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Long-range acoustic transmissions made in conjunction with extensive environmental
measurements and accurate mooring position determinations have been used to test the
accuracy of equations used to calculate sound speed from pressure, temperature, and salinity.
The sound-speed fields computed using the Del Grosso equation [V. A. Del Grosso, J. Acoust.
Soc. Am. 56, 1084-1091 (1974)] give predictions of acoustic arrival patterns which agree
significantly better with the long-range measurements than those computed using the Chen
and Millero equation [C. Chen and F. J. Millero, J. Acoust. Soc. Am. 62, 1129-1135 (1977 1.
The predicted ray travel times and travel time error have been calculated using objectively
mapped sound-speed fields computed from conductivity, temperature, depth (CTD) and
expendable bathythermograph (XBT) data. Using the measured and predicted ray travel
times, a negligible correction to Del Grosso’s equation of + 0.05 + 0.05 m/s at 4000-m depth

is calculated.

PACS numbers: 43.30.Pc, 43.30.Es

INTRODUCTION

Equations for the speed of sound in seawater, based on
laboratory measurements, have been published by Wilson
(1960b), Del Grosso (1974), and Chen and Millero (1977).
Chen and Millero measured the speed of sound in sea water
relative to Wilson’s pure water sound-speed measurements.
Wilson’s equation is considered obsolete due to a number of
inconsistencies in his data (Frye and Pugh, 1971; Anderson,
1971). Appendix A reviews the measurements of the speed
of sound in seawater, and the use of those measurements to
obtain equations for sound speed. The equations of Del
Grosso and Chen and Millero differ by about 0.6 m/s at
5000-dbar pressure for realistic ocean temperatures and sa-
linities. The equation of Chen and Millero is generally ac-
cepted as the sound-speed standard (Fofonoff and Millard
1983).

Tn 1987, three broadband acoustic transceivers were
moored for four months in the northeast Pacific separated by
ranges of 745, 995, and 1275 km (Fig. 1). All three instru-
ments transmitted simultaneously, providing reciprocal
transmissions along all three legs of the experiment triangle.
This experiment is the first to measure reciprocal acoustic
transmissions over gyre scale ranges. In addition, instru-
ment locations were surveyed to within a few tens of meters
using the NAVSTAR Global Positioning System (GPS),
making possible comparison of the measured travel times
with acoustic predictions. With range precisely known from
GPS positioning, the acoustic array can be used as a long
range sound velocimeter. Similar experiments conducted in
1976 at 25-km range (Worcester, 1977) and in 1983 at 300-
km range (Howe et al., 1987) could not be used to check the
equations used to compute sound speed from temperature,
salinity, and pressure since the ranges were not accurately
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known. Preliminary results from the 1987 experiment have
been previously reported by Worcester et al. (1990, 1991).

Expendable bathythermograph (XBT) and conductiv-
ity, temperature, depth (CTD) profiles were obtained along
great circle paths connecting the moorings during the de-
ployment in May 1987 and during the recovery four months
later in September, giving independent estimates of deploy-
ment and recovery sound-speed fields along all three legs of
the experiment triangle. Thus six (roughly) independent
sound-speed sections are available with which to test the
equations. The difference in sound-speed profiles calculated
from the CTD data using the two sound-speed equations is
shown in Fig. 2.

The measurements of long-range acoustic transmissions

‘ presented here are consistent with the Del Grosso equation

rather than with the Chen and Millero equation. Spiesberger
and Metzger (1991a,b) reached similar conclusions by com-
paring acoustic travel times from one of the present acoustic
sources to a bottom mounted receiver at 3000-km range with
predictions. Spiesberger and Metzger find that a correction
of about — 0.2 + 0.1 m/s at 4000-m depth is required to
resolve their measured and predicted travel time differences.
The present acoustic measurements give a negligible correc-
tion to the Del Grosso equation of -+ 0.05 + 0.05 m/s at
4000-m depth.

The difficulty in using long-range acoustics to test these

"equations lies in assessing the errors involved in measure-

ment and prediction. These errors are addressed in careful
detail. Section I describes the experiment and discusses the

~errors in the measurements. Section II presents an objective

map of the sound-speed field. The objective map allows the
errors in the sound-speed field and in travel times computed
using the sound speed field to be quantified. In Sec. 1, the
measured arrival patterns are compared to the results of
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FIG. 1. Geometry of the 1987 gyre-scale reciprocal acoustic transmission experiment, with acoustic transceivers at locations 1,2, 3. A current meter mooring
is on the northern leg of the acoustic triangle, at location CM. Reproduced from Worcester et al, (19909, as modified from Roden (1975).

broadband, range-independent, acoustic normal mode cal-
culations. Section I also compares predicted travel times,
found by using ray theory in the measured range-dependent
ocean, with the measured travel times. The acoustic arrival
patterns predicted using various techniques are also com-
pared here. Section IV shows the sound-speed fields, sound-
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FIG. 2. Difference between the Chen and Millero and Del Grosso equations
from the range-averaged sound-speed profiles computed from CTD data for
the North leg. The Del Grosso equation gives lower velocity at depth. The
small perturbation in the difference at about 300-m depth occurs in the ha-
locine (see Fig. C2). Reproduced from Worcester ef al. (1991).
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speed error maps, corrections to the Del Grosso equation
and its error, all resulting from a joint inversion of the XBT,
CTD, and travel time data. Within the accuracy of the mea-
surements, no significant depth-dependent correction to the
Del Grosso equation is required. Section V shows that the
corrections to sound speed due to dispersion and density
excess are smaller than the errors of the measurements.

I. A LONG-RANGE SOUND VELOCIMETER

The transceiver array was deployed north of Hawaii be-
tween the Subtropical and Subarctic Fronts (Fig. 1). The
experiment was located in this area because the mesoscale
activity is relatively low, so there is little mesoscale noise in
the measurements of gyre-scale averages. Two or three pre-
dominantly zonal fronts were present in the experiment area
(Roden, 1975).

Each acoustic transceiver consisted of a broadband
acoustic source centered at 250 Hz and a four-element re-
ceiving array with a separation of one and one half wave-
lengths between elements (Worcester ef al., 1985). Pulse
compression techniques were used to improve the signal-to-
noise ratio without degrading the travel time resolution. The
effective resolution between ray arrivals was that of a pulse
containing four cycles at 250 Hz, i.e., 16 ms, corresponding
to a signal bandwidth of 62.5 Hz.

The transceivers were positioned on the mooring near
the depth of the sound channel axis. The motion of each
transceiver was tracked using bottom-mounted acoustic
transponders, allowing the pulse travel times to be corrected
for transceiver motion.

The initial and final sound-speed fields were determined
from XBT and CTD measurements made during the deploy-
ment and recovery of the transceivers (Fig. 3). Using these
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FIG. 3. Initial and final sound-speed fields for ail legs computed using the Del Grosso equation on the XBT and CTD data and linearly interpolating between
profiles. The CTD data were used to construct 7-S relations for each leg, and the 7-S relation from the CTD profile nearest each XBT profile was used to
assign salinity to the XBT measurements. Three or four fronts are present on the east and west legs. The summer thermocline has formed by recovery. The
days on which the XBT and CTD measurements were made on each leg are indicated. Modified from Worcester et al. (1991).

sound-speed fields, acoustic propagation calculations were
used to predict the travel time arrival pattern and identify
pulse arrivals with specific ray paths. The data consists of
time series of these ray travel times. Prior to the experiment,
calculations based on climatological sound-speed profiles
suggested that the temporal resolution of the instruments
would be adequate to resolve purely refracted rays that
turned in the main thermocline. Only rays that turned at or
very near the surface have been resolved to date. The re-
solved ray paths cycle through almost the entire water col-
umn (Fig. 4), and the travel times represent averages of the
sound speed and current fields in both range and depth.
However, important information about sound speed near
the sound channel axis has been found from the final acous-
tic peak cutoff.

The total number of acoustic transmissions is limited by
the energy stored in the batteries that power the sources. The
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sources transmitted simultaneously at two-hour intervals
every fourth day.

A. Theory

Acoustic propagation varies due to perturbation of the
sound speed and current fields by gyre or mesoscale pro-
cesses, internal waves, inertial currents, tides, wind forcing,
and other oceanographic phenomena. The travel time T} for
each ray path I, is given by

T,(1) = f ds ,
T, Co (x) + 8c(x,1) 4+ u(x,1)1

where ¢, (x) is a reference sound- speed field u(x,z)-7 is the
component of current velocity in the direction of the ray
path, 8c(x,?) is the sound-speed perturbation, ds is an incre-
ment of arc length, and ¢ is geophysical time. Fluctuations in
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FIG. 4. Sound-speed profiles and ray paths for the northern leg of the trian-
gle. Only resolved ray paths are shown, and the path for the final peak cutoff
travel time is represented as the axial ray near 800-m depth. The change in
sound speed profile from May to September is mostly due to the formation
of the summer thermocline. In May, all of the ray paths are surface reflect-
ed, but in September some of the paths have turning points at the bottom of
the summer thermocline. Modified from Worcester er al. (1991).

travel time are due to sound-speed perturbations éc(x,t) or
currents u{x,z).

Forming the sum and difference in travel time of oppo-
sitely traveling pulses shows that the sum travel time de-
pends linearly on the sound-speed perturbation field and the
differential travel time depends linearly on the current field.
Expanding the above equation in the small parameters
Se(x,t) and u(x,t)r, and forming the sum of the travel times
of oppositely traveling pulses gives

ZJ csc(x)ds,
r, g (x)

where 7, is the travel time for the reference sound-speed
field (range and depth dependent). Note that the current
field has canceled in this sum. This equation is approximate
because the path I'; is the path determined by ¢, (x); it is
assumed the perturbation sound speed and currents do not
significantly change the ray path.

Since sum travel times can be approximated as linear
functions of the unknown perturbations, dc(x,t), along the
ray path, all of the techniques of linear inverse theory are
applicable to compute the sound-speed perturbation field
from the measured sum travel times. In the present case, the
sound-speed perturbation field includes the difference be-
tween true and computed sound-speed fields, due to sound-
speed equation error.

The structure of the ray paths determines their sensitiv-
ity to internal waves and the amount of spatial information

(T 4+ T;7)=2T, —
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available. In this experiment only the deep turning, surface
reflected rays and an “‘axial” ray have been resolved. The
deep turning rays sample the thermocline (and internal
wave field) about equally and therefore near-surface cur-
rents and sound-speed fields cannot be resolved. The rays
can, however, resolve the depth-dependent structure of
deeper (below 2000 m) sound-speed perturbations, as might
be expected in a correction to the sound-speed equation. The
“axial” ray gives important information about the sound-
speed axis that is unresolvable in the deep turning rays.

B. Acoustic data

The acoustic travel times have been corrected for clock
error and mooring motion (Appendix B). The source to re-
ceiver range is discussed in detail in Appendix B. The ranges
are 745.145, 995.414, 1274.637 + 0.070 km. Daily average
arrival patterns for the north leg show a set of early ray
arrivals that are stable and well-resolved (Fig. 5).

The pattern is unexpectedly complex immediately pre-
ceding the final cutoff. Physical processes, such as baroclinic
tidal displacement of the isotherms, cause the latest acoustic
energy to fluctuate considerably in time, while early arrivals
are only slightly affected. However, the time of the final peak
cutoff, i.e., the time at which the last acoustic energy is ob-
served, is a useful piece of information. For example, differ-
ential travel times constructed from these data give the cor-
rect tidal amplitudes and phases. The final peak is the energy
associated with the lowest several normal modes, so the final
peak cutoff roughly corresponds with the travel time of these
modes.

Daily average arrival patterns from oppositely traveling
transmissions show similar structure at both receivers for all
three legs (Fig. 6). The major difference between reciprocal
travel times is due to currents. The signal-to-noise ratio is
relatively low for transmissions between moorings 2 and 3

501 502 503 504 505
Travel Time (s)

FIG. 5. Daily average of amplitudes for transmissions from mooring 1 to
mooring 3. The receptions were corrected for mooring motion and clock
drift before averaging. The change in ray travel times due to summer ther-
mocline warming is evident. Modified from Worcester ef al. (1991).
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FIG. 6. Daily average reciprocal arrival patterns for the day indicated and
for each path of the triangle. The day is chosen to have clear arrivals. The
time scale is absolute measured travel time. Reproduced from Worcester er
al. (1991).

due to the long range (1275 km ), making the early arrivals
difficul: to discern.

The error in the measured travel time is dominated by
mooring motion correction error and by internal wave in-
duced uctuations, since the pulse compression techniques
allow the raw travel time to be measured to 1-ms precision.
The clock correction cancels in forming the sum travel
times. The high frequency ( > 0.5 cpd) travel time variances
for 16° ray arrival angle are 15, 22, and 51 ms® for north, east
and west legs, respectively. The measurement error in the
one way travel times is 5~7 ms. The error in the sum travel
times is 7—12 ms, and the error in the differential travel times
is 24 ms. The error in the daily averaged sum travel times is
reduced to 2-8 ms, depending on the number of receptions in
the average, with the maximum possible being 12.

Figure 7 shows changes in the sum travel times as a
function of yearday. The signal due to the formation of the
summer thermocline is evident in the decreasing travel
times. At the start of the experiment, the sum travel times
from the north leg do not change much from one measure-
ment day to the next, while east and west leg travel times
decrease. Unfortunately, the mooring motion corrections
for mooring 2 were sporadic until day 153, 11 days after the
start of the experiment. During this time a change of approx-
imately 30 ms took place in the east and west leg travel times.
Because of this, and the low signal-to-noise ratio for the east
and west legs, the measured travel times corresponding to
the east and west deployment sound-speed sections are less
reliable than the other measured travel times.
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FIG. 7. Change in daily average sum travel times for each leg. Changes are
relative to the day indicated. The travel times are marked in order of arrival
(except rays 9-12, denoted by the dotted lines), and the peak cutoff travel
times are denoted by asterisks. Only eight ray arrivals were resolved in
transmissions on the west leg. Modified from Worcester ez a/. (1991).

Il. OBJECTIVE MAP OF THE SOUND-SPEED FIELD—
XBT AND CTD DATA ONLY

The sound-speed field shown in Fig. 3 was constructed
by linearly interpolating the sound-speed profiles calculated
from the XBT and CTD data. While this field can be used to
make predictions of ray paths and ray travel times by ray
tracing, it is difficult to quantify the error of those predic-
tions. For example, the predictions can be affected by inter-
nal-wave induced fluctuations in the sound-speed fields. The
discrete nature of the profiling (the XBTs were dropped ev-
ery 40 km) also contributes to the error of the estimated
sound-speed field. The error in the predicted travel times is
required to verify that the acoustic data is adequate to distin-
guish between the various sound-speed equations. By objec-
tively mapping the sound-speed field, the error map associat-
ed with the sound-speed map can then be constructed, from
which the error in the predicted travel times can be comput-
ed. In a subsequent section, the objective mapping technique
will be used to combine the XBT, CTD, and acoustic data to
construct the sound-speed field and simultaneously find a
correction to the sound-speed equation.

An objective map is a weighted least-squares fit of data
to a preconceived model. The weighting accounts for both
data error and expected model variance. For example, CTD
data are better quality than XBT data and so are weighted
more in the fit. Also, variations are larger near the surface
than they are at 1000-m depth, so model variance at the
surface is chosen to be more than model variance at depth.
The two-dimensional sound-speed perturbation fields are
modeled in the vertical planes containing the transceivers
using a combination of triangle functions in the vertical and
truncated Fourier series in the horizontal (Appendix C).
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Objective maps of the sound-speed fields for the three
legs are shown in Fig. 8. These can be compared with the Fig.
3, which were constructed using linear interpolation. The
major difference between the objectively mapped and linear-
ly interpolated sound-speed fields is that the objective map
has a sound-speed error map associated with it (Fig. 9). This
figure shows the expected increase in sound-speed error be-
tween XBT/CTD profiles. After acoustic ray paths are
found, the sound-speed error can be integrated along the ray
path to give the expected errors of the predicted acoustic
pulse travel times.

lil. ACOUSTIC NORMAL MODE AND RANGE-
DEPENDENT RAY TRACE PREDICTIONS

Thesimplest test of the sound-speed equations is to visu-

ally compare the measured and predicted pulse arrival pat-

" terns for a range averaged case (Fig. 10). Using range-aver-
aged sound-speed profiles, a broadband acoustic normal
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mode code (Romm, 1987) was used to predict the expected
arrival patterns. The north leg is relatively range indepen-
dent, so the prediction for this leg is expected to agree best
with the measurements. The most striking aspects of Fig. 10
is the good agreement in absolute travel time and in travel
time dispersion of the measurements with predictions based
on the Del Grosso equation. The Chen and Millero equation
predicts greater travel time dispersal than observed. The
deepest turning rays have the greatest travel time difference
because the Chen and Millero and Del Grosso difference
becomes larger with depth. The travel time of the last por-
tion of the measured pattern is not expected to agree exactly
with the predicted pattern, because of its great variability.
Range-dependent ray tracing through the objectively
mapped sound-speed fields gives predicted ray travel times
and arrival angles that compare well with the measured ar-
rival pattern (Fig. 11). The measured ray arrivals are clearly
identified with predicted rays. The measurements compare
well with predictions using the range independent mode
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ity on each section.

code and with WKBJ (Brown, 1982) predictions. The com-
parison is for the East leg of the experiment, which shows
considerable range dependence.

The predictions of the range-dependent ray code used
here agree to within a millisecond with range-independent
predictions made using WKBJ and normal mode codes and
with range-dependent predictions of the multiple profile
program (MPP) due to C. Spofford. However, the range-
dependent ray code introduces travel time biases. The code
traces rays through a range-dependent environment using a
series of sound-speed profiles, assuming a constant sound-
speed profile between profiles. Thus the code makes travel
time predictions for reciprocal ray traces that are slightly
different. The bias can be reduced by increasing the number
of sound-speed profiles used to model the range-dependent
environment. For the East leg of the experiment, a range of
about 1000 km, using 100 sound-speed profiles gives recipro-
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cal travel time differences of 4-10 ms.

One unexplained feature of the data is the failure to ob-
serve resolved arrivals during the final second of the arrivals.
The range-independent WKBJ and acoustic normal mode
predictions, which have the same transmitted pulse width as
the data, indicate that resolved paths should have been ob-
served, particularly on the east and west paths. The range-
dependent ray trace gives a more complex pattern during the
final part of the arrival (Fig. 11), suggesting that the com-
plexity is at least partly due to range dependence in the
sound-speed field.

Ray tracing cannot predict the final arrivals; mode theo-
ry is appropriate for these arrivals. However, a range-depen-
dent approximation to the final cutoff travel time can be
made by launching rays at near zero launch angle and select-
ing the last arriving ray. The upper and lower turning depths
of this latest ray are comparable to the upper and lower turn-

*
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ing points of the lowest-order modes.

Figure 12 shows the measured and predicted travel time
differences for all three legs, for deployment and recovery
sound-speed data, and for both sound-speed equations. The
error bars shown are the combination of measured and pre-
dicted travel time errors (Table I). The error bars for the
final cutoff are larger that the error bars for the deep turning
rays because the axial ray path is always in a region of higher
variability.

The measured minus predicted travel times show that
using the Del Grosso equation gives significantly better
agreement with the measurements than using the Chen and
Millero equation.

¢
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ments were taken are indicated. The error bars show the combined mea-
sured and predicted travel time errors (Table I). Since the axial path is

always in a region of relatively high variability, the predicted travel time
error for it is large.
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TABLE I. Measured and predicted travel time errors.

Rays Axial

(ms) (ms)
Travel time measurement error 1-10 6
from high-frequency ( > 1 cy/day) variance
Travel time prediction error 5-10 10-70
from sound-speed field error
Transceiver clock error 0 0

IV. INVERTING FOR THE SOUND-SPEED FIELD AND
CORRECTIONS TO SOUND-SPEED EQUATIONS

The difference between the measured and predicted
travel times can be used to estimate a correction to Del Gros-
so’s equation. However, these differences do not directly
give a correction to the sound-speed equation. First, the
range error must be taken into account. Second, although
the sound-speed fields are objectively mapped, the acoustic
data provides additional information about those fields. The
sound-speed fields are underdetermined by the. XBT and
CTD data and can be adjusted to some extent to mateh the
acoustic data better. Third, the measured and predicted er-
rors (covariances) must be consistently carried through the
calculation to determine the significance of the correction to
the sound-speed equation. These considerations can be ad-
dressed by generating a second objective map. The model in
this second map is the ocean model for the sound-speed field,
as above, together with models for the range error and the
correction to the equation for sound speed. The data in this
second map are the XBT and CTD data, as above, plus the
acoustic travel time data.

Waiiile the range error can be included explicitly in the
objective map, it can more easily be modeled as a depth- and
range-independent correction to sound speed. Roughly, if
T=R/c, then 8T =6R /c+ (R /¢H)SC, S0
S8R = — (R /c)8¢ - Although a range error corresponds
to slightly different ray path length corrections for each ray,
depending on the ray arrival angle, the travel time correc-
tions due to range error for the various rays differ by at most
1 ms, which is much less than the measured and predicted
travel time errors. The a priori rms for the range error is v2
times the expected source and receiver position errors of 50
m (Appendix B), so

) = (¢/R)WW(SR?)
_ 1.5 km/s
750, 1000, 1250 km

= 0.140, 0.105, 0.084 m/s.

The correction to the equation for sound speed, if signif-
icant, is expected to be small near the surface (since many
measurements of sound speed agree there, see Appendix A)
and increase with depth. This correction is modeled as four
wide, range-independent, vertical triangle functions with
vertices at 0-, 1000-, 2000-, and 5500-m depth. The a priori
variances of these triangle function amplitudes are 0.02,

0m
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0.02, 0.05, and 0.15 m/s, respectively. These values are
somewhat arbitrary, but comparable to the 0.05-m/s rms
residual of Del Grosso’s equation.

The corrections to both sound-speed equations are
shown in Fig. 13. The ocean model and a priori weighting are
the same for both equations. The results for the Chen and
Millero equation show that a significant depth-dependent
correction is required. The mean and standard deviation of
the six Del Grosso corrections at 4000-m depth are
+ 0.05 + 0.05 m/s. The estimated correction to the Del
Grosso equation is insignificant to within the estimated un-
certainty. The Del Grosso correction is within the 0.05-m/s
rms residual claimed for Del Grosso’s original fit, while the
Chen and Millero correction is roughly twice the claimed
0.20-m/s rms residual.

Table II shows the estimated range error. The range
errors found using Del Grosso’s equation are consistent with
the expected position error of 50 m. The range errors found
using Chen and Millero’s equation are much larger and are
inconsistent with the expected range error. The range error
and sound-speed correction found using Chen and Millero’s
equation reflect the Chen and Millero/Del Grosso differ-
ence (Fig. 2). In this case, the range error is mostly due to
the ray path-weighted depth average of the Chen and Miller-
o/Del Grosso difference (accepting Del Grosso’s equation
as correct). A second inversion with the a priori rms range
error reduced by a factor of two gave results for range error
within the error bars shown in Table II. The probability for
all three range errors to be greater than zero is 0.18. The
inversion technique biases the estimates of range error to-
ward zero. Although the model for range error implies an
ambiguity between the range error and sound-speed equa-
tion corrections, the different turning depths of the axial and
deep-turning rays give sufficient resolution to distinguish
the two. The a priori range uncertainty expressed as sound

0 0 j
I 1
2+ 2
o~
g
= 3F 3k
S
[=9
3]
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FIG. 13. Corrections to the sound-speed equations of Del Grosso and Chen
and Millero computed from deployment and recovery data along all three
legs of the triangle, giving a total of six curves. The estimated error (one
standard deviation) in the corrections is about 0.05 m/s at 4000 m. The
corrections to Del Grosso’s equation do not differ significantly from zero.
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TABLE II. Range error and equivalent sound-speed error.

Det Grosso Chen and Millero

Deployment Recovery Deployment Recovery

North Range (m) 50 + 14 S1+415 219 + 14 229 + 15
Sound speed (m/s) - 0.10 + 0.03 - 0.104-0.03 — 0.44 +0.03 ~ 0.46 +0.03

East Range (m) 59 + 27 61 + 24 296 + 27 280 + 23
Sound speed (m/s) - 0.09 + 0.04 - 0.10 4- 0.04 — 045+ 0.04 —0.42 4+ 0.04

West Range (m) 79 + 25 139 427 285 4 25 423 + 27
Sound speed (m/s) -~ 0.09 +0.03 -~ 0.17 4+ 0.03 —0.34 4+ 0.03 —0.51 +0.03

speed is reduced by the inversion from about 0.1 t0 0.03 m/s.

Using only the acoustic data to solve for the sound-
speed correction gives results negligibly different from the
objective map results. This is because the travel time errors
associated with the sound-speed fields (Fig. 12) are much
smaller than the measured and predicted travel time differ-
ences.

There are several possible biases in the travel time data
which could affect the computed range and sound-speed cor-
rections. One bias results from the noncoincidence of the
XBT and CTD measurements with the travel time measure-
ments. For example, XBT and CTD data were taken along
the east leg between yeardays 132 and 134, while the travel
time data used in the inversions was taken on yearday 153.
Since at this time the ocean is warming, there could be a
change in the sound-speed field between the times these data
were taken. The curves in Fig. 13 with the smallest correc-
tion to Del Grosso’s equation are for the north leg, for which
the acoustic measurements and relatively range, indepen-

Since the results for all six sound-speed sections are consis-
tent and the size of these biases is comparable to the error in
the sound-speed equation correction, our final conclusion on
the accuracy of Del Grosso’s equation is not affected.

V. THEORETICAL CORRECTIONS TO THE SOUND-
SPEED EQUATION

At this point, it is appropriate to consider possible theo-
retical corrections to the sound-speed equations. The
Kramers-Kronig relations, applied to the absorption of
sound in seawater, give a slight frequency dependence to
sound speed (Horton, 1974). The sound-speed measure-
ments of Del Grosso were made at very high frequency (5
MHz). As frequency decreases, sound speed decreases
slightly as the relaxation frequencies of magnesium sulfate
and boric acid are crossed. Figure 14 shows the change in

dent sound-speed field are most closely coincident. Another 0
possible bias results from the propagation of acoustic pulses
through a random field of internal waves. The average of
travel times for pulses through this random field will be 1+
slightly smaller than the travel time through the mean sound
speed field. This effect was quantified by Flatté and
Stoughton (1988). The ray-tracing code in a range-depen- - 2
dent environment gives a bias to the predicted travel times, E
as discussed above. Estimates of the magnitudes of these bi- =
ases are summarized in Table I11. These possible biases were g 3
not taken into account in the inversions. A 10-ms bias in & @
travel time corresponds to a sound-speed bias of 0.03 m/s. A s g5
) & 2
% ©n O
TABLE II1. Travel time biases. sL g Q
]
Internal wave bias Rays: 3 ms §
Axial: 25 ms 6 | 1 l 1 !
Ray trace code 1-10 ms -0.04 0.00 0.04
N dc (m/s)
Transceiver position error Modeled

Noncoincidence of CTD/XBT North East West

FIG. 14. Two theoretical corrections to the calculated sound-speed profiles,
for North Pacific conditions. The curve marked “dispersion” is the change

Measurements and travel time (ms) (ms) (ms) in sound speed from infinite frequency to 250 Hz due to the absorption of
Measurements sound in seawater. The curve marked “salinity correction” is the correction
deployment 3 30 30 to sound speed needed to account for the error in assuming a constant rela-

recovery 10 10 10 tive composition of seawater. The salinity correction was reported by Mil-
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lero et al. (1978). The curve marked “‘sum’ is the sum of these corrections.
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sound speed from infinite frequency to 250 Hz as a function
of depth for the North Pacific. For this calculation the sound
absorption equation of Francois and Garrison (1982) is
used.

Millero et al. (1978) presented measurements in the
North Pacific showing the deviation of the density of
seawater from calculated density as a result of the violation
of the assumption of constant relative composition of
seawater. They found a density excess of 17.6 4 2.6 X 10~ °g
cm ™ ? below 1000 m. Millero ef al. showed that this density
excess can be converted to a change in salinity (a change in
dissolved solids, not conductivity salinity) by multiplying by
a factor of 1338 (near a salinity of 35%,). If dissolved solid
salinity is what is meant by “salinity” in the sound-speed
equations, a factor of 1.34 converts this change in salinity to
a change in sound speed. The density excess for the North
Pacific, converted to sound speed by multiplying by
1338 1.34, is shown in Fig. 14. This effect is slightly can-
celed by the dispersion effect. Both the effects of dispersion
and density excess, while interesting, are smaller than the
errors of the measurements.

The accuracy of the acoustic wave equation is limited, at
this time, by the accuracy of sound speed, and not by the
second-order terms normally omitted in its derivation (Ap-
pendix D).

V1. DISCUSSION

It has been shown that Del Grosso’s equation for sound
speed is accurate to within the error limits set by the acoustic
travel time, environmental, and range measurements. This
experiment can test Del Grosso’s equation to within 0.05
m/s at 4000-m depth. The results for the six independent
sound-speed sections are consistent. The Chen and Millero
equation is significantly inconsistent with the measured ray
travel 1imes. ,

Spiesberger and Metzger (1991b) find that Del Gros-
s0’s equation requires a significant correction of
— 0.2 + 0.1 m/s at 4000-m depth. The differences between
their measured and predicted travel] times of about 500 ms at
3000-km range are much greater than the present differences
of about 50 ms at 1000-km range, even when normalized for
the range difference. Their calculated sound-speed equation
correction accounts for at most half of their measured and
predicted travel time differences; the remainder is accounted
for by range and sound-speed field corrections determined
by the use of a Kalman filter. The locations of all three of the
present instruments were determined using GPS data. While
the acoustic source used by Spiesberger and Metzger was the
present mooring 3, with its position determined using GPS,
their receiver location was determined to within 120 m using
the significantly less accurate TR ANSIT satellite navigation
system. The present results include extensive CTD and XBT
measurements along the great circle routes connecting the
moorings during the deployment and recovery cruises.
Spiesberger and Metzger had no such information available
along the path connecting the present mooring 3 and their
receiver. They were forced to use a combination of climato-
logical temperature and salinity data and a sparse and scat-
tered set of actual measurements. An error of 0.05 °C in tem-
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perature causes an error of about 0.2 m/s in sound speed. We
believe the discrepancy between the present results and
theirs is due to the greater precision with which the range
and the temperature and salinity fields have been measured
in the present case.

Changing the accepted standard equation for sound
speed from Chen and Millero’s to Del Grosso’s has two im-
portant ramifications. First, the current accepted equation
for specific volume of seawater (Fofonoff and Millard,
1983) was derived using the Chen and Millero, not Del
Grosso, equation. Hence, for large pressures, the equation
for specific volume may be in error by 5-15%x 10~ ° cm?/g
(see Appendix A, Fig. A9). Second, the Del Grosso equa-
tion is not good for pure water under pressure or outside the
range of Del Grosso’s measurements (see Figs. A6 and A7).
Thus it seems new laboratory measurements of the speed of
sound in pure water and seawater are needed. Comparing
Figs. 2, A3, and A8 suggests that velocimeters make more
accurate measurements of sound speed than previously ap-
preciated.
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APPENDIX A: LABORATORY MEASUREMENTS OF THE
SPEED OF SOUND IN SEAWATER

In this Appendix, a roughly chronological history of the
laboratory measurements of the speed of sound in seawater
and the contributions of various people in reworking and
sanitizing those measurements are presented. Next, some
published evidence is discussed suggesting that the Del
Grosso equation ( 1974) is more accurate than the Chen and
Millero equation (1977). Finally, the relation between the
equation of state for specific volume and sound speed and the
role the equation of state plays in distinguishing between the

Chen and Millero and Del Grosso equations are discussed.

1. Wilson’s measurements

Wilson made the first accurate measurements of the
speed of sound in both distilled water and seawater under
pressure in 1959-1960. Determination of seawater sound
speeds prior to these measurements is described by Wilson
(1958, 1959a).

Wilson’s method of measurement (Wilson, 1958,
1959a, 1960c; Anderson, 1971) was originally developed by
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Greenspan and Tschiegg (1959) at the National Bureau of
Standards. The method was extended by Wilson to include
the effects of pressure.

The velocimeter was a cylindrical tube ! in. in inside
diameter and 5 in. long, capped on each end by a 5-megacy-
cle, gold-plated quartz crystal for the transmission and re-
ception of sound. The transmitting crystal was driven by
pulses at a frequency determined by the travel time of the
reflected signal of the previous pulse from the receiver crys-
tal. The pulse repetition frequency indicated the time re-
quired for the sound waves to travel twice the length of the
acoustic path. The speed of sound in the liquid sample was
computed from this time and the known distance between
crystals. This distance was corrected by Wilson for tempera-
ture and pressure effects, though Wilson does not discuss the
accuracy of this path length measurement or the corrections
to it.

The sound-speed measurements are tabulated by Wil-
son (1959a, 1959b, 1960a, 1960c). Wilson (1959a, 1959,
and 1960a) discusses the development of polynomial equa-
tions in pressure, temperature, and salinity to fit these data.
The first measurements were obtained over a temperature
range —4<7T<30°C, a pressure range 1<P <1000
kg/cm? (absolute), and a salinity range 33 <.S < 37%,. For
seawater the standard deviation of the fit to Wilson’s 22-
parameter equation was 0.22 m/s. This equation (Wilson,
1960a) is known as the June equation.

Wilson (1960b) made additional measurements for low
salinity (10%,, 20%,, and 30%,) and presented a new equa-
tion that fit his original data combined with the new data,
with an rms residual 0.30 m/s. This equation is called the
October equation.

Wilson (1962) compared new measurements with pre-
dictions of his October equation to test the accuracy of this
equation outsidethe P, T, S limits in which it was established
(yet within oceanic limits). The errors were of order 1 m/s.
Since the equations for sound speed, including Del Grosso’s
and Chen and Milleros’s, were found using simple least
squares, which assumes infinite signal-to-noise ratio in the
data, extrapolating beyond the P, T, S range of measurement
can be expected to be unreliable.

2. Between the measurements of Wilson and Del
Grosso

A number of authors have pointed out a variety of in-
consistencies in Wilson’s measurements. Workers subse-
quent to Wilson, but using Wilson’s data, have been con-
cerned with removing these problems, considering data only
in the oceanic realm, or constructing simpler sound-speed
equation forms.

The only modern measurement of the pressure depend-
ence of sound speed in pure water independent of Wilson’s
measurements is by Barlow and Yazgan (1967). This work
has been cited as corroborating Wilson’s measurements. The
difference between the results of Barlow and Yazgan’s mea-
surements and the “corrected” Wilson’s measurements
(Chen and Millero, 1976a) is shown in Fig. A1. (The coeffi-
cient b,,, p. 649 of Barlow and Yazgan’s paper has a sign
error.) Barlow and Yazgan’s measurements were only in the
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FIG. A1. Difference between the pure water sound-speed equation of Bar-
low and Yazgan (1967) and the equation of Chen and Millero (1977) over
the range of pressures and temperatures for which Barlow and Yazgan’s
equation is valid. While these pressure and temperature ranges are generally
not oceanographic, the equations differ by only + 0.1m/s, corroborating
Chen and Millero’s equation. Contour units are m/s.

temperature range 16.5°C-94°C, with pressures 1
atm < P< 11 6001bin.” (absolute). Given the nonlinear de-
pendence of sound speed on temperature, it is difficult to
conclude that the agreement in Fig. A1 can be extrapolated
to low temperatures. It is suggested below that Wilson’s
measurements are inaccurate at low temperatures. Barlow
and Yazgan estimate an accuracy of + 0.3 m/s at 16.5°C.

Leroy (1969) suggested for oceanographic purposes
that the fit to Wilson’s measurements should be restricted to
only those P, T, S values found in the world’s oceans.
Seawaters with these P, T, S are called “Neptunian waters.”
Leroy developed simpler sound-speed equations than Wil-
son’s equations, fit to data for Neptunian waters only.

Frye and Pugh (1971) used statistical methods (the F
test) to determine that Wilson’s October measurements
were incompatible with his earlier measurements. The later
measurements are not as accurate as the earlier ones. Using
stepwise regression analysis (which eliminates those terms
that do not contribute much to fitting the data) an 11 term
equation for sound speed was found. Following Leroy
(1969), this fit was to Wilson’s data for Neptunian waters
only.

Anderson (1971) carefully analyzed the internal con-
sistency of Wilson’s data and developed alternate equations
for sound speed. Anderson found that the sound-speed mea-
surements at the salinities 9.94%,, 30.03%,, and 33.08%,
have substantial [O(0.3 m/s)] biases in the residuals and
suggested these salinities are in error (it seems he was aware
of the inaccuracy of Wilson’s October measurements, but
unaware of Frye and Pugh’s results). Anderson *‘adjusted”
those salinities to obtain a new sound-speed equation. An-
derson also found systematically large residuals in Wilson’s
computed minus measured sound speeds at large pressures.
This latter problem disappeared in his fit to ““corrected”
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data. Data for Anderson’s equation were limited to Neptun-
ian waters.

3. Del Grosso and Mader’s measurements

In accord with a number of other workers (Carnevale et
al., 1968; Barlow and Yazgan, 1967; Fine and Millero, 1973;
Millero and Kubinski, 1975; Kroebel and Mahrt, 1976), Del
Grosso and Mader (1972a) confirmed that Wilson’s mea-
surements of sound speed in pure water at 1-atm pressure
and over a variety of temperatures were high by about 0.5
m/s. Del Grosso and Mader (1972b) then measured the
speed of sound in Neptunian waters; these were the first
measurements in seawater since Wilson. Their method used
interferometry which avoids the difficult measurement of
absolute travel time (or repetition rate) and absolute path
length, as in Wilson’s measurements. The change in path
length needed for the interferometric technique was mea-
sured by means of a laser interferometer, accurate to ‘“‘units
of quarter fringes of the single mode He-Ne laser wave-
length.”

Del Grosso and Mader’s measurements were deliberate-
ly restricted to the Neptunian regime (unfortunately omit-
ting measurements in pure water under pressure). Figure
A2 shows a summary of the range of their measurements:
0<T<15°C, 33<S<38%, O0<P<15000 psig (Del
Grosso and Mader, 1972b). Del Grosso and Mader’s equa-
tion was found by using stepwise regression analysis. The
equation had an rms residual of 0.04 m/s.

Del Grosso (1973) presented tables of sound speed for a
variety of T, P, S values computed from Del Grosso and
Mader’s (1972) equation.

Del Grosso (1974) subsequently presented what is now
known as the Del Grosso sound-speed equation. This equa-
tion was obtained by E. Anderson who combined the Del
Grosso and Mader sea water measurements with earlier
measurements by Del Grosso in pure water at 1 atm (Del
Grosso and Mader, 1972a). The rms residual is 0.05 m/s.
While this equation is supposed to be good for pure water, it
is good only for pure water at atmospheric pressure and
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FIG. A2. Pressure, temperature, at salinity values at which Del Grosso
measured sound speed. Del Grosso's equation is not generally valid outside
of these pressure, temperature, and salinity ranges. Modified from Del
Grosso (1972b).
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0<T <30°C, or at 0°C and 0 <P <1000 kg/cm?. It is in
general good only within the 7, P, S domain of the the mea-
surements. This will be shown later when the Del Grosso
equation is compared to the Chen and Millero equation.

4. Chen and Millero’s measurements

A series of papers (Millero and Kubinski, 1975; Chen
and Millero, 1976a; and Chen and Millero, 1977) describe
measurements of sound speed in seawater relative to that in
pure water, leading to what is known as the Chen and Mil-
lero equation for sound speed. Millero and Kubinski (1975)
describe the method used in the Chen and Millero papers,
and also show the results of their measurements of the speed
of sound in sea water at 1-atm pressure. The method uses a
commercial Nusonics velocimeter calibrated to the best
available pure water measurements. The advantage of this
method is that the seawater values can be upgraded as the
speed of sound in pure water is measured to greater accura-
cy. : '
Chen and Millero (1976a) describe the calibration of a
Nusonics high pressure “‘sing-around” single transducer ul-
trasonic velocimeter to Wilson’s pure water measurements
under pressure. Wilson’s equation, modified to align with
Del Grosso and Mader’s pure water data at 1-atm pressure,
produced an unacceptable acoustic path length versus pres-
sure curve [Fig. A3(a)]. Refitting Wilson’s data, but throw-
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FIG. A3. Corrections to the acoustic path length versus pressure for the
velocimeter used in Chen and Millero’s sound-speed measurements. The
corrections are found by calibrating to Wilson’s measurements in pure wa-
ter. Wilson's uncorrected equation for pure water gave an unacceptable
path length correction (a). A modified equation, found using Wilson’s data
after excluding inconsistent values, gave the well behaved curves (b). The
path change, when converted to the equivalent sound-speed change, has the
approximate shape and magnitude of the Chen and Millero/Del Grosso
difference shown in Fig. 2. It is likely that a much smaller path length cor-
rection was required for Chen and Millero's measurements. Modified from
Chen and Millero (1976a).
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ing out Wilson’s measurements at 10.20°C, which they
found to have large residuals, and shifting data at all pres-
sures to make the values at 1 atm agree with the more accu-
rate measurements at 1 atm, produced a more satisfactory
acoustic path length versus pressure curve [Fig. A3(b) ] It
was assumed that Wilson’s measurements under pressure
were consistent with his 1-atm values in being high by ~0.5
m/s. It is clear at this point that the Chen and Millero sound-
speed equation can only be as good as Wilson’s shifted
sound-speed measurements in pure water. The results agree
to O( + 0.2 m/s) with the pure water measurements of Bar-
low and Yazgan (1967) (Fig. Al).

Using this calibration, Chen and Millero (1977) mea-
sured the speed of sound in seawater under pressure, for
0« T<40°C, 0 < P <1000 bars, and 5 < S < 40%,. This pa-
per gives what is now known as the Chen and Millero equa-
tion. The equation had an rms residual of 0.19 m/s. Com-
parisons of this equation with Wilson’s and Del Grosso’s
equation are shown in their paper. Figure A4 compares the
Chen and Millero equation with Anderson’s equation, show-
ing good agreement. Apparently, the correction for pressure
of Chen and Millero agrees with the revisions of Anderson.

Figure A5 shows the difference between Del Grosso and
Chen and Millero’s equations over a range of pressure and
temperature at various salinities. The Del Grosso and Mader
measurements were restricted to 33 < S« 38%,. Figures A6
and A7 shows that the Del Grosso equation deteriorates for
pure water under pressure, and that outside the salinities of
the Del Grosso measurements, the Del Grosso equation is
not valid (though at 0 °C the equation seems to be accurate).

5. Measurements relating to the comparison of these
sound-speed equations

There have been a number of hints over the years that
the Del Grosso equation is more accurate than the Chen and
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FIG. Ad. Difference between Chen and Millero’s equation and Anderson’s
equation (1971) for salinity 35%.. The revisions of Anderson to Wilson’s
data agree with the sound-speed measurements of Chen and Millero. Con-
tour units are m/s.
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FIG. AS. Difference between Chen and Millero’s equation and Del Gros-
s0’s equation for salinities 33%o, 35%0, 2nd 37%. The difference between
the two equations is mostly independent of salinity. Contour units are m/s.

Millero equation. Figure A3(b) shows the “correction” for
deformation of acoustic path length Chen and Millero used
in their calibration for pure water. This curve can be convert-
ed to find the equivalent correction in sound speed. Chen
and Millero (1976a) found the acoustic path length [ to be
0.0864 m and the electronic delay time, 7, to be 2.94 times
107 s in the equation,

V/f=1/c+ T

Here ¢~ 1500 m/s, and the pulse repetition frequency,
f~17.3 kHz. If the path length [ is shifted by Al the sound
speed is shifted by
Al

Vf—7
Here, Al from Fig. A3(b) is about 0.003 cm or 3% 107 m,
giving

Ac
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FIG. A6. Difference between Chen and Millero’s equation and Del Gros-
so’s equation for pure water. Del Grosso’s equation is not accurate for pure
water under pressure. Contour units are m/s. :

3IX107° m
Ac=

1/17.3 kHz —2.94x107 7 s
The shape and magnitude of this curve is roughly the same as
Fig. 2, the Chen and Millero minus Del Grosso difference. It
appears that no correction for acoustic path length change
was necessary (or at least the correction was much smaller
than used.) If Chen and Millero agreed with Del Grosso
except for this correction, one would expect the difference in
sound-speed equations to be independent of salinity. Figure
A5 shows that this is true to first order. This suggestion also

~0.5 m/s.
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FIG. A7. Difference between Chen and Millero’s equation and Del Gros-
s0’s equation for a temperature of 10 °C. Del Grosso’s equation is not accu-
rate outside the range of measurements shown in Fig. A2. Contour units are

m/s.
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implies that Wilson'’s “corrected” pure water measurements
contain a systematic pressure-dependent error of order 0.5
m/s, although at 16.5 °C Wilson has corroborating evidence
in the measurements of Barlow and Yazgan.

Anderson (1973) compares predictions from Ander-
son’s equation (Anderson, 1971) with measurements of the
speed of sound in the Guif of Alaska (Fig. A8). The mea-
surements were made using Ramsay and Plessy velocimeters
both calibrated to Wilson’s (1960) sound-speed equation at
1-atm pressure. The two velocimeters agreed to within 0.1
m/s to 600 m, which was the greatest depth of comparison.
The difference between the Plessey velocimeter measure-
ments of sound speed and Anderson’s equation is similar to
the Chen and Millero minus Del Grosso plot (Fig. 2). It
appears that, to first order, no correction for pressure is re-
quired for this velocimeter.

Mackenzie (1981) made in-situ measurements of sound
speed using a deep submersible. Measurements were made at
the surface and at 1200-m depth. The measurements agreed
with the Del Grosso predictions to within + 0.05 m/s.

6. Specific volume of seawater

Chen and Millero (1977) cited calculations of specific
volume of seawater using sound-speed equations (Chen and
Millero, 1976b) as supporting their sound-speed measure-
ments. We feel that these calculations are not accurate
enough to distinguish between the two sound-speed equa-
tions.

Depth (km)

6 SN WY N ES R
0.0 0.2 04 0.6

dc (m/s)

FIG. A8. Difference between sound speed computed from hydrographic
data using Anderson’s equation and velocimeter measurements by Ander-
son in three water types in the Gulf of Alaska (denoted by different sym-
bols). The solid curve, which is a least-square fit to the data of a third degree
polynomial, closely resembles the Chen and Millero minus Del Grosso
curve in Fig. 2. Thus these velocimeter measurements of sound speed agree
with Del Grosso's equation, and indicate, as in Fig. A3, that velocimeter
measurements under pressure are accurate. Modified from Anderson
(1973).
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Wang and Millero (1973) describe a method for deriv-
ing the equation of state of water (specific volume as a func-
tion of pressure, temperature, and salinity) from sound-
speed measurements. This method improved the earlier
calculation of Crease (1962). An accepted form of the equa-
tion of state of seawater is

(V°e— V) D
P (B4 AP+AP)]

where D is the specific volume of pure water at atmospheric
pressure. Here, V" is the specific volume of seawater at ap-
plied pressure P. The approach is to use thermodynamic re-
lations to solve for B, 4, ,4,, assuming they are polynomial
functions of temperature and salinity. By taking derivatives
of the equation of state, the compressibility, expansibility,
sound speed, etc., can be found.

Bradshaw and Schleicher (1970, 1976) measured ther-
mal expansion and compressibility of seawater. From these
two measured quantities, specific volume was then calculat-
ed. The 1970 paper states a correction for pressure variations
was made using the results of Wilson and Bradley (1966),
which, in turn, relied on Wilson's sound-speed equation.
Wilson and Bradley’s data (Wilson and Bradley, 1968) were
also used to correct for the mass of the seawater sample (an
error of 100 10~ cm®/g affects the specific volume change
by 0.01% ). The specific volume of mercury was used in cali-
brating the dilatometer. The specific volume of metcury
found by different experimenters differs by 60 ppm. The
1976 paper again corrected for the pressure variations and
used mercury as a calibration. The largest source of error
seems to be the calibration with mercury, a 30-60 ppm sys-

tematic error. This error is larger than the difference be- -

tween measured and calculated specific volumes.

Specific volume calculated using Chen and Millero’s
sound speed equation (Chen and Millero, 1977) agrees with
measurements of Bradshaw and Schleicher (1970, 1976) to
within about 5107 ¢ em’/g (Fig. A9). Specific volume
found using Del Grosso’s sound-speed equation disagrees by
about 15 10~ ¢ cm?/g at high pressure. There is no signifi-
cant disagreement for expansibility or compressibility, the
directly measured quantities (Fig. A9).

Although a number of other people have directly mea-
sured or calculated compressibility, expansibility, and spe-
cific volume (Eckart, 1958: Crease, 1962; Newton and Ken-
nedy, 1965; Wilson and Bradley, 1966, 1968; Fine and
Millero, 1973; Emmet and Millero, 1974; Chen and Millero,
1976b), comparison of the directly measured quantities to
the quantities derived from sound speed is not adequate to
determine which of Chen and Millero’s or Del Grosso’s
equation is more accurate. First, significant differences oc-
curs only in the specific volume measurements (not its de-
rivatives) and the errors involved in specific volume mea-
surements are comparable to this difference. Second, all
measurements seem to have used Wilson’s sound-speed data
in calibration or pressure-dependent corrections, although
the sensitivity of these measurements to the use of Wilson’s
data is not clear to us.
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FIG. A9. Contour diagrams comparing isothermal compressibility, £
(ppm/bar), relative thermal expansibility, a” — & (ppm/deg), and rela-
tive specific volume, ¥ — ¥° (ppm). The left contour diagrams compare
quantities computed using the sound-speed equation of Chen and Milfero
with those using Del Grosso’s equation. The right contour diagrams com-
pare quantities computed using the sound-speed equation of Chen and Mil-
lero with the direct measurements of Bradshaw and Schleicher (1970,
1976). The relative specific volume for Bradshaw and Schleicher was calcu-
lated by integrating the measurements of compressibility and expansibility.
The results using the two sound-speed equations disagree only for specific
volume, which was not measured directly. The dashed lines indicate Nep-
tunian waters. Modified from Chen and Millero (1976b).

APPENDIX B: CORRECTIONS TO MEASURED TRAVEL
TIMES AND MEASURED TRAVEL TIME ACCURACY

The procedure for correcting the measured travel times
for clock drift and mooring motion is described in Howe ef
al. (1987). All calculations in this paper were done using
sum travel times, which are formed by averaging the travel
times of oppositely traveling pulses. Clock errors in the two
transceivers cancel when the sum travel time is formed, so
that clock errors do not contribute to the error budget. The
instruments kept time with a precision of about 1 ms, so that
this procedure was not strictly necessary. The clocks were
set at the beginning and end of the experiment to Coordinat-
ed Universal Time (UTC) derived from the GOES satellite
time code signal. During the experiment, time is kept by low-
power crystal oscillators. Once per day a rubidivm atomic
frequency standard is turned on to calibrate the frequency of
the crystal oscillator. The time series of frequency error is
integrated to obtain the corrected clock time. At the end of
the experiment, the /n-situ measured time and integrated
clock time differed by 1.2, 32.9, and 1.7 ms for moorings 1, 2,
and 3, respectively. This difference is linearly interpolated
over the duration of the experiment to force instrument time
to agree with UTC at the beginning and end of the experi-
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ment. The estimated error in the clock correction, after lin-
ear interpolation, is 1 ms. Because of the nature of the fre-
quency shifts in the crystal oscillators, this error is probably
systematic, not random. The 32.9-ms time difference for
mooring 2 is larger than expected, but is not apparent in the
corrected differential travel time data, which is most sensi-
tive to any clock error.

The motion of each transceiver was tracked using a
long-baseline acoustic navigation system with four bottom
acoustic transponders. The position of the transponders and
the mooring was found using the NAVSTAR Global Posi-
tioning System (GPS) together with an acoustic survey per-
formed during deployment. A least-squares inverse proce-
dure finds the position of the transceiver relative to the
transponders by using the four transponder pulse travel
times and pressure measured at the transceiver. A typical
transceiver displacement was about 50 m. The error in the
transceiver position relative to the transponders is 3 to 8 m.
Kalman filtering allows the error to be reduced by assimilat-
ing all the data taken over the course of the experiment into
the least-squares solution for the mooring position. The trav-
el times were corrected using the projection of the trans-
ceiver displacement onto the direction of transmission and
the local sound speed. The error in position causes an error
in the acoustic travel time of 2-5 ms.

With the GPS determined transponder locations, the
distance between transceivers can be determined. The
WGS84 reference ellipsoid was used to account for the non-
sphericity of the Earth. Atmospheric effects and other errors
bias the GPS determined positions and cause an error in
position of about 30 m. Further, during the acoustic survey
some of the GPS position data were taken using only two
space vehicles, introducing additional bias in position. Com-
pared to the GPS positioning errors other sources of range
error are negligible. Robbin’s formula for range between two
points of given latitude and longitude is accurate to about 2
cm for ranges of 1600 km (Bomford, 1971). The error in
applying the Earth-flattening transformation (used in the
ray trace) to an ellipsoid Earth (WGS84) rather than a
spherical Earth lends an error of less than a millisecond to
the travel time predictions (Spiesberger and Metzger,
1991b). The positioning errors are taken to be 50 m; the
results are not sensitive to this value. [As an aside, Spies-
berger and Metzger (1991b) assume that the present moor-
ing 3 location was known ta 10 m.]

APPENDIX C: OBJECTIVE MAP OF THE SOUND-SPEED
FIELDS

1. Ocean model

A time-independent ocean model is any set of vertical
and horizontal functions used to represent the “true’” ocean.
For example, in the vertical, baroclinic mode functions or
empirical orthogonal functions are often used (Howe et al.,
1987). In the present case, neither of these have been found
to work well: Baroclinic modes do not fit the directly mea-
sured sound-speed (temperature) profiles, and there are too
few measured profiles to construct statistically stable em-
pirical orthogonal functions. The vertical basis functions are
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chosen to be triangles which have their vertices at preselect-
ed depths and that fall linearly to zero at adjacent vertex
depths. The model parameters are the amplitudes at the ver-
tices. This model is equivalent to linearly interpolating be-
tween the preselected depths. To adequately model the
mixed layer requires several thin triangles, while at depth
fewer, wider triangles are adequate (Fig. C1). The vertex
depths of the vertical basis functions have been selected to
give a model that differs from the CTD and XBT data ap-
proximately independent of depth.

In the horizontal, the sound-speed perturbations have
been modeled as a truncated Fourier series. The domain L is
larger than the length of the section under consideration by
200 km to avoid enforcing periodicity at the section ends.
The high wave-number cutoff is determined by the XBT
spacing of 40 km. Thus 7/(40 km) = 27n /L determines
the highest wave number. The sound-speed field is then,

n,—1 ne

Sc(x) = Z [Aoj+ Z [Amj cos(zwinx)
J mo=1

j=0 =

. (2
+ B, sm( ﬁ[inxﬂzj (z)} ,

where n, is the number of triangle basis functions, and Z; (2)
are the triangle basis functions.

The procedure was to first fit the triangle basis functions
to each sound-speed profile, and then to fit the horizontal
harmonic functions to the triangle basis function amplitudes
(which are a function of position ). The procedure is roughly
equivalent to a simultaneous fit to both vertical and horizon-
tal functions.

Depth (km)

Amplitude

FIG. CL. Set of 16 vertical basis functions used in the objectivg map. Each
triangle function goes to zero at the vertices of the adjacent triangle func-
tions.

Dushaw et al.: Sound-speed equations 271



2. Data and data error

The Del Grosso and Chen and Millero equations are
functions of temperature, salinity, and pressure. Computa-
tion of sound speed from CTD data is straightforward. Com-
putation of sound speed from XBT data requires construc-
tion of corresponding salinity profiles. 7--S relations found
from the CTD data were used to assign salinities to the XBT
temperatures below the mixed layer. The 7-Srelation below
the mixed layer is relatively range independent for the north
leg (Fig. C2). Range-dependent 7S relations were used for
the east and west legs of the experiment due to the presence
of a series of temperature or salinity fronts crossing these
legs. In the mixed layer, where 7S relations are poor, salin-
ity was assumed to be a function of depth, not temperature.
Highly accurate salinities are not critical because sound
speed is only a weak function of salinity. With temperature,
salinity and depth, pressure (with the small correction for
dynamic height) and then sound speed can be calculated
(Fofonoff and Millard, 1983).

A correct prescription of the errors is essential for objec-
tive mapping. These consist of both the actual measurement
error and fluctuations which are due to those processes
which are not modeled.

Nominal CTD measurement errors are 0.003°C,
0.002%,, and 3 decibars in temperature, salinity, and pres-
sure, respectively. A comparison of colocated XBT and
CTD casts in the present data set indicates that the nominal
XBT error of 0.2 °C specified by the manufacturer is roughly
correct, though biased below about 500 m. The salinity as-
signments to the XBT data are estimated to be in error by
0.2%, to the depth of the mixed layer and 0.05%, below the
mixed layer, where the 7-S relation is stable. The salinity
error contributes much less to the sound-speed errors than
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FIG. C2. Temperature-salinity relations from the three CTD profiles taken
on the north leg in May. The halocline occurs at about 300-m depth.
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does temperature error. The relative contributions of tem-
perature and salinity errors T and S to the errors in sound
speed 8¢ can be estimated using Sc~467 and 6c=1.345S,
where 8¢ is in m/s, 83 is in %,, and 8T is in °C. The sound
speed error due to CTD measurement error is

JT(4x0.003°C)* + (1.34x0.002%¢)*] =0.012 m/s;

the sound-speed error due to XBT measurement error is (us-
ing the salinity error in the mixed layer)

JI(4x02°C)? + (1.34:x0.2%0)"] =0.8 m/s.

Since both the errors in the XBT and CTD locations and
the displacements of these locations from the geodesic con-
necting transceivers are very small compared to the typical
mesoscale correlation length of about 150 km, these errors
are neglected.

Temperature fluctuations due to the internal wave field
are one of the largest sources of variance in the sound-speed
profiles, though smaller than the XBT measurement error.
The high-frequency variance in temperature due to the inter-
nal wave field can be found by scaling the measured high-
frequency temperature variance at the acoustic source depth
(850 m) by the Brunt-Vaisala frequency cubed, according
to the Garrett—~Munk prescription (Flatté ef al., 1979):

3

@) 2850 m)).

7’ (850 m)

Temperature variance is scaled to sound-speed variance by
(6c*(2)) =4(T*(2)).

The internal wave sound-speed variance as a function of
depth is shown in Fig. C3. This variance, as well as the XBT

(T*(2)) =

0 —
1 b
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FIG. (3. Sound-speed variability as a function of depth due to internal
waves. This curve was constructed by scaling the measured temperature
variance at 850-m depth to all depths using the buoyancy frequency cubed.
The temperature variance was then converted to the sound-speed variance
by multiplying by 16, since changes in temperature cause changes in sound
speed amplified by an approximate factor of 4.
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temperature error, is correlated in the vertical.

The vertically uncorrelated error of the sound-speed
profiles is found by calculating the variance of the unmo-
deled high vertical wave-number components of the
XBT/CTD sound-speed profiles. This requires an iterative
approach to fitting vertical basis functions to the profiles—
first construct a fit in the vertical using nominal error values,
then use the variance of the residual to determine the error
values used in the final fit. The final rms residual is less than
0.2 m/s. The triangle functions to some extent fit the verti-
cally correlated internal wave variance and XBT tempera-
ture error in the measured profiles. The internal wave vari-
ance and XBT or CTD temperature error are therefore
added to the residual error to find the total error prior to
doing the horizontal fit. Associating internal wave error
with the vertical basis function amplitudes is a crude way of
giving internal wave and XBT error some vertical correla-
tion.

If e,, is the error of the ith triangle amplitude m; asso-
ciated with the vertical basis function fit (emi:0.2 m/s for
XBTs), then the error of the ith triangle amplitude used in
the horizontal fit e, is '

¢ =eZ, + (8e(z)?) + (0.8 or 0.012)*(m/s)?,

where (8c(z,)?) is the internal wave variance determined
above, evaluated at the ith triangle vertex depth, and 0.8 or
0.012 refers to the XBT or CTD measurement error, respec-
tively. To minimize the effect of the XBT bias error, the XBT
profiles are truncated at 750 m and below 500 m the XBT
error is increased linearly to 1.2 m/s.

3. A priori model variance

It is chosen that n, = 16 and n, = 25. This means there
are 16X (25x2 + 1) = 816 model parameters, each of
which nust be assigned an @ priori variance.

In the vertical, the a priori variance of the triangle basis
function amplitudes was determined by iteration as dis-
cussed earlier: The variance of the vertical basis function
amplitudes from the first fit determines the a priori variance
in the second fit [Fig. C4(b)]. The vertical autocovariance

functions are determined by the overlap of the triangle basis
functions [Fig. C4(c)]. The autocovariance at zero lag was
set by the variance of the triangle basis function amplitudes.

The weighting of the amplitudes of the horizontal sine
and cosine funtions was specified by choice of a wave-num-
ber spectrum. In the present model, the horizontal wave-
number spectrum was white for wave numbers less than a
preselected wave number and proportional tok ~ * for larger
wave numbers. Since the objective map is relative to the
mean of the CTD profiles, the variance of the zero wave
number, or mean, is generally smaller than the variance of
the first nonzero wave number [Fig. C5(a)]. The Fourier
transform of this spectrum gives the autocovariance shown
in Fig. C5(b). The horizontal correlation length is about 100
km, though this number is somewhat ill-defined since it is
sensitive to the zero wave number a priori variance. For com-
parison, the Rossby radius of deformation for the first baro-
clinic mode in this region is about 30 km.

The objective map is robust to small changes in the a
priori variances.

4. Predicted travel time errors

Predicted travel times are found by ray tracing. Error
bars for the predicted travel times are found by integrating
the expected sound-speed autocovariance from the objective
map along the ray paths. This calculation can be understood
via a related method used by Flatté and Stoughton (1988) to
calculate the variability in acoustic travel times due to inter-
nal waves. Flatté and Stoughton calculate the ray travel time
variance 7° as

1 R

7= ?f: [) dx{u’(2))L,(0,2),

where (u?) is the variance of sound-speed fluctuations and
L,(6,z) isaneffective correlation length at depth z and angle
6 with respect to the horizontal, i.e., along the ray path. For
our calculation, the quantity {(u*(z) )L, (6,z) corresponds to
the full error autocovariance matrix calculated in the objec-

. (a) . (b) (©) (d) (e)
02} f - | 7
—~ 04+ 4 Jt i
g ,
4 06F Y - qF 4+ -
S 08} 1 1t |62
g
K 1or , H 4 = 1
12+ - 4+ 4
144+ 1 1153m 11 769m ] 192m |
0 ‘1 * 0 1 111 ’ ;Z 0 OJJ O‘.Z Oi.3 0 Oil sz ()13 0 ’ 110 Zb
Amplitude  (5¢”)"*(m/s) (8¢ (z)8c(z+82)) (mfs)°

FIG. C4. Vertical basis functions (), a priori rms of basis function amplitudes as a function of depth (b), and resulting vertical autocovariance functions at

selected depths (c)~(e). Only the upper ocean is shown. For aselected depth, the autocovariance at zero lag corresponds to the a priori varianc

e at that depth.

The shape of the autocovariace depends on the overlap of the vertical basis functions and the depth dependent a priori variance.
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FIG. C5. Near surface a priori spectrum of horizontal variability (a), and
corresponding horizontal autocovariance (b). The variance at zero wave
number is small because the objective map is made relative to the mean
sound-speed profile calculated from the CTD profiles. The variance for zero
wave number is the estimate of the error of the mean, while the variances for
other wave numbers give the @ priori estimate of the horizontal variability.
The correlation length is about 100 km.

tive map. The diagonal elements of this matrix are the ex-
pected variances of each mapped sound-speed point ¢(x;,2;)
and the off-diagonal elements are the covariances of each of
these points with all other points. The error bars for the
predicted travel times are from the diagonal of the ray travel
time covariance matrix, and hence these errors are not gen-
erally independent.

APPENDIX D: THE ACOUSTIC WAVE EQUATIONTO
SECOND ORDER '

Morse and Ingard (1968) derive the acoustic wave
equation to second order. The pressure is written as
p = p, + P, where p, is the equilibrium pressure, and Pis the
perturbation pressure due to the acoustic wave. Similarly,
the density is written as p = p, + p,. The acoustic wave
equation to second order is
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where ¢ = ,/(dP /dp), is the speed of sound, v is the kine-
matic viscosity, T;; = pu,u; is the momentum tensor, u; be-
ing the fluid velocity, T" = (1/2)p,¢*(d°po/3P?),, and g is
the acceleration of gravity, with z positive upward. )
A comparison of the relative sizes of the terms in the
wave equation shows that the term expressing the effect of
gravity on the acoustic wave, which we have added to the
equation given by Morse and Ingard, is the largest second
order term. We assume P~ 0.1 Pa, which is the magnitude of
the acoustic pressure near the source, v~ 1X107° m?/s,
C=0(1) (Pierce, 1989), c= 1500 m/s, p, =~ 1000 kg/m’,
and the acoustic wave number k=~ 1. Assuming P is propor-
tional to @~ to first order, we substitute d/df— w,
V-k. We also use w/k=r¢, and |u|=(1/p,c)|P|. With
these values, B/A =10"° C/A =1, D/A=10"",
E/A = 10" F/A = 10" ', and G/A = 10~ ° (assuming
d/3z—k, =k cos 0, where 6, the ray angle, is about 12 deg).
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