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CHAPTER 3
DEPTH DETERMINATION

1. INTRODUCTION

Depth determination is a fundamental task for ardiychpher, which requires specific knowledge of the
medium, of underwater acoustics, of the plethoradefices available for depth measurement, of
complementary sensors for attitude and heave memasmt and proper procedures to achieve and meet
the internationally recommended standardsdoucy and coverage as articulated in IHO pulbitinat
S-44 %' Edition.

Lead line and sounding pole were the earliest nisthesed for directly measuring water depth. Their
easy principles of operation ensured their continuge over many centuries.

Single beam echo sounders, derived from militanass, were a major development and have been used
in hydrographic surveying since the mid 1900s.

During the last decade, hydrographic surveying Baperienced a conceptual change in depth
measurement technology and methodology. Multibesrino sounders (MBES) and airborne laser
sounding systems (ALS) now provide almost totafleea coverage and depth measurement. The high
data density and high acquisition rates have lddige bathymetric data sets and much ancillary. data

The state of the art of the depth measurement swuipwas evaluated by the working group on S-44
preparing the 4 Edition in 1998 as follows:

“ Single beam echo sounders have reached a sub-decimetre accuracy in shallatew The
market offers a variety of equipment with differéneiquencies, pulse rates etc. and it is
possible to satisfy most users' and, in particullae, hydrographers' needs. (...)

Multibeam echo sounder technology is developing rapidly and offers greatential for
accurate and total seafloor search if used withg@oprocedures and provided that the
resolution of the system is adequate for propeedéin of navigational hazards.

Airborne laser sounding is a new technology which can offer substantialdoictivity gains
for surveys in shallow, clear water. Airborne lasgstems are capable of measuring depths
to 50 m or more.”

Despite these new technologies, single beam echondses (SBES) still remain, for the present, the
traditional equipment used on hydrographic surwegddwide. These echo sounders have also evolved
from analogue to digital recording, with greateegsions and higher accuracies and with specific
features which allow a wider variety of purpose®éomet. The use of digital echo sounders alorly wi
motion sensors, satellite positioning systems (sashGPS) and software for data acquisition have
combined to optimize productivity with corresporglieductions in personnel for survey operations.

MBES have become a valuable tool for depth deteatiin when full seafloor ensonification is required

An increasing number of National Hydrographic Gd8NHO) has adopted multibeam technology as the
methodology of choice for the collection of bathyrzedata for new chart production. The acceptasfce
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multibeam data for use in published nautical charta sign of growing confidence in the technology.
Notwithstanding their impressive capabilities, st vital that planners, operators and checkers have
indepth knowledge of MBES operating principleswed as practice in data interpretation and valatat

Airborne laser sounding systems are being used feywaNHOSs; these systems have, by far, the highest
data acquisition rates and are particularly suibenear shore and shallow water areas. Howewvehith
costs for the assets involved in data collectioth @aeir operation do not currently allow a more gah
use.

In this Chapter, Section 2 covers the broad acofisidamentals necessary for the understandingaf s
water acoustic waves and physical characteristicsustic wave propagation and acoustic parameters.
Section 3 deals with motion sensors. Section €motransducer characteristics, their classifioatith
regard to beam pattern, principles of operation thair installation. Section 5 describes the atous
systems of single beam echo sounders and swatbnsy,sboth multibeam and interferometric sonars,
with regard to their characteristics, principles apferation, installation and operational use. IRina
Section 6 explains non-acoustic systems, suchrberae laser and electromagnetic induction systems,
remote sensing systems and classic mechanicaledevic

The terminology used in this chapter follows, asaspossible, the Hydrographic Dictionary [IHO SP-
5™ Edition, 1994].

2. ACOUSTIC AND MOTION SENSORS FUNDAMENTALS

Sea water is the medium in which hydrographic mesmsants normally take place, therefore knowledge
of sea water’s physical properties and of acowstices propagation is important for full comprehensi
of the contents and aim of this chapter.

2.1 Sea water acoustic waves and physical cheteristics

Despite electromagnetic waves having an excelleopggation in a vacuum and air, they hardly
penetrate nor propagate through liquids. Howeaeoustic waves, either sonic or ultra-sonic, aahiev
good penetration and propagation through all eélastidia once these media can be made to vibrate whe
exposed to pressure variations. The majority efgansors used for depth determination use acoustic
waves.

2.1.1 Acoustic field

The acoustic waves consist of subtle variationshef pressure field in the water. Sea water peaticl
move longitudinally, back and forth, in the directiof the propagation of the wave, producing adjace
regions of compression and expansion, similar ésefproduced by longitudinal waves in a bar.

The intensity of the acoustic wavk, is the amount of energy per second crossing aarea. The

acoustic intensity is given by:

2
|=Pe 3. 1)
pc
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where p is the water density; is the sound velocity in the water apd is the effective acoustic
pressur®, given by the root mean square of the peak pressuplitudep, i.e.:

D, = P
e \/E
The acoustic wave intensity is computed using aesegoustic pressure rather than instantaneoussvalu
The acoustic pressure and intensity, due to thigie wange variation, are usually expressed in ldgaic
scales referred to pressure and intensity levihks,diecibel scale being the most common logarithmic
scale.

The acoustic intensity levdl, , is given by:

IL :1OI0910|L (3.2)

Ref
wherel gef is the reference intensity.

The acoustic intensity level is alternatively exgsed by,

Pe

Ref

IL =20log,, (3.3)

wherepges is the reference presstie
2.1.2 Sonar Equation

The sonaf equation is used to study and express the detectipability and performance of echo
sounders as a function of operating conditionsdkJri975].

The sonar equation for echo sounders defines gimalsbr echo detection as the Echo ExcEES (
EE=SL-2TL-(NL-DI) + BS-DT (3.4

whereSL = source levelTL = transmission los$\L = noise levelDI = directivity index,BS = bottom
backscattering strength abd” = detection threshold.

In this section each term of the sonar equatigmesented and studied to enable a better undenstaoid
the processes involved in acoustic signal propagahd echo detection.

The acoustic wave intensity at a distance from the transmitter is obtained by,

%0 pascal (Pa) is the unit of pressure in the latinal System (SI).

In underwater acoustics reference pressure alysadopted as fiPa.
SQund NAvigation and Rnging.

31
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p2
I, :p—; W/m? (3.5)

Wherep; is the effective pressure at the distandeom the source angc is the acoustic impedarice
(considering a sound velocity of 1500 m/s and sag@mdensity of 1026 kgfhthe acoustic impedance is
pc = 1.5401.0° kg/nTs).

The Source Leve(SL) gives the acoustic signal intensity level reférte the intensity of a plafiewave

with root mean square (rms) pressur@Ha, for a point located 1 metre away from the eeofrthe
source (transmitter), i.e.:

|
SL= 10D]og10|—1 (3.6)

Ref

The Transmission Lo99L) takes into account the losses of acoustiensity due to geometry, i.e. from
spreading losses, proportional toand the losses due to absorption, proportionahéocoefficient of
absorption, dependent on the physical and chers&alwater properties and on the acoustic frequency
(see 2.3.1).

The spreading loss is caused by the geometry df¢hen with its cone shape (Figure 3.1). The irs@ea
in area results in the decrease of power per Gigitea.

.) Q:?

R
R

Fig. 3.1 "Spreading loss due to beam geometry"
The power[1, of the acoustic pulse is equal to Intensity xare
n= I]_llk]_ = |2m2

whereA; = QR,* andA,= Q[R,’, beingQ the solid angl&.

83 Acoustic impedance corresponds to the resistaftiee medium to the wave propagating throughét, ia proportionality

factor between the velocity and the acoustic pressu

Plane waves occur in a small region away fromsitngrce where wave fronts (points where vibratiaresin phase), are
approximately plane and have negligible changeripldude.

34
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Therefore, the relation of intensities is given by:

2
I R
L= = (3.7)
I2 Rl
If one considers the reference intensity at=R1 m, the distance at which the source level (L)
determined, the logarithmic ratio of the intensitielates to the transmission loss due to spreasting

I 1
10Uog,, — =1000og,,—; = -200og,, R, (3.8)
IRef RZ
Hence, the transmission loss is given by:
TL = 20 logyer + ar (3.9

wherer is the distance to the transducer arte absorption coefficient.

The Noise Leve[NL) is dependent on the environmental spectral rieisel (Ng) and on the transducer
bandwidth during receptionvy,

NL = No + 10 logiow (3. 10)

The noise in the ocean is generated by severatesybrick, 1975] such as: waves, rain, seismic
activity, thermal noise, living organisms and maaed®.

Besides noise, it is also important to take intcoaat the combined affect of the backscatteringisito
energy created by various marine bodies; thesedecsurface waves, air bubbles, marine life, materi
in suspension, etc. This contribution is knownh&sReverberation LevéRL).

Transducers usually have the capacity to concentinat energy within a conical shape (Figure 3)is
property can be quantified, for the sonar equatisnthe ratio from the intensity within the beantte
intensity of an omni directional point source wiile same power.

Fig. 3.2 "Ensonified surfaces from an omni directioal source and directional source"

% The solid angleQ, is the space enclosed by a conical surface. @heyexpressed in steradian (sr), is obtained=&/R,

where S is the spherical surface with centre iraftex of the cone and radius R.
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Therefore, considering the same power for the aiimactional and directional sources:

M= 1,4nR? = I3 (3.11)
The ratio of intensities is given by:
2
| 4mR
—_— = (3.12)
lo S

and the Directivity IndeXDI) is obtained by:

2
DI =10l0g,,—— = 10log,, 2™ (3. 13)
I Ref
For an array with length,, and wave lengthy, (with L>>A) the Directivity Index is given by:
DI = 10 logso (2L/A) (3. 14)

The acoustic energy returned from the seaflodnésenergy used by sonar systems, as well as thitgem
means by which to deduce some seafloor properti€sowledge of the beam angle and the sound
velocity profile in the water column allows onedbtain backscatter strength corrected for absartial
spherical spreading.

Each particle on the seafloor can be likened teflector and the seabed return as the sum of thegen
contributions from the water-seabed interface awdhfthe volume of sediments, due to some energy
penetration into the sediments. However, the dmutiopn from the volume of sediments is less
significant when using high frequencies.

The seabed Backscattering Stren@Bf) is usually described as the logarithmic sum dfinsic
backscattering strength per unit area or backscattkex (SB), which is dependent on the reflective
properties of the seafloor and the effective instaeous scattering aréda the area of the seafloor which
contributes to the backscattered signal:

BS =SB + 10 log, A dB. (3. 15)
The limits of the backscattering area are defingdhle beam geometry, particularly by the beam width
(of the transmit beam) in the along-track directatnnormal incidence or nadigr, and by the beam
width (of the receive beam) in the across-trackation at nadirgx.

For the off-nadir directions, the backscatteringaais bounded by the beam widt, and by the
transmitted pulse length(Figure 3.3). The seafloor backscattering stiemgay be given by:
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SB+10Mog,,(p,p,R?) beam width constrict

BS= (3. 16)

SB+1OEI]ogm(%(pTRJ pulse length constrict

whereR is the slant range from the transducer to thetpminthe seafloor is the velocity of the sound
andp is the beam angle with reference to the vertical.

The backscatter coefficien§B, is usually partially dependent upon the anglenafdence, the largest
variation being near nadir and typically followd.ambert’'s law [Urick, 1975 and de Moustier, 1993]
dependence at larger angles of incidence. Itrigncon to define:

SB = BS, for normal incidence3(= 0°)
SB = B$ ko< B, for oblique incidence(> 10-25°)

Typically, BS, will be about -15 dB and BSabout -30 dB. These values may change within 8 @d
even more depending on seabed type and roughness.

Looking at the beam footprint (ensonified areagufeé 3.3, the instantaneous ensonified afgas a
function of the transmitted beam widify,. The number of samples per beam depends on tingling
interval (ts).

Transducer

ct/(2siB) ./

Fig. 3.3"Backscatter samples"

¢ = sound velocity
T = pulse length

The Detection Threshol(DT) is a system dependent parameter which estadithe lowest level above
which the echo sounder can detect the returningesch

C-13



126

2.1.3 Temperature

The temperature at the sea surface varies witgebgraphic position on the earth, with the seasdheo
year and the time of the day [Pickard and Emer$01.9 The temperature field distribution is a coexl
one and can not be predicted with enough accum@aciyfdrographic surveys; through the water column
the behaviour of the temperature is also very cempl Such unpredictability necessitates a
comprehensive distribution of sound velocity p®fidasts, both temporally and spatially, to maintain
representative currency of the sound velocity pesffor the survey area.

The depth measurement is quite sensitive to vanatof the sound velocity profile; a variation afeo
degree Celsius in temperature translates to appedgly 4.5 m/s in sound velocity variation.

The temperature variation is the dominant factorstmind velocity variation between the surface tued
lower limit of the thermoclin®, thereafter pressure becomes the principal infleen

2.1.4 Salinity

The salinity is a measure of the quantity of digsdlsalts and other minerals in sea water. lbrsnally
defined as the total amount of dissolved solidseia water in parts per thousand (ppt or %.) by vieigh

In practice, salinity is not determined directlytlisi computed from chlorinity, electrical condudtyy
refractive index or some other property whose i@hship to salinity is well established. As a lesii
the Law of Constancy of Proportigrtbe level of chlorinity in a sea water samplesed to establish the
sample's salinity.

The average salinity of sea water is around 35 %he rate of variation of sound velocity is
approximately 1.3 m/s for a 1 %o alteration in sié§in Typically the salinity is measured with a CTBst
(Conductivity, Temperature and Depth) using theeoleble electrical conductivity, see 2.2.1.2.

2.1.5 Pressure

The pressure also impacts significantly on the dowlocity variation. Pressure is a function opithe
and the rate of change of sound velocity is appnaxely 1.6 m/s for every alteration of 10 atmospker
i.e. approximately 100 metres of water dépth

The pressure has a major influence on the sourdiein deep water.

2.1.6 Density

Water density is dependent upon the previous pasame.e. temperature, salinity and pressure.

Fifty percent of the ocean waters have a densityéen 1027.7 and 1027.9 kdg/niThe largest influence

on density is compressibility with depth. Watetiwa density of 1028 kg/hat the surface would have a
density of 1051 kg/fhat a depth of 5000 metres.

% The thermocline is also called discontinuity laye thermal layer. The thermocline corresponds teertical negative

temperature gradient in some layers of the watlemwo, which is appreciably greater than the gradiaebove and below it.
The main thermoclines in the ocean are either sahsdue to heating of the surface water in sumorepermanent.

87 A joint committee (IAPO, UNESCO, ICES, and SCORpposed the universal adoption of the followingiaipn for
determining salinity from chlorinity: S = 1.8065%.C

% This is derived by the hydrostatic principle,.igz) = B + pgz.
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2.2 Salinity, Temperature, and Sound Velocity Detenination

This subsection describes the instrumentation u®edsalinity, temperature and sound velocity
determination as well as their operating princigled the calculation for mean sound velocity.

2.2.1 Instrumentation

2.2.1.1 Sound Velocity Profileis the most common instrument used to measuresdned velocity
profile through the water column. This instruméas one pressure sensor to measure depth, a
transducer and a reflector a certain distadceggpart. The sound velocity is calculated by the
equation ¢ = 2dit, whereAt is the two-way travel time of the acoustic sighatween the
transducer and the reflector (similar to the depdasurement performed by echo sounders).

2.2.1.2 CTDis an electronic instrument with sensors for catidity, temperature and depth. This
instrument records the salinity by directly measgrthe electrical conductivity of the sea water.

Sound velocity in the water varies with the medisirefasticity and density, which are dependent
upon the salinity, temperature and pressure. Whith information from the CTD (salinity,
temperature and pressure) it is possible to cdkulze sound velocity in the water based on
empirical equations. One simple equation with adég accuracy was presented by Coppens
[Kinsler et al., 1982]:

C (Z, T, S) = 1449.05 + T[4.57 - T(0.0521 - 0.003B+ (3.17)
+[1.333 - T(0.0126 - 0.000@)](S - 35) +A(Z)

whereT is the temperature in degrees Celsius (%13,the salinity in parts per thousand (pgt),
is the depth in km, artl(Z) = 16.3Z + 0.187%

This equation is valid for a latitude of 45°. Father latitudes,Z should be replaced by
Z[1 - 0.002660s (2)], being¢ the latitude.

2.2.1.3 Thermistorsare elements whose electrical resistance dependsheair temperature, which
depends on the amount of heat radidfidalling on it from the sea. Thermistor chains ased
to measure the water temperature at several deptbegh the water column. These chains,
usually moored, consist of several thermistor el@syeregularly spaced along a cable. A data
logger samples each element sequentially and re¢bedtemperatures as a function of time.

2.2.2 Instrument operation

Important for successful operation of a sound vefogrofiler, before deployment, the profiler shdul
have the correct parameters entered with the redjuecording settings and be calibrated with tireecod
atmospheric offset in order to generate reliablglieneasurements.

It should be stressed that, during the atmosplodfset calibration, a sound velocity profiler shabulot
be in a pressurised compartment or the calibratitinproduce biased offsets and thus erroneoushdept
measurements.

% The heat radiation rate is given by Stefan’s laich states that the rate of emission of heatatadi from an object is

proportional to the fourth power of its absolutemperature.
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Before deployment, the profiler should be in thetewafor approximately 15 minutes for thermal
stabilisation and during a sound velocity castjsitrecommended a constant deployment speed is
maintained.

2.2.3 Data recording and processing

Sound velocity profiles should be edited and cdiefthecked for anomalous depths and sound velocity
readings.

In general, velocity profilers record both depthd&aound velocity, both downwards and upwards. The
two profiles should be compared to confirm they similar after which the profiles are often meated
create the final profile, although this not necelsaequired, in any event the readings should be
compared and additional information removed tovakorting into ascending or descending order.

2.2.4 Sound velocity computation

After the sound velocity profile has been validatédan be applied to the survey file. The comagion
is used to correct depth measurements with soulodityeprofile data.

For beams near the vertical, specific case of sibglam echo sounders, it is accurate enough tthase
average sound velocity in the water column. Howesay from nadir, it is necessary to perform ray
tracing to take account of the beam curvature duany refraction phenomenon encountered; thisds th
procedure used in MBES (see 5.2.1.8.1).

For a signal transmitted vertically (i.€, = 0°), the harmonic mean sound velocityfor a depthz, is
obtained by:

Cy(2,)=—— (3. 18)
n Ci
Zln( j
i=1 gi Ci—1
. . . _GC —C,4
whereg; is the constant gradient at layegiven by: g =——
Z—Z,

2.3 Sea water sound propagation
This section focuses on sound propagation namtyution, reflection, and refraction.
2.3.1 Attenuation

Attenuation is the loss in energy of a propagativeye due to absorption, spherical spreading and
scattering by particles in the water column.

The absorption is the result of dissociation ansbeaistion of some molecules in the water column;
magnesium sulphate (Mg3)As a major source of absorption in salt watehe Tate of absorption is
dependent on the physical and chemical propertiesea water and on the acoustic frequency being
transmitted. From Figure 3.4 it can be seen thavea a frequency of 100 kHz the absorption coefiti
increases with the increase of temperature; thiusr be expected that sonar range will vary i t
water temperature.
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The spherical spreading is dependent on the gepnietra solid angle the acoustic energy spreads av
larger area as the distance from the source ineseas

Both losses by absorption and spherical spreadimtpéien into account in the sonar equation (se@R.
However, losses from scattering depend upon pestiat bodies present in the water column; scatiesin
chiefly due to marine organisms, a major sourcevbich is the deep scattering layer (DSL) which
consists of a layer of plankton whose depth vahiesughout the day.

Absorption Coefficient
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Fig. 3.4 "Absorption coefficient"
2.3.2 Refraction and reflection

Refraction is the process in which the directiorpadpagation of the acoustic wave is altered due to
change in sound velocity within the propagating imedor as the energy passes through an interface,
representing a sound velocity discontinuity betwiam media.

According to Snell’'s Law and considering two me¢i&gure 3.5) with different sound velocities, and
C,. if ¢, is greater thaw,, the direction of the acoustic wave propagatioaliered and the transmit angle
will be smaller than the angle of incident. In trast, ifc; is smaller tharm,, the direction of the acoustic
wave propagation is changed and the transmit amidjlée greater than the angle of incident. Formak
incidence no refraction occurs.

For normal incidence and smooth seabeds, the tieftecoefficient® for the pressurd], is obtained by
the ratio of the amplitude pressure of the refl@steave by the amplitude pressure of the incidenteva
[Kinsler et al., 1982].

40 It is also possible to define reflection coefinis for power and intensity. For normal incidetioe reflection coefficient
for power and intensity is the square of the reiteccoefficient for the pressure.
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R P,C, —P,C;

£ (3. 19)
PI p2C2 + plcl

CL>C C1 <G

®:
i

Fig. 3.5 "Refraction principle"
For general conditions, the ratio of acoustic istgrreflected and transmitted depends mainly on:

» Contrast between the acoustic impedances of théamed
» Seafloor roughness;
* Acoustical frequency.

2.4 Acoustic parameters

The characteristics of an echo sounder are detethidy the transducers, namely the directivity, beam
width, beam steering and side lobes level. Inghissection each of these parameters is analyzed.

2.4.1 Frequency

The echo sounder’'s acoustic frequency is the pasanwehich determines the range and the sound
penetration of sediments. The attenuation of theustic signal in the water is proportional to the
frequency. The higher the frequency is, the higherattenuation will be and, consequently, theelow
the range and the penetration into the seafloor.

The beam width is dependent on the acoustic wangtheand on the size of the transducer. For theesa
beam width a lower frequency will require a largensducer.

The frequencies of bathymetric echo sounders giedly:

» Waters shallower than 100 metres: frequencidsenithan 200 kHz;
» Waters shallower than 1500 metres: frequencas 50 to 200 kHz;
» Waters deeper than 1500 metres: frequencies Itbtn 50 kHz;
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The frequencies for sediment echo sounders arevtikHz.
2.4.2 Band width

Taking fo as the frequency of maximum power transmissiosofrance frequency) arig andf, as the
frequencies corresponding to one half of that powes band width is the frequency interval between

these frequencies (Figure 3.6), IW.=f, —f,
The transducer’s quality factd®, is given by,

_fo
Q=1y (3. 20)

From the definitions above one can see @andW have reciprocal variation. Hence, to optimize the
transmission power, the transducer should transimée to the resonance frequency and therefore dave
small band width, i.e. a high quality factor value.

During reception it is necessary to have good atiBorimination from any other signal. Although, it
must be well defined in the frequency range, taedducer band width should satisfy2\/t, wheret is

the pulse duration.

The optimized solution is to have a transmissi@ngducer with highQ and a reception transducer
operating in the same frequency of resonance khtaiowQ.

Gain ,

/\ (-3 dB)

»

R S Frequency

Fig. 3.6 "Transducer band width"
2.4.3 Pulse length
The pulse length determines the energy transmittedthe water; for the same power, the longer the
pulse length, the higher the energy put into theewaill be and thus the greater the range thatlsan
achieved with the echo sounder.
To take advantage of the transducer resonant freguehe pulse duration should be at least half its

natural period. The drawback of longer pulseshes decrease in vertical resolution of two adjacent
features (Figure 3.7).
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Fig. 3.7 "Resolution as a function of pulse length"

3. MOTION SENSORS

Being able to correct the observed depths and fusitioning for vessel motion, i.e. attitude (rqlitch,
and heading) and heave was a considerable achievemé advance in hydrographic surveying quality
and accuracy. For this purpose inertial sensotd @&i heading sensor (usually a gyro or fluxgate
compass) or inertial sensors with the integratib@BS information are used to measure the attitundke
heave of the survey vessel.

The attitude of the vessel consists of three ratatiabout the conventional three orthogonal axBeete

for the vessel. Hereafter the vessel co-ordinggséem is defined as a right-hand system with tlaiz
pointing towards the bow, the y axis pointing todsastarboard and the z axis pointing downwards. In
this reference system roll corresponds to a ratalmout the x axis (the roll is positive when tteelsoard
side is down), pitch corresponds to a rotation abloe y axis (the pitch is positive when the bowjg,

and yaw corresponds to a rotation about the z(gxesyaw is positive for a clockwise rotation).

To transform the collected data, referred to thesgkreference frame, to the local co-ordinateesyst is
necessary to perform rotations according to theestrattitude. Hereafter, by convention, the local ¢
ordinate system is defined as a left-hand systeth thie x axis pointing to East, the y axis pointiog
North, and the z axis pointing downwards.

This next section covers the fundamentals of magEmsing and measurement accuracy.
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3.1 Principles of operation
3.1.1 Inertial sensors

Inertial sensors or Inertial Measurement Units ([Mdde the most common sensors used in hydrography
for roll, pitch and heave measurements. Theseoserpply Newton’s laws for motion and consist of
three accelerometers, mounted in tri-orthogonakaaad three angular rate sensors placed in the sam
frame which thus experience the same angular moienthe vessel (strap down system). The output
from this triad of accelerometers provides a gostin&tion of the gravity vector, the direction from
which small angular displacements of the vessetaasured. The triad of angular rate sensors mesasur
the angular displacements (i.e., roll, pitch, aad)

The heave is determined by the double integratibthe linear acceleration sensed by the vertical
accelerometer.

The data from the accelerometers are low-passeditéo remove high frequency variations from the
apparent vertical due to swell, quick turns or ®rddelocity variations. On the other hand, thedadm

the angular rate sensors are high-pass filteragrtmve the low frequency movements. Therefore the
filter output is the platform attitude with frequsnabove the selected cut-off frequency (usually;adf
frequencies of 5 to 20 seconds are acceptable).

When the vessel undergoes any systematic accelerathose duration exceeds the time constant of the
low-pass filter applied to the accelerometers, agprolonged turns or velocity variation, the dpetal

or tangential acceleration are perceived as pr@dnprizontal accelerations which can not be fiter
out by the low-pass filter. The result is the defion of the apparent vertical from the true waidtiwith

the consequent errors on angular measurementh ggittroll).

The combination from the two filters (low- and highss filters) and the relationship between the two
pass bands establishes the sensor characteristics.

These inertial sensors, especially for heave, amy gensitive to the interval of time used for the
integration. The equivalent cut-off frequency dddoe tuned to an adequate value, in order to tétec
longer waves without dumping or attenuating thertgnmnes.

3.1.2 Inertial sensors with the integration of GPS infornmation

The integration of GPS information provides a meaindetermining the vessel's heading through the us
of two GPS antennas in a base line, usually oriblmegitudinally to the vessel's bow.

The velocity and rate of turn information provideygla GPS receiver and by the angular rate sensors ¢
be used to compute the centripetal acceleratioaking into account this information, roll and pitch
measurements are compensated for the deflectidreadpparent vertical. The output from this semsor
roll and pitch of higher accuracy which is not ®ple to any horizontal accelerations.

3.2 Roll, pitch, and heave measurement
Since the mid 1990s, affordable and accurate mosiensors have been utilised in hydrographic
surveying. It is now considered an essential reguént not only for multibeam but also for singéain

surveys when using automatic data acquisition syste These sensors are used to compensate the
vessel's motion for roll, pitch and heave.
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The calculated depths must take into considerdtierdata from the motion sensor, i.e. the valumftioe
oscillation of the survey vessel about the longitabaxis (roll -6g), the value from the oscillation of the
survey vessel about the transversal axis (pitBk),-the vessel’'s headingt) and the vertical oscillation
(heave) see Figure 3.8 and Annex A.

3.3 Heading

The recording and application of vessel headingsigential for swath surveying systems. However, fo
single beam surveys the effect of heading variafaw) during a rotation is not significant if the
positioning antenna and the transducer are loceiethe same vertical axis. When the positioning
antenna and the transducer are not in the samealesaixis, for accurately positioned depths, it is
necessary to take account of the vessel’s heading.

For real-time heading measurement, several methodsequipment are available, such as: gyro
compasses, fluxgate compasses and carrier-phas8 DGP

The heading measurement based on carrier-phasmdiicted in the inertial sensors which integrates
DGPS information. This solution allows for highcacacies.

YL A a XL ‘_
,,,,, > n_,
. y | ¢y
& 5\
Z=27 Y ZLVVGP Z
Heading Roll Pitch

Fig. 3.8 "Vessel attitude"
3.4 Accuracy of measurement

The accuracy of roll, pitch, heave and heading shbe as higher as possible. Presently availalolgom
sensors are sufficiently accurate to be used irostimall survey orders. However, during horizontal
accelerations of the survey vessel, either centiip@ tangential accelerations, inertial sensaisen
used alone, have measurement biases due to thaidewf the apparent vertical.

For MBES it is recommended the inertial sensorscarebined with the integration of DGPS information
so that the effect of horizontal accelerations b@anminimised. Usual systems accuracies, at 95%
confidence level, are 0.05° for roll and pitch,°dd@ heading and 10 centimetres or 10% of heaighhe
whichever is greater.
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During vessel turns the heave measurement is degjduk to the centripetal acceleration. Typicilly
necessary to wait an interval of ten times theoftiperiod to regain accurate measurements afeetuim
to allow stabilisation and settling of the measgnimit.

4. TRANSDUCERS

The transducef$are one of the echo sounders’ components; itisstiucer characteristics which dictate
some of the operating features of an echo sounBer.this reason it is particularly important toic
their operating principles, characteristics ancatesl issues such as: beam width, directivitynbea
steering, installation and coverage.

The transducers are the devices used for trangmissid reception of the acoustic pulses. Theyabper
by converting electrical energy into mechanicalrgpei.e. transducers convert electrical pulsesnfi@
signal generator to longitudinal vibrations whictopagate into the water column as a pressure wave
[Seippel, 1983]. During the reception, reciprogahe pressure waves are converted into electrical
signals.

This section describes transducer classificatioitis egard to: operating principles, beam, beadtiw
and installation, at the end of the section thesmrent of the ensonification is presented.

4.1 Classification with Regard to Operation

Transducers are classified with regard to theirajggg principle, i.e. magnetostrictive, piezoetaxstand
electrostrictive.

4.1.1 Magnetostrictive

These transducers have an axis of iron with a abitickel. A D.C. (direct current) current or pels
through the axis generates a magnetic field inctiiewhich produces a contraction and consequeatly
reduction of its diameter. When the electric cotralong the axis stops the coil returns to itgiosl
size.

The application of an A.C. (alternating currengngil generates contractions and expansions acgotalin
the characteristics of the applied signal. Theldaoge of the induced vibration will be a maximufttie
frequency is equal or harmonically related to flam$ducer material’s natural frequency or frequerfcy
resonancé.

This type of transducer is, however, less efficigran transducers which operate with the piezogtect
effect.

4.1.2 Piezoelectric

These transducers are made from two plates widtyer lof quartz crystals between. The applicatibn o
an electric potential across the plates producegargation in the thickness of the quartz layer
(piezoelectric effect). Alteration of the electgotential causes vibration of the quartz and cguestly
vibration of the entire unit. Reciprocally, the chanical compression of the crystal produces anpate

41 The transducer is the device, underwater antarseal to transmit acoustic pulses and to receim thack. In particular, if

the device is used only for transmission it isaxla projector and if it is exclusively used foception, operated in passive
mode, it is called a hydrophone.

This phenomenon corresponds to the re-enforcemreptolongation of any wave motion, such as agousaves. The
frequency of resonance is the frequency at whithresducer vibrates more readily.

42
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difference between opposite crystal faces. Thelitump of the vibration will be a maximum if the
frequency of the electric potential matches thetguaatural frequency.
4.1.3 Electrostrictive
These transducers are based on the same prindipllee opiezoelectric transducers. However, the
materials used (usually polycrystalline ceramicscertain synthetic polymers) do not have naturally
piezoelectric characteristics, therefore duringtfamufacturing processes they need to be polarized.
Electrostrictive transducers are used almost ekalys these days. These transducers are lighter,
reversible and can be arranged in arrays. Thasgsawith a set of small elements, when properly
arranged, allow, according to the product theorsee (4.2, equation 3.26), similar characteristica to
single piece transducer.

4.2 Beam width

The pressure amplitude generated by a transducpolar co-ordinates, is given by the product:
P(r,0) = P, (r) h(©) (3.21)

Where@ is the angle referred to the beam axis, line afimam pressure amplitude and intensitys the
range from a particular point to the transdugg(r) is the pressure amplitude in the acoustic beasy axi
andh(®) is the directional factor which corresponds to rislative signal strength. The directional factor
is normalized foB = 0, i.e. h(0) = 1, henc®(r,0) = P, (r) .

The transducer directivity is usually representgdabbeam pattern diagrarB(8) =h?(8) or in a
logarithmic scale as:b(6) =100og,,(B(8)) = 200og,, (h(8)).

The transducer can be characterized by its beattWijg this is commonly defined by the angle at the -3
dB level, that is to say, the angular apertureesponding to half power referred to the beam axis b
20345, Se€ Figure 3.9.

The depth measurement is performed in any direetitinin the cone defined by the beam width.

The beam width is related to the physical dimersioh the transducer and to the frequency of the
acoustic pulses. For instance, the beam widtheat3 dB level from a circular piston transduceithva

D diameter, can be approximated by:

b, = 60A / D (degrees), (3. 22)

and for a rectangular face transducer, with lehgind widthW, the beam widths at the -3 dB level in
the two dimensions can be respectively approximbyed

b, =50A /L and i =50A / W (degrees), (3. 23)

For a linear array oN omni directional transducer elements, with a disted apart, the sum of the
signals from the elements generates a directicgeibpattern diagram (figures 3.10 and 3.11).

C-13



137

Fig. 3.9 "Beam width defined by the angle at a —3dRkevel”

The acoustic axis direction is perpendicular tofdoe of the transducer array. The beam widtthet3
dB level, is given approximately by:
b, = 50A / ((N-1)d) (degrees) (3. 24)

whereA is the acoustic wavelength.

The directional factor of the array of transdudernreents is given by [Kinsler et al., 1982]:

sin(NTrgsinG) ‘

N aray(6) = (3. 25)

‘N E;in(ngsine)‘

Product theorem- is a law of acoustics which defines the direwidfactor of an array dfl transducer
elements as the product of the directional factdhe transducer element by the directional factathe
array, i.e.

h(6) = h(0) [h,,.,(6) (3. 26)
and the pressure amplitude is given by:

P(r,8,¢) = Py (1) (8, @) th ., (6, ) - (3.27)
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Fig. 3.10 "Directional factor"
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Fig. 3.11 "Beam pattern of a beam perpendicular tahe transducer face'
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For a linear element, the directional factor is:

sin(nE sinB)
hlinear(e) = L (3 28)
T[X sin®

The directional factor for an array is only validr fthe far field, i.e. in the area where two waves
generated by a central and an outer element frersame array have a phase difference smaller 8@&n 1

degrees.
L 2
kW/R2+(Ej -kR< T (3. 29)

wherek is the wave number, i.e. k F7A.

For instance, for a frequency of 100 kHz and adingansducer array with L = 0.5 m, the far field
corresponds to distances greater than 4.0 mefras is usually the restriction for the minimum tep
measurement.

In the near field, interfering processes createeemmomplex representation of the acoustic pressure
The transducer or transducer array beam axis maldo the transducer face. To form beams not abrm
to the face of the array, it is necessary to steebeam. This process is achieved through beaenisg
techniques.

One array withN omni directional elements may steer a beam bwdinizing a phase or time delay in
each element. The corresponding directional fast@figure 3.12):

sin{NTtOI (sin@ —sineax)} ‘

(3. 30)

harray(e) = d
‘N [];in{n}\ (sine—sineax)}

The result of this equation is the beam axis ste&réhe directior®,, (Figure 3.13)

Beam steering can be accomplished by introducitim@ delay or phase difference to the elementbef t
array (equation 3.31).

Beam steering has two aims: beam stabilizati@hlbeeam forming during the reception phase.
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Fig. 3.12 "Directional factor of a beam steered 3@egrees"
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Fig. 3.13 "Beam pattern of a beam steered 30 degi€e
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For beam stabilization, it is necessary to meatheeangle referred to the normal direction to tireya
being the time delay obtained from:

At :n—cdsin(eax) (3.31)

During beam forming, the signals from each elenoéihe array are copied for each beam, the timaydel
applied to one element from a particular channddeam is:

At :n—gjsin@M) (3.32)

wherei is the order of the beam ands the number of the transducer element.

Considering two dimensionless elements transmitiinmulse with the same frequency but with a time
delay, the acoustical axis is steered to the doeavhere the wave fronts, coming from the two edats,
arrive at the same time (Figure 3.14).

eax

Fig. 3.14 "lllustration of a beam steered@, with two transducer elements."

The beam width, usually defined at the -3 dB leialreases with the steering angle, i.e.

a Iy
by, = SO(N “Ddieos,,) (degrees) (3.33)

Due to the beam’s conical shape, when steerethtéssection with the plane of an assumed flat sgab
results in a hyperbolic footprint (Figure 3.15).
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(@) (b)

Fig. 3.15 "Linear (a) and hyperbolic (b) footprint."

Side lobes have undesirable effects, such as teetam of echoes corresponding to those lobegs iEh
the general case for MBES using large beam angheserthe erroneous detection is made at the nadir o
in the case of rocky spots (Figure 3.16). Thisdffresults in wavy bathymetric contours which
sometimes can be identified as an “omega” shape lreduction is vital for the successful operatibn
MBES; it is achieved using shading functions, agmplduring echo reception, corresponding to variable
gain applied to the transducer elements.

Considering all transducer elements with the samplitude, the side lobes will have approximatelg -1
dB. The technique used to reduce the side lobesists of superimposing a window, which amplifies t
signals from different elements with different gainThese windows are usually symmetric to thereent
of the array.

The Dolph-Chebychev window is quite often useds thindow has the advantage of optimising the level
of the side lobes for particular beam widths; dgurces the same amplitude level for all side lobes.

The disadvantage of windows superimposition isg#iseltant reduction of the directivity.
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Fig. 3.16 "Depth measurement corresponding to sidebes producing
both incorrect depth determination and positioning"

4.3 Classification with Regard to Beam

Echo sounders can be divided into single beam arntdbeam. SBES may have transducers either with a
single transducer piece or an array. MBES hawvesthacer arrays built up from several elements. As
mentioned before, this is a result of the needbfam forming in multiple directions and, sometimes,

beam steering to compensate for platform attitude.

4.3.1 Single beam

Single beams require only a transducer, for bathsimission and reception, but a transducer array ma
be used particularly when stabilization is requirédnowledge of roll and pitch angles are needed fo
beam stabilization.

Beam width is a function of the transducer dimemsi@nd acoustic wave length. The higher the
frequency and the larger the transducer is, theowar the beam will be. Thus to have a narrow beam
low frequencies, a large transducer is required.

The transducer selected for SBES may have a naveam when high directivity is required or a wide

beam when directivity is not the main concern It detection of minimum depths or obstacles on the
seafloor is the priority.
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Wide beams have the capacity to detect echoesndtlarge solid angle, which is useful for the deoa
of hazards to navigation requiring further investign. These beams are usually not stabilized, for
common sea conditions the attitude of the transddiwes not impact on the measurements.

On the other hand, narrow beams, typically 2° toaB8 usually required for high resolution mapping
(Figure 3.17). These beams might be stabilizedroler to measure the depth vertically below the
transducer.

Echogram
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Fig. 3.17 "lllustration of depth measurement usinga single narrow- and wide-beam.”
4.3.2 Multibeam

MBES usually have separated transducer arraysdnsmission and reception, i.e. one projector are o
hydrophone, where the first is oriented longitulinand the second is oriented transversally to the
vessel's bow. The most common is to have only toaesmitted beam with a fan shape, narrow along
track and broad across track.

The reception transducer forms several beams, ddgfined directions, narrow across track and broad
along track, guaranteeing, regardless of the d#itof the surveying platform, intersection betwées
transmission and the reception beams.

The reduction of side lobes is essential for cardspth measurement and positioning of MBES. It is
common to have side lobes below -20 dB.

4.4 Classification with Regard to Installation
The installation of the transducers on board th&eguvessel can be undertaken in several ways. The

decision on the way in which the transducer shbeldnstalled depends on system portability, keefiing
free from vessel noise sources, including turbuleater flow under the keel, and the need to lower i
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close to the sea floor. The transducer instaltatian be keel mounted, towed or portable. Eadheasfe
is described in the following paragraphs.

44,1 Keel mounted

This is the common installation for single beam amdtibeam transducers in large vessels, partilyular
for those designed for deep water surveys.

The installation on the keel can be optionally @mgom:

4.4.1.1 Flush mounted the transducer is mounted with the face in thi lane. This option is used
either in single beam or multibeam transducerse ddvantage is that it does not require a special
structure for the installation; the disadvantage imathe vessel noise.

4.4.1.2 Blister- the transducer is mounted in a structure wisimall hull shape. This option is used for
both single and multibeam transducers. The adgaritathe reduction in hull water flow effect at
the transducers face; the disadvantage is thefoe@dspecial structure for the installation.

4.4.1.3 Gondola the transducer is mounted in a special gondotged structure (Figure 3.18). This
option is used for multibeam transducers, partitylor deep water operation. The advantages
are the reduction of vessel noise and the elimonatif hull water flow noise at the transducer
face as it passes in between the hull and the dantdhe disadvantages are the need for a special
structure for the installation and consequentlyranease in the vessel’s draught of the order of a
metre.

442 Towed
The transducer installation in a towed fish is ukmdside scan sonars when it is essential to lymosl

stability of the transducer, reduction of vessdsaand the ability to lower the transducer clas¢he
seabed.

4.4.3 Portable
This method of installation is commonly used eitbarsingle beam and multibeam transducers in small
vessels, specifically aimed at shallow water susveyhis installation can be achieved either onside

or over the bow (Figure 3.19) of the vessel. Tingpsrt structure for the transducer should be ragid
resistant to torque.
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Fig. 3.19 "Transducer installation over the bow"
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4.5 Coverage

The seafloor coverage, i.e. the ensonified areS8B§S, is the area within the beam, where the fatpr
size is given by (Figure 3.20):

a=20z Dar((—zpj (3. 34)

o
- v

Fig. 3.20 "Single beam coverage"

For multibeam echo sounders, the ensonified aréaeisesult of the intersection of the transmitied
received beam patterns and is dependent upon beiatimg angle, beam width, depth and mean slope of
the seafloor. The ensonified area for each beambeaapproximated by an ellipse. Taking a flat and
levelled seafloor, the length of this ellipse ie tthwart ships direction is approximately giveray

a = 2% tar{&j (3.35)

2

wherez is the mean deptl, is the beam pointing angle agd is the width of the reception beam in the
athwart ships direction. In the presence of aeslajefined by an and]e the length of the acoustic
footprint is approximately:

_ 2z Pr
= cosp)eodp ) tar{ 2 J (8.39)

The width or dimension of the footprint ellipse the fore-aft direction, for a flat seafloor, is
approximately given bg,
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_ 2z @
a, = cos(B)tar( 2 j (3.37)

whereg is the width of the transmitted beam.

The coverage of the seafloor is a function of timemsion of the ensonified areas, beam spacingscro
track, ping rate, ship’s speed, yaw, pitch and ratl order to achieve full coverage of the seafldbe
ensonified areas from consecutive pings must opeolae another, so that every single point on the
seafloor is ensonified, at least, by one acoustisep

The width of the swath for a flat seafloor is givgn

Sw =2z [ﬂar{A—Zej (3.38)

where AB is the angular coverage between the outer beamtheofMBES, effectively used for
hydrographic purposes.

5. ACOUSTIC SYSTEMS

In this section, the acoustic systems applied mrdgraphic surveying are described. These systems
divided according to their ability to cover the ffear, i.e. SBES and swath systems, either multibea
interferometric sonér.

5.1 Single beam echo sounders

These echo sounders are devices for depth detdromngy measuring the time interval between the
emission of a sonic or ultrasonic pulse and tharnesf its echo from the seabed.

Traditionally, the main purpose of the echo sounsléo produce a consistent and high resolutioticar
seabed profile on echo trace. The echo trace, afteautious interpretation, is sampled and digitize
manually to produce soundings.

During the last decade, the technology applied BES has progressively improved with automatic
digitisers, recorders without moving parts and aation of positions on the echo trace. Recentlyitb

in computers and signal processors have allowed mgphisticated real time signal processing and dat
presentation on graphical colour displays, rathanta paper recorder.

5.1.1 Principles of operation
An echo sounder works by converting electrical gpefrom the pulse generator, into acoustic energy.

As the transducers do not transmit in all directidihe acoustic energy is projected into the wiatéhe
form of a vertically oriented beam.

43 A system of determining distance of an underwatgect by measuring the interval of time, betwéemsmission of an

underwater sonic or ultrasonic signal and the aelarn. The name sonar is derived from the wor@arsl NAvigation
and_Ranging.
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The acoustic pulse travels through the water colamah hits the seabed. The interaction with the sea
floor results in reflection, transmission and seditty.

The reflected energy which returns to the transdube echo, is sensed by the transducer. Thegitre
of the echo decreases rapidly with time, for tlegtson the echo is automatically adjusted in acooela
with its energy level using the Automatic Gain Goh{AGC) set in the factory and the Time Variable
Gain (TVG) to compensate for the echo’s decreasefaaction of time. After amplification the eldct
signal is passed to an envelope detector and ceaparthe threshold setting to filter the noisarfrihe
signal. The output signal is then visualized @orded.

The resultant observable is the time interval betwpulse transmission and echo receptipbging the
measured depth given by:

z, :%[ms (3. 39)

whereC is the mean sound velocity in the water column.

5.1.1.1 _Echo sounder parametaeed to be set correctly in order to obtain higbusacy and a clear
record of the seabed. The most important parasater

a) Power— The operating range of the echo sounder dependsilse length, frequency and
transmitted power. To optimize the use of the esstinder, the transmitted power should be
kept at the lowest values consummate with adedgietrtion. Increases in power will result
in high levels of echoes but also in higher reveatien levels, creating a poor record. The
power is limited by cavitatidfi phenomenon and by the braking stress of the tumesd
material.

b) Gain — The gain entails signal amplification. The aifigdtion of the signal also amplifies
the noise and consequently the data record mapitfeised. It is recommended that the gain
is adjusted according to the seabed type and ttvahemission power.

c) Register intensity— This parameter is used in analogue echo soutmledjust the recording
intensity.

d) Pulse length— The pulse length is usually selected automdyicaé a function of the
operating range. The pulse length is responsibiettie vertical resolution of the echo
sounder, short pulses are necessary for a bes@ut®n. It may be necessary to increase the
pulse length in areas with poor reflectivity or lwiiteep slopes.

In shallow waters, where resolution is more impairtahort pulses must be used. This will
reduce the probability of false echoes due to gtremerberation.

e) Scale- Corresponds to the depth scale of the echo ssurdording window. The width of
the recording paper is fixed; therefore at smadlest one will have a low vertical resolution.

4 This corresponds to the production of small vdighe water. This phenomenon occurs when theisiito pressure

exceeds the hydrostatic pressure.
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f) Phase scale- The phase scale is one way to overcome limitatad the recording resolution
imposed by the echo trace scale. The phase soal&sts of recording just one depth
window which should be changed, either manuallyawomatically, to maintain the seabed
recording with a satisfactory vertical resolutiammatter the water depth (Figure 3.21).

g) Draught— This parameter corresponds to the immersiohetransducer; in order to record
the depth with reference to the instantaneous wlaterl, the draught should be set and
verified before survey operations commence andlaelguhereafter.

h) Paper’'s speed- This speed is particularly important and showddsblected to ensure good
horizontal resolution from depth measurements.

i) Sound velocity— This is the nominal value of sound velocity tehbuld correspond to the
mean sound velocity in the area of operation. uivesys with more demanding accuracies,
the sound velocity may be set to the sound velatityhe transducer face or to 1500 m/s and
then during data processing, the depth must beect®d by applying the actual sound
velocity profile.

In classical analogue echo sounders, this parardets not correspond to the sound velocity
but to the value that calibrates the mechanical eledtrical echo sounder components to
measure the correct water depth.
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Fig. 3.21 "Recording scales"

The general working principles of SBES were reféne above. However, it is possible to identifyotw
types of echo sounders, digital or analogue.

The traditional analogue echo sounder, whose diagggpresented in Figure 3.22, begins the cyclé wit
the generation of an electrical pulse and the migsion of a burst of energy into the water. Aties
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echo reception and conversion into electrical gndfge low voltage signal is pre-amplified and akto

a recording amplifier, in order to be recorded anexho trace, which is a graphic record of depth
measurements obtained by an echo sounder with atiegartical and horizontal resolutions. After the
recording phase is completed, it is possible tiaitd another cycle.

Y [ Paper Record 1
4{ Triggering Stage ]7

A

[ Recording Amplifier J

[ Power Stage }

[ Preamplifier }

[ Transducer ]

Fig. 3.22 "Analogue echo sounder — block diagram"

Hydrographic echo sounders for shallow waters aaally built with two channels (low and high
frequency). The simultaneous recording of two dietcies allows the separation of the seabed return
from the soft surface sediments and the underigoeg due to their different acoustic impedances.

The digital echo sounder, see Figure 3.23, workssimilar manner to the analogue echo soundehéor
signal transmission. However, during the echoptor, the received signal is amplified as a functdf
time (time varying gain) and passed through an lepeedetector where it is finally converted to thd)i
format, which is the signal that is processed ttemheine the depth. This allows the informationbt
stored and displayed in several formats.

5.1.12 Accuracyn the depth measurement is a function of seacabrs, the echo sounder itself and the
medium. Usually, it is necessary to calculatediier budget based on those factors (see 5.1.4).

5.1.1.3 _Resolutiors the ability to separate returns from two or enobjects close together; it is generally
expressed as the minimum distance between two tsbjpat can be separated. In depth
measurement, a major concern is the vertical résalwf the echo sounder which is dependent
on:
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a) pulse length - larger pulses have smaller utisol (see 2.4.3). Two objects inside a narrow
beam will be recorded as a signal target if theylass than half a pulse length apart; they
will be resolved as two separate echoes if theyrames than half a pulse length apart;

b) sensitivity and resolution of the recordingdioen;

c) transmit beam width.

Data Output
(Display, Printer, Logging)

—» .
il Microprocessor
A
|
Vs )
Analogue to Digital
_ J
. ( \
Amplifier Envelope Detector
L J

[ Time Varying Gain ]

[ Transducer ]

Fig. 3.23 "Digital echo sounder — block diagram"

5.1.1.4 Frequencyf an echo sounder is selected based on the edense of the equipment, i.e. the
depth ranges. In some cases it is desirable tahessame device in several depths, for that
purpose echo sounders may have more than one fregaad transducer in order to improve the
data acquisition and data quality.

The frequencies are often allocated to channBie echo sounders with two channels are mainly
used in shallow and coastal waters; for deep watdassusual to use a single low frequency.

5.1.2 Installation and calibration

The transducer may be fixed under the hull or medirgan the side or over the bow. The relevant
considerations are that the transducer should &eed| as far as possible, away from the vesselis ow
sources of noise, deep enough to avoid the surfaise and to stay submerged even in rough seds. It
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also very important that the transducer is secuiggd and vertically orientated. It is desiralide the
heave compensator and the positioning antennalmcheed in the same vertical axis as the transduce

Echo sounder calibration is a routine task whichststs of adjusting the equipment to ensure correct
depth measurement. The calibration can be condlwdgth a bar check or with a special transducene T
purpose is to set the sound velocity parametes $o adjust the mechanical and electrical comp@neint
may also be possible to correct the measured dejttisg post processing with the application of the
sound velocity profile.

In shallow waters, echo sounder calibration for dherage sound velocity in the water column may be
performed in the following ways:

a) Bar checlconsists of lowering a bar or plate underneathrdresducer at several depths (for
instance, every two metres) either recording thattderror to apply afterwards during the
data processing or forcing the echo sounder tordette correct depth from the bar or plate
through the adjustment of the sound velocity patam@igure 3.24). In such cases the value
adopted for calibration is the mean value of theeobations. This method should be used
down to 20-30 metres.

b) Calibration transduces an apparatus designed to perform the calibrdtimwing an exact
path length. The calibration procedure consistmaking the echo sounder record the correct
two-way path inside the calibration transducer bg tdjustment of the sound velocity
parameter. The calibration transducer is lowepedeveral depths, each adjustment of the
echo sounder, due to the performed measuremeni)ysvalid for the corresponding depth.
The calibration value used should be the meanl tfi@lobservations. This method should be
used down to 20-30 metres.

Echogram

1505

Depth (m)

I e~ -

i R -

14

Fig. 3.24 "Bar check illustration”
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¢) A combined methodnay also be used with a calibration transducer arsbund velocity
profiler. This method is usually used for depthsager than those detailed above. With a
sound velocity profile and the adjustment of theetsound velocity at the transducer draft, a
similar procedure to that described in b) aboviliswed. In more modern echo sounders,
the sound velocity parameter is set to the actuahd velocity.

The depth correction is computed during data psings with the assumption that data was
collected using the true sound velocity at thegdarcer draft. The depth correction is based
on the difference between the sound velocity usgihg data collection and the harmonic

mean sound velocity computed from the sound velgmibfile.

For depths greater than 200 metres, it is not requb correct the measured depths for sound \rg|cxi
standard sound velocity of 1500 m/s is usually usedalues may be selected from the Mathews Tables
(N.P. 139).

5.1.3 Operation and data recording

Operation of individual echo sounders should berrefl to their operator’s manual. Nevertheless it
important to stress the following aspects:

» Prior to the start of the survey it is necessargdbbrate the echo sounder for the actual
sound velocity;

» A general scale, adequate for the expected degitbs)d be selected;

» The frequency channel should be chosen accordititetorange capability;

 When using an analogue echo sounder, it is eskdaatiget the gain and the recording
intensity to produce a legible trace.

5.1.4 Sources of errors and quality control techaues

Errors in depth determination can be divided iritee¢ categories: large errors (blunders), sydtema
errors and random errors.

Blunder is the terminology used to define errorsdendy machines; these are caused by defective
mechanical or electronic components.

Systematic errors are mainly the result of the etéfgfixed errors) or biases (errors that vary unde
different conditions) in motion sensing of the sywessel, misalignment of the transducer and other
sensor mounting angles. These errors can be easilgcted if the sign and size of the systematiare
can be identified. This category of errors cande&ermined and removed during calibration of the
system.

After removing blunders and systematic errors sndbpth data, random errors will remain and thase c
be analysed using statistical techniques.

Hydrographers should be aware of the sources wtnchribute to the depth error and their individual

impact. This section identifies several sourcesradrs and presents the usual techniques usepliédity
control.
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5.1.4.1 Due to bottom slope Taking into consideration the different seafloapss, in Figure 3.25, the
error on the depth measuremaft, depends on both beam width and slope. If noection is
applied, the error in depth will be given by:

z, (sedc)-1) if ¢ <(—2p
dz= (3. 40)

zm(se{(—pJ —1) if (> @
2 2
¢

whereE is half beam width and is the slope of the seafloor.

=

X = zyl sin (/2)

a) slope less than one half the beam width b) slope greater than one half the beam width
Fig. 3.25 "Effect of beam width and seafloor slopen depth measurement and positioning"
5.1.4.2 Due to sound velocitySound velocity variation is difficult to monit@nd produces, in single

beam echo sounders, errors in the depth measurdiigy)t proportional to the mean sound
velocity error or variationdc) and to the depth

dz, :% [T [dlc (3.41)

or
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dz :zBd—C (3.42

The magnitude of the sound velocity error variésw

a) accuracy of sound velocity determination;
b) temporal variation of sound velocity;
c) spatial variation of sound velocity.

Note that the depth varian(m[i, due to sound velocity measurement error and sacgeelocity
variation is written as,

025 = (Ejz(cczm + 05) (3.43)

2 . . . . .
where g is the sound velocity measurement variance a[’;ds the sound velocity variance
due to spatial and temporal variations.

Sound velocity variation, temporal and spatial, aismajor external contribution to depth
measurement errors. It is important, that duringvesy planning or at the beginning of the
survey, to carry out a number of sound velocity sneaments or sound velocity profiles across
the survey area distributed throughout the daydsisa the hydrographer in deciding on the
frequency and location of profiles to be conduatgthin the survey area during data gathering
operations.

5.1.4.3 Due to time measurementAn echo sounder effectively measures time, cdimge the
measurement to depth. The error in time measuremenelates directly to depth erralz. In
modern echo sounders, time measurement error &lyismall and constant. This error is also
taken into consideration during calibration.

dz, :%cmt (3. 44)

The major error is a function of identification thie measurement point within the echo, i.e. on
the algorithms used for signal detection.

Note that the depth varian(ﬂ%n , due to time measurement error is written as,
2
1
6,. = (Ecj G, (3. 45)

2 . . .
where 0, Is the time measurement variance.
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5.1.4.4 Due to roll, pitch, and heav®oll and pitch contribute to the error in deptkasurement when
¢
the magnitude of those angles is greater than alfelte beam widths} . Figure 3.26 depicts
the error in depth measurement and in positionung t roll,Bg; this figure can be adapted for
pitch changin@r by 6.

X =zl sin Pr-¢/2)

Fig. 3.26 "Effect of beam width and seafloor slopen depth
measurement and positioning"

Wide beam echo sounders are usually immune toothand pitch of the survey vessel.

For narrow beam echo sounders, this effect maydmepensated with beam stabilisation, i.e.
keeping the beam vertical regardless of the vesagitude or correcting the measured depth and

position as follows:
zm(l—se{eR _(_ZPD if 6y >(_2p
dz,, = (3. 46)

The heavek), effect caused by the action of sea and swethersurvey vessel, is measured with
inertial sensors or heave compensators. The heangensator should be placed over the
transducer to measure the heave in the same Vextisa

When using inertial sensors, installation shouldclose to the centre of gravity of the survey
vessel with the known lever arms from the centrgralvity to the transducer; with the roll and
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pitch instantaneous angles, the measured hbgyean be transferred to the transducer position,
h;, through the application of the induced hedwg(Figure 3.27).

he=h, +h, (3. 47)

To calculate the induced heave, consider the vdesbe a rigid body which is free to rotate
around the three axes (X, y & z) as mentioned iTBe rotation about the centre of gravity (roll
and pitch), near which heave is usually measuredgesponds to a transducer depth variation,
from the vessel reference frame (identified witle tcriptV) to a local co-ordinate system
(identified with the scripL). This difference is called induced heave.

The induced heave, adapted from Hare [1995] foreéference frames defined in 3 and Annex A,
is given by:

h=z; -2/ = _X:/Sir(ep) + y:/COiOP)Sir‘(OR ) +z/ (COiOP)COiGR ) _1) (3. 48)
wherebr, is the roll angledr is the pitch angle and( yt & z) are the transducer co-ordinates.
The total error on the depth measurement due teehisaherefore,

dh = dhm + dhI (3 49)

where dh,, is the error in heave measurement alig is the error in the induced heave
determination.

I Induced heave
'_ ......... —_

Transducer

Fig. 3.27 "Induced heave"

Note that the induced heave variance is dependglgoth the accuracy of the transducer offsets
from the motion sensor and from the accuracy ofthleand pitch angles [Hare, 1995].
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The total heave variance corresponds to the dfmthncecﬁ, ie.

cf = ch; +c5hi2 (3.50)

2 . . 2, - . . .
wherec,  is the heave measurement variance apd is the induced heave variance. This later
error is typically negligible when compared to treave measurement error.

When no heave compensator is available, it isiplessanually to smooth the data in the echo
trace. This task requires considerable experient®e interpretation of the echo trace in order to
preserve seafloor features. The general procedumgn significant roll conditions, is that the
echo trace should be smoothed half way betweetsarad troughs (Figure 3.28).

Echogram
10

- Echo trace
54— -
—— Manual heave filtering

Depth (m)

30

Fig. 3.28 "Manual heave filtering"

5.1.4.5 Due to draught, settlement, squat andivelgisition of transducerThe accurate measurement
of the transducer draught is fundamental to theraoy of the total depth. Even so it is generally
necessary to update that value during the sur¥é reasons for the draught variation are mainly
due to the fuel and water consumption. The drawgintation, for the same displacement,
increases with the decrease of the float areaeatsé#a surface. The draught error propagates
directly as a depth erratizgrayght-

Settlementis the general lowering in level of a moving vésselative to its motionless state
level. This effect, particularly noticeable in 8ber waters, is due to the regional depression of
the surface of the water in which the vessel moVas. depth error due to settlement is referred
to dzsettlement-
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Squatis another effect that takes place under dynaditions, the change in level of the bow
and stern from the rest condition in response édlevation and depression of the water level
about the hull resulting from the bow and stern @vaystems. In surveying vessels where the
change in squat is significant, it is usually comeplin a table of squat versus vessel speed. The
depth error due to squat is referredig,a:

The relative position of the transdudesm the motion sensor or heave compensator rtecbs
taken into consideration to correct the measurgthd®r induced heave, see 5.1.4.4.

The total error due to transducer position to tiagewline dz is:

07, = /02 g+ BZsomon* IZ20pa (3.51)
Note that the total depth variance due to transdunemersion is written as:
O} = O graugnt * Ocettoment + O squa (3.52)
where Gf,raught is the draught variances’, ... is the settlement variance amiquat is the squat

variance.

5.1.4.6 Record reading and resolutioifhe record reading and resolution for depth mnesmsent is
dependent on the operating principles of the eclooder. In the case of analogue recording, the
operator should select appropriate echo soundanpers during survey operations in order to
have, as far as possible, a clean echo trace agliate resolution. On the other hand, the digital
record no longer has such a degree of dependencieomperator during the survey but
supervision is required during data acquisition.

When the data is recorded on paper, it is necesgsasglect the gain and intensity for a legible
record; it is also necessary to have a verticdesedh sufficient discrimination. It is common to
use scale phases for that reason (see 5.1.1.1).

The echo trace should be prepared for readingtakls consists of identifying the points on the
seabed that will be selected for depth reading.is T$ usually performed with the aid of a
digitising table.

The error associated with record reading dependhaexperience and care of the hydrographer.
Consider a paper record width of 20 centimetressaade 0-200 metres, an error reading of 0.5
mm will produce an error in the depth of 0.5 metr@herefore, this scale is not adequate for

depth recording in shallow waters. The readingrag referred t@z,coq, With variancesf.

5.1.4.7 Interpretatiorof the echo trace is a hydrographer’'s respongibilihe interpretation requires
experience to identify particular shapes, multggboes and false echoes.

a) False echoes are caused by foreign matter such as kelp orifishe water column (Figure
3.29), by layers of water separated by sudden a@saofjtemperature or salinity or both.
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False echoes are occasionally recorded by echalsmiand might be interpreted erroneously as
correct depths. In cases of doubt over the vgliditmeasured depths, an investigation of that
sounding should be performed and the particulargiahe survey line re-run if necessary.

Echogram

Depth (m)

20

Fig. 3.29 "False echoes"
b) Multiple echoes— are echoes received subsequent to the veryofiestdue to a multiplicity

of reflections back and forth between the seaftout the surface. These reflections are often
recorded as multiples of the first depth (Figui203.
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Echogram

Depth (m)

— First echo
e ——Multiple echo
/L -
40

Fig. 3.30 "Multiple echoes record"

c) Heave- the oscillatory rise and fall of a vessel duehte entire hull being lifted by the force
of the sea, may be compensated during acquisitjoa heave sensor or may be filtered
manually afterwards. The hydrographer’s experigadée tool used for that purpose, even
though; it is sometimes difficult to differentictee heave in an irregular seabed.

d) Side echoes- are also false echoes but they are the reseittod detection in the side lobes
which results in errors in depth measurement asitipning (see 4.2).

e) Unconsolidated sediments- are usually detected by high frequency echo sensnd In
shallow waters, it is recommended that two freqieenare used at the same time to
differentiate soft sediments from the bed rock (Fég3.31).

5.1.4.8 Depth reduction The measured depths, corrected for the attinfdde surveying vessel, are
reduced to the vertical datum by the applicatiorthef tide. The depth error due to tide error
measurement is referred d@;qe.

In addition to the error in tide measurement, simmet a more significant error is the co-tidal

correction which results from the difference of eual tide in the survey area and in the tide
gauge. The depth error from co-tidal errodig,iga. This may be quite significant several

miles away from the tide gauge (see Chapter 4fo-fidal model or weighted averages from two
or more tide gauges may be required.
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Echogram

10 b

Depth (m)

5+ \M

—— High frequency
20 1

= | oW frequency

25

Fig. 3.31 "Dual channel recording"”

Note that the tide varianag;,, , due to measurement error and co-tidal variasosritten as,

_ 2
Gﬁde = (Gtidem + Gio—tidal ) (3.53)

2 . . . . . .
wherec - is the tide measurement variance arfg . is the co-tidal component variance.

The tide determination using GPS-RTK (Real Timedfimatic) will provide accurate local tide
determination, however, the tidal computation resgiia model of the differences between the
reference ellipsoid, the WGS84, and the verticalima

The quality control is performed by statisticalatdhtions based on the comparison of soundings
from the check lines against neighbouring soundfrma the survey lines. The statistical results
of the comparison should comply with the accuramommendations in the S-44 (Figure 3.32).

According to the errors presented above, the ewstineeduced depth variance is written as
follows,

2 _ 2 2 2 2 2 2
o, _Gzc +Gzt +Gh +Gi +Gr +Gtide' (3 54)

The estimated error on the reduced depth, at thee6&nt (or d&) confidence level, is obtained
by the square-root of equation 3.54. Assuming tiratcomponent errors follow approximately a
normal distribution, the estimated error on theuced! depth, at the 95 percent (o) 2onfidence

level, is obtained by substituting each variasewith (2¢)*.
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1.6 ‘ ‘ \
—— Special Order Survey
1.4 —— 1st Order Survey
2nd Order Survey
1.2

[EnY
|

Maximum Error (m)
o
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L
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I
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0 T T
0 5 10 15 20 25 30 35 40

Depth (m)

Fig. 3.32 "Minimum depth accuracy requirements forSpecial Order, Order 1 and Order 2 (S-44)"
For each surveying system it is recommended arr éudget is created to assess compliance

with the S-44 requirements. Figure 3.33 repres#rgserror estimation for a particular echo
sounder and operating conditions.
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Echo sounder Characteristics:
Frequency = 200 kHz

Beam width = 20°f = 10°)
Pulse duration = 0.1 ms

Operating Conditions:

Mean sound speed = 1500 m/s
Heave =1 m

Roll = 5°

Vessel speed = 8 knots
Settlement = N/A

Squat = 0.05 m

Estimated or standard errors (10):

Draft error = 0.05 m
Sound speed variation =5 m/s
Depth errors due to

sound speed variation = (5/1500)z m

time measurement = 0.02 m
squat = 0.05 m

heave =0.10 m

tide error = 0.05 m

co-tidal error = 0.05 m

Estimated errors (20):
(95% confidence level)

Draft error = 0.10 m
Sound speed variation = 10 m/s
Depth errors due to

time measurement = 0.04 m
squat = 0.10 m

heave =0.10 m

tide error = 0.10 m

co-tidal error =0.10 m

sound speed variation = (1/150)z m

_ 2 2, 2., 2.2, 2
o, _\/Ozc t0, t0; +0, +0, + 0y -

0.8 | |

0.7

—— 1st Order Survey

Estimated error on reduced depth

0.6

0.5

/

/

0.4

0.3 A

Error (m) at 95% confidence level

0.2

0.1

15

20 25 30 35
Depth (m)

40

Fig. 3.33 "Depth error estimation”
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Swath Systems

Swath systems measure the depth in a strip ofcsgaéixtending outwards from the sonar transducer.
These systems are arranged in a way that the garbfie where measurements are performed, ligghat r
angles to the direction of survey vessel motiors. tife vessel moves, the profiles sweep out a barikdeo
seafloor surface, known as a swath.

This section describes the multibeam systems aedi@nometric sonars.

521

Multibeam systems

MBES are a valuable tool for depth determinatiorewfull seafloor coverage is required. These syste
may allow complete seafloor ensonification with #@nsequent increase in resolution and detection
capability.

5.2.1.1 Principles of operationMultibeam principle of operation is, in generafsed on a fan shaped

transmission pulse directed towards the seaflody after the reflection of the acoustic energy by
the seabed; several beams are electronically formsidg signal processing techniques, with
known beam angles. The two-way travel time betweansmission and reception is computed
by seabed detection algorithms. With the applicatf ray tracing (see 5.2.1.8.1), it is possible
to determine the depth and the transversal distantte centre of the ensonified area.

The transmitted beam is wide across-track and maatong-track; conversely, the beams formed
during reception are narrow across-track and widegatrack. The intersections of those beams
in the seafloor plan are the footprints (ensonifieels) for which the depths are measured.

Since depths are measured from a floating platfevith six possible degrees of freedom (three
translations and three rotations), for accurate maation of depth measurement and its
associated positioning, accurate measurements tibfide, longitude, heave, roll, pitch and
heading are required.

Bottom detectionis the process used in MBES to determine the tifregrival and the amplitude

of the acoustic signal, representing a reflectimmf the seabed. The reliability of this process

affects the quality of the measurements. Depthddus can be, among other factors, related to a
poor performance of the algorithms used for seatsdction. Seabed detection algorithms can
be categorized into two main divisions: amplitulé¢ection and phase detection algorithms.

a) Amplitude detection The transducer array emits an acoustic pulsarasvthe seabed
and then starts the listening period. In this ph#ise returned signal is sampled in time
for each beam angle. The travel time of the sidoathe correspondent depth point is
defined by the detected amplitude of the reflesigdal (Figure 3.34).

The most common methods of amplitude detectiorasufellows:

i) Leading Edge of the Reflected Signarhis method is commonly used when the
angle of incidence of the acoustic signal to thafleer is approximately zero
degrees. The bottom detection time is definedHerfirst arrival inside the beam
angle.
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With the increasing angle of incidence, the retdregnal loses its sharp form
(short rise time) and the leading edge method mgdo performs well. Two
other methods can be employed, which take into wdcthe variation of the
reflected signal strength samples across the beatprfnt.

Bottom Detection

(3]
g )
E= @
=3 o
<
Time
Fig. 3.34 "Bottom detection methods (signal detean)"
ii) Maximum Amplitude of the Reflected SignalThe bottom detection is defined
by the time of maximum backscatter amplitude.
iii) Centre of Mass of the Reflected Signdlhis method consists of determining the
time corresponding to the centre of gravity of &ineplitude signal.
b) Phase detectionAmplitude detection is the technique used foritimer beams (close to

nadir), where the backscatter amplitude has higlsdnes and a smaller number of
samples. For the outer beams, the backscattentadgldecreases and the number of
samples becomes very large. Consequently, the iscBo smeared out in time that
amplitude detection methods obtain poor resultgaidst a sloping seabed in the across-
track direction away from the source, the smedhefecho is also enhanced. Hence, the
phase detection method is commonly used for langéea of incident.

In this technique, the transducer array for ea@nbies divided into two sub-arrays, often
overlapping, with the centres of the sub-arraysumlmer of wavelengths apart. The
angular directions are pre-determined and eactasay-forms a beam in that direction,
the advantage being that in the case of the arofvalmultaneous echoes from different
directions, the MBES system resolves only the eshaoethe direction of the formed

beam. The sequence of phase difference estimagdben used to estimate the time of
arrival of the echo in the pre-determined directnfinding the zero crossing of the
phase sequence [de Moustier, 1993]. Figure 3.3Bctdean example of the phase
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detection method. The equivalent of the centrtheftwo sub-arrays are represented by
A andB at a distancg from each other, wher@ is the angle of the received signal
measured from the acoustical axis. A second grdismnomial may be fitted to a limited
sequence of differential phase estimates to refiaaletection of the zero crossing phase.

When the signal return is from the acoustic axiedadion, i.e8 = 0, the signals at the two
sub-arrays are in phase, and this correspond® tadbustic travel time.

Seafloor

Phase
Difference : b1

time

-

Fig. 3.35 "Bottom detection methods by phase diffemce (zero crossing phase)"

Across the swath, a combination of amplitude arasphdetection is usually required for
robust bottom detection. Near nadir, the amplitddtection should be used due to the
fact that the time series for these beams is tamtstor a robust phase detection.
Amplitude detection is also used in the case oéptelopes occurring well off-nadir,
associated with bathymetric heights, except for akreme case of a seafloor that is
steeply sloping away from the transducer. Phasectien for the nadir beams is more
likely to be the result of a gross error (blunddug to mid-water column returns or due to
higher returns from the side lobes. Off-nadir detes are better by phase, but
amplitude detection may be chosen when a higherrrés caused by the difference of
the reflective properties of the target, by a rggacula reflection or by a large variance
of the curve fit. These conditions may occur duéettures such as wrecks and boulders.
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B) Fast Fourier Transform (FFT)
According to 4.1, during beam forming the signatsif each element of the array are copied for
each beam. The sum of the amplitude offthiansducer elements is itself a Fourier transform
of the vector, witiN elements, corresponding to the radiation pattéthelinear array. IN is a
power of 2 the computation is less demanding aedrRtburier transform is called Fast Fourier
Transfornf®. This method has the advantage to speed up e fieming process.

Details on this method are addressed in de Moydt8£3].

5.2.1.1 Accuracy Measurement of range and beam angle for muttibggstems is more complex than
for single beam echo sounders. Consequently, #rera number of factors that contribute to the
error in those measurements, including: beameaiggtident angle on the seafloor, transmit and
receive beam widths, attitude and heave accuramyorh detection algorithms and sound speed
profile variation.

It is usually necessary to calculate the errorgetitbased on those factors (see 5.2.1.8.).

5.2.1.2 Resolution Multibeam systems with their capability of fgkkafloor ensonification contribute to a
better seafloor representation and, when compawe®BES, to higher mapping resolution.
However, as far as the depth measurements areroaageesolution will depend on the acoustic
frequency, transmit and receive beam widths andhenalgorithm used to perform seabed
detection.

Resolution in depth measurement is a function dégulength and of the dimensions of the
ensonified area. The ensonified area of MBES eshonders, near normal incidence, is
relatively small, thus the resolution is higherrthe single beam echo sounder.

5.2.1.3_Frequencyf a MBES is selected based on the intended ugbeoEquipment, basically depth
ranges and resolution.

The frequencies of the MBES are typically:

a. Waters shallower than 100 metres: frequermigdeer than 200 kHz;
b. Waters shallower than 1500 metres: freqesnftom 50 to 200 kHz;
C. Waters deeper than 1500 metres: frequenmias 12 to 50 kHz.

5.2.1.4 System associated sensors and integrity

Multibeam systems, besides the echo sounder itselfide:

a) motion sensor — for attitude (roll, pitch amnelading) and heave measurement. Presently,
these sensors comprise an inertial measuremen(Ihiif) and a pair of GPS receivers with
respective antennas. As a result of the technoiogyived this sensor is also capable of
providing positioning with high accuracy;

b) sound velocity profiler — to measure the sousldcity through the water column;

c) sound velocity probe — to measure the soutaktitg at the transducer face. This should be
considered compulsory for flat arrays where beararstg is required,;

4% |t is still possible to apply the FFT even wheritNs not a power of 2 by adding virtual elemenish zero amplitude

(padded zeros), see de Moustier [1993].
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d) Positioning system — as stated above, positiphinnew technology systems is integrated
with motion sensors. GPS either in pseudo-diffeaémode or in Real Time Kinematic
mode (RTK) is the system commonly used worldwide;

e) Heading sensor — also integrated in motios@®snthe optimal and more accurate solution is
the heading obtained by GPS dual receivers.

5.2.1.5 _Installation and calibration (patch test)

The installation of multibeam transducers can bieeeifixed to the hull, on the side or over the
bow. The hull installation is used in large vessal when it is a permanent fixture, the other
installations are used for temporary short ternppses in small vessels.

The calibration or patch test is an essential mioce which consists of determining the
composite offset angles (roll, pitch and azimuiby) ioth transducer and motion sensor and the
latency from the positioning system. Detailed gsial and procedures may be found in Godin
[1996].

The calibration must be performed after the inatmh and either after long periods of
inoperability or after appreciable changes in tigtdllation.

Before calibration it is necessary to check thdalletion parameters and to perform a sound
velocity profile to update the calculation of theraction solution.

a) Positioning time delay

The time delay or latency is the time offset betwdepth measurement and positioning. The
procedure to determine the time offset consistsuoiing two pairs of survey lines at
different speeds over a sloping seabed, the stebpegradient the higher the resolution of
this parameter will be. The slope should be regatal with enough extension to guarantee
adequate sampling. Figure 3.36 illustrates the tielay calibration.

The time delay is obtained by measuring the lonljital displacement of the soundings
along the slope due to the different speeds ofvesel. To avoid any influence from the
pitch offset the lines should be run on the samesm

The time delaydt, may be obtained by the equation:

AX
V, =V,

ot =

(3. 55)

whereAx is the horizontal separation between the two smgngrofiles near nadir, ang,
andv; are the speeds of the vessel for line 1 and Zotisely.
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Fig. 3.36 "Time delay calibration.

a) Top view of the two lines;
b) Longitudinal section where the separation of théwo
sounding profiles from the actual seafloor is visike. "

b) Pitch offset

The pitch offset is the composite angle offset fithie inertial measurement unit and from the
transducer alignment with the local vertical in temgitudinal plane of the vessel. The

procedure to determine the pitch offset consistsuohing two pairs of reciprocal survey

lines at the same speed over a sloping seaflooneasioned in the time delay calibration, the
steeper the gradient the higher the resolutiorhisf parameter will be. The slope should be
regular and with enough extension to guaranteeuwsdecgampling. Figure 3.37 depicts the
pitch offset calibration.

After the correct determination of time delay, thiech offset is obtained by measuring the
longitudinal displacement of the soundings aloreydlope due to the pitch offset. To avoid

any influence from time delay the system shoul@ay be compensated for positioning
latency.

The pitch offsetd8,, may be obtained by the equation:
50, = tan™ ﬂj (3. 56)
20z
whereAx is the horizontal separation between the two smgngrofiles near nadir, ang,

andv; are the speeds of the vessel for line 1 and Zotisely.
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] —» 1>

Fig. 3.37 "Pitch offset calibration.
a) Top view of the two lines;
b) Longitudinal section where the separation of théwo sounding
profiles from the actual seafloor due to pitch offst are visible."

c) Azimuthal offset

The azimuthal offset is the composite angle offsetn the heading sensor and from the
transducer alignment perpendicularly to the lordjital axis of the vessel. The procedure to
determine the azimuthal offset consists of runriimg adjacent pairs of reciprocal lines, at
the same speed, in an area with a well definedylragtric feature such as a shoal. The
adjacent lines should overlap (not more than 208tsthath width) in the outer beams in the
location of the bathymetric feature. Figure 3.8Pidts the azimuthal offset calibration.

After the correct determination of time delay aiigdip offset, the azimuthal offset is obtained
by measuring the longitudinal displacement of théhpmetric feature from adjacent lines.
To avoid any influence from time delay and pitclisef the system should already be
compensated for these offsets.

The azimuthal offse$§a, may be obtained by the equation:

oo = tan‘l[%j (3.57)
AL

where Ax is the horizontal separation from the bathymefgature from the adjacent
reciprocal lines andL is the distance between lines.
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Fig. 3.38 "Azimuthal offset calibration”
d) Roll offset

The roll offset is the composite angle offset frtme inertial measurement unit and from the
transducer alignment with the local vertical in ttnansversal plane of the vessel. The
procedure to determine the roll offset consistsuoining a pair of reciprocal survey lines, at
the same speed, in a regular and flat seafloore lifles should overlap each other. Figure
3.39 depicts the roll offset calibration.

After the correct determination of time delay, pitand azimuthal offsets, the roll offset is
obtained by measuring the vertical displacemernhefouter beams from the reciprocal lines.
To avoid any influence from time delay, pitch ardnauthal offsets the system should
already be compensated for these offsets.

The roll offset®0z, may be obtained by the equation:

80, = tan‘l( ZAuiyJ (3. 58)

whereAz is the vertical displacement between outer beaora feciprocal lines andy is
half swath width or the distance from nadir to {h@nt where vertical displacement is
measured.
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Calibration is usually performed by interactive I&o The adjustment or offset calculation
should be done in several sampling sections inrdalebtain an average. The offsets may
have an uncertainty of the order of the motion serspeatability.

V4
A

V 4
06r
Z
‘Az

206 .

4

\

Ay

a) I b)
Fig. 3.39 "Roll offset calibration.
a) Top view of the two reciprocal lines;
b) Cross section where the pronounced separation tfe sounding

profiles from nadir to the outer beams due to rolloffset are visible."

5.2.1.7 Operation and data recording

Vessel configuration and calibration parametersikhbe checked at the beginning of the survey.
Some system parameters should also be checkedse Hne mainly the parameters used during
data acquisition and may vary with each surveysation (e.g. maximum operating depth,
expected depth, maximum ping rate, etc.).

At the beginning of the survey a sound velocityfirgshould be performed and transferred to the
echo sounder to be used, generally, in real ti®eund velocity at the transducer face should be
compared with the value given from the sound vé&ygaiobe. During the survey session several
sound profile casts should be performed accordintye pre-analysis of the temporal and spatial
variation of sound velocity.

Whilst surveying, the systems are almost comple@lyomatic, the hydrographer should,
however, monitor the data acquisition and the dategrity. Full seafloor ensonification and
overlap with the adjacent swaths must be guarand@eldmonitored. It is most important to
compare the overlapping outer beams of adjacenthsveand to check for any trend of curvature
upward or downward of each ping.

At the end of every survey session it is stronglyommended that a back up of the collected data
is created.
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Sources of errors and quality controhieques

Sources of errors were discussed in 5.1.4 but tivese for SBES. Hereafter the sources of
errors are analyzed for MBES, some of the erroescammon to both systems, i.e. they do
not vary with beam angle. For this reason soméheferrors are referred back to 5.1.4.
Further details on multibeam uncertainty can beafbin Hare [1995] and Lurton [2002].

Due to sound velocityErrors in sound velocity or in its variation wHsin incorrect
refraction solutions and, consequently, to errerddpth measurement and positioning.

The ray® tracing is based on Snell’s law which states tation between the ray direction
and the acoustic wave velocity:

sed, _ _serd, _
Co C,

K (3. 59)

wheregc; is the sound velocityd; is the incidence angle referred to the verticahatdeptig;,
andk is the ray parameter or Snell constant.

Assuming that the sound velocity profile is diseréEigure 3.40), it is reasonable to assume
that the sound velocity gradient in a layer, betwieo measurements, is constant. Therefore
sound velocity is represented as follows:

c@=c,+9(z-z,), for z_ <z<z (3. 60)
whereg; is the constant gradient at layegiven by:
G —C,
= (3.61)
Z; —Zi,

In each layer the acoustic pulse travels a path eanstant radius of curvatug, given by:

b= (3. 62)

KQ;

“8 The acoustic ray corresponds to a line drawn fiteersource, in each point is perpendicular to theenfront.
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Fig. 3.40 "Ray tracing"

Considering the launching angdg (or B) in a depth with sound velocity, the horizontal
distance travelled by the acoustic pulse to cresdayeri is:

Ax; =p,(cosH, —cosh,,) =

co0sH,_, —CcoH,

KQ;

The replacement afos@;) by /1 - (Kci )2 produces:

DX, = \/1_(Kci—l)2 _\/1_(Kci )2

KQ;

The travel time of the acoustic pulse in laids obtained by:

which can be written:

To obtain the total horizontal distance travellgdie acoustic signal and the travel time, it is

At, :iln

0i

.
8= | o)

¢ 1+ Vl_(KCi-l)z
Cie 1+4/1-(kc, )?

(3. 63)

(3. 64)

(3. 65)

(3. 66)

necessary to sum the distanfgsand the timedt; from the transducer to the seabed,
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Depth determination and sounding positioning aee résult of the integration of the echo
along each direction, fixed by the beam pointinglenusing the updated sound velocity
profile between the transmission and one-way traned (At/2).

(3. 68)

Taking one sound velocity profile with constantdjeat,g, the depth is obtained as:

At/2

zZ= j (c, +glz) [tos@)dt (3. 69)

The depth errorgdz., due to the gradient variatiodg, and surface sound velocity variation,
dco, by differentiation of equation 3.69 can be apprated by:

2

dz, = 22—00(1— tan? ([3))dg+c—zodc0 (3. 70)

where andc, are respectively the beam pointing angle and thend velocity from the
sound velocity profile at the transducer face.eguation 3.70 the first term corresponds to
both the range and ray bending errors due to thatian of the profile gradient, whereas the
second term corresponds to depth error due to dheds velocity profile offset at the
transducer depth. Assuming there is no correlatioimese errors, the depth variance due to
sound velocity errors is written as:

2

2 2
Gz<2:_pr0file = (Z_j (1_ tan2 (B))ZGS + (ij 6(2:0 (3 71)

2¢, C,

wherecg2 corresponds to the variance of the gradient ofstiiend velocity profile andc,
corresponds to the variance of the initial valughef sound velocity profile used for depth
calculation.

Sound velocity errors are, in practice, difficult quantify and the problems with temporal
and spatial variations may sometimes be so sigmfithat the only practical solution is to
limit multibeam angular coverage.

There is another error component due to sound iglecror or variation at the transducer

face; this component introduces an error on thenbpainting angle which also introduces
errors in depth measurement and positioning.
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For beam steering or stabilization it is hecessarintroduce time delays in the transducer
elements (4.2). To compute the delays it is necgs® know the sound velocity at the
transducer draught, this is usually achieved bgumnd velocity sensor installed close to the
transducer. Any error in the sound velocity at titasducer face will be propagated as an
error in the beam pointing angle (Figure 3.41).

A d B
m
¥ .
::.,'\ b
w AR
- m B
oletde) Aty - .

Fig. 3.41 "Beam steering error due to sound velogitvariation"

The time delay to steer the beam by an afgle obtained by:

At= gsin([s) (3.72)
C0
hence:
p= asin( % mj (3. 73)

by differentiation and the appropriate simplificatigives:

dp =ta—r(B)dCo (3. 74)

0

The error in beam steering propagates to an errdepth, given by:
z
dz, = - dan?(B)dc, (3. 75)

p C,

The depth variance due to beam steering is therefor

Gy = (ij tan*(B)o’, (3.76)

Co
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whereacy’ corresponds to the variance of the sound velasigd for beam steering, usually
obtained by a sound velocity sensor.

Note that the estimated total depth variance dwetmd velocity errors is written as:

6,0=0,° +0° (3.77)

zZc zc_profile zB

The errors mentioned above may be detected by Ivisspection of the data by trying to
detect abnormal curvature of the profiles (setezs).

Due to motion sensinghe depth measurement is dependent on pitch ancbroll error, the
contribution being given as follows:

dz, = RE0sE,) sin(B -6, )do, (3.78)
and:

dz, =R3in@®,) [cogB -6, )do, (3. 79)
The depth variances are respectively:

0,5 =(z®0s@,)dan(B-6,))’ 0,2
(3. 80)

and:
0,0 = (z3in@®,))’0qn (3.81)
The total depth variance due to vessel attitudehaade is:

2 _ 2 2 2
G 2motion ~ cszeR +Gzep +Gh (3 82)

where g} is the heave variance.

Due to draught, settlement, squat agidtive position of transducer The accurate
measurement of transducer draught and knowledgevestel behaviour in dynamic
conditions, settlement and squat, are fundameat#shé accuracy of the measured depths.
These errors will contribute to the depth erroripeindent of the beam angle.

The total depth variance due to transducer immeysiee 5.1.4.4, is written as:

2 _ 2 2 2
o = Gdraught + Gsettlement+ quuat (3 83)

2
settlement

where Gf,raught is the draught variancey is the

squat variance.

is the settlement variance, amj;{

uat
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5.2.1.8.4 _Depth reductiorThis issue was previously analysed in 5.1.4.8.

522

5221

The QC may be performed by statistical calculatibased on the comparison of soundings
from the check lines against the bathymetric sarfgenerated from the main survey lines.
The statistics generated by the comparison shouttnply with the accuracy
recommendations in the S-44.

According to the errors presented above, the estiongeduced depth variance is written as
follows:

2 2 2 2 2 2
0, = GZc +Ghmotion + O +Gtide +szetection (3 84)

where 67 ..., Corresponds to the depth variance due to the dedétection algorithm

implemented in the MBES system [Lurton, 2002].

The estimated error on the reduced depth, at thees8ent (or &) confidence level, is
obtained by the square-root of equation 3.84. Adsg that the component errors follow
approximately a normal distribution, the estimatdor on the reduced depth, at the 95

percent (or &) confidence level, is obtained by substitutingheeariances® by (2c)°.

Interferometric sonars

Interferometric sonar systeapply the phase content of the sonar signal tesureahe angle of
a wave front returned from the seafloor or fromar@ét. This principle differs from MBES which
forms a set of receive beams and performs sealiedtida for each beam, either by amplitude or
phase, to detect the returning signal across tlaghsiiMughes Clarke, 2000].

These sonars have two or more horizontal arraysh earay produces a beam that is narrow

along track and wide across track. One of thesgysiris used for transmission, ensonifying a
patch of the seafloor, scattering acoustic enenggllidirections. Part of the scattered energy wil

return back towards the transducers, which measgrengle made with the transducers. The

range is also calculated from the observed two-nayel time.

The method used for angle measurement can be div@itse simplest method is to add the signal

copied from the two arrays together, being the ltast amplitude “fringes”, corresponding to

variations in signal strength. If the transduceays are separated by half a wave length, there
will only be one fringe, being the zero phase dioecperpendicular to the transducer array axis
and the direction can be unambiguously determindtithe transducer arrays are separated by

several wave lengths, the angle of the detectecd: iramt may be derived from directions where
maxima (or minima) of the received signal occug(Fe 3.42). However, this method, when
used alone, produces only a few measurements. gUka gradient of the fringes to produce
more measurements extends this method.

5.2.2.2 Forward looking sonars Horizontal aperture sonars are used to detesttuctions ahead of the

vessel by mechanical or electronic scanning in lloeizontal plane. These systems are
especially appropriate for the detection of obstoms in unsurveyed or poorly surveyed areas.
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AT =0

Fig. 3.42 "Pattern resulting from the interference,either constructive or destructive, from signals
received at two arrays, separated by a distance (d times the acoustic wave length (red) and half
wave length (blue)"

6. NON ACOUSTIC SYSTEMS

In addition to the acoustic systems, presentedrevipus sections, there are some electromagnetic
systems which may be used for depth determinagach as the airborne laser and electromagnetic
induction systems, as well as depth determinatarived from satellite altimetry. These systems ted
traditional mechanical methods for depth measur¢iaeth sweeping are described below.

6.1 Airborne Laser Systems

Lasef” systems offer both an alternative and a complenmstirveys with acoustic systems in shallow
waters [Guenther et al., 1996].

A laser system is composed of a laser scannin@msysjlobal positioning system (GPS) and an inertial
measurement unit (IMU).

6.1.1 Principles of operation
Hydrographic airborne laser sounding, LIDAR dght Detection_Ad Ranging), is a system for measuring

the water depth. This system emits laser puldesy@frequencies (blue-green and infrared), inaam
pattern across the flight path of the airbornefptat; it records both signal arrivals from the ligiulse

47 Laser is the acronym foright Amplification by Simulated_Enission of Rdiation. The laser basically consists of an

emitting diode that produces a light source atexifigc frequency.
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reflected by the sea surface and by the seaflagui& 3.43). The measured time difference, betwken
two returns, is converted to distance.

Fig. 3.43 "Geometry of Lidar measurements"

Propagation of light through sea water, like th@pagation of acoustic energy, depends on the
temperature, pressure and salinity. The sea wistelo some extent, transparent to light. In ideal
conditions, no material in suspension, the atteanas a function of the absorption and scattering.

The transparency of sea water to the infrared gital regions of the electromagnetic spectrum is a
function of the quantity of material suspended fwe twater. Therefore, water transparéidg a
constraint to the use of laser sounding systemdarlmaximum depth operation is about 2 to 3 times
observed Secchi dikdepth.

A pulse of light of two different frequencies ismismitted in the direction of the sea; part oféhergy
from the infrared beam is reflected by the seaaserback towards the aircraft, the blue-green lasam

is transmitted to the water and partly reflectedhsy seafloor, also to be detected by the receilsing
accurate timing, the distance to the seafloor eambasured knowing the speed of light in the waiére
depth calculation requires, in addition, knowled§¢he geometry of measurements according to Snell’
law (Figure 3.44).

send, _ send
c Cc

a

w (3. 85)

w

where@, and,, are the incidence angles in the air and into theemwandc, andc, the respective speeds
of light in the air and the water.

8 The transparency of the sea water, i.e. themimsion of visible light through the water, canrbeasured quantitatively by

determining the Secchi disk depth.

The Secchi disk is a simple device to measurenditer transparency. The disk is a white platgraxmately 30 cm in
diameter, fastened horizontally on the end ofpenmarked in metres. The disk is lowered intostee water and the depth

at which it is lost to sight is noted.

49
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Fig. 3.44 "Lidar working principle"
6.1.2 Capabilities and limitations

Laser systems are efficient in shallow waters duethieir outstanding productivity [Axelsson and
Alfredsson, 1999]. This productivity results frahe high surveying speed and the swath width, wisich
independent of water depth. In contrast, multibegstems are operated at low surveying speed &nd th
swath width is proportional to the water depth @lisu3 times the water depth).

Laser systems give good coverage, close to fulleame, in extreme conditions of salinity and
temperature, where acoustic systems may produaeqouadity data.

Undoubtedly, safety is a major advantage of lagstesn operation, particularly where under water
hazards may be risky for surface navigation.

Despite the capabilities mentioned above, lasetesys are very sensitive to suspended material and
turbidity in the water column. The maximum opeargtidepths, in optimal operation conditions, i.e. in
very clear waters, is about 50-70 metres.

6.2 Airborne Electromagnetic Systems
Airborne electromagnetic induction systems havenhesed for over 40 years to detect highly condectiv
metallic mineral deposits. Advances in this tedbgg have allowed the use of electromagnetic induact

principles for mapping seafloor formations in sball water. Detailed information on airborne
electromagnetic induction systems is referred tiinfer et al. [1987] and Smith and Keating [1996].
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6.2.1 Principles of operation

The operating principle of these systems is based geophysical survey technique for measuring the
electrical conductivity of bedrock or the thicknedésx conductive layer.

A magnetic dipole transmitter, placed on a helieopr a fixed wing aircraft, produces a magnettdfi
the primary field, and a towed receiver is usediétect the secondary magnetic field induced in the
ground.

Assuming horizontal layers, signal processing tmetior frequency domain can be used to determine the
conductivity,a,, and thickness of the seawater column, i.e. thiemgepth, and conductivitgs, of the
seafloor (Figure 3.45).

6.2.2 Capabilities and limitations
This no-acoustic system, due to the low frequenicieslved, has the capability of operating overckhi

ice. However, this system is limited to water dhspof less than 100 metres and is, at present, for
reconnaissance purposes only.

Fig. 3.45 "Electromagnetic airborne working principle"

6.3 Remote Sensing

This section presents depth estimation derived f@enml photography and from satellite altimetry aa
additional method for the coverage of extensivasire
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6.3.1 Photo-bathymetry

It is @ common practise for aerial photographyeaubed to delineate the coast line and, sometiveesg,
helpful in reconnaissance, planning of hydrographicveys, location of shoals and the creation of a
gualitative description of the seafloor rather thameans by which to determine the water depth.

6.3.1.1 Principles of operation

Digital image processors have the ability to catellight intensity with depth. However, variation
light intensity is also dependent on material isg@nsion and on the reflective properties of tladicer.
Thus a local calibration should be undertaken tmawt for these variations.

6.3.1.2 Capabilities and limitations

The application of photo-bathymetry, within the gt limits of this technology, remains mainly alto
for reconnaissance and planning in areas where th@nsufficient or no depth information.

6.3.2 Others

Satellite images in the visible band may be used isimilar way to photo-bathymetry. However,
satellites may be equipped with high resolutiomadters for mapping the oceans’ surface and, vhi¢gh t
appropriate data processing, it is possible toredg the depths all over the globe.

The ocean surface has an irregular shape whicicatgs, to some extent, the topography of the ocean
floor. Seafloor features, such as seamounts, iboidrto a local modification of the earth’s granield,
inducing a deflection of the vertical, which causeslope in the sea surface and consequently the
seawater is be pulled thus generating a bulge ®@s¢a surface. The ocean surface can be mapped wit
an accurate satellite altimeter and the anomalythe difference between the observed ocean suafadt

a theoretical surface, such as that created fronE84Cellipsoid, can be determined and the waterhdept
estimated (Figure 3.46).

The integration of satellite altimetry with bathytme measurements may produce a more reliablesidta

which contributes to the knowledge of the seaflmmography in areas where hydrographic surveys are
sparse [Smith and Sandwell, 1997].

C-13



186

Satellite Orbit

Fig. 3.46 "Satellite derived bathymetry"
6.4 Mechanic systems

Mechanic systems are the earliest tools used fothd@easurement. Nonetheless, these systemdlare st
valid and remain in use today.

The systems studied up until now perform indirectasurements and are sensitive to seawater
characteristics. In typical conditions, gross esiia the depth measurements are likely to ocbesd are
generated by echoes from within the water colunch therefore they do not related to the seafloar, fo
instance they can be caused by: kelp, schoolfisbf deep scattering layer, thermal plumes and
sediments in suspension. Additionally errors meguo near piers, where echo detection occurs firam t
returns of side lobes from the pier itself.

Mechanical methods (lead line or sounding pole) rave sensitive to these particular environmental
conditions and may provide an alternatively method.

Bar or wire sweep methods are an unambiguous waletect minimum depths over wrecks or over
obstructions and to guarantee minimum depths thouiga navigation channel.

6.4.1 Lead line and sounding pole

The lead line aids the hydrographer in resolvingoesounder misinterpretation caused by spurious
returns.

When the bottom is visible, a lead line or soundiote can consistently be placed on the high p@ints

the depth measured. In other areas, detectionnsaburement may be more difficult and sweeping
methods may be preferred.

C-13



187

6.4.1.1 Description

A lead line is a graduated line with attached mamhg fastened to a sounding lead. The line is tored
determining the depth of water when sounding mapugénerally, in depths of less than 50 metres.

A correction, to compensate for the shrinking atrdtshing of the line, may be applied to the depths
obtained; this error source has, however, beercows by inserting a wire heart inside the rope.

A sounding pole is a pole graduated with marks tvh&calso used for determining the depth of water
when sounding manually. It is generally used intkgpf less than 4 metres.

As previously mentioned, at present, these toasoften used to check anomalous soundings gathered
with acoustical systems which occur in shallow wnate

6.4.1.2 _Sources of error
The sources of depth measurement error with le&ddre mainly due to:

a) Line curvaturds induced by current and produces a depth eridne correction may be
problematical and, for this reason, it is recomneghdnly undertaking the measurements
when the impact of the current will be negligiblee only remaining the affect being the
residual speed of the vessel.

b) Heavewill contribute to the error in the depth measueetm Heave leads to difficulty in
reading the depth; this is overcome by taking agrage of the reading between wave crests
and troughs.

6.4.1.3 _Operation, data recording, and processing

The direct depth measurement should be performéu the vessel dead in the water and, if possible,
avoiding periods of strong currents and tidal floMvis normal, between successive sounding pasitito
keep the lead line in the water to check for arynpnent seafloor features.

6.4.2 Bar sweep

Bathymetric coverage with SBES only measures thghdalong the survey lines, leaving the seafloor
between lines without coverage or detailed inforamtalthough side scan sonar is often used tackear
and locate any prominent seafloor features betweeISBES lines. For rock pinnacles or wrecks, SBES
may not detect the minimum depth when the ech@ssiply too weak to be sensed by the receiver, this
is particularly the case for masts or sharp piecesetal.

For navigation safety purposes, the use of an ateunechanical sweep, either bar sweep or wiregwee

is an adequate means to guarantee a minimum ss&fenote depth throughout an area and, according to
S-44, it may be considered sufficient for Specied€ and Order 1 surveys.
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6.4.2.1 Description

The sweep is made of a bar about 5-6 metres inHerngach end of the bar may be packed with lead, o
other heavy material, to provide more weight anduce lift when underway. The bar is suspended
below the vessel by graduated lines.

This instrument is very easy to manufacture. Tarad error tests may be used to obtain the beasi@ol

This is often more effective and easier to haniamta wire sweep.

6.4.2.2 Operation methodology

The bar or rod should be suspended horizontallyeurgdvessel. The sweep may be equipped with
rockers or other sensors to record contact wittséaed.

The depth of the bar should be referred to thecardatum, the tide height should be recordedmndptte
sweep operation and depths reduced as appropriate.

A complete coverage of the navigation area at @ dabrance depth should be performed; in the edfent
an obstruction being detected, full coverage ardimedobstruction is recommended to confirm that the
minimum depth is detected.

6.4.3 Wire sweep

As an alternative to the bar sweep, a wire sweep beaused to determine the least depth over a
bathymetric feature when, from the general natdird® visible terrain, the existence of a rock picle

or obstruction is suspected.

Detailed information on wire sweeping may be foimtlOAA [1976].

6.4.3.1 Description

The sweep is constructed from two small trawl beanddoors (identical to those used by fish trasjler
The trawl boards are connected by 40 to 60 mefresal link chain. The sweep is bridled and toveed

that the connecting chain is dragged along theeskapproximately 60 metres astern of the towingeles
NOAA [1976].
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CHAPTER 3 — ANNEX A
REFERENCE AND COORDINATE SYSTEMS

A. Reference and Coordinate Systems

Depth determination is performed in a vessel inagyic conditions. Usually, a reference system (Jesse
coordinate system), three orthogonal axes, is @setoard to locate the hydrographic sensors and to
measure the vessel’s attitude and heave.

The vessel's attitude consists of angular displasemabout those axes, roll (transversally) abloeitxt
axis, pitch (longitudinally) about the y axis, agdw (horizontally) about the z axis. Considering an
orthogonal right-hand reference system with th&ig pointing downward; with the usual convention fo
most attitude sensors roll is positive when stamtbsade is down, pitch is positive when bow is apd
yaw is positive when rotating clockwise.

Considering Figure A.1, the rotati®a in the yz plane, i.e., rotation about the x ages be expressed by
the rotation matrix,

A
-
y
=27 \ 4

Fig. A.1. “Vessel reference system”

1 0 0
R,(8)=|0 cos@) sin(®) (A. 1)
0 -sin(®) cosP)

and the rotations about tlg@andz axes are respectively:
cos@) 0 -sin®)
R,8)=| O 1 0 : (A.2)
sin@®) O cosP)
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cos@) sin(8) 0
R,(0) =| -sin(8) cod6) 0. (A. 3)
0 0 1

The transformation which results from three segaémotations is represented by the product of the
rotation matrices. Successive rotations are appiede left of this product.

Considering the successive rotatiofig 0,, 0;) about the x, y and z axes, the transformatiorriméa
given by,

R4(6;) [R,(6,) [R,(6,) =

co;)co,) sir)co)+co,)sirle,)sire) sirl6,)sin)-cotd,)sirl6,)cod)
=| -sile,)cof8,) cotB)co)-sirle,)si6)sire) cofB,)sire)+sir,)sife,)co)|.  (a.4)
sir@) ~coB,)sirg) coff,)cof)

The measured depths, initially referred to the &ks$rame, need to be positioned in a local cauatk
system. Considering an orthogonal left-hand localrdinate system; with the x axis pointing to East,
axis pointing to the geographic North, and theiz arinting downward.

In a survey vessel with roll, pitch, and headingpectively:6z, 65, anda; a beam with slant range R and
anglep (Figure A.2), will be transferred from the tri-bdagonal, right-hand, vessel coordinate system (x,
y, Z), to the tri-orthogonal, left-hand, local coordinatestem (X, y, z) with the rotation about the x axis
the reciprocal of the roll anglefg), the rotation about the y axis the reciprocathef pitch angle @,),

and the rotation about the z axis the reciprocdhefheading angled) and since the two z axes are both
positive downward, but the vessel coordinate sysi®rma right-hand system and the local coordinate
system is a left-hand system, it is necessary t@pstive x and y coordinates during the transformatio
from vessel to local coordinate systems. This rfopeed by applying the matrix,R

\ y
) \ ’ ’___—‘V
,,,,,,,,,,,,,,,,,, ‘\_ TR
\J
‘_\‘\
B
RI[ cos) DY R
Rl sin @)

Fig. A.2 “Vessel and local level reference system”
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X X 0
{YI = Rxy R, (~a) R, (-8, )R, (-6, ){y] = T(a’eP’eR)|:RSin(e)] (A.5)
an v v

z R cos@)

where Ry is given by,

[0 1 0
Rxy={1 0 O

001

T(01,6,,8:) =| cosor)codd,) —sir{or)cods; ) +cota)sir(8,)sir(e,)  sira)sir(8,)+cosa)sir(@,)cods;)
L _Sir(eP) CO@P)S“'(GR) CO@P)CO@R)

where T(a,0,,8,) is the transformation matrix from reference frameasurements into the local
coordinate system.

{x] {(cos(x)cos@R) +sin@)sin@,)sin@g)) (Rsin@) + (—cos()sin@) +sin@)sin@,) cosP)) IRcosp)

sir{a)cods;) - cogar)codsy) +sirlo)sir(e.)sir(e,) —CO@r)sir(eR)+sir(a)sir(9p)00€9R)]

y (=sin@)cosPy) +cosfr)sin®,)sin@g)) (Rsin) + (sin@) sin@g) + cosft)sin®,) cosPy)) (Rcosp)
z c0sP,)sin®;) (Rsin@) +cosP,) cosPy) (Rcosp)

Note that the beam angle is positive to starboiae and negative to port.
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