Enwromnental

056 Wind Speeds from
Underwater Acoustic

Measurements during the
Canadian Atlantic
Storms Program

(anads

Nearseniaae 1084




The Environmental Studies Revolving Funds are financed from special
levies on.the oil and gas industry and administered by the Canada

Oil and Gas Lands Administration for the Minister of Energy, Mines

and Resources, and by the Northern Affairs Program for the Minister
of Indian Affairs and Northern Development.

The Environmental Studies Revolving Funds and any person acting
on their behalf assume no liability arising from the use of the
information contained in this document. The opinions expressed are
those of the authors and not necessarily reflect those of the
Environmental Studies Revolving Funds agencies.The use of trade
names or identification of specific products does not constitute an
endorsement or recommendation for use.



Environmental Studies Revolving Funds
Report No. 056
December, 1986

WIND SPEEDS FROM UNDERWATER ACOUSTIC MEASUREMENTS
DURING THE CANADIAN ATLANTIC STORMS PROGRAM

D. D. Lemon

Arctic Sciences Ltd.
1986 Mllls Road, R.R.2
Sldney, B.C.
veL 3st

Sclentific Advisor: C. Anderson




The correction citation for this report Is:
Lemon, D.D. 1986. Wind speeds from underwater acoustic measurements,

during the Canadian Atlantic Storms Program. Environmental Studies
ARevolvlng Funds Report No. 056. Ottawa. 104 p.

Published under the auspices of the
Environmental Studles Revolving Funds
I SBN-0-920783-55-4

©1986-Arctic Sciences Ltd.



LIST OF FIGURES
LIST OF TABLES
ACKNOWLEDGEMENTS
SUMMARY

RESUME

1.0

2.0

3.0

4.0

5.0

INTRODUCT ION

INSTRUMENTATION AND METHODS

2.1 INSTRUMENT DEPLOYMENT AND RECOVERY
2.2 INSTRUMENT DESCRIPTION

2.3 CALIBRATION

DATA REDUCTION AND ANALYSIS

3.1 TAPE TRANSLATION, DESPIKING AND CALCULATION
OF NOISE SPECTRUM LEVELS

3.2 CALCULATION OF WIND-SPEED RECORD

3.3 COMPARISON WITH SURFACE-BUOY WIND SPEEDS -

CONCLUSIONS

REFERENCES

iv
viii

ix

O N NN

13
13

44
97

103

104



Flgure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Filgure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10:
Figure 11:
Figure 12:

Location of CASP stations at which WOTAN Instruments were

dep loyed.

WOTAN stand-alone moor ing system.

WOTAN attached to standard current-meter mooring.

Block diagram of three-channel WOTAN Instruments.

Sample Instrument callibration curves.

Raw data plot
Despiked data
Despiked data
Despliked data
Desplked data

Despiked data

from

from

from

from

from

from

station

station

station

station

station

statlon

1.

1.

2.

12.

13.

Final section of raw data record from station 2, showing

recovery of the instrument.

10

14

18

22

26

32

38

45




Figure

Flgure

Flgure

Fligure

Figure

Figure

Figure

Flgure

Figure

Figure

Flgure

Flgure

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

Spectral plot of apparent noise contamination at station 2.
Time serles of nolse spectrum levels at statlon ?.

Time series of noise spectrum levels at station 2.

Time series of nolse spectrum levels at statlion 5.

Time series of noise spectrum levels at statlon 12.

Time series of nolse spectrum levels at statlon 13.

Nolse spectrum levels at 8.0, 14.5 and 25.0 kHz plotted
against the noise spectrum level at 4.3 kHz for 2 statlions

" In Queen Charlotte Sound.

Wind speed at CASP statlon 1, computed from the 4.3-kHz
signal only.

Wind speed at CASP station 2, computed from the 4.3-kHz
signhal only.

Wind speed at -CASP station 5, computed from: (a) the

_wide-band 4.3-kHz signal only; (b) the narrow-band 4.3-kHz

signal only.

Wind speed at CASP statlion 12, computed from: (a) the
wide-band 4.3-kHz signal only; (b) the narrow-band 4.3-kHz
signal only.

Wind speed at CASP station 13, computed from: (a) the
wide~-band 4.3-kHz signal only; (b) the narrow-band 4.3-kHz
signal only.

46

47

51

55

61

67

74

75

76

77

79

81




Figure

Figure

Figure

Figure

Fligure

Figure

Figure

Figure

25:

26:

27:

28:

29:

30:

31:

32:

vi

Definlition of Iline W and zone A used In computing wind
speed. '

Wind speed at station 1 computed from the 4.3-kHz and 8.0-
kHz signals, using the relatlonshlp derived from the Queen
Charlotte Sound measurements.

Wind speed at station 2 computed from the 4.3-kHz and 8.0-
kHz signals, using the relationship derived from the Queen
Char lotte Sound measurements.

Wind speed at station 5 computed from the narrow-band 4.3-
kHz and 8.0-kHz signals, using the relationship derlved
from the Queen Charlotte Sound measurements.

Wind speed at station 12 computed from the narrow-band 4.3-
kHz and 8.0 «kHz-signals, using the relationship derlved
from the Queen Charlotte Sound measurements.

Wind speed at station 13 computed from the narrow-band 4.3-
kHz and 8.0-kHz signals, using the relationship derived
from the Queen Charlotte Sound measurements.

Noise spectrum level at 8.0-kHz vs noise spectrum level at
4.3-kHz at statlion 1 for the period February 8-28, 1986.

Noise spectrum level at 8.0 kHz vs noise spectrum level at
4.3 kHz at station § for the period February 8-28, 1986.

86

88

89

90

91

92

93

94



Figure
Figure

Figure

Figure

Flgure

Figure

Figure

34:

35:

36:

37:

38:

39:

vil

: Noise spectrum level at 8.0 kHz vs noise spectrum level at

4.3 kHz at station 12 for the period February 8-28, 1986.

Nolse spectrum level at 8.0 kHz vs nolse spectfum level at

4.3 kHz at station 13 for the period February 8-28, 1986.

Wlhd speed at station 1 computed from the 4.3-kHz and 8.0-

kHz signals, using the relationship defined speclifically
for this station.

Wind speed at station 5 computed from the narrow-band 4.3-
kHz and 8.0-kHz signals, using the relationship defined
specifically for this station.

Wind speed at station 12 computed from the narrow-band 4.3-
kHz and 8.0-kHz signals, using the relationship defined
specifically for this station.

Wind speed at station 13 computed from the narrow-band 4,.3-
kHz and 8.0-kHz signals, using the relatlionship defined

specifically for thils station.

Wind speed from -surface buoy at CASP station 2.

95

96

98

99

100

101

102



Table

Table

Table

Table

Table

Table

vill

Locations and depths of WOTAN moorings.
Timing data for WOTAN deployments and recoveries.

Centre frequency assignments by data channel number for
each WOTAN Instrument.

Scaling factor, full-scale value and dynamic range as a
function of duty cycle for Sea Data Model 661.

Calibratlion constants for WOTAN instruments used [n the
CASP experiment.

Values for the wind-speed constants a and b at 4.3-kHz

frequency from three locatlons.

12

83



ACKNOWLEDGEMENTS

Funding for this project was provided by the Environmental Studies
Revolving Funds. Two of the WOTAN Instruments were provided by Dr. D.M.
Farmer of the Institute of Ocean Sclences, Sidney, B.C. The author wlshes
to thank the officers and crew of CSS Dawson for thelr asslistance In
deploying the Instruments. He also wishes to acknowledge the support and
advice recelved from Drs. C. Anderson and F. Dobson of the Bedford
Institute of Oceanography, and Dr. D.M. Farmer, Dr. S. Waddel| and Mr. S.
Vagle of the Institute of Ocean Sciences. Within Arctic Sclences Ltd.,
the calibration and preparation of the Instruments was skillfully
performed by G. Plerlot; G. Wilton designed and Installed the moor ings;
G. Dudddrige processed the data; while S. Norton, N. Andrew and D. Stover
produced the report.



SUMMARY

Five WOTAN (Wind Observation Through Ambient Noise) sensors were
deployed as part of the wind measurement program in the Canadian Atlantic
Storms Program (CASP); three from November 1985 to April 1986, and two
from December 1985 to March 1986. The purpose was to test the WOTAN's
potentlal for providing wind-speed measurements at mesoscale spacing. The
depioyment was highly successful, achieving a recovery rate for useful
data of better than 90%. Contaminatlion from an unknown nolise source was
found In the latter half of the record from statlion 2. This report deals
with the calibration of the instruments, the collection and basic
processing of the acoustic data, and the estimation of wind speed from
those data. Time series of wind speeds calculated from the WOTAN
measurements are presented, using two different algorithms, for four of
the five stations.

/ /

BRESUME

p Clnq capteurs OVBF (obervation du vent a travers le brult de fond) ont
été déployés en méme temps que le programme de mesure du vent, dans Ila
cadre du Programme canadien sur les tempStes de |’ Atlanthue (PCTA)
Trols 1'ont été de novembre 1985 a avrll 1986 et deux de décembre 1985 a

mars 1986. L'objectIf était de déterminer si ces capteurs seralent
capables de fournlr des mesures sur la vltesse du vent d’'une échelle
moyenne Le deplolement fut un grand succes, réallsant un taux de

recuperatlon pour les donnees utilisables de plus de 90%. Dq~la polluglon
en provenance de brults Inconnus fut constatée dans la dernLere moltle de
| ‘enregistrement de la station 2. ,Ce rapport traite de |‘etalonnage des
Instruments, de cuelllete de donnees acoustiques et de Ieur traitement
primalre ansli que, de |’'estimation de la vitesse du vent a partir de ces
données. Des sérles chronologiques des vitesse eollennes calculdes a
partir des mesures fournles par ces capteurs sont presentees en se servant
de deux algorithmes différents pour quatre des cing stations.



1.0 INTRODUCTION

Five underwater ambient nolse sensors, known as WOTANs (Wind Observation
Through Amblent Noise), were deployed as part of the wind measurement program
in the Canadlan Atlantic Storms Program (CASP). The purpose was to test thelr
potential for provlding wind-speed measurements at mesoscale spacing. Marine
wind measurements formed an essentlal part of the program to understand storm
generatlion and Intensification processes off the Atlantlc coast of Canada.
The WOTAN‘s incluslon In the project was made possible .by funding from the
Environmental Studies Revolving Funds (ESRF).

WOTAN instruments measure wind speed over the sea by exploiting the fact
that the amblent noise field In the ocean at frequencles between 2 kHz and
30 kHz Is dominated by sound produced by the action of the wind on the sea
surface (Knudsen et al. 1948). A well-established empirical retationship has
been found to exist between the surface wind speed and the Iintensity of the
ambient nolse fleld, thus allowing underwater measurements of the sound fleld
to be converted to surface wind speeds. During the last decade,
oceanographers have made Increasing use of the technique to make wlnd-speed
measurements at sea (Shaw et al. 1978; Evans and Watts 1981; Kerman et al.
1983; Lemon et al. 1984; Farmer and Lemon 1984).

Although wind-generated noise Is the dominant source of oceanic ambient
noise In the 2-30 kHz range, It Is by no means the only one. Shipping,
rainfall, sea creatures and on- and offshore Industry all contrlbute as well,
and, under the right clircumstances, can dominate the wind-generated noise.
Identification of periods In the nolse record where these other sources
dominate Is, of course, necessary to produce rellable wind-speed records.
Nolse from these various sources exhiblts differing spectral characteristics
and this fact can be exploited to help in identIfying the source of any
particular section of the noise record. Wind-generated nolse decreases with
freqqufy at a rate of 17 dB/decade, untll wind speeds greater than about
12 ms occur, after which the decrease becomes more rapld at frequencles
above 8 KkHz (Farmer and Lemon 1984). Noise arising from shipping and
Industrial activity Is usually concentrated at lower frequencies, producing a
redder spectrum than wind-generated noise when It occurs at frequenclies high
enough to be observed In the wind-generated band. The spectrum of
rain-generated nolse Is the subject of actlive research at the moment, and
appears to be more complex than had been previously thought (Franz 1959; Wenz
1962). Current ‘work (Jasco 1985; Nystuen 1986) shows that rain-generated
noise has a spectral peak at about 15 kHz, the shape of whlich may be
wind-speed dependent.

The CASP acoustic data set, particularly when examined In conjunction
with precipitation data from shore stations and meteorologlcal radars, may
well shed further light on the characteristics of the rain-generated noise
spectrum. Such work I|s beyond the scope of this report which deals only wlth
the collection and basic processing of the acoustic data, and the estimation
of wind speed from those data.




2.0 INSTRUMENTATION AND METHODS
2.1 INSTRUMENT DEPLOYMENT AND RECOVERY

The five WOTAN instruments were deployed at CASP stations 1, 2, 5, 12 and
13, located as shown in Figure 1. The Instruments at stations 1, 2, 12 and 13
were deployed using a stand-alone mooring design (Flgure 2). The Instrument
at station 5§ was Incorporated In a standard current meter mooring (Figure 3).
In both cases, the WOTANs were effectively bottom-mounted. Arctic Sciences'
personnel deployed the instruments at stations 5, 12 and 13 from CSS pawson
between November 26 and 29 1985 as part of the regular CASP deployment
cruises, and deployed the WOTANs at stations 1 and 2 on December 11 1985 using
a vessel chartered from Dominion Divers Ltd. Table 1 Ilsts the position and
station depths for each Instrument. Table 2 summarizes the timing Information
(clock start and stop, times of first and last readings and times of
deployment and recovery) for each Instrument.

Table 1: Locations and depths of WOTAN moor ings.

Station Unit Latitude Longltude Depth
(m)

1 01 44°32.65'N 63°03.94'W 63

2 02 44°27.58'N 62°58.25'W 93

5 11 43°57.21°'N 62°44.30'W 225

12 09 42°57.90°'N 62°11.32'W 165
13 12 44°30.16°N 61°42.10'W 165

2.2 INSTRUMENT DESCRIPTION

The WOTAN Instruments were built by the Sea Data Corporation of Newton,

Mass. and are officlally known as Model 661 Subsurface Wind Recorders. A
detailed description of thelr construction and operation may be found In Hill
(1984). Briefly, each unit consists of a broadband, omnidirectional

hydrophone, a preamplifier, and up to 13 bandpass filters arranged In
parallel, each followed by an RMS-to-DC converter and integrating
analog-to-digital (A/D) converter. The output of the A/D converters and the
on-board clock Is 1logged to a high-denslity, four-track cassette recorder.
Figure 4 shows a block dlagram of a three-channel unit.

The first instruments built were three-channel unlts operated with a
standard set of frequencies chosen from the values 4.3 kHz, 8.0 kHz, 14.5 kHz
and 25.0 kHz. (This set of frequencies has persisted for historical reasons
~-- they were chosen for the prototype instruments to avoid the operating
frequencies of various other acoustic devices operating In the original
exper iment, .and have been used ever since to preserve compatibllity with the
older data.) The Instruments used In the present experiment were equipped
with six or seven channels to provide greater spectral resolution. The
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MESOTECH ACOUSTIC RELEASE
7" DIA. 43" 0.V. LENGTH
14 Ibs. IN WATER

ALUMINUM ‘D’

Wr FLAG
F IBERGLASS
WHIP

e——WOTAN

7 3/4" DIA. 37" L.
§5 Ibs. [N AIR

0.V.
HE I GHT
60 " S R
COLLAR 27" 0.D. 27" L.
1. 160 Ibs. NET
g}Z§mPOLY BUOYANCY or
2. 27" 0.D. 18" L.
3/4" GALVANIZED SHACKLES
0.45m CHAIN
y - £

RAILWAY WHEEL ANCHOR
WEIGHT IN WATER 650 Ibs.

Figure 2: WOTAN stand-alone mooring system.



PI1CK-UP ROPE TIED
TO TOP OF HARD HATS

2 STANDARD ANODES

2 S.S. SHACKLES
SWIVEL

2 S.S. SHACKLES

DOUBLE LANYARD
KEVLAR

S.S. SHACKLE
18" x 5/8" CHAIN LANYARD BRACKET
TIDE GAUGE
Figure 3: WOTAN attached to standard current-meter mooring.
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improved spectral resolution was desired In particular for rain nolse, wlth
the hope of Improving the separation procedure for noise arising from
different sources. The centre frequencies of the fiiters wlth which each
Instrument was equipped are |lsted in Table 3.

PREAMP AC-DC
FITERS CONV.

434 HHaso DATA
' PAT
HYDROPHONE $180 1 1Ha/0

45 Haso |
| TIME | RECORDER |

Figure 4: Block diagrom of 3-~channel WOTAN instruments (after Hill, 1984)

Table 3: Centre frequency assignments by data channel number for each WOTAN

instrument
. Data Channe |a (kHz)

Statlion Unit 1 2 3 4 5 6 7

1 01 8.0 12.5 14.5 16.8 25.0 4.3(W) —

2 02 8.0 12.5 14.5 16.8 25.0 4.3(W) —
5 11 4.3 8.0 12.5 14.5 16.8 25.0 4.3(W)
12 09 4.3 8.0 12.5 14.5 16.8 25.0 4.3(W)
13 12 4.3 8.0 12.5 14.5 16.8 25.0 4.3(W)

a The data channe! numbers refer to the order in which the data are recorded
on the tape by the muitiplexer.)



Increasing the number of frequency channels required a change to the
bandpass fllters to reduce thelr bandwidth. They originally were two-pole
active flliters; the present fllters are four-pole active devlices. The
channels labelled 4.3W in Table 3 had the older two-pole filters. They were
Incorporated with the preamplifier cards and have, therefore, been retained iIn
all of the Instruments. The seven-channel units Incorporate an additional,
four-pole 4.3-kHz fllter. The change to four-pole filters greatly increased
the power consumptlion of the Instrument, which required a change to cycled
operation for longer deployments. The Instruments were originally designed to
record continuous averages of the ambient noise signal. Samples could be
recorded at rates varylng from 2 to 128 samples per hour. Between recording
cycles, the bandpassed noise Intensity signals were continuously accumulated
by the Integrating A/D converters and were then divided by a number
proportional to the length of the measurement perlod, so that a true average
intensity (mean square amplltude) was recorded for each channel. Because of
the Increased power consumption of the Instruments, this mode of operation was
no longer possible for longer deployments. The Instruments were, therefore,
changed to cycled operation; power may be applied to the measurement clrcultry
for all, one-quarter or one-elghth of the sampling period. The active time
occurs at the end of the period. Of the actlve time (during cycled operation)
3.5556% of the sampling Interval |Is used for a warm-up perlod, so that the
actual measurement duty cycles are 100%, 21.444% and 8.9444%. No
corresponding adjustment is made to the scaling factor used to compute the
averages, so that the fuli-scale value and dynamic range of the Instrument
depends on the duty-cycle setting. At the one-quarter and one-elghth
settings, the recorded values must be scaled up by the reciprocal of the
measurement cycle fraction to produce true averages which may be compared with
each other or. with the data from contlinuous sampling. Table 4 summarizes
these parameters.

Table 4: Scaling factor, full-scale value and dynamic range as a function
of duty cycle for Sea Data model 661

Nominal Measurement Scaling Ful1-Scale Dynamic
Duty Cycle Duty Cycle Factor Value A Range
(%) (%) (bits)
100.0 100.000 1.000 57600 5.8
25.0 21.444 4.663 12352 3.6
12.5 8.9444 11.180 5152 12.3

All five WOTANs were set to sample elght times per hour, with a nominal
12.5% duty cycle. The clock starting times In Table 2 were chosen so that one
out of every elght sampling intervals ended on the hour.




2.3 CALIBRATION

Calculation of surface wind speeds from amblent nolse data requires two
separate calibration steps: first, the amblent noise Iintensity data recorded
by the Instrument must be converted to noise spectrum levels (the standard
units are dB re 1 W Pa/Hz); second, nolse spectrum levels must then be
converted to surface wind speeds. This section Is concerned with the first
step, the conversion of the raw data to noise spectrum levels.

The procedure Is as follows. Measured levels of electronic white noise
are Injected Into the preamp!ifiers of the Instrument, and the output of each
channe!l 1is recorded. When corrections are made for the bandwidth of the
source and the voltmeter used to measure it, the instrument outputs are then
callbrated In terms of RMS voltages at the Input of the preamplifier. With
the addition of the callbration data for the hydrophone, the Instrument output
Is callbrated for amblent noise spectrum levels. The calibration data
(Instrument counts vs RMS nolise voltage Injected) were plotted to check for
Ilnearity (Figure § provides an example). A least-squares fit of counts to
RMS Input voltage was than made over the |!inear portion of the curve to give
the following relationshlip:

N = m-v|n+N1 (1)

where:

N Is the number of counts recorded (100% duty cycle is assumed)

yln Is the measured RMS noise voltage Input to the preamplifier

?

m is the slope of the least-squares llne, and

N Is the Intercept of the least-squares |Iine (ldeally, N1 should be
zero).

Let BW be the bandwidth of the filter in the channel, let GBW be the
bandwidth of the white-nolse generator, and let P be the spectrum level of the
white-nolise voltage It generates.

Then v - K-P-GBW, where K Is a factor that corrects for the ratio
between the nolse generator bandwidth and the bandwidth of the voltmeter used
to measure v n (Motchenbacher and Flitchen 1973). For the measurements to be
reported here, K = 0.850. Then

1/2 P1/2

N = m(K- GBW) + N (2)

1

If the injected noise is white, then m = B/ BW, where BW is the bandwidth of
the fllter in the channel being calibrated and B |Is the galn. |If we assume
that BW Is narrow enough that the ocean ambient noise Is effectively white
within that band, then, with the hydrophone submerged
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N = m(K-GBW) /2 1oNSL/20 (o b/20 N, (3)

where NSL is the ambient noise spectrum level, In dB re 1 W Pa/Hz and b Is the

hydrophone response in dB re 1 v/ U Pa. Equation (3) Is more convenlently
written in the form

NSL = 20 |°g1O(N-N1) - 20 Iog10[m(K GBW)1/2]-b

= 20 Iog1o(N-N1)—B - (4)

Equation (4) is the basic WOTAN callbration relation, glving the noise
spectrum level in terms of the counts registered in each channel, with all the
constants lumped together |n B. Calibration measurements were made for the
instruments at statlons 1 and 2 before and after deployment, and for the other
three Iinstruments before deployment. N and m were taken from the
least-squares fits descrlbed above and b was taken from the hydrophone

manufacturer’s callbration data. The values of N1 and B for each channel
and instrument are listed in Table 5.
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Table §: Calibratlion constants for WOTAN instruments used In the CASP
exper iment. :

Board No. Data Frequency N B (dB)
Channel (kHz)

Not 1 8.0 19 (-5)° 19.6 (0.00°

Recorded 2 12.5 52 (118) 21.2 (0.0)
3 14.5 -84  (-4) 20.3 (0.1)
4 16.8 . -35  (170)  23.7 (0.2)
5 25.0 -120  (-61)  29.8 (0.0)
6 4.3(W) -43  (128)  17.7 (0.0)
statlon 2 Instrument 02® (Transducer 114)

Not . 50 (-59)° 19.7 (0.1)°

Recorded 26 (-113) 20.8 (0.2)

49 (-116) 23.4 (0.1)
-45  (105) 30.3 (0.0)

0
.5
.5 -81  (-49) 22.0 (0.1)
8
.0
.3(W) 10 (-96) 21.1 (0.2)

DN WN —
[ Y Qe ey
L OO AHANMO®

4 1 4.3 -38 19.5
27 2 8.0 134 20.3
6 3 12.5 116 21.7
18 4 14.5 66 23.2
10 5 16.8 35 24.5
14 6 25.0 -37 30.3
104 7 4.3(W) 54 20.8
Station 12  Instrument 09  (Transducer 152)
26 1 4.3 =57 19.4
24 2 8.0 -9 20.4
5 3 12.5 -3 21.5
20 4 14.5 23 22.4
12 5 16.8 126 24.0
16 6 25.0 =251 29.1
105 7 4.3(W) -59 20.9
station 13 Instrument 12° (Transducer 156)
28 1 4.3 28 19.0
23 2 8.0 -82 20.3
8 3 12.5 -13 21.8
19 4 14.5 46 22.8
11 5 16.8 58 24.3
15 6 25.0 15 29.6
102 7 4.3(W) -40 20.6

¢ values are averages of the before- and after-deployment calibration
measurements.
Differences between before- and after-depl!oyment measurements.
The calibrated hydrophone response for was not avallable from the manu-
facturer, who supplied average data from the productlon run which Included
that unit. Varlatlion between units In the same run Is quoted as S 1 dB.
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3.1 TAPE TRANSLATION, DESPIKING AMD CALCULATION OF NOISE SPECTRUM LEVELS

The Instrument cassette tapes wers transiated at the Institute of Ocean
Sclences, using a Sea Data Model 12 reader and a Hewlstt-Packard computer
system. All cassettes translated cleanly, with less than 0.05% parlty errors
In any of the tapes. The total number of records and the flnal clock reading
were verlfied against each instrument‘'s start and stop time and sampling
interval. The time base accuracy for all five Instruments was within the
Instrument manufacturer’'s specification (less than 1 minute error Iin 6
months): the WOTAN at station 1 gained ¢ s In 3 months, station 2 lost 4 s In
3 months, statlon § lost 33 s In 4.5 months, station 12 lost 12 s In 4.5
months and station 13 lost 17 s in 4.5 months. After translation and
conversion to standard nine-track tape format, the time channels were
converted to GMT and the raw data records were plotted. A sample plot of the
raw data from station 1 is shown In Figure 6.

As may be seen In Figure 6, the raw data contalns a signiflcant number of
spikes. Some, such as the one that occurs on January 2, are not present in
all channels and may be negative. These are almost certainly recording errors
and not actual noise events. There are others, such as the one late on
January 5 and the one on January 24, that occur In all channels and that show
a systematlc variation with frequency (providing they do not reach full scale,
which Is 5152 in thils case), and are very llikely short-lived nolses. The
sharp peaks seen on January 13 and 14, however, are of several hours’ duratlon

and are larger at hligher frequencles, suggesting rainfall as a possible
source.

The first step towards producing a wind-speed record Is to remove the
flrst two types of spikes from the record. This was done using a simple,
threshold-despiking program which deleted splkes up to three samples In
wldth. Deleted polnts were replaced by a |!lnear Iinterpolation between
neighbouring valid points. The threshold was determined from visual
Inspection and was set at 850 for the 4.3-kHz (wide and narrow) and the
8.0-kHz channels and at 475 for all other channels. The flirst valid point
(l.e., starting point for the despiking program) was chosen by Inspection;
after that point any group of up to three points which differed from the
preceding value by more than the threshold was deleted and replaced by an
Interpolation. Figures 7 to 11 show the despiked data.

A particular problem is evident at statlon 2 (Figure 8). After January
14 there are no occasions on which the nolse levels drop to near zero on any
of the channels, in contrast to records from all the other Instruments and to
Itself before January 14. Comparison with the record from station 1 (12 km
distant) shows that before January 14, the records are nearly ldentical on all
channels. After January 14, only the upper portions of the plots from station
2 appear similar to those from station 1, and those portlons have been shlfted
upward. The data suggest that after January 14, the instrument at station 2
was subjected to a constant relatively high level of background noise. One
possible explanation would be a fault In the Instrument which generated
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electronic nolse, which Is, however, not Ilkely. Flgure 12 shows the portion
of the record from station 2 spanning the instrument's recovery. The nolse
level on all channels dropped to near zero as the Instrument was removed from
the water (1730 GMT March 13). This effect Is seen on all Instruments as the
hydrophone coupies much less efficiently to air than to water. The subsequent
calibration of the unit from statlion 2 produced results virtually ldentical to
those found In the pre-deployment calibration, with no indication of any
increase in the Internal noise level of the unit.

Two other possible causes for this noise come to mind; one internal, the
other external to the Instrument. Because the excess nolse appeared on all
channels, If It originated In the instrument the fault would have to have been
in the preamplifier or hydrophone, as those are the only elements common to
all the channels. The beshaviour of the instrument when removed from the water
and during the subsequent callibration appears to rule out the preamplifier.
If the hydrophone was at fault, the effect must have required at least
submergence and possibly the application of pressure to take place. It is
possible that a pinhole leak in the transducer molding and the subsequent
electrical path through seawater could produce nolse. This possibillty
unfortunately cannot be checked at present as the unit was redeployed In the
Arctic Immedlately after recovery and will not return until October 1986. At
that time, It could be examlned to verify whether a transducer leak did
occur. (It was fitted with a different preamplifier, thus eliminating that as
a possible source.) :

The remaining possibillty Is that an external noise source was
continuously present at station 2 from January 14 until the WOTAN was
recovered. Noise from shipping or offshore industrial activity does not seem
likely because of the lack of any Interruptions and the magnitude of the
signal at high frequenclies. There were several CASP moorings In the Immediate
vicinity, however, Including a WAVEC directiona! surface-wave measurement buoy
and a surface meteorological buoy. |t Is possible that one or more components
of these moorings may have worked loose and begun to squeak or rattle. There
is, however, no way to confirm this hypothesis.

Figure 13 shows a spectral plot of the level of noise contamination
estimated from the mean minimum noise levels In the time series of Figure 8
(after January 14).

The desplked time series were converted to nolse spectrum levels by
application of the callbration equations listed In Table 5. Plots of the
callbrated noise level data are shown in Figures 14-18.

3.2 CALCULATION OF WIND-SPEED RECORD

Computatlon of wind speed from the acoustlic signal Is complicated by two
factors: noise from other sources (the chief one being rainfall) and the
effects of bubbles generated near the surface oq_Found at frequenclies of 8 kHz
and above when the wind speed exceeds 8 mes . Farmer and Lemon (1984)
presented data which demonstrated that the bubbles attenuate the
wind-generated noise. The effect increases with acoustic frequency and wind

1s. Wadde!l, 1986, Institute of Ocean Sciences, personal communicatlion.
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Figure 13: Spectral plot of apparent noise contamination at station 2.
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speed so that for wind speeds greater than 15m-vs_1 and frequencles of
8.0 kHz and above, the nolse spectrum leve! actually declines with Increasing
wind speed. Figure 19 demonstrates the effect.

This effect must be taken into account when calculating wind speed from
the acoustic records; once Its presence Is felt the problem Is no longer a
simple linear one. Consider the sltuation where amblent noise is measured at
n different frequencies, and suppose that wind Is the only contributing
source. Then the nolse spsctrum level at each frequency fI is expressed by
the equations

NSL(f1)-h1(|Og V); NSL(f2)-h2(Iog V);...; NSL(fn)-hn(log V) (5)
where V Is the wind speed In mes™ !,

Equations (5) are a parametrld representation of a curve In a space of n
dimensions. If the curve does not cross Iitself, then any wind speed, V, ,
locates a unique point on the curve, and vice versa. If the bubble effec{s
discussed In Farmer and Lemon (1984) did not exist, and, as we have supposed,
there were no other noise sources so that the ambient noise was fully
described by the origlnal Knudsen curves, then Equatlions (5) describe a
straight line In n-space. In that case, a measurement at any frequency
(within the valid frequency band) will produce as good an estimate of wind
speed as any other. At every frequency, the logarithm of the wind speed Is
llnearly related to the noise spectrum level. Only one measurement frequency
would be necessary, and any one would do.

The bubble effect causes some of the h (log V) to be nonlinear; at
sufficlently high frequencies, they are not monotonlc. Available evlidence
suggests, however, that at frequencies below 5 kHz, h ,(log V) Is a |linear
function. In the absence of other noise sources, then, only a single
frequency below 5 kHz is required to estimate wind speed, as the projection of
the wind-speed line on that frequency axis |Is parameterized by a |Ilinear
~function of wind speed, thereby maximizing the accuracy of the Inverse
relation. :

The simplest approach, therefore, is to Ignore the contribution from
other noise sources and to compute wind speed from the 4.3-kHz channels
alone. Such a simplistic scheme can often work qulte well, as It Is apparent
that rainfall-generated noise affects lower frequencies least strongly, and
that In areas away from heavy shipping activity, ship noise occurs as
Isolated, short~lived events.

Flgures 20-24 show wind speeds calculated from the 4.3-kHz slgnals at
each of the flve CASP WOTAN sites. The wind speeds were computed using the
standard empirical relationship (Lemon et al. 1984):

20 log V = a NSL ~b (6)
where a and b are constants determined from observations.

There is some evidence that the values of the constants a and b depend

upon the depth of deployment of the Instruments, with the effect that, over
most of the normal range of wind speed, constants derived from deeper-water
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Figure 19: Noise spectrum levels at 8.0, 14.5 and 25.0 kHz plotted against the
noise spectrum level at 4.3 kHz for 2 stations in Queen Charlotte Sound
(from Farmer and Lemon, 1984). '
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measurements seem to overestimate wind speed when applied to measurements
taken In shallow water. Table 6 shows values for a and b at 4.3 kHz from

three separate locations at which WOTAN instruments have been moored at
diverse depths.

Table 6: Values for the wind speed constants a and b at 4.3-kHz frequency
from three locations: (1) deep Pacific (4000 m) (Evans and Watts
1981); (i1) Queen Charlotte Sound (continental shelf, 250 m depth)

(Lemon et al. 1384); (111) Barkley Sound (continental shelf, 15 m
depth) (S. Vvagle™)

Location a b
i 0.831 29.9
H 0.783 27.6
iii 0.900 38.0

It Is also apparent from data set (lli) that the varlznce of the
wind-generated nolse signal Increases with decreasing depth. Such an
effect Is to be expected as the slize of the surface-generating area to which
the WOTAN Is Ilstening, and hence the degree of spatlal averaging would also
decrease with depth. This effect may be seen in the CASP data as well by
comparing, for example, Figures 7 and 10. Given the moor Ing depths llisted in
Table 1, It was decided that the most sultable sets of wind-speed coefficlients
to use would be (111) for stations 1 and 2, and (li) for statlons 5§, 12 and

13. The wind speeds shown in Figures 20 to 24 have been computed on that
basis.

When other noise sources are present that contribute at the same
frequencies as the wind, then the wind speed calculated from one channel only
will be too high. If the Interfering noise varles with frequency differently
than wind-generated noise (l.e., has a different spectrum), then Iin principle
we should be able to comblne noise measurements made at several frequencies to
separate the wind-generated noise from the other noise and, thus, recover the
true wind speed. Conslider a simple example In which wind and only one other
noise source, say rainfall, are present. To simplify the problem further,
assume that the wind noise falls off linearly with increasing frequency and
that at any frequency the noise spectrum level depends Ilnearly on the wind

speed (i.e., there are no bubble effects). Assume also that the
rain-generated noise spectrum behaves the same way, but with a dilfferent
spectral slope, and that the two sources are completely Independent. If wind
only were present, then we would find

2

S. Vvagle, 1986, Institute of Ocean Sclences, Sidney, B.C., personal

communication
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NSL, =@ f + B8V _ (7)

where f Is the acoustic frequency, NSL Is the noise spectrum level In dB
and V Is the wind speed. Similarly If onYy rain were present we would find

NSLR = a' f+B'R (8)
where R Is the rate of rainfall. Now pick two frequencles f. and f. at
which measurements are to be made. Data will then consist of lhe noise at

those two frequencies and will depend on the wind speed and rainfall rate.
The noise due to wind only at frequency f2 can be expressed as

NSL (f,.) a (f.-f.) NSL (f.)
10w2_1021 10w1

or

Mw(fz) - Kwa(f1) (9)

where M is the nolse level due to wind expressed in |inear unlits, and Kw
Is a constant which depends on f_-f (The spectrum levels have been

expressed as exponentials to allow ﬁan and rain noise to be added together
below.)

Plotting M (f2) agalnst M (f_.) will result In a straight Iine
through the orngn with slope K . Distance along the line from the origin
Is parameterized (logarithmically) In terms of the wind speed by Equation
(7). (We assume a and B are known.) Similarly, we can express noise due to
rainfall only at (f2) In terms of noise at (f1) as

MR(fZ) - KRMR(f1) ' (10)

which describes another straight line through the origin, but with slope
K, . Distance along this line Is parameterized In terms of ralinfall rate R
by Equation (8). A measurement taken with both sources of noise present will
result In noise levels at (f1) and (f2) of

M(f1) - Mw(f

1° V) + MR(f1, R)

(11)

M(f2) = Mw(f V) + M_(f R)

2’ R" 2’

The polint [M(f ),M(fa)] will Ile somewhere between the two |lines described
by Equations (95 and (10). Both the wind speed and the rainfall rate can be
recovered by projecting the vector from the origin to [M(f.,), M(f.)] onto
the wind speed and rainfall lines and using the parameterizations of é%uatlons
(7) and (8). Every point between the two |ines maps to a unique combinatlion
of wind speed and ralinfall rate. Under these simple assumptions then, we can
recover both quantities by measuring at two frequencies only.
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If a third nolse source with the same type of frequency dependence and
parameterization by a source quantity (e.g., shipping nolse) were present,
then there would be three lines on the plot (one for each source) and all
measured points would I|le between the lines with maximum and minimum slops.
Each point would not determine a unique combination of the three sources
however, so that a third measurement frequency channel would be requlred to
determine the contribution from each source. Then there would be a
three-dimensional co-ordinate system [M(f.,), M(f2), M(f_.)] and each
nolse source would describe a |lne radiating from the origin. ﬁ%asured points
would be within the volume enclosed by the planes described by each pair of
llnes, and the contribution from each source would be measured by the
projection of the measured nolse vector on each of the three lines.

In fact, none of the actual noise relationships are simple |inear
functions as described above, so that the straight lines in the example above
would become curves (see, for example, Figure 19) which complicates the
process of mapping nolse levels to combinations such as wind speed and
ralnfall rate. At present, the shape of the rainfall spectrum Is not well
enough known to allow the equlvalent of Equation (8) to be written. It should
be possible, however, to use the known frequency dependence of wind-generated
noise to improve wind speed estimates beyond .those possible using only one
channel. Even with the presence of bubbles, pure wind-generated noise at one
frequency plotted agalnst a second will produce a well-defined curve (e.g.,
Figure 19), which we may then use to optimize wind-speed estimation for any
data set. As stated previously, rain-generated noise favours higher
frequencles, whereas industrial nolse favours lower frequencies. Nolse
measurement points contaminated with rain noise will, therefore, deviate to
the higher-frequency side of the curve, whereas those contaminated wlth

Industrial noise wlll deviate to the lower~frequency slide of the curve. In
each case, we can then use the frequency least Ilkely to be affected to
compute the wind speed, and should achieve an overal! Improvement In the

wind-speed estimates.

We will use the 4.3-kHz and 8.0-kHz channels as an example. The data
from Queen Charlotte Sound, shown in Figure 19, were used to generate the
curve deflining wind-generated noise. The curve Is shown In Figure 25 and Is
labelled as llne W. .(The noise levels are plotted In decibel units, rather
than the I|linear units used In the example above.) To allow for small random
measurement errors, the |ine was expanded to a band 1 dB wide, labelled zone A
in Flgure 25. Any point Ilying within A was taken to be purely
wind-generated. Within A, wind speed was computed by returning to W along a
perpendicular from the measured point and computing the wind speed from the
average 4.3-kHz relation for Queen Charlotte Sound given In Lemon et al.
(1984):

20 log V = (0.783 t+ 0.016) NSL - (27.6 + 0.9) (12)

where V Is the wind speed in mos-1 and NSL is the 4.3-kHz noise level Iin dB
re 1 U Pa/Hz. (The additive constant has been corrected to allow for the
bandwidth difference between the noise generator and voitmeter used In
derlving the Instrument calibratlons for Queen Charlotte Sound. . The
difference amounts to 0.7 dB.) Points falllng below zone A were taken to be
contaminated with shipping or Industrial noise; wind speed was computed by
returning to line W along the horizontal (constant 8.0-kHz noise level) and
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applying Equation (12). Points lying above zone A were assumed to contain
precipitation noise and, in this case, wind speed was computed by returning to
line W vertically (constant 4.3-kHz noise level) and applying Equation (12).
In fact both of these (or other) extraneous noise sources could be present on
either side of A. However, without full knowledge of the rainfall spectrum at
least, a better separation cannot be achieved at present. Current knowledge
strongly suggests that the two sources would dominate as described. Fligures
26 to 30 show the wind speed caiculated at each site as described.

Inspection of Figures 26 to 30 clearly shows that the procedure descr ibed
does not produce realistic wind-speed time series, particularly in the case of
station 13 (Figure 30). The step-like nature of the time series |Is
unreatistic. Figures 31 to 34 show scatterplots of the 8.0-kHz noise spectrum
level versus the 4.3-kHz noise spectrum level at CASP stations 1, 5, 12 and
13, respectively. The data have been selected from the period February 8-28
1986, during wqgch the Martinique Beach meteorological station showed minimal
preciplitation. Line W has been plotted with the data from station 13

(Flgure 34) and clearly does not match it. It does not match any of the
curves from the other stations very weil either, which accounts for the poor
appearance of the wind-speed plots in Figures 26 to 30. In fact, the curves

in Figures 31 to 34 are all different, so that no single line W could be used
for all four sites (station 2 has been excluded because of the noise problems
- from January 14 1986 on).

Zone A was, therefore, defined separately for each station as follows
[N Is the 4.3-kHz noise signal (narrow-band for stations 5, 12 and 13)
ané'ﬁs Is the 8.0-kHz noise signal, both in dB re 1 |t Pa/Hz]:

ﬁffilinaa?é dB: -7.63 9B < Ng -1.02 N, , < -6.53 dB
N, 5 > 60.3 dB: 6.72 B < Ny -0.784 N, , < 7.72 dB
Ngas= 56.7 aB: ~7.74.d8 < Ng =1.04 N, , < -6.74 a8
56.7 dB < N, , < 60.3 dB: 2.8 dB < Ny -0.861 N, , = 3.28 dB
N, 5 > 60.3 dB: -23.6 dB < Ny -0.507 N, , < 24.6 dB
‘Statijon 12:
N, 5 < 60.6 dB: -5.0 4B < Ng - N, < -4.0 dB
60.6 dB < N, , < 63.2 dB: 9.0 d8 < Ny -0.769 N, , < 10.0 dB
N, 5 > 63.2 dB: -23.0 dB < Ng -0.469 N, , < 29.0 dB
ﬁffilﬁngééi dB: -0.98 9B < Ng -0.92 N, , < 0.02 dB
N, 5 > 59.4 dB: .~ -20.0 dB < Ng -0.57 N, , < 21.0 dB

3Data supplied by Dr. F. Dobson, Bedford Institute of Oceanography,
personal communication, 1986.
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31: Noise spectrum level at 8.0 kHz vs noise spectrum level at 4.3 kHz
at station 1 for the period February 8-28, 1986.
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A corrected time series for noise spectrum level was calculated for each
statlon, combining the 4.3-kHz and 8.0-kHz signals In the algorithm, but with
zZone A defined Individually for each station as abovs. Wind speeds were
computed using the constants In Table 6; set (ill) for statlon 1, set (Il) for
stations 5, 12 and 13. The resulting wind-speed time series are shown In
Figures 35 to 38. The unreallistic step-like nature of the time serles Is no
longer present.

3.3 COMPARISON WITH SURFACE BUOY WIND SPEEDS

Figure 39 Is a time-series plot of wind speed measured by the surface
buoy at station 2.  Comparison with the WOTAN record at station 2 Is not
possible as the uncontaminated portlon of the WOTAN record does not overlap
‘the surface buoy record supplied to us. However, the WOTAN at station 1 was
only 12 km distant, so a comparison can be made between the WOTAN wind speeds
from station 1 and with the surface buoy measurements at station 2.

Inspection of the time series in Figures 35 and 39 shows a high degree of
visual correlation between them. Linear regressions on the surface-buoy data
(over thelr common measurement period) of the WOTAN wind speed computed from
the 4.3-kHz signal only (Figure 20) and the combined 4.3-kHz and 8.0-kHz
signals (Figure 35) were calcuiated with the following results: (Vw Is the
WOTAN wind speed, Vs Is the surface-buoy wind speed).

(a) 4.3 kHz only on surface-buoy winds:

1

Vw = 1.40 Vs + 1.859 ms~ Correlation coefficient R=0.892

(b) 4.3 kHz and 8.0 kHz on surface-buoy winds:

vw = 1.16 Vs + 0.01 ms-1 Correlation coefficient R=0.900

Although the combined calculation produced a slightly better flt, the
correlation coefficients show that In both cases, the fit was by no means
perfect. Station 1 Is close to the maln shipping route to Halifax harbour,
which suggests that there Is probably a large amount of ship noise In the
record. Ships passing close overhead are llkely to be heard on the 8.0-kHz as
well as on the 4.3-kHz channel. Development of an algorithm for identifyling
ship signals (perhaps exploiting the characteristic structure noted in Lemon
et al. 1984) would be a very useful step.

4Data supplied by Dr. F. Dobson, Bedford lnstltute of Oceanography,
personal communication, 1986.
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4.0 CONCLUSIONS

Flve WOTAN instruments were deployed as part of the CASP experiment, from
December 1985 to April 1986. Data recovery was very successful, with over 90%
of the total records possible beilng Immediately usable. Four of the
instruments produced complete noise records on all channels, while the fifth
(statlon 2) was contaminated by noise from an as yet unknown source from
January 15 1986 until it was recovered on March 13 1986.

Time series of wind speeds calculated from WOTAN measurements at CASP
statlons 1, 5, 12 and 13 have been presented using two algorithms to compute
wind speed. Comparison with the wind speeds measured by the surface buoy
showed marginally better performance by the algorithm combining the nolse

'signals from the 4.3-kHz and 8.0-kHz channeis. In both cases, a good fit with

a high degree of correlation (R=0.9) was found. It was not possible, however,
to derive an algorithm for the dual-channe! calculation which would work at
all the stations. Significant differences were observed In the relationship
of the 8.0-kHz signal to the 4.3-kHz signal among the varlious statlions. It Is
not clear why that Is the case. It may be related to reasons for the apparent
varlation of the wind-speed calibration constants with Instrument depth.
Further Investigation of that phenomenon and the effects of ralinfall using the
data from the higher-frequency channels may result in further Improvements to
the wind-speed measurements and the possibility of making accurate rainfall
measurements at sea. Such an investigation Is, however, beyond the scope of
this report.
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