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ABSTRACT

The resuits of the occan acoustic tomography work that supported the development
of matched field processing (MFP) are summarized. This report focuses on two experi-
ments. In Slice89 a single source transmitted to a vertical hydrophone array. This exper-
iment improved our understanding of the single slice transfer function from scales of
internal waves to 1000km. It demonstrated the importance of unresolved high
wavenumber ocean mesoscale variability to acoustic propagation. Any coherent signal
processing technique must be robust against both internal wave variability and
unresolved high wavenumber mesoscale variability, as both contribute roughly compar-
able amounts of travel time variance. The Acoustic Mid-Ocean Dynamics Experiment -
Moving Ship Tomography Experiment (AMODE-MST) was a large mapping effort to
address the primary goal of this tomography effort—to determine the precision with
which the ocean mesoscale sound speed field can be measured for input into matched
field (or other) processing of long-range acoustic transmissions. The experiment demon-
strated that tomographic techniques can be used to measure the sound speed structure
over a large area with high resolution.
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1. INTRODUCTION

This work supports a form of ocean acoustic signal processing known as matched
ficld processing (MFP). The basic idea in MFP is to correlate measured hydrophone sig-
nals with predicted replica signals to determine parameters of interest, typically source
location. In this process an accurate specification of the ocean sound speed field is cru-
cial in generating the replica signals. If the sound speed field used differs too much from
the true sound speed field, correlation will be degraded. The medium must be well
known to obtain high, coherent gain in signal processing.

A simple example is useful. Consider a 20 Hz signal with a period of 50 ms and a
wavelength of 75 m. To achieve coherent gain, the medium must be known well enough
that relative phase errors in the predicted replicas are less than n/2, 12.5 ms or 18.75 m.
This requirement is relaxed proportionally as one goes to lower frequencies. Typical
ocean eddies can affect travel times by 10ms to 100 ms over ranges of 100 km to
1000 km. Travel time changes associated with strong ocean features such as the Gulf
Stream are on the order of 1s. Thus, it is necessary io explicitly measure and take into
account the ocean mesoscale and larger scales (order 100 km and larger). Furthermore,
the technique must be robust against smaller (unmeasurable) scales, especially irternal
waves.

Recently, satellite infrared imagery and altime:ry have been used to infer the sub-
surface sound speed structure. The temporal and spatial coverage is not always ade-
quate, however, and inferring subsurface ocean sound speed structure from surface mea-
surements alone is not without errors. This is particularly so during summer, when the
warm, shallow thermocline masks deeper ocean structures in satellite infrared imagery.

The tomographic approach is an alternative source of subsurface data: there is a
nominal n? growth of data with the number of instruments used; large areas can be sam-
pled: and it is inherently an acoustic measurement, so the resulting sound speed fields
should be well suited for subsequent use in a high gain acoustic system. To obtain high
spatial resolution, a moving source and/or receiver can be used to supplement fixed
instruments. This is the main idea we have pursued in this work.

In the future, estimates of sound speed structure over large volumes would almost
certainly come from the Fleet Numerical Oceanography Center (FNOC). The Center
will be routinely using IR, altimeter, and XBT data as available, combined with time
dependent ocean models; any tomographic data being collected would also be used by
FNOC in its products.

The tomography data were not intended to replace the conventional measurements
used in conducting precise propagation experiments using MFP. Rather, the tomography
effort was seen as a stand-alone project that would make use of the conventional environ-
mcntal mecasurements for comparison purposcs.

TR 9308 1
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2. BACKGROUND

2.1 Determining the Ocean Sound Speed Field

There are many ways to measure and infer the sound speed structure within the
occan. The most precise way to determine the sound speed at a point is to measure tem-
perature and salinity using a CTD (conductivity. temperature and depth) instrument and
then employ the (empirical) equation of state. The most common operational method.
however. 1s to measure profiles of temperature using (less accurate) expendable bathyth-
crmogrephs (XBTs). infer salinity from historical data. and then calculate sound speed.
Other instrumernts that produce in situ information related to the sound speed field
include inverted echosounders (single path reflection tomography), and moored and drift-
ing buoys with various sensors. These methods are difficult to use operationally becausc
of the poor spatial sampling and the cost (including the measurement pladform).

Subsurface occan structure can also be inferred from satellite infrared imagery,
using feature models for fronts, rings, and eddies. Or, satellite altimetry combined with
geostrophy can be employed to infer the subsurface density field. Also, instruments that
measure currents directly (current meters, horizontal electric field sensors that measure
the barotropic current components, expendable current profilers. to name a few) can
obtain data that are then combined with models to yield estimates of density, and thus
temperature, salinity. and sound speed. via historical temperature-salinity relations and
the equation of state. Acoustic towrograpliy is yet another method for obtaining data
about the ocean interior.,

Nevertheless, there will always be a paucity of data. It may never be possible to
dircctly measure the sound speed field as well as one would like: one will rely on the
physics in numerical occan models to provide the temporal and spatial interpolation and
cxtrapolation. This 1s an arca of very active rescarch. In many ways. the problem is
similar to numerical weather forecasting.  For the ocean, though, the time scales are
longer, the space scales are smaller, and the data are relatively sparse. The trend in data
assimilation work is toward 4-D assimilation. using all the data over some fintte period of
time (several weeks or months in the ocean case) to calculate the best nowcast and then
the best forecast.

How precisely must we know the sound speed field for successful matched ficld
processing? This question ts still largely unanswered. The answer clearly depends on
what acoustic frequencies are of interest. It also depends on the frequency wavenumber
spectrum of ocean variability. For the purposes of these experiments though, we have
attempted to measure the sound speed as accurately as feasible. The occan spectrum 1s
still not well understood or known. For instance, in the deep occan we know there can be
0.1°C (0.3 m/s) changes over a year, but we don’t know the spatial and temporal scales.

TR 9308 3
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Errors in mapped ficlds of ocean variables arise from measurement error, sampling
crror, and geophysical sources. Measurement error includes both random and bias
errors: 1t can also include the staustical errors in converting from, say, sca surface height
to intertor sound speed. Sampling error includes errors due both to temporal and spatial
aliasing.  Geophysical errors include such effects as high frequency vanability (e.g.,
internal waves).

2.2 Principles of Ocean Acoustic Tomography

By mcasuring the travel time of an acoustic pulse over a known range through the
ocean. one can infer the propagation speed of sound along the path. By measuring travel
times along reciprocal paths, onc can infer current velocity along the path because sound
travels faster with a current than against one. Tomography consists of taking many such
measurements and using rigorous inverse methods to obtain the sound speed (and
current) ticld. This 1s shown schematically in Figure 1. A 3-D picture of typical instru-
ments 1s shown in Figure 2. We emphasize several key points about tomography: cach
datum 1s an integral! or average along a path. a multitude of crossing paths is necessary
for a good rcconstruction of the field, and the number of data grows roughly as the square
of the number of instruments (as opposed to a lincar growth for point measurements).
The seminal paper on ocean acoustic tomographv is by Munk and Wunsch (1979): a
recent review is by Worcester et al. (1991).

OCEAN BASIN

FRONTAL
SYSTEM

Figure 1. Acoustic paths going through eddies and fronts. Data from a multitude of
such paths crossing at many different angles can be used 10 reconstruct the

field.
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One can approach a discussion of ocean acoustic tomography at three levels of
sophistication: they can be called horizontal, vertical, and loop-harmonic tomography,
respectively. The first two were described by Munk and Wunsch (1979), the third by
Cornuelle and Howe (1987). The magnitude of expected travel time signals can also be
ranked in a similar way: horizontal ocean variability produces the largest travel time sig-
nal. followed by variability in the vertical, and lastly. by horizontal variability nominally
at convergence zone spacing.

Horizontal tomography assumes straight rays; it is this version that is analogous to
the medical CAT scan. The fundamental theorem involved is the projection slice
theorem, Figure 3 (Kak and Slaney, 1988). The projection through the medium of
interest taken at some angle © in physical space corresponds to a line at angle 6 in
Fourier space (the spatial wavenumber domain). Thus, to map physical space unambigu-
ously, projections at many different angles need to be measured to fill in Fourier space.

v
A
B
6
— u
SPACE DOMAIN FREQUENCY DOMAIN

Figure 3. Projection slice theorem. A projection at angle © maps into a line in Fourier
space at angle 8. (after Kak and Slaney. 1988)

The second level of sophistication looks at sound propagation in the ocean
waveguide in more detail o obtain vertical resolution. In the ocean the temperature
decreases with depth while the pressure increases with depth. Because the speed of
sound increases with both temperature and pressure. there is a minimum in sound speed.
typically at 10{§) m. Sound propagates along quasi-sinusoidal ray paths which wrn at
different upper and lower turning depths, depending on the launch angle. Figure 4. This

6 TR 9308
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Figure 4. A typical ocean sound speed profile is shown with acoustic iays. Rays with

differing launch angles sample different depths. The equivalent acoustic mode

representation is shown also.

fact, that different rays have different turning depths, is used to obtain depth-dependent
sound speed. A sound speed perturbation at shallow depth will affect only those rays
traversing that depth; rays that turn deeper will remain unaffected, Figure 5.

At the third level, loop harmonics, we use the fact that because the rays are quasi-
periodic in range thcy sample the upper ocean (which has the most variability) in a
quasi-periodic way. This sampling in range looks like a comb function, Figure 6, and the
Fourier transform of a comb function is a comb function in the wavenumber domain. If

T N

Upper Tuming Depth (km)
5 2 8 8 _¢°

o
o

gﬂ!’

8T (ms)

Figure 5.

Travel time anomalies computed for a sound
speed perturbation with an amplitude of
—1 m/s at 100 m depth, linearly decreasing
to zero at 90 and 110 m. The range is
1000 km. (from Cornuelle et al., 1993)

TR 9308
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Figure 6. Comb sampling function of a ray as a function of range for a first baroclinic
mode. Rav +16 leaves the source with a positive launch angle and has 16
upper and lower turning points. Ray +30 leaves the source with a positive
launch angle and has 30 turning points. Ray +16 has shallow and deep turn-
ing points and samples most of the water column, whereas the Ray +30 sam-
ples only the main thermocline. The first baroclinic mode has one nonzero
peak in the main thermocline between 300 m and 1000 m and is zero else-
where. The ordinate G is the integral of the mode function along the ray path.
G is positive as the rays go through the main thermocline and is zero when
the ray is above (as is the case for Ray +16) or below the main thermocline.
(from Cornuelle and Howe, 1987)

rays with different nominal wavelengths are present, the wavenumber spectrum can be
filled in, and resolution obtained. Resolution is the ratio of the expected error variance of
a model parameter after the information in the data is used to the error variance of the
mode] parameter in the absence of data, the a priori variance. An example of a resolution
spectrum from a simulation is shown in Figure 7. If travel times along enough different
rays with similar turning depths are measured (by using vertical arrays of hydrophones
and/or transmitters) one can unambiguously determine the location of features with
scales shorter than the ray double loop length. This is because some rays will go through
a "short" feature and others will not. Converscly. all rays will be affected about the same

8 TR 9308
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o 156 RAYS (0)
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06} \/\
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Figure 7. The resolution spectrum showing good resolution of the mean and at
wavenumbers corresponding to double loop wavenumbers and their harmon-
ics. (a) the total resolution using 156 ravs in a 600 km domain, and (b) the

cosine and sine components of the resolution spectrum. (from Cornuelle and
Howe, 1987)

by large features, and they will be indistinguishable from the mean. An example in phy-
sical space from a simulation is shown in Figure 8. The high wavenumber features are
resolved, while the low wavenumber features are not (and are lumped in with the mean,
which is well resolved). Thus one can, given sufficient signal-to-noise ratio, determine
high wavenumber components of the field, as well as the mean, as a function of depth.

In all three cases, least-squares techniques have been used to invert data for the
fields of interest. These techniques are also called stochastic inversion, objective map-
ping. and weighted. tapered, least-squares, to name a few. The method is described by
Cornuelle et al. (1993) and Howe et al. (1987). There is some nonlinearity involved
because the acoustic paths in the estimated and/or true ocean are not the same as in the
assumed reference state. To date, simple iteration appears adequate to resolve this prob-
lem, provided that care is used in constructing the reference sound speed field required
by least-squares techniques.

TR 9308 9
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Figure 8. A simulation showing the total and high wavenumber sound speed at 1000 m,

10

both the true values (dashed) and the reconstructed ones (solid). The
estimated rms errors are shown at the bottom. (These are not the difference
berween true and estimated, rather they are estimated as part of the least-
squares inverse procedure). The horizontal lines labeled "prior” indicate the
expected errors in the absence of data for the total and high-pass sound
speed. The difference between the prior errors and the errors estimated with
data is indicative of the information in the data. (from Cornuelle and Howe,
1987)
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3. SINGLE SLICE EXPERIMENTS

Two single slice experiments were conducted to better understand the effects of
ocean sound speed perturbations on acoustic propagation. The first one, the Single Verti-
cal Line Array (SVLA) Experiment, for the first time observed acoustic time fronts
sweeping across a vertical receiving array. The second one, the 1989 single slice tomog-
raphy experiment (Slice&8Y), was able to quantify both internal wave effects and larger
scale effects at the mean wavenumber and at wavenumbers corresponding to ray loop
harmonics. The geographical locations of these experiments is shown in Figure 9.

S 1 50°
N
SUBARCTIC
omecz . FRONT
4 — - 40°
NORTHERN
SUBTROPICAL FRONT Slice89 .R
R R e o Wiy, .,
S,.---
W AT EETI A s Aey
4 SUBTROPICAL FRONT L 300
C
o
N .
-1 D I 20
T T t I
160° W 150° 140° 130° 120° 110°

Figure 9.  Geographical area of the SVLA and Slice89 experiments. The distance

between the sources (S) and the receiving arravs (R) is approximately
1000 km for both experiments. Note that the SVLA source position is
close to the Subarctic Front bur otherwise the water mass between
source and receiving array is relativelv homogeneous, while the Slice89
path crosses the northern subtropical front. (modified from Lynn, 1986)
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3.1 Single Vertical Line Array (SVLA) Experiment

As one part of the SVLA experiment, an 80 Hz source transmitted to a receiving
array over a distance of 1000 km. The tomography aspects of this experiment arc
described by Sparrock (1990) and illustrated in Figures 10 and 11. There are several lim-
iting aspects of the experiment that should be noted. The source was suspended at 150 m
and transmitted a 50 ms wide pulse; the receiving array covered only the depth range
400 m to 1300 m. The accuracy of the positioning of the instruments was marginal.

Because of the aspects mentioned above, it was not possible to extract quantitative
information about the ocean sound speed field from the data; but SVLA did show that in
a more controlled experiment (such as Slice89 described below) one could expect to
obtain a wealth of information and greater insight into the details of acoustic propagation
along a single slice.

USNS DeSteiguer R/P FLIP
GPS GPS

. eeow)
T

HLF-3 mooring
80 Hz Source

120 elements
7.5 m spacing
A2 @ 100 Hz
5000 m

\i

1000 km

i/ 7 ; ;iTransponders i Tr;nsponders i

7 7 % S S
-—— 6 kM ——P

e

g -

Figure 10. Summary of the SVLA experiment geometry. (from Sparrock 1990)

3.2 The Slice89 Experiment
Slicc89 was conducted as one part of the VAST experiment. The geographical
location is shown in Figure 9 and the experiment gecometry in Figure 12,

The limitations of the SVLA experiment were largely eliminated, and it was possi-
ble to extract useful information about the occan sound speed field from the acoustic
data. The range between the source and receiver was 1(X0 km. The source was moored
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Predicted

Travel Time (s)

Figure 11.  Measured arrival patterns and predictions made using the WKBJ range-
independent code of Brown (1982). There are several features that can be
observed: the overall wavefront structure is well predicted: there are
fluctuations in the measurements not in the predictions: and the amplitudes
are predicted only fairly. These results were not unexpected, but neverthe-
less represent a major experimental confirmation of our qualitative under-
standing of the problem. (from Sparrock 1990)

near the sound channel axis (800 m) and transmitted at 250 Hz with a 12 ms wide pulsc.
The vertical receiving array spanned the water column between the surface and 3000 m.
and the instruments were positioned to approximately 2 m relative. and 100 m absolute.
Extensive AXBT. XBT, and CTD data were collected along the slice.
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Source
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Figure 12.  Summary of the Slice89 experiment geometry. (from Duda et al., 1992)

The following discussion of the results is divided into two parts: internal wave
aspects and tomography aspects. First, though, we show measured and predicted arrival
patterns in Figures 13 and 14. The agreement between measured and predicted time
fronts is excellent for most of the pattern; only in the last second of the pattern is the
measured pattern somewhat broader on each side of the sound speed axis than the
predicted pattern. This difference, which will be discussed below, is believed to result
from internal waves scattering the axial energy. Deviations of the measurements over
times less than a day are attributable to internal waves. Deviations over longer times are
attributed to ocean (geostrophic) eddies.

3.2.1 Internal Waves

The main questions we wanted to answer were

1. What are the temporal and spatial (vertical) correlation functions of the time
fronts?

2. How do measured correlations compare with predictions?

The first question has been addressed by Duda et al. (1992), and their conclusions are
summarized here. The second question is addressed by Colosi et al. (1994).

The time fronts (pressure amplitude versus travel time and depth) have already been
shown in Figures 13 and 14. Three distinct fluctuation signals were observed. The first
signal, wave-front displacement and rotation, had time scales longer than a few hours.
with a dominant period of about 12 h, and was well fit with a straight line in the vertical
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(top) Predicted travel times versus hydrophone depth computed using a
range-dependent ray tracing code and the sound speed field obtained by
objectively mapping all of the CTD, XBT, and AXBT data obtained during
the experiment. Only peaks with intensities within 40 dB of the maximum
are shown. Although the svmbol sizes are proportional to peak intensity in
decibels, the intensities calculated from the ray trace are not reliable. (mid-
dle) Measured pulse travel time versus hydrophone depth for the signal
transmitted on vearday 192, 1989, at 19:20 UTC. Only peaks with signal-
to-noise ratios above 10 dB are shown. Symbol size is proportional to inten-
sity in decibels. (bottom) Predicted travel times versus hvdrophone depth
computed using a range-independent broadband normal mode calculation.
The sound speed field was the average of the objective map of all the CTD,
XBT, and AXBT data. Only peaks with signal-to-noise ratios within 30 dB of
the maximum are shown. Symbol size is proportional to intensiry in deci-
bels. (from Worcester et al., 1993)

TR 9308 15




UNIVERSITY OF WASHINGTON - APPLIED PHYSICS LABORATORY

along ecach wave-front segment. This signal corresponded to the along-range
compression/expansion of the accordion-like pulse, or equivalently to relative displace-
ments of the wave-front vertices. The compression of the entire 2000 ms long wave front
had a peak value of about 20 ms, Figure 13.

A second signal, intermediate-scale distortion, also had time scales longer than a
few hours but had vertical correlation scales between 60 m and 1 km. The contribution
of this signal to the total travel time variance was only about 2 ms®, consistent with
expectations from internal wave effects, Figure 16.

The third signal, broadband fluctuations, was vertically uncorrelated over the 60 m
hydrophone spacing and temporally independent at the smallest available time lag of
10 min. The variance of this signal was between 25 ms’ and 50 ms?, Figu * 17. These
fluctuations may be due to wave-front instabilities; wave fronts were occasionally
observed to have broken into microfronts. A detailed study of the microfronts was not
possible given the temporal and spatial sampling, so this link is only speculative.

In summary, fluctuations were observed at all resolvable temporal and spaual
scales. Fluctuations unresolved by the 10min and 60 m hydrophone spacing were
greater than 5 ms rms. Wave front displacements independent of depth contributed about
3 ms rms, dominated by internal tides. Other curved wave front distortions with time
scales longer than a few hours contributed 1 to 2 ms rms.

Colosi (1993) and Colosi et al. (1994) discuss the effcects of internal waves on the
last second of the arrival pattern and compare the data with predictions.

3.2.2 Tomography Analysis

Onc of the main goals of Slice89 was to experimentally verify the theory proposcd
by Cornuelle and Howe (1987). This theory (Section 2.2), predicts that acoustic data are
sensitive to high ocean wavenumbers and that the latter can be obtained from the former.
Unfortunately, the associated environmental data were inadequate to do this directly:
however, indirect evidence supports the theory. Detailed results are presented by Wor-
cester et al. (1994) and Cornuelle et al. (1993).

The agreement of the measured acoustic travel times with those predicted using
objectively mapped sound speed fields based on profile data has already been shown
(Figure 13). Although the overall agreement between measured and predicied travel
times was quite good (some exceptions were noted in 3.2), there are still differences
between the two. It is in fact these small differences that can provide more information
about the state of the occan sound speed structure. Perturbation travel times (measured
minus predicted) for various time periods and averages are plotted in Figure 18, Addi-
tional plots of travel times versus time (not shown) indicate that there is no low fre-
quency trend in the data and a simple average over time is acceptable.  Perturbation
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depth, aperture 3 km

intensity

time, duration 1 s

Figure 14 An expanded portion of the arrival pattern in travel time, depth space. The
lines and ray identifiers are part of a tracking/editing program used to associ-
ate measured peaks with predicted rav arrivals (from Duda et al., 1992)
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Four examples of wave-front displacement as a function of time. (Ray -41
leaves the source with a negative angle and has 41 turning points; thus
there is an "extra” lower loop. Ray +36 leaves the source with a positive
angle and has an equal number of upper and lower turning points.) Effects
near the semidiurnal tidal period are clearly seen. The configence intervals
reflect the number of vertically spaced samples included in the displacement

calculation. (from Duda et al.. 1992)
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Figure 17. Variance of the broudband fluctuations. averaged over depth and time, calcu-
lated after subtraction of the best-fit linear wavefronts for each ray ID and for
each 10-minute sample. The broadband fluctuations contain more than half
of the total variances. (from Duda et al.. 1992
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Figure 18. Travel time anomalies computed by subtracting the predicted travel times
(calculated with a range-dependent ray trace using a variety of reference
states) from the mean measured travel times (calculated by averaging over
all of the acoustic data) plotted as a function of ray upper turning depth.
(Corresponding lower turning depths are indicated on the right-hand side of
the figure). The predictions were made with four different sound speed
fields: range-dependent objective maps combining all of the CTD, XBT, and
AXBT data, (10p left); using data from day 186 only (bottom left),; using data
from day 189 only (bottom right);, and a range-independent sound speed
profile constructed by range-averaging the objective map combining all of
the CTD, XBT, and AXBT data (top right). The number of rays with near-
axial upper turning depths varies from case to case because predictions for
the nearly horizontal rav paths are sensitive to the deiails of the sound speed
profile. The number of ravs successfully identified therefore varies from
case 1o case. (from Worcester eral.. 1994)
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travel times for rays that turn at the same depth were about 25 ms peak-to-peak (the hor-
izontal breadth of the scatter), large compared to the expected measurement precision of
2 ms rms for a 1 day average. These differences are attributed 10 range dependence in
the sound speed field that is not resolved by direct profile measurements. Furthermore,
there is a gross variation of about 50 ms as the depth increases from O to 400 m, and a
150 ms difference between the well-resolved ray travel times and the axial travel times,
indicating that the depth dependence of the range averaged reference field is in error.
The (large) 100 ms offset of the data is attributed to uncertainty in the absolute range
between the source and receiving array.

These travel time differences, or anomalies, are inverted to obtain a range depen-
dent sound speed field, Figure 19. [See Cornuelle et al. (1993) for important details of
how this is done.] Inversions were done using as a reference field both the simple aver-
age of all the profile data (for practical purposes, this is the same as the range-average
profile used in Figure 18, top right) and the range-dependent field obtained by objec-
tively mapping the profile data. Residual travel times (measured minus estimated
through the estimated field) are about 2 ms rms, consistent with the a priori errors.*

The resolution as a function of horizontal scale can be quantified by plotting the
fraction of a priori sound speed variance resolved by the various data as a function of
horizontal (ocean) wavenumber, Figure 20. Although we restrict our attention here to
mode 1 results, similar results are obtained for the higher modes. (The first oceano-
graphic mode describes to a large extent the simple vertical motion of the main thermo-
cline.) This is simply the transfer function between the measurements and the ocean. For
just the profile data, the resolution steadily decreases with wavenumber and is 0.5 at
70 km wavelengths. [Even though spacing was nominally 25 km (Nyquist wavelength
50 km), measurement errors reduce the resolution.] For the inversion using only acoustic
data, significant resolution is evident for wavelengths corresponding to the ray double
loop lengths and the second harmonics (since the rays are distorted sinusoids). The
mean, zero wavenumber, component is relatively poorly resolved due to its small
expected variance (the crror in the mean reference state based on the profile mecasurc:
ments is relatively small) and its ambiguity with long-wavelength components.

There is little overlap in resolution at high wavenumbers in the profile data and the
acoustic data. Instecad of comparing the two inversions (profile only and acoustic only),
the two data sets can be combined together in a single inverse, in which inconsistencics
arc identificd by large residuals in the least-squares fit. This has the added advantage of

*[t must be mentioned that significant problems in doing the acoustic inversions resulted from using
environmental profile data that had been combined at depth with the Navy's GDEM sound speed
climatology data basc. The acoustic data were inconsistent with this reference state. It was determined
that GDEM has errors at depth: there arc unphysical variations as a function of depth. The rcasons for
this were notinvestigated. The Levitus data base (1982) was found to be consistent with the data.
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Figure 19.  (top) Objectively mapped sound speed fields (m/s) obtained (i) by inverting

24

the travel time data (dashed). and (ii) by inverting the combined data set
consisting of the travel times and point measurements. Range is in kilome-
ters from the source, which is on the left. (bottom) Range-average of the
sound speed field computed from the acoustic travel times alone (dashed
contours above) and from the combined data set (solid contours above)
minus that computed from the CTD, XBT, and AXBT data alone.
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constructed combining all of the CTD, XBT, and AXBT data (top), combin-
ing all of the acoustic travel time data (middle), and for a joint objective
map combining the CTD, XBT, AXBT, and acoustic travel time data (bot-
tom). (from Cornuelle et al., 1993)
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producing the best possible sound speed field. In practice, the inversion is done in a
two-step process. First the profile data are fit, and then rays are traced in the resulting
field. which is then improved using the acoustic data. This minimizes the nonlinearity of
the acoustic forward problem by using the best available reference state. All data residu-
als were consistent with the a priori errors.

As a check on the linearization of the forward problem. the forward problem matrix
made from the range-independent rays was compared with that made from the range-
dependent rays used in the combined inverse. Changing the ray path may change the
derivatives, particularly for the model parameters describing small-scale ocean perturba-
tions. Figure 21 shows the rms average and the rms difference of the two matrices for
mode 1. We take the latter to represent a measure of the nonlinearity arising from the
displacement of ray paths caused by changes in the range-dependent sound speed field
rclative to the range-independent reference state. The rms difference is about 3% of the
rms average for the lowest wavenumber, but rises to nearly 100% for the highest
wavenumbers. The higher modes, with shorter vertical scales, have generally stronger
nonlinearities. For example, for the zero wavenumber the nonlinearity is 3% for mode |
and 8% for mode 2, increasing to 12% for mode 5. The peaks and valleys in the two
curves result from the loop harmonic resonance described earlier. For the purposes of
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Figure 21.  The forward problem matrix showing effects on nonlinearirv. Solid curve:
rms elements of the forward problem matrix for mode 1, averaged over all
ravs and over two reference states, tie range-independent state, and the
range-dependent objective map of all the data. The elements are plotted
versus the horizontal wavenumber. Dashed curve: rms elements of the
difference berween the two forward problem matrices for mode 1. averaged
over all ravs in the data. (from Cornuelle et al.. 1993)
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the inverse, the nonlinearity only matters in the areas predicted to have significant hor-
izontal resolution (in Figure 20); if the horizontal resolution at a particular scale is small,
the inverse will not infer a sound speed perturbation at that scale.

This measure of nonlinearity is much more stringent than a simple calculation of
travel time errors due to incorrect ray paths. It includes the effects of phase shifts in the
ray paths, in which the horizontal locations of the upper turning points differ between the
range-independent and the range-dependent rays. Range-dependent inversions that
include high-wavenumber components depend on the detailed differences in the horizon-
tal sampling properties of the ray paths. This single case suggests that resolution of high
wavenumbers puts stronger requirements on the accuracy of the ray paths than resolution
of low wavenumbers.

Lastly, inversions for the range-averaged sound speed profile were performed, using
as a starting reference Levitus climatology. The purpose was to show that with iteration
one could, if necessary, start from climatology rather than with in situ data. Results are
consistent with those above and are not shown here; see Cornuelle et al. (1993).

3.3 Summary of the Single Slice Experiments

The fundamental conclusion from our investigation of the effect of high ocean
wavenumber variability on single-slice inversions is that resolution of this variability
from single slice data, even with a long vertical array, is limited by linearization errors.
The high ocean wavenumber resolution that is in principle available from tomographic
measurements, as discussed by Cornuelle and Howe (1987), is therefore achievable only
under restricted conditions. The travel time variability due to these scales is significant
and measurable, however, and must therefore be treated as an error source if not expli-
citly modeled.

It was found that the correct sound speed field could be obtained from the measurcd
travel times using historical data (Levitus) as the starting reference state and iterating.

The effect of internal waves, while fairly well understood for the early well-
resolved rays, is still not understood for near-axial and axial arrivals. Work is still in pro-
gress on a quantitative comparison between predictions and measurements of internal
wave variability.

If another single slice experiment is performed. the following at a minimum should
he done: the hydrophone spacing should be much closer than in Slice89. to resolve short
spatial scale variability; the transmission schedule should be such that high frequency
fluctuations are resolved: the transmissions should be reciprocal (i.c., there should be an
acoustic source at both ends of the slice), to understand the effect of ocean currents
(internal wave and other scales) on the propagation: lastly, the environmental sampling
should be much more dense to sample the loop harmonic wavenumbers.
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It was found that MFP is very sensitive to the mean profile, which in hindsight
should have been expected. Other tomography work (Dushaw et al., 1993) showed that
the UNESCO (internationally accepted) sound speed equation based on the work of
Chen and Millero was incorrect; the Del Grosso equation is closer to the truth. The sig-
nal gain degradation (SGD) obtained using tomographically generated sound speed fields
compared well with those using just the in situ profile data, in some cases.

Additional information is available in Worcester et al. (1994), Cornuelle et al.
(1993), and Howe et al. (1991a).
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4. MOVING SHIP TOMOGRAPHY

Moving Ship Tomography (MST) as a method of obtaining high resolution, nearly
synoptic three-dimensional maps of the ocean interior over large arcas was first sug-
gested by Munk and Wunsch (1982) and was explored in detail by Cornuelle et al.
(1989). The basic idea is to measure acoustic travel times along a multitude of paths
crossing at many different angles and then from these data reconstruct the sound speed
(temperature) field in a manner analogous to a 1:edical CAT-scan. To generate a
sufficient number of crossing ray paths, a moving receiver is used. From these data,
sound speed maps can be reconstructed. Given such maps we will be able to study
advecting fronts and interacting eddies with high spatial resolution and test how well
numerical models can predict the evolving fields.

All the previous work in ocean acoustic tomography has been done with fixed or
moored instruments. The arrays were quite sparse in the horizontal (for a review, see
Worcester et al., 1991). The idea of using a moving instrument—whether it be a source,
receiver, or transceiver—to improve spatial resolution is by no means new; it is common
in seismology, borehole tomography, and medical CAT scanning. Satellite data are start-
ing to be used for ionospheric tomography and to infer atmospheric water vapor tomo-
graphically.

The MST experiment discussed here is part of the Acoustic Mid-Ocean Dynamics
Experiment (AMODE), the goals of which are

1. Determine the precision with which the ocean mesoscale sound speed (tem-
perature) field can be measured in practice using the technique of Moving
Ship Tomography.

2. Study mesoscale eddy kinematics and dynamics. This will include a better
determination and understanding of the frequency-wavenumber spectrum,
numerical model verification, and data assimilation.

3. Measure gyre-scale variability. Understand how the density, current, and vor-
ticity fields at low wavenumbers (inter-mooring spacing) evolve in timc.
Determine the effects integral constraints (tomographic measurements) have
on ¢ddy-resolving numerical models.

The second and third points will have a direct influence on the ultimate precision of the
final four-dimensional (x,y,z.t) ficld estimates.

We first present theoretical work and simulations done to better understand the MST
concept, then discuss early engineering tests, and finally describe thc AMODE-MST
cxperiment and results.
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4.1 Preliminary Theoretical Work

The first simulations of the MST scenario were discussed by Cornuelle et al. (1989),
Figure 22. It was during this work that the full implications of the projection slice
theorem became obvious: one needed many crossing ray paths to get the desired hor-
izontal resolution. Using a pair of ships was not sufficient because an inordinate amount
of time would be required, during which the ocean would change considerably; a
scenario combining (many) fixed instruments with a moving one does give the desired
resolution. By trial and error a geometry with six fixed instruments (a pentagon with one
in the center) was arrived at. The trade-offs between position errors and mapping errors
were investigated; the position error should be less than the equivalent internal wave
noise, typically 0 m. The design of the preliminary experiments and the final AMODE-
MST experiment was based on these simulations.

4.2 Preliminary Experimental Work

A test was done at the San Clemente Island Underwater Range (SCIUR) in May
1988 to determine how well we could position the hydrophone array absolutely and to
check out all the equipment in preparation for the Greenland Sea work (next paragraph).
For this test we tracked the ship and the suspended receiving array with GPS and an
ultra-short-baseline acoustic tracking system, respectively. The Range tracked synchron-
ized pingers on the ship and the array. Differences in absolute position were less than
10 m, adequate for MST purposes (see Howe et al., 1989a, for details).

Because a short basecline system tied to the ship depends on the ship’s gyrocompass
(and also on a vertical reference unit (VRU) to obtain roll and pitch) large absolute errors
can be incurred if the gyrocompass is not calibrated or if it is operating in polar latitudes.
For this reason, we developed a complementary floating long-baseline (FLBL) system
(also called FAST—floating acoustic-satellite tracking range) which uses pingers
mounted on buoys along with GPS receivers (for details see Howe et al., 1989a and
1989b). Although this system was deployed in the Greenland Sea tests, GPS coverage
was not adequate to exercise it fully. Not until the AMODE-MST experiment was it used
to its fullest extent; both systems proved invaluable.

Two engineering tests were performed in the Greenland Sea to gain experience with
the MST equipment: deploying the vertical hydrophone array and performing the precise
positioning. These tests made use of a moored tomography array deployed there as part
of another experiment. The first test was conducted in September and October 1988
(MST88) and the second in August 1989 (MST89). In both cases the equipment worked
fairly well but we were severely hampered by the lack of GPS coverage, which made
absolute positioning to the required accuracy (10 m) impossible (LORAN has 100 m or
larger errors in the arca). A significant advance in acoustic signal processing was demon-
strated by removing the effects of Doppler shifts due to source/receiver motion. More
information can be found in cruise and data reports (Bader ct al., 1991: Howe et al..
1991; Worcester and Dushaw, 1993; Worcester and Howe, 1991b).
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Constructing an image of the ocean using MST. The top center panel is a reproduc-
tion of the true ocean which is to be reconstructed by the tomographic inversions.
(a) W — E transmissions between the two northward traveling ships (left panel).
Inversions of the travel time perturbations produce east-west contours in 8C (mid-
dle) and onlv a faint relation to the "true ocean.” Residual error variances in
wavenumber space (right) are 100% (no skill) except for (k1) = (0.1).(0.2)....(0.,7),
which accounts for 16% of the dC variance, leaving 6° = 84% overall residual
variance. (b) S — N transmissions between two eastward traveling ships. (c) Com-
bined W — E and S — N transmissions, accounting for 32% of the 8C variance and
giving a slight pattern resemblance to the true ocean. (d) Combined W - E, S = N,
SW — NE, and SE — NW transmissions, accounting for 67% of the variance and
giving some resemblance 1o the true ocean.
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4.3 The AMODE-MST Experiment

Six acoustic transceiver moorings were deployed between Bermuda and Puerto
Rico in March 1991 and recovered a year later (Figure 23). Five moorings were at the
vertices of a pentagon on a circle of radius 350 km, and the sixth mooring was at the
center (25°N, 66.25°W). The ship circumnavigated the array at a radius of 500 km a lit-
tle more than two times over a span of 51 days in June and July. A receiving array with a
CTD was lowered to 1 km depth every 3 hours approximately every 25 km around the
circle. Because of the geometry of the source and (moving) receiver locations, and
because the source transmissions were nearly simultaneous, overlapping signals were
unavoidable. Special signal processing techniques were developed to improve the
signal-to-noise ratio 10-20 dB. Thus, 6 horizontal paths were obtained for each ship
stop, producing a total of 750 horizontal crossing paths with a nominal 125 stops around
th2 circle. Each horizontal path typically had 15 identifiable acoustic ray multipath
arrivals from which vertical resolution is obtained; so one circumnavigation resulted in
roughly 10* travel time data which are to a large degree independent. Preliminary results
from the experiment have been reported by the AMODE-MST Group (1994).

Travel time perturbations (measured travel time minus predicted travel time from
ray tracing through the reference field) for each of the travel time data were calculated.
About half the total variance of 0.083 s rms is due to changes in the ocean, while the
other half is due to positioning errors. There are a large number of rays with upper turn-
ing points evenly distributed, providing good vertical resolution.

The perturbation travel time data were inverted using standard oceanographic
objective mapping techniques to produce fields of perturbation sound speed. In this area
sound speed is primarily a function of temperature (and pressure) and is only weakly a
function of salinity. The temperature-salinity relation in this area is monotonic, so one
can infer density (and geostrophic velocity) from the sound speed.

The weighted least-squares procedure used to produce the objective maps of sound
speed is the same whether the data are acoustic travel times or in situ profiles. Empirical
modes are used to model the vertical structure (based on historical CTD data as well as
CTD data collected on the mooring deployment and recovery cruises and the MST
cruise). and a Fourier series is used to represent horizontal structure. Five of the vertical
modes are range dependent (with nine Fourier harmonics) and the remaining 15 are
range independent, which results in a total of 1160 occan model parameters for a
1200 km square domain. The minimum length scale currently resolved is about 65 km.

The rms travel time residual (measured travel time minus predicted travel time
through the estimated ficld) is acceptably small, 0.006 s rms. Some of the variance
reduction of course is duc to corrections in the receiver positions. Position parameters
were solved for as part of the inversion process. The position estimates used here have
estimated errors of about 30 m, largely because stand-alone GPS data were used for these
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Figure 23 The perturbation sound speed as measured during the Moving Ship Tomogra-
phy experiment 4-15 July 1991. 1 m/s is equivalent to 0.2°C. The ship with
an acoustic receiving array steamed around the 1000-km diameter circle
stopping every 3 hours (approximately 25 km) to receive signals from the six
moored sources (black dots) The acoustic travel time data were inverted to
produce this field
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preliminary calculations. Further analysis will be done when the positioning data has
been reprocessed using differential GPS data collected on Bermuda. with expected posi-
tion errors for the subsurface array less than 10 m. This reduction in data error will per-
mit us to increase the spatial resolutton of the ocean model and to include dynamics.

Many CTD. XBT, and AXBT profiles were obtained te form an independent data
set for comparison purposes (Boyd et al., 1992). The sound speed perturbation field, 6C,
at a depth of 700 m is shown for the first period (4—18 July) in Figure 23, while that for
the second period (15-30 July) is shown in Figure 24 (top left). The horizontal ray paths
for the second period are shown in Figure 24 (bottom left). These perturbation mans are
remarkable in that they cover such a large arca and provide good resolution. Many of the
same features are present in each map, which 1s not entirely unexpected since there is a
7 day overlap in time. The estimated rms perturbation is 2.0 m/s (0.8°C), corresponding
10 a nominal thermocline displacement of 100 m. The most notable differences between
the two maps are that the frontal pattern in the northwest quadrant shifted and the warm
cddy in the southwest quadrant split.

The corresponding (standard) error map is in the lower left panel. The uncertainty
in the interior is reduced to a nearly uniform 0.6 m/s (0.2°C); the area on the northeast
edge has larger uncertainty because of missing data. Outside the circle, the uncertainty
rises to a background value (2.0 m/s) nearly that of the a priori state (2.2 m/s), the
diffcrence being that the acoustic data have reduced the uncertainty in the mean over the
whole domain.

On the right side of Figure 24 are the corresponding perturbation and error maps
obtained using only the 700 m data from the AXBT profiles taken between 19 and
22 July. The locations of the AXBT casts arc shown on the bottom right. These fields
ar¢ independent of the acoustic data. Pertarbations show up only in the vicinity of the
AXBT data, and the perturbation ficld there is very similar to the one obtained from only
the acoustic data. The uncertainty field clearly shows the local nature of the profile data
and the length scales in this particular parameterization of the ocean. The average uncer-
tainty where there are profiles is 0.8 m/s.

A rigorous comparison must take into account the uncertainty of each estimate. The
average difference of the two estimates divided by the estimated uncertainty of the
difference is 1.0 standard deviation within the AXBT domain: there is onc smali spot at
26°N, 69°W where the weighted difference reaches 3 standard deviations: this is not
unexpected given that there is @ front there and that it is most likely advecting during the
15 days it took to make the acoustic map.

The nreceding paragraphs discussed the sound speed at 700 m over the entire arca.
Now we cxtract the vertical slice of sound speed perturbation along the MST circle,
siarting at the northernmost point and going clockwise, Fieure 25. The top panel shows
the result using only CTD data (taken on the MST circle): the lower one shows the result
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of using only acoustic data. The qualitative agreement is good. The differences can be
attributed to (at least) two factors, errors and gaps in each data set, and the finite sam-
pling time.

The rms sound speed perturbation averaged over all the CTD data (the measured
CTD data relative to the Levitus refercnce state) peaks at about 2.2 m/s in the main ther-
mocline, Figure 26. The rms difference between the measured CTD sound speed and the
sound spced cstimated using only acoustic data is about 0.8 m/s, the same as the rms
difference between the mapped and measured CTD data. The total rms a priori uncer-
tainty was 2.4m/s at 700m and included uncertainty in the mean profile. The
corresponding variance reduction from the a priori value is 94%. The uncertainty near
the surface is large (as can be seen in Figure 25) because all the acoustic rays converge
at the receiver at 1000 m depth and do not sample the upper ocean in the vicinity of the
receiver.

4.4 Summary of Moving Ship Tomography

These results show that using a moving receiver to obtain high-resolution. three-
dimensional maps of the ocean sound speed field works in practice. This extension of the
original concept of moored ocean acoustic tomography adds a powerful new technique to
thosc available to map ocean structure over large areas. The method can be extended to
measure absolute water velocity by adding an acoustic source to the ship array and
me. suring reciprocal travel times. Depending on the particular interest, one can imagine
experiments ranging in scale from kilometers to full ocean basins.

There is much yet to be done with this very rich data set. There is an obvious need
for dynamical modcls to interpolate in time and space, combining various types of data in
a consistent way. We attribute the differences between the fields determined from profile
measurements and those from the tomographic measurements to the change in the fields
during the finite sampling times. The first step is to use a nonlinear quasi-geostrophic
model in a Kalman filter to assimilate the tomographic and other data as a function of
time. This effort is currently in progress. The next step is to do a model verification
study: i.c.. given the initial ficld in June, can the model predict the field in July? Using a
dynamical model for data assimilation makes no sense unless the model is correct.
Finally. we will study the value of integral constraints on eddy-resolving numerical
occan models. What is the minimum amount of tomographic data needed to keep the
ficlds produced by a dynamical model sufficiently close to thosc in the real ocean to be
usctul for making acoustic predictions?

There is also an obvious nced to improve our knowledge of the frequency-
wavenumber spectrum of ocean sound speed (thermal) variability, covering temporal and
spatial scales from internal waves to the gyre. This is the environment in which any
acoustic signal processing algorithm must work. The tomographic and other data
obtained in the AMODE-MST experiment will improve our statistical description of
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Figure 24 Perturbation sound speed, 8C, and estimated rms uncertainty at 700 m. The
maps in the left column are obtained using only acoustic data (15-30 July)
while the maps in the right column are obtained using only AXBT data at 700
m (18-22 July) The horizontal acoustic ray paths sampled are shown on the
lower left map, the locations of the AXBT profiles are shown on the lower
right map. The contour intervals are 1 m/s for the perturbation maps (top)
and 0.5 m/s for the uncertainty maps (bottom)
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Figure 25. Sound speed perturbation, 8C, as a function of depth und angle around the
MST circle (starting at the northernmost point and going clockwise with a
radius of 500 km; the total length of the section is 1000 & km). The top panel
shows the field obtained using only CTD profile data, and the bottom panel
shows the field obtained using only acoustic data during the same time
period, 4-15 July. The locations where CTD and acoustic data were
obtained are marked
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Figure 26. Profiles of a priori and a posteriori rms uncertainty and rms difference
(tomography minus profile).

ocean variability. In particular, the data collected will provide significant information on
internal tides. Preliminary results from a recent Pacific experiment indicate that internal
tides may have significant correlation scales and therefore affect acoustic propagation
more than has been previously appreciated.

The sound speed ficld determined trom in situ profile measurements and the sound
speed ficld determined from moving ship tomography give ¢ssentially identical matched
ficld processing results (R. Heitmeyer, personal communication).
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5. CONCLUSIONS AND RECOMMENDATIONS

We first list specific conclusions from each experiment before giving more general
conclusions and recommendations.

SLICES89. This experiment was the first to show acoustic wavefronts over a large
part of the water column. The major remaining unresolved acoustic propagation problem
is to understand the effect of internal waves on the last second or so of the arrival pattern.
We expect that the simulations and theory being worked on by Colosi and Flatt€ will
begin to unravel this mystery. The key conclusions are

1.

The overall measured wavefront pattern is well predicted. Discrepancies,
however, are present in the last second of the pattern in two ways. First, there
is more energy in the off-axial final arrivals than predicted, and second, fewer
rays can be resolved than expected. Simulations with explicit internal wave
fields can account for part of these discrepancies (Flatt¢, 1993; Colosi et al.,
1994). There is also a suggestion that the axial cutoff arrives later than
predicted. The axial final cutoff time is only marginally consistent with pred-
ictions made using the measured sound speed field. Further work to invest-
gate this discrepancy is required, however, since the near-axial sound speed
field was not well measured in this experiment.

It will be difficult to obtain high oceanic wavenumber information tomograph-
ically in a stand-alone single slice experiment because of a relatively large
degree of nonlinearity. If, however, there are slices embedded within a map-
ping experiment (such as AMODE-MST), it may be possible to obtain useful
resolution at high wavenumbers.

It was found that the correct mean sound speed profile could be obtained from
the measured travel times using historical data (Levitus) as the starting refer-
ence state and iterating. Thus, at least for the circumstances of this experi-
ment, no in situ environmental data are necessary.

Matched field results were very sensitive to the mean sound speed profile.
Results using the tomographically determined sound speed field were similar
to those obtained using the sound speed field determined from in situ profile
measurements. The internal wave results and the tomographic results further
quantify the "noise” for matched field processing; the latter must be robust
against internal wave noise, as well as the unresolved high wavenumber ocean
variability.

AMODE-MST. This experiment showed that a moving tomography receiver can
greatly augment a fixed array of transceivers. In the future, it should be possible to usc a
moving transceiver to obtain absolute water velocity, which should be a strong constraint
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on a model. Operationally, one would not expect such a contrived geometry as in this
experiment. Rather, there would most likely be a few fixed sources in an ocean basin,
perhaps as pari of the ATOC program (Acoustic Thermometry of Ocean Climate), a few
LFA (low frequency active) moving sources, and quite a few moving receivers (ships or
drifters), in addition to fixed Navy and civilian receivers. All the relevant data would be
sent to FNOC, combined with other data types, and assimilated into a numerical circula-
tion model to produce an optimal nowcast and forecast of the ocean sound speed field.
The main conclusions are

1.

Sound speed fields determined tomographically and those determined using in
situ profile data agree within the uncertainty of each. This demonstrates that
the tomographic technique can measure large volumes of the ocean with high
resolution and is a practical alternative to other methods.

The matched field results based on tomographic sound speed fields and on in
situ sound speed fields from profilers were essentially identical.

We now give some general conclusions and recommendations.

1.

It is essential that ALL data (in situ, tomographic, satellite, etc.) be combined
with an ocean numerical model to produce an optimal estimate of the ocean
state (Figure 27). There will most likely never be enough data of any single
kind to fully determine the ocean. The physics of the model should provide
the framework to combine the different data types, and the interpolation in
time and space, and the data should cunstrain the model (with imperfect phy-
sics) so it does not wander from the truth. Future experiments could obtain
standard Navy products, available from FNOC, but arrange to supplement the
input data as needed for the particular experiment.

The question How well does one need to know the sound speed field for the
purposes of matched field processing? has not yet been answered. The ques-
tion is a difficult one, in that the answer almost certainly cannot be specified in
terms of the required sound speed uncertainty at all points. Rather, acoustic
propagation calculations depend on specific averages of the sound speed field,
and it is the precision with which these averages are measured that is impor-
tant. Which moments of the sound speed field are important depends on the
propagation code used. One of the first order tasks remaining is therefore
careful comparisons of measured and predicted arrival patterns using various
propagation codes (e.g., adiabatic normal modes, coupled normal modes, €tc.)
to determine which codes provide sufficiently accurate predictions for
matched field processing algorithms.
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Figure 27. All available assets are employed to collect acoustic data, which are used
with all other possible complementary data to provide ocean nowcasts and
forecasts.
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