
THE MATTHEWS TABLES —  35 YEARS LATER

b y  T .  V. R y a n ,

Pacific Oceanographic Laboratory, Seattle, W ash ing ton  (*)

Echo Sounders m easu re  the time for a sound wave to travel from the 
sh ip ’s tran sducer  to the ocean floor, and utilizing a constan t for the speed 
of sound (usually  1 463 m /sec  in the Pacific Ocean) express the product 
of the travel time and  the speed as w ater depth. Because of local varia tions 
in the sound speed, dep th  e rro rs  from —  2 to 400 m can occur in the Pacific 
(figure 1). This  problem  w as recognized by H e c k  and S e r v i c e  of the 
U.S. Coast and  Geodetic Survey upon exam ining their da ta  from  a prototype 
echo sounder in 1923. W ith  the help of G. W . M c E w e n  of Scripps Insti tu tion  
of Oceanography, they  developed tables ( H e c k  and S e r v i c e , 1924) for 
com puta tion  of sound speed from  m easurem en ts  of the tem pera tu re-sa lin ity  
s truc tu re  of the ocean. These com puta tions  were based on N ew ton’s theo re t
ical equation rela ting sound speed to the elasticity and  density of the 
m edium. In the case of sea water, these properties are functions of tem p e r 
ature, sa linity  and pressure.

H f.c k  and S e r v i c e  (op. cit.) speculated th a t  areas of the ocean could be 
found with  similar sound speed s tructu re , thereby reducing  the bu rden  of 
frequen t tem pera tu re-sa lin ity  m easu rem en ts  in support  of echo sounding. 
The M atthews Tables (1939), cu rren tly  in use for deep sea echo sounding 
corrections, are based on this concept. Using the oceanographic  s tation da ta  
available a t the time, M a t t h e w s  divided the world ocean in to  52 classes of 
acoustic s truc ture . F o r  each of these classes he p repared  a table of cor
rections versus dep th  which in  effect express the d e p a r tu re  of the local, 
vertically in tegrated sound speed from  the sound speed “u se d ” by the  echo 
sounder (e. g. 1 4()3 m /s ) .  His tables include m aps w hich  show the  geographic 
a reas  where the 52 tables are applicable.

In addition to these echo sounding correction (hereafter  abbreviated 
“correc to rs”) tables, M a t t h e w s  also p resented  tables for the  de te rm ination  
of sound speed as a function of tem pera ture , sa linity  and  depth . The la t te r  
tables of course are  basic to the p repara tion  of the correctors. F o r  the 
sound speed tables, M a t t h e w s  also used the New tonian equation, and he, as 
had H e c k  and S e r v i c e , pointed out the w eakness of the  w a te r  com press
ibility data, necessary for the practical application of N ew ton’s equation. 
M a t t h e w s  estim ated th a t  his sound speeds were accura te  to w ith in  about

(*) T he  n a m e  and add ress  o f  th is  o r g a n iza t io n  is  now  : P a c i f ic  Marine E n v ir o n 
m e n ta l  L aboratory ,  U n iv e r s i ty  o f  W a sh in g to n  W B -10 ,  Sea tt le ,  W a sh in g to n  W B-10.





0.1 %, b u t  recom m ended that direct m easurem ents  be m ade  to verify his 
results . T h u s  the valid ity  of the M atthews Tables is therefore  dependent 
on twTo m ajo r  factors. Of p r im ary  im portance  was his solution to the sound 
speed problem. Then, his knowledge of the  ocean’s physical p roperties  and  
his ability to m ap its  acoustic s truc tu re  becomes im portan t .  Since 1939 
considerable progress has  been made in laboratory m easu rem en ts  of the 
speed of sound in sea w ater  and the delineation of the physica l properties of 
the ocean through  oceanographic surveys. This paper exam ines the im pact 
of this work on the M atthews Tables.

THE SPEED OF SOUND IN SEA WATER

As early  as 1951 laboratory  m easu rem en ts  of sound speed at a tm os
pheric p ressure  ( W e i s s l k r  and D e l  G r o s s o , 1951) showed th a t  the M atthews 
sound speed tables yielded speeds about 3 m /se c  too slow7. B y e r  (1954) 
showed th a t  the e rro r  was due to a too high value fo r  the  iso therm al 
compressibility of sea water at low pressure, thus va lida ting  the concern

F i g . 2. —  Curve “ a ” i s  th e  difference b e tw e e n  sou nd  speeds c o m p u te d  for  w a te r s  at  
2 8 "  S, 1 7 ( i "  W ,  by tw o  m e th o d s  : W i l s o n ’s (1960b) m in u s  M a t t h e w s ’ ( 1 9 3 9 ) .  Curve U>) 
is  a s im i la r  co m p a r iso n  of W i l s o n ’s  (1960b) m in u s  Del G noso  and M a d e h ’s (1972). (Cse  
upper absc issa  scale f o r  curves  “ a ” and “ b ” ). Curve “ c ” s h o w s  t h e  error in echo  
so u n d in g  correct ions ,  i n  m etres ,  fo r  c o n d it io n s  at the  sam e site ,  i f  o n e  uses  AIa t t h e w s ’ 
m e th o d  in l ieu  o f  W i l s o n ’ s  as  m o d i f ie d  by L o v e t t  (Iflfifl) (Use l o w e r  a b sc issa  scale,  
s lan ted  n u m e r a ls ) .  T he  lo w e r  a b sc is sa  scale,  u p r ig h t  n u m er a ls ,  sh o w s  th e  effect of the  

L o v e t t  a d ju s tm e n t  on th e  curve  “a ” data.



expressed by M a t t h e w s  an d  by H e c k  and S e r v i c e . By the late ’50s the 
resu lts  of W e i s s l f .r  a n d  D e l  G r o s s o  had  been confirm ed by m any  other 
m easu rem en ts  including  those of W i l s o n  (1960 a, 1960 b), w hich  included 
m easu rem en ts  a t  elevated p ressu res  (up to 1 000 k g /c m 2) to s im ulate  the 
effect of depth  in the ocean. The National Oceanographic Data Center 
(NODC) adopted W i l s o n ’s  1960-b equation about 1963, and thereaf te r  
rou tine ly  com puted  sound speeds for all oceanographic da ta  sets. Curve “a ” 
of figure 2 com pares sound  speeds com puted from  W ilson ’s fo rm ula  with 
those from  M atthews tables for a deep station in the South  Pacific, The 
difference shows a definite dependence on depth  (pressure). T h u s  the “defi
c i t” speed of the M atthews tables is in fact an  “excess” speed in the depth 
range 3 500-5 400 m. M easurem en ts  subsequent to I960 bo th  in the labo
ra to ry  and field proved th a t  W ilson’s equation yields speeds too high 
appa ren tly  as a res id t  of several problems, including a sound diffraction 
phenom ena  not recognized in the earlie r  study. L o v e t t  (1969) reviewed 
m any  of these later  m easu rem en ts  and  proposed th a t  w ith in  the range 
of physical conditions encountered  at sea, th a t  W ilson’s equation  (*) be 
used, bu t tha t  0.65 m /s e c  be sub trac ted  from  the result. L o v e t t ’s  recom 
m ended 0.65 m a d ju s tm e n t  was based principally  on com parison  of sound 
speed m easu rem en ts  on distilled water, supplem ented by analysis  of a few 
long range m easu rem en ts  a t  sea.

Recently D e l  G r o s s o  an d  M a d e r  (1972) reported labora to ry  m easu re
m en ts  using an  in s t ru m e n t  m arked ly  d ifferen t in principle  from  W i l s o n ’s 

and m ost o ther investigators . D e l  G r o s s o  and M a d e r  included several 
equations, re la ting  sound speed to tem pera tu re , salinity  a n d  pressure , w ith  
increasing “goodness of f i t ” w ith  the num ber of term s utilized. Curve “b ” 
of figure 2 com pares sound  speeds computed with t h e  D e l  Grosso-Mader 
equation  VII (18 term s) w ith  those com puted  from W ilson’s 1960 b equation  
for conditions at a  typical deep oceanographic station. The differences are  
very close to the  0.65 m /s e c  a d ju s tm e n t  proposed by L o v e t t , thus  adding  
strong  suppo rt  to the u til ity  of L o v e t t ’s  proposal.

The shifted abscissa a t the lower m argin  of figure 2 reflects this
0.65 n i /sec  ad ju s tm en t .  W ith  the L o v p :t t  ad justm ent, W i l s o n ’s  speeds are 
som ew hat closer to M a t t h e w s  an d  the dep th  range where W i l s o n ’s  speeds 
exceed M a t t h e w s  is reduced, As indicated  by curve “c ” of figure 2, the use 
of M a t t h e w s ’ sound speeds resu lts  in a small (m axim um  2.1 m  at 8  500 m), 
positive dep th  erro r  (sounding  too shoal). It is concluded th a t  a lthough 
M a t t h e w s ’ sound speeds con ta in  a system atic  error, the ir  use is no t an 
im p o r ta n t  source of e rro r  in com puta tions  of echo sounding  corrections.

(*) Lovett  a p p l ied  h i s  a d j u s t m e n t  to W i l s o n ’s li)60a e q u a t io n  ra th er  th a n  the  
g e n e r a l ly  a ccepted  1960b e q u a t io n .  For  echo  so u n d in g  p r o b le m s  the  d i f fe re n c e  is  
ne g l ig ib le .



MAPPING OF THE OCEAN’S VERTICAL 
SOUND SPEED STRUCTURE

The? second of M a t t h k w s  problem s was, in essence, the m apping  of the 
ocean’s therm al-ha line  s truc tu re ,  and  the conversion of the Ihermal-lialine 
s tru c tu re  to a vertically  in tegrated  sound speed com puted  from the surface 
to progressively g rea te r  depths. The latter, “m ean vertical sound speeds”, 
were used to com pute  the echo sounder correction tables. M a t t h k w s  found 
tha t  w ith in  an acceptable e rro r  to lerance he could represent the ocean by 52 
classes of s truc tu re .  The accuracy  of this w ork  was directly dependent 
on the store of oceanographic  sta tion  da ta  available in the 1930’s. M a t t h k w s  

does not inventory  his da ta  base o ther  than  in general term s, however 
a eon tem pory  com pila tion  ( V a u g h n  1937) of oceanographic  s ta tions shows 
a total of 194(5 s ta t ions  in the Pacific. As of 19()7 Pacific Ocean s ta tions

c - 4 0 0 0 m

F i g . IS. D e n s ity  o f  o e ca n o g ra p h ic  s ta t io n s  
for  1 /2  M arsden Square  (5“ l a t i tu d e  by  
1(1" lo n g i tu d e )  w h ic h  ex ten d  to at least  the  
ind ica ted  depth ,  in the NODC m a g n e t ic  tape  
f i le  o f  Jan .  1909. Code : vo id  — no d ata :  
l ig h te s t  pattern 1 to 5 s ta t io n s ;  m e d iu m  
pattern  =  (i to 50 s ta t io n s ;  h e a v ie s t  pattern  

=  m ore  than  50 sta t io ns .
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on the m agnetic  tape file of NODC num bered  m ore th an  125 000. U nfo r tu 
nately  the areal d is tr ibu t ion  had not benefited proportionately , see below :

Oceanographic  s tat ions 1937 and 1967 - Pacific Ocean
% A rpo

Year Total Sta. % W. Pacific (**)
Covered (*)

1937 (VAUGHN) 1 946 77 46

1967 (NODC) 125 453 96+  72

(*) % Area covered =  % o f  the 1 /2  M arsden Squares (5° Lat. X 10° Long.) in the  
P a c i f i c  w h ic h  c o n ta in  1 or  m o re  o c ea n o g ra p h ic  s ta t io ns .  The ac tua l  area  in  a M arsden  
S q ua re  v a r ie s  by  a fa c to r  o f  4 b e tw e en  0 and (i0“ Latitude .

(**; or \ y  P a c i f i c  ■= % W e s t  "f Ifift" F

The very large concen tra t ion  in the  W est Pacific increased  even m ore  so 
a f te r  1937; by 1967 fifty percen t of all the Pacific s ta tions on file were
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Frr,. (i. —  M axim u m  probab le  error in  echo  
so u n d in g  correc t ions  at d ep th s  o f  ‘200, 1 000 
and 4 000 in. N u m er a ls  d e n o te  the  observed  
m a x im u m  departure  from  th e  average  co r 
rector, com puted  fo r  1 /2  M arsden Sq uares ,  

in term s of percent  o f  depth.



w ith in  600 miles of Tokyo. Despite this b ias there was a su b s tan t ia l  im prove
m ent in  s ta t ion  coverage th ro u g h o u t  the  Pacific as the  a re a  coverage 
figures show. F igure  3 shows the d istr ibu tion  of s ta t ions  by dep th  and 
num erical density. A lthough  da ta  density  is still weak, in  some areas 
sufficient da ta  are now available to pe rm it  one to evaluate  M atthew s’ 
correctors, including tim e changes.

The NODC Pacific O cean oceanographic  s ta tion file of 1967 (plus a 
supp lem en ta ry  file of 30 000 additional s ta tions w hich w ere  added to the 
records by J a n u a ry  1969) w as used to com pute echo sounding  corrections 
for each 1/2-M arsden  Square  (*). The m ethod  employed w as  a  modification 
of the system  described by R y a n  and  G r i m , (1968). An example of the results  
is given in figure  4. In essence, the com pute r  program  com putes  for each 
S.A. the average, the m ax im u m  and  the  m in im um  m ean  vertica l sound 
speed (MVSS) from  the su rface  to selected depths from all s ta t ions  located 
in the S.A. Correctors a re  com puted  for th e  average, m ax im u m  and m in i
m um  MVSS. The results  are tabulated  a t “fathom eter  d e p th s ” ra th e r  than  
true  depths (**). In order to obtain  provisional correctors  for those S.A. w here 
depths  exceed oceanographic  observations, two (one for N. Pacific  —  one for 
S. Pacific) a rb i tra ry  sound speed s tru c tu re s  for the  in terval 5 000-9 000 m 
were appended to those s ta t ions  having valid da ta  to a t  least 4 000 m. 
The correctors  com puted  from  the NODC data  file are  com pared  directly 
with M atthews correc tors  along a m erid ional section near 175 °W, at three 
depths — 200, 1 000 and  4 000 m (figure 5) to test the valid ity  of his class 
boundaries. Also, the limit of variability  of the correctors  is presented 
(figure 6) to show the m agn itude  of the  corrector erro r  w ith in  each S.A. 
w hich results  from space anil time dependent causes.

CLASS BOUNDARIES

The m eridional sections (figure 5) reveal significant differences in the 
p a tte rn  of the corrector vs la t itude  curves. W hereas  M atthews character ized  
the Central Pacific as having a cons tan t  corrector value betw een 12“ N 
and  40“ S, the da ta  a t  200 and  1 000 m show well defined double m axima, 
separated  by a m in im um  near  10" N. T he  4 000 m etre d a ta  fo rm  an asym 
metric curve having a single pronounced m ax im um  at about 30° S.

The cause of the p a tte rn s  exhibited by the 1969 da ta  is c learly  indicated 
in the tem pera tu re  and  sa lin ity  sections presented by R e i d  (1905) in his 
figures 2 and 3. The correc to r  curves for the 200 and  1 000 m depths  
(figure 5) closely approx im ate  the shape of Ri:m’s 12 "C iso therm , ( invert
ed) showing the strong influence of the w ater  tem pera tu re  on the sound 
speed. Near 10“ N upwelling of cooler, less saline, in te rm edia te  w a te r  reduces

(*) A q u a d ra n g u la r  area m e a su r in g  5" o f  la t i tu d e  l>v 10" o f  l o n g i tu d e ,  hereafter  
th e  1 /2  Marsden Square  w i l l  be ca lled  the  ‘S o r t in g  Area’, a b b re v ia ted  “ S .A .” .

(**) F a th o m e te r  depth  =  true depth  —  corrector .  In use,  a 4 th  order  p o ly n o m ia l  
eq u a t io n  is w r i t ten  e x p r es s in g  correctors  as  a fu n c t io n  of f a t h o m e t e r  depths .  The  
e q u a t io n  i s  then used  to so lv e  fo r  the correc tor  at a n y  f a th o m e te r  depth .



sound speeds, causing the m in im u m  in the corrector curves  a t  this latitude. 
At the 4 000 m level (figure 5) the m in im um  is m asked  by the in tegrating  
effect of the deep w a te r  column. The higher tem p era tu re  and  salinity  in 
the  South Pacific, detectable al all levels to 4 000 m causes the single m ax im a  
near  30" S.

In h igher  latitudes (N of 30“ N, S of 40° S) the two sets of data  display 
the same general pa t te rn  bu t disagree som ew hat in am p litude  a t  all three 
levels. The general fea tu res  of the  Southern  Ocean and  Sub-Arctic Pacific 
were know n to M a t t h e w s  and are  represented in his data.

An estim ate of the p ractical significance of the difference between 
the com parable  curves can be reached  by considering the difference or 
“e r r o r ” nr terms of its re la tionship  to depth, or true corrcctor, At 200 m 
ft'iom-p 5:>) the m ax im um  difference between the two curves or “e r r o r ”. O
is 3 m (15 to 20° N and  35 to 40° S) which am ounts  to 1.5 % of the depth  
a n d  is as m uch as 50 % of the corrector. At 1 000 m (figure 5 b) the m ax i
m u m  “e r r o r ” is 4 m  (15 to 20” S) which is less th an  0.5 % of the dep th  and  
abou t 18 f/r of the corrector. At 4 000 in the m ax im um  “e r r o r ” is 8 to 10 m 
(35 to 40” S), about 0.25 % of the  depth  and  about 10 % of the corrector.

As antic ipated , tiie correctors calculated from the new da ta  are larger 
th an  M a t t h e w s , due in part  to the  use of W i l s o n ’s  fas ter  sound speeds. As 
figure 2 suggests, the  sam e rela tionship  should exist a t  4 000 m  (figure 5) 
bu t the reverse is true. M a t t h e w s  tabulated  his com puted  m ean vertical 
sound speed along with  his correc tors  in his tables. In a  rou tine  check of his 
correc to rs  1 found I could not rep roduce  the tabulated  values utilizing the 
listed speeds. M y  ca lcu la tions  yield values 3 to 5 m less th an  his (at 4 000 m) 
with the difference increasing  exponentially  with depth. The cause of this 
d iscrepancy  is unknow n.

SPACE AND TIME CHANGES 
IN CORRECTORS IN SORTING AREAS

The com puter p rogram  used to process the 1969 NODC data  file 
com puted the m ax im um  and m in im um  as well as the average corrector at 
each of the selected dep ths  in the S.A. (figure 4). To t h e  degree th a t  t h e  
NODC file contains s ta t ions  representative of the full spectrum  of oceano
graphic conditions in the S.A., the dif ference  between the average corrector 
(which is the one employed in processing soundings) and  the more d istan t 
of the m ax im um  or m in im um  value is a m easure  of the  greatest e rro r  one 
could expect in using the average corrector. This difference, called here 
m ax im um  probable e rro r !* )  (MPE), is presented at the three depths  200,
1 000 and 4 000 m in f igure 6. The contour interval is 0.5 % of the depth  ; 
a value occasionally cited as the precision of t h e  older echo sounders.

(*) W h ere  su f f i c i e n t  o c ea n o g ra p h ic  s ta t io n s  ex is t ,  the MPK sh o u ld  be based  on a 
better  s ta t i s t ic a l  v a lu e  su ch  as the  sta n d a rd  d ev ia t io n .  The la t ter  is co m puted  by the  
program  b u t  in v ie w  o f  the  p a u c i ty  o f  data i s  u se fu l  o n ly  in  fe w  S.A.



Figure  3 is useful in evaluating  the valid ity  of the correc tor  variab il i ty  da ta  
(figure 6) in th a t  the  density  of sta tions is a crude  index of the  adequacy  
of coverage. In high latitudes, however, the n u m b er  of s ta tions  has less 
significance relative to seasonal coverage, as severe w ea ther  conditions  m ay  
concentra te  all surveys in  one season.

MPE AT 200 m

At the 200 m level (figure 6 a) a very large portion  of the tropical and  
subtropical region displays M PEs not g rea te r  th an  0.5 % (1 m) in the  correc
tor. D ata  density  is good, a n d  it is concluded th a t  averaged correc to rs  are 
valid. By inference, M atthew s correctors  in  this dep th  range should  also be 
free of large errors  due to t im e dependen t  changes in the  environm ent. 
Excessively large MPEs a re  p resen t  in the  N.W. Pacific w here  the cu rren t  
system s (Kuroshio and  Oyashio) resu lt  in  very large space a n d  tim e g ra 
dients. In these areas precision echo sounding  requires  local, con tem pora ry  
m easurem ents  of w ater properties .

MPE AT 1000 m

At the 1 000 m level (figure 6 b), M PE w ith in  the S.As tend  to be lower, 
due to the reduced influence of the uppe r  layers to w hich  space and  time 
changes are largely confined. However, in the vicinity of J a p a n ,  spacial 
variations associated w ith  the strong  c u r re n t  systems resu l t  in  unacceptab ly  
large MPEs, precluding  the use of the average data. The very  large MPE 
(1.5 %) in the a rea  dissected by B aja  California is a resu lt  of the  anom alous 
w ater  properties  (contrasted  w ith  oceanic conditions) in the  Gulf of Cali
fornia caused by topographic  isolation and  Colorado River d ischarge.

MPE AT 4000 m

At the 4 000 m level, (figure 6 c), the  da ta  density  is very low in some 
of the S.A. (where the h a c h u re d  p a tte rn  indicates no da ta  on variability, 
one sta tion  was available). At 4 000 m  the M PE is un ifo rm ly  low, not 
g rea ter  than  0.5 % (20 m), owing to the  in tegrating  effect of dep th  duo to 
the  relative constancy  of p roperties  a t  g rea t  depths. F o r  example, a t  3 500 in 
K n a u s s  (1962) shows a m ax im u m  range of less th a n  1 "C (less th a n  5 m/sec,) 
th roughou t  the entire  Pacific. A notable exception occurs in the  S.A. w hich 
includes pa rt  of the Philipp ine  T rench  a n d  Sulu Basin. Here a difference 
of more than  8 °C (about 34 m /se c )  ex tends from  2 200 to 4 000 in. This



unique s itua tion  is the  cause of the  1.5 % (60 m) M PE show n in figure 6 c 
in  the sou the rn  Ph ilipp ines . M a t t h e w s  also recognized th is  phenom ena  
and  assigned a un ique  designator, Area 40, to the  Sulu Sea. F o r tuna te ly  
this is a s ingu lar  situation , and  elsewhere in  figure 6 c, tim e and space 
changes w ith in  a S.A. a re  not im p o r ta n t  a t  4 000 m.

CONCLUSIONS

The considerable body of sound  speed m easu rem en ts  since 1950 nas 
resu lted  in  a n  au tho r i ta t ive  series of equations ( D e l  G r o s s o  and M a d e r , 

1972) for the re la tionsh ip  between w ater  properties  and  sound speeds. The 
W i l s o n  (1960 b) equa tion  in com m on usage today, gives reasonab ly  accurate  
values provided the L o v e t t  (1965) ad ju s tm en t  is included. M a t t h e w s ’ 
(1939) speeds are system atically  in erro r  but not enough to seriously affect 
rou tine  echo sounding  correctors.

A tes t  of M a t t h e w s ’ class boundaries  near 175“ W , using the NODC 
oceanographic  sta tion  file as of 1969, shows th a t  m ore variability  exists 
between 12° N and  40° S th an  the  M a t t h e w s  m aps indicate. The M atthews 
correctors  are  generally  valid  bu t in isolated areas are  in e rro r  up to 50 % 
of the ir  value (but a small percent of the depth). This  discrepancy is p ro 
bably  due to the pauc ity  of data  on oceanographic conditions in  1939.

A puzzling prob lem  arose in  a t tem p ting  to check M atthew s’ correctors  
from  the tabu la ted  da ta  from  w hich  they were ap p a ren tly  com puted. Caution 
is suggested in  using  the  source data .

Despite the  eno rm ous  increase in  oceanographic s ta t ions  since 1939, 
in m uch of the  Pacific  one cannot, with confidence, define the a rea l  and  
tem poral varia tions  in  correctors. M axim um -probable-error chartlets, com 
p u ted  from  the  NODC data , indicate  th a t  with correctors com puted  from  da ta  
averaged over 5° la t itude  by 10° longitude quadrang les , th a t  corrector 
e rro rs  will norm ally  be less th an  0.5 % of depth. However, the  e rro r  problem  
is greatly  accen tuated  at the  in terface between intense c u rre n t  systems and  
w here topographic  en tra p m e n t  of w ater  masses occur. In suspected areas, 
local m easu rem en ts  of w a te r  conditions are advisable.
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