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ABSTRACT Temperature has a great impact on underwater environment. In this study, a grid-based
scheme of underwater ultrasound tomography was proposed to reconstruct temperature spatial distribution.
Computer simulations showed that ultrasound tomography reconstructed the distributed temperature pattern
of Daya Bay seawater. The water pool experiment showed that the reconstructed temperature was consistent
with in situ temperature. The ultrasound tomography had advantages in reducing measurements to extract
the temperature spatial pattern over the in-situ method, and in increasing measurement accuracy over low
frequency acoustic scheme. The results suggest that underwater ultrasound tomography may provide a
valuable approach to reconstruct high spatial resolution temperature distribution at small-scale coastal,

estuary, and sea-land interface regions.

INDEX TERMS Ultrasound tomography, underwater temperature, small-scale coastal regions.

I. INTRODUCTION

Underwater acoustic technique plays a significant role in
marine scientific research and ocean engineering [1], [2].
Unlike the limited transmission distance of optical and elec-
tromagnetic waves in sea waters due to high attenuation,
acoustic waves may propagate across oceans for thousands
of kilometers [3]. In large-scale and meso-scale regions, low
frequency acoustic tomography has been widely studied since
late 1970s [4]. Acoustic tomography of ocean climate project
was proposed to monitor global ocean temperature [5]. Low
frequency acoustic transmission was conducted to obtain
temperature variation of arctic ocean water [6] and to monitor
heat content across the Mediterranean Sea [7]. Low cen-
tral frequencies such as 40 Hz, 100-to 200-Hz, and 400 Hz
lead to low temporal as well as spatial resolutions of acous-
tic tomography. However, for small-scale (<10 kilometer)
coastal, estuary, and sea-land interface regions, low frequency
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acoustic tomography might not be applicable [8]-[12].
Small-scale coastal, estuary, and sea-land interface regions
are located at the junction of ocean and land. The tortu-
ous coastline, combined with surface runoff, ocean tide, and
wind, leads to the complex and highly variable distribution of
shallow water temperature. To understand physical process
of the underwater ecosystems in these small regions, high
spatial resolution reconstruction of fine temperature distri-
bution is very important. In-situ sensors such as water ther-
mometer and conductivity-temperature-depth profiler (CTD)
have been commonly used [13], [14]. However, to obtain fine
temperature spatial distribution, these in-situ measurements
lead to significant increases in time and cost. In addition,
these in-situ sensors have the risk of being destroyed under
extreme weather conditions, such as typhoon and flooding.
Our recent study has shown that high frequency acoustic
technique provides real-time observation of range-averaged
flow velocity, however, its application in reconstructing fine
spatial distribution has not been found [8]. Therefore, there
is an urgent demand for developing high spatial resolution
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acoustic tomography for small-scale (<10 kilometer) coastal,
estuary, and sea-land interface regions.

Ultrasound tomography is a novel imaging technology
used to reconstruct a map of sound speed in a medium based
upon the arrival times of ultrasound waves transmitted from
various directions. It provides an effective way to overcome
the low resolution limitation of low frequency acoustic tech-
niques. Ultrasound tomography has received wide interest
in medical imaging, ultrasonic inspection, seismic imaging,
etc. [15]-[19]

In this study, underwater ultrasound tomography (UUT)
will be proposed to reconstruct high spatial resolution dis-
tribution of underwater temperature. Based on the recip-
rocal transmission principle, a grid-based UUT algorithm
is derived. Furthermore, the grid-based UUT technique is
applied to reconstruct fine temperature distribution of the
seawater in the Daya Bay. Finally, a water pool experiment
with ultrasound frequency of 60 kHz is performed to verify
the temperature reconstruction principle. The temperature
reconstructed by UUT is compared with the measured tem-
perature by CTD.

Il. MATERIALS AND METHODS
For high frequency UUT, a ray model could be used to
describe ultrasound transmission [17], [18]. Consider a two-
dimensional observation area, an ultrasound station A is
positioned, and the other station B moves around A for mea-
surement, as shown in Fig. 1(a). For the square region of the
grid-based UUT, station B has N-time measurement at each
side, giving the measurement number of N. Thus, for four
sides, station B has 4N —4 measurement number. Clearly, for
in-situ measurements, such as CTD or water thermometer,
N? measurement number is required to obtain the whole
two-dimensional temperature distribution.

Based on the reciprocal transmission principle [8]-[12],
[14], ray propagation time between A and B would be affected
by the sound speed distribution c(X,y) and current u (x, y).

(a) Station A (b)

P — | Station A o

Station B

Q

N /:// //
&Y,

~Station B I:>

FIGURE 1. (a) lllustration of the grid-based UUT scheme; (b) Reciprocal
ultrasound transmission of two ultrasound stations. For more details, see
text.

E

We proposed a grid-based UUT scheme to reconstruct the
sound speed distribution as c(x,y) = co + dc(x,y). co is
the reference sound speed and §c(x, y) is the sound speed
variation of the studied region. N positions are placed along
each side of the area, leading to N x N matrix of §c(x, y)
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and m direct rays between A and B. Clearly, N gives the grid
number. The reciprocal propagation times of the i-th ray /;
between A and B can be described as [8], [20]:

+ ds
e — (1)
,c0+déc+uen

and

T_—f & @
i ;0 +d6c—uen

Ti+ is the transmission time from station A to B and
T;™ is the transmission time from station B to A, as shown
in Fig. 1(b). n is the normal vector of ultrasound rays. Let
Ty be the reference propagation time of the i-th ray /; at
the reference sound speed co. For sufficiently small time
differences § Tl.+ = Tl-+ — T K Ti+ and 6T, =T, —Tp K
T;”, under the first-order approximation, Egs. (1) and (2) can
be obtained as

dcds u e nds
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Clearly, sound speed variation satisfies:
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Let sound speed variation in the j-th grid is dc;, and then
the corresponding ray length within the j-th grid of [; is [;;.
For the sufficiently large grid number N in small-scale
regions, we consider l,-j/c% — ds and then Eq.(5) can be

approximated as
—5-8¢; (6)

Eq. (6) can be described in the matrix form as,

y=Ex+e @)
. e ST;N 8T,
where y is the measurement result satisfying y; = %,
E is the known transfer coefficients matrix satisfying E;; =
—%, x is the reconstructed vector satisfying x; = dc;j, and e
0
is the error vector. From the determined 67 l.+, dT;, and :—é”,
. e .0
the sound speed variation c; can be reconstructed by solving
Eq. (7). We then use the least square method

x ~ (ETE)~'ETy (8)

In the grid-based UUT method, the ray number usually is
much larger each grid of sound speed variation. The inverse
problem of Eq. (7) is a well-posed one by using the least
square method. In the surrounding region in Fig. 1(a), the ray
number may equal to the grid number, and thus the error e
may affect the reconstruction quality. However, in the center
region, the ray number is much larger than the grid number,
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and thus the reconstruction error would be reduced. Thus
the sound speed distribution c(x,y) = cO+dc(x,y) can be
reconstructed by using the grid-based UUT scheme.
Furthermore, the sound speed can be transformed into
temperature based on the Del Grosso equation [19] as:

c=co+ Acr + Acp + Acs + Acstp ©)]

where T, P and S represent temperature, pressure, and salin-
ity, respectively. cg, Act, Acp, Acs, and Acgrp satisfy:

co = 1402.392,
Acr = 5.01109398873 - T — 0.0550946843172 - T2
+0.000221535969240 - T3,
Acs = 1.32952290781 - S + 0.000128955756844 - S,
Acp = 0.15605925041 - P + 0.0000244998688441 - P*
—0.88392332513- 1078 . P3,
Acsp = —0.0127562783426 - T - S
+0.0063519163389 - T - P
+0.265484716608 - 10~ - T2 . P?
—0.159349479045 - 1073 . T - P?
+0.522116437235- 1072 - T - P3
—0.438031096213 - 1076 .73 . P
—0.161674495909 - 1078 . §2 . P?
+0.968403156410- 107*- T2 . §
+0.485639620015- 107> -T -S> . P
—0.340597039004 - T - S - P. (10)

For the studied shallow water area, we consider that the
salinity and pressure are stable and can be measured by
using CTD. From Egs. (8), (9) and (10), we can reconstruct
the two-dimensional shallow water temperature distribution
using the grid-based UTT algorithm. By generalizing the two
dimension grids to the three dimension grids, the grid-based
UUT method may be applied to study the three-dimensional
case where temperature varies according to depth.

Ill. RESULTS AND DISCUSSION

Based on the above grid-based UTT principle, we examined
the underwater temperature distribution in Daya Bay. The
original temperature data was obtained by the voyage survey
of South China Sea Fisheries Research Institute, Chinese
Academy of Fishery Sciences in January 2020 in Daya Bay,
as shown in Fig. 2(a). CTD (CastAway, YSI, Yellow Springs,
OH) with the temperature measurement accuracy £0.05 °C
was used to obtain the underwater temperature distribution
of the sea area with a 10 x 10 grid and 0.5-meter depth.
The measured salinity was 32.3 9Y,. Figure 2(b) shows the
increase of temperature at the upper left-hand corner. It sug-
gests that the warm water in Daya Bay might have an impact
on coastal environment. The averaged underwater tempera-
ture of A1-A8 was 1.8 °C higher than those of A9 and A10,
and the water temperature of D3 was the highest. We then
applied the grid-based UUT algorithm to calculate the sound
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FIGURE 2. (a) CTD measurement in Daya Bay, China; (b) Original
temperature distribution near Daya Bay; (c) Sound speed distribution
near Daya Bay; (d) Reconstructed temperature distribution by the
grid-based UUT method.

propagation time and reconstructed the corresponding under-
water temperature. Figure 2(c) gives the sound speed distri-
bution of underwater near Daya Bay. Figure 2(d) shows the
reconstructed temperature spatial pattern of UUT, where the
grid number is 10. The goodness of fit of the reconstructed
and original temperature data is 0.98, suggesting their high
correlation relationship. The reconstructed results by UUT
show that A1-A9 have higher water temperatures than A10,
which is slightly larger than the measured area. It may be
associated with the spatial smoothing effect during recon-
struction. D3 has the highest temperature, which is the same
as the measured area.

Figure 3 compares the measured temperatures by CTD and
the reconstructed temperatures by UUT. The mean tempera-
ture value and the standard deviation of CTD were 20.42 °C
and 0.99 °C, while the mean temperature value and the
standard deviation of UUT were 21.02 °C and 1.26 °C. The
relative difference between the reconstructed and original
temperatures is less than 4.1%, indicating that the recon-
structed UUT results are qualitatively consistent with the
measured CTD results.

In order to verify UUT, we performed an ultrasound
transmission experiment in a large water pool with
length x width x height of 27 m x 14.6 m x 4 m. A recip-
rocal transmission system of UUT was designed, as shown
in the block diagram (Fig. 4). Ultrasound transducers with
central frequency f. of 60 kHz and bandwidth of 20 kHz
were used. Ultrasound stations A and B both included trans-
mitter and receiver. In the transmitter, the ultrasound signal
modulated by sine-wave 63-chip M-sequence was generated
every 10-seconds. The signal was then D/A converted by data
acquisition card with the sampling rate 400 kHz (NI USB-
6216, National Instruments, USA). After power amplifica-
tion, the underwater ultrasound signal x(t) was transmitted by
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FIGURE 3. Comparison of the measured CTD temperatures and
reconstructed UUT temperatures.
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FIGURE 4. Systematic diagram of UUT systems.

the ultrasound transducer with 1.8 m depth. In the receiver,
the ultrasound signal y(t) was recorded by the hydrophone
(8103, Bruel and Kjeer, Neerum, Denmark) within a fre-
quency range of 0.1 Hz to 180 kHz. An 8th-order Butterworth
bandpass filter with the pass-band of 40-80 kHz was used
to filter out low frequency noise. After A/D conversion,
the signal was sent into computer for further processing. The
signal transmission and reception were synchronized with
the GPS clock with the time precision of 20 ns. We set the
salinity of fresh water. The water temperature near station A
was measured by CTD for comparison.

We then performed the underwater ultrasound experi-
ments, as shown in Fig. 5(a). Station A was positioned at the
middle point of the pool length. Station B moved around with
the distance interval of 1m and the time interval of 10s. Each
length side has 25 measurements and each width side has
14 measurements. A total of 78 measurement numbers were
taken in a working cycle. Surface and bottom of the shallow
water caused the multiple path of ultrasound transmission in
Fig. 5(b). Paths 1 and 2 correspond to the direct ray and the
surface reflected ray, respectively. The received ultrasound
signals at stations B and A are shown in Figs. 5(c) and (d).
The received signal amplitudes were much larger than back-
ground noises, contributing to the power amplifier and band-
pass filter. We performed the cross-correlation analysis for
the transmitted and received signals. Peak values of the cor-
relation function gave the arrival times from the transmitter
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FIGURE 5. (a) Systematic diagram of underwater ultrasound experiments;
(a) Multiple acoustic paths, where 1 and 2 denote the direct path and the
surface reflected path, respectively; (c)The received signal at station

B (upper) and the correlation analysis between the transmitted and
received signals (lower), where 1 and 2 denote the direct path and the
surface reflected path, respectively; (d)The received signal at station

A (upper) and the correlation analysis between the transmitted and
received signals (lower).

to receiver. The propagation times and of the ultrasound wave
between A and B were estimated about 0.01814 ms, leading
to the reconstructed temperature of 19.41°C. For 60 kHz
of the transducer frequency, the acoustic period was about
16.7 ms, which was much larger than the time precision 20 ns
of GPS. Thus, high resolution GPS in this study significantly
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FIGURE 6. (a) Comparison of the measured CTD temperatures and
reconstructed UUT temperatures, where 2-hour temperature data were
given; (b) Reconstructed underwater temperature distribution by the
grid-based UUT method.

reduced the measurement error of propagation time. In addi-
tion, UUT has the high temperature reconstruction accuracy.
For small-scale Jiulongjiang sea-land interface with L =
390 m [8], the reconstruction accuracy of 60 kHz was cal-
culated as 0.002°C, which was much less than 0.05°C of
the CastAway CTD applied in this study. The reconstruction
accuracy of acoustic tomography with 23.7 kHz was almost
the same with that of CTD. However, the reconstruction
accuracy 0.349°C of acoustic tomography with 5 kHz would
be much lower than CTD, suggesting that lower frequency
acoustic tomography might not be applicable for small-scale
ocean regions, such as coastal area, bay, estuary, sea-land
interface, etc.

Furthermore, we tested the stability of UUT performance,
where the transmission time interval was set to 1 minute and
the total test time was 2 hours. As shown in Fig. 6(a), the
2-hour averaged temperature of UUT is 19.43 °C. CTD mea-
surement gave the average temperature of 19.35°C, leading
to the relative error 0.4%. Furthermore, in comparison with
the in-situ CTD measurement, the grid-based UUT scheme
allows to reconstruct the spatial distribution of the underwater
temperature, as shown in Fig. 6(b), where the grid number
of each length was 25, and the grid number of each width
was 14. Temperature of the right side of the water pool was
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slightly higher than that of the left side. Circulating water
system in the 27m x 14.6m x 4m water pool might cause the
temperature change from 19.30°C to 19.45°C. Clearly, such
a small-scale temperature distribution could not be recon-
structed by either using low frequency underwater acous-
tic technique [4]-[7], [9], [14] or high frequency acoustic
tomography [8], [11].

In this study, high frequency ray model was applied for
small-scale shallow water. For the application of long dis-
tance propagation in seawater, refraction effect should be
considered to determine the ray path. According to the prin-
ciple of underwater acoustics [6], for the deep isothermal
layer, sound velocity gradient may lead to the ray radius about
89.6 km, which is much large than small-scale (<10 km)
coastal, estuary, and sea-land interface regions. In this study,
the length of the study region in Daya Bay was about 5 km,
and thus the refraction effect may not be significant. For the
experiment with distance 0.027km and ultrasound frequency
60 kHz, refraction effect may be negligible. Thus, ray path
could to assumed be straight in this study.

Finally, as shown in Fig. 1, the grid-based UUT scheme
may require the 4N —4 computation load to reconstruct the
two-dimensional underwater temperature distribution of the
study area, however, in-situ CTD or water thermometer
require the N> computation load to obtain the temperature
distribution. As shown in Fig. 7(a), UUT and CTD have the
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same measurement number for the grid number N = 2.
However, for N = 10 in Fig. 2, the 36 measurement number
of UUT were much less than the 100 measurements of CTD
to obtain the temperature distribution in Daya Bay. Increasing
grid size N may increase computation load. For significantly
larger N, 4N —4 would be much less than NZ in Fig. 7(a).
Thus, the grid-based UUT method proposed in this study
has the obvious advantage in reducing computation load than
the in-situ CTD method [13], [14]. In addition, the spatial
resolution of the UUT method is proportional to 1/N. The
larger N is, the higher the spatial resolution is. Furthermore,
according to Eq.(5), the measurement accuracy of time may
increase with transducer frequency. As shown in Fig. 7(b),
the measurement accuracy of temperature increases with the
transducer frequency. For ultrasound frequency 60 kHz,
the measurement accuracy is +0.002 °C, while for 10 kHz,
the measurement accuracy is £0.159 °C. Lower accuracy of
low frequency acoustic technique might limit their applica-
tions in small spatial scales [4]-[12]. Therefore, UUT may
overcome low spatial as well as temporal resolutions of low
frequency acoustic tomography. Consider that temperature
distribution plays an important role for underwater ecosys-
tems [20], these advantages allow UUT to capture fine envi-
ronmental characteristic of small-scale coastal, estuary, and
sea-land interface regions.

IV. CONCLUSION

In this paper, a grid-based UUT scheme was proposed to
reconstruct underwater temperature distribution. Reciprocal
acoustic transmission principle of UUT was derived. Com-
puter simulations showed the distributed temperature pattern
of Daya Bay seawater. The correlation coefficient between
the reconstructed results and original data was 0.98, allowing
for the reconstruction of fine spatial distribution of the under-
water temperature in Daya Bay area. Furthermore, the feasi-
bility of UUT was examined by a water pool experiment. The
reconstructed temperature by UUT showed good agreement
with the measured temperature by CTD with the relative error
of 0.3%. The grid-based UUT method has an obvious advan-
tage in reducing measurement numbers than the in-situ CTD
method. Small-scale coastal, estuary, and sea-land interface
regions are the concentrated area of human marine activities.
Temperature has a great impact on the biological, chemi-
cal, and physical properties of underwater environment. Our
study suggests that ultrasound tomography might provide an
effective tool to monitor high spatial resolution underwater
temperature characteristic of these small-scale ocean regions.
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