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ABSTRACT Temperature has a great impact on the underwater environment in oceans. The real-time
monitoring of it is of both scientific and practical importance. In this paper, we proposed a new scheme
of high-frequency acoustic thermometry to measure the real-time ranged-averaged underwater temperature.
The cross-correlation analysis with high-resolution Global Positioning System synchronization was used to
derive the propagation time of underwater acoustic signals. Reciprocal underwater acoustic transmissions
between two acoustic stations extracted the range-averaged temperature. Furthermore, a field experiment
of high-frequency acoustic transmission was performed in the Jiulong River estuary. The ranged-average
temperature extracted by the underwater acoustic sensor was compared with in situ temperature with
a relative standard deviation of about 6%. The range-averaged temperature was correlated with in situ
temperature (R2

= 0.93) during 48-hour real-time measurement experiments. The results suggest the
potential applications of proposed high-frequency acoustic thermometry in real-time monitoring of the
averaged temperature in coastal oceans.

INDEX TERMS Underwater high-frequency acoustics, range-averaged temperature, real-time monitoring.

I. INTRODUCTION
Water temperature plays an important role in the biologi-
cal, chemical, and physical properties of underwater ecosys-
tems [1], [2]. Real-time water temperature monitoring is
of great scientific and practical significance. Thermome-
ters and conductivity-temperature-depth sensors, which are
most commonly used, offer in-situ measurement of water
temperature. However, they are incapable of obtaining real-
time ranged-average temperature, particularly during flood
periods. Therefore, a long-term scheme is necessary for
ranged-average temperature monitoring in shallow water
areas.

Underwater acoustic sensing has been widely used
in a variety of ocean applications, such as exploring
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ocean resources or monitoring ocean environments [3]–[6].
Recently, low frequency acoustic techniques have been devel-
oped to measure averaged seawater temperature over a long
distance [2]–[8]. Acoustic thermometry of ocean climate
project was conducted to monitor global warming [2]. The
arctic climate observation using underwater sound project
measured the temperature variation of arctic ocean water [3].
However, for coastal oceans or estuaries with much smaller
space scales, low frequency acoustic thermometry is diffi-
cult to be applied due to its low spatial resolution [9]–[12].
Due to the superimposed effects of human activities and
climate change, there is an urgent demand for developing
high-frequency acoustic techniques to monitor highly variant
underwater temperatures.

In this paper, we propose high frequency acoustic ther-
mometry (HFAT) as a new real-time scheme to measure
range-averaged underwater temperature. High resolution
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Global Positioning System (GPS) time synchronization and
cross-correlation analysis are employed to derive the prop-
agation time of underwater acoustic signals. Using a field
experiment in the Jiulong River Estuary, we compare the
resulting temperatures by HFAT with the in-situ temperature
measured by digital thermometer.

The rest of this paper is organized as follows: Descriptions
about this system are given in Section II. The HFAT under-
water experiment is described to assess the accuracy of the
system, the comparison with in-situ thermometer is presented
in Section III, and concluding remarks are given in Section IV.

II. MATERIALS AND METHODS
Acoustic reciprocal transmission principle can be used to
extract range-averaged temperature [13]–[15]. As shown
in Fig. 1(a), the system consists of a pair of acoustic stations
(A and B) placed on both sides of shallow waters. Acoustic
station was achieved by the 20GP container, with an external
size of 5.9 × 2.35 × 2.39 m. The wall was double steel
plates with a thickness of 60 mm. The roof was covered with
50 mm thick rock wool. We designed the stations in Fig. 1(b)
by integrating facilities, such as solar pannels, power supply,

FIGURE 1. (a) Illustration of the HFAT system for real-time monitoring of
range-averaged temperature in shallow water. For more details, see text.
(b) Profile of the acoustic station including 1 solar panels, 2 external
power interface, 3 emergency power supply, 4 power circuit, 5 water
pump, 6 drain pipe, 7 real-time monitoring instrument, 8 work bench,
9 wireless Wifi, 10 power control.

power circuit, water pump, drain pipe, work bench, and power
control. Real-time monitoring instrument with Wifi connec-
tions was set in the container. Such an infrastructure provides
an efficient platform for hydrological monitoring in estuarine
area.

For Stations A and B, underwater acoustic transducers and
hydrophones transmit and receive the signals, respectively.
The reciprocal travel times of acoustic waves between the two
stations can be written as [9], [11]–[13], [15]–[17]:

t+ =
∫
L

ds
C + δc+ |u · cos θ |

(1)

t− =
∫
L

ds
C + δc− |u · cos θ |

(2)

where t+ is the propagation time from Station A to B, t− indi-
cates the propagation time from B to A, L is the propagation
path, θ is the angle between the flow velocity u direction
and the acoustic propagation path. C is the average sound
speed. δc << C is the sound speed change caused by water
temperature. From the measured t+ and t−, the sound speed
can be estimated as:

C =
L
2

(
1
t+
+

1
t−

)
(3)

Then, for shallow water, the range-averaged temperature can
be obtained based on the following formula [18]–[20]:

CS,T ,P = C0,0,0 +1CT +1CS +1CP +1CSTP (4)

where T and P represent temperature and pressure, respec-
tively, and C0,0,0,1CT ,1CS ,1CP,1CSTP satisfy:

C0,0,0 = 1402.392,

1CT = 5.01109398873 · T − 0.0550946843172 · T 2

+0.000221535969240 · T 3,

1CS = 1.32952290781 · S + 0.000128955756844 · S2,

1CP = 0.15605925041 · P+ 0.0000244998688441 · P2

− 0.88392332513 · 10−8 · P3,

1CSTP = −0.0127562783426 · T · S

+ 0.0063519163389 · T · P

+ 0.265484716608 · 10−7 · T 2
· P2

− 0.159349479045 · 10−5 · T · P2

+ 0.522116437235 · 10−9 · T · P3

− 0.438031096213 · 10−6 · T 3
· P

− 0.161674495909 · 10−8 · S2 · P2

+ 0.968403156410 · 10−4 · T 2
· S

+ 0.485639620015 · 10−5 · T · S2 · P

− 0.340597039004 · T · S · P.

Based on the above principle, a block diagram of HFAT is
designed, as shown in Fig. 2, in which computer, data acqui-
sition card, power amplifiers, filter amplifier, transmitting
transducer, and hydrophone are given. In the transmitter, the
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FIGURE 2. Systematic diagram of HFAT, where each acoustic station
includes computer, data acquisition card, power amplifiers, filter
amplifier, transmitting transducer, and hydrophone.

signal modulated by sine-wave 63-chip m sequence, is gener-
ated every 10-seconds by the computer. The electrical signal
x(t) is then D/A converted by data acquisition card, power
amplified, and transmitted by the acoustic transducer. In the
receiver, acoustic signal is transformed into electrical signal
by the hydrophone and filtered by an 8th-order Butterworth
bandpass filter. After A/D conversion, the electric signal y(t)
is sent into computer for further processing. The signal trans-
mission and reception are synchronized with the GPS clock.
The functions of all units of the HFAT system are given as:

1. GPS: Writes time message to computers and generates
1PPS (1 pulse per second) to trigger data acquisition card.
The time precision of GPS is 20 ns.

2. Data acquisition card (NI USB-6216, National Instru-
ments, USA): Performs A/D and D/A conversions with the
sampling rate 400 kHz and receives 1PPS signals from GPS.

3. Power amplification: Increases the transmission power
of underwater acoustic signals.

4. Filter amplification: Amplifies the received signal.
An 8th-order Butterworth bandpass filter with the pass-band
of 40-80 kHz is used to filter out the low frequency noise.

5. Acoustic transducer: As an acoustic transmitting sensor
with central frequency of 60 kHz and bandwidth of 40 kHz,
it transforms electrical signal x(t) into acoustic signa.

6. Hydrophone: As an acoustic receiving sensor with broad
frequency range (from 1 kHz to 200 kHz) [22], it receives
underwater acoustic signal and transforms acoustic signal
into electrical signal y(t).

7. In-situ thermometer: Water temperature sensor (In Situ
Level TROLL 500, USA) is used to measure in-situ temper-
ature for comparison. For Jiulong River, S and P of shallow
fresh water were readily determined.

III. EXPERIMENTAL RESULTS AND DISCUSSION
We performed the HFAT experiment in the Jiulong River
Estuary, as shown in Fig. 3. The Jiulong River Estuary is

a typical subtropical macro-tide estuary on the southwest
coast of the Taiwan Strait. The study area in Zhangzhou
City was from 117.783845◦ E-24.524548◦ N to 117.786112◦

E-24.521723◦ N. Acoustic transducers and hydrophones
were deployed at two acoustic stations A and B with the
distance of 390 m and the depth of 0.5m above the river floor.

FIGURE 3. Map of the field experimental site and the acoustic reciprocal
transmission of acoustic stations A and B.

From the cross-correlation analysis in Fig. 4, the propaga-
tion time t+ = 0.263797 s of the underwater acoustic wave
from station A to B was estimated, while the propagation
time t− = 0.263805 s from B to A was estimated. Higher
t− than t+ is associated with the current direction of Jiang-
long River from A to B. Based on t+ and t−, the range aver-
aged temperature was estimated as T = 23.95◦. In addition,
for 60 kHz frequency, the acoustic wave period was 16.7 ms,
which is much larger than the time precision 20 ns of GPS.
Thus, high resolution GPS significantly reduced the measure-
ment error of propagation time. Furthermore, the measure-
ment accuracy of propagation time increases with frequency.
For example, 6 kHz leads to the measurement accuracy of
± 0.29 ◦C, while 60 kHz leads to the higher accuracy of
± 0.002 ◦C. In comparison with previous low frequency
underwater acoustic sensing schemes [7]–[12], significantly
higher frequencies (central freuqneyc is 60 kHz) were applied
in this study. Lower central frequnecies such as 40 Hz [10],
100-to 200-Hz [7], 400 Hz [11], 5 kHz [16], and 15 kHz [15]
might lead to lower time accuracy of low frequency acoustic
thermometries, which might limit their applications in estuar-
ies with small spatial scales and shallow waters. HFAT might
provide a more valuable method to extract the range averaged
temperature of small scale waters in estuaries and coastal
oceans.

Furthermore, Figs. 5(a) and (c) show the received underwa-
ter acoustic signals and the corresponding cross-correlation
function at the station A from 19:00 pm to 2:00 am,
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FIGURE 4. Acoustic propagation times t+ and t− obtained by analyzing
the cross-correlation function.

respectively, where the result at each hour was given.
Figs. 5(b) and (d) give the selected waveform and the cross-
correlation function at 22: 00 pm. During the experiments,
the measured underwater signal waveforms were very stable.
The signal-to-noise ratio was as high as 12 dB, indicating
the efficiency of power amplification. The propagation times
of underwater acoustic waves could be reliably estimated
from the significantly high peaks in cross-correlation func-
tions. These results demonstrate the effective performances of
underwater acoustic sensors in HFAT. The measured acoustic
signal has a certain tail, suggesting that the bandwidth of
the underwater acoustic transducers could be futher increased
to improve the cross-correlation analysis. In addition, strong
multi-path acoustic propagations were found in the river
water. The first path corresponding to the first peak in the
cross-correlation functionmight give the direct acoustic prop-
agation. The second path corresponding to the second peak
in the cross-correlation function mainly resulted from the
propagation reflected by thewater bottom.Due to larger prop-
agation loss and bottom scattering [18], the signal amplitudes
of the second path were lower than those of the first path.

In order to examine the reliability of HFAT, Fig. 6 com-
pared in-situ temperatures measured by the temperature sen-
sor with range-averaged temperatures measured by HFAT.
Measurements were performed every thirty seconds. Two
curves show the similar temperature change tendency
because the weather cooled down in the experiments. Their
relative standard deviation was less than 6%. Such a small dif-
ference might be associated with their different measurement
conditions: temperature sensor measured in-situ temperature
near the riverside, while HFATmeasured the ranged-averaged
temperature over the whole river.

In addition, we performed linear regressions to
determine the relationship between range-averaged and

FIGURE 5. (a) The received underwater acoustic signals at the station A
from 19: 00 pm to 2: 00 am, and (b) the selected signal at 22:00 pm.
(c) The corresponding cross-correlation function results from 19: 00 pm to
2: 00 am, and (d) the selected result at 22:00 pm.
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FIGURE 6. Comparison between range-averaged and in-situ
temperatures, where the 48-hour experimental measurement was
performed every thirty seconds.’

in-situ temperatures. The linear correlation relationship was
found as:

T (average)=0.927T (in− situ)+ 0.288, (R2=0.98) (5)

Clearly, the range-averaged temperatures matched the pre-
cision of those were measured with the in-situ tempera-
ture sensors. It should be noted that direct measurement
of range-averaged temperature is difficult for in-situ sen-
sors due to highly variant coastal ocean and estuarine
waters [14]–[16]. As a result, in-situ temperature may not
provide overall information of underwater environments.
Tomography may play an important role to recondtruct the
system parameter [7]–[11], [23]. HFAT, therefore, presents
a valuable instrument for monitoring averaged temperature
in shallow water areas, such as coastal oceans and estuaries.
Eq. 5 gave a calbration formulum between range-averaged
temperature and in-situ temperature. Combined with under-
water acoustic sensor network [3]–[6], HFAT could be further
developed for underwater environment monitoring network.
Further studies should be performed in this important topic.

IV. CONCLUSION
In this paper, we proposed a new high frequency underwa-
ter acoustic scheme to measure range-averaged temperature
in shallow waters. Reciprocal acoustic transmission, cross-
correlation analysis, and GPS synchronization were used to
derive the propagation times of underwater acoustic signals
with the central frequency of 60 kHz, and thus measured
the water temperature. The field experiment to evaluate the
system accuracy was performed in the Jiulong River Estuary
on the southwest coast of the Taiwan Strait. The underwa-
ter signal amplitudes were 12 dB higher than background
noises. The range-averaged temperature by HFAT showed a
good agreement with the in-situ temperature with a relative
standard deviation of about 1.7%. During the experiment,
range-averaged temperature was correlated with the in-situ
temperature. The monitoring systems were built on Jiulong

riversides, differing from in-situ temperature sensors that
were deployed in the middle of river. Such a setup might
reduce the risk of being destroyed under extreme weather
conditions in coastal and estuarine areas, such as heavy rain
and flooding. The proposed HFAT scheme overcomes the
limitations of existing in-situ temperature measuring meth-
ods. It might be valuable for monitoring real-time range-
averaged underwater temperature in order to track the impacts
of extremeweather and other climate events on coastal oceans
and estuaries.
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