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ABSTRACT

The performance of the Datawell Directional Waverider and the National Data Buoy Center ( NDBC) 3-m
discus buoy, widely used to measure the directional properties of surface gravity waves. arc evaluated through
comparisons 10 an array of six pressure transducers mounted 14 m below the sea surface on a platform in 200-m
depth. Each buoy was deployed for several months within a few kilometers of the platform. The accuracy of
the platform ground-truth array was verified by close agreement of wavenumber estimates with the theoretical
linear dispersion relation for surface gravity waves. Buoy and array estimates of wave energy and directional
parameters, based on integration of the directional moments across the frequency band of energetic swell (0.06—
0.14 Hz). are compared for a wide range of wave conditions. Wave cnergy and mean propagation direction
estimates from both buoys agree well with the platform results. However, the Datawell buoy provides significantly
better estimates of directional spread and skewness than the NDBC buoy.

1. Introduction

Buovs are widely used to measure the directional
properties of surface gravity waves in deep and inter-
mediate water depths. A 3-m discus buoy developed
by the National Data Buoy Center (NDBC) is the
principal source of offshore directional wave measure-
ments along U.S. coastlines. This buoy uses a Hippy
40 heave-pitch-roll sensor (manufactured by Data-
well) to estimate sea surface displacement and the
north-south and cast-west components of sea surface
slope. Datawell has also manufactured a widely used
0.9-m sphere **Directional Waverider” buoy since the
late 1980s. The directional information provided by
the Datawell and NDBC buoys is theoretically equiv-
alent, but the Datawell buoy uses horizontal transla-
tions, measurcd with a combination of the Hippy 40
and fixed accelerometers, rather than sea surface slopes.
Pitch-roll systems are sensitive to trim errors and have
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low signal-to-noise ratios when measuring small sea
surface slopes. whereas translational systems are more
sensitive to restriction of their horizontal movement
by mooring line forces.

Both buoys have been tested extensively in the lab-
oratory (e.g., Steele et al. 1992), but comparisons to
fixed-platform ground-truth measurements in decp
water are scarce. In the WADIC study (Allender et al.
1989), several directional buoys were compared to
fixed-platform measurements in the North Sea. How-
ever, NDBC 3-m discus buoys were not yet in use, and
the Datawell buoy (WAVEC) was an older pitch-roll
design. Anctil et al. (1993) recently compared NDBC
3-m discus buoy measurements to a PUYV gauge (pres-
sure and the two components of horizontal velocity)
attached to a deep water platform in the Gulf of Mex-
ico. The Allender et al. (1989) and Anctil etal. (1993)
studies report significant discrepancies between buoy
and platform measurements. The accuracy of the single
PUYV platform ground truth in the Anctil et al. study
is unknown. Various platform instruments were used
in the WADIC study to generate a best estimate ground-
truth dataset, but no detailed confirmation of ground-
truth accuracy was presented. Both studies focus on
energy and directional parameters at the peak wave
frequency, leading to significant statistical uncertainty
in some of the resulting comparisons.
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FiG. 1. Location of Harvest Platform (upper panet) and the nearby
directional buoys (lower panel). Dashed contours indicate depths in
meters.

In the present study, directional wave data from a
Datawell Directional Waverider and an NDBC 3-m
discus buoy are compared to accurate and statistically
stable ground-truth data from a nearby platform-
mounted array of pressure sensors. The deep water and
moderate current conditions at the platform are similar
to those in a recent buov-buoy intercomparison study
in the northeast Atlantic ( Barstow and Kollstad 1991).
The Pacific Ocean swell in the present study has dom-
inant periods longer than those typically found in North
Sea and Gulf of Mexico verification studies. The ex-
periment is described in section 2. The methods used
10 process the Datawell and NDBC buoy data are out-
lined in section 3. The accuracy of the platform array
data 1s demonstrated in section 4. Buoy and array es-
timates of wave energy, mean propagation direction,
and other directional parameters are compared 1n sec-
tion 5, followed by a discussion and summary in sec-
tion 6.

2. Experiment

A directional array of six Sensotec pressure trans-
ducers was deployed 14 m below sea level (186 m above
the sea floor) on Texaco’s Harvest Platform, 10 km
west of Point Conception, California, (upper panel,
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Fig. 1) in November 1992, as part of the Coastal Data
Information Program (CDIP, Seymour ct al. 1985,
1993). The platform is exposed to both the northern
and southern Pacific Ocean swell. The sensors were
placed at least 2.5 m away from the !.6-m-diameter
pilings. and the array has numerous redundant lags
{Fig. 2) that were used to verify that the tower structure
caused minimal flow distortion of the wave fieid at the
frequencies of ocean swell (section 4). Every 3 h, a 2-h
1 7-min-long data record (sampled at | Hz) was trans-
ferred via telephone to CDIP’s facility at the Scripps
Institution of Oceanography. The pressure data were
converted to surface elevation using linear theory and
reduced to a cross-spectral matrix with approximately
0.01-Hz frequency resolution.

An NDBC 3-m discus buoy was deployed 1 km
northwest of the platform from mid-December 1992
to mid-Mayv 1993, and a Datawell Directional Wave-
rider buoy was located 2 km southwest of the platform
from mid-May 1993 to mud-August 1993 (lower panel.
Fig. 1). Directional wave data from the NDBC buoy.
archived by the National Ocean Data Center (NODC),
consists of approximately 20-min-long data records
collected hourly and reduced on board to a cross-spec-
tral matrix with 0.01-Hz resolution in the 0.03-0.35-
Hz frequency range. NDBC corrects the cross spectra
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FIG. 2. Geometry of six-element pressure transducer array on
Harvest Platform. mounted approximately 14 m below mean sea
level.
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= for hull-mooring response and provides the first four
directional Fourier coefhcients (a,. b,, a-. b,, see sec-
tion 3) for cach frequency band as two directional vec-
tors (Steele et al. 1992).

The Datawell Directional Waverider collects ap-
proximately 26-min data records each half-hour. Cross-
spectra with 0.005-Hz resolution in the frequency range
0.03-0.10 Hz, and 0.01-Hz resolution in the range
0.11-0.59 Hz. arc computed on board and reduced to
wave energy density, mean direction. spread. and a,
and b,. Each half-hour the Datawell buoy transmits
the three displacement time series from the previous
half-hour only once, and the reduced spectral param-
eters scven to eight times (to minimize spectral data
loss ). The Datawell buoy was moored with a standard
Datawell double rubber cord. and the data were trans-
mitted to Vandenberg Air Force Base, California.

To reduce statistical uncertainty. the analvsis was
based on a complete 2-h 17-min platform array data
record and the three NDBC or five Datawell runs that
aligned most closely in time with this record (Fig. 3).
The comparisons are restricted to the swell band (0.06-
0.14 Hz) where the wave field is generally stationary
for several hours (Elgar and Seymour 1985). Com-
parisons at sea frequencies were not possible. because
these higher-frequency waves are spatially undersam-
pled by the platform array. Because the buoys were |-
2 km (i.c.. several wavelengths) away from the piat-

- form. the buoy and array data records are expected to
be statistically independent realizations, and precise
temporal overlap i1s not critical. The estimates of wave
energy and directional moments in section 5 are based
on integrations over the swell frequency band and have
effective degrees of freedom that ranged from 400 to
over 1000 (using platform array data). Because the
NDBC buov record lengths are roughly half those of
the Datawell buoy and platform array. the NDBC es-
timates have lower effective degrees of freedom.
Therefore, slightly more scatter is expected in the
NDBC-array comparisons than in the Datawell-array
COMPAarisons.

3. Buoy data analysis

The wave energy spectral density £( /). and the four
lowest Fourier coefficients a,( /). b, (/). ax(f). b:(f)
of the directional distribution of wave energy, D(8; /),
at frequency /.

o NDBC

DATAWELL

HARVEST

0 hr L hr 2 hr 3hr

1. 3. Schematie of alignment of buoy and array data. The length
of cach bar corresponds to the duration of each record.
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a(f) = fwde costD(8; [) (la)
bi(f)= f()zrde sindD(0: 1) (1b)
ar(f) = f:wdo cos20D(0: /) (1c)
ba(f) = J;zxdﬁ sin20D(6; /) (1d)

are related to the buoy heave. pitch, and roll (or equiv-
alently, heave. east-west horizontal translation, and
north-south horizontal translation) cross-spectra:

E(f) = Cu(f)
H1=g C.lcf‘)[czf()*l/?)( = CotD1 7
Ml = TE, (_,/’)[('::%,'/?>('f+‘) IR
)= G o
ha(f) = 2l 2)

Co(f) + Ca )

The subscripts 1, 2, and 3 on the co- ( C) and quadrature
(Q) spectra denote surface elevation, east-west and
north-south slopes (translations). respectively ( Lon-
guet-Higgins 1963, using a normalization suggested
by Long 1980). The Datawell estimates of a,. by, a>.
b- follow directly from the measured accelerations and
linear wave theory. whereas the NDBC estimates of
a,. by incorporate vanous corrections for hull-mooring
response (see Steele et al. 1992, for details).

Kuik et al. (1988, hereafter KVH) show that for
narrow directional spectra the mean direction «a( /),
directional spread o( /). directional skewness v( /), and
directional kurtosis 6( /') defined as (dropping the fre-
quency dependence)

tr

doh — «)D(0) =0

a—

am 1/2
a~|:f d(f(()—a)zD((}):I

1 atm
7:7f dod — a)*D(0)
g Joow

ot

doe — a)* D(#) (3)

4

1
St
o

a—



234

can be approximated using a,. b,. a». b, [Egs. (1) and

(D]
a Atan‘(f—') (4a)
a,
o =[2(1 —m)}"~ (4b)
—n,
[TIR SV RE e
6 — 8m; + 2m>
b= [2(1 = m)]” A
with
m, = (ai + b7)'"? (52)
M- = a2 cos(2a) + by sin(2a) (5b)
1y = by cos(2a) — a» sin(2a). (5¢)

These model-free directional parameters characterize
the gross structure of D(#) (KVH) and are compared
to equivalent platform array estimates in section 5.

4. Array data analysis

The low-order moments a, . by, d>, b-. [Eq. (1)] can
be measured accurately with an array of pressure sen-
sors and the assumption of linear wave theory (e.g..
Higgins et al. 1981: Herbers and Guza 1989: Herbers
et al. 1991). However, wave nonlinearity or distortion
of the wave field by the platform structure may intro-
duce significant errors. To determine the frequency
range over which both nonlinear and platform effects
are small, estimates of a root-mean-square wave num-
ber kms( /).

12

f dk f KdOK2ECS. k. 6)

Kems(S} = (6)

fdkjkd{)lf(f, k. 0)

with E(f. k. #) the (vector) wavenumber—frequency
spectrum in polar form, were obtained following Her-
bers and Guza ( 1994, appendix A) and compared to
the linear dispersion relation for surface gravity waves.
This test is analogous to the ““check ratio” between sea
surface slope and elevation spectra often used with di-
rectional buoys (e.g., Long, 1980). The wavenumber
estimates (lower panel, Fig. 4) typically agree with lin-
ear theory to within a few percent for wave frequencies
between 0.06 and 0.14 Hz. At frequencies below 0.03
Hz, where cnergy levels are relatively low (upper panel,
Fig. 4), the observed wavenumbers are larger than pre-
dicted by linear theorv, consistent with the presence of
forced waves excited by difference interactions of swell
and sea (Herbers et al. 1995). At frequencies above
0.14 Hz. where the wavelength is less than four times
the minimum sensor spacing, the observed divergence
from the linear dispersion relation may be a result of
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FIG. 4. Average spectral shape and wave numbers observed at Har-
vest Platform during May 1993, Upper panel: average of surface
clevation spectra (each normaiized by the total variance n the range
0.02-0.20 Hz). Lower panel: observed root-mean-square wavenumber
[dots. Eq. (6)} vs frequency. Bars indicate plus/minus one standard
deviation based on 198 data runs. The solid curve is the theoretical
linear dispersion relation.

estimator bias. contributions of relatively long wave-
length sum-frequency-forced waves (e.g., Herbers and
Guza 1994), or effects of the platform structure. The
buoy-array comparisons in section 5 are restricted to
the 0.06-0.14-Hz frequency range where the array-
based wavenumber estimates conform to linear theory.
Additional quality-control checks, including compar-
isons of phase lags from redundant sensor pairs (not
shown ), confirm the accuracy of the array ground-truth
measurements.

The lowest four Fourier coefficients of the directional
distribution were estimated directly from the array
cross-spectra. At a fixed frequency, an estimate X
of a2 moment x of the directional spectrum £(6)
[=E()D(8: /)],

5 = f dOG (V). (7)
0
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[with G(#) = cos(f). sin(#), cos(26). sin(26) for x/
E=ua,.b,.ay. by, Eq.(1)]is formed by taking a linear
combination of the cross-spectra, H,,,,(=Chpm + Q).
ZZ [3""11[’1/"' (8)

n m

X

Optimal coeflicients 3, for a,. by, a>. b- are deter-
mined by minimizing a weighted average of the bias
and statistical variability of the estimate (see Elgar et
al. 1994, appendix A, for details).

5. Buoy-array comparisons

Owing to the different sampling schemes of the array
and buoys. detailed comparisons of directional mo-
ments as a function of frequency were not attempted.
Estimates of the KVH directional parameters are based
on an integration over the entire swell band (0.06-
0.14 Hz). Bulk Fourier moments, at. b{. ab. b5,
weighted by the energy density E(f),

a}{ 0.14 H al(f)
h}l‘ va § e ¥ hl(/)
afl EP Jooen arEws) Clz(f)J ) (9)
bt ha(f)

with £ the swell variance

(.14 Hz
= f dfE(S)

3.06 Hz

(10)

were substituted into Eqs. (3)—(3) to estimate bulk
KVH parameters.

Both buoys are in excellent agreement with array
measurements of bulk swell variance (Fig. 5) and mean
direction (upper panels, Fig. 6). The small bias errors
of 2°-3° in mean direction ( Table 1) are comparable
to the accuracy of a buoy compass. The directional
spread estimates of the Datawell buoy are in good

agreement with the array estimates, but the NDBC
buoy estimates are biased high by about 6° (lower pan-
els. Fig. 6 and Table 1). Further, the Datawell estimates
of skewness are in much better agreement with the
platform array estimates than the biased-low and
weakly correlated NDBC estimates (upper panels. Fig.
7. Table 1). Both buoys show marginal agreement with
the array estimates of directional kurtosis (lower panels,
Fig. 7. Table 1).

The scatter in buoy-array comparisons is roughly
comparable to results of numerical simulations re-
ported by KVH (Table 2). but significant biases are
evident in the NDBC measurements. As shown in Ta-
bles 1 and 2 (in parentheses ), Datawell estimates with
degrees of freedom reduced to approximately those of
the NDBC buoy ( by skipping every other Datawell run)
show little degradation in correlation and bias, and only
a small increase in scatter. Hence, the poorer perfor-
mance of the NDBC buoy cannot be attributed to the
lower degrees of freedom in the NDBC estimatcs.

Some differences in buoy performance may result
from the fact that the two buoys were operated during
different seasonal wave climates ( Table 3). The NDBC
data were collected during winter and spring. when the
wave climate is dominated by North Pacific swell from
a single-source region. During the late spring and sum-
mer months when the Datawell data were collected,
the wave field is typically a mix of North and South
Pacific swell with propagation angles differing by as
much as 140°. Therefore. the Datawell buoy data are
expected to include more complex wave fields with
swell arriving from two distinct source regions. KVH
show that skewness vy and kurtosis 6 are very sensitive
to secondary directional peaks in D(#) and thus can
be used to identify bimodal directional distributions.
The KVH criteria for identifying bimodal, asymmetric
distributions are

§<2+ |yl and |v| <4 (1
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or
<6 and |y| >4

Using bulk estimates of v and & obtained from the
array, this criterion is met for 12% of the NDBC data
and 68% of the Datawell data, confirming that distinctly
different wave climates were encountered during the
NDBC and Datawell buoy deployments. Nevertheless,
the range of directional spread and skewness values
encountered during the deplovments was similar and
the Datawell estimates are in significantly better agree-
ment with the array ground truth { Figs. 6, 7).

6. Discussion and summary

Directional measurements of ocean swell, obtained
with an array of pressure sensors mounted on Harvest
Platform in 200-m depth. are used to test the accuracy
of nearby NDBC 3-m discus and Datawell Directional
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TaBLE 1. Correlation and bias between buoy and array cstimates
of wave energy and the KVH directional parameters. The Datawell
results in parentheses use fewer Datawell data records to roughly
match the degrees of freedom in the NDBC results.

Correlation Bias
Datawell NDBC Datawell NDBC
Energy 0.98 (0.98) 0.98 0.9% (1.3) 2.84%
Direction 0.98 (0.97) 0.96 3.4° (3.4 23®
Spread 0.96 (0.96) 0.86 0.3° (0.3) 5.7°
Skewness 0.88 (0.87) 0.50 0.14 (0.15) —0.44
Kurtosis (.89 (0.88) 0.72 0.85 (0.86) -0.57

Waverider buoys. To enhance the statistical stability,
estimates of wave energy. mean propagation direction,
and other directional moments are based on integra-
tions over the swell frequency band. Both the Datawell
and NDBC buoy compared well with the platform es-
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timates of energy and mean direction. However. sig-
nificant biases and low correlations with the array are
evident in NDBC estimates of spread and skewness.
In particular, the NDBC buoy consistently overpre-
dicted directional spread by about 6°. KVH show
through numerical simulations of pitch-roll buoys that
low levels of noise (5% ) in either the surface elevation

TasrLE 2. Companson of rms buoyv errors (bias removed) to
stmulations by KVH based on perfect unbiased measurcments with
40 degrees of freedom. The Datawell results in parentheses use tewer
Datawell data records to roughly match the degrees of frecedom in
the NDBC results.

KVH Datawell NDBC
Direction 5°-10° 4.9° (5.3 5.4°
Spread 10%—15% 6.5% (7.0) 13%
Skewness 30%-50% 39% (44) 67%
Kurtosis 257 -100% 35% (36) 33%

or sea surface slope measurements wiil not seriously
affect estimates of mean direction, but will cause a pos-
1tive bias in directional spread. This 1s consistent with
the present NDBC pitch-roll buoy results and with the
findings of Barstow and Kollstad (1991 ). where a Da-
tawell buoy measured smaller directional spreads than
a pitch-roll NORSCAN buoy.

The accuracy of directional buoys may be strongly
frequency dependent. The present comparisons were
restricted to swell frequencies where accurate ground-
truth measurements were available. Furthermore, the
directional moments were integrated over the swell
band to reduce the effects of different sampling
schemes. Additional comparisons with more extensive
ground-truth data, improved sampling schemes. and
concurrent buoy data are needed to assess and compare
the frequency dependence of directional buoys.

The NDBC buov in this study was the standard buoy
svstem used up to about 1990. NDBC-SWADE 3-m



238

TABLE 3. Mean and range of platform estimates of wave energy
and K VH directional parameters for the separate Datawell and NDBC
deplovment periods.

Mean Range
Datawell NDBC Datawell NDBC
Energy (cm®) 1601 3417 281 to 6084 306 to 14436
Direction 279° 283 196 to 315 141 to 309
Spread 41° 30 23 to 61 15 to 62
Skewness 1.4 1.4 -2.7104.9 —21t098
Kurtosis 33 6.2 —-0.2 to 10.1 1.1t022.3

directional buoys (Anctil et al. 1993) are now used
almost exclusively by NDBC. In the newer NDBC
buoys, a different method is used to remove noise from
measured vertical accelerations but only when esti-
mating frequency spectra. This modification does not
affect the estimation of directional parameters: there-
fore. similar directional results would be anticipated
for the NDBC-SWADE 3-m buoys.

The NDBC 3-m discus buoy acquires both meteo-
rological and wave data. The stable platform needed
for the best possible wind measurements necessarily
conflicts with an ideal wave following buoy measuring
sea surface slopes. It is unclear from the present com-
parisons whether the superior performance of the Da-
tawell buoy is primarily due to the measurement of
horizontal translations rather than sea surface slopes.
or the better wave-following characteristics of the small,
spherical Datawell buoy. Support for the former con-
clusion is provided by a recent field test of the SEA-
WATCH buoy ( Barstow and Haug 1994). Their results
demonstrate that horizontal translations can be accu-
rately measured by a stable wind-measuring platform.
Based on the buoy-platform comparisons presented
here. the Datawell Directional Waverider would be the
preferred instrument for studies where very accurate
directional measurements of swell are more important
than same-platform wind observations.
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