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Acoustic tomographic inversion
of 3D temperature fields

with mesoscale anomaly

in the South China Sea
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Ministry of Natural Resources, Hangzhou, China, 2Southern Marine Science and Engineering
Guangdong Laboratory (Zhuhai), Zhuhai, China, *School of Oceanography, Shanghai Jiao Tong
University, Shanghai, China

Acoustic tomographic inversion is based on travel times measured along the
transmission paths between all station pairs to reconstruct three-dimensional
temperature structures with mesoscale anomalies. In this study, tomographic
simulation experiments were designed based on the Hybrid Coordinate Ocean
Model (HYCOM,) reanalysis data to reconstruct mesoscale phenomena from travel
time data obtained from five, seven, and nine stations in the South China Sea over a
domain of 100 X 100 km. The travel times for each station pair were calculated in
the vertical section using the Bellhop acoustic ray simulation method. Six Empirical
orthogonal function (EOF) modes of sound speed along the sound transmission
paths in a vertical slice were used to formulate the inversion equations. The
horizontal-slice distributions of temperature in the tomography domain were
reconstructed using the grid-segmented method for each depth layer. For
station-to-station distances greater than 100 km, the performance of inversion
was best for the seven-station case rather than for the nine-station case, with the
highest horizontal resolution of the three cases. This case study concluded that the
seven-station case rather than the nine-station case provided an optimal station
number for reconstructing the three-dimensional temperature fields.

KEYWORDS

ocean acoustic tomography, inversion of three-dimensional temperature fields,
mesoscale phenomena, HYCOM data, South China Sea

1 Introduction

Ocean mesoscale eddies are globally widespread and play important roles in ocean heat
transport and energy dissipation. Mesoscale phenomena are the best targets for ocean
acoustic tomography because of the movement and variability of eddies (Munk et al., 1995).
In the northern part of the South China Sea (SCS), mesoscale eddies are generated by
Kuroshio intrusion through the Luzon Strait (Liu et al., 2008).
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Ocean acoustic tomography (OAT) is an innovative method that
is widely used in oceanography (Munk and Wunsch, 1979; Munk
et al,, 1995; Kaneko et al, 2020). The OAT was proposed as an
advanced underwater remote sensing technology, which was
applicable to reconstruct the three-dimensional structures of ocean
dynamic parameters. Acoustic stations are located at the periphery of
an observation area, tomography domain is measured by sound
traveling among the acoustic stations (Zheng et al., 1997; Zhu et al,,
2013, Zhu et al,, 2017; Syamsudin et al., 2019) to realize synchronous
observation of rapidly varying mesoscale temperature fields, which
are difficult to achieve using conventional shipboard and point
mooring observations (Zhang et al., 2015). Several different vertical
temperature distributions were assumed to be suitable for performing
vertical inversion in coastal seas (Park et al.,, 2021). However, due to
the complexity of the deep-sea environment, the sound speed profile
is difficult to represent using a simple function. The Empirical
orthogonal function (EOF) decomposes the vertical structure of
sound speed into multiple principal components, and the
characteristic feature of sound speed profiles can be accurately
reconstructed by inverting the coefficients of the major EOF modes
(LeBlanc and Middleton, 1980; Fukumori and Wunsch, 1991). The
propagation time information observed by acoustic tomography can
also be used to invert the coefficients of individual EOF modes.
Tomographic mapping of three-dimensional mesoscale temperature
fields has frequently been studied, with stochastic inversion (the
Gauss-Markov method) being applied in most studies. However, the
solution provides less flexibility because the covariance of the
expected solution is required prior to inversion (Cornuelle et al,
1985; Howe et al, 1987; Yuan et al, 1999). Consequently, more
flexible inversion methods are preferred.

The SCS is the largest marginal sea adjacent to the northwestern
Pacific Ocean. Recent observations have shown that the SCS exhibits
frequent mesoscale eddies (Wang et al., 2003, Wang et al., 2008; Chen
et al, 2011; Nan et al, 2011; Chu et al, 2020). In this study,
tomographic inversion of mesoscale eddies was performed for a
model domain of 100 x 100 km in the northern SCS. The acoustic
tomography network strategy was designed using temperature and
salinity outputs from the Hybrid Coordinate Ocean Model
(HYCOM) data. This study aimed to reconstruct three-dimensional
mesoscale sound speed fields in the northern SCS using tomographic
inversion under different station configurations.

A new method was proposed by combining the EOF method in
the vertical slice and the grid-segmented method in the horizontal
slice. Sections 2 and 3 describe the model and the forward
formulation, respectively. The process and method of inversion
are described in Section 4. Section 5 presents the simulation results
under different station configurations. The discussion is presented
in Section 6. Finally, Section 7 concludes the study.

2 Model
2.1 Ray simulation in a vertical slice

The process of sound propagation between acoustic stations is
affected by many factors, the most important of which are the sound
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speed profile (SSP), sound frequency, and bottom topography. The
BELLHOP ray tracing method was used to simulate the sound
propagation process between each of the transmitter-receiver
station pairs. This was achieved using the time- and domain-
averaged sound speed profile (the reference sound speed),
calculated from the temperature and salinity data within the
tomography region (MacKenzie, 1981). In the process of
determining the ray patterns along the transmission paths between
the station pairs, the sound speed distribution used is independent of
range, while the bottom topography used is related to range. Figure 1
shows a typical ray pattern along each transmission path, along with
the reference sound speed profile. Surface-bottom reflected rays were
constructed in all sections (Figures 1A, B) that traversed the entire
vertical section of the water body, indicating that the tomographic
technique could measure the sound speed field over the entire section.
All the parameters of multipath travel time, ray path, and ray length
were required to execute the vertical section inversion. To distinguish
the multipath travel time, this study used a 480 Hz sound source as an
example, and the travel time difference in the selected typical sound
rays was greater than the time resolution of acoustic tomography (2.1
ms), defined as the one-digit length of the M sequence for modulation
number=1 (Q=1). The M sequence is a pseudo-random signal that
has no correlation with ambient noises. It is a powerful tool to delete
the effect of ambient noises in received signals and increases
remarkably signal-to-noise ratio (SNR). For station distances
varying between different station pairs, the number of typical
sound rays was 38 at a maximum of 105 km distance (Figure 1A)
and 12 at a minimum of 33 km distance (Figure 1B), and the average
number was 25 for all station distances at 30-140 km. Note that apart
from the bottom topography, the distance between the acoustic
stations was a major factor affecting the density of acoustic rays
within the vertical section (Figure 1C). A shadow zone is a space that
cannot be covered with acoustic rays. The shorter the distance, the
smaller the density of the acoustic rays and the larger the shadow
zones. As long as a sufficient number of acoustic rays are obtained,
the influence of shadow zones on inversion results is weak.

2.2 Empirical orthogonal function method

From the HYCOM reanalysis data from 1993 to 2011, we
accumulated the vertical profiles of the sound speed to take
seasonal averages using the daily temperature, salinity, and depth
data, interpolated to 1 m interval data, and then subtracted the
climatologically averaged sound speed from the daily data to obtain
the deviated sound speed profiles (Figure 2A). The deviated SSP
varied greatly with time and showed different vertical structures in the
upper ocean in the different seasons. In the upper 200 m, the deviated
sound speeds notably varied owing to the main thermocline, with a
variation range of approximately +15 m/s. The range of variation in
the deviated sound speeds decreased with increasing depth. At a
1000 m depth, the variation in deviated sound speeds was only within
+2 m/s. Different seasonal profiles showed that the deviated sound
speed varied within +5 m/s in the subsurface layer, where the seasonal
thermocline of the SSC was present (Wang et al, 2022). EOF
decomposition was applied to the deviated sound-speed profile
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The typical ray pattern simulated using the Bellhop ray tracing scheme together with the reference sound speed profile. (A, B) show the typical ray

patterns for L=105 km and L=33 km, respectively. The background color indi

cates the time- and domain-averaged reference sound speed profiles

(C) shows the number of rays plotted against the station distances. The open star marks indicated the mean of the ray number, calculated for every

horizontal grid box of 10 km

data, and the first six EOF modes were calculated (Figure 2B). The
contribution rates of the six EOF modes were 81.7%, 12.4%, 3.5%,
1.0%, 0.9%, 0.5%, respectively, and the first three modes were the
major modes accounting for the contribution rate of 97.6%. The
deviated sound speed showed a large variability in the upper 400 m,

and the variability diminished rapidly with depth. For the first several
modes of the EOF, near-surface-intensified phenomena were also
prominent in the upper 150 m, where the deviated sound speed had a
large value. At depths greater than 600 m, the speed of the deviating
sound decreased rapidly.
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EOF decomposition for the deviated sound speed profiles. (A) The vertical profiles of deviated sound speed data accumulated from 1993 to 2011;

(B) The vertical profiles of deviated sound speeds for the first six EOF modes.
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2.3 Configuration of the projected rays in a
horizontal slice

The HYCOM reanalysis product was developed earlier and is
currently the longest-time-scale high-resolution dataset with
eddy-resolving resolution (Adams et al., 2011). Based on the
hydrographic data (temperature and salinity) with a time
resolution of 1 d and a horizontal resolution of 1/12° in the
HYCOM dataset, we selected a 1° x 1° latitude-longitude model
domain (approximately 104 x 111 km) in the southwest of the
Luzon Strait, where the Kuroshio frequently intrudes. Mesoscale
eddies that frequently appear in this area (Chen et al, 2011),
where are the targets of acoustic tomography. In the analysis, the
effects of station number on the accuracy of the inversion and the
standard configuration of stations with asymmetry were
considered. Figure 3 shows the standard configurations for the
five-, seven-, and nine-station cases. The total number of
rectangular grids was M=7 x 7 = 49. With an increase in the
number of acoustic stations, the number of acoustic transmission
lines increased exponentially. The five-, seven-, and nine-station
cases constructed ten, twenty-one, and thirty-six transmission
paths in the horizontal domain, respectively. The observational
information, acquired from sound propagation among
tomographic stations, increased with exponential growth rather
than the linear growth obtained by conventional mooring stations
(Zhang et al., 2017).
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2.4 Warm eddy

The temperature distribution on January 6, 2011, was selected
with a focus on the warm eddy in the simulated domain. To facilitate
comparison, the horizontal-slice distributions of the depth-averaged
temperatures are shown at every 50-m depth with a 7 x 7 grid, as
shown in Figure 4. In the upper layer (100-600 m), the core of
temperature anomaly due to warm eddies intensified with a
maximum temperature anomaly of approximately 2°C at a depth
of 100-150 m. The eddies penetrated deeply, extending from 100 m
to 600 m. The core of the temperature anomaly gradually weakened
as depth increased, constructing an incline toward the southeast.

3 Forward formulation
3.1 Vertical slice

The propagation of acoustic signals in the ocean can be
approximated by using refracted acoustic rays. The propagation
of ray paths in the vertical section depends on the vertical
distribution of sound speed and velocity (Munk et al., 1995). This
study focused on the influence of sound speed on propagation time
without considering the velocity. The travel time deviation (7;) for
the i-th ray path traveling between the acoustic station pair is
expressed as follows (Zhang et al., 2015):

ZA

B

\ |/ /

¢
/\

] e
yALNN

NS AWK

N
WoAB N ard

KN

O\\

|

N

FIGURE 3

//7%§ . 20.4
@)%\
/& % 4 20 E
’>§Q SN
/§2 N E 19.6
=<l N @
118.8 19 1le2 1194

Lon

The standard configuration for (A) five, (B) seven, and (C) nine stations superimposed on the horizontal-slice inversion grid. The grids are numbered

as 1-49; A-I| are the names of the stations

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2024.1350337
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

10.3389/fmars.2024.1350337

Depth (0 ~ 50 m) Tem B

255
25
245
24

Depth (200 ~ 250 m) F

Eﬂi

Depth (400 ~ 450 m)

L&

Depth (600 ~ 650 m)

=

Q Depth (800 ~ 850 m)

‘ ‘ 54
5 2
ki 52
19.8
196 5
i

1186 1188 119 1192 1194

Depth (250 ~ 300 m)

Lat

Depth (650 ~ 700 m)

Depth (850 ~ 900 m)

1186 118.8 119
Lon Lon

1192 1194

FIGURE 4

The horizontal-slice depth-average temperature distribution every 50 m with the 7 X 7 grid. The depth information is indicated at the top of each
figure (A=T). The color bar of temperature is also indicated at the right of each figure.
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When sound is transmitted from a source, it propagates in a
stratified ocean; refracted rays passing through different depths are
constructed, and various travel times are obtained from a receiver.
For the vertical-slice inversion, the tomographic domain is
decomposed into N depth layers such that the travel time
deviation (Equation 1) is reduced to a discrete form as follows:

N, 1:6C.(x)
T, ~ — 2
ZEI c 2

where [;, represents the actual length of the i-th ray through the
z-th layer and C,, and §C,(x) represent the reference sound speed
and the average sound speed deviation of the z-th layer, respectively.

The purpose of vertical-slice inversion was to reconstruct the
vertical distribution of the layer-average sound speed deviations
(6C,(x)) using the travel time deviation as known variables. In this
study, we considered a method in which the depth layer is
decomposed into 4000 sublayers with an interval of 1 m. Because of
the limited travel time information, only the sound speed deviation for
typical layers was calculated (Taniguchi et al., 2013; Dai et al., 2023).

The EOF decomposition method was introduced to reduce the
number of unknown inversion variables. In this study, the first six
EOF modes (M=6) for the sound speed deviation were introduced.
Subsequently, Equation (2) was transformed into
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on =33l ®
=1=1 oz

where M, (j) is the value of the j-th EOF mode crossing the z-th
layer, and g, is the coefficient for the j-th EOF mode. The goal of
formulation is to determine the unknown variables (a)) at every
observation time when travel time deviation (67;) is acquired.
Finally, the vertical slice distribution of the average sound speed

deviation was reconstructed using the following formula:

8C.(x) = M, (j)a; (forj=1,2...6) (4)

As a result of applying the EOF mode method, the number of
unknown variables (the coefficient number of the EOF modes) was
considerably reduced.

3.2 Horizontal slice

The tomography domain was surrounded by five, seven, and nine
acoustic stations, typical cases for constructing ten, twenty-one, and
thirty-six transmission paths, respectively. The horizontal-layered
distribution of the sound speed deviation obtained in the vertical-
slice inversion and the lengths of the transmission paths crossing
individual grids were used in the horizontal-slice inversion as known
variables. The formulation for the horizontal-slice inversion is
represented as follows:

frontiersin.org
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M

2L

L, (x)6C (x)

6C,(x) = T

(©)

where §C,(x) is the layer-average sound speed deviation for the
x-th grid at the z-th layer obtained from Equation (4), [,,(x) is the
length of the i-th ray projected onto the z-th horizontal layer crossing
the x-th grid, 6C,(x) is the sound speed deviation of the x-th grid at
the z-th layer, and L;, is the length of the i-th projected ray at the z-
th layer.

Three-dimensional mesoscale sound speed fields were
reconstructed by combining the vertical and horizontal slice
inversions. The simulation region was divided into a depth range
of 50 m from the surface to 1000 m. To better describe mesoscale
eddies, the three-dimensional distribution of sound speed was
converted into a three-dimensional distribution of temperature
according to the correlation formula using the sound speed
deviation and taking depth as a variable. From the surface to a
depth of 1000 m at an interval of 50 m, a change of 1 ms™ in sound
speed was equivalent to temperature changes of 0.5-0.2 °C.

4 Inversion

Equations (3) and (5), which correspond to the vertical- and
horizontal-slice inversions, respectively, are expressed in matrix
form as follows:

10.3389/fmars.2024.1350337

y=Ex+n

(6)

where y is the simulated data set vector, x is the unknown
variable vector, E is the transform matrix, and n is the noise vector.

In this study, the tapered least-squares method was adopted to
obtain the optimal solution. In the tapered least squares method, we
can express the objective function as follows:

J=(-E0)"(y-Ex) + o’x"x 7)

where o is the damping parameter. The expected solution X is
obtained, so that to minimize the objective function as follows:

x=(E"E+ ) 'E"y (8)

The L-curve method developed by Hansen and O'Leary (1993)
was used to determine the optimal value of a. Consequently, the
optimal solution of the sound speed deviation fields was obtained
more flexibly than with stochastic inversion, which requires the
covariance of the expected solution prior to inversion.

5 Results

Figure 5 shows the horizontal-slice contour maps of
temperature fields with warm eddy anomaly, reconstructed by
inversion for the five-station number. The results of 20 depth
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averaged temperature fields at a 50 m interval from the surface to a
depth of 1000 m are shown in Figures 5A-T, 6A-T, 7A-T show the
contour maps of temperature for seven- and nine-station cases,
respectively. The mesoscale anomaly was intensified in the depth
layers of 100-600 m, as visible in the 50 m-interval depth-average
temperature field (Figure 4), and rapidly diminished with depth in
the layers deeper than 600 m. The core of the anomaly, which
corresponded to the mesoscale eddies existing in the depth range of
50-600 m, was not clear in Figure 5 (five-station case). The cores
were reconstructed with almost the same horizontal positions as
Figure 4 in the depth range of 100-550 m for Figure 6 (seven-station
case) and in the depth range of 150-500 m for Figure 7 (nine-
station case).

6 Discussion

6.1 Correlation coefficient and root mean
squares difference

To evaluate the performance of the tomographic inversion, the
inverted temperature at the m-th grid point of each layer was
compared with the HYCOM data using two indices, CCOE and
RMSD, as follows:

10.3389/fmars.2024.1350337

; T com T com Tinv - Z
op - i Tiem = Tpeon) I
\/El I(Thycom Thycom Ez 1( inv inv)
RMSD = \/ Et 1( inv Thycum)z (10)

where  t is the time and T}y, and T}, represent the HYCOM
and inverted temperatures at each layer, respectively. Tj,,, and
Tiny tepresent the average values of HYCOM and the inverted
temperatures over all grid points in each layer, respectively.

6.2 Temporal change of horizontal-slice
inversion results

The CCOE (Equation 9) and RMSD (Equations 10) for the
HYCOM data and the inversion results averaged over the
simulation domain were calculated for the three acoustic stations.
Figure 8 shows the time plot of the comparison results for the entire
year of 2011 in the second layer, where the sound speed
(temperature) anomaly had the largest value. Within one year,
the temperature varied from 20.0 °C to 26.5 °C. In general, all three
sets of temporal data varied with similar tendencies. The CCOE and
RMSD were 0.980 and 0.297 °C for the five-station case, 0.991 and
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FIGURE 7
Contour maps of the horizontal-slice temperature fields, reconstructed for nine acoustic stations. Others are similar to Figure 5.
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mean and STD, respectively. The results for five-, seven-, and nine-station cases are indicated with the blue, black, and red colors as simulated in the

legend at the upper right of the figure.

0.197 °C for the seven-station case, and 0.989 and 0.220 °C for the
nine-station case, respectively. The RMSD was the smallest for the
seven-station case, whereas the nine-station case had the highest
horizontal resolution of the three cases.

6.3 Performance of inversion

Statistical analyses of the RMSD at each layer provided an
important indicator of the inversion performance. In the following
analysis, the entire depth layer, from the surface to a depth of
1000 m, was divided into 20 sublayers every 50 m.

The mean and standard deviation (STD) of the RMSD were
calculated for every grid of each depth layer, implying that the
inversion accuracy varied with depth (Figure 9). The mean and STD
of the RMSD were maximal in the second layer around the main
thermocline. Its value was 0.64 °C for the five-station case, 0.55 °C
for the seven-station case, and 0.78 °C for the nine-station case,
showing that the seven-station case had a minimum value of mean.
The results also showed that the nine-station case had the
maximum value of the STD around the second layer. The mean
and STD of the RMSD showed a decreasing trend with the number

TABLE 1 Number of stations, number of transmission paths, and
horizontal-slice spatial resolutions calculated for the three cases of
station configurations.

Number Number of Horizontal
of stations transmission Resolution (km)
paths
5 10 34.0
7 21 234
9 36 17.9
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of depth layers. Therefore, the performance of inversion was best for
the seven-station case rather than for the nine-station case, with the
highest resolution of the three cases.

The accuracy of horizontal-slice inversion depends on the
spatial resolution (Park and Kaneko, 2001; Zhang et al., 2017).
The number of stations determines the number of transmission
paths required. The spatial resolution was formulated using the area
(A) of the simulation domain and the number (N,) of acoustic
transmission paths, as follows:

(11)

Ly =
Hr N

T

where A = 104 x 111 km =11,544 km?>. For the three station
configurations on a horizontal slice, the spatial resolutions were
calculated using Equation (11) and are listed in Table 1.

In this study, the results for the mesoscale anomaly inversion
showed that the inversion performance for the seven-station case was
better than that for the nine-station case, with a higher spatial
resolution. This means that the accuracy of three-dimensional
inversion depends on the horizontal-slice spatial resolution as well as
the vertical-slice spatial resolution. To illustrate the vertical-slice
inversion performance more directly, the RMSD for the vertical-slice
inverted temperature of the full water depth and HYCOM data were
plotted against station distance and ray number (Figure 10). When the
distance between stations increased from 30 km to 100 km, the RMSD
for the vertical-slice inversion significantly decreased with increasing
distances. For distances greater than 100 km, the RMSD was
approximately constant (Figure 10A). Similarly, the RMSD for the
vertical-slice inversion decreased as the number of acoustic rays
increased (Figure 10B). With increasing distance, oceanic signals with
smaller length scales were filtered out, increasing the smoothness of the
inversion. In addition, the larger the number of refracted rays, the
smaller the shadow zone, resulting in a higher vertical-slice resolution.
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rays, respectively

The RMSD was close to a constant value for ray numbers greater
than 30. The RMSD of the vertical slice was larger due to the small
distance between station pairs of the nine-station case. However, the
RMSD was more balanced due to the more appropriate distances in the
seven-station case. Significantly, the comparison of temperature profiles
from the vertical-slice inversion and HYCOM results for different
station configurations during mesoscale eddy period is presented in
Supplementary Figure S1 of the Supplementary material.

7 Conclusion

Mesoscale eddies are difficult to measure synchronously using
conventional shipboard methods because their horizontal scales are
greater than 100 km. This can be achieved through acoustic
tomography methods using a network of multiple acoustic stations
located at the periphery of the observation domain. By simulating the
OAT experiment using HYCOM reanalysis data, we tested three types
of OAT station configurations: five, seven, and nine acoustic stations
located at the periphery of a 104 x 111 km domain. The simulation
fields were in the northern SCS, with mesoscale eddies generated due to
the intrusion of the Kuroshio through the Luzon Strait.

A new inversion method was proposed by combining the EOF
method in a vertical slice and the grid-segmented method in a
horizontal slice. The tapered least-squares method combined with
the L-curve method was used in the inversion process. The
performance of the inversion was evaluated for the three cases of
five, seven, and nine stations using the correlation coefficient (CCOE)
and root mean square difference (RMSD) for the inverted and
HYCOM reanalysis data. For a 100 x 100 km domain, the seven-
station case provided an optimal number to reconstruct the mesoscale
eddy phenomena rather than the nine-station case, with the highest
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horizontal resolution of the three cases. This means that the accuracy of
the three-dimensional inversion depends on the horizontal-slice spatial
resolution as well as the vertical-slice spatial resolution. Furthermore,
the horizontal-slice spatial resolution, ray number, and station distance
affect the vertical-slice inversion accuracy. The fewer the number of
refracted rays, the greater the shadow zone. A longer station distance
smoothens out oceanic phenomena at smaller scales.

In this study, we proposed ocean acoustic tomography as an
underwater remote sensing technique that is fully capable of
observing mesoscale eddies.
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