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Introduction

In the past ten years or so there has been a gradual increase in  the 
dem and for, and use of, precision  echo sounders that are able to determ ine  
the ocean depth to one part in  3  0 0 0  ( L u s k i n  et al, 1 9 5 4 ) .  T he need for these  
arose in itia lly  from  the requirem ent to exam ine the very sm all changes of 
depth on the abyssal p lains. It has been recom m ended at various interna
tional m eetings on bathym etry that all echo sounders used in  the deep  
ocean should have th is accuracy, but it has not alw ays been accepted that 
such an accuracy is possible or m eaningfu l (G a b l e r , 1 9 6 1 ) .  It is our in ten 
tion in th is paper to clarify  som e of the principles underlying precision  
echo sounding, and to exam ine the accuracy available in the light of our 
present know ledge of the physica l properties o f sea water, and the possible  
variations w ith  tim e in the velocity  structure.

M inimum travel tim e charts

B asically  the m easurem ent m ade by an echo sounder is the tim e of 
travel of the leading edge of a pulse of sound from  the surface of the sea  
to the sea bottom  and back to the surface. In m any places there m ay be 
several discrete echoes of the transm itted pu lse from  reflectors at different 
ranges w ith in  the beam  angle of the transm itter-receiver system  (side 
echoes), or the pulse m ay be lengthened by back-scattering from  parts of 
the bottom  adjacent to that from  which the m ain pulse is reflected  (rever
beration). In nearly all cases there is a sharp beginning to  the first 
reflected pulse, and the travel tim e has a value unique to the position  
from w hich  the sounding is taken.

It is therefore possible to m ake a chart of the ocean bed in  term s of 
this m inim um  travel tim e, and th is w ill bear a close relationship  to a chart 
of the bottom  topography, especially  in p laces w here the slopes are sm all. 
The accuracy that can be achieved in m aking such  a chart depends on,
(a) the accuracy w ith  w hich  the tim e interval can be m easured, and (b) the 
constancy of th is interval w hen  m easured from  the sam e place at different 
tim es.



The m easurem ent of tim e intervals can be made w ith  considerable 
accuracy using a tun ing fork or crystal as a tim e standard. The resolution  
possible w ith  a 10 K c /s  pulse in  a depth of 3 000 fathom s is of the order 
of a few  cycles at 10 K c/s, say 0.5 m /se c  in 7.5 sec, or 1 in 15 000.

The constancy of th is interval w ith  time, however, depends on varia
tions in the m ean vertical velocity  of sound at the position , and w ill be 
affected by changes in the depth of boundaries between w ater m asses, and 
in the changes in tem perature and salinity of the m asses them selves. The 
m ost im portant changes are those in  the water tem peratures near the 
surface w here seasonal and other fluctuations can occur, the sh ifting of 
the boundaries of w ater m asses due to changing current system s (such as 
the m eanders of the Gulf Stream ), the m ovem ent of isolated patches of 
w ater differing from the surrounding water, internal waves and changes 
of sea level. The analysis given below  of the variability of m ean vertical 
sound velocity, calculated from hydrographic stations, suggests that, apart 
from  occasional exceptional conditions, the variations give rise to errors 
in  depth of the order of 1 to 2 fathom s in 3 000. Further evidence supporting  
th is conclusion  is given by the consistency  of depths obtained by precision  
echo sounding on the abyssal p lains, w here position errors have a negligible  
effect on the depth.

Thus it is ju stifiab le for m ost parts of the ocean to construct charts of 
the m inim um  travel tim e. It is, however, convenient to change its d im en
sions from  tim e to length , and a nom inal velocity of sound of 800 fm /sec , 
820 fm /se c  or 1 500 m /se c  is o ften  used for this purpose. The scale m arks 
of a precision echo sounder u sually  m ake this assum ption, and charts are 
often constructed by direct readings from the sounding record in fathom s 
or m etres at a nom inal velocity, w ithout any attem pt at correction.

Apart from  the sim plicity  o f th is process, charts of th is sort have an 
obvious merit. If a second ship is  traversing the area and uses a precision  
echo sounder w ith  the sam e nom inal sounding velocity, the depth indicated  
w ill agree w ith  that on the chart to an accuracy of a few  parts in 3 000 
(assum ing navigational errors to be negligible) w ithout any estim ate being  
m ade o f the true sounding velocity. If the chart w as originally constructed  
w ith  a precise navigational control, then it can be used as an aid to 
navigation for the second ship, not only by looking at qualitative features 
such as the edge of an abyssal plain, but by using contours as position  
lines.

Charts of true bathymetry

To construct a chart o f the true depths of the ocean it is first necessary  
to use the true m ean vertical sound velocity. This can be calculated from  
the physical properties of sam pled water. Tables are available (M a t t h e w s , 
1939; K u w a h a r a , 1939) in w hich  the oceans are divided into areas, to each  
of w hich  an average sound velocity profile is assigned. These have been 
extensively  used to construct true bathym etric charts and are satisfactory  
provided a high accuracy is not required. However, the relatively large 
changes in tabulated sound velocity  in adjacent areas can give rise to



spurious “ steps ” in the topography. The boundaries o f the areas are poorly  
defined on account of the sparseness of the data, and the basic form ulae  
from w hich  the velocities have been calculated  have required m odification . 
Accuracy o f correction w ould be im proved by w ater sam pling in  the area 
being surveyed, and subsequent velocity calcu lation , but th is is  very often  
not possible w hen a ship is on passage. D ifficulties arise w hen  old soundings 
corrected w ith old tables o f sound velocity are collected  together w ith  new  
soundings corrected w ith new tables. T he d iscrepancies introduced here 
a ie  not due to errors in obtaining the echo soundings but arise from  
subsequent variations in treatm ent.

The second sort of correction necessary to obtain  the true bathym etry  
is m uch more com plex and in general is not capable of being applied. On 
account o f the fin ite beam w id th  o f the transducer-receiver system , the  
echo w ith m inim um  travel tim e m ay not com e from a poin t vertically  
beneath the ship. An echo-sounding profile in  rough country often  show s 
overlapping hyperbolae representing echoes obtained from peaks w ith in  the  
beam, and one over a slope gives a spuriously  shallow  depth  since the  
nearest point to the ship is upslope. The geom etry o f these effects has been  
extensively d iscussed  in the literature (e.g., K r a u s e , 1962) and m any correc
tion techniques used. In general these assum e all echoes to arise from  a line  
under the sh ip ’s track. But to m ake a com plete interpretation  of the records 
in term s of the bathym etry it is necessary to consider echoes from  the side, 
and unless one has a very com plete survey or special sidew ays-pointing  
transducers no com plete interpretation  is possible.

For these reasons, m ost bathym etric charts m ake no attem pt to 
correct for rough topography and the data presented is the depth obtained  
from the first arrival. It is apparent therefore that to construct a chart 
attem pting to show  true bathym etry, using true velocity and topographic  
correction, is very m uch m ore difficult and in m any ways less satisfactory  
than plotting directly the m inim um  travel tim e, converted to depth using  
a nominal velocity. Only w here there is in tensive w ater sam pling, or in situ  
velocity m easurem ent, and w here the spacing of sounding profiles is  sm all 
com pared w ith the depth, can a true bathym etric chart be produced.

Tim e-variation of m ean vertical sound velocity

A series of hydrographic stations lasting  from  June 1959 to August 
1960 were made by R.V. Aries  and R.V. Crawford,  o f th e W ood s Hole 
O ceanographic Institution, in  the w estern  North A tlantic. T he m ajority  
were in the area 30^-32° N, W  and are labelled “ w estern  station s ”
in Fig. 1. They should be w ell representative of Area 14 in  M a t t h e w s ’ tables 
(1939). The “ eastern stations ” are a few  that w ere made at 30° N to the 
south o f Berm uda and som e to the north-east at approxim ately  34°30 'N , 
62° W. Both sets are in Area 13. All m onths o f the year except January to 
March are represented.

Sound velocities were com puted from  the hydrographic data using  
W i l s o n ’s  (1960) form ula. T he results for each station  w ere integrated  
(using linear interpolation) from  the surface to a given pressure and



divided by the pressure to give the m ean sound velocity  down to that 
pressure. T hese m ean velocities are plotted in Fig. 1 for pressures of 2 000 
and 5 000 decibars, w hich  also shows the num ber of stations per 0.2 m /sec  
interval.

It is clear from  the 2 000 decibar data that the great m ajority of the 
“ w estern  station ” velocities lie w ith in  1 part of 1 500 of the m ean, and 
that in general in Area 14 it is quite possible and reasonable, given a 
precision echo sounder, to quote depths to this precision.

The few Area 13 stations indicate a lower m ean velocity, in agreem ent 
w ith  M a t t h e w s , although  the present sounding velocities in both areas are 
of the order of 2 m /se c  greater than those given by M a t t h e w s . This 
difference in the  absolute value of the sound velocity between various 
authors has been m uch discussed  in the literature but need not concern us 
in considering variations w ith  tim e. A negligible discrepancy, (less than  
0.2 m /sec ) is introduced by the use of the arithm etic m ean velocity, instead  
of the harm onic m ean tabulated by M a t t h e w s , in the area d iscussed.

The constancy of velocity  w ith  tim e is likely to be upset on occasions. 
A specific exam ple is show n in the figure where the data labelled “ patch  
stations ” has com e from  sam ples in Area 14 taken through an 80-m ile 
diam eter lens of w ater extending from the surface to 1 000 m. It w as 
characterized by being more closely  isotherm al than its surroundings over 
a depth of several hundred m etres. Here we have a considerable disturbance 
of the upper layers resulting in changes in the m ean vertical velocity to 
the 2 000 decibars level o f 3 m /sec , giving a possible error in depth 
determ ined by echo sounding of 1 part in  500, or 4 m etres. Since the 
difference arises from  changes in the near-surface w ater, the depth error 
rem ains approxim ately 4 m etres at greater depths, though the effect on 
m ean velocity decreases, and at 5 000 decibars is only 1 part in 1 200. (The 
num ber of hydrographic stations in the patch bears no relation to its size 
or its duration in the w orking area).

In this work the sounding velocities have been referred to levels of 
constant pressure (for convenience in other calcu lations). A dm ittedly, there 
m ay be sm all changes in depth, w ithout change in pressure, due to changing  
water m asses. In th is respect sounding velocities referred to constant depth 
will show  a slightly  different distribution from those in Figure 1, but the 
differences w ill be negligible (see later d iscussion).

Other possib le errors in determ ining the sound velocity  m ay arise from  
errors in salinity, tem perature and pressure. For the m ajority of stations 
w ater sam ples w ere available at equally spaced depths, not m ore than  
200 m apart, from  surface to bottom . Errors in m easurem ent o f salinity, 
both random  and system atic, are estim ated at less than 0.005 °/00 and may 
thus be discounted as a source o f error in the sound velocity. Tem peratures 
may be in error by ±  0.02° C, equivalent to a variation in sound velocity  
of ±  0.05 m /se c  w hich  we m ay also neglect. The pressure m ay be in error 
by 1 % , the resulting errors in sound velocity being 1.6 X  10~4 p  m /sec , 
where p  is in  decibars. The resultant error in sounding velocity, assum ing  
a system atic error of th is order, is thus 0.8 X  10~ 4 /> m /sec , equivalent to 
0.16 m /se c  at a depth of 2 000 m.
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Som e exam ples of variability of observed soundings to be expected from  changing  
hydrographic conditions

T he w ay in  w hich  sound velocity  varies w ith  tem perature, sa lin ity  and  
pressure can be seen from  the follow ing table, derived from  the observa
tion s of W i l s o n  (1960) :

T° C 0 5 10 20 30

d v / m /se c  \  
d t \ °C )

4.5 4.1 3.6 2.7 2.1

d v !  m /se c  \ 

3 S  \ % o  /
1.4 1.3 1.3 1.2 1.1

d v / m /s e c  \  
d p  \  100 decibar /

1.6 1.7 1.6 1.7 1.7

T hese derivatives are independent of salin ity  and pressure, to w ith in  0.1 
m /sec , over the range of variables usually  encountered. More than 99 % 
o f the w ater in the w orld ocean has salin ities in  the range 33 ° /o o  to 37 ° / 00, 
and tem perature betw een 0° C and 28° C ( M o n t g o m e r y , 1958). Clearly the 
tem perature variations are m uch the m ost im portant in their effect on the 
sounding velocity.

The change in apparent sounding (8 s ) is given approxim ately by :

v
S v

w here ------- is the fractional change in mean sounding velocity  through a
v

depth range h. Some exam ples o f variations of water characteristics likely  
to be encountered in  the ocean, and their effects on the apparent sounding, 
are given below  :

(a) Seasonal changes near the surface

In m ost parts o f the oceans the seasonal variation of sea tem perature 
is less than 5° C averaged over the upper 100 metres of w ater depth. If w e  
take an extrem e case o f 10° C change averaged over 100 m etres, the change 
in  velocity is about 40 m /se c  and the change in apparent sounding is less  
than 3 m etres.

(b) Vertical d isp lacem ent of subsurface isotherms

T im e-variations o f the depths o f isotherm s, of the order of several tens 
of m etres, are often observed. In an extrem e case reported by C o o p e r  (1960) 
there was an average d isplacem ent o f 75 in in the depths o f all isotherm s 
betw een 300 and 4 000 m etres, in  an interval of one m onth at a repeated



station  in  the Bay o f B iscay. If we im agine a  m ore  exaggerated vertical 
displacem ent of 100 m throughout the w hole depth of a station , at w h ich  
the tem perature decreases from  15“ C in  the top 100 m etres to 2° C at 
4 000 m etres, rem oving the top layer and inserting  an extra 100 m etres of 
bottom  w ater below, there w ill be an increase of apparent sounding  

3 900 X  1-7
am ounting to -----  -------- or 4.4 m etres due to  decreased pressure on

m ost of the w ater colum n, but th is is  partly com pensated by  the h igher  
sounding velocity  in the bottom  w ater substituted  for surface water. 
P ossib ly  a greater change o f sounding could  be produced by inserting the  
extra layer of w ater at the depth of the velocity  m in im um  (Sofar channel) 
and elevating the isotherm s on ly  in the upper layer. H owever, using typical 
values it seem s u nlikely  that a d isp lacem ent of 100 m etres in  all the  
isotherm s above the velocity  m inim um  w ould  produce a change of sounding  
greater than 5 m etres.

(c) Patches of M editerranean w ater  in the A tlan tic

Variations o f tem perature and salin ity  are often  found at depths around  
1 200 m etres, in  the Eastern North A tlantic, due to the presence of greater 
or less am ounts of w ater of M editerranean origin, and th ese variations are 
naturally  m ore pronounced in  the neighbourhood of the Straits of Gibraltar. 
A hydrographic section m ade by the R.R.S. D iscovery  II a long 9° W  across 
the Gulf o f Cadiz in Novem ber 1958 show ed th is patch iness clearly  : a pair 
of stations, one in the m iddle of a patch and one ju st outside it, revealed  
a difference of sound velocity  averaging 6 m /s e c  over the depth range

1 200 X  6
700-1 900 m etres. T his corresponds to a change in sounding of ----- -----

X OuU
=  4.8 m etres.

(d) M eandering of the Gulf S tream

The presence of strong horizontal gradients of tem perature and salin ity  
across the Gulf Stream, and the possib ility  of its m eandering by several 
tens of m iles, im ply that large variations in  m ean sounding velocity  m ay  
occur near such a current. The order o f m agnitude of changes in  apparent 
sounding has been estim ated  from a pair of stations (A tla n tis  5297 and 
5299) on either side of the stream , g iven  in  the A tlantic Ocean A tlas  
( F u g l i s t e r , 1960). The average difference in sound velocity  is 21 m /sec ,  
over the upper 1 000 m etres, w hich  corresponds to a difference in  apparent 
sounding of 14 m etres. T h is is, of course, recognised by M a t t h e w s  (1939) 
in  the sharp changes of corrections in going from  Area 9 to Area 13, but 
M a t t h e w s  takes no account of m eanderings w h ich  w ill cause tim e-varia- 
tions of the sam e order of m agnitude at any one place in the neighbourhood.

These are som e of the more extrem e exam ples of changes in  tem 
perature and salin ity  that m ay be expected to occur in  a vertical colum n  
of deep water. The effects o f other possib le variations m ay be exam ined  
by m eans of the table of derivatives. It seem s im probable that, outside the  
region of the Gulf Stream  and sim ilar fast-flow ing  currents, the variation  
in apparent sounding due to changes o f sound ing velocity  w ill am ount to 
as m uch as 10 m etres, and m ay often be less  than 5 m etres.



F io . 2. —  P re c is io n  e ch o  s o u n d in g s  m a d e  o n  th e  w e s te rn  s id e  o f th e  Ib e r ia n  
a b y s s a l  p la in  in  1958, 1962 a n d  1963.

Constancy of depth m easurem ents over an abyssal plain

A practical dem onstration  o f the constancy o f sounding velocity in a 
given  area can be m ade by exam ining soundings taken w ith  a precision  
echo sounder in a lim ited  area over an abyssal plain  over the course of 
several years. On account of the low  gradients on abyssal plains (less than  
1:1 000), errors of navigation  do not contribute appreciably to apparent 
depth errors.



An area of the Iberian abyssal plain  w as surveyed in  detail during  
May, June and July 1958 by the R.R.S. D iscovery  II using the N.I.O. P reci
sion E cho-Sounder Mk. I. During these m onths the area w as covered by 
soundings w ith  a m ean separation of 1 to 2 m iles. T hese w ere sufficiently  
self-con sisten t for the plain  to be contoured at 1-fathom  intervals. T hese  
contours are show n in  the northern part of F igure 2. A fewr of the sounding  
lines leading into and out of the area are also show n.

Subsequent passages across the area w ere made in  March 1962 and  
February 1963 using N.I.O. Precision  E cho-Sounder Mk. II and these are 
indicated betw een parallel lines.

It w ill be seen that the m axim um  error at track in tersections is
3 fathom s in about 3 000, and in m ost places it is less than  that. The possible  
instrum ental errors that m ay give rise to th is are (a) m isreading o f record, 
and (b ) uncertainty in  depth of towed transducer. The error is of the sam e 
order of m agnitude as that d iscussed  in the previous sections, due to 
secular changes in  the m ean vertical sounding velocity.

A lthough th is is on ly  a sm all sam ple of the ocean, exam ined  over a 
lim ited tim e, there are m any other places where a sim ilar constancy of 
depth has been found and  th is exam ple seem s to be typical.

Conclusions

In m ost parts o f the oceans where the w ater m ovem ents are relatively  
slow, tim e-variations in sound velocity m ay give rise to depth errors of the 
order of 3 fathom s or less. Near the boundaries of water m asses these errors 
m ay be about tw ice as large.

It is reasonable, therefore, to aim at m easuring the depth to the nearest 
fathom , in  order both to exam ine the sm all detail on a single profile and  
to correlate soundings w ith  other profiles obtained by different sh ips at 
different tim es.
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