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Fiber optic sensors are expected to be an auxiliary measurement tool in the field of ocean
observation due to their small size, easy networking, intrinsic immunity to electromagnetic
interference, and many other advantages. In recent years, the research around fiber optic
sensing technology in the field of physical ocean observation has received increasing
attention from researchers. According to the different measurement objects and
measurement principles, the focus is on the seawater temperature sensor based on
fiber grating, seawater salinity sensor, seawater pressure sensor, seawater salinity sensor
based on multi-core optical fiber, seawater salinity sensor based on Michelson and Mach-
Zehnder interferometry, seawater pressure sensor based on Fabry-Perot cavity, fiber optic
temperature salinity and depth sensors based on resonant and coupling technology, flow
velocity sensor based on multi-core optical fiber and fiber optic turbulence sensors based
on thermal dissipation and turbulent kinetic energy dissipation. The test methods and test
results of various sensors are analyzed, and the advantages and disadvantages of the
technologies are pointed out. Prospects for the application of fiber optic sensors in
physical ocean observation are presented.
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INTRODUCTION

70.8% of the Earth’s surface is covered by seawater, but less than 5% of the oceans are currently
known to mankind. The UN State Party document stated in May 2001: “The 21st century is the
century of the ocean.” The ocean is the space on which human beings live, and we cannot live without
it. Rich in marine biomineral resources, it is an asset to support the sustainable development of
human beings. The progress of oceanographic research is of great significance to solve the major
scientific problems facing mankind today, such as extreme climate, global warming, and the origin of
species.

Because it stores a thousand times more heat and ten times more carbon than the atmosphere,
the ocean can be called the “memory” of the climate system. According to statistics, between
1973 and 2013, the oceans absorbed 93% of the accumulated heat energy in the Earth’s climate
system [1]. Therefore, understanding how and where the ocean absorbs heat is critical to
understanding how the Earth will warm and become faster as greenhouse gas concentrations
increase. In addition to its moderating effect on climate, the ocean is closely linked to human
life in many ways, and it provides a variety of social, cultural, resource and environmental
benefits.
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The main tools that humans rely on to understand the laws of
the ocean and to use them for the benefit of humans are marine
environmental monitoring and ocean surveys which can help
humans to better understand the ocean climate and ecosystems as
well as human impacts on marine environment [2]. Global
warming is currently causing glaciers to melt [3], and
increased CO2 uptake is causing ocean acidification, which are
both at an alarming rate. Sustained and effective observations in
deep and remote ocean areas may even provide data support and
guidance for accurately modeling global climate change and
monitoring the impacts of climate change mitigation plans.

In addition, marine scientific research can help human beings
understand the direction of energy transfer and dissipation
pathways of the Earth, and is expected to help human beings
solve some of the most challenging basic scientific problems in
the 21st century, such as the basic scientific problems related to
the origin of life and the flow of energy on Earth, the dispersion of
sediments on the ocean floor and the understanding of the
evolution of ecological processes.

In 1998, atmospheric and oceanic scientists from the
United States and Japan proposed a global ocean environment
observation project, Array for Real-time Geostrophic
Oceanography, which opened a new era in the field of ocean
environment observation. Argo plans to establish an ocean
observation network to put enough cost-effective, satellite-
trackable automatic detection buoys into the ocean. the launch
of the Argo program has received rapid response and support
from more than 10 countries, including Australia, Canada,
France, Germany, Japan, South Korea, etc. In 2002, China
officially announced its participation in the organization and
implementation of the Argo international program. After nearly
20 years of joint efforts, the Global Argo Ocean Observing
Network, consisting of over 3,000 Argo profiling buoys, is now
in place, providing continuous access to monitoring information
on seawater temperature, depth, and salinity and current velocity
up to 2,000 m depth, and is freely available for research and
application by scientists worldwide. In addition, the ocean
observing programs of various world ocean powers have been
active in observing temperature, salinity, pressure and currents
and waves of the physical ocean, such as OOI [4], MARS [5], and
DOOS [6, 7] in the United States; ONC [8], NEPTUNE [9], and
VENUS [10] in Canada; ESONET [11, 12] and EMSO [13] in
Europe; and ARENA [14, 15] and JAMSTEC [16] in Japan.

Ocean observation technology has promoted the development
of marine science, and ocean observation capability is also an
important symbol of a country’s comprehensive national power.
From the key ocean observation plans of various countries and
regions, it is not difficult to find that the observation of ocean
temperature, salinity, pressure and various scales of currents and
waves are indispensable observation contents.

Observations of ocean temperature, salinity, and depth are the
most fundamental elements of ocean surveys, and ocean
temperature, salinity, and depth data can provide background
physical parameters for biogeochemistry and marine ecosystems
[17–19], in addition to providing necessary compensation
parameters for other ocean sensors and calculations of ocean
acoustic propagation. For example, the speed of sound in the

ocean increases with the temperature, salinity, and pressure of
seawater [20]. Although the amount of change in the value of the
speed of sound is small, this change can have a significant impact
on the distribution of long-distance propagating sound lines,
range, propagation time, and other quantities that generally
require accurate values of the speed of sound [21], and it is
for this reason that ocean temperature information, depth
information, and salinity (conductivity) information are also
important for ocean monitoring [22]. In recent years,
scientists have also made a lot of progress in the development
of ocean temperature and salinity depth sensors.

RESEARCH PROGRESS OF
TEMPERATURE, SALINITY AND DEPTH
FIBER OPTIC SENSORS
Electronic-type seawater temperature and salinity depth sensors
such as CTD systems have many advantages such as high
accuracy and wide practicality, and are still as the main means
of observation applications in the industry. However, there are
still some shortcomings, for example, the system is usually more
expensive, large, susceptible to electromagnetic interference, and
not applicable to the surface and micro-nano scale of seawater for
detection [23]. In addition, in order to obtain salinity and
temperature data for a certain depth of the ocean, it is
necessary to use CTDs in series in sea trials, which greatly
increases the cost. Therefore, fiber-optic sensors are expected
to receive increasing attention as a complementary measurement
to electronic-based CTDs because of their high sensitivity, high
temperature resistance, ease of multiplexing, in situ
measurements, and resistance to external electromagnetic
interference.

However, it must be noted that the current means of optical
measurement of seawater salinity still has certain limitations.
First of all, the measurement equipment, especially the light
source and structure of the limitations, generally are the
spectral lines of metals or rare gases, limited to the visible
range, and the general measurement accuracy of the device
can only reach 1–10 ppm, followed by the test calibration with
the choice of standard seawater is not uniform and the lack of
relatively consistent reference, resulting in optical measurement
does not have a high degree of confidence conductivity, and the
system is complex and expensive, and therefore always In a
relatively auxiliary position. In addition, it is known that
seawater has dispersion properties like any other matter.
Through literature research, we know that the refractive index
difference caused by the wavelength difference of 300 nm in the
visible band is −0.013, which is 1.44 times of the refractive index
difference of 0.009 caused by 43‰ salinity, it is inaccurate to test
salinity by refractive index ignoring the dispersion effect. In
addition, because the pressure is also an important factor
affecting the refractive index, for example, 100 MPa in the
visible band causes a measured refractive index change of
about 0.015, which is 1.67 times the salinity of 43‰ salinity
causing a refractive index difference of 0.009. Therefore, ocean
salinity measurement requires in-situ measurement and the
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introduction of real-time measurement pressure in the
calculation equation.

Temperature, salinity and depth sensors based on fiber optic
sensing principles have been reported in many papers domestically
and abroad. They mainly include conventional short-period fiber
Bragg gratings (FBG), long-period fiber gratings (LPG), multicore
fibers, Michelson and Mach-Zehnder interferometer, fiber Fabry-
Perot cavity interferometer, microfiber knot/coil resonators, highly
birefringent elliptic fiber Sagnac rings, optical microfiber couplers,
etc. Each of these sensors has advantages and disadvantages, and
some typical papers will be selected and presented below.

Seawater Temperature Salinity and Depth
Sensor Based on Fiber Optic Grating
In 2005, French scientists reported in Oceans [24] the
temperature and salinity sensor using the process of FBG
and LPG integration and proposed a 48element observation
array, but the temperature sensitivity of FBG is only 51 pm/°C
and the salinity sensitivity of LPG is 4.6 pm/g/L. According to
the national standard GB/T 23,246–2009 conductivity
temperature Depth profiler” technical indicators, the CTD
is divided into three levels, and this sensitivity of the
temperature and salinity sensor can only reach the second
level of standards, however it fully demonstrates the
advantages of fiber-optic grating sensors for networked
measurements.

In 2014, a highly sensitive pressure sensor based on a fiber Bragg
grating (FBG)with an integrated thinmetal diaphragmwas designed
and investigated theoretically and experimentally at the Indian
Institute of Technology (IIT) which publish in Journal of Optics.
Under pressure, the deflection of the diaphragm results in an axial
tensile strain along the length of the FBG; the pressure sensitivity of
the sensor obtained from the test results is about four orders of
magnitude higher than that which can be measured by a bare FBG.
Figure 1 shows a schematic structure of the pressure sensor.

The advantage of pressure sensors encapsulated with
diaphragm is that a relatively high sensitivity can be achieved
through the design of mechanical structures and materials which
require the high processing technic. In addition, pre-stress needs
to be applied before combining diaphragm with fiber, so it is also
a challenge for the long-term stability of the sensor. While this

FIGURE 1 | The schematic structure [25].

FIGURE 2 | Temperature-depth profile of North Yellow Sea of China.
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type of sensor can be adapted to more harsh electromagnetic
interference environment than electronic sensors.

During 2013–2018, with the support of CAS pioneering
special projects, Fang Li‘s team at the Institute of
Semiconductors, CAS, independently developed a temperature
and depth sensor array based on short-period fiber Bragg grating,
of which the depth sensor is the pressure sensor, which integrates
120 temperature and pressure sensors into a 630 m-long towing
chain. The sensing system can observe the temperature and depth
profiles of the ocean with high spatial resolution while the ship is
running (see Figure 2), which greatly improves the efficiency of
ocean surveys.

In terms of long-period fiber gratings, in 2016, Northeastern
University measured the refractive index using a long-period
grating made from photonic crystal fiber which is published in
Instrumentation Science and Technology. The sensitivity was up
to 2,343 nm/RIU within 1.33–1.34 with a resolution of 8.5 ×
10−6RIU, which is the highest sensitivity that can be achieved
using a long-period fiber grating scheme. Figure 3 shows a
schematic of the measurement system and its sensor structure.

In 2017, the refractive index sensor (salinity sensor) was
developed by Prof. Lianqing Zhu‘s team at Beijing University
of Information Technology [27] using a femtosecond laser to
make a long period grating with a sensitivity of 332 nm/RIU. the
same year (2017) two long period gratings made from special
optical fiber PS-1250/1,500 at Indian Institute of Technology also
obtained a highly sensitive refractive index sensors [28]. After
converting, both long-period solutions can reach the secondary
standard of the technical index of the National Standard GB/T
23,246–2009 Conductivity Temperature Depth Profiler.
However, this paper believes that the technology still has a
long way to go toward application, and the first issue to be
solved is the attachment of marine pollutants or algae.

In 2018, Jilin University reported long-period gratings with
periods of tens of μm [29], and the team used femtosecond laser
inscription to develop a grating with a period of 40 μm, a period
length between long-period gratings and Bragg gratings, and its
spectral properties between them as well. Therefore, the advantage
of this sensor is that it has both the reflection characteristics of
Bragg gratings and the transmission characteristics of long-period
gratings, and the two types of gratings work simultaneously to
eliminate cross-sensitivity to temperature and refractive index.
However, the disadvantage is that the line width is too large for
high precision measurement with long-period gratings.

In the same year (2018), Fang Li’s team at the Institute of
Semiconductors, Chinese Academy of Sciences, designed and
fabricated a high-resolution long-period fiber grating refractive
index sensor. A cascaded long-period fiber grating scheme was
used, combined with a high-precision demodulator to improve
the measurement resolution. A higher sub-cladding mode and an
etched fiber cladding were used to improve the refractive index
sensitivity of the long-period fiber grating. The resulting sensor
sensitivity is −344.04 nm/RIU and the resolution is on the order
of 10–6 RIU. The experimental team designed and fabricated a
high-sensitivity long-period fiber grating temperature sensor. The
sensitivity of the fabricated sensor is 1.26 nm/°C, which is about
10 times higher than that of a normal long-period fiber grating.

During 2019–2020, Chongqing University of Technology [30,
31] reported a study on long-period fiber grating refractive index
sensors coated with graphene. The average refractive index
sensitivity of the graphene-coated long-period fiber grating
refractive index sensor (GO-LPFG) was improved by
1.09 times compared with that of the uncoated GO-LPFG. The
average refractive index sensitivity of GO-LPFG is further
improved as the grating diameter decreases. GO has a unique
two-dimensional structure that makes it more responsive and
biocompatible, and the hydrogen bonding between GO and
hydroxylated grating sensing makes GO firmly bonded to the
grating surface to form a GO-LPFG, which is a very good
hydrophilic and biocompatible sensor.

Seawater Salinity Sensor Based on
Multicore Fiber
In 2013, J. R. Guzman-Sepulveda of the University of Central
Florida, Orlando, Florida, United States, published a paper on a
highly sensitive fiber optic salinity sensor that can be applied to
marine measurements. This is a simple and compact fiber optic
sensor based on Two-Core fiber (TCF) that can perform high-
sensitivity salinity measurements. The salinity measurement
range is from 0 to 5 M (M is mol/L) and 0–1 M, and the
sensitivity is 14.0086 nm/M and 12.0484 nm/M, respectively,
and the sensing schematic is shown in Figure 4.

It is conclusively concluded from the current experimental
reports that the sensitivity of the dual core salinity sensor is still
relatively high, but it is not suitable for multiplexing. In addition,
considering the problem of impurity adhesion inside the
seawater, whether the dual fiber core salinity sensor can be
successfully applied in sea trial is yet to be further verified.

During 2018–2019, Yuefeng Qi’s team at Yanshan University
developed a research on the refractive index and temperature
sensing characteristics based on a micro-nano-multi-core fiber
optic sensor. The experimental team specifically selected seawater
samples of unknown salinity to verify the measurement error of
the refractive index sensor based on micro-nano-multi-core
optical fiber and concluded that the refractive index sensitivity
of the sensor with the pull cone length of 16.20 mm structure is
5,815.50 m/RIU, and the actual measurement error is less than

FIGURE 3 | Schematic of the measurement system and its sensing
structure [26].
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0.35‰. Cross-sensitivity of micro-nano-multi-core fiber optic
sensor with temperature can be solved by encapsulating an
FBG [33].

Seawater Salinity Sensor Based on
Michelson and Mach-Zehnder
In 2012, C.R. Liao et al. [34]. from the Hong Kong Polytechnic
University proposed an interferometric sensor based on an opto-
open microcavity for fiber-in-line Michelson. This sensor uses
femtosecond laser technology to inscribe a semi-open concave
cavity at the end of a single-mode fiber with refractive index
sensitivity up to 975 nm/RIU. In 2014, Y. Zhang et al. [35]. from
Harbin Engineering University proposed a single-mode fiber
based inter-mode interferometric refractive index sensor. It
fuses a small segment of multimode fiber to a single-mode
fiber at one end and plating a gold film at the other end to
form a Michelson sensing structure. This structure sensor has a
simple structure, low optical wave loss, and refractive index
sensitivity up to −110.5 nm/RIU. In 2016, an all-fiber
Michelson interferometric sensor was proposed by L. Li et al.
[36] at Shandong University of Science and Technology. A
section of ultra-fine core fiber is fused to a single-mode fiber
at one end, and a Faraday rotating mirror at the other end makes
the optical signal reflect back. The structured sensor has a
refractive index sensitivity of −48.85 nm/RIU in the refractive
index interval of 1.38–1.435, and it has the advantages of simple
fabrication, high stability, and low optical power loss.

In 2018, Dasun Su et al. of Jinan University designed a single-
ended reflective Mach-Zehnder interferometer, in which two
sections of optical fiber are symmetrically staggered and fused
at both ends of a section of single-mode fiber of several hundred
microns in length, and the end surface of one section of the fiber is
coated with a gold film so that the transmitted light is reflected at
the end surface. The interference phenomenon occurs due to the
optical range discrepancy between the external environment and
the transmitted light waves inside the cladding material. The
experimental results show that the refractive index sensitivity is
-13,257 nm/RIU at a bias of 62.5 μm and a cavity length of
554 μm. This structure sensor can achieve ultra-high sensitivity
measurement, but the disadvantage is that it is difficult to
fabricate. The schematic and physical diagrams are shown in
the Figure 5.

Seawater Pressure Sensor Based on
Fabry-Perot Cavity
In 2001, A. Wang et al. of Virginia Tech [38] used capillary tubes
and optical fibers to generate a Fabry-Perot cavity for pressure
sensing by changing the cavity length through lateral pressure on
the capillary tubes, and the highest measured pressure was
41.4 MPa. In 2011, J. Ma et al. of the Hong Kong Polytechnic
University [39] fabricated a pressure-sensitive microbubble-type
Fabry-Perot cavity by arc welding on the fiber end surface, and
measured pressures up to 40 MPa.

In 2012, Z. Liu et al. of the Hong Kong Polytechnic University
[40] used twin-core photonic crystal fiber (TC-PCF) fused to a
single-mode fiber to fabricate a Fabry-Perot cavity, and pressure
measurements from 0 to 45 MPa were achieved under laboratory
test conditions. The following Figure 6 the SEM photo of TC-
PCF in cross section of fiber.

This photonic crystal Fabry-Perot cavity sensor has a compact
structure and higher sensitivity than ordinary FBG sensors.

In 2016, Professor Tiegen Liu’s team at Tianjin University
integrated microelectromechanical technology and fiber optic
sensing technology to make a Fabry-Perot cavity pressure
sensor. This sensor has the characteristics of high sensitivity
and consistency. The structure diagram of the Fabry-Perot
cavity large pressure sensor is shown below. As can be seen
from the Figure 7, the sensor mainly consists of a sensor chip, a
borosilicate glass capillary and a multimode optical fiber. The
borosilicate glass capillary tube realizes the fixation and support
of the sensing diaphragm as well as the connection and
collimation between the sensing diaphragm and the
multimode optical fiber. The multimode optical fiber is used
as a transmission medium for light and is closely fitted to the
sensor chip via the glass capillary. The sealed connection between
the sensor chip and the glass capillary is realized by inorganic
solder, and the multimode fiber is sealed and fixed to the glass
capillary by epoxy resin structural adhesive.

FIGURE 4 | Schematic of the TCF salinity sensor [32].

FIGURE 5 | Physical microscopic view of the sensor probe [37].
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As the sensing system works, the light from the light source
is transmitted vertically through the multimode fiber to the
sensing diaphragm, and part of the light is reflected by the
reflective film on the bottom surface of the microcavity, and
part of the light is reflected back to the fiber by the bottom
surface of the monocrystalline silicon diaphragm after
passing through the vacuum F-P cavity, and the two
beams of light have low coherent interference. When the
external pressure changes, the pressure-sensitive diaphragm
bends under the pressure, changing the optical range
difference between the two beams and thus producing
different low-coherence interference bands. By
demodulating the low-coherence interference fringes, the
corresponding pressure values can be obtained, thus
enabling high-precision pressure sensing.

As shown in Figure 7, the design of the cavity length is a
very important parameter indicator. The sensor requires
extensive aging experiments before application, while the

robustness and stability of the sensor also need to be
verified by extensive experiments. In addition, the heat
resistance and temperature repeatability of the sensor need
to be further investigated to explore better temperature
compensation methods.

In 2020, Yi Jiang et al. [42] from Beijing University of
Technology proposed a sensor to simultaneously measure
pressure and temperature. The research team fused a segment
of hollow fiber between a normal optical fiber and a photonic
crystal fiber to form an interferometric structure. The hollow fiber
segment constitutes a non-intrinsic Fabry-Perot interferometer
that uses the micro-apertures of the photonic crystal fiber to
communicate with the external environment. The experimental
results show that the sensor can work consistently at
temperatures from 28 to 800 °C and pressures from 0 to

FIGURE 6 | (A) The microscope photo of the cross section of the cane and the SEM photos of the TC-PCF: (B) the whole fiber; (C) holes section.

FIGURE 7 | Fiber optic Fabry-Perot high pressure sensor core
structure [41].

FIGURE 8 | The optical microscope image of a 548-μm-diameter MKR
with a 2.45-μm-diameter microfiber.
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10 MPa, with a temperature sensitivity of up to 17.4 nm/°C in the
measurement range and a pressure sensitivity that decreases with
increasing temperature up to 1,460.5 nm/MPa at 28°C.

Fiber Optic Temperature Salinity and Depth
Sensors Based on Resonant and Coupling
Technology
In 2014, Hongjuan Yang et al. [43] designed a seawater
temperature sensor based on microfiber knot resonator (MKR-
Microfiber Knot Resonator) at Ocean University of China. Figure
8 shows the optical microscope image of a 548-μm-diameter
MKR with a 2.45-μm-diameter microfiber. As shown in Figure 9,
the sensing sensitivity increases as the microfiber diameter
increases in the range of 2.30–3.91 μm and with the increase
of the detection light wavelength, which is in close match with the
experimentally obtained results. The maximum sensitivity
measured can reach 22.81 pm/°C by choosing the appropriate
parameters.

In 2015, Xin Wang et al. from Ocean University of China
proposed a new method of seawater temperature sensing based

on the Sagnac ring of high birefringence elliptic fiber (HBEF-
high-birefringence elliptic fiber), whose measurement principle is
to use the linear relationship between temperature change and
interference peak displacement. The sensing sensitivity increases
with the increase of HBEF length and the decrease of wavelength.
Figure 10 shows the simulate spectrum when HBEF length is 5.5
cm (Red), 7.8 cm (Blue), 29.9cm (Green) and 98.9cm (Black). By
optimizing the parameters of the detection system, a temperature
sensing sensitivity of 472 pm/°C, a detection range of 10°C–30°C,
a wavelength of 1,310 nm (communication wavelength), and a
fiber length of 98.9 cm were acquired.

In 2019, Yu Yang et al, National University of Defense
Technology, developed an all-fiber optic seawater CTD sensor
based on Optical Microfiber Coupler -OMC whose experiment
setup is shown in Figure 11. It is based on the improved flame
brush method, and two conventional optical fibers are twisted
into one thin bundle to make the OMC. In situ measurements of
seawater salinity, temperature and depth (pressure) can be
achieved by monitoring the induction inclination. The water
depth (pressure) sensitivity of the OMC is 50 times higher
than that of the bare fiber grating (0–25 MPa range); the
highest sensitivity of salinity, temperature and depth are 1,596
pm/‰, 2,326 pm/°C, and 169 pm/MPa, respectively. This is
ambitious enough for a dynamic ocean environment
monitoring and fiber optic hydrophone underwater target
detection system.

Laboratory-developed sensors are bound to practical
applications. The main determinants of performance are
reliability and stability. Without reliability and stability
research work and sea trial evidence, the sensor cannot be

FIGURE 9 | The linear fittings of resonant wavelength with temperature
for MKRs with fiber diameters of 2.45-, 2.50-, 3.60- and 3.91-μm. The error
bars show the differences between experimental and fitting results.

FIGURE 10 | Simulate spectrum when L is 5.5 cm (Red), 7.8 cm (Blue),
29.9cm (Green) and 98.9 cm (Black). [44]

SCHEME | (A) Schematic of the experiment setup for the measurement
of salinity, temperature and depth in seawater. (B) The salinity measuring
experimental setup and the optical microscopic image of an OMC sample
(Inset). (C) The temperature measuring experimental setup. (D) The
depth measuring experimental setup [45].
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practically applied to ocean observation. However, few
performance studies on these aspects have been reported in
the domestic and international papers.

In terms of fiber optic temperature sensors, the papers have
reported high sensitivity of many solutions from the principle
side, but for its comprehensive performance such as pressure and
salinity to temperature cross-sensitivity, response time, long-term
stability, vibration shock resistance and other research is
comparatively limited.

In terms of pressure sensors, although a significant amount of
civil construction projects in China have spawned the
development of commercially available fiber optic pressure
sensors, the long-term stability index still falls a certain gap
compared to the mature electronics pressure sensors. Dynamic
response and real-time temperature compensation still suffer
from a lack of research reports.

In terms of salinity sensors, firstly, a common standard has not
yet been formed. How can the refractive index measured by optical
sensors be related to the state parameters of seawater (salinity,
temperature, pressure) in a precise quantitative way? This process
may require an iterative process like the formation of different salt
standards for salinitymeasurement by conductivity. Secondly, proof-
of-principle, single solute experiments are mostly reported, and sea
trial applications are less reported. Thirdly, almost all schemes for
optical refractive index measurements are affected by adhesion, and
engineering studies in this area are almost blank.

Marine science is based on the science of marine survey, and
the fundamental of marine survey is reliable performance of
various types of sensors. In the background of the era of marine
research towards the ocean and abyss, marine scientists have put
forward higher requirements for the supporting technology of the
survey. How to apply the new principles and technologies in the
field of fiber optic sensing to the deep ocean? The most important
thing is to make the laboratory outcomes to practical through a
significant number of engineering applications.

Physical oceanography is the basic subject of marine science,
and the research includes the momentum, energy and substance
transport processes in the ocean and their variation regulations,
whose basic research object is the motion of seawater. Seawater
motion moves from large scales to small scales and eventually
dissipates in the form of turbulent mixing. Ocean turbulent
energy dissipation processes have become an important
research focus in physical oceanography [46]. However, the
study of turbulence has not been completely solved so far, and
the turbulence problem has been considered as a difficult problem
in fluid mechanics. It took more than 100 years of unremitting
research to realize that turbulence is a three-dimensional spatially
irregular and non-constant motion, which belongs to a spatial-
temporal stochastic process [47].

RESEARCH PROGRESS OF FIBER OPTIC
FLUID VELOCITY SENSOR

Recently, papers related to ocean currents, especially turbulence,
have been published in Nature, Science, and their sub-
publications.

In 2017, Alberto C [48] of the UK National Oceanography
Centre published a paper in Nature stating the rapid dissipation
of turbulent mixing that ultimately precipitates meltwater to
depth. Alberto C et al. demonstrated that this mechanism is
related to the accelerated melting of the Antarctic ice shelf with an
ideal ocean circulation model and suggested that this mechanism
for generating deep meltwater - a dynamically robust feature of
Antarctic melt - should be incorporated into climate-scale
models.

In 2018, Johanna Bergkvist et al. [49] of the Leibniz Institute of
Freshwater Ecology, Germany, reported in Nature
communications that they used secondary ion mass
spectrometry combined with stabilized isotope tracers to
measure, under stationary preconditions and turbulent
shearing at low nutrient concentrations, the cellular Specific
carbon, nitrate and ammonium assimilation were measured
under low nutrient concentrations and turbulent shear in two
chain-forming diatoms (Skeletonella and Hornwort) and the data
were compared with those predicted by mass transfer theory. It
was demonstrated that turbulent shear significantly increases cell-
specific assimilation and cell/chain formation of rapidly sinking,
carbon- and ammonium-rich aggregates compared to stationary
conditions. Thus, it was demonstrated that turbulence stimulates
both the small-scale biological CO2 assimilation and the large-
scale biogeochemical carbon and nitrogen cycle in the ocean.

Turbulence in the benthic boundary layer is important for the
formation and destruction of ocean aggregates, but a small
number of field observations limit our understanding of the
role of turbulence in ocean surface aggregation processes,
according to a 2019 paper in Scientific reports by the Tokyo
University of Marine Science and Technology. The formation of
ocean aggregates (known as ocean snow) through the
condensation of particles of size (>0.05 cm) contributes
significantly to global carbon fluxes by sinking from eutrophic
zones and affects the Earth’s climate [50].

In 2020, the Institute of Oceanography [51], Chinese Academy
of Sciences studied the coherent and incoherent characteristics of
the internal tide in the northern South China Sea through
observations and numerical simulations. The turbulence
parameterization model was demonstrated to be related to tidal
and internal tides by 11months of moored currents observation,
and the associated results were reported in Scientific reports.

Substantial breakthroughs in physical oceanography are
inseparable from the innovation of observational instruments
and detection techniques [55]. The development of physical
oceanography is based on the innovation of monitoring means.
To provide marine scientists with a more profound knowledge and
understanding of the processes and mechanisms of ocean mixing,
the evolution of ocean patterns, and climatemodels of the oceans, it
is extremely imperative to carry out research on ocean current
velocity and turbulence observations.

Flow Velocity Sensor Based on Multi-Core
Optical Fiber
In 2008, Harbin Engineering University proposed a fiber optic
fluid velocity sensor based on a two-core fiber optic Michelson
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interferometer. The sensor consists of a two-core optical fiber and
a cylindrical cantilever beam. The fluid flows at an unknown
velocity and the resulting force bends the fiber, which
corresponds to the shift of the phase of the integrated
Michelson interferometer within the dual-core fiber. The two-
core fiber optic sensing technology can self-compensate for the
environment temperature and pressure variations due to the
influence of ambient temperature and pressure variations in
both arms of the interferometer.

The advantages of this dual-core fiber flow sensor are Simple
and compact structure; unaffected by environmental temperature
and pressure changes; sensitivity is independent of the length of
the dual-core fiber optic cantilever beam; and sensitivity can be
adjusted by turning the dual-core fiber optic in the direction. This
sensor can also be applicable to the measurement of seawater flow
velocity.

In 2019, Prof. Yuefeng Qi’s team at Yanshan University
reported research work on multi-core optical fiber flow
velocity/fluid direction measurement technology.

The principle is to inscribe Bragg gratings of different
wavelengths on multi-core optical fibers, and the advantage
of this sensor is that it can measure both curvature and force
direction, which can be applied in the marine environment to
achieve simultaneous measurement of flow velocity and flow
direction, and can effectively eliminate the influence of
environmental temperature on experimental measurements.
The study is still in the laboratory research stage and lacks
application tests in an actual hydrological environment. In
addition, the demodulator and control platform accuracy, if
further improved, is expected to allow better sensor
performance.

Two Ocean Turbulence Sensors Based on
Fiber Optic Sensing
There are two forms of turbulence dissipation, one is turbulent
kinetic energy dissipation and the other is thermal dissipation.
Themeasurement of turbulent energy dissipation rate is currently
based on piezoelectric ceramic methods internationally. Thermal
dissipation has been reported for the fast temperature sensor
FP07, which has a response time of 7 ms. How to design the fiber
optic sensor with fast response time and high sensitivity is a
challenging problem for research.

In 2015, a key laboratory in the United States proposed a
methodology based on Fabry-Perot cavity interference to
measure the variation of seawater temperature and compared

it with the signal measured by FP07. The structure of the sensor
head is shown in the Figure 12. The cylindrical silicon is mounted
on the end surface of a single-mode fiber. The silicon cylinder
works as a Fabry-Pollo cavity interferometer, where two
reflections at the interface between the fiber silicon and the
silicon surroundings combine and transmit back an
interference spectrum, characterized as a series of tilted
wavelengths and peak wavelengths.

As shown in Figure 14, turbulence is generated by pouring hot
water into a bucket of cold water. The fiber optic sensor was
compared to a commercial fast response thermistor (FP07),
which can be used both as a reference and as a calibration.
The two sensors were positioned near each other. A comparison
of the two sensors is shown in the Figure 13. Obviously, the fiber
optic sensor tracks the FP07 thermistor and tracks more details of
the rapid temperature change.

The experimental results demonstrate the possibilities of fiber
optic sensing in the field of fast variable temperature
measurement, and provide a broad prospect for oceanographic
applications.

In 2020, Fang Li‘s team at the Institute of Semiconductors of
the Chinese Academy of Sciences used a FBG as the sensing
element, and the demodulation technology based on phase
generate carrier (PGC), completed sensor probes and
demodulator prototype in the laboratory with the wing-shaped
probe and equal-strength titanium alloy cantilever beam. The
Figure 15 shows the package structure diagram of the sensor. The
system can measure the rate of change of tangential velocity

FIGURE 11 | From left to right: Two-core fiber, three-core fiber, four-core fiber, seven-core fiber [52].

FIGURE 12 | (A) Diagram of sensor probe structure (B) Description of
working principle [53] .
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caused by ocean turbulence. The resolution of the demodulation
system reaches 0.001pm/

���

Hz
√

, and the sensitivity of the sensor is
comparable to that of PNS01.

The laboratory-calibrated signal correlation between the two
sensors reached 0.91607. The application of this sensor is
expected to contribute to solving the current gap of turbulence
measurement data near the marine ground boundary layer.

At the time being, there are few reports related to the research
on the application of fiber optic sensing in the field of ocean
turbulence measurement. The international situation is the
research of turbulence sensor carriers, such as developing
more stable turbulence profiler platforms, or carrying
underwater gliders.

SUMMARY AND PROSPECT

On the one hand, the traditional marine electronic temperature,
salinity, depth, and flow (turbulence) sensor manufacturing field is

occupied by countries such as the United States, Germany, and
Canada. On the other hand, in the field of fiber optic sensing,
domestic scholars are in the first rank of the international level with
active innovations and excellent experimental phenomena. However,
there are still multiple deficiencies in fiber optic sensors for ocean
temperature, salinity, depth, and flow velocity (turbulence).

The advantages of fiber optic temperature sensors are
intrinsic insulation of the sensor and transmission cable,
resistance to electromagnetic interference; low cost of the
probe, easy to multiplex; in-situ measurement. But the
disadvantage is that the principle of demodulation
equipment is generally complex; high precision
demodulator is expensive; the current mature product
accuracy is not enough (less than 0.001°C).

The advantage of the fiber optic salinity sensor is its high
sensitivity, but it has a long response time (higher than the
50 ms of electronic sensors). There is no uniform calibration
protocol and measurement standard for fiber optic salinity
sensors.

FIGURE 13 | (A) Place an ice pack on the surface of the water (b) Measure turbulence by pouring some hot water into a bucket of cold water. In (B), the response of
a commercial high-speed thermistor FP07 is provided for calibration and reference [53].

FIGURE 14 | Package structure diagram of the sensor [54].
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Fiber optic depth sensors have the advantages of high
sensitivity and fast response time. However, the long-term
stability and accuracy of fiber optic depth sensors need to be
further improved.

Fiber optic flow velocity (turbulence) sensors have the
advantages of low probe cost and high sensitivity, and are
expected to bridge the gap of turbulent kinetic energy
dissipation rate measurement data in the marine ground
boundary layer. However, the calibration process of fiber optic
flow velocity (turbulence) sensors is complicated and the
demodulation equipment is vulnerable to environmental
vibration and noise.

In the demodulation, fiber optic sensing technology also has
limitations, such as reflective matched fiber grating filtering
method has a low signal-to-noise ratio of the system,
transmission fiber grating filtering method has a large
nonlinear error problem, while the edge filtering method of
the device is too sensitive to temperature and the temperature
compensation error caused by the problem, high-precision
tunable F-P filter demodulation system is expensive and
filter loss.

If scientific researchers seize the opportunity to overcome the
above-mentioned technical difficulties, it is likely to make a
qualitative breakthrough in the field of physical ocean
observation with fiber-optic sensors. At present, most research
institutes and universities are limited to the laboratory and lack
research on engineering applications. Laboratory sensors should
focus on practical applications and get enough feedback from

users in the process of engineering and marketing applications in
order to drive the performance of our sensors to maturity in all
aspects.
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