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Ocean Observation Technologies: A Review
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Abstract 

Covering about three quarters of the surface area of the earth, the ocean is a critical source of sustenance, medicine, 
and commerce. However, such vast expanse in both surface area and depth, presents myriad observing challenges for 
researchers, such as corrosion, attenuation of electromagnetic waves, and high pressure. Ocean observation technol-
ogies are progressing from the conventional single node, static and short-term modalities to multiple nodes, dynamic 
and long-term modalities, to increase the density of both temporal and spatial samplings. Although people’s knowl-
edge of the oceans has been still quite limited, the contributions of many nations cooperating to develop the Global 
Ocean Observing System (GOOS) have remarkably promoted the development of ocean observing technologies. This 
paper reviews the typical observing technologies deployed from the sea surface to the seafloor, and discusses the 
future trend of the ocean observation systems with the docking technology and sustained ocean energy.

Keywords:  Ocean observation, Observatory, Sampling, Underwater, Ocean energy, AUV, Docking, Recharging

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat​iveco​
mmons​.org/licen​ses/by/4.0/.

1  Introduction
There is increasing concern about global climate change 
and its regional impacts. According to the latest survey, 
sea level is rising at an accelerating rate of approximately 
3.4 mm per year, Arctic ice coverage is shrinking and high 
latitude areas are getting warming rapidly [1]. The oceans 
are integral to life on the earth, climate regulation, and 
carbon cycles. Understanding even accurately predict-
ing the ocean processes and atmosphere changes are vital 
for using ocean resources responsibly and sustainably. 
Hardly anyone doubts that the present ocean observa-
tion data were sparsely sampled temporally and spatially. 
Although technology advances are responding to these 
challenges, the efforts so far have been incremental and 
inadequate.

Most of our early knowledge about the interior of the 
ocean came from the research or merchant ship meas-
urements, which were gathered more in summer and 
few in the remote but climatically important Southern 
Ocean.

Even with the development of satellites, much of our 
enquiry has been restricted by an opaque surface of the 
oceans. A notable exception was that since 1978 Japan 
had been developing cabled seafloor observing systems 
to monitor seafloor physical features because of its spe-
cial location, which is near the plate boundaries where 
catastrophic earthquakes and tsunamis occur periodi-
cally [2]. To match the increasing requirements from 
the scientific community, many international projects 
and initiatives have been operated since the early 1990s. 
The Tropical Atmosphere Ocean (TAO)/Triton moor-
ing array, which was completed in 1994, was success-
fully fielded to span the Pacific Ocean with immediately 
available date to forecast El Nino phenomena up to a 
year ahead of their peak [3]. Additionally, researchers 
established the World Ocean Circulation Experiment 
(WOCE) in 1990 [4, 5], setting out to develop models 
useful for predicting climate change and finding methods 
for determining long-term changes in the ocean circula-
tion. The first Argo floats were deployed to systematically 
monitor the state of the global oceans together in 1999, 
with Jason satellites. In the past two decades, the devel-
opment of sustained, dynamic and multi-node observa-
tories was paid much attention from the oceanographic 
researchers, providing near-real-time or real-time series 
to monitor changes in physical, chemical, biological and 
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geologic features. The obtained contributions and expe-
rience had laid a strong base for the development of the 
Global Ocean Observing System (GOOS) [6], which con-
stitute the ocean segment of Global Earth Observing Sys-
tem of Systems (GEOSS) [7]. Japan, the USA, Canada and 
Europe are present major participants, but other coun-
tries which have great potential to make contributions, 
such as China, are now joining in the cooperation.

This paper makes no claim to completeness but is 
instead intended to describe typical ocean observation 
technologies ranging from the sea surface to the seafloor, 
giving readers the background required to form their 
opinions of the usefulness of each technology, as well as a 
blueprint of the future ocean observation systems, which 
are support by the docking technologies and sustained 
ocean energy.

2 � Sea Surface Observation Technologies
2.1 � Moored Buoys
Observing the surface meteorology by moored buoys has 
a long history and the present engineering designs are 
mature and have benefited from decades of field experi-
ence. The Tropical Ocean Global Atmosphere (TOGA) 
program was initialized in 1985 with contributions from 
16 nations to collect observations of the tropical atmos-
phere and study the influence of the tropical atmosphere/
ocean system [8]. The moored buoys were one of the 
most important technologies to predict El Nino-South-
ern Oscillation (ENSO) phenomenon, and constructed 
a cost-effective Autonomous Temperature Line Acquisi-
tion System (ATLAS) capable of telemetering its data in 
real time by the Argo satellite system [9]. TOGA, which 
is known as the TAO array now, is the counterpart of the 
two basin-scaled observing systems in the tropical Pacific 
Ocean. Arrays in the Atlantic Ocean (PIRATA) and 
Indian Ocean (RAMA) are also providing sustained data 
for climate research.

Air-sea fluxes of heat, freshwater, and momentum 
are essential components of the ocean studies aimed 
at improving people’s understanding of the coupling 
between the ocean and the atmosphere. The equipped 
instruments or sensors on the buoy/mooring sys-
tems tend to be customized to each especial applica-
tion according to the differences in the deployed depth, 
sea conditions and service intervals. For most cases, 
the collected data of moored buoys used for establish-
ing accurate air-sea coupling models should include sea 
surface temperature, surface wind speed and direction, 
barometric pressure, currents, air temperature and rela-
tive humidity, solar shortwave/longwave radiation and 
precipitation (rain) [10]. Although more equipped mete-
orological sensors on the buoys and moorings contribute 

more to the study of the oceans, the cost is a non-ignora-
ble factor in the designs.

The size and shape have great impacts on the perfor-
mance of a moored buoy system. A mooring design 
typically proceeds by firstly determining the payload 
requirements and subsequently designing a buoy that 
can house payload with good stability for implement and 
maintenance. Typical construction of a meteorological 
buoy contains a floating buoy element held in place by a 
mooring system. It can also have autonomous profiles for 
sampling water column by rising and sinking along the 
mooring cable with physical sensors to measure ambi-
ent conductivity, temperature and depth (CTD) [11]. The 
Air-Sea Interaction Meteorological (ASIMET) moor-
ing buoy system, which was developed by Woods Hole 
Oceanographic Institute (WHOI), has two identical and 
independent sensor suites to ensure a complete surface 
meteorological time series (over 98% of the time) and 
support examination of drifts and possible degradation 
of sensors [12, 13]. To achieve reliable observations in 
extreme environments, such Arctic, the developers pro-
posed a purpose-built detection mooring to survive cold 
temperature, achieving measurement of upper water col-
umn stratification and hear content through the fall up to 
time of freeze-up in ice-covered sea [14].

Typical floating buoys can be classified into four types 
[15]. Toroidal and discus types have shallow drafts and 
large water-plane areas and are relatively easy to moor. 
Sphere-type buoys have intermediate aspect ratios with 
small volume to handle, and they are usually selected as 
marker buoys because of the available and simple steel 
spheres. Spar buoys have large drafts and small water-
plane areas. If spar buoys are large enough, their motion 
can be nearly decoupled from the sea surface. Whatever 
the aspect ratio of the floating buoy is, most of them are 
designed to have axisymmetric shape for fabrication con-
venience. The design criteria of moorings are often the 
result of compromises considering the factors of deploy-
ment environment, cost and payload. The compliance 
provided by the mooring determines its response to 
waves and sea level change, and thus needs to be carefully 
designed to avoid highly repetitive motion and exces-
sive fatigue damage. Three typical moorings are catenary 
(chain), semi-taut and slack types [16–18], as shown in 
Figure 1.

Chain moorings can be regarded as the simplest type 
to design and install because of their low-cost materials 
and optional anchor types. Despite a good tolerance to 
depth changes, the design approach of chain moorings in 
deeper water (> 100 m) becomes more complicated since 
the surface wind or current would induce the horizontal 
forcing acting on the anchor. Semi-taut moorings have 
adaptive compliance, which is provided by the elasticity 
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of the mooring string elements (nylon, polyester, etc.), 
and thus this type of moorings can be deployed in a 
deeper water (> 500  m) with better environmental suit-
ability. Differently, the compliance of slack-type moor-
ings does not depend completely on the elasticity of 
the mooring string. The other part of the compliance is 
provided by creating a “S” curve in the geometry of the 
mooring string with attached floatation on it. In general, 
an acoustically activated release should be mounted near 
the anchor, especially for deep moorings, in order to 
recover the mooring string with reduced lifting force by 
the surface vessel.

Deep sea mooring with more sensors, such as sea-
current meters and cameras, would be one of the future 
objectives of the moored buoy program [19], but the 
development of the virtual mooring is more promis-
ing because of its much lower cost, more flexible loca-
tions, and ease of deployment. One should note that the 
features of the atmosphere and ocean variations cannot 
be measured only by the moored meteorological buoys. 
Assimilation can combine observations with detailed 
computer models and ensure that the results agree with 
the fundamental physical laws that govern ocean dynam-
ics. Thus, data assimilation with a numerical model is 
useful to prediction of the climate change and is still the 
important direction for the future study.

2.2 � Drifters
The U.S. Costal Dynamics Experiment (CODE) is a 
multi-institutional examination of costal circulation [20]. 
The major objective of this program was to observe the 
response of costal water to wind forcing. The drifters, 
also referred to as drifting buoys, were the essential com-
ponent of CODE. The Lagrangian drifters [21], which 
were deployed by Global Drifter Program (GDP), have 

been observing essential climate variables since 1979. 
Note that the term Lagrangian, which usually refers to 
the description of the trajectories of a system of parti-
cles from their position and time derivatives, here refers 
to the water-following capability, that is, the capability 
to follow a volume of water at the sea surface with mini-
mal slippage. The long-term goals of the GDP are to keep 
at least 1250 in  situ Lagrangian drifters with a nominal 
observation density of 5 × 5 [22], and achieve near-real-
time data telemetering for better understanding of most 
oceanic mesoscale features. The typical measurement 
accuracy of the ocean currents for Lagrangian drifters is 
of approximately 0.9 cm/s when the wind speed is lower 
than 10 m/s [23].

A typical GDP drifter consists of a surface float attached 
by a tether to a holey-sock drogue (sea anchor) at a 
nominal depth of 15 m. To avoid repetition, the detailed 
design approach of drifters shall not be given here, and it 
can refer to Ref. [24]. The drifters are a kind of low-cost 
oceanic platforms and can be largely deployed, provid-
ing intensive coverage within a relatively small region. In 
the development process of drifters, different functions 
(sensors) were gradually added to these platforms. The 
Surface Velocity Program (SVP) was the first generation 
of the GDP and played an important role in the TOGA 
program, as shown in Figure 2. The SVP drifters were the 
simplest version of drifters, which can only measure sea 
surface temperature and ocean currents. With additional 
sensors, such as barometers, conductometers and sonic 
anemometers, the performance of the drifters can be 
enhanced further to adapt to different applications. The 
major contributions of commonly-measured variables 
(combinations) are shown in Table 1.
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Indeed, the existing drifters were made of much plas-
tics, which are convenient and economical for fabrica-
tion but difficult to biodegrade. Thus, biodegradable 
drifters might be a future trend for GDP to avoid ocean 
pollution [29]. Moreover, a compact size, ease of logis-
tics and higher reliability under different sea states with-
out affecting the water-following capabilities are also the 
future trend of the drifters. Despite the measurement of 
sea surface velocity, the sparsely sampled data are diffi-
cult to assimilate in ocean circulation models. There are 
various ways for improvements. For instance, if we can 
measure the velocity shear in the upper ocean in a global 
scale, the abundant data can not only facilitate assimila-
tion in oceanic models, but also help gain a much deeper 
understanding of the physics of the mixed layer. To sum 
up, the densely spatio-temporal sampling of ocean varia-
bles using cost-effective, compact, eco-friendly and well-
performed drifters is the future trend that oceanographic 
researchers are going to contribute to.

2.3 � Space‑borne Sensors
Remote sensing with space-borne sensors is essential for 
global ocean observation systems. Through these sen-
sors, a majority of sea surface geophysical parameters can 
be directly or indirectly gained, such as sea surface tem-
perature, wave height, salinity, etc. Different from many 
in-situ observatories (such as moored buoys, drifters, and 
ships), oceanographic satellites can provide observations 
on a global scale, not only restricted to regional, meso or 
other relatively small scales. Figure  3 demonstrates the 
sketch diagram of observing by remote sensing.

The era of satellite-based remote sensing started in 
1957 when the world’s first artificial satellite Sputnik-1 
launched and returned the first view of our planet’s sur-
face and atmosphere [30]. Since then, considerable tech-
nology advances in satellites have been made, especially 
in the field of space-borne sensors. The operational prin-
ciple of most space-borne sensors is to identify the elec-
tromagnetic radiations from different targets with certain 
wavelength that ranges from visible (0.38‒0.76  μm) to 
microwave (10−3 mm‒1 m). More specifically, the space-
borne sensors measure both energy that is radiated by 
thermal emission or reflected from radiating objects 

from earth and atmosphere, and from returned scattered 
signals from the actively transmitted illumination pulses.

There are a variety of space-borne sensors used for 
observing the global oceans. It is not possible to describe 
all the sensors designed for satellites here, and thus some 
versatile sensors, including radiometers, altimeters and 
scatterometers, whose rationale is representative, are 
briefly introduced below.

The design objective of the passive radiometer is to 
measure sea surface temperature (SST), which can be 
solved by Planck’s law which reveals the relationship 
between thermal emission and the physical tempera-
ture of an ideal blackbody. The operational electromag-
netic spectrum of radiometers covers from visible to 
microwave regions, but only specific frequency bands, 
commonly referred to as the atmospheric windows 
(3.55‒3.93  μm and 10.5‒12.5  μm) [31], can minimize 
the atmospheric attenuation of electromagnetic waves, 
ensuring enough energy returning to the space-borne 
radiometer. The typical accuracy of infrared-based radi-
ometer is better than 0.3 K with a resolution of ~1‒4 km, 
while the accuracy of microwave-based measurements 
ranges from 0.5  K to 0.8  K, with a coarse resolution of 
~25 km [32].

The primary usage of satellite altimetry is to gain sea 
surface height (SSH). Additionally, sea level rise, sig-
nificant wave height and wind speed are also retrieved 
from this instrument. Generally, altimeter sensors first 

Table 1  Roles of GDP data

Variable Contribution

Sea surface temperature (SST) Validate and calibrate satellite SST [25]

Sea surface pressure (SSP) Assess climate and predict numerical weather [26]

Subsurface temperature, air pressure and wind Track the tropical cyclone [27]

Ocean currents Assimilate oceanic forecasting [28]

Orbit

Ocean Surface

Satellite

Standard Beams

Wide Beams

Fine Beams

Figure 3  Remote sensing by the satellite
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transmit short pulses with a typical duration of nanosec-
onds, and then detect the returned pulses along with the 
two-way travel time. With the recorded time, reflected 
signals and the height of the satellite above a reference 
ellipsoid, the altimeter height above the sea surface and 
sea surface height are both computed. Retrieving geo-
physical parameters, including SST, significant wave 
height and wind speed, commonly relies on the maxi-
mum likelihood estimation and least square methods 
[33, 34]. The detailed computational process can refer to 
the work by Fu [35]. Typical accuracy of three retrieved 
parameters are ~0.3 m, ~3‒4 cm and ~2 m/s, respectively.

The function of a satellite scatterometer is to measure 
vector winds on the ocean surface. The typical accuracy 
of derived wind vectors is ~2 m/s in the speed and ~20° 
in the direction [32]. According to the backscattering 
dependence on the radar azimuth, that is, the fact that 
the backscattered power to the scatterometer is propor-
tional to the sea surface roughness, wind vectors of the 
ocean surface are retrieved by the geophysical model 
function in scatterometer terminology, usually at an 
interval of 24‒48 h, which allows routine observation of 
the oceans. The synthetic aperture radar (SAR) is also 
an active radar as the scatterometer, but it can provide 
higher resolution images (within 1 m) of the ocean sur-
face compared to scatterometers. More details can refer 
to Refs. [36, 37].

2.4 � Unmanned Surface Vehicles
With the experience and technology advances obtained 
from underwater vehicles, unmanned surface vehicles 
(USVs), also known as autonomous surface vehicles 
(ASVs) or autonomous surface crafts (ASCs), play an 
increasingly important roles in various aspects of marine 
engineering and scientific research.

The existing type of USVs range from small torpedo 
size to large unmanned ships, and can be equipped with 
different onboard sensors and instruments for special-
ized tasks.

The first USV may date back to World War II in 1944 
when Canadian developed the COMOX torpedo for pre-
Normandy invasion, in order to reduce risks to manned 
forces [38]. Since then, great progress has been made 
in the development of USVs because of the technology 
advances in commercial navigation sensors and commu-
nication devices, as well as much more importance paid 
by the US navy for military surveillance, mine sweep-
ing, littoral warfare and anti-terrorism missions [39]. In 
addition to the military applications, USVs for scientific 
research or marine engineering are also much required, 
such as oil spilling detection, bathymetric mapping, off-
shore pipeline survey, meteorological survey and water 
ecological study [40–42].

According to the existing prototypes of USVs, the hull 
of the craft can be classified roughly into catamaran [43, 
44], kayak [45, 46] and rigid inflatable types [47]. Catama-
ran and kayak types are frequently used due to their con-
venient installation. The good stability, payload capacity 
and ease of deck access make catamaran-type USVs a 
compelling choice for academic USVs [48]. Kayak-type 
USVs are easy to fabricate, and they are often designed 
by directly modifying existing manned surface vehicles, 
thus reducing both development periods and cost. Rigid 
inflatable hulls are suitable for military applications pri-
marily because they have greater endurance and pay-
load capacity to carry larger fuel tanks. Most USVs are 
submerged with only a mast for communication and air 
intake protruding above water, while C&C Technolo-
gies and ASV Ltd. cooperatively developed a novel semi-
submersible USV with only a single hull, which allows for 
utilizing internal combustion propulsion systems [49]. 
The motion of existing USVs are usually controlled by the 
combination of the rudder and propeller/water jet. As for 
catamaran-type USVs, they can also be controlled by dif-
ferential propulsion when steering. In most cases, USVs 
are designed to be the under-actuated mode for cost sav-
ings, that is, not all the degree-of-freedoms (DOFs) of 
USVs can be actively controlled; consequently, it would 
be difficult to precisely control USVs along pre-defined 
mission trajectories, particularly at bad sea states. The 
global positioning system (GPS), wireless communication 
unit and inertial measurement unit (IMU) are the basic 
sensor suite equipped with the USVs. Some additional 
sensors, such as radar, sonar and camera, are optionally 
adopted according to the requirement of tasks.

Traditional USVs are known as their strong survey 
capabilities at designated regions, however, some emerg-
ing USVs are going beyond energy limitations by harvest-
ing solar, wind or wave energy. The typical case is the 
development of Wave Glider, developed by Liquid Robot-
ics Inc. [50, 51]. The Wave Glider USV is propelled by the 
purely mechanical conversion of ocean wave energy into 
forward thrust and uses solar panels to power onboard 
electronics, which only consumes 0.7  W averagely for 
navigation, communication and control systems. Moreo-
ver, to harvest wind energy, some USVs were designed 
like a sailboat, utilizing sail to convert the wind energy to 
the mechanical energy for moving [52, 53].

Fully-autonomous operation of USVs is always limited 
due to the loss risks in the present applications. Instead, 
the semi-autonomy mode, such as teleoperation by the 
crew onshore, has been favored over the fully-auton-
omy in the past years. As a sustained observing plat-
form (Wave Glider), the USVs provide opportunities to 
complement fixed moored buoys, underwater vehicles, 
Lagrangian drifters, and some seafloor observatories. 
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Meanwhile coordinated groups of USVs could be 
directed to intensively study real-time conditions in the 
ocean with a lower cost compared to mooring arrays. 
Future development of USVs tends to utilize artificial 
intelligence technology and high-level sensors to extend 
the capabilities in more complicated missions without 
human intervention. It should be noted that the use of 
USVs must be ready to interact with all manner of ship-
ping, that is, the on-going research programs should 
address the technical questions posed by the intersection 
of USVs and the nautical rules of the road [48].

3 � Profile Observation Technologies
3.1 � Argo Floats
Argo (Array for Real-time Geostrophic Oceanography) is 
an international program with global network of autono-
mous profiling floats to sample temperature, salinity and 
current data of the upper oceans [54, 55]. The first pro-
totype of Argo floats was proposed by Swallow in 1955 
when the first deep current measurement was gained by 
a neutrally buoyant float [56]. With the advances in tech-
nologies, the first Argo float was deployed in 1999 and 
now most Argo data are available within 24  h of acqui-
sition. There are two Argo Global Data Assembly Cent-
ers (GDACs) responsible for completing dataset for users 
without limitation, and they are established in the USA 
and France, respectively. The major uses of Argo data 
are to quantitatively describe the changing state of the 
upper ocean and the patterns of ocean climate variability 
at different time scales, complement the satellite data for 
interpretation of altimetric sea surface height variabil-
ity, improve initialization of ocean-atmosphere climate 
models, and forecast whether and climate changes [1]. 
Additionally, marine safety and transport, fishery man-
agement, offshore industry, and even military defense 
also are the application fields of Argo data.

So far, there has been more than 4000 active Argo 
floats operating in the oceans and they are from over 30 
nations (Figure 4). The Argo project recommends that 

the array of floats space of 3 × 3 (nominal 300 km spa-
tial resolution), and drift at a nominal depth of 1000 m 
(known as the parking depth) to give uniform velocity 
field and profile to 2000 m to capture essential variabil-
ity, all of which rely on the comprehensive considera-
tion of spatial statistics from satellite altimetry, WOCE 
hydrographic sampling, studies from XBT (temperature 
probe) networks, and knowledge of ocean variability 
[57]. A typical operation cycle of Argo floats is about 
10  days and follows these four steps: (1) be launched 
from the surface vessel and dive to the parking depth, 
(2) drift ~8‒10 days and descent to the depth of 2000 m, 
(3) rise over a period of approximately 6 hours to the 
sea surface, collecting oceanographic variables during 
the ascend process, and (4) transmit recorded data to 
satellites and then descend back to begin another cycle. 
This process can refer to Figure 5. 

The rise and sinking motion (buoyance adjustment) 
of Argo floats are achieved by pumping fluid into an 
external bladder and deflating the bladder, and most 
Argo floats utilize GPS for geolocation when they sur-
face, and nearly 80% of floats utilize Iridium communi-
cations and the rest use Argos communications.

To gain reliable long-term measurements from Argo 
floats, the drift of sensors must be corrected. Correct-
ing by expert experience and comparing with standard 
instruments, moored buoys, or ship-based data were 
proved to be feasible [58]. In addition, utilizing sen-
sors from the same manufacturer, even the same batch, 
is effective to reduce the anomalies in measurements. 

Figure 4  Argo float distribution (Figure courtesy from Argo home 
page: http://www.argo.ucsd.edu/)

Figure 5  The operational cycle of Argo floats (Figure courtesy from 
Argo home page: http://www.argo.ucsd.edu/)

http://www.argo.ucsd.edu/
http://www.argo.ucsd.edu/
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Following the above operations, the error can be 
reduced within acceptable ranges in most cases.

Although the Argo project has made a great accom-
plishment in the past two decades, there are still unsolved 
problems and possibilities to evolve and expand. While 
mapping monthly and seasonal ocean changes at large 
scale, the vigorous ocean turbulence caused by the 
boundary current regimes would arise greater error in 
Argo data compared to those regions with relatively gen-
tle sea states, due to the sparsely spatial resolution of 
Argo array [59, 60]. Additionally, more dense sampling is 
called for in equatorial regions, marginal seas, and even 
ice-covered regions, all of which either produce signifi-
cant impacts on global climate or ocean changes, or are 
regionally important to natural resource and trade. Some 
of these suggested initiatives are now underway via test 
deployments or regional pilot arrays [61–63]. In addi-
tion to deploying floats in unexplored regions, equipment 
upgrade from software to hardware is the future trend of 
Argo developments. As stated before, Argo floats were 
initially designed to be deployed to a maximum depth of 
2000  m. However, with the investigation going further, 
several studies have shown that the ocean below 2000 m 
contributed a significant portion of the total water col-
umn in the rise of sea level and hear content, particularly 
at the depth below 3000 m in the high southern latitudes 
[64, 65]. To sample the abyssal ocean, the USA, Japan, 
France, China, etc. are pushing the limits of depth of 
the autonomous floats to 4000  m or 6000  m levels [55, 
66], exploiting the capabilities of operational observing 
systems to provide comprehensive information for the 
advances of the GOOS.

Beyond deployments in deeper oceans, the develop-
ments of biogeochemical sensors bring the possibilities 
to measure key biogeochemical variables [67], such as 
dissolved oxygen, nitrate, chlorophyll, and pH, because 
they have small physical size and characteristics of low 
power consumption, and can be equipped with floats 
conveniently. Utilizing these data, oceanographers would 
gain a deeper understanding of the impacts of ocean cir-
culations on biogeochemical processes. Additionally, 
the station-keeping capabilities are critical to the floats 
because of the drifting performance would cause an 
uneven distribution of the float arrays, reducing the data 
quality. This problem is now being addressed by some 
current model-based strategies that autonomously adjust 
the depth of the floats [68, 69].

3.2 � Underwater Gliders
A compelling vision of autonomous sampling network by 
autonomous underwater gliders was proposed by Stom-
mel in 1989 [70], in order to complement the current 
approaches to resolve features at shorter temporal and 

spatial scales, and now this technology is mature in vari-
ous scientific missions and observing systems. The devel-
opment of underwater gliders stretches over 25 years and 
was given a boost by strategic funding from the US Office 
of Naval Research, leading to three types of underwater 
gliders, developed in parallel by three competing groups: 
Spray [71], developed by Scripps Institution of Oceanog-
raphy and Woods Hole Oceanographic Institution; Sea-
glider [72], developed by the University of Washington; 
Slocum [73], developed by Webb Research. Although 
there are novel aspects to each of the resulting designs 
and several new glider types are also existing, these three 
gliders are the most frequently used for observation 
tasks. Early ocean missions using gliders were only capa-
ble of maintaining several days. From 2000 to 2003, the 
technology has been progressed to allow deploying mul-
tiple gliders, which served as a fraction of Autonomous 
Ocean Sampling Network (AOSN), laying a good basis of 
coordinated networking [74]. With the advances in glider 
technology, the durations of gliders are now extended to 
multiple months even an annual scale, operating in vari-
ous previously unexplored or sparsely temporal-spatial 
sampling regions. Gliders began with a basic sensor suite 
for conductivity, temperature and depth (CTD), and then 
be progressively added with dissolved oxygen, fluores-
cence, acoustics, nitrate and backscatter sensors [75–
77], all of which are similar (but not restricted) to that 
equipped in Argo floats, expanding the sampling capa-
bilities of gliders in physical, biogeochemical and acous-
tic parameters. Table 2 provides major applications of the 
underwater gliders, as well as their estimated variables.

The underwater glider is essentially an autonomous 
float but with ability to sample across strong lateral gra-
dients (such as eddies, boundary currents and episodic 
events) by shifting its buoyancy and battery mass, and 
utilizing wings to project vertical motion into the hori-
zontal, while Argo floats are always drifting with cur-
rents. When used efficiently, gliders deliver profiles for 
per-profile costs that are roughly equivalent to floats, but 
finely spaced along track way points due to the nature 
of the platform. In general, underwater gliders are mov-
ing slowly for long-duration operations since the energy 
loss to hydrodynamic drag is proportional to glider speed 
through the water cubed, and each glider has an opti-
mum speed to achieve a maximum range if with known 
hydrodynamic characteristics. Prospectively, gliders are 
designed to be capable of addressing challenges encoun-
tered when planning observations in remote, difficult-to-
access sites, and harsh operating conditions, and are also 
envisioned as low-cost and simple observatories to oper-
ate, enabling flexible deployment in quantity.

Typical operational modes of underwater gliders 
include virtual moorings (station-keeping) [87, 88], 
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sustained occupations of sections [81], and as survey 
tools in limited-duration process studies [89]. The sche-
matic diagrams of the operational modes are shown in 
Figure  6. The first operational mode of gliders is pro-
spective to replace expensive moored buoys at desig-
nated sites to sample water column and air-sea coupled 
parameters for whether prediction, and the latter two 
applications lead the design toward persistent sampling 
of the oceanic mesoscale, resolving scales of kilometers 

and hours, with the monthly endurance required to char-
acterize climate variability. In general, when the glider 
accomplishes a cycle of mission, it would surface to trans-
mit the recorded data to shore crew via Iridium satellite 
systems by antennas housed in a tail fin, tail string, or in 
a wing. However, loss of communication with satellites is 
inevitable somewhat in bad sea conditions, and thereby 
gliders should have adequate memory for data buffering 
and storage [90]. Gliders can geolocate themselves by 
GPS when surface, and are allowed to be reprogrammed 
to adjust their mission trajectories and flight param-
eters simultaneously. Even under ice-covered regions 
where GPS is unavailable, gliders can locate themselves 
if equipped with acoustic modules, such as the ultra-
short base line (USBL) system. This approach not only 
extends the exploration range of gliders but also provides 
opportunities for users to intervene glider missions in 
real-time, with enhanced working efficiency, especially in 
some coordinated group missions.

Although gliders have demonstrated great progress in 
diverse scientific missions, efforts to improve reliability, 
ease of use, accessible parameters, and deployment peri-
ods (better planning strategies, enhanced battery capa-
bilities or harvesting renewable energy [91]) and depth 
should also be invested to broaden access to the tech-
nology. Additionally, integration of gliders in the cur-
rently operating observing arrays would be the future 
trend of developments because working in combination 
with other technologies such as floats and moored buoys, 
would improve the distribution density both in temporal 
or spatial scale.

4 � Seafloor Observation Technologies
4.1 � Cabled Seafloor Observatories
The ocean sciences are entering a new era where ocean-
ographers can observe the oceans by in  situ robotics 
instruments and sensor networks. Although autonomous 
underwater platforms, satellite transmission, and acous-
tic data links have made remarkable progress in providing 

Table 2  Applications in observing oceanographic features

Oceanographic features Measured/estimated variables

Boundary currents [78] Cross-stream density gradients and depth-average currents

Upwelling [79] Temperature, salinity, and fluorescence

Internal waves [80] Vertical velocity

Fronts [81] Temperature and salinity gradients

Eddies [82] Conductivity, salinity, pressure, dissolved oxygen and fluorescence

Algal bloom [83] CTD, dissolved oxygen, fluorescence, photosynthetically active radiation, 
and optical backscattering

Zooplankton abundance/fish activities [84, 85] Acoustic backscatter and fluorescence

Sediment transport and resuspension [86] Fluorescence, optical backscatter, colored dissolved organic matter, and CTD

Figure 6  The operational modes of gliders: (a) sustained occupations 
of sections (sawtooth-shaped gliding); (b) station-keeping (virtual 
mooring)
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new data acquisition methods in the past decades, scien-
tific or military sensors, instruments and platforms that 
require high power, high data rates or continuous access 
to the seafloor are still out of reach of these technolo-
gies [92], facilitating the establishment of cabled seafloor 
observatories (CSOs). The CSOs are the infrastructure 
that provides large amounts of electrical power and two-
way high bandwidth to access and control sensor, instru-
ment and platform networks connecting to junction 
boxes at the seafloor, and they are usually operating at 
annual scales with a high level of reliability. Figure 7 dem-
onstrates a tree type topology of the CSO. The modali-
ties of the CSOs range from several simple sensors across 
the oceans to the systems utilizing multiple nodes along 
the route, which depend on the specific needs of the 
scientific community. Despite considerable advances of 
the non-contact mateable connectors [93], the electro-
optical mateable connectors (physically connected) are 
still the most commonly used to connect nodes and sen-
sors/instruments/platforms. The operation of connecting 
devices with the junction boxes is usually achieved by a 
remotely-operated vehicle (ROV).

Some of the early coastal CSOs were designed with 
an alternating current (AC) power-feeding system [94], 
which can be readily derived from the local utility and 
allow the efficiency of high-voltage transmission [95]. 
However, this kind of power-feeding systems are not suit-
able for the CSOs that require long-distance power trans-
mission because of the reactive components caused by 
the parasitic effects of the cables. The use of a constant 
current (CC) or a constant voltage (CV) power source 
is the primary choice of the recently developed CSOs, 
which use direct current with one conductor and seawa-
ter return. A CC power-feeding system is robust against 
cable shunt faults because its power is usually supplied 
from both ends of the cable even if the cable is shunted to 
seawater at one point [96], whereas a CV power-feeding 

system would break down with any shunt fault in the 
system even if it can provide up to twice the power of a 
CC system. Thus, the CC power source are commonly 
selected for CSOs used for tsunami and seismic early 
warning.

Submarine telecommunication systems are used for 
high-capacity data transmission over long distances 
(with optical fiber amplifiers), and they are designed 
to be incorporated in the cable of CSOs at intervals of 
60‒150  km [9]. The average lifetime of telecommuni-
cation systems is up to 25  years without internal faults 
and failures. A branch unit (BU) is routinely used for 
connecting the backbone cable with the scientific node 
through a spur cable [97]. The BU will isolate the fault 
from the backbone or the spur cable by opening the inner 
switches, ensuring the normal operation of the rest of the 
system. In general, the length interval of the BUs along 
the cable ranges from tens of kilometers to hundreds of 
kilometers, and the lengths of spur cables would be sev-
eral to tens of kilometers.

CSOs are now in operation or under construction 
from several countries or unions, primarily including 
Japan (dense ocean-floor network system for earth-
quakes tsunamis-DONET [98], and national research 
institute for earth science and disaster prevention sea-
floor network-NIED [99], versatile eco-monitoring net-
work by under-cable system-VENUS [100], and advanced 
real-time earth monitoring network in the area-ARENA 
[101]), Canada (north east Pacific time-series undersea 
networked experiments-NEPTUNE [102], and Victo-
ria experimental network under the sea-VENUS [103]), 
the USA (Monterey accelerated research system-MARS 
[104], ALOHA cabled observatory-ACO [105], national 
science foundation’s ocean observatories initiative’s 
regional scale nodes-RSN [106]), Europe (European sea 
observatory network-ESONET [107]), and China (South 
China sea seafloor observation network-SCSSON [108]). 
Table  3 summarizes the primary uses of some of the 
existing CSOs.

The cabled seafloor observatories yet have received 
international recognition, leading increasingly emerging 
technologies and developers to expand the capabilities 
and coverage of existing systems. Because of the expen-
sive cables (for broad coverage) and sensors/instruments/
devices, the establishments of the future cabled seafloor 
observatories need to be developed by extensive coop-
eration from different sectors or countries, in order to 
reduce the average economic burden posed on each 
developer. Additionally, taking advantage of the subma-
rine telecommunication cables that were already retired 
or were soon to be retired would reduce the develop-
ment cost greatly, and the typical cases were the re-use 
in H2O and ACO projects [105, 110]. The development 
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of embedded cables (also known as smart cables [113]), 
aims to make some of the observatories compact without 
loss of utility and has a bright future serving the global 
ocean observing networks [114]. For instance, when 
monitoring tsunami and earthquake, the related sensor 
suites, which usually include pressure, acceleration and 
temperature sensors can be included in cable repeat-
ers, with little or no impacts on the operation of the tel-
ecommunications systems. The design of cabled seafloor 
observatories must be driven by the demands of the sci-
entific staff who will use the platforms and data, ensuring 
that the systems can be widely employed to serve specific 
scientific missions. In addition, designing an installation 
which delivers the required performance and is maintain-
able at a reasonable cost are also essential to the applica-
tion of the systems developed.

4.2 � AUVs
Autonomous underwater vehicles (AUVs) are unmanned 
underwater robots with strong maneuverability to carry 
out diverse oceanographic missions autonomously, such 
as geological exploration [115], oil spill detection [116], 

bathymetry, and thermocline tracking [117], which are 
early originally achieved by towed arrays or manned 
vehicles. AUV designs usually include torpedo-like, hov-
ering, catamaran, open frame, and bionic types. Their 
sizes range from human portable to tons levels, and the 
working depth ranges from several meters to 11000  m 
[118]. Notwithstanding a wide range of AUVs, torpedo-
like AUVs are the most commonly used due to their 
better hydrodynamic characteristics that enable longer 
operation periods.

Navigation accuracy has great impacts on the safe 
operation and recovery of the AUV, as well as the value of 
the data collected by the AUV. Different from terrestrial 
navigation, the absence of GPS signals underwater arises 
a difficult challenge for AUV navigation. Utilizing acous-
tic beacons at known positions can provide ground-truth 
reference to locate AUVs underwater (but ranges are lim-
ited), otherwise the AUV should rely on the on-aboard 
sensor suite, usually including a compass and a Doppler 
velocity logger (DVL) or an inertial navigation system 
(INS) to perform dead reckoning [119]. The hydrody-
namic model of an AUV can be used to predict the 

Table 3  Existing cabled seafloor observatories

Project Installation time Developer Objective

LEO-15 [94] 1996 WHOI Long-term ecosystem observing off the central coast of 
New Jersey

HUGO [109] 1997 The University of Hawaii Studying undersea volcanism and associated phenom-
ena at Loihi, the newest volcano of the Hawaiian chain

H2O [110] 1998 WHOI, The University of Hawaii, and Margus, Inc, 
etc.

Studying seismology

VENUS 1999 JAMSTEC Eco-monitoring and fit for manned submersible

MVCO [111] 2000 WHOI Studying coastal atmospheric and oceanic processes of 
Martha’s Vineyard Coast

DONET [98] 2006 JAMSTEC Precise earthquake and tsunami monitoring

VENUS [103] 2006 The University of Victoria Understanding biological, chemical, and physical 
processes of the coastal waters of southern Vancouver 
Island

NEPTUNE [97, 102] 2007 The University of Victoria Studying hydrothermal systems, gas hydrates, the 
coupling between physical and biological systems, the 
dynamics of deep-sea benthic ecosystems, the inshore 
physical and biological oceanography, etc.

MARS [104] 2008 Monterey Bay Aquarium Research Institute Long-term measurements in deep benthic environments

ACO [105] 2011 The University of Hawaii Investigating temporal dynamics in biology, physics, and 
chemistry

ESONET [107, 112] 2011 Europe Understanding the role of Arctic Ocean for climate 
changes, long-term observation on mud-volcano erup-
tions in the Norwegian margin, studying biogeochemi-
cal processes of the Porcupine Abyssal Plain, etc.

RSN [106] 2012 The University of Washington, etc. Serving future science needs and technological 
advances

NIED [99] 2014 National Research Institute for Earth Science and 
Disaster Prevention (Japan)

Monitoring earthquake, tsunami and vertical crustal 
deformation

SCSSON [108] 2016 Zhejiang University, Tongji University, etc. Studying ocean dynamics and biogeochemical pro-
cesses, and preventing disasters, etc.
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speed, being capable of providing acceptable accuracy in 
localization in calm water [120]. These methods are use-
ful, but the performance is essentially limited because of 
the time-accumulating error. Recent studies have shown 
that the simultaneous localization and mapping (SLAM) 
method gives a bounded localization error either on land 
or underwater with loop closure strategies [121–123], 
However, environments with high turbidity and feature 
sparsity on the seafloor arise challenging to SLAM-based 
methods.

Compared to gliders and floats, the major advantage 
of the AUV is its better maneuverability that allows for 
tracking specific oceanographic features in the case 
of currents, with rapid control response and accurate 
localization performance. One should note that although 
observing the features on the seafloor is a vital applica-
tion scenario, AUVs can also perform well in observ-
ing water column or features within a limited range of 
depths, such as tracking thermocline, internal waves 
and algal bloom. Most of the oceanographic features are 
dynamic, and thus require the AUV to timely response to 
the ambient changes. The behavior that the AUV adjusts 
its observation strategies in real time to track, map and 
sample the target with a high level of onboard situational 
awareness, is known as the “autonomy”. Feature scales 
would affect the number of survey platforms needed 
to be involved in observing missions. For instance, the 
mesoscale oceanographic features, which usually cover 
ranges from 10 km to 100 km, are expected to use a fleet 
of coordinated AUVs to investigate, rather than a single 
AUV, in order to gain a more synoptic and cohesive data-
set [124].

Artificial intelligence is a critical characteristic of the 
future AUVs. Without the opportunities to transmit a 
mass of data back to the operators, the onboard intelli-
gent system must be capable of accomplishing the mis-
sion series, including sampling, characterizing events, 
decision-making and eventually executing. This behavior-
based autonomy should enable the AUV to response to 
both predictable and unpredictable sensor events. Taking 
advantage of a fleet of autonomous gliders is important to 
enhance the capabilities in observing the oceanographic 
features because the vehicles in a team can cooperate 
through feedback control to coordinate their motion as 
a mobile and reconfigurable sensor array, responding 
efficiently to variabilities, scales, and conditions in the 
environments. Furthermore, glider groups can improve 
the richness of collected information, accuracy in feature 
detection and tracking, as well as the robustness of their 
decisions to uncertainty and failures [125].

4.3 � Hadal Landers
The hadal zone refers to the oceans with the depth rang-
ing from 6000  m to 11000  m, approximately account-
ing for the deepest 45% of the oceanic depth range and 
host active and diverse biological communities [126]. 
The hadal zone is almost comprised of trenches, which 
are formed by tectonic subduction. The first sampling 
attempts at the hadal zones were conducted using trawl 
and grab methods during the 1950s on the Danish Gala-
thea and Russian Vitjaz expeditions [127]. Because of the 
insufficient technologies to access to the hadal depths in 
the past few decades, the gathered information regard-
ing the hadal biology and the ecology was sparse and 
uncoordinated.

Recently technological advances of the hadal explora-
tion was remarkable, especially in the development of 
free-falling hadal landers, which provided new oppor-
tunities to fill the knowledge gap of the deepest marine 
environment on Earth. The landers have flexible con-
figuration that can be sized and configured based on the 
specific requirements from oceanographic scientists. The 
deployment of hadal landers only needs appropriately-
sized and seaworthy vessels, which can be found in a 
smaller harbor closer to the operation location, consum-
ing a more modest cost compared to traditional large 
and specialized vessels. In addition, hadal landers can 
be deployed at the seafloor for an entire year or much 
longer if needed and precede a ROV or manned sub-
mersible operations to determine a specific area of inter-
est [128]. It is even more attractive that hadal landers are 
simpler to design and fabricate compared to AUVs, ROVs 
or manned submersibles which involve the complicated 
sealing issues of dynamic components.

A lander is roughly composed of three subsystems, 
including the delivery system, control and energy system, 
and the scientific payload. The primary design goal of the 
delivery system is to carry and protect the scientific pay-
load within a frame. The buoyance assembly (syntactic 
foam or glass spheres) and ballast are usually coupled to 
topside and underside of the frame respectively, in order 
to maintain the stability of the lander during its free-fall-
ing periods. The ballast weights can be released by the 
acoustic signal from the surface and the resulting posi-
tive buoyance would drive the lander to rise. For a lander 
to be recovered successfully, the time-delay or actively 
controlled ballast jettison device can be equipped for 
emergency cases, such as failures in the primary acoustic 
releases [129]. Affected by the currents during descend-
ing, the lander may deviate from the pre-set benthonic 
region, in which the lander cannot be accessed by acous-
tic communications caused by the blocks from the hadal 
trenches. To solve this problem, Chen proposed an inver-
sion calculation method to determine the lander position 
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with an accuracy of 20 m [130]. The control subsystem is 
used for making decisions of triggering sampling, record-
ing data (e.g., from scientific sensors and cameras), pro-
cessing data, responding to emergency, and controlling 
the motion of landers (e.g., release ballast). Recharge-
able lithium battery pack is the primary power source for 
most designs of landers. The output voltages of batteries 
are regulated via DC-DC modules to supply power for 
different scientific payloads. The equipped scientific pay-
loads of existing landers include CTD sensors, dissolved 
oxygen sensors, water and sediment samplers, baited 
traps, in  situ microorganism enrichment and fixation 
devices, etc. These biogeochemical data would provide 
opportunities to find more discoveries at hadal depths.

Alfie and Jonah landers from Japan and the UK [127], 
Alpha lander from the USA [128], and Tianya, Haijiao 
and Wanquan landers from China [131] were the typi-
cal lander prototypes developed in recent years, all of 
which collected valuable samples during the expeditions, 
renewing international interest in observing the deepest 
oceanic environments. The next step technologically is 
to upgrade the landers with more scientific instruments 
to measure or sample more oceanographic features, not 
only restricted within biology and ecology. Addition-
ally, maintaining the pressure and temperature (i.e., high 
fidelity) of the collected samples is critical to accurately 
analyze the elements of samples and life processes of 
hadal creatures [132]. Although the hadal landers have 
lower cost compared to those AUVs, ROVs and manned 
submersibles working at the similar depths, the exist-
ing observations and samplings only remain in regional 
scales due to the limited number of landers. Thus, how 
to reasonably deploy and distribute the landers at hadal 
zones is still challenging and needs widespread contribu-
tions from all over the world.

5 � Combination of the Static and Dynamic 
Observing Technologies: Future Trend

5.1 � Current Status of AUV Docking Technologies
Docking technology serves as a “bridge” to connect the 
static and dynamic observations, facilitating expanded 
coverage in spatial and temporal, and enhanced endur-
ance of the ocean observatories. In addition to return-
ing data via satellite, the data can be returned by guiding 
the AUV to a docking station fixed on a mooring system 
[133] or connecting to a cabled seafloor observing net-
work [134] (Figure  8). When docked, the AUV returns 
data, downloads a new mission plan and recharges bat-
tery for extended working periods in a wired (via a physi-
cally connected connector) or wireless (inductive) way 
[135–137]. The mooring-based docking station requires 
the surface buoy to transmit the returned data from the 
AUV via Iridium satellite, and the CSO-based docking 

station returns data directly via seafloor cables connect-
ing to the shore station in real time, bridging the static 
and dynamic observations in a more effective way. For 
the docking process the AUV is guided into a cone usu-
ally using a USBL positioning system or a combination 
of USBL and machine vision if the AUV is able to recog-
nize the lights housed on the docking station [138]. Dur-
ing this process, the AUV continuously adjust its pose to 
correct the horizontal and vertical position/attitude error 
until the AUV aligns with the cone axis and enters the 
cone eventually.

Taking advantage of rotatable-cone docking stations 
would reduce the difficulties in AUV docking operations 
because the cone aligned with the current direction ena-
bles the AUV to run against the current to increase the 
pose correction periods without loss of the controllabil-
ity and interference from lateral currents. The primary 
challenge to utilize rotatable-cone docking stations is the 
rapidly accumulating fouling as both plants and animals 
attach themselves. Even dealt with antifouling paints, 
the docking station inevitably accumulate large masses 
that eventually interferes with the rotatable components 
because of the limited lifetime of the antifouling paints 
used; therefore, the deployment of rotatable-type dock-
ing stations might last for only months. Combing with 
the fixed-cone docking stations, the AUV can complete 
the docking operation by online planning an anti-current 
trajectory based on the estimation of the current vector. 
Even if missing the docking station, the AUV can still 
dock by repeated attempts. In addition to the cone-based 
docking operations, the AUV can dock to a seabed base 
as the landing of an aircraft to the aircraft carrier [139], 
whereby the AUV doesn’t need to dock with a specified 
heading angle, remarkably reducing the difficulties in ter-
minal pose adjustment. However, this method arises the 
design challenges in battery charging and lock devices.

Figure 8  Combination of AUVs and docking stations
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5.2 � Prospects of Ocean Observing Systems 
with the Docking Technology

A notable challenge of the present docking technology 
is the high price of the sensor suite for AUV recovery, 
and this problem may be addressed by some emerging 
but lower-cost localization methods. SLAM techniques 
build a map of an unknown environment and localize the 
AUV in the map, whereby the localization error of the 
AUV can be bounded within a limited range. The opti-
cal camera or imaging sonar (e.g., relatively inexpensive 
mechanical-scanned sonar) can be the front-end sensor 
of the AUV to sense the seafloor features that centered 
on the docking station with a certain radius, which is 
promising up to over 10  km. With a forward-looking 
imaging sonar, the AUV can not only locate by match-
ing with the prior seafloor map, but also adjust the 
pose based on the detected docking station in the sonar 
images when the distance relative to the docking station 
is short, as shown in Figure 9a. Although the optical cam-
era-based SLAM method has better accuracy, it is always 
affected by the turbidity and illuminance of the water. 
Range-only SLAM is another potential SLAM method 
for AUV docking operations [140]. Simply stated, the 
AUV locates itself by repeatedly measuring the distance 

relative to the acoustic beacon (docking station) at differ-
ent locations and determining the intersection points of 
the circles with the radii equal to the measured distance, 
as shown in Figure 9b. With the estimated displacement 
between two AUV locations, heading angle of the AUV, 
and the intersection point of circles, the AUV locations 
can be well-determined. If with multiple beacons (dock-
ing stations), the localization accuracy of the AUV can be 
improved further. A major consideration of this method 
is the treatment of the outliers, and the price of the 
required acoustic modules is lower than the commonly-
used USBL positioning system.

To our best knowledge, the power capabilities of the 
present underwater wireless charger ranges from dozens 
of watts to over one kilowatt, and the charging process 
follows the “CC-CV” rule essentially. For a docking sta-
tion to be versatile, it is supposed to provide different 
charging power levels up to hundreds of kilowatts to 
support a wide range of unmanned underwater vehicles; 
thus, the AUV charging parameters, such voltage, cur-
rent and the charging rule should be designed to be eas-
ily modified, such as sending a modification data package 
to the docking station. The fast charging technologies for 
the automobiles are gradually mature for terrestrial appli-
cations. Integrating this technology to AUV charging 
systems would be critical to reduce the charging periods, 
which usually last for several to over ten hours under the 
“CC-CV” rule. For the non-torpedo type of AUVs, it is 
better to design a planar charging (docking) station, and 
thus the AUV can dock and charge on the platform with-
out designing a specific-shaped entrance for the AUV 
docking station.

The commonly used wireless communications between 
AUVs and docking stations are based on WiFi, which 
transmits data with a rate up to several megabytes per 
second underwater (limited by the distance between 
antennas). If the AUV collects a large amount of data 
(e.g., keeps sampling over a month), the data return-
ing periods might last for several hours, which are even 
longer than the charging periods. One of the solutions is 
to add data transmission modules, but it would increase 
the design cost and complexity in both software and 
hardware. Optical communication is a promising method 
for high-speed data transmission, and its maximum 
data transmission rate can be over 15 Gbps in underwa-
ter environments. For some cases that the AUV needs 
to return data but does not need recharging, a pair of 
omnidirectional optical transmitter and receiver can be 
used for underwater stations; thus, the AUV should only 
travel near the optical receiver without docking opera-
tions. Optical data transmission distance can be over 
100 m maximumly with a transmission rate of 1‒5 Mbps 
(depends on the water quality).

Docking 
station

Seafloor features

a 

Docking 
station

b 
Figure 9  Potential and promising docking methods: (a) sonar-based 
SLAM; (b) range-only SLAM
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Sustained ocean observations require persistent energy 
supply. Except the cabled seafloor observatories, most 
observing systems are equipped with battery pack to pro-
vide energy. However, the energy of the battery is always 
limited and the docking technology can only support 
the observatories that are not far away from the offshore 
regions. Harvesting renewable energy is an inexorable 
trend for the future development of oceanic observato-
ries. Solar energy, and the wave and thermal energy from 
the oceans are the most commonly harvested for the 
recently developed systems, ensuring persistent opera-
tions of the oceanic observatories.

Figure  10 provides a conception of the future ocean 
observing system, which combines the existing obser-
vatories by the docking technology and is supported by 
the renewable energy. For coastal observing systems, the 
dynamically and statically collected data can be firstly 
returned to the junction boxes and then to the shore sta-
tion. For coping with data collected by gliders and floats, 
the observatories can surface and transmit data to the sat-
ellites. To persistently work, the gliders and floats harvest 
the thermal gradient energy created by the temperature 
difference between the sea surface and seafloor, and the 
AUV can be guided to the docking station for recharg-
ing. For offshore observing systems, transmitting data to 
satellites may be the most appropriate choice. Short-wave 

communications may be possible in the future. The off-
shore seafloor docking stations cannot be powered by the 
junction boxes, but are instead powered by battery pack, 
which can be recharged by harvesting wave energy and 
receiving energy from the solar charging vehicles (SCVs). 
The SCVs absorb solar energy at the sea surface and then 
descend to seek docking stations to transmit power to 
them. In addition to deploying docking stations on the 
seafloor, deploying docking stations at a near-sea-surface 
depth is also promising; therefore, the docking station is 
powered by the USV (e.g. wave gliders), which harvests 
solar and wave energy as power source. This way is more 
suitable for the AUVs that observe the upper water col-
umn. For offshore gliders or profilers, deploying a dock-
ing station with a vertically upward entrance would be 
useful to recover and recharge them.

6 � Conclusions
The oceans are integral to life, weather, climate and bio-
geochemical cycles, representing rich sources of oil, food, 
minerals and renewable energy. This paper reviews the 
typical observing technologies and proposes a blueprint 
of the future ocean observing systems based on dock-
ing technology. Although increasingly mature observing 
technologies can enhance resource uses and manage-
ment, and improve the understanding of the oceans, the 
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advances of existing observing systems have been con-
strained by flat funding and limited cooperation among 
present users. Engaging end users across society, discov-
ering potential users in respects of commerce, national 
defense, climate changes and renewable energy, and 
bringing together users with shared values would be the 
critical steps in the future development of the Global 
Ocean Observing System (GOOS), which has now pri-
marily focused on scientific understanding of ocean 
processes and the ocean’s role in climate changes. More 
importantly, this new partnership should incorporate 
influential organizations in technologies or reputation, 
enabling closer engagement with the private sector, col-
leges, universities, research institutes, governments, and 
other groups.
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