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Abstract 

The SASS (Surface Acoustic Shear Sensor) is a newly developed 
instrument platform designed to study upper ocean mixing pro
cesses. It consists of an array of six vector-measuring acoustic 
velocity sensors and a gyro stabilized motion sensing package 
mounted onto a moored surface-following float. Because SASS 
is instrumented with a motion sensing package, we are provided 
with an opportunity to discuss the effects of sensor motion on 
the estimation of directional wave spectra. 

Introduction 

Within this paper we describe the Surface Acoustic Shear Sensor 
(SASS). The SASS is an instrument which was initially devel
oped to examine the wind-induced shear in the upper 6m of 
the ocean. The SASS was designed to be a surface-following 
float because it is believed that the near-surface shear current 
is roughly parallel to the instantaneous surface of the fluid and 
that the effect of long waves is just to advect the shear current 
up-and-down1. 

However, a current meter which moves coherently with wave mo
tions is biased by rectification of the orbital velocities of waves2• 
To allow for compensation of this effect, SASS was designed with 
a motion sensing package that measures all six degrees of free
dom of motion. Correction for this effect is a subtle issue that 
will be discussed elsewhere3. 

Here we examine the effect of sensor motion on estimates of 
directional spectra. It is found that the traditional assumption 
that the sensor is fixed in position is extremely good in the ener
getic part of the spectrum. This motion effect will probably only 
be important when investigators seek to evaluate the calibration 
of their instruments or for other specialized purposes. 

Design of SASS 

To measure velocities with respect to the surface a buoy needs 
a large waterplane area. As is noted by Collar et art, veloc
ity sensors beneath discus shaped buoys become trapped in the 
boundary layer beneath the buoy and give unreliable results. 
For this reason the buoyancy elements of the SASS were divided 
into three pods as is shown in Figure 1. Each float is a.84m 
high but with the combination of pods giving a total waterplane 
arl!a of 2.0m2 only 0.28m of draft is necessary to float the 5.5kN 
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(wet)buoy. This leaves llkN of excess buoyancy. This shallow
ness of draft and distance of seperation (in plan view SASS is an 
equilateral triangle 3.7m on a side) made for minimal flow dis
turbance. A truss, constructed of 2inch-OD aluminum tubing, 
connects the buoyancy elements and provides a rigid structure 
to which the current meter array could be attached and through 
which mooring forces could be transmitted. 
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Figure 1. The SASS platform. The six velOCity sensors are fixed 
in the center of the rigid support truss. The truss is 3.7711, on 
each side and 6.0711, high. The floatation pods add 0.84m to the 
overall height. 

Velocities relative to the instrument are measured with the BASS 
three-axis acoustic current meter5. Sensing volumes were lo
cated at each of the six following depths (in em): 111, 166, 251, 
311, 391 and 585. With a sampling volume O(15cm) in length, 
and a near-perfect cosine response, this current meter allows us 
to obtain an accurate time history of the fluid velocities in an 
instrument based frame of reference. A two axis gyroscope, man-
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ufactured by Colnbrook, provided a stailized platform on which 
accelerometers were mounted to measure translational motions. 
Two capacitive type potentiometers measured the tilt of the 
buoy by referencing the gyro platform. The yaw rotations were 
measured by a compass inside the BASS pressure case. Having 
measured all six degress of freedom of the instrument's motion 
allows us to not only rotate the relative velocities into an inertial 
frame of reference, but also allows us to add in the instrument 
velocity. Thus, a time series of the fluid velocity (at the point 
of the sensor) may be obtained. In order to measure how well 
SASS follows the water's surfan', a wavstaff was mounted di
rectly above the sensor column. 

Measuring the stability of the water column is important for a 
shear sensor. The thermal gradient was measured by mount
ing small metal-clad thermistors directly adjacent to each BASS 
sensing volume. Though the small size of these sensors causes lit
tle flow disturbance they do not provide an extremely accurate 
absolute measurement of temperature. To this end, Sea-Bird 
thermistors were mounted at the same elevation as the top and 
bottom metal-clad thermistors ( but far off to the side as these 
sensors are quite large). Each Sea-Bird thermistor was accom
panied by a conductivity sensor. 

The SASS was operated so that all channels were sampled at 
4Hz. Each record was 89 bytes long so that in the typical hour 
long files it was necessary to store 1.25 Mbytes of data. Data 
could be stored in one of two ways; it could be transmitted to 
ship or shore via Clegg F M  transciever or it could be stored to 
an optical disk which was housed inside one of the battery wells. 
When not transmitting data the transciever was in a listening 
mode. A menu of 12 command options controlling SASS instru
mentation could be selected by transmitting a DTMF signal to 
SASS. This signal was decoded and interpreted by a Tattletale 
IV computer which turned sensors on and off by a series of FET 
switches attached to its I/O lines. 

The radio transmitter requires 24 Watts of power and the gyro 
18 Watts. If all data were to be transmitted the rechargeable 
batteries provide enough power to recover 46 hours of data. 
Recording data to optical disk provides hard-wired reliability 
to the data recovery but at the cost that the disk requires 20 
percent more power than the radio. 

Transformation of coordinates 

The goal is to obtain the instantaneous velocity of the fluid, 
Vex, t), at the point of the sensor, X(t), as a function of time 
in an inertial set of coordinates. 

V(i) (X (i); i) = V�) (t) + V�?I (X (i); i) (1) 

V�?I is the velocity of the fluid relative to the ith-sensor and 
V�) is the velocity of the ith-sensor. V�?I is found by trans
forming the velocity measured in instrument coordinates via the 
rotational-translation matrix. The rotational-translation matrix 
is a function of the pitch, roll and yaw angles of the buoy. 

Accelerometers are fixed to the stabilized platform of the gyro 
and thus only translate and yaw with respect to inertial coordi-
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nates. Accelerometer outputs are rotated into an inertial frame 
and then integrated once to find the linear velocity of the SASS's 
defined coordinate origin. The velocity of each sensor is com
posed of this linear velocity and a rotational velocity component. 
The translational velocity of the ith - sensor is 

V( i) = dRo + w X r[i] 
5 di (2) 

where w is the angular velocity of the body, which may be found 
from the pitch, roll and yaw angles and their derivatives. The r[ij 
are distance vectors originating from the SASS's defined origin 
and terminating at the ith-sensor. 

Estimation of directional spectra 

In interpreting shear current profiles from SASS it will be useful 
to know how energetic waves were and from which direction they 
were travelling during a sampling event. The traditional way of 
estimating directional spectra from a surface following float is 
to use the pitching and rolling motions of the buoy as was done 
by Longuet-Higgins et at". With SASS we find this is not the 
best way to proceed. 

With a horizontal length scale of 3.7m, it would not be rea
sonable to expect that the buoy could accurately follow waves 
considerably longer than twice this length. Further, pitch and 
roll estimates are heavily dependent on the transfer function of 
a buoy. SASS is a complex moored structure and prediction 
of a transfer function would be extremely difficult. Of course, 
with all the relative velocities and sensor velocities being mea
sured a transfer function could be derived. Rather than take 
this circuitous path we can just use the field velocities of the 
fluid, V(i) (x, t), instead of the heave, pitch and roll. Barrick 
et afT have demonstrated that not only will errors in transfer 
function estimation degrade spectral estimates but so too will 
the nonlinearities of the wavefield. 

In correlating the components of V to estimate directional spec
tra we avoid both of the aforementioned problems. The motion 
of SASS is measured and thus there is no need to estimate the 
transfer function. The Stokes' expansion of waves predicts that 
nonlinearities are two orders of magnitude smaller (when scaled 
by waveslope Ak) in the velocity field than in the height/slope 
fields. 

One problem that does remain is that SASS is a moving sensor. 
The pitch and roll theory assumes measurements are made at a 
fixed point, Xo, 

V(X(t);t) � V(Xo;t) (3) 
(tilde denotes measured velocity). Using potential theory ex
pressions for the orbital velocities we see that to O(AkV) 

V(i) V(Xo;i)+ [jk(t)* 10 COSOV(O,t)dO] ·x(t) (4) 

+ [jk(t) * 10 sin OV(O, t)dO] . y(i) + [k(t) * Vet)]· z(t) 

with j = yCT, k being the wavenumber, and e being the an
�e �n t�e horizontal (x - y) plane (we take z to be upwards) . 
VI, V2, V3 are the field velocities measured in the inertial coor
dinates x, y, z. The * indicates convolution. The cross-spectra 
SV;v, == CViV, - jQV;Vj are needed to estimate the directional 



spectra of the wavefield. If we denote radian frequency by a, 
then we may express that the spectrum measured by the mov
ing sensor will equal the spectrllm at the mean location plus a 
"modulation spectrum" as 

SViV/U) = Sv;v)o') + SMOD,,(U) 

From (4) we find SMODi, to be 

SMODij {k2(O')Sv;vj(O') 10 cos2 (}D(O', (})d(} } * Sxx(O') 

+ {k2(O')SV;Vj(O') 10 sin2 (}D(O', (})d(} } * Syy(O') 

(5) 

+ {k2(u)Sv;v,(u)} dzz(O') (6) 

+ {k2(O')SV;Vj(O') 10 cos () sin (}D(O', (})d() } * 2�(Sxy(a» 

+ {k2(O')SV;Vj(O') 10 cos (}D(O',B)dB } * 2'S(Szx(O'» 

+ {k2(O')Sv;v, (a) 10 sin BD(O', B)dB} * 2'S(Szy(O'» 

The wave spreading function, D( a, (}), is normalized so that 
Ie D( a, (})d() = 1. � and'S indicate where the real or imaginary 
part of the cross-spectrum is to be taken. Let's consider the form 
of equation (6). Each term is the cross-spectrm of the velocities 
to be estimated, times the wavenumber squared, convolved with 
a sensor displacement spectrum. Sensor motions should be the 
same order of magnitude as the wave orbital excursions. In this 
case it is clear that SMOD '" (Ak)2 Sv. Vj' Because the modulated 
energy is scaled by the waveslope squared this effect is usually ig
nored. However, since the spectra are convolved, we expect that 
the peaks in the modulation spectrum will be located at the 
sums and differences of the peaks of the fluid velocity spectra 
and motion spectra. With wave spectra typically being narrow
band, this allows for the possibility that the energy is modu
lated into band where P(O'peakv)Sv;v,(O'peakv)Sxaxb(O'peakx) is 
non-negligible. 

Example 

We demonstrate these ideas with a data file obtained by the 
SASS. The SASS has been deployed twice as part of the Shelf 
MIxed Layer Experiment (SMILE)9. The data shown here was 
recorded on December 12, 1988 beginning at 10:46am. The 
SASS was at this time moored at 38°-38.9'N 123° -29.3'W, about 
5km off the coast of Northern California in a water depth of 90m. 

modulation effect 
Figure 2 shows the co-spectrum of vertical velocity, C V3 v3' as 
measured by the uppermost BASS pod. The position of the pod 
was nearly a constant distance below the instantaneous surface; 
the rms wave elevation was 58cm, while the rms wavestaff sig
nal (indicating relative motion between the buoy's waterline and 
the instantaneous surface elevation) was only 1.7cm. As is evi
denced in the figure, there was a strong swell peak and a small 
wind wave peak. The wind waves were, at this point, dying 
down. The windspeed, at the time of data recording, was down 
to an average speed of 2.1m/s from the 4.1m/s average speed 
of the previous night. 
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Also plotted on Figure 2 is the estimate of the modulated en
ergy in the co-spectrum. As is seen, this energy is for the most 
part negligible, especially near the peak frequencies. However, 
as the expanded view of Figure 3 shows, the peaks in CMOD33 
reach their maxima in the spectral gaps of CV3 V3' So, in the 
0.23Hz region CMOD33 is approximately 15% of the estimated 
co-spectrum, and in the 0.40Hz region CMOD33 is approximately 
40% of the estimated co-spectrum. Estimates shown. represent 
21min-20sec of data (5120 samples). The data was subdivided 
into blocks of length 256 points with 50% overlap. The result
ing 39 blocks of data were windowed with a cosine-squared taper 
and then Fourier transformed and averaged to obtain a spectral 
estimate. 
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Figure 2. Co-spectrum of vertical velocity of fluid as mea
sured by top sensor; CV3Va -. Error in CV3V3 due to motion; 
CMOD33 ' ". 

To estimate the modulation co-spectrum one should know the 
true co-spectrum SV3V3' Since this is not available, CMOD33 was 
estimated by assuming that SV3 V3 � SV3 v3; this estimate gives 
the upper bound estimate of Figure 3. From this first estimate 
it is clear that a large fraction of the energy above O.4Hz is error 
energy from CMOD33' Therefore a second estimate was made 
where SV3 V3 was lowpass filtered with a cutoff at O.4Hz. This 
second estimate is the lower bound curve of Figure 3. We have 
.not yet considered the efficacy of any iterative methods to ob
tain a precise estimate of the modulation. 
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Figure 3. Same plot as Figure 2 with expanded vertical scale. 
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Errors due to nonlinearities in the wavefield will be even smaller 
than those due to modulation. In the velocity field the high
est order correction to the linearized velocity is O((Ak)3V) and 
thus the wavefield nonlinearity may bias our spectral estimates 
by O((Ak)6SV;V;), as opposed to the O((Ak)2SViVJ effect of 
modulation. 

One measure of how well the energy in the orbital velocities is 
measured is to compare the energy in the horizontal and vertical 
components of wave velocity 7. Ideally, the ratio u below, is equal 
to unity 

u = 
(CV,V, + CV2V2) Jo 1 

CV3V3 
(7) 

The measured co-spectra will not satisfy this relation exactly. 
The ratio u is plotted from our sample SASS file in Figure 4. 
Note that between the frequencies of 0.05Hz to OA5Hz the max
imal deviations of u from unity occur at the peak of the modu
lation spectra, 0.22Hz and OAOHz. 
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Figure 4. The ratio u = (CV1V, + CV2V)/CV3V3' as measured by 
the uppermost sensing volume. 

below the spectral peak 
Consider typical accelerations of the buoy (relative motion be
tween the uppermost sensing volume and the fluid, Vrei, was 
small compared to the motion of the sensor, V S, so that for esti
mates in this section we use V and V s interchangeably); the rms 
surface elevation was 58cm, the peak frequency was 0.1Hz, so 
that the typical accelerations of the buoy may be approximated 
as r)rmsO';eak = 20cm/ S2 = 0.02g (where 9 is the acceleration 
due to gravity). This means that when there is a small error in 
the stabilization of the gyro platform the errors of the apparent 
acceleration will be much greater due to cross-sensitivity to the 
gravity vector than to actual buoy accelerations. In this case, 
if there is a small error angle, E(t), the error in the horizontal 
acceleration of the buoy, Xerr, and the vertical acceleration of 
the buoy, Zern may be approximated soley as a function of 9 
and f(t) as: 

Xerr � gsinc:(t) � gE(t) (8) 

terr � g(1-COSf(t))�g (£��t)) 
The ratio of errors in the velocity spectra of motion is therefore 

(9) 

Notice that as the error angle f(O') becomes small, the ratio of 
S X X to S Z Z becomes larger. However, as E( 0') becomes 
ver�rs�';:ll this e�;r��r would be masked by other errors. 
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If we look at the energy in the Fourier coefficient at the three 
lowest non-zero frequency bins (central frequency is 0.03125Hz) 
we find the energy ratio u to be 7.7. The sum Cll + C22 = 
66 (c,:)2 and C33 = 8.6 (c,:)2. Approximating the low frequency 
error of the gyro as a pure sinusoid at frequency 0.03125Hz with 
an energy equal to the eccentricity in the ratio u, 57 ("';')2, we 
can estimate the magnitude of the error in stabilization from 

(10) 

and find that lEI � 0.00151rad (000-05'-11"). 

An error of such magnitude is certainly not unexpected. The 
gyro maintains its alignment with the local gravity vector by 
averaging the output of spirit-level mercury switches which al
Iow an electrical current to pass to solenoids which slowly torque 
the stabilized platform. However, the mean stabilization of the 
mercury switches is only accurate to within 0.30• The enormous 
angular momentum of the gyro, spinning at 1O, OOOrpm, causes 
the error angle to rapidly decrease with increasing frequency. It 
does not seem unreasonable that at frequencies in the range of 
0.03Hz that there be an error angle of 5'. 

The anisotropy of the Cbspectra at low frequency is well ex
plained by the "error angle argument". Previous authors 7 have 
attempted to explain this anomolous behaviour of u at low fre 
quency hy the presence of small amounts of wave energy at fre
quencies below the spectral peak. Since the SASS was moored 
in 90m of water, very low frequency waves will no longer have 
circular orbital trajectories but will have more energy in the 
horizontal excursion than in the vertical. So, if the SASS were 
measuring waves at extremely low frequency one would expect 
the ratio u to increase with decreasing frequency. For interme
diate depth the theoretical value of u is given by 

CV,V, + CV2V2 ( 1 )2 (11) U= CV3V3 = tanhk(z+h) 

where h is the water depth. For the case under considera
tion, to obtain a u of 7 requires waves with a wavenumber 
k = 0.00447m-1. Such a wave has a frequency of 0.020Hz. 
Beyond the fact that u reaches 7 at a higher frequency than 
0.020Hz; if a wave of frequency 0.020Hz were to contribute en
ergy of 66( c,:)2 it would have to have an rms amplitude O( 4m). 
Considering the above, it seems that for the SASS, most of the 
deviation of u for unity at low frequency is due to imperfect gyro 
stabilization. 

Conclusions 

The SASS, an instrument developed to measure the shear cur
rent profile in the upper 6m of the ocean, is capable of measuring 
the directional spectra of waves from estimates of the orbital ve
locities. Unlike traditional pitch and roll buoys, which depend 
on estimates of a transfer function, the SASS measures all veloc
ities directly. Further, because SASS makes estimates from the 
velocity field rather than the height/slope field, the estimates 
are probably less sensitive to wavefield nonlinearities. 



Motion of the buoy was seen to cause a modulation error in the 
spectral estimates. This error is quite small and will not effect 
estimation of the energetic portion of the spectrum. However, 
having brought this issue to light, anomolous behaviour in fre
quency bands of low energy can be explained that might have 
otherwise been attributed to poor calibration, processing error, 
or even an unknown physical process. For the SASS, the esti
mates of spectral energy degrade at frequencies O(0.03Hz) and 
lower; most probably due to small angular error in stabilization 
of the gyro platform. 

We dose by showing the estimate of the directional wave spec
trum for the data file we considered throughout the paper (Fig
ure 5). The maximum entropy method10 was used to estimate 
the directional dependence. 
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Figure 5. The directional wave spectrum derived by applying 
the maximum entropy method to the co- and quad-spectra of 
field velocity components, V, at the uppermost sensing volume. 
Waveheight was estimated from potential theory relations be
tween velocity and waveheight. The integrated energy under 
the spectrum is 3360cm2 (directionally, magnetic north = 00). 
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