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TILT CURRENT METERSIN THE SURF ZONE:
BENCHMARKING UTILITY IN HIGH-FREQUENCY OSCILLATORY FLOW

Katherine Anardkand Jens Figlds

Abstract

Tilt current meters (TCMs) are a low-cost way of swéng stationary current velocities in coastal exsit In the
nearshore environment, the combined influence ofewawave breaking, and currents add complexitytht®
instrument response. This study explores the wblitTCMs in measuring near-bed flow velocitieslie surf zone on

a wave-dominated coast where turbulent bores, wsetup, and alongshore currents dominate surf zone
hydrodynamics. Initial field studies suggest th&Ms can be used to measure alongshore (low-frequencyents
during low wave energy conditions using standdtedispeed calibration methods. Additionally, TClisn resolve
orbital wave motiortshowever, experiments within a controlled environinare needed to improve transfer function
estimates relating tilt to velocity in highly enetig oscillatory flow.
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1. Introduction

TCMs are designed to measure marine currents iordance with the drag-tilt principle: within a
stationary current flow, a tethered object will expnce a tilt induced by the force balance of launzy,
drag, and mooring tension. Local current velocitgncthen be related to tilt either by analytic
approximation or empirically by comparison withederence measurement. TCMs have been successfully
deployed to measure unidirectional flows in rivarsl slowly oscillating flows in tidally influencdabdies

of water (Marchant et al., 2014; Lowell et al., 30Radermacher et al., 2015). In these studied) hig
frequency signals associated with wave motion,ulerce, and vortex shedding are removed either by
averaging or through the use of low-pass filtemsthie nearshore environment, TCM motion may cease t
follow the stationary (or semi-stationary) currehte to the added influence of orbital wave velesiti
Therefore, the utility of TCMs in measuring currémtthe presence of waves, or conversely orbitaleva
velocities atop a stationary current, is continggmdn a clear understanding of the instrument faqu
response for a range of wave conditions. If sudabgsalidated for use in the nearshore, TCMs coboé
used to enhance the spatial resolution of fiel@#tigations, or to reduce the financial impactstriument
loss in high-risk environments given their relalvi®w cost compared to other current meters.

The objective of this study is to investigate tliity of TCMs in measuring near-bed flow velocgien
shallow water (0.5 — 2.0 m) and high-frequency ltoiry flow. New field observations are presented
relating TCM and co-located acoustic Doppler vetwtier (ADV) measurements within the inner surf
zone on a wave-dominated coast during low and nabelewave energy conditions. Data analysis
techniques are discussed in Section 2. Results figlth studies are presented in Section 3 and th&n
into context of ongoing flume studies in Section 4.

1.1 Instrument Design
The TCMs used in this study are a prototype debighowell Instruments for use in shallow water. The

instrument consists of a buoyant ellipsoid floatreunding a three-axis accelerometer and three-axis
magnetometer within polyvinyl chloride housing. Tie¢al mass of the TCM is 233 g and the total langt
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(minus tether) is 23 cm. The TCM was initially calibrated by the manufacturer in a tow tank to empirically
relate tilt to flow velocity. The instrument was anchored using an approximately 5-cm long tether and
towed through fresh water in a series of tests with speeds ranging from 0 m/s to the tow tank maximum of
1 m/s. This data was corrected for salt-water density, low-pass filtered, and averaged to produce a tilt-to-
speed calibration curve. The calibration curve was extrapolated beyond 1 m/s to the estimated maximum
velocity of 2 m/s, which corresponds to a 90-degree tilt (Nick Lowell, personal communication).

Instrument mounts used in this study were optimized over a series of tests to minimize issues caused by
scouring, sedimentation, and overturning. The final design consists of the TCM anchored to a low-profile
concrete base plate via a spliced nylon tether rope, which is secured underneath the mount by a shackle. A
pressure transducer is mounted to the side of the base plate to track submergence of the instrument and
measure wave conditions (Figure 1).

Figure 1. Schematic of the instrument pod design consisting of a moored tilt current meter (TCM) and side-mounted
pressure transducer (PT).

1.2 Field site and data collection

Data were collected over two deployments representative of low and moderate wave-energy conditions at
Galveston Island State Park, Texas, U.S.A. This portion of the upper Texas Gulf coast is a wave-dominated,
micro-tidal environment with a semi-diurnal tidal regime and mean tidal range of 0.35 m (NOAA, 2017).
Galveston Island State Park is a low gradient (8 = 0.008 — 0.011), dissipative beach characterized by
several pronounced bars and troughs composed of very fine sand (ds, = 0.13 mm) (Rogers and Ravens,
2008) The dominant wind and wave direction is from the SSE, resulting in an alongshore current directed
to the W and SW. However, shifts in direction of the alongshore current towards the E and NE due to local
changes in wind and wave direction have been observed as well. During the winter months, cold fronts that
pass through the region can generate dramatic increases in wind speed (>10 m/s) and rapid shifts in wind
direction (180 deg). These events are characterized by a pre-frontal phase of high-energy southerly winds
followed by a rapid shift to winds from the N or W after the passage of the cold front (Carlin et al., 2016)

Instrument setup, measurement location, and data collection parameters were consistent between
deployments. Accelerometer (TCM), velocity (ADV), and pressure observations were logged continuously
at 16 Hz. The ADV/TCM instrument pairs were situated between the beach step and the first sand bar with
approximately 1 m of separation. While only a single pair of instruments is discussed here, 7 instrument
pods were deployed in a cross-shore array extending ~100 m into the surf zone during both deployments.
The ADVs were mounted downward looking on a temporary scaffold frame with the sampling volume
located approximately 25 cm above the bed.

2. Data Processing and Analysis

The results in this paper were produced from 32,768 continuous samples (~34 min) recorded over a single
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tidal cycle within one hour of high tide. Over thime, the data are considered stationary as clsaimge
water levels, due to the influence of tidal ostitlas, and wave statistics were small. Potentialccurate
individual ADV velocity estimates were identifiecbofn low along-beam signal-to-noise ratios (SNR) and
low along-beam correlations. The coherence betvpeessure and orbital wave velocity time serigg)(C
over the wind sea-swell frequency band (0.07 «0.85 Hz, Figure 2) was additionally used to idfgn
corrupted sample windows (Elgar et al., 2005). AB&/ quality control thresholds used for data rej@ct

in this study were £ < 0.9, SNR < 10 dB, and along-beam correlatio62%.

TCM accelerometer measurements were convertell &mgle for each discrete timeas

— -1(_4 "%
B(n) = cos (||a||||a0||) @)
with adjustment for non-zero acceleratia) at rest (Marchant et al., 2014). Tilt measurermevere then
screened for potential corruption by detritus, figltbulence, and partial submergence during passtg
wave trough. The TCM quality control proceduresedeped for this study utilize the probability degsi
of the “whitened” data record to detect departdrem stationarity. If it is assumed that the ~34rtilt
time series was generated by an autoregressiveggpoc

Xn = Z?l:l aj Xn—j + Mn (2)

wheren,, is white noise, then the Yule Walker equationslpamised to estimate the coefficiemtsrom the
power spectrum. The coefficients are incorporated ihe design of a finite impulse response (FiRrf
of N terms, which when convolved with the original tisexies gives the “innovation” &f,,

Mn = Xn - 7:1 a; Xn—]' . (3)

This new series approximates white noise, meatagit represents the residual signal that issttedilly
independent from the preceding time series (Kleama Martin, 1979). A robust weighted least-squéites
to the mean of the whitened time series is usadasify outliers as samples that differ from theam by
more than three standard deviations. This methfieisodn improvement over traditional outlier detatt

0.09 = Snn.,
== onn

Test 1

0.08

0.07

0.06

0.03

0.02

Wave power spectral density (m?/Hz)

0.01

Frequency (Hz)

Figure 2. Wave power spectral density for Test urrémt-dominated regime) and Test 2 (wave-dominagggine)
labeled with the lowI(. = 0.07 Hz) and highH, = 0.85 Hz) cutoff frequencies chosen for this stuflye sea-swell
(L. < f < H,) significant wave heights calculated for Test 1 dedt 2 were 0.25 m and 0.46 m for a mean water
depth of 0.86 m and 0.88 m, respectively.
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algorithms tested on TCM tilt data (e.g. density anedian filters) in that outliers are down-weighte
when estimating the mean and standard deviatisnjtieg in improved retention of “good” data. Fdlta
runs (~34 min windows) were rejected if the meanewalepth, derived from the hydrostatic pressure
recorded by the collocated pressure transducerlesaghan 0.2 m above the TCM.

Outliers identified in the TCM and ADV time seriggre replaced with interpolated values using a
cubic Hermite spline. When utilized, zero-phase -fuags filters were applied to each orthogonal
component of acceleration (TCM) and velocity (AD3€parately, as each is a vector quantity.

Pressure measurements were corrected for locaticars in atmospheric pressure and then transformed
to wave power spectra using a robust power sped#asity (PSD) estimator, discussed below. Water
surface elevation spectra were corrected for deftdnuation of the pressure signal using linearewav
theory and poro-elastic theory to account for Busfathe pressure sensor (Raubenheimer et al.,)1998
Wave statistics (wave height and period) were daled for the infragravity (0.005 £< 0.07 Hz) and
wind sea-swell (0.07 £ < 0.85 Hz) frequency bands for both deploymente figh frequency cutoff of
0.85 Hz was selected by finding the last local mimin in the attenuation-corrected elevation spectra
before rising to infinity at this location, the pressure signal was at least three orders of magnitude higher
than the instrument noise floor and the frequenag W times greater than the peak frequency (Smith,
2002; Jones and Monismith, 2007). To remove tidghals from the data, the lower limit of the
infragravity band was set to 0.005 Hz. The uppmitlof the infragravity band was chosen based en th
observed separation of energy between the incidamt band at 0.07 Hz (Figure 2).

Current velocity and wave power spectra were geéedrasing an adaptive sine multitaper PSD
estimator (Barbour and Parker, 2014). This methiodva the number of tapers to vary with spectraph
resulting in resolution and accuracy that variethwiequency. The resulting spectral estimate gield
significantly lower variance and enhanced resotutiblow frequencies in comparison to less soptatgd
windowing methods (e.g. Welch’'s method). Beforeinesting the spectrum, time series are linearly
detrended and then prewhitened (described aboim) asi” order FIR filter to minimize spectral leakage
(Kleiner and Martin, 1979). Frequency resolutiord aimcertainty (one-standard deviation errors) are
estimated from the number of degrees of freedoni¢chwis twice the number of tapers employed. The
smoothness of the PSDs presented herein is noésiét of ad-hoc post-processing but rather a podi
the optimal variance reduction achieved by bandwattaptive averaging of many tapers.

3. Results
3.1 Current dominated regime

The goal of the first field study (“Test 1”) wasdfeld: 1) to assess the performance of the TCMthén
surf zone during a current dominated regime (lowitat wave velocities, spilling breakers), and 2)
evaluate the influence of tether length on meastitedTest 1 occurred on October 8-9, 2016 during
relatively low wave energy conditions: the sea-$wWélss) and infragravity significant wave heights
(Hiny) at high tide, for a mean water depth of 0.86 m,ew@25 m and 0.09 m with peak periods of 6.6 s
and 34.7 s, respectively (Figure 2). The maximurd #8n mean alongshore (SW), cross-shore, and
vertical current velocities recorded by the ADV wéx.33, 0.16, and 0.10 m/s, respectively. The maxim
instantaneous horizontal velocity recorded durifgs twindow was 0.78 m/s. Preliminary field
investigations revealed that sediment accumuladitmp the concrete pad over a single tidal cyclddcou
exceed 5 cm within the inner surf zone, renderirgECM immobile. To accommodate sedimentation and
settling of the mount, the tether length was exteinth 11.5 and 14.5 cm, as measured above theatencr
pad. Upon retrieval of the instruments on Octohde$s than 3 cm of sediment had accumulated atolp e
pad.

The coherence (the magnitude of the normalizedsespsctrum) between TCM tilt and ADV speed is
greater than 0.90 below 0.01 Hz for both TCMs with shorter tether slightly outperforming the longe
tether (Figure 3). A sample density plot of tilrses speed, shown for the 11.5 cm tether in Figéxe
reveals that the data are well described by theufaaturer supplied tilt-to-speed calibration curWhen
both time series are zero-phase low-pass filtetzechér frequency = 0.04 Hz), the trend deviatemftbe
calibration and becomes more linear (Figure 4B4@y However, for the 11.5 cm tether, the calilorati

926



Coastal Dynamics 2017
Paper No. 050

- E100
. L 50
0.8 C
E o o
0.6 \ .
o . \ C o
> 3 --50 &
] ! 3 <
. + o
0.4 T\~ o 5
] VAT C-100
AN r
0.2 1 v\ C
; ~_ ~ | E-s0
q —Tom1@15em) VWb
1 — —TCM-2 (14.5 cm) W\
0 — T ——— T ——— - 200
10° 102 10" 100

Frequency (Hz)

Figure 3. Coherence’,) and phase between TCM tilt and ADV speed duringt Te(current dominated regime) for
tethers of two different lengths: 11.5 and 14.5 &pectral estimates are from ~34 min long timeesesit high tide
sampled at 16 Hz with ADV (TCM) maklo = 1.85E-01 m/s (3.26E+02 deg) and ntihd = 1.00E-06 m/s (1.83E-
03 deg) errors.

curve still crosses the data in the area of thadsgdensity of low frequency measuremefts: (15, v =
0.33 m/s). Using this calibration curve, tilt wasneerted to speed and then decomposed into alorggsho
and cross-shore components using the magnetomeseling and strike of the coastline. Figure 5 shows
that TCM and ADV velocity spectra are highly coh&ref%lA > 0.95) for the 11.5 cm tether below 0.015
Hz in the alongshore direction with a constant phasar zero.

The standard model for the transfer functi@n ((f)) where output is linearly related to input, buthwit
additive noise, is given by

Stem(f) = Rra(f) Sapv(f) +1 (4)

whereS;q and S, are the complex Fourier coefficients of the TCM &DV signals, respectively, and

n is uncorrelated noise in the TCM record. This nhasl@nly applicable if the ADV record is assumed
noise free, which is plainly inappropriate for tBavironment tested here. However, in the alongshore
direction the coherence approaches unity at vewy flequencies, which implies that if (4) holdsis
negligible. Thus, in this range, the modulus of titamsfer function is given by the gain: for= 0.004 Hz,
Y#,4 = 0.9851, andRr,| = 0.8234.
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Figure 4. Density plots of TCM tilt versus ADV spegédring Test 1 (current dominated regime, ~34 mindew at
high tide). Panel A: all frequencies (11.5 cm tetlemgth only). Panel B: low frequenciebl ¢ c¢cm tether length;
corner frequency = 0.04 Hz). Panel C: low frequen(ié.5 cm tether length; corner frequency = 0.04 Hz).
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Figure 5. Velocity power spectral density, coheegmhase, and gain (transfer function amplitudéyéen TCM and
ADV alongshore and cross-shore velocity componduatig Test 1 (current dominated regime). Tilt wasmsformed
to velocity for both TCMs (11.5 and 14.5 cm tethesjng the manufacturer supplied calibration cuiSpectral
estimates are from ~34 min long time series at lidghsampled at 16 Hz with ADV (TCM) maxlo = 3.43E-01 m/s
(2.37E-01 m/s) and mitt1o = 1.32E-06 m/s (4.15E-07 m/s) errors.

Coherence is also high for the peak that appedrsifrequency range 0.08 — 0.20 Hz in the crossesh
component, which is associated with incident sealiswaves. Here, the longer tethe,r%z(ﬁ 0.8598)
slightly outperforms the shorter tetheyr%&l = 0.8441) in capturing orbital wave velocities.eTjprominent
peak in the TCM spectrum in the band 0.5 — 1.0 $linferpreted as an instrument resonance since it
clearly diverges from the ADV spectrum as it apptes its noise floor. This peak is of nearly equal
amplitude for both components of TCM velocity, aindthe cross-shore direction it is of nearly equal
amplitude to the incident wave peak.

3.2 Wave dominated regime

The goal of the second field study (“Test 2") wasabserve the performance of the TCMs in highly
oscillatory flow where orbital wave velocities sags alongshore current velocities. Test 2 occuored
November 17-18, 2016, during the pre-frontal phaka cold front. At high tide, winds from the SSE
exceeded 6 m/s witHgs = 0.46 m {}, = 5.89 s) and{;,, = 0.12 m (;, = 37.9 s) for a mean water depth of
0.88 m (Figure 2). The maximum ~34 min mean aloagshNE), cross-shore, and vertical current
velocities recorded by the ADV were 0.39, 0.48, ah@2 m/s, respectively. The maximum instantaneous
horizontal velocity recorded during this window whg4 m/s. The 14.5 cm long tether was employed for
Test 2 as it was hypothesized that the effectivgtle of the tether would be substantially reducgd b
sediment accretion atop the mount. This was sutigtad by an observed accumulation of ~3 cm within
an hour of deployment (3 hours prior to high tid&hen the instruments were inspected the follovdag

10 cm of sediment had accumulated atop the conpeatehowever the mobility of the TCM did not
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Figure 6. Coherencey$,) and phase between TCM tilt (14.5 cm tether) andVAdpeed during Test 2. Spectral
estimates are from ~34 min long time series at hidghsampled at 16 Hz with ADV (TCM) maixlio = 2.89E-02 m/s
(9.26E+1 deg) and mitt1o = 4.69E-06 m/s (2.44E-02 deg) errors.

appear impaired. It is unclear if the total chaimgbed level occurred continuously over the deplegtror
if it was the result of a few large waves.

The coherence between TCM tilt and ADV speed dufiegt 2 was less robust than Test 1 with<
0.71 below 0.01 Hz (Figure 6). While the densitgtpif tilt versus speed shows clustering of dataad
the manufacturer calibration curve for all frequesdFigure 7A), the low-pass filtered data revbat tilt
measurements for low frequency signals correspdtidhigher velocities than predicted by the calilona
curve and show less variance than observed durdsy T (Figure 7B). This lack of correlation at low
frequencies is also observed in the alongshpfg € 0.77) and cross-shore spectyé,(< 0.55) below
0.015 Hz (Figure 8). Phase increases from 0 degvéksa linear slope (when plotted on a linear pxis
to ~0.05 Hz in both the cross-shore and alongsthioeetions.

Again, coherence is relatively high in the crossrshcomponent in the incident sea-swell wave band
0.08 — 0.22 Hzy2, = 0.8621 forf = 0.163 Hz, which is a slightly higher peak frenoe than that
measured by the pressure transducer (Figure 2)twiaignals are out of phase by -20 degrees dwer t
band with a gain near unity. The peak power withimincident wave band during Test 2 is over dotiide
magnitude of Test 1 (as recorded by the ADV) thuppsrting the relative classification of the two
deployments as moderate and low wave energy evestxctively. Beyond 0.22 Hz, the coherence
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Figure 7. Density plots of TCM tilt versus ADV speédring Test 2 for the 14.5 cm tether. Panel Afr@ljuencies.
Panel B: low frequencies (corner frequency = 0.04 Hz
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Figure 8. Velocity power spectral density, cohegermphase, and gain between TCM (14.5 cm tether)A@d along-
shore and cross-shore velocity components durirsg ZeTilt was transformed to velocity using thenu@cturer
supplied calibration curve. Spectral estimatesfiam® ~34 min long time series at high tide sampéd 6 Hz with
ADV (TCM) max+1c = 5.60E-02 m/s (5.35E-02 m/s) and mific = 5.55E-06 m/s (2.04E-05 m/s) errors.

plummets as the TCM resonance oscillation at ~b¥&rtakes the linear instrument response. The power
of this oscillation (0.9731 (m/AHz) surpasses that of the incident wave signatucagd by the TCM
(0.3725 (m/syHz).

4. Discussion and Future Work

A prototype TCM for use in shallow water was testedhe surf zone during low and moderate wave
energy conditions. In the current dominated regifiest 1), TCM tilt was highly coherent with ADV s
(Figure 3), with a near linear trend observed betwtit and speed fgf < 0.04 Hz (Figure 4). When tilt
was transformed to alongshore velocity using theufecturer supplied preliminary calibration curtiee
coherence approached unity for the 11.5 cm tethereas the 14.5 cm tether was slightly less coheren
(Figure 5). The cause of this discrepancy is visiblFigure 4C: the small increase in tether ler{@thm)
decreases the tilt for the same speed at low fredes. While this result is not entirely surprising
illuminates the need for a clear understanding ®f Isediment accumulation atop the instrument mount
affects the effective tether length. This couldadaeomplished by collocating the TCM with a bed-leve
sensor that can track elevation changes throughiowgvent. Appropriate tilt-to-speed calibrationves
will need to be developed and tested for tethegtlensuitable for applications where substantidtlesel
changes are expected.

TCM motion is influenced by orbital wave velocities evidenced by relatively high coherence over th
incident wave band during both deployment$,(~ 0.86, Figures 5 and 8). However, it is uncleahé
single tilt-to-speed curve is an appropriate metbbdtalibration in high oscillatory flow. The lackf
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coherence between tilt and speed during moderate waergy conditions (Test 2, Figure 6) may be the
result of noise, the relative strength of the restnTCM oscillation (potentially driven by vortex
shedding), inertia of the instrument, spatial Jaitiy of currents and waves in the inner surf zone
localized turbulence, or bed level changes (amahgrs). The location and water depth chosen fon bot
studies make it particularly challenging to isoléite sources of this incoherence as this envirohnsen
exposed to a range of hydrodynamic processes:affsttirected flow (undertow), orbital wave veloeg]
alongshore currents, and turbulent bores.

The results of these initial field studies suggkat TCMs can be a useful tool for measuring albongs
(low-frequency) currents in the surf zone during lvave energy conditions with appropriate calitmati
for variable effective tether length over the ceuof a deployment. For more energetic wave conutio
additional investigation on the utility of TCMs measuring orbital wave velocities, or converselgrent
in the presence of waves is needibis field study implies that further understargdof the TCM response
will require testing in a controlled environmenheTauthors will continue to explore the utilityDEMSs in
highly energetic and oscillatory flow using a mavieabed wave flume and three-dimensional wave tank.
If successfully validated, the TCMs will be usedpast of a rapid response instrument array desigoed
measure nearshore and overland flow dynamics areb#&lands during extreme storms.
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