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Abstract Subsurface mooring allows researchers to measure the ocean properties such as water temperature,
salinity, and velocity at several depths of the water column for a long period. Traditional subsurface mooring
can release data only after recovered, which constrains the usage of the subsurface and deep layer data in
the ocean and climate predictions. Recently, we developed a new real-time subsurface mooring (RTSM).
Velocity proﬁles over upper 1 000 m depth and layered data from sensors up to 5 000 m depth can be realtime transmitted to the small surface buoy through underwater acoustic communication and then to the
oﬃce through Beidou or Iridium satellite. To verify and reﬁne their design and data transmission process,
we deployed more than 30 sets of RTSMs in the western Paciﬁc to do a 1-year continuous run during
2016–2018. The continuous running period of RTSM in a 1-year cycle can reach more than 260 days on
average, and more than 95% of observed data can be successfully transmitted back to the oﬃce. Compared
to the widely-used inductive coupling communication, wireless acoustic communication has been shown
more applicable to the underwater sensor network with large depth intervals and long transmission distance
to the surface.
Keyword: real-time subsurface mooring; underwater acoustic communication; Western Paciﬁc; ocean and
climate predictions

1 INTRODUCTION
Observing the ocean in real-time plays a crucial
role in ocean and climate researches and predictions.
From the 1980s, satellite remote sensing realized near
real-time observation of sea surface ocean properties,
such as water temperature and salinity. In the 1990s,
surface mooring buoy realized real-time transmissions
of ocean temperature and salinity at the depth usually
shallower than 500 m using inductive coupling
communication, and meteorological parameters at the
air-sea interface. One successful example is the
Tropical Atmosphere and Ocean/Triangle TransOcean Buoy Network (TAO/TRITON) buoy array in
the tropical Paciﬁc (Ando et al., 2017). The real-time
data obtained from TAO/TRITON buoys make a
signiﬁcant contribution to the improvement of El

Niño and Southern Oscillation (ENSO) prediction.
However, the present prediction skill of ENSO at the
short lead-time still needs improvement, as it is often
the case that diﬀerent models predict diﬀerent or even
opposite pictures (Barnston et al., 2012). Further
realization of real-time recovery of ocean data at
greater depth is regarded as an eﬀective method to
solve this problem. Besides usage in ENSO prediction,
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the assimilation of real-time subsurface and deep
layer data could improve the prediction skill of ocean
models (e.g., Hoteit et al., 2010; Köhl, 2015), the
outputs of which are useful to many marine
applications, including shipping, ﬁshing, ocean
emergent search and rescue, and pollution monitoring.
Subsurface mooring is a valuable and practical
ﬁxed platform for obtaining continuous ocean
properties (e.g., temperature, salinity, and velocity) at
several depths over the water column, which already
help us improve the understanding of ocean variability
and its underlying driving mechanisms (e.g., Wang et
al., 2016; Song et al., 2018; Gao et al., 2019; Ma et
al., 2019; Zhang et al., 2020). All the sensors equipped
on the subsurface moorings are located below the
surface, which makes constraints on the real-time
data transmission through satellite. Traditionally, data
collected by subsurface moorings can be retrieved
after the entire system is recovered.
To satisfy the demand for real-time acquiring the
subsurface data, scientists are looking for a costeﬀective method. Morrison et al. (2000) developed an
autonomous proﬁling instrument platform called
McLane Moored Proﬁler (MMP), with the underwater
inductive coupling modem providing real-time
communication between the carried sensors on the
MMP and a surface buoy or seabed node. Send et al.
(2013) developed a winch-driven proﬁling system
(called SeaCycler) that can be deployed on the top of
deep moorings. This system contains a drive
mechanism at 150–200 m, which periodically shifts a
large sensor ﬂoat and a small communication ﬂoat
tethered above it to the surface and back down. Tian
et al. (2015) developed a timed communication buoy
system (TCBS) that can be integrated into the main
ﬂoat of subsurface moorings. The TCBS ﬁrst acquires
observed data through the inductively coupled link
and then releases a communication ﬂoat, which rises
to the sea surface and transmits sensor data by
satellite. In summary, the present underwater data
transmissions are based mainly on the inductive
coupling communication with the cable.
In the recent ﬁve years, we developed a new and
cost-eﬀective real-time subsurface mooring (RTSM).
The RTSM system mainly contains a traditional
subsurface mooring subsystem with a small surface
communication buoy, an acoustic communication
subsystem, and a satellite communication subsystem.
The subsurface and deep data observed by moored
sensors are transmitted to the surface buoy ﬁrst
through wireless acoustic communication, and then to
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the oﬃce through the satellite. Since 2016, RTSMs
have been implemented successfully in the Scientiﬁc
Observing Network of the Chinese Academy of
Sciences (CASSON) in the western Paciﬁc. The
objective of this paper is to illustrate the system
design (Section 2), the development process and sea
trial (Section 3), and applications in research studies
(Section 4) of RTSMs. Conclusions are present in
Section 5.

2 SYSTEM DESIGN
2.1 Subsurface mooring subsystem
The design of RTSM is reﬁned year by year
according to the performance of sea trials (to be
discussed in Section 3). The following description of
the RTSM is based mainly on its latest version. The
subsurface mooring subsystem comprises the surface
communication buoy, the main ﬂoat, several groups
of glass ﬂoatation spheres, and the bottom anchor
connected by the Kevlar cable (Fig.1a).
The surface communication buoy is used to receive
data from underwater sensors and then to send data to
the oﬃce. It consists of one glass ﬂoatation sphere,
polyurea-coated hollow glass bead ﬂoat, and stainlesssteel bracket (Fig.1b). Satellite modem and antenna,
surface slave acoustic modem, and power-supply
battery are packaged into the interior of the glass
ﬂoatation sphere and are adapted to a vacuum
enclosure. The transducer connecting with the surface
acoustic modem is mounted on the bottom of the
stainless-steel bracket. To avoid the diving of the
surface buoy, we set the net buoyancy of the surface
buoy to be about 30 kg and the surplus length of
Kevlar cable between the surface buoy and the main
ﬂoat to be about 250 m.
The main ﬂoat is equipped with one upward- and
one downward-looking 75 kHz acoustic Doppler
current proﬁlers (ADCPs), and is generally deployed
at ~500 m depth. The bracket of the main ﬂoat is
adapted to be equipped with a client acoustic modem
and its power-supply battery (Fig.1c). Besides
ADCPs, other measurement sensors, such as
temperature-conductive-depth (CTD) and current
meter, are also mounted on the Kevlar cable at depths
between the surface ﬂoat and the near-bottom acoustic
releasers. At one or several typical depths, a group of
one CTD and one current meter is connected with a
compact client acoustic modem to realize the realtime data transmission function (Fig.1d). This
compact modem can be clamped on the Kevlar cable.
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Fig.1 A schematic picture of the real-time subsurface mooring system (a), and a closer look at the surface communication
buoy with satellite and slave acoustic modems (b), the main ﬂoat with two ADCPs in connection with client acoustic
modem (c), and the deep CTD and current meter in connection with compact client acoustic modem (d)

2.2 Acoustic communication subsystem
Underwater acoustic communication is an eﬀective
method for wireless remote data transmission in the
water and is adopted in our RTSMs. The acoustic
communication subsystem consists of the surface
slave acoustic modem, one client acoustic modem in
connection with two ADCPs, and one or several
compact client acoustic modems, each of which is in
contact with one CTD and one current meter.
First, we need to ascertain the frequency band for
underwater acoustic communication. When acoustic
signals propagate in the water, the energy transmission
loss in decibel (TL) can be expressed as follows,
TL=k×10log10d+d×a( f ),

(1)

where k is spread coeﬃcient and is usually set to 2
when the signal propagation is assumed as sphere
spread, d denotes communication distance, and α( f )
represents absorption coeﬃcient that is a function of
the acoustic signal frequency ( f ). When f is less than
50 kHz, α( f ) is expressed as the Thorp formula:

( f ) 

0.11 f 2
44 f 2

 2.75  10-4 f 2  0.003. (2)
1  f 2 4100  f 2

Equations 1 and 2 suggest that the value of TL
increases with increasing f and increasing d
(Baggeroer, 1984). Thus, we should select the

frequency from the band of relatively small values.
On the other hand, the underwater communication
rate is positively proportional to the frequency
(Baggeroer, 1984). To warrant the relatively high
communication rate, we thus cannot choose a very
small frequency. Based on the above considerations,
we thrashed out a suitable compromise frequency of
9–15 kHz.
Next, we determine the modulation for underwater
acoustic communication. Underwater acoustic
communication suﬀers low bandwidth utilization,
poor energy eﬃciency, and multipath and noisy
environment in the underwater channel. Both the
reliability and energy eﬃciency of the modem should
be considered. We thus adopt two modulations
together, including Multiple Frequency-Shift Keying
(MFSK) and Quadrature Phase-Shift Keying (QPSK).
MFSK modulation has high reliability and a low
communication rate in the underwater data
transmission, and the situation is reversed for QPSK
modulation. For the frequency band of 9–15 kHz,
MFSK modulation has only a 320-bps communication
rate. In contrast, QPSK modulation has a 6 000-bps
rate with the usage of a bi-directional Turbo
equalization technique (Xi et al., 2018). However, the
power outputs of the transmitting modem are
comparable for MFSK (80 Watts) and QPSK
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(100 Watts) modulations when accomplishing a
maximum 7 km data transmission with a (9–15)-kHz
frequency band. This suggests that QPSK modulation
aﬀords better rate band ratio and energy eﬃciency,
which are 18.75 times and 15 times higher than that of
MFSK modulation. The detailed parameters of MFSK
and QPSK are given in Table 1.
The combined scheme of MFSK and QPSK
modulations for transmitting data works in the
following way (Fig.2). The QPSK modulation only
transmits observation data, while the MFSK
modulation transmits not only the observation data
but also the communication handshake command.
One record of observation data will ﬁrst be divided

into several small QPSK data frames. If any QPSK
frame transmission error occurs, the receiver will
return the error frame ID to the sender, and the error
QPSK frame will be sent once again. If the error
remains occurring, the QPSK frame will be further
divided into several MFSK subframes, and the
modem will send data with MFSK modulation. For
example, a record of one-hour velocity proﬁle data
observed by two ADCPs is divided into 12 QPSK
frames, and when necessary, each QPSK frame is
further divided into 12 MFSK subframes.
To ensure the reliability of data transmission, a
simple but eﬀective handshake strategy, i.e., the
check-retransmission mechanism is applied to reduce
the transmission error rate. According to the strategy,
the underwater acoustic modem is the client node,
while the surface acoustic modem on the buoy is the
slave node. When any observation data from the
underwater instrument is conveyed to the client node,
the client node will wake from hibernation and trigger
a data transmission process that combines the two
modulations mentioned above. The process is
demonstrated in Fig.3. The data transmission includes
three stages. In the ﬁrst stage, the client node sends a
Request To Send (RTS) command to the slave node,

……

Frame 3

MFSK frame
Subframe 1 Subframe 2 Subframe 3

Frame M

……

Subframe N

Fig.2 The combined scheme of MFSK and QPSK
modulations for transmitting observation data
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Fig.3 The data transmission process between the underwater client acoustic modem and surface slave acoustic modem
RTS: Request To Send; CTS: Conﬁrm To Send; CRC: Cyclic Redundancy Check; ACK: Acknowledgment; MFSK: Multiple Frequency-Shift Keying; QPSK:
Quadrature Phase-Shift Keying.

Table 1 Parameters of MFSK and QPSK modulations for underwater acoustic communication
Modulation type

Frequency band (kHz)

Communication rate (bps)

Transmission power (Watts)

Maximum transmission distance (m)

MFSK

9–15

320

80

7 000

QPSK

9–15

6 000

100

7 000

MFSK: Multiple Frequency-Shift Keying; QPSK: Quadrature Phase-Shift Keying.

1084

J. OCEANOL. LIMNOL., 38(4), 2020

and if the slave node wakes up and conﬁrms the
command, it returns a Conﬁrm To Send (CTS)
command to the client node. When the client node
receives the CTS correctly, it sends observation data
to the slave node through QPSK modulation. Then
the slave node does the Cyclic Redundancy Check
(CRC) and returns the acknowledgment (ACK) to the
client node. If the slave node successfully receives the
data, the data are demodulated through QPSK and are
sent to the satellite modem. If the slave node fails in
receiving the whole data, the mechanism goes to the
second stage. In the second stage, if any frame error
occurs, the slave node returns the number of the error
frame. The client node only resends the error frame
through QPSK modulation to the slave node. Then
the slave node does the CRC again and returns the
ACK to the client node. If the slave mode still fails in
receiving the whole data, the mechanism goes to the
third stage. In the third stage, if any frame error still
occurs, the client node further divides the frame into
several subframes and sends the subframes through
MFSK modulation. Then the slave node repeats the
CRC but no longer returns the ACK to the client node.
If there still exists any error, this record of data is left
alone.
The acoustic communication subsystem can aﬀord
real-time transmission of multiple instruments data
through acoustic modem networks. Given that the
frequency band (9–15 kHz) of the modem is
insuﬃcient to support various pairs of modem
communication simultaneously, a time division
multiple access method is applied. In each data
transmission cycle, the client modem in connection
with two ADCPs transmit data ﬁrst according to the
process shown in Fig.3, and then the surface slave
modem sends a data transmission command to other
client modems one by one, which afterward send the
data to the surface modem through QPSK modulation
sequentially.
2.3 Satellite communication subsystem
In our RTSMs, we use the Iridium or Beidou
satellite to transmit data from the surface buoy to the
oﬃce. The Iridium satellite system is a wireless
communication network providing a robust suite of
data services to any destination anywhere on earth. It
comprises three principal components, including the
satellite network, the ground network, and the
subscriber modems. Iridium has two types of
transmission services, including Short Burst Data
(SBD) and Router-Based Unrestricted Digital
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Internetworking Connectivity Solutions (RUDICS).
The SBD applies to the transmission of short data
messages, while the RUDICS applies to large data
transfers. Given that there was only one RTSM in
2016, we used the Iridium SBD service to send data to
the email address. In 2017 and 2018, the number of
our RTSMs increased to 10 sets, resulting in a
signiﬁcant increase in data amount. Thus, we used
RUDICS instead of SBD.
We also use China self-developed Beidou satellite
to transmit data in RTSMs. Beidou satellite system
can
provide
positioning,
short
message
telecommunication, and timing services globally. The
amount of data transmission by the single Beidou
SIM card is 78 bytes per minute, while the total data
amount of two ADCPs is about 2 700 bytes per hour.
This suggests that the single SIM card needs more
than half an hour to transmit all data back in the onehour cycle, which cannot be applied in our RTSMs
due to high power consumption. To solve the above
problems, we developed a multi-card Beidou satellite
modem consisting of 16 card slots. These slots are
stacked two layers to save the volume of the modem.
The observed data are ﬁrst divided into several small
segments and then are transmitted back simultaneously
using multiple SIM cards. After the server receives all
segmental data, these data will be jointed to the
original record again. Two ADCPs data of one hour
can be transmitted back in about 3 minutes through
the multi-card Beidou modem.

3 DEVELOPMENT PROCESS AND SEA
TRIAL
3.1 Year 2016
In 2016, the ﬁrst version of RTSM was developed
and then successfully deployed at the equator of
142°E on 10 December 2016. In this version, one
transducer and three hydrophones are equipped on the
surface communication buoy to warrant a high signal
noise power rate at the receiving end, and one
underwater acoustic modem is connected with two
ADCPs. The log ﬁle shows that more than 96% of
underwater acoustic communication succeeded
through QPSK modulation at the ﬁrst stage. The
satellite communication scheme adopted Iridium
SBD, and the real-time data were sent to the user
through email. Figure 4 shows the time-depth
variations of real-time transmitted zonal and
meridional velocities. This RTSM succeeded in
persisting working for more than 260 days from
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Fig.4 Time-depth variations of real-time transmitted zonal (U) and meridional (V) velocities observed by ADCPs based on
wireless acoustic communication from 10 December 2016 to 28 August 2017 at 0°, 142°E

10 December 2016 to 28 August 2017, suggesting
that the full link for real-time data transmission from
the underwater sensor to the user is successfully
established. During the period from 11 to 20 February
2017, the main ﬂoat was ﬂowed downward from
400 m to 480 m by the strong upper ocean currents,
resulting in the diving of the surface communication
buoy and the suspending of real-time transmission of
data. This implies that the net buoyancy of the main
ﬂoat needs to be enhanced. Another defect of this
version is the lack of continuous transmission on the
breakpoint. This leads to the vacancy of real-time data
when the surface buoy dives or the satellite signal is
weak. The real-time transmission gradually failed due
to battery failure since 21 July 2017. The defects in
the lack of continuous transmission on the breakpoint,
insuﬃcient buoyancy of the main ﬂoat, and battery
failure will be improved.
3.2 Year 2017
In 2017, we made substantial improvements for the
RTSM in the following ﬁve aspects. First, to avoid
diving of surface buoy, we added a group of four glass
ﬂoatation spheres (~100 kg net buoyancy) at a depth
of 20 m shallower than the main ﬂoat. This adds a net
buoyancy of about 100 kg to the main ﬂoat part. In
addition, the surplus length of Kevlar cable between

the surface buoy and the main ﬂoat increases from
150 m to 250 m. Second, the function of continuous
transmission on the breakpoint is added to the RTSMs.
If the satellite communication fails, the observation
data will be stored in the memory card and labeled as
failed transmission data. In the next cycle of data
transmission, these data will be sent to the satellite in
a reversed sequence of time. Third, considering the
good performance of underwater acoustic
communication in 2016, we only equipped one
transducer and one hydrophone on the surface
communication buoy to cut the cost. Forth, to realize
the real-time transmission of much deeper data, we
developed a small-sized compact modem to connect
with one CTD and one current meter at about 3 000 m
depth. Fifth, given the requirement for large amounts
of data transfer, the satellite scheme was changed
from Iridium SBD to Iridium RUDICS, which can
eﬀectively reduce the satellite communication fee.
In order to examine the performance of RTSMs
extensively, we deployed 10 updated RTSMs in the
CASSON in the western Paciﬁc at the end of 2017.
All RTSMs could transmit three-dimensional
velocities in real-time over upper 1 000 m observed
by two ADCPs, and one of RTSMs (139°E, 11.6°N)
could further realize real-time transmission of
pointwise temperature, salinity, and horizontal
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wireless acoustic communication (d) from 7 December 2017 to 17 November 2018 at 11.3°N, 139.6°E

velocity at about 3 000-m depth. We took the RTSM
at 139°E, 11.6°N as an example, and ploted the timedepth variations of its real-time transmitted results
(Fig.5). Although the number of surface hydrophones
was reduced to one, more than 95% of underwater
communication still succeeded through QPSK

modulation at the ﬁrst stage. The continuous running
periods of these RTSMs varied from 124 to 346 days,
with an average of 226 days. Beneﬁting from the
enhanced buoyancy in the main ﬂoat of RTSM and
the function of continuous transmission on the
breakpoint, more than 90% of observed data were
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transmitted successfully to the oﬃce. In summary,
extensive application in the western Paciﬁc further
veriﬁed the reliability of the whole working procedure
of RTSM, and the depth of real-time data was
extended to 3 000 m. However, the surface buoy has
a high risk of loss due to shipping and/or ﬁshing
damages. This restricts the continuous running periods
of RTSMs and needs to be optimized in the future.
3.3 Year 2018
In 2018, we made further improvements for the
RTSMs based on the sea trial performance in 2017,
and expanded their functions. Our previous version of
RTSM could not realize the real-time transmission of
upper ocean temperature and salinity at depths
shallower than the main ﬂoat. Temperature and
salinity in the upper layer varied signiﬁcantly with
time and depth, and thus need to be observed by
multiple sensors with small depth interval. To realize
the real-time transmission of these data, we adopted
inductive coupling communication from the view of
the cost economy. Therefore, we integrated inductive
coupling and acoustic communication subsystems in
one RTSM. In this RTSM, two communication
subsystems have their independent satellite modems
at the surface buoy, and the Kevlar cable between the
surface buoy and the main ﬂoat is replaced by the
communication cable. Besides, we got rid of one
hydrophone and retained only one transducer in
connection with the surface acoustic modem, and
replaced two glass ﬂoatation spheres with one through
packing satellite modem, acoustic modem, and battery
together. The above reﬁnements can further cut the
cost of RTSM. The Beidou multi-card modem was
developed to transmit real-time data in some RTSMs.
We deployed 10 updated RTSMs in the western
Paciﬁc at the end of 2018. All RTSMs were able to
transmit three-dimensional velocities in real-time
over the upper 1 000 m observed by two ADCPs. One
of RTSM (130°E, 11°N) could further realize the realtime transmission of pointwise temperature, salinity,
and horizontal velocity at about 1 500, 2 000, 3 000,
4 000, and 5 000 m through acoustic communication,
and pointwise temperature and salinity from 50 to
350 m with a vertical interval of ~50 m through
inductive coupling communication. All real-time
transmitted results from the RTSM at 130°E, 11°N are
shown in Fig.6. This mooring continuously runs for
245 days. From June to mid-July 2019, one energetic
downwelling eddy occupied the site of this RTSM,
resulting in the main ﬂoat moving downward and the
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surface buoy diving into the water, and therefore
observation data failed to be real-time transmitted
back. Fortunately, the function of continuous
transmission on the breakpoint resends part of these
data afterward. Note that the inductive coupling
communication subsystem can only resend the failed
transmission data in the latest one week. The
continuous running periods of 10 RTSMs varied from
176 to 308 days, with an average of 268 days. The
increase in the continuous running period from 2017
to 2018 probably beneﬁts from the reduced size of the
surface buoy.
Through three-year ﬁeld trials of RTSMs in the
western Paciﬁc, the design, communication procedure,
and power consumption have been gradually
optimized, which enhanced the operation stability
and persisting working period of RTSMs. The depth
of real-time transmitted data has been extended from
1 000 m to about 5 000 m, and both Beidou and
Iridium satellites could be used to transmit data.

4 RESEARCHES ENABLED BY REALTIME SUBSURFACE MOORING
RTSMs have high potential values on many aspects
of ocean and climate studies. The RTSMs can provide
real-time ocean information at the subsurface and
deep layers, which, for example, plays a vital role in
the ENSO and internal wave predictions. Figure 7a &
b shows the time-depth variation of real-time
transmitted zonal velocity at the surface obtained from
the Ocean Surface Current Analyses Real time
(OSCAR) dataset (Bonjean and Lagerloef, 2002) and
over 15–800 m observed by two ADCPs from 7
January 2014 to 1 July 2019 at 4.7°N, 140.0°E. Two
dominant zonal currents in the upper 800 m have been
revealed: the eastward-ﬂowing North Equatorial
Countercurrent (NECC) generally lying in the upper
200 m with a maximum speed exceeding 100 cm/s,
and the North Equatorial Subsurface Current (NESC)
between 200–800 m depths with a maximum speed
exceeding 10 cm/s. The depth ranges and velocities of
the NECC and NESC varied signiﬁcantly. The NECC
deepened into about 300 m and intensiﬁed in ﬂow
speed in the El Niño year of 2015, then shoaled and
weakened from 2016 to mid-2017, gradually redeepened and intensiﬁed from mid-2017 to 2018, and
shoaled and weakened again in 2019. The NESC was
featured by eastward-westward oscillation at the
intraseasonal timescale. Next, we calculate the leadlag correlation between the Niño 3.4 index and 11-day
running-mean zonal velocities at diﬀerent depth
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Fig.6 Time-depth variations of real-time transmitted
upper ocean temperature and salinity (T and S)
observed by CTDs based on inductive coupling
communication (a–b); and zonal and meridional
velocities (U and V) observed by ADCPs (c–d);
deep T and S observed by CTDs, and deep U and
V (vectors) observed by current meters based on
wireless acoustic communication (e–i) from 5
December 2018 to 7 August 2019 at 11.0°N,
130.0°E
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Fig.7 Time-depth variation of zonal velocity (U) at the surface obtained from OSCAR (a) and over 15–800 m observed by
ADCPs (b) from 7 January 2014 to 1 July 2019 at 4.7°N, 140.0°E; the lead-lag correlation (color) between the Niño
3.4 index and 11-day running-mean U (c)
The correlation for surface current is plotted over 0–30 m depth. A negative lag indicates U leading the Niño 3.4 index, and vice versa.

(Fig.7c). For the surface zonal velocity obtained from
OSCAR, the correlation can reach up to 0.57 with U
leading the Niño 3.4 index by 131 days, and then
gradually decreases when the U leading time decreases.
For the subsurface U obtained from the RTSM, the
correlation is 0.54 at 210 m depth when U also leads
the Niño 3.4 index by 131 days, and unlike the surface
current, the correlation will increase to ~0.70 when the
U leading time decreases. The high correlation region
is generally located at the boundary layers between the
NECC and NESC, corresponding to the thermocline
depth. This suggests that the variability of zonal

current near the thermocline is a more eﬀective
precursor for ENSO than that at the surface layer. This
ﬁnding is broadly consistent with previous studies
(e.g., Clarke, 2014) that suggest the high ability of the
thermocline depth in predicting ENSO.
An ongoing work evaluated the impact of
assimilation of moored currents into an eddypermitting ocean model based on a low-frequency
scale-selective ensemble optimal interpolation
scheme (Liu et al., Impact of assimilation of moored
velocity data on low-frequency current estimation in
northwestern tropical Paciﬁc, submitted to Journal of
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Geophysical Research: Oceans, under review). The
results show that the assimilation of subsurface
current eﬃciently resolved the simulated lowfrequency current, and the root mean square error of
simulated velocity relative to the moored velocity at
500 m depth was reduced by 47%.

5 CONCLUSION
In order to realize the real-time transmission of
subsurface and deep ocean current and hydrography
data, we developed a new type of real-time subsurface
mooring (RTSM). The RTSM transmits subsurface
and deep ocean data to the surface buoy mainly
through underwater acoustic communication, and
then to the oﬃce through Beidou or Iridium satellite.
After the development of RTSM, we conducted
extensive sea trials in the western Paciﬁc from 2016
to 2018. These sea trials demonstrate that the full link
for real-time data transmission from the underwater
sensor to the oﬃce has been established successfully,
and the underwater acoustic communication with
MFSK and QPSK modulations is an eﬀective method
for remote data transmission in the water. Based on
the performances of RTSM in the open ocean, some
substantial improvements were made to enhance their
continuous running days, the successful rate of data
transmission, and the depth range of real-time data.
We found that the continuous running days are related
mainly to the size of the surface buoy. Therefore, we
used one glass sphere instead of two to construct the
surface buoy, packing satellite modem, acoustic
modem, and battery together. In 2018, the average
continuous running days reached 268 days. To
improve the success rate of data transmission, we
added the function of continuous transmission on the
breakpoint, and decreased the probability of the
diving of the surface buoy through increasing the net
buoyancy of the main ﬂoat part and surplus length of
Kevlar cable between the surface buoy and the main
ﬂoat. This warrants that more than 90% of observed
data can be transmitted eﬀectively back to the oﬃce.
In order to increase the depth range of real-time data,
we developed a small-sized compact acoustic modem
to realize the real-time transmission of deep ocean
data up to 5 000 m. Besides, we made some eﬀorts on
the cost reduction without inﬂuencing the
communication quality, including that the number of
surface transducer and hydrophones decrease from
four to one, and the Iridium satellite communication
scheme was changed from SBD to RUDICS.
Observing the ocean in real-time is the sought of
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the oceanographic and climate community. After the
achievement of real-time transmissions of surface and
upper ocean data in the 1980s and 1990s, scientists
have put much eﬀort into the system development in
the realization of real-time transmission of subsurface
and deep ocean data. In this study, we introduce a new
system of RTSM mainly based on underwater acoustic
communication. The performance of this RTSM was
veriﬁed in the continuous run in the western Paciﬁc,
and its function has been gradually reﬁned. We further
combined underwater acoustic and inductive coupling
communications in one RTSM to realize the real-time
recovery of nearly full-depth ocean data. It is
suggested that the inductive coupling communication
is more applicable to the sensor network in the upper
ocean with small depth intervals and short transmission
distance to the surface. In contrast, acoustic
communication is more suitable to the sensor network
with large depth intervals and long transmission
distance to the surface.
Improving the reliability of ocean circulation and
climate predictions requires the continuous real-time
data from the subsurface and even deep ocean, which
proposes the demand for the RTSM. Our preliminary
analysis has demonstrated that the subsurface zonal
velocity near the thermocline in the western Paciﬁc is
a more eﬀective precursor for ENSO prediction than
the surface zonal current. Considering its high cost,
the RTSM can be preferentially deployed in the
critical regions for the ocean circulation and climate
predictions (e.g., Hu and Duan, 2016; Wang et al.,
2017; Hu et al., 2019). As a beneﬁcial supplement to
the real-time surface buoy and mobile Argo and
glider, we hope the RTSM can become a promising
component of the global ocean observing system.

6 DATA AVAILABILITY STATEMENT
The OSCAR (Ocean Surface Current Analyses
Real time) data are obtained from https://podaac.jpl.
nasa.gov/dataset/OSCAR_L4_OC_third-deg.
The
Niño-3.4 Index is downloaded from https://www.esrl.
noaa.gov. The mooring data used here can be accessed
freely for research purpose upon request to WANG
Fan (fwang@qdio.ac.cn).
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