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Systems based on remote sensing technology, which use reciprocal acoustic signals
to continuously monitor changes in the coastal oceanic environment, are referred to
as coastal acoustic tomography (CAT) systems. These systems have been applied in
regions in which heavy ship traffics, fishing and marine aquaculture activities make it
difficult to establish in situ oceanic sensor moorings. Conventionally, CAT measurements
were used to successfully produce horizontal maps of the depth-averaged current
velocity and temperature in these coastal regions without attempting to produce a
vertical temperature profile. This prompted us to propose a new method for vertical
temperature profile estimation (VTPE) from CAT data using the available sea surface
temperature (SST), near-bottom temperature (NBT), and water depth. The VTPE method
was validated using data-assimilated and tide-included high-resolution ocean model
outputs, including tide data, by comparing the estimated and simulated temperatures.
Measurements were performed in the southern coastal region of Korea, where two
CAT stations were moored to establish a continuous coastal ocean monitoring system.
The validation results revealed that the algorithm performed well across all seasons.
Sensitivity tests of the VTPE method with reasonable realistic random errors in the
SST, NBT, and acoustic travel time measurements demonstrate that the method is
applicable to CAT observation data because the monthly mean root-mean-squared
difference (RMSD) for the vertical profiles for February, May, August, and November
were 0.23, 0.30, 0.50, and 0.24◦C, respectively. The VTPE method was applied to the
CAT observation datasets acquired in February and August. The transceivers at the CAT
stations were at depths 11 and 6 m on average. The RMSD between the estimated
and observed temperatures in the middle layer (∼3 m depth) between two stations
in February and August were 0.08 and 0.60◦C, respectively, the accuracy of which is
sufficient in largely time-varying coastal environments. We provide a novel method for
continuous coastal subsurface environmental monitoring without interrupting maritime
traffic, fishing, and marine aquaculture activities.

Keywords: coastal acoustic tomography, vertical temperature profile estimation, tide-considered algorithm,
verification of VTPE, application of VTPE, coastal environmental monitoring
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INTRODUCTION

Sudden temperature changes in coastal marine environments
have an unexpected adverse impact on coastal fisheries and the
aquaculture industry (Lee et al., 2007; Choi et al., 2009; Kim
and Kim, 2010). Recent progress in sea state monitoring systems
has enabled us to obtain continuous high-resolution sea surface
temperature (SST) fields from satellite remote sensing (Donlon
et al., 2012; JPL Our Ocean Project, 2013). However, it is difficult
to obtain continuous subsurface temperature measurements
without in situ measuring equipment, and it is also challenging
to maintain such equipment owing to extensive movements
of maritime traffic, the high cost involved, and/or fishing and
marine aquaculture activities in coastal seas. Therefore, a remote
sensing measurement system that uses acoustic signals and is
known as coastal acoustic tomography (CAT) has been suggested
(e.g., Kaneko et al., 2020).

The CAT system is an innovative oceanographic technology
that can continuously monitor changes in the coastal oceanic
environment using reciprocal acoustic signals, regardless of
the amount of maritime traffic, and fishing activities. The
CAT system was developed on the basis of ocean acoustic
tomography, introduced by Munk and Wunsch (1979). Both
acoustic tomography systems measure one-way or reciprocally
transmitted travel times between sites. In particular, CAT
has demonstrated its ability to monitor coastal environmental
changes in regions where direct in situ measurements are difficult
(Zheng et al., 1997; Park and Kaneko, 2000, 2001; Yamaoka et al.,
2002; Taniguchi et al., 2013; Zhu et al., 2013; Zhang et al., 2015;
Syamsudin et al., 2017). Acoustic instruments measure sound
speed structures in three dimensions between acoustic stations
and can produce current and temperature fields. Nevertheless,
the outputs of CAT measurements are mainly depth-averaged
horizontal temperature and current velocity fields, which are
difficult to obtain with traditional estimation methods.

In this study, we introduce a novel method for vertical
temperature profile estimation (VTPE) based on the acoustic
travel time (ATT) between CAT stations and use additionally
available in situ measurements of SST, near-bottom temperature
(NBT), and water depth. Using the output of the high-resolution
tide-included ocean model, we first validated the performance
of the VTPE method using data collected during all four
seasons. This entailed comparing the simulated and estimated
temperatures for the southern coastal region of Korea, where two
CAT experimental points were set up to establish a continuous
coastal ocean monitoring system (Figure 1). Then, the VTPE
method was applied to the data recorded in situ by the CAT
observation system, and the accuracy of the method was verified
against independent temperature measurements collected in the
middle layer between the CAT stations.

VTPE PROCEDURE

The VTPE method uses the ATT, water depth, SST, and NBT as its
inputs. A schematic flowchart of the VTPE method is presented
in Figure 2. The method aims to select a plausible vertical

temperature profile among the intended vertical temperature
profiles based on the fixed water depth, SST, NBT, and measured
ATT. The details of the VTPE procedure are as follows.

The first step is to create plausible temperature profiles based
on the water depth, SST, and NBT. The temperature profiles
were set by modifying the thickness and depth of the seasonal
thermocline with the fixed water depth, SST, and NBT from
the measurements. The thickness and depth of the thermocline
were varied in the range of 20, 40, 60, and 80% of the total
depth; thus, a pair of SST and NBT values consists of 12 profiles
(Figure 2A). The number of profiles is 12 instead of 16 because
the thermocline can extend beyond the sea surface or sea bottom
when the thickness of thermocline is 60 or 80% and the depth of
thermocline is 20 or 80%. Note that all profiles are identical when
the SST and NBT are the same.

The second step is to calculate the ATT using each predicted
temperature profile. The temperature profiles were converted to
sound speed profiles using the equation of Mackenzie (1981)
with a fixed salinity of 33 psu, which is the annual mean in
the study area. The Bellhop ray-tracing model (Hovem and
Dong, 2019), designed to perform two-dimensional acoustic ray-
tracing for a given sound speed profile in ocean waveguides with
range-dependent bathymetry, is used to estimate the eigenrays
associated with ATTs (Figure 2B).

The third step is to determine an optimal temperature profile
by comparing the observed ATT with the ATTs calculated
using the ray-tracing simulations (Figure 2C). If only the
first-arrival acoustic travel time (ATT1st) is detected in the
observation, the algorithm finds the optimal profile with the least
difference between the estimated and observed values of ATT1st
(Figure 2D). When the optimal ATT1st with the least difference
is not unique, an optimal vertical profile is produced by averaging
the two closest predicted profiles. If both the ATT1st and second-
arrival acoustic travel time (ATT2nd) are detected during an
observation, preferentially, we select the second-arrival acoustic
ray among multiple rays in ray-tracing simulations with each
plausible profile based on the difference between the measured
ATT1st and ATT2nd. Then, the optimal temperature profile is
determined among profiles when the sum of the differences
between the observed and estimated values of ATT1st and ATT2nd
reaches a minimum.

VALIDATION OF VTPE METHOD

Numerical Ocean Model
The VTPE method was verified by utilizing data from four
individual months (February, May, August, and November) in
2016 from data-assimilated three-dimensional fine-resolution
numerical ocean model outputs. These outputs were used for
the real-time ocean forecast system covering East Asian marginal
seas1. The real-time forecast system has a horizontal resolution of
1/12◦ in longitude and 1/15◦ in latitude (Hirose et al., 2013) and
is based on the RIAM Ocean Model (RIAMOM), a free-surface
primitive general circulation model developed by the Research

1http://dreams-c1.riam.kyushu-u.ac.jp/vwp/
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FIGURE 1 | (A) Locations of the two stations used in the CAT field experiment. Station 1 is deeper than Station 2. Temperatures between the estimated and the
observed were compared at the location marked by the red dot in (B).

FIGURE 2 | (A) Temperature profiles created using water depth, SST, and NBT. (B) Eigenrays of the ATT1st in each of the temperature profiles. (C) Example of
comparison between observed ATT1st and calculated ATT1st. The value of ATT1st closest to the observed value is displayed in red. (D) The determined optimal
profile is plotted as the red line. SST, Sea surface temperature; NBT, Near-bottom temperature; and ATT, Acoustic travel time.

Institute for Applied Mechanics (RIAM) of Kyushu University
(Lee, 1996; Lee et al., 2003). RIAMOM is a three-dimensional
z-coordinate model that assumes hydrostatic balance and the
Boussinesq approximation. The model uses 40 vertical levels of
which the thickness increases with depth, from 1 m at the surface
to 880 m near the bottom. The upper six layers are defined

at depths of 1, 3, 5, 6.5, 10, 15, and 22 m; thus, the model
can represent successive vertical temperature changes in shallow
coastal regions. The model includes tides and ocean general
circulation and is forced by 6-hourly atmospheric forcings. The
gridded SST data (MGDSST) of the Japan Meteorological Agency
were used for surface relaxation with a time scale of 3 days. The
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along-track sea surface height of AVISO was assimilated into the
model using a reduced-order Kalman filter. More details about
the model configurations appear in the paper by Hirose et al.
(2013).

Evaluation of VTPE
The temperature profiles estimated with the use of the VTPE
method were compared with those generated by the model
for February, May, August, and November to investigate the
performance of the method in all four seasons. Figure 3 compares
the timeseries of the temperature profiles obtained with the
model with those estimated using the VTPE method. For
February, the temperature profile was vertically homogeneous.
The results obtained with the VTPE method were in good
agreement with the output of the model (Figures 3A–C). The
monthly mean root-mean-squared difference (RMSD) for the
vertical temperature profiles is less than 0.01◦C. During May, the
seasonal thermocline gradually develops and becomes warmer
over time (Figure 3D). The results of the VTPE method were
in good agreement with the temperature profiles from the
ocean model (Figures 3D,E). The absolute errors in Figure 3F
are less than 0.5◦C overall, and the monthly mean RMSD
for the vertical profiles is approximately 0.05◦C. In August, a
seasonal thermocline developed, and diurnal and semidiurnal
internal fluctuations were evident in early- and mid-August
(Figure 3G). These patterns are well reflected in the VTPE-
estimated temperature timeseries (Figure 3H). The absolute
errors were the largest in August, and most of the errors were
distributed in the middle layer, when the seasonal thermocline
well developed during the first half of the month (Figure 3I).
The monthly mean RMSD for the vertical profiles is 0.18◦C.
In November, the stratification almost disappeared, similar to
February (Figure 3J). The VTPE results corresponded well with
the temperature profiles produced as model outputs (Figure 3K).
The absolute errors are relatively small; hence, the monthly
mean RMSD for the vertical profiles is ∼0.01◦C (Figure 3L).
The vertical distribution of mean-squared difference (MSD)
in the water column at 1-m intervals [(◦C)2] was described
in histograms on the right of Figures 3C,F,I,L. Overall, the
MSD was relatively small at or near the sea surface and sea
bottom but increased in the middle layer, particularly when the
stratification developed.

Effects of Tides and Seasonal
Thermocline on Ray-Tracing
In general, the tide can significantly impact the sea-level
modulations in coastal regions. At our CAT stations, the tidal
range had a maximum of ∼4 m, which is sufficiently large
compared to the average depth of ∼9 m between the two CAT
stations. We conducted ray-tracing simulations using the same
temperature profiles (same SST, NBT, and thermocline structure),
except for the water depth during the highest and lowest tides,
to estimate the influence of tide-induced sea level changes on
the propagation of acoustic signals. The 2 months of August
and November were selected to investigate the impacts of the

tide and seasonal thermocline on the propagation of acoustic
signals and ATTs.

Ray-tracing simulations of the propagation of acoustic signals
using temperature profiles on August 1, when the difference in
SST and NBT was the largest, showed that the acoustic rays
differed significantly between the highest and lowest tides in
terms of their propagation distance, refraction, and reflection
(Figures 4A,B). The simultaneous effects of the tidal elevation
and seasonal thermocline complicate the behavior of the acoustic
rays, which becomes nonlinear. For example, the first-arrival
acoustic rays represented by the red line have different reflection
times from the sea surface or sea floor between the highest (three
times) and lowest (five times) tides. In November, because the
seasonal thermocline almost disappears, only the effect of tidal
elevation is predominant (Figures 4C,D); thus, all acoustic rays
calculated using temperature profiles recorded on November 23,
when the difference between SST and NBT was the smallest,
became simpler and more straightforward. The propagation
distance of the first-arrival acoustic rays is obviously longer
during the highest tides but it is linear. Quantitatively, tidal
elevation results in significant differences in ATT1st with a
range of RMSD of 0.53 and 0.12 ms in August and November,
respectively, which is sufficiently large to miscalculate the
temperature profiles. Hence, the seasonal thermocline and tides
in the coastal regions would need to be considered to accurately
estimate the temperature profiles from CAT data.

Sensitivity Test of VTPE Method
Application of the VTPE method to real ocean measurements
could be affected by various measurement errors in SST, NBT, and
ATT (first and second ATT measurements in the case of our CAT
observation). Sensitivity tests of the VTPE method were carried
out by conducting ray-tracing simulations including reasonable
observational errors. Four experiments were conducted, one in
each of the four seasons: Cases 1 and 2 adopted random errors
within±0.5◦C for SST and NBT, respectively. Case 3 added errors
of ±0.5% to the ATT, the error of which includes time-varying
location of transducers as it is floated in the water, and Case 4
includes all the random errors of Cases 1–3.

The monthly mean RMSD for the vertical profiles was
calculated by comparing the temperature that was estimated with
the error-included pseudo-observations and those obtained as an
output of the numerical model (Table 1). Among the four cases,
the RMSDs were similar in Cases 1 and 2 for each of the 4 months:
a decrease in the homogenous period (February and November)
and an increase in the well-stratified period (May and August).
In Case 3, the RMSD differed distinctly between the two periods;
the RMSD reached 0.4◦C in August, but 0.01◦C in February and
November. The behavior of the acoustic rays during homogenous
months is straightforward compared with that in August and
May; hence, ATT errors can have significant impacts on VTPE
in well-stratified time.

The results of Case 4 demonstrate an obvious increase in
noisy deviation owing to the random errors added (Figure 5).
Overall, the differences are smaller at the surface and in layers
near the bottom than in the middle layer. For February, the
effect of the errors was smaller than in the other months. The
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FIGURE 3 | (A,D,G,J) Timeseries of temperature profiles obtained as output of the numerical model for February, May, August, and November 2016 together with
the sea level modulations. (B,E,H,K) Timeseries of temperature profile estimated from the VTPE method. (C,F,I,L) Absolute errors in temperature between the output
of the numerical model and VTPE results. The colorbar for absolute errors is shown at the bottom. Histograms on the right of (C,F,I,L) represent the vertical
distribution of MSD [(◦C)2] in the water column at 1-m intervals.
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FIGURE 4 | Eigenrays for the (A,C) highest and (B,D) lowest tides in (A,B)
August and (C,D) November. The red and black curves indicate the first
acoustic ray and those that subsequently arrived, respectively.

TABLE 1 | Sensitivity tests with reasonable random errors in each case.

Method February May August November Avg.

Case 1 (SST) 0.11 0.13 0.23 0.11 0.15

Case 2 (NBT) 0.12 0.16 0.24 0.12 0.16

Case 3 (ATT) 0.01 0.17 0.40 0.01 0.13

Case 4 (All) 0.23 0.30 0.50 0.24 0.32

Values are the average RMSD over the vertical profiles between the temperature
estimated with the VTPE method and that obtained with the numerical model. The
unit is ◦C.

estimated temperature profiles appeared noisy but were in good
agreement with the model outputs with a monthly mean RMSD
for the vertical temperature profiles of 0.23◦C. For May, the
timeseries of the temperature profiles present more noise than for
February, especially after the 25th when the seasonal thermocline
developed; hence, the monthly mean RMSD increases to 0.30◦C.
For August, the absolute errors were the largest among the
4 months with a monthly mean RMSD of 0.50◦C. For November,
the temperature profiles correspond well with the model outputs
with an RMSD of 0.24◦C (Table 1).

The vertical distribution of MSD [(◦C)2] in the water column
at 1-m intervals in case of all random errors included was
described in histograms on the right of 5B, 5D, 5F, and 5H. The
MSD was relatively small at or near the sea surface and sea bottom
but increased in the middle layer, particularly in May and August
when the stratification developed.

APPLICATION OF VTPE METHOD FOR
IN SITU OBSERVATION

In situ Observations and Distance
Correction
For sustainable real-time coastal ocean monitoring, a pilot CAT
experiment was carried out near Noryeok Island on the southern
coast of Korea in February and August 2019 for 14 and 9 days,
respectively (see Figure 1). The transceiver (SonoTube 008/D13)
at each of the two stations, separated by ∼630 m, was located
∼1 m above the sea floor, approximate average depths were
11 and 6 m at station 1 and 2, respectively. The transceiver
transmitted 10 kHz acoustic signals reciprocally. Their phases
were modulated by one period [(28–1) digits] of an eigth-order
M-sequence, and the ATT1st and ATT2nd were recorded in 1-
min intervals. The resolution of ATT measurement is 0.025 ms
(=0.000025 s) which is sufficient to differentiate plausible sound-
speed and temperature profiles. The pressure at the bottom of the
ocean was measured with OMNI instruments (PTM/N/RS485),
and temperature sensors (RBRduet3 T.D) were moored at the
sea surface, middle layer, and sea floor at three sites: station
1, station 2, and between the two stations (Figure 1B). All
data were transmitted instantly to the onshore storage server
at the Gwangju Institute of Science and Technology. The
VTPE calculations were conducted by using the in situ SST,
NBT, and bottom pressure measurements recorded at station 1
(deeper station) and the ATTs. The middle layer (∼3 m depth)
temperature was separately measured between stations 1 and 2 to
validate the VTPE results.

Temperature estimation using acoustic tomography is very
sensitive to the distance between acoustic transceivers (Munk
et al., 1995). In our field experiment, the transceiver is moored
near the sea floor and connected to a surface barge with a
global positioning system (GPS) sensor via a slack mooring cable.
Because it was difficult to obtain accurate GPS coordinates of the
transceiver from the GPS sensor, we used the following procedure
to reduce the distance error. We calculated the mean distance (S),
S = Cτ, where C is the sound speed computed using NBT, and
τ is the bidirectionally averaged ATT1st. The distance was then
corrected in the acoustic ray-tracing simulations in the second
step of the VTPE method.

Application of the VTPE Method to in situ
Observations
The temperature profiles for February and August were
successfully constructed using the VTPE method. The estimated
vertical temperature profile during February 12–26 (with 15 h
missing on February 20) is shown in Figure 6. The temperature
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FIGURE 5 | (A,C,E,G) Timeseries of temperature profile estimated with the VTPE method by including the random-error data and (B,D,F,H) absolute errors of the
temperature between the output of the numerical model and the VTPE results in (A,B) February, (C,D) May, (E,F) August, and (G,H) November 2016. The colorbar
for absolute errors is shown at the bottom. Histograms on the right of (B,D,F,H) represent the vertical distribution of the MSD [(◦C)2] in the water column at 1-m
intervals.

fluctuates within a range of ±1.5◦C from the mean temperature
of ∼8◦C and represents the typical pattern of a vertically
homogeneous temperature change in February. The semidiurnal
and diurnal fluctuations in temperature seem to be caused by
tidal variability. To verify the VTPE result, the middle-layer
temperature was compared to the in situ temperature measured at
the site between the two CAT stations (Figure 6B). The timeseries
of the in situ measured and the estimated temperatures were
in good agreement, and the average RMSD in the middle layer
(∼3 m depth) was 0.08◦C (Figure 6C).

The timeseries of the estimated vertical temperature profile for
the period August 1–9 is shown in Figure 7A. The temperature
profile describes a stratified water column, a typical structure
that is observed in August, and the development of a seasonal
thermocline on August 8–9. The overall temporal variability in
the temperature seems to be associated with semidiurnal and
diurnal tides, although surface tides of semidiurnal frequency
are weak. The estimated middle-layer temperature was compared
with that measured in situ at the site between the two CAT
stations (Figure 7B). The temperature estimated using the VTPE
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FIGURE 6 | (A) Timeseries of temperature profiles estimated with the VTPE method using the field observation data of February 2019. Note that the SST
observation failed for 15 h on February 20. (B) Comparison of the middle-layer temperatures that were estimated and measured in situ at the site between the two
CAT stations. (C) Difference between the two timeseries of temperatures shown in (B).

FIGURE 7 | (A) Timeseries of temperature profiles estimated from the VTPE method using the field observation data gathered in August 2019. (B) Comparison of
middle-layer temperatures between the estimated and the in situ measurement at a site between the two CAT stations. (C) Difference of the two timeseries of
temperatures shown in (B).
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method is in good correspondence with that measured in situ,
including the increasing tendency on August 7–9. The average
RMSD between the estimated and measured temperatures in
the middle layer is 0.60◦C, which is satisfactory considering the
highly fluctuating conditions in coastal regions (Figure 7C).

In addition, we compared the performance of the VTPE
method with existing widely used regularized inverse method
(Zhu et al., 2013; Zhang et al., 2015; Syamsudin et al., 2017) with
and without the distance correction, though the inverse method
has not been used to produce vertical temperature profile in
previous studies. The middle-layer temperature RMSD of 6.21,
0.96, and 0.60◦C was obtained from the inverse method without
and with the distance correction, and from the VTPE method
with the distance correction, respectively (see Supplementary
Material), indicating that the VTPE method and the distance
correction suggested here should be valid and practical for the
CAT data obtained from non-fixed transceivers.

SUMMARY AND CONCLUSION

We propose a novel method for VTPE from CAT systems using
additional available data, such as SST, NBT, and water depth. The
proposed VTPE method is validated using data-assimilated and
tide-included high-resolution ocean model outputs by comparing
the estimated and model-simulated temperatures in the southern
coastal region of Korea, where the CAT stations have been
moored to establish a continuous coastal ocean monitoring
system. Our novel VTPE method was then applied to the in situ
observation data.

The validation of the VTPE method using the numerical
ocean model outputs reveals that the algorithm delivers good
performance for all seasons, with monthly mean RMSD for the
vertical profiles of 0.01, 0.05, 0.18, and 0.01◦C in February,
May, August, and November, respectively. Sensitivity tests
with reasonable random errors added to SST, NBT, and
ATT demonstrate that the method can reproduce accurate
temperature profiles with somewhat increased monthly mean
RMSD for the vertical profiles of 0.23, 0.30, 0.50, and 0.24◦C in
February, May, August, and November, respectively. The VTPE
method was applied to in situ observation data for 15 days in
February and 9 days in August. The VTPE results realistically
reproduce the seasonality and high-frequency variabilities of
temperature. Comparisons of middle-layer temperature between
the VTPE-estimated and the observed temperature in February
and August revealed mean RMSDs of 0.08 and 0.60◦C,
respectively, which is satisfactory for coastal ocean monitoring.

Although the data from the two CAT stations enabled the
estimation of a one-dimensional temperature profile, the VTPE
method proposed in this study can pave the way for continuous

monitoring of two- and three-dimensional temperature fields
by combining multiple CAT stations. The VTPE method,
monitoring subsurface temperature profile, will help crisis
managements in coastal fisheries and the aquaculture industries
due to impacts of warming climate and marine heat wave (Caputi
et al., 2016; Rogers et al., 2021).

The estimated temperature profile using two CAT stations
produces spatially averaged range-independent temperature
profiles between two stations. Estimation of the range-dependent
vertical profiles considering spatial scales of oceanic phenomena
would be important for high-resolution coastal monitoring. Also,
the effect of salinity on the VTPE method was not considered
in this study; however, it could have an impact on ATTs when
events such as fresh water discharge or intrusion and heavy
precipitation occur. Lastly, the VTPE method might have a
limitation in regions where the stratification is very complicated
due to such as significant temperature inversion. Therefore, these
problems would need to be addressed in future to improve
the VTPE method.
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