).
Longuet-Higgins et al. (1961) explicitly states that 𝜃0, 𝜎𝜃 , 𝜃, and 𝜎𝜃 can be calculated
without estimating 𝑆( 𝑓 , 𝜃). However, it is only reasonable to calculate 𝜃0, 𝜎𝜃 , 𝜃, and 𝜎𝜃

using the Fourier moments for unimodal spectra.

When waves from multiple wave sources are present, it is proper to partition 𝑆( 𝑓 , 𝜃) into
source components, defined by 𝑓 and 𝜃 bands, such that 𝑆( 𝑓 , 𝜃) is the sum of the partitioned
components,

𝑆( 𝑓 , 𝜃) = 𝑆1( 𝑓 , 𝜃) + 𝑆2( 𝑓 , 𝜃) + . . . + 𝑆𝑛 ( 𝑓 , 𝜃). (2.10)

Each 𝑆𝑛 ( 𝑓 , 𝜃) is decomposed using Equation 2.1 to generate 𝐷𝑛 ( 𝑓 , 𝜃) which are subject to
the conditions in Equations 2.3 and 2.4. Bulk statistics are then estimated for each spectral
component from their directional distribution (Gerling 1992). A number of methods for
partitioning directional spectra were developed based on spectral geometry or by defining
critical energy density levels (Gerling 1992; Guillaume 1990; Hasselmann et al. 1996). The
present situation is simpler, as 𝑆( 𝑓 , 𝜃) are partitioned into two directional quadrants (e.g.,
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onshore and offshore) based on the shore normal direction:

𝑆( 𝑓 , 𝜃) = 𝑆on( 𝑓 ,−90 ≤ 𝜃 ≤ 90) + 𝑆off( 𝑓 , 90 ≤ 𝜃 ≤ 270) (2.11)

𝑆on( 𝑓 , 𝜃) and 𝑆off( 𝑓 , 𝜃) are partitioned from 𝑆( 𝑓 , 𝜃) by masking the appropriate sectors in
the directional spectrum. After masking, more physically meaningful bulk estimates of 𝜃0

and 𝜎𝜃 are obtained for the partitioned sectors. This is especially the case for 𝜎𝜃 , which
is sensitive to directional distribution at large angles from the mean direction (Lin et al.
2022). For example, 𝜃0 and 𝜎𝜃 for 𝑆( 𝑓 , 𝜃) are 9.1◦, 37.8◦, whereas partitioned 𝑆on( 𝑓 , 𝜃)
and 𝑆off( 𝑓 , 𝜃) results in 𝜃0, 𝜎𝜃 = 9.5◦, 16.4◦ for onshore and 𝜃0, 𝜎𝜃 = 192.8◦, 13.8◦ for
offshore (Figure 2.4). Notice how 𝜎𝜃 before partitioning is greater than the sum of the two
components 𝜎𝜃 calculated after partitioning.

Figure 2.4. (a) The total directional spectrum for a given frequency that
includes onshore propagating and offshore propagating wave components,
where 𝜃0, 𝜎𝜃 = 9.1◦, 37.8◦. (b) The onshore component is partitioned re-
sulting in 𝜃0, 𝜎𝜃 = 9.5◦, 16.4◦ and the offshore (c) represents 𝜃0, 𝜎𝜃 =

192.8◦, 13.8◦

2.3 Directional spectra estimation
Directional spectra are calculated from the displacement data of the Spotter using the
EMEM (Hashimoto and Konbune 1988) with an angular separation of five degrees used
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to balance computational time and resolution. The displacement data are processed with
the wave analysis for fatigue and oceanography (WAFO) toolbox (Brodtkorb et al. 2000).
The WAFO toolbox does not support an ADCP beam velocity array (Herbers and Lentz
2010). Matsuba et al. (2022) published a BDM adapted to process ADCP beam velocity
array. Both Herbers and Lentz (2010) and Matsuba et al. (2022) are designed for an ADCP
deployed upright without any appreciable tilt. In order to apply the BDM to the ADCP beam
velocities herein, the routines are modified to account for tilt measured by the SIG1000. The
tilted method involves re-deriving the transfer function for beam velocities and applying a
coordinate transformation from the instrument frame to the local tangent reference frame.
The derivation of the transfer function and coordinate transformation are presented next.

The surface elevation, 𝜂( ®𝒙, 𝑡), of a homogeneous wave field is given by the sum of plane
waves with different frequencies, 𝑓 , and propagation directions, 𝜃,

𝜂( ®𝒙, 𝑡) =
∑︁
𝑓

∑︁
𝜃

𝐻 𝑓 ,𝜃

2
𝑒𝑖(

®𝒌· ®𝒙−2𝜋 𝑓 𝑡+𝜑 𝑓 , 𝜃 ) (2.12)

where 𝐻 𝑓 ,𝜃 is the wave height of each component per frequency and direction, ®𝒌 is the
wavenumber vector given by ®𝒌 = (𝑘 cos 𝜃, 𝑘 sin 𝜃), with 𝑘 := | ®𝒌 |, ®𝒙 = (𝑥, 𝑦, 𝑧) is the
position vector, and 𝜑 𝑓 ,𝜃 accounts for the random phase of each component wave. The
wavenumber vector obeys the dispersion relation in Equation 1.6.

Under linear wave theory, particle velocity ®𝒖( ®𝒙, 𝑡) can expressed as:

®𝒖( ®𝒙, 𝑡) = [𝑢, 𝑣, 𝑤]

=

[
2𝜋 𝑓

cosh(𝑘 (ℎ + 𝑧))
sinh(𝑘ℎ) cos 𝜃 𝜂, 2𝜋 𝑓

cosh(𝑘 (ℎ + 𝑧))
sinh(𝑘ℎ) sin 𝜃 𝜂,−𝑖 2𝜋 𝑓

sinh(𝑘 (ℎ + 𝑧))
sinh(𝑘ℎ) 𝜂

]
=

2𝜋 𝑓 cosh(𝑘 (ℎ + 𝑧))𝜂
sinh(𝑘ℎ) [cos 𝜃, sin 𝜃,−𝑖 tanh(𝑘 (ℎ + 𝑧))]

where 𝑧 is the vertical component of the position vector. For an arbitrary direction, defined
by a unit vector 𝒏̂ := [𝑛𝑥 , 𝑛𝑦, 𝑛𝑧], the particle velocity component, ®𝑼𝒏̂, can then be extracted
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by projecting the velocity onto that unit vector direction by taking the dot product.

®𝑼𝒏̂ ( ®𝒙, 𝑡) = ®𝒖( ®𝒙, 𝑡) · 𝒏̂

=
2𝜋 𝑓 cosh(𝑘 (ℎ + 𝑧))𝜂

sinh(𝑘ℎ)
[
𝑛𝑥 cos 𝜃 + 𝑛𝑦 sin 𝜃 − 𝑖𝑛𝑧 tanh(𝑘 (ℎ + 𝑧))

]
This can be rearranged to express the velocity component as the product of the surface
elevation and a transfer function, 𝐺 ( 𝑓 , 𝜃), such that:

®𝑼𝒏̂ ( ®𝒙, 𝑡) = 𝐺 ( 𝑓 , 𝜃) · 𝜂( ®𝒙, 𝑡) (2.13)

where:

𝐺 ( 𝑓 , 𝜃) = 2𝜋 𝑓 cosh(𝑘 (ℎ + 𝑧))
sinh(𝑘ℎ)

[
𝑛𝑥 cos 𝜃 + 𝑛𝑦 sin 𝜃 − 𝑖𝑛𝑧 tanh(𝑘 (ℎ + 𝑧))

]
(2.14)

This transfer function is similar to that presented by Herbers and Lentz (2010) in their Equa-
tion 5, but here the direction is defined by a unit vector rather than azimuth and elevation.
In their expression, the transfer function includes the spatial varying component (𝑒𝑖 ®𝒌· ®𝒙),
and the leading term is expressed differently by using the dispersion relation. They express
direction by rotation angles about the 𝑥 and 𝑧 axes rather than by unit vector components.
While this is mathematically equivalent, we apply multiple angular transformations first to
account for the beam geometry and then to account for instrument tilt. By defining direction
by a unit normal, it was a simpler and more intuitive transformation.

Unit vectors in each of the beam directions must be transformed from the instrument relative
frame into the local tangent plane. The beam slant angle, 𝛼, of the SIG1000 is 25 degrees.
The unit vector of beams one through four are given by:

𝒏̂𝐼1 =


sin𝛼

0
cos𝛼

 𝒏̂𝐼2 =


0

− sin𝛼
cos𝛼

 𝒏̂𝐼3 =


− sin𝛼

0
cos𝛼

 𝒏̂𝐼4 =


0

sin𝛼
cos𝛼

 (2.15)

The subscript denotes the beam number, and the subscript 𝐼 denotes the instrument ref-
erence frame. The transformation must account for magnetic deviation, and instrument
heading, pitch, and roll (𝜃𝑑 , 𝜃ℎ, 𝜃𝑝, 𝜃𝑟). The sense of all of these angles is prescribed in the
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instrument documentation (Nortek 2017). For completeness, the transformation is broken
into components to show the transformation for each angle.

Thead and dev =


sin(𝜃ℎ + 𝜃𝑑) − cos(𝜃ℎ + 𝜃𝑑) 0
cos(𝜃ℎ + 𝜃𝑑) sin(𝜃ℎ + 𝜃𝑑) 0

0 0 1

 (2.16)

Tpitch =


cos 𝜃𝑝 0 − sin 𝜃𝑝

0 1 0
sin 𝜃𝑝 0 cos 𝜃𝑝

 (2.17)

Troll =


1 0 0
0 cos 𝜃𝑟 − sin 𝜃𝑟
0 sin 𝜃𝑟 cos 𝜃𝑟

 (2.18)

then the total transformation is given by:

T = Thead and dev Tpitch Troll (2.19)

Finally, each unit vector is translated:

𝒏̂𝑘 = T𝒏̂𝐼𝑘 for 𝑘 = 1, 2, 3, 4 (2.20)

so that data from each beam of the SIG1000 can be properly transformed into the local
tangent frame. This is then the unit vector 𝒏̂ = [𝑛𝑥 , 𝑛𝑦, 𝑛𝑧] required for to define the transfer
function in Equation 2.14.

2.4 Additional considerations near a reflector
Methods to estimate directional spectra that assume the wave field is spatially homogeneous
are categorized as “non-phase locked”. Phase-locked methods account for the pattern of
nodes and antinodes near a reflector (Huntley and Davidson 1998). The EMEM and BDM
are non-phased locked methods, so care must be taken to ensure that they are only applied
to observations far enough from a reflector. The applicability of the non-phase locked
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method is defined by the ratio of the wave travel time, 𝑇𝑇 , to the spectral window length,
𝑊𝐿 (Huntley and Davidson 1998). 𝑇𝑇 is the time that the wave travels from the sensor to
the reflector and back. Theoretically, non-phase locked methods are only applicable when
𝑇𝑇/𝑊𝐿 > 1 representing no angular degradation. Simulations found that a non-phase
locked method shows little angular degradation for 0.5 < 𝑇𝑇/𝑊𝐿 < 1 and only exhibited
slight angular degradation for 0.2 < 𝑇𝑇/𝑊𝐿 < 0.5, where the angular resolution should be
doubled (Huntley and Davidson 1998). The 𝑇𝑇 defines the maximum 𝑊𝐿, which defines
the frequency resolution. For 𝑊𝐿 = 200 s, 𝑇𝑇/𝑊𝐿 was calculated for every sensor using
the lowest frequency in the SS band, representing the fastest propagating wave, over the
smoothed bathymetry. All sites have a𝑇𝑇/𝑊𝐿 > 0.5 except for the Spotter at South Cypress
Point and the shallowest Spotter at Pescadero Point, which had 𝑇𝑇/𝑊𝐿 > 0.2 suggesting
slight angular degradation. Based on these computations and considering the 180◦ sectors
for onshore and offshore, the directional spectra are believed to be reasonably described by
the proposed non-phase lock methods.
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CHAPTER 3:
Results

3.1 Sea-Swell Reflection
𝑅2 for SS waves averaged over one-hour were observed with a Spotter and a co-located
SIG1000 at Sand City and China Rock. At Sand City, there is significant temporal variability
in 𝑅2 that ranges from 0 to 0.22, with both the Spotter and SIG1000 giving similar estimates
(Figure 3.1a). 𝑅2 is inversely modulated by synoptic variability in 𝐻𝑠 with temporal maxima
occurring at high tides showing the dependence on 𝛽 (Figure 3.1abc). There is markedly less
temporal variability in 𝑅2 at China Rock, which ranges from 0 to 0.08 (Figure 3.1d). There
is some indication that 𝑅2 is also inversely modulated by 𝐻𝑠, with the largest 𝑅2 recorded at
the minimum 𝐻𝑠 (figure 3.1de). The clear tidal trend observed at Sand City 𝑅2 is minimal
at China Rock. The Spotter appears to capture elements of tidal signal in addition to the
synoptic 𝐻𝑠 signal, whereas the SIG1000 only captures the synoptic 𝐻𝑠 signal. Though the
deployment dates differ, 𝑇 similarly varied between 6 - 9 seconds for both sites (Figure
2.3c,f).
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Figure 3.1. (a) Time series of 𝑅2 at Sand City in 15m depth where a Spotter
and SIG1000 were co-located and co-deployed. (b) 𝐻𝑠 measured by the
Spotter during the period of co-deployment. (c) The tide record during the
period of co-deployment. (d)-(f) are as (a)-(c), but for China Rock in 10m
depth.

The performance of the quasi-Lagrangian Spotter to measure 𝑅2 has not been previously
reported and is compared to 𝑅2 estimates derived from the spatial array of Eulerian beam
velocities from the SIG1000. For Sand City, a linear regression analysis was conducted
between the 𝑅2 estimates from the Spotter and SIG1000, with the intercept set to 0. The

26

_________________________________________________________
NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU



Spotter and SIG1000 𝑅2 estimates correlated with a 𝑟2 coefficient of 0.70. The Spotter had
a positive bias of 0.006. The gradient of the line of best fit was 1.09 with a 95% confidence
interval of 1.04 - 1.14 (Figure 3.2). A 𝜒2 goodness of fit test was conducted between the 620
hourly 𝑅2 estimates from each instrument and the two estimates fit with a significance level
of 0.05. Given the low magnitude of 𝑅2 at China Rock, the linear regression and goodness
of fit test were not informative. The 𝑅2 estimates for both instruments during co-deployment
was 0.02 with a standard deviation of 0.01. The 𝑅2 estimates from both instruments at China
Rock exhibit similar temporal variability in terms of magnitude and trend (Figure 3.1d).

27

_________________________________________________________
NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU



Figure 3.2. 𝑅2 estimates from the SIG1000 plotted as a function of 𝑅2

estimates from the Spotter. A linear regression was conducted between the
estimates. The regression coefficient, 𝑟2 is 0.70. The line of best fit through
the origin has a gradient of 1.09 with a 95% confidence interval of 1.04 -
1.14. The Spotter had a positive bias of 0.006.

The hourly energy weighted SS band reflection 𝑅2, with the minimum, 25%, 50% (median),
75% quartiles (𝑄1, 𝑄2, 𝑄3), and maximum are described for the sandy, rough rocky, and
rocky platform for phases 1-3 for Spotter observations only. In addition, the mean energy
weighted reflection over the whole record, ⟨𝑅2⟩, is provided. ⟨𝑅2⟩ varies from 0.02 to 0.12
amongst the beach types (sandy, rocky, cliff, platform) with minimal inter-variability within
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each beach type (Figure 3.3a). Starting with sandy shores, ⟨𝑅2⟩ is around 0.03 with a 𝑄3

of around 0.05 for southern Monterey beaches (Sand City (SC), North Sand City (NSC),
Marina (MAR)). The ⟨𝑅2⟩ is approximately 0.02 with a 𝑄3 of 0.04 for the rough, rocky
shores (Asilomar (AS), China Rock (CR)) at the outer edge of the Monterey Peninsula. The
rough, rocky cliffs (Pescadero Point (PP), South Cypress Point (SCP)) along the southern
side of the Monterey Peninsula support a ⟨𝑅2⟩ of about 0.05 with 𝑄3 of 0.06. For rocky
platforms, ⟨𝑅2⟩ is largest at about 0.12 with a 𝑄3 of 0.15. Since 𝑅2 is a function of 𝛽, 𝐻𝑠,
and 𝑓 , it can be misleading to consider ⟨𝑅2⟩ in isolation. For example, China Rock and
Sand City have similar ⟨𝑅2⟩, yet Sand City supported large 𝑅2 that occurred with low waves
and higher tides. Therefore maximum 𝑅2 are examined. The maximum ⟨𝑅2⟩ at the sandy
beaches ranges from 0.14 to 0.23 and is much larger than the maximum observed at the
rough rocky shores 0.05-0.08. The rocky cliffs support a maximum 𝑅2 of 0.09 - 0.14, with
the largest maximum 𝑅2 at the rocky platforms, measured at 0.16 - 0.30. ⟨𝑅2⟩ highlights
differences amongst beach types with similar estimates clustered within each beach type.

𝑅2 is subdivided into three tidal elevations (low, mid, and high) to quantify the changes in 𝛽

that vary with the tide (Figure 2.2 and Table 2.1). The sandy shores show a large dependence
on the tide, where low tide 𝑅2 are typically small (< 0.02) increasing at mid-tide and are
largest at high tide, ⟨𝑅2⟩ ranging from 0.04 - 0.08 (Figure 3.3b). There is no appreciable
trend in 𝑅2 with the tide at the rough rocky shores, and there is only a slight increase at
the rocky cliffs despite a clear tidal dependence on 𝛽 (Figure 2.2c-f). For rocky platforms,
there is a clear increase in 𝑅2 with the tide (Figure 3.3b), consistent with the change in 𝛽

with the tide (Figure 2.2g-h).

29

_________________________________________________________
NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU



Figure 3.3. (a) boxplot of 𝑅2 at each site showing the minimum, first quartile,
median, third quartile, and maximum. The time-mean 𝑅2 at each site is
denoted by the black diamond, with the magnitude printed above each box.
(b) as per (a), but divided by the height of the tide. Only the time-mean
𝑅2 for high tide is printed above the respective box. Sites are grouped by
the shore type and color-coded, Sandy shores are yellow, rocky shores are
orange, rocky shores with cliffs are purple, and rocky platforms are grey.
The beaches are identified by the 2 or 3-letter beach code, Sand City (SC),
North Sand City (NSC), Marina (MAR), Asilomar (AS), China Rock (CR),
Pescadero Point (PP), South Cypress Point (SCP), Mitchell’s Cove (MC),
and Wilder Ranch (WR). The numerals following the beach code denote the
average depth at the site.
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3.2 Sea-Swell Directional Statistics
The variability of 𝜃 and 𝜎𝜃 for incoming and outgoing 𝑆𝑆 waves as a function of beach
type is discussed next. For most sites, 𝜃 is nearly specular, consistent with observations
by Elgar et al. (1994). The range of incoming angles is small (0◦ - 20◦) at sandy and
rocky shores, though larger (-8◦ to 45◦) at rocky shores with cliffs and rocky platforms
(Figure 2.3d,e,f). The larger incident angles at PP20, PP30, SCP15 are likely owing to the
difficulty of defining shore normal in the absence of uniform gradients in elevation. The
shoreline geometry at PP and SCP, located on the Monterey Peninsula, permits a larger
range of incoming wave angles. The onshore 𝜎𝜃 is relatively narrow for all sites owing to
wave refraction. Variations in onshore 𝜎𝜃 across the beach types are due to their geographic
setting, wave source, where the shoreline orientation will limit waves to certain directions.
For example, sandy beaches are influenced by the aperture of the Monterey Peninsula and
the Santa Cruz headland. Likewise, south-facing shorelines will only be associated with
waves from the south. Understanding how onshore 𝜎𝜃 differs from the offshore 𝜎𝜃 is of
scientific interest with regards to reflection. The offshore 𝜎𝜃 is generally double that of
the onshore 𝜎𝜃 . The mechanism for this increase at sandy beaches is likely owing to the
persistent rip channel morphology at Southern Monterey Bay (MacMahan et al. 2004) and
rip currents due to wave-current interaction (Henderson et al. 2006; MacMahan et al. 2008).
The unbroken onshore waves travel across the surf zone, reflect, and travel back across the
surf zone. The waves will be refracted by the surf zone rip channel morphology and the
spatially-varying current field, ultimately increasing the offshore directional variability. At
rocky shores, it is the large morphological variability in bottom composition and the varied
shoreline orientations that are likely responsible for the increase in 𝜎𝜃 (Figure 3.4b). For
low (< 0.03) 𝑅2, 𝜃 and 𝜎𝜃 are likely insignificant, e.g., rough rocky shores and at low tides
for sandy shores.
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Figure 3.4. (a) Onshore and offshore propagating 𝜃 per field site. The offshore
propagating direction is converted to an angle of reflection to illustrate the
specular nature of reflection. (b) Onshore and offshore propagating 𝜎𝜃 per
field site. Sites are color-coded by beach type as described in figure 3.3

3.3 Cross-shore reflection and directional variability at
China Rock

The cross-shore array at China Rock describes the spatial variability in 𝑅2 and𝜎𝜃 . Instrument
deployment and recovery times varied slightly but were co-deployed for 540 hours between
11 August 2021 - 03 September 2021. ⟨𝑅2⟩ is small and spatially similar from 0.027 at the
deepest Spotter to 0.021 at the shallowest Spotter. 𝜎𝜃 narrows across the array from deep to
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shallow water. The time-mean energy weighted directional spread, ⟨𝜎𝜃⟩ is 21.7◦ at the 30m
Spotter, then gradually reduced to 17.6◦ by the 10m Spotter. 𝜎𝜃 were shoaled from offshore
to shallow water using the smoothed (low-passed) bathymetry to determine if 𝜎𝜃 narrows
as predicted by Snell’s Law (Herbers et al. 1999). The observed and predicted ⟨𝜎𝜃⟩ were
within ∼3◦ (Figure 3.5b). The ratio of observed to predicted ⟨𝜎𝜃⟩ (and the 95% confidence
interval) along the array are 1.05 (1.04 - 1.07) at the 20m Spotter, 1.08 (1.06 - 1.10) at the
16m Spotter and 1.24 (1.22 - 1.26) at the 10m Spotter. This ratio of observed to predicted
𝜎𝜃 is similar to sandy beaches for unbroken waves (Herbers et al. 1999).
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Figure 3.5. (a) A boxplot of 𝑅2 at China Rock, ⟨𝑅2⟩ are plotted as black
squares with their magnitude printed alongside. (b) A boxplot of 𝜎𝜃 at China
Rock. The blue boxes are the observed 𝜎𝜃 from the Spotter buoys, and the
red boxes are the predicted spread based on the immediate offshore sensor
and Snell’s Law (Herbers et al. 1999). Time mean measured and predicted
𝜎𝜃 are plotted as black squares (observations) and triangles (predictions)
with the magnitude printed alongside.
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CHAPTER 4:
Discussion

4.1 Rocky Shore Bragg Scattering Not Observed
If Bragg scattering were present at China Rock, it would have either caused an increase in
𝑅2 with increasing depth for backward scattering (Elgar et al. 2003) or an increase in 𝜎𝜃

with decreasing depth for forward scattering (Ardhuin et al. 2003). Although significant
bathymetric variability could support Bragg scattering at China Rock (Figure 1.1), there was
no appreciable change in 𝑅2 along the China Rock array (Figure 3.5a), nor was the change
in 𝜎𝜃 significantly different from the directional narrowing due to shoaling (Figure 3.5b).
According to Ardhuin and Herbers (2002), Bragg scattering requires interactions over more
than a few wavelengths for development, which is ambiguous but may be a fundamental
necessity. The max

(
𝑆Bragg

)
from Equation 1.5 for the bathymetry at Cape Cod, MA is

between 10−2 - 10−3 in the depth and wavenumber range of observed scattering, which
is similar in magnitude to max

(
𝑆Bragg

)
for China Rock in deeper depths (Figure 4.1a-b).

Elgar et al. (2003) observed Bragg scattering that developed over four bottom undulations.
For 𝑘 = 8 × 10−3 m−1 at China Rock for backward Bragg scattering, this requires bottom
undulations that are approximately 65 m long. Approximately ten bottom undulations occur
across the array, which is believed to be sufficient, yet backward Bragg scattering was
not observed. For forward Bragg scattering, the required bottom undulations are larger at
125-500 m, which results in two to five within the array footprint. This is likely insufficient
to allow the wave-bottom interactions to develop forward Bragg scattering to a detectable
level.

There are two distinct differences between the bathymetry at China Rock and Cape Cod.
Firstly, the bottom slope and elevation spectra at Cape Cod have a singular peak at 𝑘 = 0.02
m−1 (Figure 1.1a-b, red line), while the bottom slope and elevation spectra at China Rock
have larger variance and are more indicative of random white noise. Secondly, the bottom
slope at Cape Cod is very gently sloping (1:200) and can be considered uniform, whereas
the slope at China Rock is steeper (1:50) and more spatially varying. These differences
cause varying resonant conditions at China Rock as a function of depth, making it difficult
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to achieve resonant conditions at multiple wavelengths. For Ardhuin et al. (2003), the focus
was on the shelf with small profile slopes. As a result, we believe that the combination of
the multi-scale nature of the bottom that occurs on a moderate sloping profile at China Rock
does not allow for the development of Bragg scattering to meet the requirement of multiple
wavelengths, even though there is significant amplitude in the bottom undulations at the
appropriate scales.

Figure 4.1. The Bragg resonant condition at (a) Cape Cod Bay, MA and (b)
China Rock (similar to Figure 1.1c). The brown contours show the magnitude
of the Bragg source term from Equation 1.5. The wavenumber and depth
range over which Bragg scattering occurred at Cape Cod is highlighted in
red.

4.2 New Wave Reflection Index for Rocky and Sandy Shores
Wave reflection indices are evaluated for rocky shores. In addition to the Miche number, 𝑀 ,
𝑅2 can be estimated from the Iribarren number, 𝜉, given by

𝜉 =
tan 𝛽√︁
𝐻∞/𝐿0

, (4.1)
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where 𝐿0 is the deep water wavelength. Then 𝑅2 is estimated by,

𝑅2 ≈
(
0.1𝜉2

)2
(4.2)

(Battjes 1974; Shanks et al. 2015). The estimates of 𝑅2 from 𝑀 and 𝜉 are nearly identical,
so only 𝑀 estimates are compared with the observed 𝑅2 and denoted with a subscript 𝑀 .
For sandy shores, most of the 𝑅2

𝑀
values follow a 1:1 line, but there is a cluster of 𝑅2

that are smaller (Figure 4.2a). These results are similar to those of Elgar et al. (1994) for
sandy shores, except for the cluster of smaller 𝑅2. For rough, rocky shores, 𝑅2

𝑀
are constant

and do not follow the 1:1 line (Figure 4.2b). The 𝑅2 values for other rocky shores are not
well predicted by 𝑀 or 𝜉. 𝑅2

𝑀
values are clustered above the 1:1 line for rocky shores with

cliffs. For rocky platforms, 𝑅2
𝑀

values are scattered, with mostly overestimates and some
underestimates (Figure 4.2d). 𝑀 and 𝜉 are not applicable for describing 𝑅2 off rocky shores.

In general, 𝑅2 is inversely proportional to wave energy and frequency and proportional to
beach slope. A new reflection parameter, 𝑅2

𝑃
, is based on 𝜉 but modified so that it includes

𝜎zb,
𝑅2 ≈ 𝑅2

𝑃
= 2.78 × 10−3 · tan 𝛽

𝐻2
∞/𝐿0

(1 − 𝜎zb) . (4.3)

𝜎zb represents the alongshore shoreline roughness, which is believed to reduce wave reflec-
tion. The inclusion of 𝜎zb reduces the effective beach slope. For sandy shores 𝜎zb is minimal,
so the effective beach slope is the actual beach slope, however at rocky shores 𝜎zb is larger,
so the effective beach slope is markedly reduced. The empirical coefficient (2.78×10−3) was
estimated by a linear fit on all data. 𝑅2

𝑃
clusters fall along the 1:1 line for all beach types

(Figure 4.2e-h). A linear regression analysis was conducted between each estimator and 𝑅2.
When considering all beaches, 𝑟2 is 0.07 for 𝑅2

𝑀
and 0.45 for 𝑅2

𝑃
. For sandy beaches, 𝑟2 is

0.32 for 𝑅2
𝑀

and 0.36 for 𝑅2
𝑃

and 𝑅2. Overall, including shoreline roughness as represented
by 𝜎zb provides a new estimator that can predict wave reflection for various beach types,
including sandy and rocky shores.
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Figure 4.2. 𝑅2 estimates using the Miche number,𝑅2
𝑀

, for (a) sandy beaches,
(b) rough rocky shores, (c) rocky shores with cliffs, and (d) rocky platforms.
𝑅2 estimates using the new proposed estimator, 𝑅2

𝑃
, (e) - (h) for the same

respective beaches.
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CHAPTER 5:
Conclusion

The study investigated shoreline reflection and Bragg scattering of sea-swell band waves on
nine shores stretching from the Monterey Peninsula to Santa Cruz, CA. The shoreline types
included rough rocky, rocky cliffs, rocky platforms, and sandy beaches with varying beach
slopes and shoreline roughness. GPS-based wave buoys (Spotters) and bottom-mounted
acoustic Doppler current profilers (SIG1000) were deployed as cross-shore arrays at six
sites and single moorings at three sites, between 10 and 40 m depth. Directional spectra
were estimated using the extended maximum entropy method for the quasi-Lagrangian
Spotter and the Bayesian directional method for the Eulerian SIG1000 beam velocities
in a tilted frame of reference. Wave reflections are derived from the directional spectra.
The correlation of wave reflection between the Spotter and SIG1000 was 0.7, with a small
positive bias of approximately 0.6% for the Spotter.

The results found that wave reflection of the sea-swell energy varied by shoreline type, with
sandy shores reflecting up to 23%, rough rocky shores reflecting up to 8%, rocky shores with
cliffs reflecting up to 14%, and a maximum of 30% recorded at rocky platforms. Sandy shore
reflection is consistent with previous empirical parameterizations, which predict reflection
as a function of wave height, wave frequency, and beach slope. However, these estimators
perform poorly at rocky shores, where they typically overestimate reflection, particularly
when the beach slope and shoreline roughness are significant. A new estimator is proposed
that accounts for the decrease in reflection with increasing beach roughness while having
a similar form to previous estimators. The new estimator performed well across the range
of beach slope and shoreline roughness along the varied shores. The shoreline roughness
decreases reflection along rocky shores contrary to expectations of higher reflection owing
to their steeper slopes.

The study expected to find Bragg scattering along the rocky shores due to the presence of
large amplitude roughness occurring at the appropriate scales. However, neither increased
reflection nor increased directional spread was found. The absence of Bragg scattering is
believed to be associated with the non-uniformity of the bottom roughness and the moderate
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bottom profile slope that leads to an insufficient number of wave-bottom interactions for
development.
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