THE MATTHEWS TABLES — 35 YEARS LATER

by T. V. Ryan,
Pacific Oceanographic Laboratory, Seattle, Washington (*)

Echo Sounders measure lhe time for a sound wave to travel from the
ship’s transducer to the ocean floor, and utilizing a constant for the speed
of sound (usually 1463 m/sec in the Pacific Ocean) express the product
of the travel lime and the speed as water depth. Because of local variations
in the sound speed, depth errors from — 2 to 400 m can oceur in the Pacific
(figure 1). This problem was recognized by HEeck and SERvVICE of the
U.S. Coast and Geodetic Survey upon examining their data from a prototype
echo sounder in 1923. With the help of G. W. McEwEgN of Scripps Institution
of Oceanography, they developed tables (Heck and Service, 1924) for
computation of sound speed from measurements of the temperature-salinity
structure of the ocean. These computations were based on Newton’s theoret-
ical cquation relating sound speed to the elasticity and density of the
medium. In the case of sea water, these properties are funetions of temper-
ature, salinify and pressure.

HEcK and SERVICE (op. cit.) speculated that areas of the ocean could be
found with similar sound speed structure, thereby reducing the burden of
frequent temperature-salinity measurements in support of echo sounding.
The Matthews Tables (1939), currently in use for deep sca echo sounding
corrections, are hased on this concept. Using the oceanographic station data
available at the time, MarrHews divided the world ocean into 52 classes of
acoustic structure. For each of these classes he prepared a table of cor-
rections versus depth which in effect express the departure of the local,
vertically integrated sound speed from the sound speed “used” by the echo
sounder (ec. g. 1 463 m/s). His tables include maps which show the geographic
areas where the 52 tables arc applicable.

In addition to these echo sounding correction (hereafter abbreviated
“correctors”) tables, MATTHEWS also presented tables for the determination
of sound speed as a function of temperature, salinity and depth. The latter
tables of course are bhasic to the preparation of the correctors. For the
sound speed tables, MATTHEWS also used the Newtonian equation, and he, as
had HeEck and SERvVICE, pointed out the weakness of the water compress-
ibility data, necessary for the practical application of Newton’s equation.
MarTHEWS estimated that his sound speeds were accurate to within about

(*) The name and address of this organization is now : Pacific Marine Environ-
mental Laboratory, University of Washington WB-10, Seattle, Washington WB-10.
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0.1 9%, but recommended that direct measurements be made to verify his
results. Thus the validity of the Matthews Tables is therefore dependent
on two major factors. Of primary importance was his solution to the sound
speed problem. Then, his knowledge of the ocean’s physical properties and
his ability to map its acoustic structure becomes important. Since 1939
considerable progress has been made in laboratory measurements of the
speed of sound in sea water and the delineaiion of the physical properties of
the ocean through oceanographic surveys. This paper examines the impact
of this work on the Matthews Tables.

THE SPEED OF SOUND IN SEA WATER

As early as 1951 laboratory measurcments of sound speed at atmos-
pheric pressure (WEISSLER and DeL Grosso, 1951) showed that the Matthews
sound speed tables yielded speeds about 3 m/sec too slow. BYER (1954)
showed thal the error was due to a too high value for the isothermal
compressibility of sea waler at low pressure, thus validating the concern

10 1 2 3 4
i 1 i
!
! DEPTH
| km
\ 1
e v/b -8 12
\ ;
I
\ ! / 14
1
\ | .
\ | 1 6
\ ! 47
\ | I
L A\ t 19
! y ! ho
\\ \
I \ l. hs
I vy fo
I \
I // 7 430
S bo
+ / ‘ I 5O
e A .Eo
L 7 L2 zm , - )
T o 2 3 mis
Fig. 2. — Curve “a” is the difference between sound speeds computed for waters at

28« S, 176 W, by two methods : WiLsox’s (1960b) minus MaTTHEWS' (1939). Curve (b)
is a similar comparison of WiLsox's (1960b) minus Del Groso and Mabper’s (1972), (Use

upper abscissa scale for curves “a” and “Db”). Curve “c¢” shows the error in echo

sounding corrections, in metres, for conditions at the same site, if one uses MATTHEWS’
method in lieu of WiLson’s as modified by Loverr (1969) (Use lower abscissa scale,
slanted numerals). The lower abscissa scale, upright numerals, shows the effect of the

Lovert adjustment on the curve “a” data.
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expressed by MATTHEwWS and by HEckK and SERVICE. By the late '50s the
results of WEIssLer and DEL Grosso had been confirmed by many other
measurements including those of WiLson (1960 a, 1960 b), which included
measurements at elevated pressures (up to 1000 kg/cm?) to simulate the
effect of depth in the ocean. The National Oceanographic Data Center
(NODC) adopted WiLsoN’s 1960-b equation about 1963, and thereafter
routinely computed sound speeds for all oceanographic data sets. Curve “a”
of figure 2 compares sound speeds computed from Wilson’s formula with
those from Matthews tables for a deep station in the South Pacific, The
difference shows a definite dependence on depth (pressure). Thus the “defi-
cit” speed of the Matthews tables is in fact an “excess” speed in the depth
range 3 500-5 400 m. Measurements snbsequent to 1960 both in the labo-
ratory and field proved that Wilson's equation yields speeds too high
apparently as a result of several problems, including a sound diffraction
phenomena not recognized in the carlier study. LoverT (1969) reviewed
many of these later measurements and proposed that within the range
of physical conditions encountered at sea, that Wilson’s equation (*) be
used, but that 0.65 m/sec be subtracted from the result. LOVETT’S recom-
mended (.65 m adjustment was based principally on comparison of sound
speed measurements on distilled water, supplemented by analysis of a few
long range measurements at sea.

Recently DEL Grosso and MADER (1972) reported laboratory measure-
ments using an instrument markedly different in principle from WiLsoN’s
and most other investigators. DrrL Grosso and MapeR included several
equations, relating sound speed to temperature, salinity and pressure, with
increasing “goodness of fit” with the number of terms utilized. Curve “b”
of figure 2 compares sound speeds computed with the Del Grosso-Mader
equation VII (18 terms) with those computed from Wilson’s 1960 b equation
for conditions at a typical deep oceanographic station. The differences are
very close to the 0.65 m/sec adjustment proposed by LoverT, thus adding
strong support to the utility of LoVvETT’S proposal.

The shifted abscissa at the lower margin of figure 2 reflects this
0.65 m/see adjustment. With the LoverT adjustment, WILsSON’s specds are
somewhat closer to MaTTHEWS and the depth range where WILsSON’s speeds
exceed MATTHEWS is reduced, As indicated by curve “c¢” of figurc 2, the use
of MATTHEWS’ sound speeds results in a small (maximum 2.1 m at 8 500 m),
positive depth error (sounding too shoal). It is concluded that although
MATTHEWS’ sound speeds contain a systematic error, their use is not an
important source of error in computations of echo sounding corrections,

(™ Lovett applied his adjustment to Wilson’s 1960a equation rather than the
generally accepted 1960b equation. For echo sounding problems the difference is
negligible.



MAPPING OF THE OCEAN’S VERTICAL
SOUND SPEED STRUCTURE

The? second of Matthkws problems was, in essence, the mapping of the
ocean’s thermal-haline structure, and the conversion of the Ihermal-lialine
structure to a vertically integrated sound speed computed from the surface
to progressively greater depths. The latter, “mean vertical sound speeds”,
were used to compute the echo sounder correction tables. Matthkws found
that within an acceptable error tolerance he could represent the ocean by 52
classes of structure. The accuracy of this work was directly dependent
on the store of oceanographic station data available in the 1930’s. Matthkws
does not inventory his data base other than in general terms, however
a eontempory compilation (vaughn 1937) of oceanographic stations shows
a total of 194(5 stations in the Pacific. As of 19()7 Pacific Ocean stations

c- 4000m

Fig. IS Density of oecanographic stations
for 1/2 Marsden Square (5% latitude by
11" longitude) which extend to at least the
indicated depth, in the NODC magnetic tape

file of Jan. 1909. Code : void — no data:
lightest pattern 1 to 5 stations; medium
pattern = (i to 50 stations; heaviest pattern

= more than 50 stations.
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on the magnetic tape file of NODC numbered more than 125 000. Unfortu-
nately the areal distribution had not benefited proportionately, see below :

Oceanographic stations 1937 and 1967 - Pacific Ocean

% Area
Y Total Sta. ific (**
ear otal Sta Covered (¥) % W. Pacific (**)
1937 (VAUGHN) 1 946 77 46
1967 (NODC) 125453 96 + 72

(*y % Area covered = % of the 1/2 Marsden Squares (3° Lat. X 10° Long.) in the
Pacific which contain 1 or more oceanographic stations. The actual area in a Marsden
Square varies by a factor of 4 between 0 and 60° Latitude.

(¥kV 07 W Dagifie — 9L Waet nf TR0 F

2 ac!

The very large concentration in the West Pacific increased even more so
after 1937; by 1967 fifty percent of all the Pacific stations on file were

Frc. 6. — Maximum probable error in ccho
sounding corrections at depths of 200, 1000
and 4 000 m. Numerals denote the observed
maximum departure from the average cor-
rector, computed for 1/2 Marsden Scquares,
e T S in terms of percent of depth.
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within 600 miles of Tokyo. Despite this bias there was a substantial improve-
ment in station coverage throughout the Pacific as the area coverage
figures show. Figure 3 shows the distribution of stations by depth and
numerical density. Although data density is still weak, in some areas
sufficient data are now available to permit one to evaluate Matthews’
correctors, including time changes.

The NODC Pacific Ocean oceanographic station file of 1967 (plus a
supplementary file of 30 000 additional stations which were added to the
records by January 1969) was used to compute echo sounding corrections
for each 1/2-Marsden Square (*). The method employed was a modification
of the system described by Ryan and Grim, (1968). An example of the results
is given in figure 4. In essence, the computer program computes for each
S.A. the average, the maximum and the minimum mean vertical sound
speed (MVSS) from the surface to selected depths from all stations located
in the S.A. Correctors are computed for the average, maximum and mini-
mum MVSS. The results are tabulated at “fathometer depths” rather than
true depths (**). In order to obtain provisional correctors for those S.A. where
depths exceed oceanographic observations, two (one for N. Pacific — one for
S. Pacific) arbitrary sound speed structures for the interval 5 000-9 000 m
were appended to those stations having valid data to at least 4 000 m.
The correctors computed from the NODC data file are compared directly
with Matthews correctors along a meridional section near 175 °W, at three
depths — 200, 1 000 and 4 000 m (figure 5) to test the validity of his class
boundaries. Also, the limit of wvariability of the correctors is presented
(figure 6) to show the magnitude of the corrector error within each S.A.
which results from space and time dependeni causes.

CLASS BOUNDARIES

The meridional sections (figure 5) reveal significant differences in the
pattern of the corrector vs latitude curves. Whereas Matthews characterized
the Central Pacific as having a constant corrector value between 12°N
and 40° S, the data at 200 and 1 000 m show well defined double maxima,
separated by a mininium ncar 10° N. The 4 000 metre data form an asym-

metric curve having a single pronounced maximum at about 30° S.

The cause of the patierns exhibited by the 1969 data is clearly indicated
in the temperature and salinity scctions presented by Remp (1965) in his
figures 2 and 3. The corrector curves for the 200 and 1000 m depths
(figure 5) closely approximate the shape of Remn’s 12 °C isotherm, (invert-
ed) showing the strong influence of the water temperature on the sound
speed. Near 10 N upwelling of cooler, less saline, inlermediate water reduces

(") A quadrangular area measuring 5" of latitude by 10* of longitude, hereafter
the 1/2 Marsden Square will be called the ‘Sorting Area’, ahbreviated “S.A.™.

(**) Fathometer depth = truc depth — corrector. In use, a 4th order polvnomial
equation is written expressing correctors as a function of fathometer depths. The
equation is then used to solve for the corrector at any fathometer depth.
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sound speeds, causing the minimum in the corrector curves at this latitude.
At the 4 000 m level (figure 5) the minimum is masked by the integrating
effect of the deep water column. The higher temperature and salinity in
the South Pacific, detectable al all levels to 4 000 m causes the single maxima
near 30° S.

In higher latitudes (N of 30° N, S of 40° S) the two sets of data display
the samec general pattern but disagree somewhat in amplitude at all three
levels. The general features of the Southern Ocean and Sub-Arctic Pacific
were known to MarrHEws and are represented in his data.

An cstimate of the practical significance of Lhe difference belween
the comparable curves can be reached by econsidering the difference or
“error” in terims of its relationship to depth, or true corrcetor, At 200 m
(f.igln'é A a) the maximum difference between the two curves or “error”
is 3 m (15 lo 20° N and 35 to 40° S) which amounts to 1.5 % of the depth
and is as much as 50 % of the corrector. At 1 000 m (figure 5 b) the maxi-
mum “error” is 4 m (15 to 20° S) which is less than 0.5 % of the depth and
about 18 <. of the corrector. At 4 000 m the maximum “error” is 8 to 10 m
(35 to 40 $), ahout 0.25 §& of the depth and about 10 % of the corrector.

’

As anticipated, the correctors calculated from the new data are larger
than MaTTHEWS, due in part to the use of WiLsoN’s faster sound speeds. As
figure 2 suggests, the same relationship should exist at 4 000 m (figure 3)
but the reverse is true. MaTTHEWS tabulaled his compuled mean vertical
sound speed along with his correctors in his tables. In a rouline check of his
correclors 1 found I could not reproduce the {abulated values utilizing the
listed speeds. My calculations yield values 3 to 5 m less than his (at 4 000 m)
with the difference increasing exponentially with depth. The cause of this
discrepancy is unknown.

SPACE AND TIME CHANGES
IN CORRECTORS IN SORTING AREAS

The computer program used to process the 1969 NODC data file
computed the maximum and minimum as well as the average corrector at
cach of the seleeted depths in the S A (figure 4). To the degree that the
NODC file contains stations representative of the full spectrum of oceano-
graphie conditions in the S.A. the difference between the average corrector
(which is the one employed in processing soundings) and the more distant
of the maximum or minimum value is a measure of the greatest error one
could expeet in using the average corrector. This difference, called here
maximum probable error (*) (MPE), is presenled at the three depths 200,
1000 and 4 000 m in figure 6. The contour interval is 0.5 ¢ of the depth;
a value occasionally cited as the precision of the older echo sounders.

(*) Where sufficient oceanographic stations exist, the MPE should be based on a
better statistical value such as the standard deviation. The latter is computed by the
program but in view of the paucity of data is useful only in few S.A.
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Figure 3 is useful in evaluating the validity of the corrector variability data
(figure 6) in that the density of stations is a crude index of the adequacy
of coverage. In high latitudes, however, the number of stations has less
significance relative to seasonal coverage, as severe weather conditions may
concentrate 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 MPEs not greater than 0.5 % (1 m) in the correc-
tor. Data density is good, and it is concluded that averaged correctors are
valid. By inference, Matthews correctors in this depth range should also be
free of large crrors due to time dependent changes in the environment.
Excessively large MPEs are present in the N.W. Pacific where the current
systems (Kuroshio and Oyashio) result in very large space and time gra-
dients. In these areas precision ccho sounding requires local, contemporary
measurements of water properties.

MPE AT 1000 m

At the 1 000 m level (figure 6 b), MPE within the S.As tend to be lower,
due to the reduced influence of the upper layers to which space and time
changes are largely confined. However, in the vicinity of Japan, spacial
variations associated with the strong current systems result in unacceptably
large MPEs, precluding the use of the average data. The very large MPE
(1.5 %) in the area dissected by Baja California is a result of the anomalous
water properties (contrasted with oceanic conditions) in the Gulf of Cali-
fornia caused by topographic isolation and Colorado River discharge.

MPE AT 4000 m

At the 4 000 m level, (figure 6 ¢), the data density is very low in some
of the S.A. (where the hachured pattern indicates no data on variability,
one station was available). At 4 000 m the MPE is uniformly low, not
greater than 0.5 % (20 m), owing to the integrating effect of depth duc to
the relative constancy of properties at great depths. For example, at 3 500 m
IKNAUSs (1962) shows a maximum range of less than 1 °C (less than 5 m/scc)
throughout the entire Pacific. A notable exception occurs in the S.A. which
includes part of the Philippine Trench and Sulu Basin. Here a difference
of more than 8 °C (aboul 34 m/sec) extends from 2 200 to 4 000 m. This

3
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unique situation is the cause of the 1.5 % (60 m) MPE shown in figure 6 ¢
in the southern Philippines. MATTHEWS also recognized this phenomena
and assigned a unique designator, Area 40, to the Sulu Sea. Fortunately
this is a singular situation, and elsewhere in figure 6c, time and space
changes within a S.A. are not important at 4 000 m.

CONCLUSIONS

<

resuited in an authoritative series of cquations (DEL Gresse and MADER,

1972) for the relationship between water properties and sound speeds. The
WILsON (1960 b) equation in common usage today, gives reasonably accurate
values provided the LoveTT (1965) adjustment is included. MATTHEWS’
(1939) speeds are systematically in error but not enough to seriously affect
routine echo sounding correctors.

A test of MaTTHEWS’ class boundaries near 1756° W, using the NODC
oceanographic station file as of 1969, shows that more variability exists
between 12° N and 40° S than the MAaTTHEWS maps indicate. The Matthews
correctors are generally valid but in isolated areas are in error up to 50 %
of their value (but a small percent of the depth). This discrepancy is pro-
bably due to the paucity of data on oceanographic conditions in 1939.

A puzzling problem arose in attempting to check Matthews’ correctors
from the tabulated data from which they were apparently computed. Caution
is suggested in using the source data.

Despite the enormous increase in oceanographic stations since 1939,
in much of the Pacific one cannot, with confidence, define the areal and
temporal variations in correctors. Maximum-probable-error chartlets, com-
puted from the NODC data, indicate that with correctors computed from data
averaged over 5° latitude by 10° longitude quadrangles, that corrector
errors will normally be less than 0.5 % of depth. However, the error problem
is greatly accentuated at the interface between intense current systems and
where topographic entrapment of water masses occur. In suspected areas,
local measurements of water conditions are advisable.
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