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ABSTRACT OF THE THESIS

Subtidal and Tidal Circulation on a Rocky Shoreline

by

Kaden James Quinn

Master of Science in Oceanography

University of California San Diego, 2024

Professor Falk Feddersen, Chair

Coastal circulation studies have focused largely on alongshore uniform sandy coastlines
and some coral reef regions. Circulation on rocky shorelines has received much less attention.
Rocky shorelines have significantly more bathymetric variability across a range of scales. Here
we analyze the inner-shelf depth-averaged circulation at China Rock on the Monterey Peninsula
CA with an array of 15 ADCPs deployed for a six week duration between 24 m and 3 m mean
water depth, spanning 800 m in the cross-shore and 600 m in the alongshore with concurrent
surface gravity wave and wind stress observations.

The depth-averaged circulation is dominated by the subtidal, diurnal, and semidiurnal

frequency bands with no preferred sense of circulation rotation. Counter to that on a sandy inner-
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shelf, the principal-axes ellipses decay onshore indicating the effect of strong bottom friction
and there is variability in the axis orientations indicating steering by the larger-scale bathymetric
variations. Analysis is focused on three regions: the offshore, midshore, and near-bay regions. In
the offshore and midshore regions, a subtidal balance between alongshore wind stress and linear
bottom friction has skill consistent with previous studies.

Estimates of the linear drag coefficient in 8-24 m water depth are much larger than on
sandy inner-shelves which is due to the large bathymetric roughness present at China Rock. In
the embayment but not in regions of wave breaking, the cross-shore subtidal flow is linearly
related to the onshore Stokes-drift transport, indicating it is wave driven. However, the return
flow is stronger than expected for an open coast inner-shelf. The ratio of return flow magnitude
to Stokes-drift transport is consistent with the variations in the embayment geometry. In the
tidal bands, the cross-shore velocity decay indicates the strong effect of bottom stress, far larger
than those observed across the sandy continental shelf of North Carolina or on a fringing coral
reef shelf on the western coast of O’ahu, Hawai’i. The depth-averaged circulation along rocky

shorelines is analogous to sandy shorelines but with much elevated bottom stress effect.



Chapter 1

Introduction

The inner shelf is an important transition region defined between the surf zone where
depth-limited wave breaking occurs and the mid shelf where the surface and bottom boundary
layers no longer overlap (Weisberg et al., 2001; Austin and Lentz, 2002; Lentz and Fewings,
2012). Circulation in this region controls the flow of plankton, pollutants, and particles that
directly affect the health of ecosystems (e.g., Morgan et al., 2018; Moulton et al., 2023) as well
as the cross-shore exchange of heat (e.g., Fewings and Lentz, 2011; Sinnett and Feddersen,
2019). Inner shelf circulation studies have mostly been restricted to sandy coastlines (Lentz and
Fewings, 2012), with additional coral reef studies (e.g., Monismith, 2007; Hench et al., 2008;
Arzeno et al., 2018). Rocky shorelines comprise between 33-75% of the total global coastline
(Johnson, 1988.; Bird, 2008; Luijendijk et al., 2018). Despite their prevalence, studies of the
circulation on rocky shorelines are limited.

Inner shelf circulation studies have often focused on depth-averaged currents (Lentz et al.,
1999). On subtidal (> 33 h in mid-latitudes) time scales, alongshore circulation is largely driven
by along shelf winds, and the resulting momentum balance is dominated by the wind stress,
pressure gradient, and bottom stress (e.g., Mitchum and Clarke, 1986; Lentz and Winant, 1986;
Lentz, 1994; Lentz et al., 1999; Fewings and Lentz, 2010; Kumar et al., 2015). On shorter tidal
(= 12 and ~ 24 h) time scales, alongshore circulation on the inner-shelf is driven by barotropic

tides, and the momentum balance is largely between local rate of change, bottom stress and



pressure gradient (Lentz et al., 2001; Arzeno et al., 2018; Amador et al., 2020). The dynamical
balances in subtidal and tidal band on a rocky inner-shelf has received less attention. Across time
scales, the bottom stress is a key component of the inner-shelf alongshore momentum balance
(Trowbridge and Lentz, 2018). A variety of bottom stress parameterizations have been used
typically involving a linear drag law for subtidal studies (e.g., Lentz et al., 1999) or quadratic
drag laws in the tidal band (e.g., Arzeno et al., 2018). It unknown how well these bottom stress
parameterizations work on rocky inner-shelves or how their drag coefficient varies or compares
to sandy or coral reef inner-shelves.

In the cross-shore, Stokes drift by surface gravity waves has been shown to drive offshore
depth-averaged flow (Lentz et al., 2008). The strength of the observed cross-shore flow has
been found to differ from expected cross-shore flow and this difference has been attributed
to bathymetric variability (Kirincich et al., 2009). Embayment geometry and the incident
wave conditions have been shown to strongly affect cross-shore circulation for sandy bays
with alongshore widths W of O(100 m) (Castelle and Coco, 2013) and rocky surge channels
W = O(1-10 m) (MacMahan et al., 2023). Surface circulation has recently been studied for a
rocky embayment W = 200 m and was found to be dominated by a rip current (Conlin et al.,
2024). However, the depth-averaged circulation near a rocky embayment in conjunction with the
circulation on a rocky inner shelf has yet to be studied.

Rocky shorelines have significantly more bathymetric variability at a variety of spatial
scales when compared to other types of shorelines such as coral reefs and sandy beaches. On
length-scales of (4-64 m), rocky shorelines vertical variability is three times larger than a Western
O’ahu coral reef (MacMahan et al., 2024). This is likely due to features such as bedrock walls,
sloping ledges, offshore banks and pinnacles MacMahan et al. (2023). On larger O(100 m)
length-scales, rocky shorelines tend to feature embayments that can span large scales in the
alongshore and cross-shore (Limber et al., 2014; Limber and Murray, 2014). It is unknown
how this large variability at such a wide variety of scales will affect circulation overall on rocky

shorelines.



Here we investigate the subtidal and tidal circulation on the inner-shelf off a rocky
shoreline on the Monterey peninsula (CA, USA) with month-long observations of currents, wind,
waves, and tide. This paper is organized as follows. In section 2, observations of the study site
and analysis methods are described. In section 3.1, the depth-averaged circulation is examined
across frequency bands using spectral and principal component analysis. In sections 3.2 the
circulation due to wind-stress and surface gravity waves are examined on subtidal time scales,
while in section 3.3, the circulation due to the barotropic tide is examined on tidal time scales.
In sections 4.1, subtidal circulation between a rocky and sandy shoreline are compared. In 4.2,
estimates of linear drag are compared with physical bottom roughness. In 4.3, wave driven
circulation is examined in the context of the near-bay. In Section 4.4, tidal phase shifts and
attenuation of currents on a rocky shoreline are compared with a sandy shoreline and coral reef.

Results and discussion are summarized in section 5.



Chapter 2

Observations and Methods

The first ROXSI (ROcky shores: eXperiments and SImulations) experiment occurred
at China Rock, Pebble Beach, CA during summer of 2022 from June 24th to July 20th. China
Rock was chosen as a study site due to the wide range of scales of rocks that cover the shoreline
from the intertidal zone to far offshore. Unlike sandy shorelines, rocky shorelines only change
on geological time scales and thus the bathymetry remained constant for the duration of the
experiment.

Bathymetric data at China Rock was sourced from National Oceanic and Atmospheric
Administration (NOAA), California State University, Monterey Bay (CSUMB), a survey per-
formed by the Joint Airborne Lidar Bathymetry Technical Center of Expertise (JALBTCX) and
a Divelet survey performed by Naval Postgraduate School (Marques 2023 et al.). A China Rock
coordinate system is then defined such that x is in the cross shore (with —x is directed towards
285°N) and y is in the along shore. In the cross-shore, large scale variability at China Rock can
be described by its moderate (1:40) cross-shore slope. In the alongshore, large scale variability
is defined by the bay at (x,y) = (0,0) m bounded by two headlands to the north and south. The
apex of the northern headland is located at y = 125 and extends approximately to x = —100. The
apex of the southern headland is at y = —200 and extends slightly further offshore to x = —150.
On smaller bathymetric scales, the wide range of rocks leads to very high bottom roughness.

This bottom roughness can be quantified by examining 5 X 5 m squares of the 2 m gridded
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Figure 2.1. Elevation z relative to mean sea level gridded to 2 m horizontal resolution as a
function of cross-shore x and alongshore y China Rock coordinate system. Contour lines are at 5
m intervals. White text is the ID of each Acoustic Doppler current profiler (ADCP). Yellow text
shows the mean location of the I-SPAR. General span of the offshore, midshore and near-bay
regions indicated by labels.

bathymetry data at China Rock. The standard deviation within these squares had a median of
0.5 m while the range between the maximum and minimum in value in each square across the
study sight had a median of 2 m (Marques 2023).

The subsurface array of instruments consisted of 15 Acoustic Doppler Current Profilers
(ADCPs- see figure 2.1), a combination of Nortek Signature 1000s and Aquadopps, that provide
measurements of waves and currents. The ADCPs were arranged in three cross-shore lines and

one alongshore line. The B line is the longest cross-shore line and spans from the edge of the



Table 2.1. List of ADCP IDs, instrument types, sampling schemes, mean depth during the
experiment, height of the transducer above the bottom (HAB) and bin size. Signature1000
sampling schemes are continuous. Aquadopp sampling schemes are split between profile
interval/average interval.

D Instrument Sampling Mean depth  Bin size

Scheme (m) Az (m)
A01 Signature1000 8 Hz 12.7 0.5
A03 Aquadopp 2 MHz 30/30 s 8.4 0.5
B02  Aquadopp 600 kHz  600/300 s 24.5 2.0
B04 Aquadopp 1 MHz 30/1s 20.1 1.0
BO7 Aquadopp 1 MHz 30/1s 13.4 1.0
B0O8 Aquadopp 1 MHz 1/1s 10.7 1.0
B10 Signature1000 8 Hz 9.6 0.5
B11 Aquadopp 2 MHz 1/1s 8.9 0.5
B13  Signature1000 4 Hz 4.8 0.5
B15 Signature1000 4 Hz 3.1 0.5
CO01  Signature1000 8 Hz 13.2 0.5
C03  Aquadopp 1 MHz 30/30 s 8.5 0.5
E03 Aquadopp 1 MHz 1/1s 9.0 1.0
E04 Aquadopp 1 MHz 1/1s 10.1 1.0
E12 Aquadopp 1 MHz 1/1s 11.4 1.0

array offshore to the bay onshore. The shorter cross-shore lines are the A and C lines which
extend off the headlands. The E line stretches alongshore through the center of the array from
just north and south of the headlands.

The ADCPs were deployed in varying water depths (table 2.1) with a mix of vertical
resolutions and sampling schemes. Here, the analysis is focused on the circulation on subtidal and
tidal time scales. Thus current observations are depth and hourly averaged. Vertical averaging is
performed using all ADCP bins except those that are closer than 1 bin size from the mean surface.
Current components are rotated into the China Rock coordinate system with a cross-shore u and
alongshore v current. Hourly wave statistics and sea surface elevation are computed from ADCPs
integrated pressure sensor. Significant wave height Hy, mean period 7;,, and mean direction
0 are computed for the sea-swell band of frequencies from 0.06 Hz < f < 0.20 Hz at each
location. Wave direction is rotated into the China Rock coordinate system such that 8 = 0°

corresponds to normally incident waves and +86 corresponds to waves propagating in the +y
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Figure 2.2. Time series of hourly depth-averaged (a) cross-shore u# and (b) alongshore v currents.
Times series are stacked and colormap set such that locations go from most offshore x coordinate
(dark blue top) to most onshore x coordinate (light blue bottom). Location ID is on the left
ordinate axis and mean bottom depth at that location is on the right ordinate axis. Scale of
currents +0.1 ms~! indicated by the blue bar in (a). Offshore, midshore, and near-bay regions
indicated by the blue dashed lines and text in (b).

direction. Near-surface, an [-SPAR meteorological buoy was deployed at (x,y) ~ (—900,240)m
estimating wind stress just above the wave boundary layer at 5 m above the sea surface. Wind
stress is estimated using the eddy covariance technique utilizing wind velocity and temperature
measurements from an ultrasonic anemometer Chamberlain (2020). Wind stress measurements
are hourly averaged with cross-shore 7, and alongshore 7, rotated into the China Rock coordinate
system.

The hourly depth-averaged cross-shore u and alongshore v currents at each location are
shown in figure 2.2. ADCP locations can be divided into three regions based on the currents
behaviors and the bathymetric features at China Rock. The first region defined is the offshore

region, which includes B02, B04, and BO7 (figure 2.1). The currents (figure 2.2) are characterized
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Figure 2.3. Time series of hourly means of potential forcings at location BOS. (a) mean sea
surface elevation (b) sea-swell band wave height Hy (c) sea-swell band mean period 7;, (d)
sea-swell band mean direction 0. Sea-swell band is from 0.06 Hz < f < 0.20 Hz. At the location
of the I-SPAR (e) cross-shore wind stress 7, and (f) alongshore wind stress 7y

by there relativly large u and v variability. The next region is the midshore region and includes
the A line, C line, E line, BO8 and B10 (figure 2.1). This region has the smallest u currents in the
array and an onshore decrease in v current magnitude. The final region is the near-bay region
and includes B11, B13, and B15 (figure 2.1). This region has increased u current magnitude and
smaller v currents.

Timeseries of the principal expected circulation forcings spanning tide,waves, and wind
at China Rock are shown in (figure 2.3). China Rock has a mixed semidiurnal tide typical
of the central California coastline. During the experiment duration, a spring and neap tide
cycle were observed. The maximum observed tidal range during the spring cycle was 2.63 m
(figure 2.3a). Wave conditions were typical of summer during the experiment. The significant
wave height was moderate with a mean of H; = 1.06 m, minimum of H; = 0.29 m, and a
maximum of Hy; = 1.95 m (figure 2.3b). Mean periods ranged from a minimum 7;, = 5.78 s
to a maximum 7,, = 11.50 s, with an average T,,, = 7.83 s (figure 2.3c). Mean direction was

near normal incident 8 = 0° with an average direction of 8 = 3.63°, minimum wave direction



was 0 = —9.78° while the maximum was larger at 0 = 31.37° (figure 2.3d). Wave statistics
were dominated by subtidal variability. The magnitude of wind stress components was generally
similar with a mean 7, = 0.02 Nm~2 and mean 7, =—0.0I N m~2. Cross-shore wind stress
T, (figure 2.3e)was primarily positive and thus blowing onshore, while the alongshore wind

stress Ty (figure 2.3f) was primarily negative. The majority of the variability in wind stress

|T| = |/t + 7 is predominantly subtidal.



Chapter 3

Results

3.1 Circulation

The variability of the depth-averaged currents is first examined using the rotary spectra S,
Gonella (1972) at three instrument locations (figure 3.1) selected from the B line to represent the
offshore (B02), mid shore (BO8) and the near-bay (B15) regions (figure 2.1). The rotary spectra
Sy were computed from the complex velocity w = u 4 iv using 144 hour Hanning windowed
segments with 50% overlap yielding a frequency resolution of 0.0069 cph.

Across all frequency bands, S,, is generally largest at BO2, decreases significantly at
BO08, then increases again at B15. In the subtidal band (f < 1/33 cph), S,, is red with the
maximum at £0.0069 cph. In the diurnal (1/33 < f < 1/16 cph) and semidiurnal bands (1/16 <
f < 1/10 cph) , distinct peaks in the rotary spectra occur at +0.0417 cph and +0.0833 cph
corresponding to periods of approximately 24 h and 12 h. Due to the frequency resolution,
distinct tidal constituents cannot be distinguished. Although not the focus of this analysis,
harmonics of the diurnal and semidiurnal tide are evident at higher frequencies.

The maximum S,, in each frequency band is extracted at positive S,,+ and negative S,
peak frequency’s. S{ﬁﬂ peaks are larger than ST and SD peaks at all three locations (table 3.1).
However, the size of the ST and SD peaks in comparison with the DU peaks varies at each
location. The ratio S5% /SPY increases as locations get closer to shore at 0.23 at B02, 0.32 at

BO08, and 0.64 at B15. The ratio vaﬁ)_ / va)ﬂf is more constant throughout regions at 0.39 at BO2,

10
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Figure 3.1. Depth-averaged current rotary spectra S, versus frequency f at three locations
(see figure 2.1): BO2 (offshore), BO8 (mid shore), and B15 (near-bay). The semidiurnal (SD,
1/16 < f < 1/10 cph), diurnal (DU, 1/33 < f < 1/16 cph), and subtidal (ST, f < 1/33 cph)
frequency bands are indicated by grey shading. Positive and negative frequencies f are clockwise
and counter- clockwise motions, respectively.

Table 3.1. Maximum S,, [(ms~")2cph~!] in each positive frequency band and ratio between
positive and negative frequencies R for each frequency band.

ID SOk R SoY RPY o R°P
B02 2.75x107%2 090 11.74x107% 1.01 4.62x107% 1.04
BO8 0.36x1072 096 1.12x1072 098 0.37x1072 1.18
B15 130x1072 1.09 2.03x10°2 088 0.67x107%2 1.13

0.33 at BO§, and 0.33 at B15.

The ratio R = m between maxima S,, at positive S),+ and negative S,,_ peak
frequencies can be used to infer the type of motion at each location. If R is near 1, the motion
is rectilinear, while if R is greater than or less than 1, the motion is rotational. At China Rock,
the ratio R =~ 1 (table 3.1) for all locations and frequency bands implying that the motion is near

rectilinear.

ST’VST) DU,VDU)’

Using the same frequency bands from figure 3.1, subtidal (u , diurnal (u

and semidiurnal (P vSP) hourly depth-averaged currents are estimated by consecutive low-

pass filtering using the PL64 filter Limeburner (1985). The circulation is then further examined

11
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Figure 3.2. Mean (magenta arrows) and principal axes ellipses (white) of depth-averaged
velocity in different frequency bands overlaid over the China Rock bathymetry in the local cross-
and alongshore coordinate system: (a) unfiltered with mean arrows, (b) subtidal ST, (c) diurnal
DU, (d) semidiurnal SD. Velocity scale of 0.05 ms~! shown in (a).

by calculating mean currents and the principal component ellipses at each location. Variance
ellipses were calculated for the unfiltered (u,v), sub tidal («°T,vST), diurnal («PY,»PY) and
semidiurnal (x5P,vSP) current velocities (figure 3.2). Variance ellipses were derived for each
band by calculating the major axis Up,j, minor axis Uy, and angle of the major axis 6. Current
variability can be broadly categorized by Uy,j, the aspect ratio Upy; /Unin, and 6,,. Aspect ratio
Umaj/Unin is defined such that larger values correspond to ellipses with more eccentricity and
a minimum possible value of 1 corresponds to a circle. Principal angle 6, is defined such that
|60,| = 90° is alongshore oriented and |6,| = 0° is cross-shore oriented.

Deployment average cross-shore i and alongshore v flow (magenta arrows in figure 3.2a)

is examined first. In both the offshore and midshore, i is small with |i| < 0.01 ms~!. In the

12



near-bay, ii is directed offshore and is strongest at B13 with & = —0.06 ms~! and B15 with

i=—0.04 ms~!. At the outer edge of the near-bay at B11, & = —0.01 ms~ is much weaker.
In the offshore region, v is directed towards in —y. At the outer edge of the offshore at BO2,
¥ is strongest at ¥ = —0.07 ms~!. At the inner edge of the offshore region at BO7, the 7 is

Iand

weaker with 7 = —0.02 ms~! . In the midshore, ¥ current is small with [#| < 0.02 ms™~
also primarily directed towards —y. In the near-bay, alongshore currents are smallest at B11
7 =0.01 ms~! and increase to 7 = —0.02 ms~! at B13 and # = —0.03 ms~'at B15.

The unfiltered principal axes ellipses (figure 3.2a) are next examined from offshore to
the near-bay. In the offshore, Uy,,; decreases as instruments get closer to shore from Uy, =
0.09 ms~! at BO2 to Unaj = 0.05 ms~! at BO7. A reduction in aspect ratio is also seen from
Unnaj /Unin = 5.4 at BO2 to Unnaj /Unmin = 1.6 at BO7. Principal angle in the offshore is alongshore
and tilted along bathymetry with ranges from a minimum of |6,| = 64° at BO4 to a maximum
of |6, = 88° at BO7. In the midshore, Uy, is smaller and also decreases further onshore with
ranges from 0.02 —0.04 ms~!. In the alongshore on the E line, major axis decreases from
0.04 ms~! E04 to 0.02 ms~! at E12. Aspect ratio in the midshore decreases further onshore
ranging from a maximum of Umaj/Umin =4.1 at AO1 to a minimum of Umaj/Umin = 1.8 at B10.
Principal angle in the midshore is also alongshore and tilted along bathymetry with ranges
from a minimum of |6, = 70° at B10 to a maximum of |6,| = 88° at E04. In the near-bay,
Unaj increases close to shore from minimum of Up,j = 0.02 ms~! at BI1 to a maximum of
Umaj = 0.05 ms~! at B15. Aspect ratio is near 1 at B11 with Umaj/Umin = 1.2 and increases to a
maximum Up,j/Unin = 3.5 at B13. In the near-bay, principal angles were cross-shore oriented
with a minimum value of |6,| = 11.3° at B13 and maximum value of |, = 26.4° at B15

The subtidal principal axes ellipses (figure 3.2b) are qualitatively very similar to the
unfiltered with a few key differences. In the offshore and mid shore, Urfgj is reduced to around
50% the size of Uy,j, while in the near-bay is U;Z] is still 70 —90% the size of Uy,,j. Subtidal
aspect ratios Urflzj / Urﬂl are were generally larger, but all were within +30% of the unfiltered

aspect ratios. Subtidal principal angles |91§T| were generally very similar to the unfiltered, with
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all locations within +15° of |6,|.

The diurnal ellipses (figure 3.2c¢) differ slightly more from the unfiltered and subtidal

UDU

ellipses. In the offshore and midshore, mai

are the largest of the filtered major axes at around

60% of the size of Up,j. However in the near-bay, UIE :

U . .
aj decrease significantly at only 20 — 50%

the size of Upy;. Urlr?g / Urlr?ilr{ was larger than Uy, /Unin at almost all locations. For example at
B04 Un]?;jJ / Un]?i[r{ was 2.2 x larger than the unfiltered. The only location in the diurnal band that
did not see an increase relative to the unfiltered was B13 which had a Un?g Un?i[rjl that was 50%

smaller than that of the unfiltered. In the diurnal band, |91?U] is within 10° of unfiltered currents

at all locations in the offshore and mid shore. However in the near-bay,

6,,| becomes much
more alongshore at most locations with \GIPU| =67.9°atBll and , IG}?U\ =42.5° at B15. The
exception is B13 which becomes even more cross-shore at |91],3U| =0.6°.

The semidiurnal ellipses (figure 3.2d) are the last band examined. In the offshore and
midshore Urilsj is the smallest of the bands at around 30% of the size Up,j. In the near-bay,
Ulflgj is reduced to only 20 — 30% of the size of Up,j. Aspect ratio was 15% — 45% larger in the
offshore and at select location at the edge of the mid shore (A01,C01,E03.). However, The rest
of the midshore and near-bay all saw U;Ej / Uflli?l within £10% of unfiltered at all sensors except

B15 which saw an increase of 20%. Principal angles |6[§D\ were all within 15° of |6,|.

3.2 Subtidal Forcing and Response

Here we analyze the forcing of the subtidal currents (x°T,vST), which are split between
two different regimes based on the circulation patterns (figure 3.2b). The first regime is wind
driven and includes locations in the offshore and midshore where circulation was largely along-
shore. The second regime is wave driven and includes locations in the near-bay, where circulation

was largely cross-shore. We will examine these two regimes separately.
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Figure 3.3. Times series of (a) subtidal alongshore wind stress ‘L'yST and (b) subtidal depth-

averaged alongshore current vST across locations within the offshore and midshore. (c) Scatter
plot of ’L'yST versus VST in the center of the array at BO8. Symbols represent sub sampling every
8 h. Black line is the least-squares best-fit slope related to the linear drag coefficient r; by
slope = 1/(pory). Squared correlation R? and best fit slope indicated in bottom right of (c).

3.2.1 Offshore and mid-shelf: Wind forcing

A clear visual relationship between the subtidal alongshore wind stress ‘L'yST (figure 3.3a)
and the subtidal alongshore currents v®T (figure 3.3b) is observed. For example, from 24—30
June a decrease in wind stress and currents coincide. The vST (figure 3.3b) decay in magnitude
from offshore (darker) through the midshore (lighter blue), consistent with (figure 3.2b). We

ST within the context of enhanced bottom friction due to

analyze the cross-shore decrease in v
the rough bathymetry. We assume a simple balance between alongshore wind stress and linear

bottom stress (e.g., Lentz and Winant, 1986), yielding the balance of

st T
revt = —=—, (3.1
! p

where 7y is a linear drag coefficient and p = 1025kg m~>. A linear least squares best fit of (3.1)
is used to estimate ry and fit skill R? at each location (figure 3.4). At B8, the LHS and RHS of
(3.1) are clearly linearly related with fit-skill R> = 0.52 and rp=12x 1073 ms~! (figure 3.3c).

In the offshore region, R? steadily increases onshore from 0.15 at BO2 to 0.55 at BO7

(figure 3.4b). In the midshore region, R? ranged from a minimum of 0.30 at E12 to a maximum
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Figure 3.4. (a) Linear drag coefficient r; and (b) fit-skill R? between TyST and VST versus

cross-shore coordinate. Markers indicate locations in the offshore and midshore region. BO8
indicated by magenta circle.

of 0.67 at A03. These R? values are consistent with previous balances (Lentz and Winant, 1986;
Lentz et al., 1999; Liu and Weisberg, 2005; Kumar et al., 2015), and indicate that the subtidal
alongshore dynamics are largely consistent with (3.1). In the offshore region, ry (figure 3.4a)
is effectively constant with a value of ~ 6 x 10™* ms~!. In the midshore region, ry begins
to rapidly increase to a value of 2.1 x 1073 ms~! onshore at B10. This onshore increase in
ry suggests increased bottom stress due to bed roughness. However, in the midshore, r; also
has significant spatial variability. For example, in the alongshore on the E-line (figure 2.1),
rr=1{1.1,1.0,2.4} x 1073 ms~! at E03, E04, and E12, respectively. At E12, r; is dramatically
increased with corresponding low R? = 0.3 relative to other locations in similar depths and

cross-shore location. This will be discussed in Section 4.2.

3.2.2 Near-bay: Wave forcing

Subtidal ellipses in the near-bay are all cross-shore oriented as opposed to alongshore
oriented in the offshore and midshore (figure 3.2b), suggesting a different forcing mechanism.

In Lentz et al. (2008), on a sandy and largely alongshore uniform inner-shelf, the Eulerian
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Figure 3.5. Subtidal depth-averaged cross-shore current »>T versus subtidal depth-averaged
Stokes drift velocity quvT at (a) B11, (b) B13 and (c) B15. Symbols represent sub sampling every
8 h. Squared correlation R? and best fit slopes indicated in bottom right of each panel.

depth-averaged cross-shore flow largely balances the onshore wave-driven transport u,, on time
scales much longer than subtidal. This wave-induced onshore flow u,, is,

Uy = % 3.2)

where Q,, is the onshore wave-induced Stokes transport Lentz et al. (2008),
Q. ~ =—-cos(0) (3.3)

where, g is the gravitational acceleration, H; the significant wave height, 6 the wave direction
relative to offshore (6 = 0° for waves propagating directly onshore), and c is the wave speed.
Wave speed c is estimated using linear theory assuming ¢ = @/k where ® = +/gktanh(kh).
Hg, 0, and h are all measured hourly at each location. Subsequently, u,, was subtidaly filtered
yielding quVT.

In the near-bay, 15 and 45T have a strong linear relation with R? > 0.82 at all 3 locations,
suggesting that u°7 is likely wave driven. If the balance (3.2) held, the best-fit slope would be
near-one. The best fit slope at each location is greater than one and the slope also increases

onshore from 3 at B11 to 7.4 at B15, indicating greater Eulerian return flow than expected from
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Figure 3.6. (a) Time series of hourly sea surface elevation 17 at BO8. Three day time series
(corresponding to grey shading) of (b) diurnal n°V and (c) semidiurnal 1P sea surface elevation
(d) diurnal vPY and (e) semidiurnal vSP depth-averaged alongshore currents. Line colors in (d-e)
corresponds locations with darker blue for more offshore and lighter blue for more onshore. Only
offshore and midshore locations are shown.

that of an open coast inner-shelf (Lentz et al., 2008). The relationship 5T = 3! does not account
for the geometry of the bay and thus the calculated u)! underestimated the magnitude of the

actual flow #5T which will be examined in Section 4.3.

3.3 Tidal-band forcing and response

The analysis of the forcing of the tidal-band currents (¥PV,vPY) and (5P, vSP) will
first focus on the offshore and midshore region. For both bands, DU and SD currents in the
offshore and midshore are alongshore oriented and larger than in the near-bay. (figure 3.2c-d).
The barotropic tide is expected to be the dominate forcing on tidal time scales. Other forcing
(wind,waves) also contribute but their variability in the tidal bands is small in comparison to in
the subtidal band where they dominated oyst /0y, = 0.94 and o571/ 07, = 0.64.

The sea surface elevation 7 is representative of the tide at China Rock (figure 3.6a). As

China Rock has a mixed semidiurnal tide, 1) can be decomposed into diurnal PV (figure. 3.6b)
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and semidiurnal 3P (figure. 3.6c) components. The diurnal component has larger variability
than the semidiurnal component with 6V /o, = 0.68 and 6,” /0y = 0.49 respectively. The
vPU (figure 3.6d) is larger than vSP (figure 3.6e) with 6PV /6, ranging from 0.35 (B13) to 0.63
(AO1) where 637 /o, ranged from 0.18 (B13) to 0.32 (E12). This larger 6PV /o, than 65 /5,
is consistent with the rotary spectra (figure 3.1) and principal axes ellipses (figure 3.2c-d). vPY
and vSP both exhibit a decay in magnitude along with a phase shift from offshore to midshore
resulting in midshore locations reaching their peak velocities before offshore locations.

At each location, estimates of the phase and magnitude-squared coherence between v
and 7 as a function of frequency f are made. Magnitude-squared coherence C between v and 1

is defined as

P ()P
va(f)Pnn(f)’

where P, (f) and Py (f) are auto-spectra and P, (f) is the cross-spectra of the unfiltered

C(f) = (3.4)

timeseries. The phase ®(f) is defined

(3.5)

®(f) =tan"! {W] 7

Re{Pvn ()}

in the interval [—180°, 180°]. Phase is defined such that negative (positive) ® corresponds to
peak v that occurs before (after) peak 1. Magnitude-squared coherence C(f) and phase ®(f) are
calculated using a Hamming window with a length of 129 samples and 64 samples of overlap.
At the peak frequencies f, for each band (fPV = 0.0419 cph, f5° = 0.0805 cph), C(f},) and
®(f,) are extracted for each location. The diurnal 7’ = 23.88 is closet to the K1 (23.93 h)
constituent while the semidiurnal 7,V = 12.42 h is at the M2 (12.42 h) constitute.

We first examine the diurnal component vPV of the alongshore currents. A consistent
reduction in vPY (figure 3.7a) is observed from oPY =0.049 ms~! offshore at BO2 to onshore
oPY =0.010 ms~! at B10 consistent with the three day time series in (figure 3.6d). The CPY

(figure 3.7¢) is largely constant and ranges from a minimum of 0.64 (BO7) to a maximum of
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Figure 3.7. (left) Diurnal DU and (right) semidiurnal SD (a)-(b) standard deviation of alongshore
velocity oy . (c)-(d) Magnitude-squared coherence C and (e)-(f) phase ® at the peak frequencies
between sea surface elevation 1 and alongshore velocity v versus cross-shore x. Only offshore
and midshore location are shown. The 95% confidence interval on magnitude-squared coherence
is C > 0.57 indicated by the line in (c)-(d). Locations that fall bellow this interval are unfilled in
(d) and not shown in (f).

0.77 (E12) indicating a relation between vPU and T]DU. The phase shifts ®PY (figure 3.7¢) are
negative and increase onshore with a minimum observed ®PV = —86° (B02) and a maximum
®PU = _126° (A03). This increase in negative phase shift with cross-shore coordinate is
consistent with the three day time series in (figure 3.6d) where velocity peaks occurred before
the tidal peak.

We next examine the semidiurnal component vSP of the alongshore currents. A similar
consistent reduction in vSP (figure 3.7b) is observed from o3P = 0.028 ms~! offshore at BO2 to
onshore 6PY = 0.005 ms~! at B10. o5P is approximately 0.5x the size of cPU at all locations.

The CSP (figure 3.7d) is largest in the offshore regions and decrease from 0.88 (B02) to 0.78

(BO7). In the midshore, CSP continues to decrease onshore and is no longer above the 95%
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confidence limit of C > 0.57 at BO8, B10, and E12. The ®SP (figure 3.7f) is positive and
decreases from offshore to the midshore from a maximum of ®SP = 130° (B02) to a minimum of
®SP = 75° (C03). This decrease in positive phase shift with cross-shore coordinate is consistent

with the three day time series in (figure 3.6e) where velocity peaks occurred after the tidal peak.
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Chapter 4

Discussion

Here we compare and contrast subtidal and tidal circulations statistics between the rocky
shoreline of China Rock with the sandy alongshore-uniform inner- to mid-shelf of North Carolina

and a coral reef on O’ahu to highlight circulation differences induced by the rocky shoreline.

4.1 Subtidal Circulation

We first compare the statistics of depth-averaged subtidal principal axes ellipses on the
B-line at China Rock with a those of a representative sandy inner- to mid-shelf on the Outer
Banks near Duck, North Carolina (Lentz et al., 1999). During the DUCK1994 experiment, a
cross-shore line of moorings was deployed from August to early December 1994 at water depths
of at 4-26 m, similar to those of the China Rock B-line spanning 3.1-24.5 m. However, the
low-slope of the NC shelf results that the 26 m depth mooring was 16 km offshore in contrast to
approximately 800 m offshore for the 24.5 m depth ADCP at China Rock (figure 2.1). Observed
sandy-shelf currents from Duck were depth-averaged, hourly-averaged, and low-pass filtered
with a similar cutoff period of 38 h (Lentz et al., 1999).

At the deeper locations with 2 > 20 m, the major axis of current variability Urfgj (figure
4.1a) is 3—4 x larger at Duck than at China Rock (figure 4.1). Some of this may be due to the
larger alongshelf wind stress at Duck, ranging from —0.5 Nm™2 to 0.1 Nm~? whereas China

Rock ranged from —0.1 Nm~2 to 0.2 Nm~2. However, the cross-shore structure of Ulfgj at
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Figure 4.1. Subtidal principal axes ellipse parameters from Duck (black) and the B-line at
China Rock (blue) versus water depth 4: (a) Subtidal major axis U, ST (b) aspect ratio U ST /U ST

maj’ maj/ ~ min’
and (c) principal angle ]0;T|. Shown are offshore and midshore regions at China Rock and
non-surfzone regions at Duck are shown. Duck observations from come from Table 1 of Lentz
et al. (1999).

China Rock is very different from that of Duck. At China Rock, U ST —(0.051 ms~! is maximum

maj
offshore and decreases onshore to a minimum of Urfgj =0.001 ms~! at #=9.6 m. In contrast,
at Duck Urfgj increases into shallower water to a maximum of Urfgj =0.2ms ! at h =8 m. This
difference in Urfgj cross-shore structure suggests that bottom stress is significantly enhanced in

shallower water at China Rock relative to Duck.

The orientation of the subtidal principal axes ellipse |91§T] is very different between
China Rock and Duck (figure 4.1c). At Duck, IOET] is oriented almost perfectly alongshore from
26 to 4 m water depth with minimum of |61§T| = 86°. In contrast, in the China Rock offshore
and midshore regions, |9,§T] deviated significantly from 90°, from ]6§T| = 84° at B02, with

minima of [657| = 63° at B04 and |6;T| = 73° at B10. This variation in |65 | at China Rock can
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likely be attributed to differences in large-scale bathymetric variability. Duck is approximately
alongshore-uniform and smooth. In contrast, China Rock has alongshore bathymetric variability
on scales of 100s of meters that likely impact and steer the subtidal flow at some ADCP locations.
For example, at BO4 the nearby 20 m depth contour is angled with respect to y-direction over
approximately 200 m alongshore and large pinnacles are present just onshore and to the north
and south (figure 2.1), which likely steered the flow off the alongshore direction leading to
|GI§T| = 63°. Note that the DU and SD ellipses are similarly oriented at BO4 and other locations
(figure 3.2), consistent with bathymetric steering.

Offshore of & > 22 m depth, the aspect ratio of the subtidal principal axes ellipse
UI?]};] / U;f'nTn (figure 4.1b) are similar, 6.5 at Duck and 6.7 at China Rock, indicating similar flow
polarization. Farther onshore, U;ZJ / Urﬂl increases to a maximum of 10 at 4 = 8 m for Duck and
decreases to a minimum of 1.9 at 4 = 9.6 m for China Rock. Thus, the subtidal depth-averaged
circulation is far more polarized at Duck than at China Rock. The onshore decrease of Urfgj / Ulﬂl
at China Rock is likely due to the presence of bathymetric variability at 100+ m scales. This

would not only steer the major axis of the subtidal flow, but also allow for less polarization as the

subtidal depth-averaged flow veers with changing forcing.

4.2 Subtidal Linear Drag Coefficient

The estimated subtidal linear drag coefficient r¢ (figure 3.4) across locations at China
Rock is compared to previously reported ry for sandy inner-shelves. The method of estimating of
ry here is similar to that used in previous where a balance between the depth-averaged alongshore
current and alongshelf wind-stress balance in the subtidal band is assumed.

In Lentz and Winant (1986), an ry = 5 x 10~% ms~! was estimated with R? = 0.46 at
15 m water depth within the Southern California Bight. On the North Carolina inner shelf, the
estimated ry ~ {2.7,3.2,3.6} x 10~* ms~! in water depths of 21 m, 13 m, and 8 m, respectively

with R? =~ 0.55 (Lentz et al., 1999). On the San Pedro CA inner-shelf in 10 m water depth,
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the estimated ry = 2.6 x 10~* ms™! with R* = 0.3 (Kumar et al., 2015). At China Rock, the
offshore (24—13 m water depth) region has ry ~ 6 x 10~*, 2-3 x larger than on the North Carolina
inner-shelf, but only slightly larger than that in 15 m depth in the Southern California Bight. At
China Rock, in water depths between 8—12 m, the r; largely varies between 1-1.25 (x 1073)
with R? = 0.5. These values are 2.5-5x larger than those of the North Carolina and San Pedro
CA inner-shelves. This further indicates that bottom stress is strongly enhanced in these water
depths on a rocky inner-shelf.

We examine the larger China Rock linear drag coefficient relative to sandy inner-shelves
by relating variations in 7y to the observed spatially-averaged bottom roughness kems. The China
Rock bathymetry is detrended with a 20 x 20 m? plane yielding a perturbation depth /(x,y). The
bed roughness kms(x,y) is estimated as the root-mean-square of /' over the 20 x 20 m? square.
The spatially averaged ks at each ADCP is then estimated by averaging kyms(x,y) over a 50 m
in x and 150 m in y rectangle centered at each location. The kms at ADCP locations varied from
0.73-0.94 m. Results did not qualitatively change with different averaging rectangles. The linear
bottom stress formulation,

™ = prp®T, (4.1)

can be related to a quadratic stress formulation,

™ = pCp(|up|vp), (4.2)

where Cp is a non dimensional drag coefficient, (u,v},) are near the seafloor but above the bottom
boundary layer and () represent a time-average over the sea-swell band. In wave dominated
environments, a weak current and small wave angle approximation (e.g., Feddersen et al., 2000)
leads to

where U, is the standard deviation of near-bed wave velocities, and Cp includes an O(1) factor
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Figure 4.2. r//(Usms) versus kums/h at ADCP locations. Location ID indicated by text and depth
by color. Only locations in the offshore and midshore that had wave measurements required to
estimate (Uynys) are included. Outlier locations BO4 and E12 are not filled. Squared correlation
R? and best fit slopes between non-outlier locations (filled markers) indicated in bottom right.

accounting for averaging over the random waves. At ADCP locations that sampled pressure
sufficiently rapidly, we use linear theory to estimate time series of Uy 1n the sea-swell band
(Marques et al., 2024). This is then averaged over the experiment duration to get a representative
measure wave orbital velocity magnitude (Upys), which varied from 0.1-0.24 ms~! across
ADCEP locations, generally much larger than Urfgj indicating the weak current approximation is
reasonable.

In geophysical boundary layers, Cp can be related to the bed roughness normalized by
water depth ks /h (e.g., Tennekes and Lumley, 1978; Lentz et al., 2016). As Cp is proportional
to 77/{Ums) in wave dominated environments (4.3), we examine the relationship between
rf/(Urms) and kems/h (figure 4.2) to test the hypothesis that the enhanced bottom roughness is
leading to increased bottom stress.

For most locations, a relationship between ks /# and rr/(Urms) is evident (figure 4.2),

where increasing ki /h leads to increased drag coefficient 17/ (Urms) With squared correlation

of R = 0.71. Two locations (B04 and E12) are outliers with rr/(Umms) greater than the kems /1
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Figure 4.3. (a) Bathymetry at China Rock with white box showing the width W and cross-shore
headland amplitude A of the bay. Instrument locations in the near-bay (B11,B13, and B15)
denoted with white text. (b) Slope from figure 3.5 u>T /u>T versus the inverse of bottom depth
h~! at locations in the near-bay. Squared correlation R* and best fit slope indicated in bottom
right.

would suggest at the other locations (figure 4.2, unfilled circles). Both BO4 and E12 are located
near strong bathymetric variations at 100+ m scales (figure 2.1). As previously mentioned, at
B04 the bathymetry contours are tilted with nearby large-scale pinnacles, leading to steering.
Location E12 is located in a bathymetric canyon with shallower depths to the north and south,
and is also an outlier in the midshore with R* = 0.3. A requirement to estimate ry is that the
alongshore momentum balance is a balance between wind stress and bottom stress. At these
locations, likely other terms such as nonlinear advection may dominate. The overall linear

relationship between ry/(Urms) and kims/h suggests that the enhanced bottom roughness elevates

the bottom stress.

4.3 Wave-driven subtidal circulation in the near-bay

At a depth of & = 5.2 m on the sandy, alonshore-uniform shoreline of Duck NC with
similar wave conditions ((H;) = 0.9 m, oy, = 0.5 m), the observed depth-averaged subtidal
offshore flow #5T balanced expected onshore Stokes-drift flow uiT with very high skill R = 0.94

and a best-fit slope of ~ 1 (Lentz et al., 2008). This is in contrast to in the near-bay at China
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Rock (h = 8.9,4.8,3.1 m) and ((Hy) = 1.1 m, oy, = 0.4 m), where the the skill was also
high R = 0.82-0.90 but the best-fits slopes were much larger ranging from 3-7.4 (figure 3.5),
indicating the offshore velocity in the center of the bay is greater than implied by Stokes-drift.
The increased best-fit slopes suggest that another, unaccounted for factor increases u relative to
u,, likely bathymetric effects from the embayment. These bathymetric effects seem to depend

ST / quVT

on depth, as u increases as locations get shallower at each location in the bay (figure 4.3b).

Circulation in embayments can be diagnosed using a parameter Ry,,y (Conlin et al., 2024),

kh

A/—W’ 4.4)

Rbay =

representing a ratio between wave refraction and bay geometry effects. The bay’s geometry
is quantified by it’s alongshore width W and cross-shore headland amplitude A (figure 4.3a),
and depth 4 is taken near the alongshore-center and offshore edge of the bay. Wave conditions
are accounted for using the wave number k which is calculated using linear wave theory. For
very large values of Ry,y, circulation is expected to resemble that of a more alongshore uniform
shoreline. Smaller ki (more refraction) or larger A/W lead to smaller Rpay, for which different
circulation can be expected due headland wave focusing. At China Rock, we estimate the bay
width W = 200 m as the alongshore distance between the most offshore location of the z =0 m
contour on both sides of the bay (figure 4.3a). The headland amplitude A is estimated as the
distance from the most onshore location of the z = 0 m contour to most offshore extent off the
z =15 m contour where the shape of the bay can still be seen. At China Rock, an Ry, = 0.63 was
observed using deployment average k estimated at B11, a depth 4 =9 m, width W = 200 m, and
amplitude A = 275 m. This is very similar to a nearby rocky shoreline Asilomar (Conlin et al.,
2024), which featured a Rp,y = 0.6 using a depth 7 =4 m, width W = 200 m, and amplitude
A = 150 m. Surface circulation in this embayment was dominated by a rip current at the center
of the embayment with alongshore feeder currents emanating from both headlands forced by

wave focusing and breaking on the headlands. Based on the values of Ry, it’s very likely that
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similar processes are occurring at China Rock resulting in the larger u in the bay.

4.4 Tidal velocity attenuation and phase shift

We now compare the alongshore tidal currents on three different types of shorelines. On
the sandy inner-shelf of Duck NC at depths & = 8-26 m, tidal current principal axes ellipses and
phase shifts for semidiurnal (M2) and diurnal (combined K1/P1) tide constituents were estimated
(Lentz et al. (2001) table 1. and table 2a-b.). On a fringing coral reef shelf on the western coast
of O’ahu, Hawai’i, attenuation V /V}y and phase shift A® of alongshore depth-averaged currents
in relation to the semidiurnal tide is examined at depths 7 = 6-24 m (Amador et al. (2020) figure
9.). We compare these observations on both sand and coral reefs to the portion of the B line
that spans similar depths from B10 (2 = 9.6 m) to BO2 (h = 24.5 m). While depths are similar
across all three shorelines, the cross-shore width at Duck is significantly wider at ~ 20 km when
compared to the narrower widths of ~ 600 m on O’ahu and at China Rock.

In Amador et al. (2020), attenuation V /Vp = 1/ C? 4 C3 and phase shift A® = tan~1 C; /C,
are estimated from the linear least squares fit of a sinusoidal function v = C; sin® + C; cos @
to the depth-averaged alongshore current. We will define a similar attenuation V /Vj at each
location at China Rock and Duck as the ratio Up,j/|Umaj| Where Up,; is taken at each instrument
location and |Up,;| is the maximum observed velocity in the direction of the major axis for each
shoreline.

In the diurnal band at China Rock, an onshore decrease is observed from V /Vy = 1 at
B02 (h =24.5m) to V/Vp = 0.2 at B10 (A = 9.6 m). This is in contrast to Duck an onshore
increase is observed from V /Vp =0.5ath =26 mto V/Vy = | at h = 8 m. Phase shifts were
slightly larger across the same depths at 32° for China Rock versus 23° at Duck.

In the semidiurnal band, an onshore decrease in V /V} is observed at all three shorelines.
At Duck and on O’ahu, V /Vy = 0.5 at depths of 7 = 8 m and & = 6 m respectively. China Rock

once again has a larger decrease with V /Vy = 0.2 at h = 9.6 m. Phase differences are compared
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across a smaller range of depths as phase estimates at BO8 and B10 at China Rock did not
have corresponding magnitude-squared coherence that was significant at the 95% confidence
level. At China Rock (B02-B07,h = 24.6-13.4 m) and at Duck (h = 26-14 m) very similar phase
differences of 15° and 14° are observed. On O’ahu (h = 24-14 m), a larger phase difference of
30° is observed.

In both the diurnal and semidiurnal bands, China Rock has a larger attenuation of
alongshore tidal velocity when compared to a sandy shore (Duck) or coral reef (O’ahu). This
larger attenuation can likely be attributed to enhanced bottom roughness. At scales from 4 m to
20 m at China Rock, our estimated ks = 0.75 m. In contrast, at scales from 4-16 m on O’ahu,
the Amador et al. (2020) bed roughness was ~ 0.1 m. Phase differences between currents does
not seem to be affected by bottom roughness with the largest shifts being seen on O’ahu while

the shifts at Duck and China Rock were generally very similar.
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Chapter 5

Summary

The variability in the depth-average circulation at China Rock primarily occurred on sub-
tidal, diurnal, and semidiurnal time scales. Between the three regions defined (offshore,midshore,
and near-bay), the offshore and midshore regions were found to have distinct circulation differ-
ences from the near-bay region.

In the offshore and midshore, circulation was primarily driven by along shelf wind stress
on subtidal time scales and the barotropic tide on tidal time scales. Across all three frequency
bands, principal-axes ellipses were oriented alongshore/along bathymetry with an onshore decay
in Upyj size due to the effects of strong bottom friction. Diurnal Ur]r?g was largest followed by
subtidal U %and semidiurnal U332

Bottom friction in this region was estimated using a linear drag coefficient ry estimated
from a balance between depth-averaged alongshore subtidal currents v5T and wind stress TyST.
The values of r; at China Rock increased onshore and were found to be larger than those values
estimated for sandy inner shelves. Ratios between linear drag and near-bed wave velocities
rf/{Urms) were found to be related to the ratios of spatially averaged roughness and depth kyms /A
at each location. At most locations, higher drag coefficients r; were seen at locations with
reduced depth / and/or increased spatially averaged roughness kpms.

Due to the increased bottom friction, subtidal circulation at China Rock was found

to differ from a representative sandy shoreline of Duck, NC for similar depths (2 = 8-26 m).
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Principal axes ellipses at China Rock featured smaller major axes UI;Q’EJ that decay onshore

which is in contrast to Duck which featured larger UST

maj that strengthened onshore. Aspect ratio

Urfgj UrfnTn was also smaller at China Rock and decayed onshore compared to Duck which saw
larger Urig] / Urfl};l that increased onshore. Principal angle |6,| was alongshore oriented on both
shorelines, however China Rock saw significantly more variability in |6,| than Duck.

Tidal circulation is also affected by bottom roughness with attenuation of alongshore
tidal currents being greater than what has been observed on a representative sandy shoreline and
coral reef. Phase differences between alongshore currents do not seem to be affected by bottom
roughness with the largest shifts occurring on a coral reef while the shifts on a sandy shoreline
and rocky shoreline were generally very similar.

In the near-bay region, principal axes ellipses were cross-shore oriented and Uy, was
largest in the subtidal band with much smaller values in the diurnal and semidiurnal bands.
Cross-shore currents in this region were driven by Strokes drift from surface gravity waves
consistent with what was observed at Duck for similar depths. However, cross-shore currents at

China Rock were larger than Stokes drift would suggest. The geometry and wave conditions off

the bay at China Rock are are comparable with Asilomar, a nearby rocky bay.
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