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ABSTRACT

Inverted Echo Sounders (IES) were deployed during MODE at seven ocean bottom stations to acousti-
cally monitor depth variations of the main thermocline. The IES transmits pulses of 10 kHz sound and
records the time = for the echo to return from the ocean surface; = varies by a few milliseconds in response
to vertical displacements of the temperature and salinity profiles in the water column. The acoustic travel
time is inherently an integral measurement, which is insensitive to finestructure in the vertical but is domi-
nantly influenced by vertical displacements which are coherent throughout the water column. Thus the
IES performs as a natural “matched filter” for the most fundamental internal displacement mode.
A perturbation analysis on the dynamic height (D), the total heat content (Q) and the acoustic travel
time (7) integrals shows that all three are dominated by displacements of the main thermocline. The pro-
portionality is unique when a single mode of internal displacements is dominant.

Comparisons with MODE hydrographic data near each instrument show that the measured travel times
may be rescaled into dynamic height (AD) records with an uncertainty of only =1 dyn cm, which is com-
parable to the best of hydrographic measurements. Time series of 7 show that internal waves on the main
thermocline in this “mid-ocean” location have larger amplitude than is generally appreciated: AD can
change by 2-3 dyn cm in 2-3 h, thereby aliasing a2 measurement taken at a single instant in time. Differ-
ences between the low-pass filtered IES dynamic height records from pairs of sites are compared, via the
thermal wind relationship, with the observed current shear across the main thermocline, as determined from
current meter and SOFAR float records; the agreement is good within the limitations imposed on estimat-
ing the current streamfunctions from a sparse network of current meters. Thus the IES records can be
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used to extend the mapping of the baroclinic velocity field.

1. Introduction and summary

Some time ago Matthews (1939) showed that accu-
rate depth measurements with acoustic fathometers
required corrections on the order of 219, for speed-of-
sound variations due to the different thermal structures
that exist in the ocean. More recently Rossby (1969)
suggested how this concept might be reversed, i.e., how
acoustic travel time variations, measured from the
ocean bottom, could be employed to sense changes in

“the depth of the main thermocline. The encouraging
results of that initial study, which showed a very linear
relationship between travel time and thermocline
depth, stimulated the development of the inverted echo
sounder (IES), an autonomous ocean bottom instru-
ment which periodically measures to within a fraction
of a millisecond the travel time of an acoustic pulse to
the surface and back. We saw two basic advantages to
this approach; the first was the ability to continuously
monitor the temporal history of the thermocline depth
variations at low cost, and the second was the integrat-
ing nature of the travel time measurement, which
effectively filters out all but the fundamental mode of
vertical motion.

1 MODE Contribution No. 76.

"This paper has the dual purpose of reporting in detail
on the data collected from several instruments, which
were deployed during the Mid-Ocean Dynamics Experi-
ment (MODE), and of presenting a general discussion
of the interpretation of IES measurements. In addition,
we include for completeness and future reference a
description of the instrument (Section 2), and the data
reduction and analysis methods (Section 3). In estab-
lishing how these measurements can be used oceano-
graphically, the discussion is greatly aided by the
availability of other measurements during MODE, such
as shipborne hydrographic surveys, moored tempera-
ture measurements and maps of the velocity field, all of
which provide for valuable and instructive inter-
comparisons.

The IES concept is simple: because the speed of
sound is approximately a linear function of tempera-
ture, an upward displacement of the main thermocline
leads to proportionally less warm water and a lower
average speed of sound; this increases the acoustic

travel time
£
=2 / ¢z,
B

where B is the bottom and £ the free surface. If we
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particularly appropriate to interpret the acoustic travel
times as dynamic heights across the main thermocline.
We feel that this experimental evidence and the con-
ceptual analysis firmly establishes the IES as an
effective tool in studies of the baroclinic variability of
the oceans.

2. The instrument

The acoustic travel time measurement is simple: a
10 kHz pulse of sound, 3 ms long, is transmitted once
every 4 min, while a crystal oscillator clock counts the
elapsed time interval until the echo is detected (after a
suitable blanking time). This is digitally recorded on
magnetic tape. The instrument is pictured in Fig. 1,
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and Table 1 lists its specifications.

TaBLE 1. IES specifications.

Primary measurement
TTA : echo detection
TTB: echo detection
resolution
drift

Secondary measurement
AMB: ambient noise monitor®
frequency band
resolution
stability

Crystal clock time base

Sampling period

Acoustic output

Main transducer

Data recording

Operation depth
Weight in air
Power/lifetime

Recovery/relocation

Acoustic travel time, two echo
detection methods

Hard-limiting receiver/trans-
ponder electronics of AMF2

Schmidt trigger/level detector

0.049 ms

0.0029, (for a 6 s round trip
=0.12 ms)

Ambient noise level, 24 s aver- -

age

Every 4 min, out of sequence
with echo sounding

540.7 kHz

(0.006 dB) re 1 ub (nominally)

1 dB re 1 ub (approx)

Frequency 20.480 kHz

Stability 0.0029,

4 min (or selectable 16 s fast
cycle)

Frequency 10.240 kHz

Pulse width 3 ms

Source level 92 dBre 1 ub @ 1
m (approx)

A 2-level phased array with
back-plane reflector giving a
conical radiation pattern
with angle ~25° @ —3 dB

A Sea Data cassette recorder
records four 16-bit words
(CLOCK, TTA, TTB,
AMB) each sampling pe-
riod; capacity = 107 bits

300 m to 5500 m or greater

50 kg

Hg batteries—limited to 2
months in the first model

Instrument contains AMF
standard decoder electron-
ics and a timed release; an
acoustic beacon, a radio bea-
con, and a flasher activate
for recovery.

& Manufactured by American Machine and Foundry Corp. (Sea

Link model 320).

b This was originally included as a possibly independent indica-
tor of sea state. These measurements will be discussed elsewhere.
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F16. 2. Deployment times and locations for the seven IES
records denoted A-H obtained during MODE-I: (a) the periods
in 1973 during which good data were obtained (solid lines) and
periods (dashed lines) when an instrument was still deployed
but the main pinger battery had run down; (b) sites in the
western Sargasso Sea between Bermuda and Florida, with A
and D at MODE center—the two circles have radii of 100 and
200 km.

Two echo detection methods were used, one employ-
ing the AMF?® standard receiver/transponder elec-
tronics, and the other employing a simple level detector
(Schmidt trigger). The former proved to be better at
this depth (~5400 m) and signal level. A detailed
description of the instrument (as redesigned for sub-
sequent work) bas been written by Bitterman (1976).

3. The measurements during MODE

The IES data come from two groupings of instru-
ments, (A, B, C) in March-April and (D, E, G, H) in
May-June, 1973, at the times and sites shown in Fig. 2.
Table 2 lists the IES site locations, times and depths,
and also summarizes the number of hydrographic
stations which were taken within 20 km of the IES
position in the same time period and the moorings or
bottom pressure recorders which were at the same site
(within S km). The MODE central mooring (#1) was a
site of frequent hydrographic stations (CTD and STD);
it was heavily instrumented with current meters (8
levels) and pressure/temperature recorders (10 levels),
and had bottom pressure recorders nearby. Thus the
two records at this site (A, D) have the largest data
base for intercomparison purposes.

3 American Machine and Foundry Corp.
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TaBiE 2. IES data base and available intercomparison data.

Coincident
Time period® density
IES Location Depth (m)/ Number stations® Mooring® Psotd
site  Latitude Longitude 70(s) Start End of days (MODE Site) (#P/T), (#CM) recorders
(°N) (W)
A 27°57.5  69°38.1' 5451/7.1861 8 101 17 4(F6) #1 (10 P/T, 8 CM) MERT, AOML1
B 28°20.2"  70°38.0" 5445/7.1788 81 102 21 2(E3) — —
C 26°23.2'  69°20.7 5425/7.1520 78 105 27 2(K3) #11( 7P/T,3 CM) EDIE
D 28°01.9"  69°36.7 5461/7.1993 138 180 42 33(F6) #1 (10 P/T, 8 CM) REIKO, AOML1
E  26°21.8 69°21.8'  5415/7.1398 124 151 27 5(K3) #11( 7P/T,3 CM) EDIE
G 27°404°  71°39.7 5217/6.8873 126 1352 26 6(G1) ] — =
H 29°21.8"  70°58.0/ 5436/7.1671 127 179 52 8(B1-B2) — —

= Times listed in year days since 1 January, 1973.

b The identification of the associated MODE grid point for the density program is given in parentheses.

¢ Lists the number of pressure-temperature (P/T) recorders and the number of current meters (CM) on the mooring.
d See Brown ef al. (1975).

To give a feeling for the nature of the measurements, we do not yet understand the cause of the scatter. More
we display a portion of record A to illustrate features of troublesome than the increased scatter per se is a bias
the raw data and the results of the processing steps toward early echos (~1 ms) during these periods.
(Fig. 3). The bottom graph (Fig. 3a) plots every third Appendix B discusses this problem. During the MODE
data point (i.e., every 12 min) of the data (the TTA field program the weather was otherwise calm, and the
echo detector—see Table 1) for 14 days. A constant record shown for 2-11 April is typical of 95% of the
7.1861 s has been subtracted from the acoustic travel IES data.

times with the residual plotted on the ordinate in The scatter of the travel times is found to fit a
milliseconds. One immediately notices that the measure- Rayleigh distribution,
ments are scattered, more so at the beginning of this P(r)=[(r—p)/a?] gxp[—- (r—w)?/2a2],

record than later. Times of increased scatter were

associated with storms in the area during 27-29 March, with the rms scatter, 0.65«, typically 1-1.5 ms. A most
with wind speeds up to 30 kt (16 m s™!), with wave probable or “modal” travel time can be easily
heights of 1.5 m and sea swell up to 2.5 m. However, recognized from the point density in Fig. 3a and the
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Fi1c. 3. Data processing steps for the IES records for a 14-day portion of record A. For each graph the ordinate is the acoustic travel
- time (ms) after subtracting a constant 7.1861 s. (a) The raw data are shown at the bottom. Every third data point is plotted (12 min
intervals). For plotting convenience, travel times > 12 ms were plotted at 12 ms. The most probable (modal) travel time is determined
hourly as described in the text and plotted as trace (b). The surface tide, determined from the eight dominant tidal constituents at
this site (Zetler ef al., 1975), has been rescaled in the top trace (d) to indicate its effect upon the acoustic travel time. The tide is sub-
tracted from the modal series to give record (c), the variability of which is due to displacements of the main thermocline.
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predominantly semidiurnal variation of this is readily
noticed. Appendix A describes the objective routine
used to determine the modal travel time each hour as
plotted on Fig. 3b, with an estimated accuracy of 0.33
ms. The magnitude of the barotropic tide is plotted to
the same scale on the top trace (Fig. 3d), as determined
from bottom pressure records (AOML1 and REIKO)
near that site (kindly made available to us by Mofjeld
and Munk?). This latter is then subtracted from the
modal series to produce the third ‘“‘detided” record of
variation caused by internal displacements of the main
thermocline. A discussion of the internal wave content
of these records is planned for a later paper. Finally the
records are low-pass filtered by convolution with a
Gaussian-weighted window {exp[ —(¢/T)*]} with
T=16.28 h with a 24 h half-width. The low-pass
filtered records are discussed below with figures 5-7;

the portion corresponding to Fig. 3 appears in series A
of Fig. 5.

4. Evaluation of the IES performance

We compare the measured acoustic travel times with
coincident hydrographic data to show that the IES
travel times 7 vary linearly 1) with the dynamic height
anomaly across the main thermocline AD, 2) with the
depth of the 10°C isotherm Zjy, in agreement with
Rossby’s (1969) paper, and 3) with acoustic travel times
calculated from the hydrographic data. In all subsequent
portions of this paper we deal with detided IES records,
from which an arbitrary constant travel time 7o has
been subtracted, as is listed with the depths in Table 2.
For calculating dynamic heights we have chosen to
consistently use the pressure interval 500-1500 db,’ for
the following reasons. This interval spans the main
thermocline and a great majority of STD/CTD stations
coincident with IES records stopped at 1500 db. Also,
in the next section this same interval is dictated by the
availability of current meter and SOFAR float data.
Finally, and most importantly, most of the variability
in 7 and AD arises from displacements in the main
thermocline, as shown in the last section of this paper.

The greatest number of hydrostations coincident with
an IES occurred for record D, shown in Fig. 4 as a plot
of 7 as a function of the dynamic height between 500-
1500 db (ADs,15). The rms deviation from the line
shown is only 0.7 dyn c¢m. Similar graphs and linear
regressions between r and AD;,; were reported by
Watts (1975) for all IES sites giving an overall best fit
slope of —2.3 dyn cm ms™! and rms deviation of 0.5

¢ Amplitudes and phases for the tidal constituents reported in
Zetler et al. (1975) were used to generate the tidal signal at each
IES site. The generated record differs from the actual bottom
pressure record by at most a few millibars, and consequently
by 0.1-0.2 ms.

8 In MKS units a pressure of one decibar. (1 db)=10* N m™.
Geopotential or dynamic height changes are defined by dD=gdz,
where g is the acceleration of gravity and dz a vertical height
increment; thus 1 dyn cm=~9.8 1072 m? s™2.
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Fic. 4. Acoustic travel times measured by the IES position D
(MODE center) plotted against coincident dynamic heights
determined from all hydrographic stations taken within 20 km
of that site. Travel times 7 are in milliseconds after a constant
7.1993 s has been subtracted. Dynamic heights are calculated for
the pressure interval, 500 to 1500 db, spanning the main thermo-
cline. The line with the least square error in r is shown.

dyn cm.® This proportionality factor has been used in
Figs. 5-7 to scale the ordinates of the IES time series
for comparison with dynamic heights from all coincident
hydrographic stations (taken within 20 km of the IES
positions). Fig. 5 is from the MODE central mooring
at which the MIT (Wunsch and Dahlen, 1974) moored
pressure-temperature recorders (at approximate depths
500, 700, 900, 1100 and 1900 m) were used together
with an average [ 7.S] profile to deduce the density and
calculate the dynamic height time series shown (kindly
made available to us by Jim Richman). Similarly in
Fig. 6 the P/T time series of dynamic heights comes
from recorders on mooring 11 at essentially 500, 900,
1100 and 1900 m.” In Fig. 5 near days 144 and 162-166
numerous hydrostations were made to 1500 db (on
R/V Chain) near MODE center. Those (CTD) dynamic
heights have been averaged together in groups of
approximately 24 h to help remove internal wave/
internal tide effects for comparison with the low-pass
filtered IES time series. This averaging results in sub-
stantially better agreement between the IES and CTD
dynamic heights (rms difference 0.2 dyn cm) ; the error

¢ This experimentally determined proportionality factor agrees
very well with the value we obtain by perturbing the mean tem-
perature and salinity vertical profiles with a first baroclinic mode
vertical displacement and numerically computing the resulting
change in calculated acoustic travel time 7 and dynamic height
ADs,15. This agreement is useful because it gives us confidence in
the method of predicting the IES sensitivity in other oceano-
graphic situations.

7 The slight bias of the P/T records toward large dynamic
heights is easily understood from the relatively large vertical
separation between instruments at 200 db intervals through the
thermocline. Given the curvature of the vertical density profile,
trapezoidal rule integration will systematically overestimate AD;
the bias at mooring 1 is roughly 1 dyn cm, that at mooring 11
(without a recorder at 700 m) is about 2 dyn cm.
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F1c. 5. The low-pass-filtered time series of dynamic heights from nearby hydrographic stations, the (P/T) re-
corders and the IES records A and D. The ordinate is the dynamic height anomaly through the pressure interval
500-1500 db; acoustic travel time axes are also indicated for each IES. Numerous hydro-casts were made during
days 144 and 164-167, for which the average dynamic heights in approximately 24 h blocks are shown with error

bars indicating the rms variation.

bars indicate one standard deviation of the data scatter
within the 24 h groups.8

The dashed line between the density stations is
merely a guide for the eye, except for IES series H
(Fig. 7) which was located between two MODE density

8 Two glaringly different hydrostations occur in Fig. 5, differing
by 3 dyn cm from others nearby: D24 was a R/V Discovery bottle
station, and H58 was a R/V Hunt STD, for each of which some
cahbratlon error must have occurred.

grid points which were always visited sequentially. In
that case the dashed line connects the averages of pairs
of dynamic heights, which differ significantly after day
140 when a warm front appeared in that area and
propagated west across the IES.

These three figures show definite agreement in the
long-term trends, i.e., the “‘eddy signal” in dynamic
height. The vertical scales are highly expanded: one
dynamic centimeter is certainly near the noise level for
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F16. 6. As in Fig. 5 except for IES records C and E.
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F1e. 7. As in Fig. 5 except for IES records G and H. The
position of H was beiween two MODE hydrographic grid points
B1 and B2, respectively, about 13 km to the west and 17 km to
the east. A strong warm front moved west across site H; thus,
the dashed line connects the mean dynamic height between pairs
of stations visited sequentially.

the hydrographic determination of dynamic height
anomalies due to either sensor calibration errors or
internal wave perturbations of the density field, which
represent an ageostrophic oceanic ‘“‘background noise.”
For example, differences in the shorter term details of
these records can arise from spatial variation in the
density field itself between the IES and STD or P/T
location, especially at times when a strong front is
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passing such as near the end of record H (days 165-172
of Fig. 7) or the beginning of record A (days 87-93 of
Fig. 5). During such events higher order internal modes
may also be more energeticc. A quite different
discrepancy occurs in record C, however, during days
82-85 and in records C and A during days 88-90; these
two periods correspond to the two stormy periods in
MODE when the acoustic travel times exhibited
increased scatter and a bias toward early arrival of
about 1 ms (corresponding to about 2 dyn cm error).
In Appendix B we discuss this problem further, sug-
gesting an empirical compensation factor which might
be applied whenever the scatter exceeds some threshold,
with the result that the residual error is less than
1 dyn cm.

The closely spaced sequence of hydrostations at
MODE center during days 161-167 (series D, Fig. 5) is
shown again in Fig. 8 on a much expanded time axis
together with the corresponding detided IES record D.
(Note that the ordinates are inverted relative to Fig. 5.)
As before, the hydrostations were selected to be within
a 20 km box about the IES site. The agreement between
the measurements supports our confidence in each: the
variability must arise from oceanic processes—internal
waves on the thermocline—rather than from measure-
ment noise. The internal wave amplitudes vary con-
siderably during the period shown; this is typical and
representative of all the IES records. Table 3 charac-
terizes the variability during both the relatively quiet
period in Fig. 8 before day 164 and the more active
period afterwards. We compare the rms and peak
variability of the CTD and IES measurements sepa-
rately with the differences between the records. The
differences are small compared to the individual record
variability. The internal wave amplitudes associated
with this record (expressed in terms of the depth of the
10°C isotherm) range from 5 m to over 20 m peak-to-
peak short term displacements. This comparison there-
fore emphasizes the usefulness of continuous dynamic

0.82 6
a CTD
- - IES -
0.84
ADO.BG
(dyn m)

088
0.90

| I l 1 | 1 | 1 1 1 2

162 163 164 165 166 167

YE ARDAY

F16. 8. A comparison of a closely spaced sequence of CTD hydrostations taken by R/V Chain near the MODE central mooring dur-
ing yeardays 162-167 with the corresponding portion of IES record D (detided, but not low-pass filtered). The acoustic travel times
(ordinate on the right) have been scaled for interpretation as dynamic heights through the pressure interval 500-1500 db (ordinate
on the left). Note that the ordinates are inverted relative to the corresponding portion of Fig. 5.
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TaBLE 3. Internal wave variability (dyn cm)
in the IES record D.

Root mean
square Peak-to-peak

A. “Quiet period” (Days 161-164)

CTD dynamic height 0.6 1.0

IES determined dynamic height 0.6 1.6

Difference between CTD and

IES dynamic heights 04 0.8

B. “Active period” (Days 164-166)

CTD dynamic height 1.0 2.7

IES determined dynamic height 1.1 2.5

Difference between CTD and

IES dynamic heights 0.6 1.3

height records, since individual hydrostations can be
significantly aliased by internal wave noise.

For all the IES records and hydrographic data other

linear relationships have also been tested and reported
by Watts (1975); the results are summarized here. The
overall rms scatter from a least-squares linear regression
of measured IES acoustic travel times r against dynamic
heights AD; 15 spanning the main thermocline was 0.5
dyn cm. The correlation of 7 with the depth of the 10°C
isotherm has only slightly worse scatter (5 m rms error,
which would scale® to about 0.7 dyn cm in Ds,y5). This
is probably because the point measurement (Zy) is
more subject to local internal wave displacements than
is the dynamic height. The regression of measured
acoustic travel times r with acoustic travel times
calculated from the STD/CTD data shows an rms
deviation from a linear fit which is as large as for the
7 v8 AD regression when both are scaled to the same
units (0.5 dyn cm). This clearly argues that much of
the intercomparison error must arise from the inexact
coincidence in time or space of the CTD and IES rather
than from a problem with attempting to correlate
“different” quantities. Lastly, the rms scatter in re-
gressing calculated travel times against corresponding
dynamic heights is slightly less (0.4 dyn cm) ; this small
amount of error probably represents the intrinsic limit
or “noise level” in interpreting travel time measure-
ments as dynamic heights for the MODE region.

The various sources of error for IES and hydrographic
measurements of dynamic height fields are briefly sum-
marized in Table 4. Three types of uncertainties arise:
those due to the IES alone, those due to the hydro-
graphic data alone, and those arising only in the
comparisons. Table 4 easily accounts for the observed
experimental scatter.

In summary, the IES measurement uncertainty of
+0.33 ms (equivalent to 4-0.8 dyn cm) for the modal
travel time, combined with an “interpretational”’ un-
certainty of 0.4 dyn cm, gives a dynamic height uncer-
tainty across the main thermocline of =1 dyn cm. For

® This scaling assumes a lowest mode displacement.
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the low-pass filtered data the corresponding error is
+0.5 dyn cm. This compares favorably with the best
hydrographic measurements, especially because of the
advantage to be gained from a time series record. Thus
the IES measurements may be interpreted as records of
dynamic height through the main thermocline with very
little “noise’ or ambiguity in the interpretation.

5. Applying the dynamic height records to vertical
shear comparisons

In the previous section we showed that the IES can
be used as a dynamic height meter. We now apply the
IES time series of dynamic heights at pairs of sites to
calculate the geostrophic current shear across the main
thermocline. This is compared with the differences be-
tween objective maps of the velocity streamfunction at
500 and 1500 m depths, which have been generated by
Freeland and Gould (1976) from current meter and
SOFAR float data using optimal estimation techniques.

This comparison is done in the following way. The
thermal wind equation expressed in terms: of geo-
potential ¢ is

d 10 3%

% 1 apox

We take the double integral ffdpdx of both sides
between depths (1,2) and positions (A,B) to obtain

/ (sn—v2)d = (10/ ) bs 3= a|7]

(11/23—\02.4)‘ (‘//IB"SblA) = (10/f)
X[(ADyp—AD1g)—(AD>s—AD14)], (1)

where (Yis—y:4) is the streamfunction change between
positions A and B atlevels (1 or 2), and (ADsy~AD1xr)
is the dynamic height anomaly between levels 1 and 2
at site M (A or B). Eq. (1) is an exact relationship for
the geostrophic field involving only differences in ¢
and AD. Errors in the comparison arise principally from
constructing the streamfunction due to the wide hori-
zontal separation between velocity measurements, with
a small additional error due to the dynamic heights.
Near the central mooring the streamfunction can be
accurately mapped, but where the velocity data are
sparse objective mapping lets |¢| — 0, tending to
underestimate |¢| at the other IES sites around the
MODE periphery. Dominating the left-hand side of (1)
is the streamfunction difference between two sites at
500 db, which is determined only by current meter data.

Freeland and Gould show that the envelope of the
velocity field correlation function decays to ~e™! at
separations of 100 km, i.e., the currents become essen-
tially uncorrelated; thus we select only those maps for
which one or more current meters within 100 km of each
of a pair of IES sites contributed to determining the
streamfunction. The sparsity of velocity data severely
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TaBLE 4. Sources of error: travel times and dynamic heights.?

ot 8D
(ms) (dyn cm)

1. Acoustic travel time uncertainties®

1.1. Sea state. Two stormy periods depressed 7 by up to 1 ms.
Appendix B discusses a possible “correction” for high-

scatter periods.

(only if stormy)

before “compensation”
after “compensation”

—-1.0
+0.4 +1

1.2, Tides. Errors in the tidal constituents or inexact knowledge
of the time axis cause errors in detiding the high-frequency
record. A barotropic surface height error of 10 cm gives the

following = and scaled AD errors

+0.1 +0.3¢

1.3. Sea level response to atmosopheric pressure fluctuations {in-

verted barometer, 3-15 mb (see Brown et al., 1975)]

+0.2 +0.5¢

1.4. Seasonal warming in the upper 200 m can decrease 7 by 0.5
ms between April-August in this region of the Sargasso
Sea. This would bias our interpretation of the main ther-

mocline. The residual uncertainty after compensation® is

1.5. Effects of higher order baroclinic modes

+0.2 +0.5¢

+0.1 +0.34

1.6. Instfument resolution: (see Appendix A)

90% confidence limits on most probable times
90% confidence limits on low pass filtered records

Instrument drift

+0.33
+0.09
+0.1

+0.8
+0.2
+0.2

1.7. Instrument depth variations due to currents (bottom moor-
ing stable depth to 42 c¢m); the instrument angle varia-
tion does not affect 7 because the acoustic beam width is

large (20°) and the earliest (vertical) echo is detected.

II. Dynamic height uncertainties
2.1. Sensor calibration drift error (7,S)

negl. -
D
(dyn cm)
=+1

2.2. Use of [T'5] relation when salinity data missing (various
MODE [TS7] curves show systematic scatter in specific

volume ~10™¢ cm3 g™1)

+2

2.3. Internal waves variability (ageostrophic noise), rms +1

IIT. Intercomparison uncertainties

3.1. Spatial variation of the dynamic height field between mea-

surement sites up to 20 km apart

+3.0

3.2. Temporal variation: the CTD cast takes 2 hours, yet in-

ternal waves can vary ADby +=1dyncmin1lh

+1.0

3.3. “Intrinsic” rms difference between the numerically calcu-

lated travel time integrals and the dynamic height integrals

+0.4

* Travel times are round-trip bottom to surface and back. Dynamic heights span the main thermocline 500~1500 db.

b Also scaled to dynamic height errors.

° If one is concerned with slopes of the dynamic height field between two IES, then items 1.3 and 1.4 are unimportant.
dTtems 1.2 and 1.5 are unimportant for the low-pass filtered records.

° No compensation was applied to the short MODE records.

restricts the number of cases satisfying this criterion,
but in Fig. 9 are plotted the dynamic height and stream-
function differences of (1) for all such cases. Unfor-
tunately, the properly functioning current meters at
500 m tended to be clustered in the eastern portion of
MODE while the IES were to the west. The line drawn
in Fig. 9 has slope (10/f)=1.46X10¢ s, corresponding

to exact geostrophic balance of Eq. (1). For every point
the errors are explainable entirely by uncertainties in ¢
at the outlying instrument sites, and the bias due to
the |¢| underestimate is in a predictable direction.
Therefore, we feel the results show good agreement and
infer from this that the IES is a powerful tool for
mapping the baroclinic velocity field.
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F1c. 9. Measured streamfunction (Ay) and dynamic height
(AD) differences corresponding respectively to the left- and right-
hand sides of Eq. (1). In the notation of Eq. (1) the pressure
interval (1,2) is 500 to 1500 db, and the positions (A,B) correspond
to IES sites A-C (+), A-B (X), D-G (m) and G-H (A) from
which the dynamic height differences were determined. The
streamfunction differences were obtained from objective’ maps
generated by Freeland and Gould (1976) from current meter and
SOFAR float data. The size of the cross gives an estimate of the
typical error for each point.

6. The interpretation of acoustic travel times:
Conceptual discussion

We now analyze the relationship between the acoustic
travel times 7, the dynamic height AD and the heat
content Q of the water column. This development
displays the assumptions about the variations in the
water column which are implicit for properly inter-
preting the travel times. We deduce that r should be
linearly related to the heat content in the water column
under a broad range of oceanographic circumstances.
We also show how to determine the applicability of the
IES as a “dynamic height meter” in other locations
and waters.

Consider the change in acoustic travel time and
dynamic height, which results from some given small-
amplitude vertical displacement X(p) in the water
column. The mean profile [To(p),So(p),p] then is
displaced to [To(p), So(p), p+X(p)]. At any pressure p
this is equivalent to a 7 and .S change'® of

T(p)—To(p) =T (p)=X(p)dT/dp=x(p)T", (2)

S(P)—So(p)=8S(p)=x(p)dS/dp=X(p)S". (3)
. Furthermore, for an established [ 7.57] relationship
8S=A(T)8T, 4

10 One could use d7/dp reduced by the adiabatic temperature
gradient, but the effect upon this variational calculation for the
travel times is small (<19%) through the thermocline.
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where T varies with depth and hence 4 implicitly varies
with pressure: 4=A4(p) is defined here as the slope
(macroscopic) of the [ 7.8 curve. The density and sound
speed are empirically known functions p(S,T,p) and
¢(S,T,p) [as given, for example, in Bialek (1966)]. With
pressure in decibars, dp= — (pg/10)dz, we have

D2
D= / pdp
p1

22 pe )
=2 / ¢ dz=(20/g) / o lcldp
2] p43

1

The variation in these quantities is found using a Taylor
expansion of p! and ¢™*:

mdps 1 dp 1 9p w
6D=/ -(-—-—aT———aS)
m Po N po OT pa 05
20 7 dp 1 ac 1 dp
br=—r ———[—(— —t— ——>6T L
g2 J m poco co 0T po OT
10c 1 dp\ °
(302
Co aS Po as J

Using (4) these are of the form:

D= / . Ky(DrdT+DgsS)dp ]
D .

1

P2
=/ Kl(DT+ADs)5TdP
L

2
5T=/ K2(0T6T+0355)dP
n

. 2
= / K (6r+A405)0Tdp
»n -
where Dr=p"1(8p/3T), Ds=p'(8p/dS), 8r=c*(dc/
oT) + p71(3p/9T), 65 = ¢7(d¢/3S) + p7*(dp/35),
K1=—(1/po) and Ko=—(20/pocog). Expressing 8T as
in (2) we have

8D =K (Dr+ADg)rx / T'xdp, (5)

1

dr=K{0r+A0s)7x / T'xdp, . (6)

F21

where { ), denotes a weighted average, i.e., {(f)w
= [ fwdp/ fwdp. Of course the variation of the heat
content ( in the water column can be similarly
expressed :

50= / pesdTdp=(Qr) / 8Tdp, @)
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where ¢, is the specific heat and Qr=pc¢, is very nearly
constant for sea water.

This formulation then shows that the variations ér,
8D and 8Q are all proportional to f67dp, and explicitly
displays the sirong weighting of the displacements in the
main thermocline, where T” is large. This shows why the
IES is insensitive to all but the fundamental internal
mode, as mentioned in the Introduction. Small vertical-
scale features are deemphasized, particularly away
from the main thermocline.

In regions of the ocean where the vertical displace-
ment field is known, such as across the Gulf Stream
front or where the lowest internal mode predominates,
the weighted average quantities (Dr+ADg), {8r+A8s)
and (Qr) are well defined and the acoustic travel time
variations can be unambiguously interpreted in terms
of the dynamic height or heat content of the water
column.

For a given X an important assumption of (5) and (6)
is that for the pressure interval where (7'X) is large the
[ 7S] relationship is sufficiently well established to
permit the use of 4(p) from (4). The two quantities
(07+A85s) and (Dr+ADs) are plotted in Fig. 10 as a
function of 4 =65/6T for various temperatures.

We illustrate the relationship between 7, AD and Q
by using the set of hydrographic data from “Gulf
Stream '60” (Fuglister, 1963) to calculate these quanti-
ties for each station. We plot AD and Q against 7 in
Figs. 11 and 12, respectively. The relationship in each
case is very nearly linear even for the very large range
of variation across the Gulf Stream and even though
the stations span a rather wide geographic area involv-
ing large [ 7'S] variations near the surface.

It is instructive to take note of the relative contribu-
tions from temperature and salinity to r, D and Q
variations, as determined by the coefficients in Egs.

G-

Relative contributions 8T 8S
Travel time (87) 92% 8%
Dynamic height (8D) 61% 339%
Heat content (6Q) 1009, —

Thus the acoustic travel time is much more affected
by temperature than by salinity, which is why require-
ments for a tight [7.S] relation can be considerably
relaxed when the IES is interpreted as a “calorimeter”
for the water column.

The proportionality factor between travel time and
dynamic height changes, or “sensitivity” §7/6D [ms
(dyn cm)1], is found from (5) and (6); the result is

br Ky (9r+A0s) 1 (6r+A465)

D K, (DrtADs) 75 (Dr+ADs)

This ratio is graphed in Fig. 10c as a function of 4 for
various isotherms. This can serve as a first-order guide
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F16. 10. The coefficients of Egs. (5) and (6) [top and middle
panels, respectively] as a function of the [7.5] slope, 4 =485/87T,
for various temperatures and for a salinity of 35%,, with little
dependence upon oceanic salinity variations. The halocline
counteracts or reinforces the thermocline with respect to density
for A>0 or 4<0 respectively. If (Dr+ADs)=0 there is no
density stratification, and consequently dynamic height variations
would be null. In the bottom panel the ratio of the above two
quantities is used to plot the sensitivity 87/6D of Eq. (8). For
example, in the MODE region the thermocline is sharpest near
the 10°C isotherm and 4 (10°)=0.12, which corresponds to point
S; this predicts 67/8D~ —0.43 ms (dyn cm)~!, which agrees well
with the observed senmsitivity [—0.473-0.05 ms (dyn cm)-1]
reported in Section 4.

to estimate 8r/6D in other locations: 1) choose the
isotherm at which the weighting function X7V of (5)
and (6) is large, 2) from the appropriate [ 757 diagram
estimate the slope 4 =6S5/8T at that temperature and
3) read 67/6D from Fig. 10c. Two general comments
regarding the sensitivity to dynamic height changes in
Fig. 10c are appropriate:

1) Other subtropical ocean gyres generally have a
weaker halocline and smaller A, which corresponds to
a lower 1ES sensitivity along a given isotherm.
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Fic. 11. The dynamic height anomalies AD and acoustic travel times for each hydrographic station of the “Guif Stream 60" experi-
ment (Fuglister, 1963) for the interval 0-4000 db. Progressing from left to right on this graph corresponds to crossing the Gulf Stream
from Slope water to Sargasso water. The rms departure of these data from a best-fit line is 5 dyn cm, which is only 4% of the range

of the data.

2) For a given [TS] slope, colder water corresponds
to increased IES sensitivity (primarily due to a de-
creased thermal expansion coefficient).

In summary, using Fig. 10c one can estimate the
performance of the IES in other oceanographic situa-
tions. An accurate value for the scaling factor ér/6D
can be obtained from historical hydrographic data
characterizing the range of variability in a given
location. Oceanographic studies which can benefit the
most from using the IES are those which can take
advantage of its vertically integrating nature: the
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Fic. 12. The heat contents (per square meter of water column)
and acoustic travel times for each hydrographic station of the
“Gulf Stream ’60” experiment (Fuglister, 1963) for the interval
0-4000 db. The rms departure of these data from a best-fit line
is 0.05X 10" J m~2, which is only 1%, of the range of the data.

instrument acts as a natural “matched filter” for
monitoring displacements by the fundamental internal
mode and lends itself to interpretations of the ocean as
a two-layer model.
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APPENDIX A
IES Data Reduction Procedure

In Section 3 and Fig. 3 we discussed and illustrated
the processing steps for the IES records. Here we
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describe the initial step in processing the raw data from
the form shown in Fig. 3a to that of Fig. 3b. The scatter
of the travel time (7) measurements fits the Rayleigh
distribution, P (r)=[(r—u)/co?] exp[ — (r—wu)?/20*],
where the parameters y and « can vary slowly with time.
An objective routine determines the most probable
travel time each hour as follows. The first two moments
of the Rayleigh distribution are

F=u+(r/2)ka,
(=)= (2—n/2)a"

(A1)
(A2)

The most probable travel time (i.e., the modal peak of
the distribution) occurs at

(A3)

The routine (i) takes a block of data points, (i) calcu-
lates the mean and the variance, (iii) solves (A1) and
(A2) for u and @, and (iv) finds 7iea from (A3). This is
termed a ‘“‘method of moments” best fit to a Rayleigh
distribution.

We use blocks of 30 data points (2 h long) to provide
statistical confidence in the fit while retaining essen-
tially unattenuated response to semidiurnal variations,
at 23 octaves lower frequency. The blocks are over-
lapped and centered on each hour, thus sampling much
of the internal wave band of frequencies. The routine
rejects bad data points prior to the above calculation
by testing their position relative to the median and
quartile range of the block of data; bad data represent
an estimated 0.5%, of the data, when the echo is not
detected or is falsely detected too early. :

Statistical confidence limits for these data may be
set as follows. The observed variance of the measured
travel times, o*=(x—&)! is typically (1 ms)? and
a=1.530,=1.53 ms. The modal travel times rm.q from
a sample size of 30 has a ormea=[Var(rmea) }=0.200,
=0.13a. Thus 909, confidence limits are typically
=0.33 ms. The low-pass filtered time series is generated
by convolving the modal series with a Gaussian-
weighted window, exp[ (—#/T)%], with T=16.28 h and
a 24 h half-width. This is effectively a weighted average
with 14 degrees of freedom so 909, confidence limits
for the low-pass filtered points are typically
+0.33/(14)¥= 4+0.09 ms.

Tmod = ﬂ+a-

APPENDIX B
The Scatter of the Measured Travel Times

As indicated in Section 4, we observed two periods
early in MODE, 23-25 March (yeardays 82-84) and
27-29 March (yeardays 86-88), during which the
acoustic travel times for all instruments (A, B, C) were
notably more scattered than during any other period.
The most probable travel times were biased about 1 ms
short during those periods, judged by comparison with
the more smoothly changing dynamic height time series
obtained from moorings of P/T recorders nearby (see
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Section 4, Figs. 5 and 6). The resulting apparent error
in IES derived dynamic heights correlates with the
increase in travel time scaffer. In striking contrast,
during two later IES deployments under the Gulf
Stream meander region in June—October, 1975, two
hurricanes passed almost directly over their positions,
yet the records showed very little increased scatter and
no apparent bias, whereas another storm did.

We do not understand what causes the scatter or the
bias. However, we include this brief discussion for
future reference because in using an IES record from a
stormy period the greatest potential error arises from
the early bias (see Table 4). Therefore, we list some
possible contributors to the scatter/bias, and at the
end we suggest a possible “zeroth order” method to
compensate for the errors.

The echo signal detection is dependent on the signal-
to-noise (S/N) ratio of the quasi-random-phase echo
scattered from a rough surface relative to the ambient
noise level in the ocean (e.g., refer to Spindel et al.,
1975). In calm wind conditions our expected S/N is
about 50 dB.! The ambient noise level at 10 kHz
increases dramatically with wind or rain, rising ~20 dB
with 30 kt winds or with moderately heavy rainfall
(see Urick, 1967).

In a storm the sea surface roughness (sea state) also
increases, which will complicate the echo signal phase
and amplitude envelope. However, the surface is
virtually always “rough” relative to the 0.15 m wave-
length of the sound and the surface reflection process
incoherent. It seems plausible that either the increased
noise or the sea state might increase the scatter of the
echo detection, but unlikely that the echos would
systematically be detected early due to these processes.
Perhaps bubbles entrained below the sea surface or the
depressed wave troughs of long-wavelength sea swell
may cause early echo arrivals.

A partial compensation for the bias error can be
accomplished by taking advantage of its empirically
observed correlation with the excess scatter, as follows:
A simple measure of the scatter of a block of data is the
quartile range R of the central 509 of the data; this is
normally about 1.4 ms but can increase to over 2 ms in
storms. A simple linear correction to the most probable
travel time (in milliseconds) iS Teor = Tmodasr+2(R—1.4),
when R>1.6. This “patch up’’ brings the rms residual
error during the high scatter period back down to
0.5 ms or 1 dyn cm. Thus while it appears to be better
than nothing at all, for which the error could be 2 dyn
cm, it is at best unsatisfying. We have not used this
compensation anywhere, since the high-scatter periods
affected only 59, of the MODE data.
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