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Abstract- Directional wave measurements in deep water
locations are intrinsically difficult to measure without the use
of a surface wave buoy. Traditional acoustic Doppr current
profilers do not have the appropriate data collecttn and
processing technique to be mounted on a subsurfadmioy.
Nortek developed the SUV wave data collection and@cessing
technique for measuring ocean waves from a subsuida buoy
using a Nortek acoustic wave and current profiler AWAC).
In 2006 Nortek initiated a collaborative experimentto validate
the SUV method and explore mooring performance by
deploying two Nortek AWACs on different shape subsidace
buoys offshore of Lunenburg Bay, Nova Scotia, Canad A
surface wave buoy was located nearby as an indeperd
reference. The AWACs were deployed from Septembeto
November 2006 and measured waves over 4 m in sigoént
wave height during three storms. The results indiate that the

acoustic surface tracking (AST), used to measure ne
directional wave properties, was a robust techniqueand
worked very well with the AWACs deployed on a substace
buoy. Greater than 99% of all AST measurements paed the
quality control checks (comparable to results froma bottom
mounted AWAC) and measurements of wave height and
period were in excellent agreement with the surfaceave buoy.
The wave directional estimates were in good agreemewith
the surface wave buoy, but indicated clear frequencbands
with increased directional uncertainty. An analyss of buoy
motion suggests that the frequencies of poor direicinal
estimates are coincident with the natural frequencyof the
mooring system. Guidance is offered to design a Issurface
buoy which has a natural frequency outside of the ave band
such that this technique may be used widely for ofhore
directional wave measurements.
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Figure 1. Test LocatiorEntrance of Lunenburg Bay, Nova Scotla. The ipBeto shows the test equipment (left to right):éDall Waverider (DWR), AWAC
in Sphere buoy with battery canister below, AWASUBS buoy



. INTRODUCTION

Long term directional wave measurements in deegrwat
environments (> 50 m depth) are intrinsically diffit to
achieve. Surface wave buoys may be damaged bmstor
ships, ice, debris and vandalism. Bottom mounfadges
are typically too deep to provide the directionasalution
necessary for research and commercial requiremente
ability to mount an acoustic Doppler current pmfiland
wave gauge on a subsurface buoy would permit the
instrument to be close enough to the surface fgin quality
wave measurements yet be removed from the danders o
exposure at the surface. Unfortunately, there been no
clear commercial off-the-shelf solution to date.

In 2005, a new wave processing technique, callesthv
method, was introduced for measuring ocean waves &
Nortek acoustic wave and current profiler (AWAC) unted
on a subsurface buoy [1]. The SUV method diffeosnfthe
traditional maximum likelihood method (MLM) array
approach of measuring waves from a Doppler profiler
because it permits the instrument to rotate dutiregwave
burst. This is a requirement for mounting therimstent on
a subsurface buoy.

In 2006, Nortek initiated a collaborative experimavith
Bedford Institute of Oceanography (BIO), Dalhousie
University, Open Seas Instrumentation (OSI), ancbiMa
Systems, Inc (MSI) to validate directional wave
measurements made from subsurface buoys. TwceeRort
AWACs were deployed on two subsurface buoys (spakri
and asymmetric shapes) next to a Datawell Direation
Waverider (DWR) wave buoy for independent reference
The deployment location was offshore Lunenburg Bay,
the eastern side of Nova Scotia, Canada, with epposure
to Atlantic Ocean waves coming from the South awrdtE
(Fig. 1). The total depth of the site was 32 nsetard both
buoys had a 12 meter mooring so they were at a mami
depth of 20 meters.

. METHODOLOGY

The approach discussed herein to solving this probbk
to apply a technique similar to the PUV technigubere we
replace the pressure data with the AST data andoetEm
interpolated horizontal velocitidg andV, vertically aligned
with the AST. This is depicted in Fig. 2. We shafer to
the method as “SUV”. Estimates bf andV are possible
since the AWAC is equipped with a compass andsditisor
which is sampled at the same frequency as the beam
velocities. Since the interpolation is carried out
instantaneously) andV estimates may be obtained even in
the presence of buoy motion.

Figure 2 AWAC pictured below the surface with theegrent measurement
cells and one AST measurement. Beam measuremertaresformed to U
and V for the SUV

The transformation from the along beam measurentents
(U,V) applies the standard formula for current proglin
instruments. The transformation assumes that wtgrare
uniform within the plane created by the three celihis
assumption is clearly not valid when measuring \sasece
the beam cells are spatially separated and theretioe
orbital velocities will not be the same at differecells.
However, the directional analysis does not needetkect
magnitudes ofU and V. From the definition of the
directional Fourier coefficients, it is easily sethat factors
multiplying U andV will drop out from the definitions of the
Fourier coefficients relations as long as the fectare
functions only of frequency and equal both &randV. In
the present case, the factors have this properteading
order.

The analyses of wave direction can thus be donegusi
simple PUV techniques, where P is replaced with ABd
U-V are measured close to the surface to accommodate f
the attenuation of orbital velocity of short waves.

A. SUV Estimation Technique

The SUV directional estimation procedure is a \@rsf
the standard triplet analysis utilizing surfacevateon and
horizontal velocity in a fixed point. We refer taakKma et al.
[5] for the derivation of the method, which assumees
directional spectrum of the form

E(f.g)=S( f) D(q. f)

The directional distribution is written as a Fouseries

1)

D(q,f):% %+ {a,cosng+h, sinm} , (2

n



and the triplet analysis produces estimates offitise two
pairs of Fourier coefficients,

CSU

SS(CUU +C\/V) ,
CSV

JCss(Cuy +Cy)

b (f) _ZRdCUV]
X =
CUU + CVV

WhereC.. are the cross spectra indicated by the indices;
and theS index corresponds to the AST and theand V
correspond to th& andY respectively.

Standard directional parameters are the frequency
dependent mean wave direction and directional simga
repectively:

a(f)=arctare(b(f ).a(1)), ™
s(f)=[2- (£, ®)

where I, = 1/a12 +b12 . The parameters may be averaged

over various frequency bands, or calculated at ghak
frequency f;) of the energy spectrum, as given by the AST
power spectrum. Hence, the peak wave direction is

Goeal f) =arctandb, ,)a (). )

al(f)-JC (3)

b (f)= 4)

(®)

(6)

lll. EXPERIMENTAL DESIGN

A. Mooring Description

Two subsurface buoy shapes were evaluated durieg th
experiment. The first system (now referred to @pHere”)
was an MSI 0.89 m (35 inch) symmetrical spheriaadyb
The Sphere buoy was made from syntactic foam with a
stainless steel internal frame to support the AWAThe
second system was an OSI asymmetrical submarineedha
buoy (now referred to as “SUBS”). The SUBS buogsw
made from a plastic fairing which covered an in&&iDelrin
support for the AWAC and two (2) 17" glass floabati
spheres. Both moorings were deployed with a 12abiec
and anchored to the bottom with an acoustic relataehed
to a single railroad wheel anchor. The total walepth was
32 m, which positioned the subsurface buoy nomyrizll m
below the surface.

The subsurface buoys also differed considerabiteims
of buoyancy. The Sphere had 215 kg buoyancy whike
SUBS had 45 kg of buoyancy. The buoyancy has

considerable influence on the different respons¢heftwo
mooring systems. The inset to Fig. 1 shows thesatiace
moorings on land prior to deployment.

B. Deployment Description

The equipment was deployed offshore Lunenburg Bay
(Fig. 1) on 7 September 2006 and recovered on 11
November 2006. This two month deployment was
scheduled to coincide with the deployment of th® Blave
buoy and represents a typically active seasorafgel waves
from tropical storms.

The two 1 MHz AWACs were configured to measure
current profiles every 30 minutes (25 cells at kach) and
measure waves every 1 hour (1024 sample wave burst
measured at 1 Hz, providing a ~17 minute bursatiom).
This 2 month deployment used about 675 Wh of pcamet
40 MB of memory on the AWAC recorder.

Ill. RESULTS
A. Buoy Motion

The Sphere had a tendency to rotate around moegy fre
than the SUBS. However, the rotation was at a gbaugh
rate that the compass was able to keep up withiatagion
and provide accurate measurements. There are taotala
suggest that the extra rotation of the Sphere saasy
problems with the directional wave measurements.

The Sphere had similar tilt for both the roll anticip.
Conversely, the SUBS was relatively stable forrthle(side
to side), but the pitch was larger during time ndéreased
wave energy.

The estimates of tilt are complicated by the faat tiquid
tilt sensors (as used by the AWAC) actually measare
combination of the instrument's tilt and horizontal
acceleration. This means that the measured tikady to be
overestimated as compared to the real tilt. Sdéipgréhese
quantities requires an additional multi-axis acaaigeter or
another manner to track the position. Wood et4gl Wwho
have demonstrated in similar mooring configuratitiveg the
tilt is mild and the measurement thereof can bebated to
acceleration.

B. Band Analysis
The AWAC data were compared to an existing DWR

wave buoy. During the two month test there wa$raet
week interruption of the data telemetry with the RWThe
raw DWR data were lost, but some processed spegtal
were logged in the DWR internal recorder. Thesea dae
not presented in this analysis. The coincidena dgtan a
little over 6 weeks for the comparison, which foe fpurpose
of the present study is sufficient (Fig. 3).



Figure 3 Standard wave estimates of significaatenheight (i), peak period, and peak direction from the SUBBel) Sphere (black) and wave buoy (red).

Both the AWAC and DWR used 64 degrees of freedom
for spectral smoothing. The processed data wettgeifiorm
of the energy density spectra and first four Faurie
coefficient spectra. This format of data allowed & band
comparison of both the energy and directional ests

The bands contain estimates of energy, mean directi
and spread. The directional estimates in each lzard
based on the energy weighted Fourier coefficienta.
complete description of the band analysis procedare
described in Ref. [2].

This type of analysis was limited to three peri@hdbs in
an effort to keep this report concise (Figs. 4-Bhe bands
used in this analysis are from 30-10 s, 10-7 s, &dds.
These three bands represent the majority of thee\eaergy
and were chosen based on issues with buoy respehidy
become clear in the directional analysis.

C. Acoustic Surface Tracking Performance

The AWAC uses the vertical center acoustic beam for
acoustic surface tracking (AST). The AST is used t
rapidly and accurately measure the distance from th
AWAC to the water surface as the primary methodtlfar
non-directional wave estimates (e.g. wave heightl an
period). More information about the use of AST Veave
measurements can be found in Ref. [3].

It was expected that potentially excessive subsarfaioy
motion or large tilt could lead to some AST error$he
AWAC wave processing software labels an AST
measurement as a “bad detect” if the estimate doepass
certain quality control parameters. When more thd¥ of
the AST samples in a single wave burst are consioked
detects”, then the AST data are deemed of pooiityuaid
they are not used for the non-directional estiméiteshis
case, independent measurements of pressure and
surface orbital velocity are used for the non-dimeal
estimates of wave energy).

The results suggest that the AST performed wehis 15
true for the entire two month test period, whichwsa
significant wave height (§l estimates of greater than 4 m
during 3 different storms. Both buoys had only tifsts
out of more than 1,500 bursts that were deemedisedble
because the AST had too many bad detects. Fd@ghere
buoy, 96% of the wave bursts had less than 1% A&I b
detects. For the SUBS buoy, 94% of the bursts laas
than 1% AST bad detects. Not only was the AST sofar
both systems, but it was also quite similar. lct,fthe AST
data quality was similar to traditional bottom mtaah
systems, confirming that the AST functions well r\an a
moving platform.

near



D. Wave Energy Estimates

A review of the gross estimates of, lduggest that there is
very good agreement between the subsurface AWA@s an
the surface DWR wave buoy (Fig.3). This means that
total measured energy is accurate. A more detailethod
of comparison would be to look at the estimates in
individual bands. A band analysis is often helpfitien
trying to identify issues associated in narrow lsaadd as
we will later see, it will help identify the chatadstic
response of the subsurface buoys. Figs. 4-6 shaivthe
energy estimates from the DWR and both the AWACS in
subsurface buoys had very good agreement.

E. Mean Direction Estimates

The mean wave direction from the Sphere and SUBS
buoy are given in Fig. 3. This figure indicateatttvhile the
bulk wave direction estimated by the SUV method was
similar to the reference direction from the DWR w&dwoy,
there was also a lot of noise in the data with mautyying
points. A closer look at Fig. 3 suggests that pesiimates
of wave direction are associated with particularveva
periods.

The directional spectrograms (Figs. 7-8), as welltte
three band estimates of mean direction (Figs. &&garly
shows that both buoys have well defined bands whale
poor performance and bands which have good perfurena
Figures 7 and 8 present spectrograms of the meaction,
which shows the distribution of the directionalimsites
over frequency for the length of the test. Theoindicate
direction, and for the most part show waves confmogn
south and south west. It is clear where the dopat
estimates are noisy — where the color is not ctersis Each
instrument shows two distinct bands where the toes
are noisy, a broad high frequency band and a natoaw
frequency band.

The directional spectrograms in Figs. 7-8 show Hwth
buoys had a band of directional noise which extenois
0.35 Hz and higher. This is the “cut-off” frequgniimit
established by the geometric positions of the rsesface
array used to measure current velocity for the ctimaal
estimates. This cut-off limit necessarily occurs fll
subsurface, upward looking Doppler profilers, arsd ai
function of distance below the surface. The higdgfiency
cut-off limit improves by moving into higher frequees as
the distance between the instrument and the surface
decreases.

The directional spectrogram for the Sphere buoy.(B)
indicates that there was a band of poor directional
performance centered at about 0.11 Hz (9 sec). The
directional spectrogram for the SUBS buoy (Fig. 7)
indicates that there was a band poor directiondbpeance
centered at about 0.05 Hz (20 sec). These findargs
corroborated in the plots of wave direction in thend
analyses (Figs 4-6).

The different, yet well defined bands of poor diiecal
estimates lead to a natural question about theceonir the

error on the directional estimates. Directiondinestes are
made using the AST and velocity estimates. Therate
estimates of wave energy (via the AST) make itrctbat
the AST is working well despite the buoy motion.
Therefore, the velocity measurements are the stidpec
error introduced by the buoy motion.

It is important to notice that most of the diffities with
the directional wave estimates arise when the vemergy
is relatively low. During these periods the asatex wave
orbital velocities have decreased amplitude ancefhee are
more vulnerable to sources of noise. A buoy fbkain
motion can potentially “create” a perceived velgdit the
instrument is moving relative to the fluid in theeolying
measurement cells. This is particularly true wiies real
velocity in the frequency band is low. This may ine
contrast to the expected result. Figs. 7-8 shawwien the
waves are large, the wave direction estimates vese
noisy, even across the bands of typically poorgrerénce.
Only when the waves are small (low energy) areetiands
of poor directional performance. The band of dimewl
noise for the SUBS may be wider than the Spheraussc
the wave orbital velocities tend to be weaker i @05 Hz
frequency band and therefore more sensitive tocesffef
externally introduced noise from buoy motion.

IV. BuoYy RESPONSE

Based on the results presented above, it is impotidaget
a better understanding of the expected motion & th
subsurface buoys. The idealized motion of subsarfa
buoys most closely resembles an inverted pendulinthis
experiment, this is perhaps most applicable to Spaere
buoy since it had considerably more buoyancy thHaa t
SUBS.

Each buoy has its own characteristic response based
several design parameters, such as mass, buoydray,
and mooring line length. Balancing the forces lom bhuoy
given a nominal displacement from equilibrium résinh a
simple, linearized differential equation of motiatich can
be used to estimate the natural frequency of ausfdre
buoy to first order as follows:

w, = i (10)
ML
T= Q (12)
W,
R=F.g (12)
M=M buoy T M sdded (13)

Here ,is the natural frequency of the mooring systé&m,
is the corresponding period of oscillatidnijs mooring line
length, R is the cable tension of the mooring (restoring
force), Fg is the buoyancy in mass units (kg), avds the
total mass of the buoy plus the added mass (estihes the
mass of displaced water).



Figure 4 Band 1: 10-33 seconds. (A) Mean Dioect(B) Energy.

Figure 5 Band 2: 7-10 seconds. (A) Mean Ditect(B) Energy

Figure 6 Band 3: 4-7 seconds. (A) Mean Direct{®) Energy



The damping factor can also be calculated to indicate
the potential for resonant behavior at the systextural
frequency (equation 14). An overdamped systeneimed
as >1 and returns to its equilibrium position without
overshoot; no free oscillations are possible, eaérthe
system’s natural frequency. An underdamped sys$iasna

<1, and suggests a system capable of overshodiatieais

(e.g. when disturbed can sway back and forth thwoug
multiple cycles before returning to rest). Undenged
systems experience resonant motions if the extéonaihg,

in this case waves, occurs at the system natuzgLémcy.
While both over- and underdamped systems respond to
wave forcing across the spectrum, the underdampstémnm

is the most troublesome since it can create perdist
artificial velocities at the natural frequency obtion. The
damping factor is defined as:

D |ML

2M R
where D is a coefficient defined by the buoy drag
coefficient, cross sectional area and water defisitis the
mass term, R is the reserve buoyancy, and L isthearing
length.
The two subsurface buoys in this experiment hawe th
following characteristics:

(14)

Sphere buoy
R =215 kg x 9.81 m/séc

M = 167 kg + 191 kg

L=12m

D =159 kg/sec

T =8.97 seconds (0.11 Hz)
= 0.317 (underdamped)

SUBS buoy
R = 45 kg x 9.81 m/séc

M =75 kg + 315 kg

L=12m

D =113 kg/sec

T = 20.4 seconds (0.05 Hz)
= 0.47 (underdamped)

To these first order estimates, both systems are
underdamped, with the Sphere buoy having a natural
frequency of motion centered at about 9 secondd (8z)
and the SUBS buoy a natural frequency of aboue20reds
(0.05 Hz).

V. DISCUSSION

The most likely explanation for the false velodtiend
thus the poor directional performance at certainogs, is
that the buoys were being displaced from their ldaritim
position with wave energy at other frequencies. c&n
displaced, the mooring systems return to their ldgjitim
position, swinging back and forth at their uniquatumal
frequency, and thus creating an apparent velocitythe
velocity measurement cells. This is more troubliiog
mooring systems that are under-damped since thdly wi
sway back and forth through several cycles andwtiiisadd
to the error. This was the case for both of theommgs
used for this test.

In order to understand the buoy motion a littletdretve
compared the normalized energy spectra (Frequency
Diagram) calculated independently from both the A8
the velocity measurements. Because the wave energy
estimates made with the AST agreed quite well wiite
reference buoy energy estimates, it is assumedttfer
following analysis that the AST is the “true” ordizect”
estimate. The normalized spectra are used inatfdsysis
because it is most important to determine the feaqu
where the energy lies and not the absolute magnitfidhe
energy. The frequency diagrams for the Spherdajism
the normalized energy spectra (as a function oé)ifrom
the independent AST and velocity measurements
presented in Figs. 7-8, respectively.

Assuming that the AST spectra (Fig. 9) are “cofracid
the velocity spectra (Fig. 10) have errors duehtorelative
velocity associated with the moving buoy, then the
difference between the normalized AST and velosjitgctra
should indicate the frequency bands where therema®on
induced velocity. The difference between the ASTI
velocity spectra is presented in Fig. 11. As predi, the
greatest difference appears to lie in the same feemered
near 0.11 Hz) which the Sphere had trouble estirgatiave
direction. The buoy motion analysis (Section I\iggests
that this is also the natural frequency for thee3ph Again,
this affect from motion is most pronounced when wave
energy is low. This presents a rather strong thsethe
frequency band with poor directional estimatesaigsed by
apparent velocities induced by the subsurface bmoying
at its natural frequency. The same analysis was no
performed for the SUBS buoy.

are



Figure 7 Directional Spectrogram for SUBS witfpFbvided on top for reference.

Figure 8 Directional Spectrogram for Sphere Witiprovided on top for reference.



Figure 9 Normalized energy spectrogram for th& Aasurements
from the Sphere with fprovided on top for reference.

Figure 10 Normalized energy spectrogram for #leaity measurements
from the Sphere with Hprovided on top for reference.

Fig. 11 Difference between normalized energy spgcam for the AST and
velocity measurements from the Sphere witprdvided on top for reference.



VI. CONCLUSIONS ANDFUTURE WORK

Analyses from the experiment demonstrate that thg S
method worked to allow directional wave measuresient
with an AWAC mounted on a subsurface buoy. Tiseltse
suggest that a well conceived mooring system igired to
ensure that the response of the subsurface buoy hatural
frequency outside of the dominate wave frequernidye test
represented some of the more challenging condifimmthis
type of application. This includes a very enermgeatiave
environment with three storms having; kh excess of 4
meters. The shallow water depth at the experimgat(32
m) meant that the subsurface buoy was deployeciclos
the surface than was ideal.

There were many positive conclusions from this. t&3ie
performance and robustness of the AST was demosdira
AWAC energy estimates throughout the measurememd ba
were in good agreement with the reference wave blde
number of AST “bad detects” were quite low and are
consistent with those of a typical bottom mounté&tl AC.

The directional estimates were agreeable with the
reference wave buoy. However, there were clegufracy
bands where there was poor agreement. Thesetdbeita
to the motion of the subsurface buoys at their nahtu
frequency and the resulting effects on velocitigtingates in
the band surrounding this natural frequency.

The motion of the AWAC was measured with the indéérn
liquid-style tilt sensor. Tilt measurements are a
combination of the tilt and any acceleration of ttatform.
Earlier work by Wood et al [4] indicates that agearpart of
the tilt measurement can be a result of the platfor
acceleration, which is likely for this energeticsgmn in the
water column. The primary concern with the errarsetit
estimates is that they are used when estimating the
horizontal components of the current velocity. tTil
measurements are used in two manners. The first is
conversion from beam coordinates to Earth coordmétat
utilizes the tilt in the transformation. The sedpand more
subtle usage of the tilt measurements, is that #reyused
when estimating the AWAC's heading from the
magnetometer. This second type of error is mooenprent
at higher latitudes where the Earth’s field ved®more
“vertical” and thus the magnetometer is more samsito
tilt. The result is that wave estimates likely @av correct

mean directional estimates but the measurements
themselves (directional spread) are noisy.

Both subsurface buoys had their strengths and vessies,
however neither is clearly a better choice for tiise of
mooring system. The SUBS had more pitch and the&p
had more rotation. A critical aspect for deploymen
considerations when using the SUV system is therakat
frequency of the mooring system. The importaninelets
of a mooring system are the buoyancy, drag, andimpo
length. A proper design should focus on ensufirag the
subsurface buoy has a natural frequency below8203
(outside of the dominate wave frequency) and thiat i
designed to be overdamped. The effects of wavéomon
a subsurface buoy can be further reduced by us@tipa
kHz AWAC deployed on a subsurface buoy that is
nominally 40 m below the surface (compared to 2id this
experiment).
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