May 1977

D. RANDOLPH WATTS AND H. THOMAS ROSSBY

Measuring Dynamic Heights with Inverted Echo Sounders:
Results from MODE!

D. Ranporer WatTts AND H. TaoMmAs RossBy

Graduate School of Oceanography, University of Rhode Island, Kingston 02881
(Manuscript submitted 1 November 1976, in revised form 27 January 1977)

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.






