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Three-dimensional dynamic analysis of observed mesoscale eddy
in the South China Sea based on complex network theory
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Abstract – Mesoscale eddies have drawn extensive attention due to their central role in ocean
energy and mass transport. From July to August 2017, we launched thirteen Petrel-II under-
water gliders developed by the Tianjin University, China, in the South China Sea to observe a
mesoscale eddy and obtain relatively complete three-dimensional (3D) data. The complex network
methodology is advanced to construct a novel Ocean Observation Complex Network (OOCN) with
multilayer structure, based on the continuous observation data with higher resolution acquired by
Petrel-II gliders. The hierarchical structure of the mesoscale eddy is obtained, which partly
validates the three-compartment structure of the eddy. A number of interesting results shows
that the dynamic structure analysis can be carried for mesoscale eddies and other complex ocean
phenomena.

Copyright c© EPLA, 2020

Introduction. – Mesoscale eddies are ubiquitous and
highly energetic phenomena in the ocean, which constitute
a crucial cog in oceanic transports [1,2]. They possess
features of coherent rotating structure and variability in
temporal and spatial scales, with a time scale of weeks
to years, and the horizontal scale of tens to hundreds
of kilometers [3]. Since they were first discovered in the
1960s, mesoscale eddies have been widely researched, be-
cause their migration is often accompanied by the trans-
port of fluid parcels and the distribution of natural marine
resources [4,5].

Early on, the limited marine hydrographic survey
database was a great obstacle to the incipient research
of mesoscale eddies. During the past 20 years when
satellite remote sensing was rapidly developed and sea
level anomaly satellite observations were greatly collected,
the study on the basic characteristics of mesoscale eddies
has made rapid progresses [6–8]. Based on the satellite
measurements, He et al. [9] first reported the essence
of Sulu Sea eddies. Kubryakov and Stanichny [10]
proposed an automated eddy identification method to
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investigate the mesoscale eddy dynamics in the Black
Sea. Meanwhile, eddy detection techniques have become
increasingly beneficial to the estimate of eddy kinetic
energy, vorticity and deformation rate [11,12]. Moreover,
sea surface height data and sea level anomaly data
have been used to identify and track eddies and study
mesoscale features in global oceans [13,14].

Nonetheless, due to the little knowledge about their
three-dimensional (3D) dynamic characteristics, we still
have limited understanding of oceanic eddies’ generation
and dissipation mechanisms, which makes a great con-
cern. To address the difficulty in exploring 3D features
of eddies, Lin et al. [15] proposed a 3D eddy detection
scheme to validate a model with observational data. To
overcome the lack of systematic full water-depth measure-
ment, Zhang et al. [16] designed and actualized the South
China Sea Mesoscale Eddy Experiment, which lasted for
months. Beyond that, numerical model simulation has be-
come a common and relatively reliable method to detect
mesoscale characteristics [17,18]. Some other studies have
also used similar methods and achieved certain achieve-
ments [19]. In these studies, numerous average struc-
tures have been restructured due to the lack of systemic
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observations of a single eddy. In order to attain average
structures, all eddies need to have similar 3D structures.
Additionally, because the consummate constraint condi-
tions are not available in the simulation, the promotion of
computing capacity leads to the increase of false positive
probability.

Therefore, our cognition of 3D eddy structures is re-
stricted by the scarce systematic full water-depth mea-
surements. As a kind of special autonomous underwater
vehicle, the underwater glider is an emerging ocean moni-
toring technology and has become a significant guarantee
for the research of ocean science. The first generation of
underwater gliders in China was developed by the Tianjin
University in 2002, and then the motor pattern and sta-
bility of hybrid underwater glider have been analyzed sys-
tematically [20]. Therewith, the Tianjin University has
developed a series of underwater gliders named Petrel,
which have got comparable properties to those of their
international counterparts. After many years of contin-
uous development, Petrel-X glider successfully dived to
8213 m in April 2018, creating the new world record [21].
Meanwhile, the Petrel-II hybrid underwater glider has
performed an extensive flight-test program to validate its
system design and development, showing obvious advan-
tages in the working depth and submerged speed [22,23].
Thereinto, Liu et al. [24] obtained and analyzed the un-
derwater noise spectrum, using the underwater noise data
measured by Petrel-II. Currently, Petrel-II has become a
basic tool for ocean exploration, which is widely applied to
capture ocean phenomena such as internal solitary waves,
internal waves and so on [25,26]. In short, Petrel glid-
ers can realize continuous observation and detection in a
long range and at a large scale in the complex ocean envi-
ronment, and apply to mesoscale and submesoscale ocean
dynamic process monitoring [27].

Presently, there exist three types of eddy detection
algorithms, including the algorithms based on physical
parameters, those based on flow geometry, and the syn-
thesis algorithms that combine the former two [28–30].
The Okubo-Weiss detection method based on a physical
parameter W is one of the widely used and practical meth-
ods for eddy detection. However, the threshold W needs
to be adjusted constantly according to swirl characteristics
of the velocity field. Moreover, the winding-angle method,
which belongs to the synthesis algorithm, is an accurate
and rapid method [31]. Both kinds of the algorithms are
widely used to build the 3D structure of mesoscale ed-
dies and reconstruct the average structure. In view of the
observation data of a single eddy, the detection method
based on physical parameters is undoubtedly more intu-
itive and convenient to observe and analyze the 3D struc-
ture of ocean eddies.

The South China Sea is one of the largest marginal seas
in the Pacific Ocean. Among the global oceans, the north-
ern South China Sea embraces the most active mesoscale
eddies, and this in turn has attracted a consortium of aca-
demics and scientists to examine their the characteristics

and structures [32]. From July to August 2017, thirteen
Petrel-II gliders were deployed successively in the South
China Sea for continuous observation of a mesoscale eddy.
Thus, a novel approach is required to realize the multi-
source information fusion and multivariate nonlinear time
series analysis for the research of a single mesoscale eddy.

In the current Big Data time, the multi-information
fusion analysis in complex networks has become a frontier
research topic in the world. Due to their remarkable
importance, the complex network methods dedicated to
multivariate time series analysis are attracting increas-
ing attention, in areas including language translation
system [33], brain network [34], climate network [35],
manufacturing information systems [36] and multiphase
flows [37,38], etc. Gao et al. [39] reviewed the research
progress of complex network analysis of time series, and
listed some prevalent but also more recently developed
methodologies. Then they proposed a novel wavelet mul-
tiresolution complex network for analyzing multivariate
nonlinear time series, which allows characterization of the
nonlinear flow behavior underlying the transitions of oil-
water flows [40]. Based on the existing research results,
a further study should be carried out to analyze marine
multivariate nonlinear time series data and visualize the
internal characteristics of eddies, which is of great value
to the oceanic circulatory system.

Additionally, multilayer networks have become a lead-
ing technology in the network science research field during
the recent years [41]. This research has provided methods
and theories to support the study of network evolution
over time [42,43]. In this paper, a new Ocean Observation
Complex Network (OOCN) with multilayer structure is
proposed to detect and analyze ocean eddies, based on
high-resolution hydrologic data stemmed from Petrel-II
underwater gliders. It puts emphasis on the research of
the 3D structure of mesoscale observations to visualize the
internal density variation of water mass and track eddy
properties. A new weight matrix is derived for evaluating
eddy current characteristics, using the network modular-
ity as a quality metric. By using k-core decomposition,
the multilayer structure of the observed mesoscale eddy
is deconstructed, and the properties of inner flow are also
visualized. The proposed OOCN can capture and analyze
the horizontal and vertical motions of different networks,
and provide the ability to complete this challenging task.
This study provides some new insights into the research
of complex ocean phenomena such as mesoscale eddies.

Ocean observation data acquisition with Petrel-
II underwater gliders. – From July to August 2017,
thirteen Petrel-II gliders were deployed successively in the
South China Sea for continuous observation of a mesoscale
eddy. Petrel-II adjusts its buoyancy to sink or rise follow-
ing a zigzag trajectory, and achieves buoyancy change by
repeatedly transporting hydraulic oil between the inner
tank and the external bladder. By using a GPS navi-
gation device, Petrel-II makes communication with the
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Iridium satellite system once it rises to the surface. When
it goes into deep water, which causes GPS invalidation,
a coupled TCM3 digital compass (PNI Sensor Corpora-
tion, Santa Rosa, California, USA) and a pressure sensor
(KELLER Company, Winterthur, Switzerland) will pro-
vide guidance. The gliders carry a conductivity, tempera-
ture, and depth sensor (CTD) (Seabird Electronics, Inc.,
Bellevue, Washington, USA), whose sampling frequency
is set at 1 Hz so that vertical resolution of thermohaline
stratification amounts to 0.15 m. Petrel-II has completed
a large number of ocean observations, proving its reliabil-
ity and excellence [23,25,27].

With the satellite altimeter data, the approximate lo-
cation of the target mesoscale eddy in the northern South
China Sea is obtained, and thus underwater gliders can
be deployed based on altimeter statistical results. In com-
bination with the natural situation, the underwater glid-
ers were systematically deployed to track the position and
variation of the mesoscale eddy and ensure the comprehen-
siveness of data collection. In addition, the sailing speed
of Petrel-II would be 0.5 knots, about 22 km per day, while
the propagation speed of mesoscale eddies is only 0.1 m/s,
about 8.64 km per day [44]. Thus, the mesoscale eddy can
be regarded as being relatively stationary to underwater
gliders. That is to say, the relative motion between them
will not introduce errors in data sampling. After simple
elimination of outliers, the SOCIB Glider Toolbox is used
for secondary processing of the entire mesoscale eddy data
processing [45].

Construction of the ocean observation complex
network. – The analysis of ocean water mass is one of
the important subjects in physical oceanography, which
could be the final destination of oceanographic research.
The pervasive application of ocean equipment for contin-
uous observation has initiated a new stage in the cogni-
tion of ocean water masses. The mesoscale eddies, as a
breakthrough in the understanding of ocean circulation,
can be analyzed as water masses. When internal char-
acteristics of the mesoscale eddy are deconstructed with
water mass analysis, it can be seen that the mesoscale
eddy is composed of various seawater micelles, whose ba-
sic unit is water type. Besides, movements of the seawater
micelles cause the formation, evolution and extinction of
mesoscale eddies. Hence, this study adopts a new perspec-
tive to build the complex network of mesoscale eddy, and
examines how its internal network nodes are connected to
form a super network. In this section, a unique OOCN is
proposed and its system flowchart is shown in fig. 1.

Based on the oceanographic data collected by Petrel-II ,
a 10-layer network is constructed to analyze the charac-
teristics of mesoscale eddies at different depth layers. The
depth of these 10 networks ranges from 50 m to 500 m, with
a spacing of 50 m, and the thickness of a single layer net-
work is 5 m. Since the sampling frequency of the on-board
sensors is set to 1 Hz, the oceanic data of the mesoscale
eddy have an equal time interval. In fact, multisource data

Fig. 1: System flowchart of the OOCN.

of the OOCN is derived from GPS navigation devices,
digital compasses, pressure sensors, main processor unit
and CTD sensor.

Suppose the sea area under investigation be mapped
to X , where m hydrological data are observed, as defined
below:

X = {T1, T2, . . . , Tm}. (1)

Each water type Ti, as originally defined, is described
by potential temperature θ and salinity S. Generally, the
distribution of currents in the ocean is dependent on the
pressure distribution, which further depends on the vari-
ation of the ocean density [46]. According to this, the
movement of currents could be tracked by measuring θ
and S. Here, we add pressure p to Ti, and calculate bit
density ρi to characterize Ti and investigate exactly the
movement of seawater micelles:

Ti = ρi(θi, Si, Pi). (2)

Representing type Ti by nodes and bit density difference
between nodes by links, the OOCN can be modelled by a
weighted network as follows:

wij =
|(ρi − ρj)|

dij
, (3)

where dij is the Euclidean distance between nodes Ti

and Tj . Given the comprehensive information of the glid-
ers’ operational profile characteristics, the isotropy and
anisotropy of water type, and the spatial continuity of sea-
water micelles, we adopt a critical threshold rc = 3 000 m,
and obtain the network connections: an edge connecting
nodes Ti and Tj exists if |dij | ≤ rc, while there is no edge
between them if |dij | > rc.

In order to quantify the directionality of the OOCN, the
nodes with small bit density are set to point to those with
high bit density. As the increase or decrease of seawater
micelles density could result in vertical convection, the
movement of the micelles can be tracked by comparing
the bit density differences between nodes.

Although the network has been preliminarily con-
structed, it is necessary to optimize the network link and
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determine the optimal link density to achieve the best di-
vision of seawater micelles. Then, a measurement shall be
carried out to evaluate the division of seawater micelles
in water mass. From this view, we adopt a modification
of modularity algorithm [47] to calculate the modularity
under different link densities, and select the optimal value
to attain the ideal community structure.

In order to start with a state in which each node in
the network is the sole member of a module i, the initial
network modularity Q can be computed as

Q =
∑
ai

(eii − a2
i ), (4)

where eii (0 initially) is the fraction of all edges that con-
nect vertices within module i, ai is the proportion of links
within the module i (degree of the module i) over the total
number of network links [47].

The modularity acts as the standard to measure the
quality of community division. The range of Q is 0–1.
When the value of Q is relatively high enough, it makes
an ideal division of the network. In view of this, we cal-
culate the corresponding modularity under different link
densities in an attempt to find the optimal solution for net-
work at each layer. The Q values of networks constructed
at different layers show a slight fluctuation, and the calcu-
lation results present a weak downward trend with depth.
However, the Q values of complex networks constructed
at all 10 layers are quite close, all around 0.9. To sum
up, the complex network algorithm is compatible with the
structure of the mesoscale eddy.

Analysis on characteristics of a mesoscale eddy.
– Based on the data collected by gliders, the OOCN with
multilayer structure is constructed for a mesoscale eddy.
The network analysis on the multilayer network is per-
formed, and then NetDraw visual software is used to visu-
alize the topological properties of the different layers. The
greater the node degree, the higher the degree centrality,
and the more important the node is in the network. By
making degree centrality analysis, the volume of important
nodes is enlarged, while by comparison, the relatively less
important nodes are reduced in size, as shown in figs. 2–5.
By this stage, the nodes are displayed according to the
centrality results, and the size of the nodes reflects the
magnitude of node degree and proves a significant inter-
nal characteristic of the eddy.

The structure of the OOCN stems from the complexity
of ocean water mass. Water masses are composed of mul-
tiple seawater micelles with different properties, allowing
their growth, coalescence, division and death. The basic
unit of seawater micelle is the water type. It is known that
the movement of seawater can be characterized qualita-
tively by seawater density variations. When the densities
of two seawater micelles are different, relative movement
occurs. In the meantime, adjacent water types are likely
to maintain the same motion state, due to the energy
dissipation in the process of seawater micelle movements.

Fig. 2: Community structure of the first layer network. In this
network, the k-core values of seawater micelles are 6, 10, 11,
12, 13, 14, 15, 30, 32, 35, 36, 37, 41, 42, 43, 44, 45, 46, 47, 51,
and 64. The primary reason, which results in the long span of
the k-core, is the interaction between influencing factors of sea
surface and the mesoscale eddy.

Fig. 3: Community structure of the third layer network. The
k-core values of seawater micelles are 5, 6, 7, 8, 9, 10, 11, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 26, 27, 28, 29, 31,
33, 36, 38, and 39. Compared with the first two networks, the
number of communities in this layer starts to decrease as the
surveying depth exceeds 150 meters.

Fig. 4: Community structure of the sixth layer network. The
k-core values of seawater micelles are 7, 9, 10, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 30, and 31. The
community structure of the OOCN is detected by k-core de-
composition which reveals the interior flow complexity of water
mass.
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Fig. 5: Community structure of the ninth layer network. The
k-core values of seawater micelles are 9, 10, 12, 13, 14, 15, 16,
20, 21, 23, 24, 25, 26, 27, 28, 29, 30, 31, 34, 36, 37, and 38. In
this layer network, the community volume obviously increases,
showing that this water layer keeps in a relatively stable state.

The water type may be affected by its new environment
and change its state of motion over a definite distance.
This precisely reflects the isotropy and anisotropy of sea-
water micelles. Given the anisotropy of the seawater mi-
celles, the directionality of the considered networks can
be quantified, as shown in the local magnification of fig. 4.
The organigram of each layer network presents uniform
structural characteristics, namely that every network is
divided into numerous substructures. The miscellaneous
colors and shapes are used to classify the nodes with dif-
ferent characteristics. Nodes with the same characteristics
tend to aggregate into one substructure and are separated
from nodes with different ones, which reflects the isotropy
and anisotropy of the OOCN. This is also because the
composition of substructures depends on the constraint
of the edge condition and node degree in addition to the
k-core constraint. A few “nodes” with different charac-
teristics may be partly the change agent of growth and
extinction process of substructures. Thus, a community
containing sporadic nodes with different attributes is not
the result of misclassification, but a precise embodiment
of isotropy and anisotropy of water mass. This shows that
OOCN can effectively fit the complex physical reaction
of the eddy and has a very high correspondence with the
complex ocean phenomena.

The k-core decomposition is now a key tool for visual-
ization of complex networks and explanation of internal
transformations. The k-core could be realized by remov-
ing all vertices less than k degree from the network, until
there are no more to remove. As a result, k-cores are a
set of nodes that are connected more closely to each other
internally. In other words, k-cores are a “group” or “sub-
structure” of nodes. The degree distribution of networks
basically determines the structure of the k-cores, and the
following formula can be used [48]:

M(k) = p
∑
q≥k

P (q)
q∑

n=k

Cq
nRq−n(1 − R)n

, (5)

where M(k) denotes the probability of a node in the
k-core, P (q) is a random configuration model with a given
degree distribution, k generally counts from 1 in this equa-
tion, and R is the probability that an endpoint of the edge
is the root of the k-core. To make sure one end of an edge
is not a root of an infinite (k − 1)-ary substructure, sub-
branches of k−2 at the utmost are roots of infinite (k−1)-
ary substructure. In this case, R should be expressed here
formulaically:

R=1−p+p

k−2∑
n=0

[ ∞∑
i=n

(i + 1)P (i + 1)
zi

Ci
nRi−n(1 − R)n

]
,

(6)

where zi =
∑

q qP (q) is the mean number of the nearest
neighbors of a node in the network, and n starts from k−2
at most.

The k-core is an inner circle of the network structure.
The vertices less than k degree form plentiful finite groups
whose degrees of vertices are q ≥ k and do not belong
to the k-core. These clusters are either connected to the
k-core by less than k edges or isolated from it. This ex-
plains why substructures of the OOCN have a few nodes
with different characteristics and reflects the anisotropy of
the seawater micelles in the water mass. Then we calculate
the k-core values of the 10-layer networks and use corre-
sponding colors to represent nodes with different k-core
values. Based on the calculation methods of edge con-
nection strategy, the edge weight and k-core in networks
at different depth layers are unified. It is ensured that
nodes in all layers with the same color and shape have
certain identical properties. Accordingly, we can analyze
the internal motions of the mesoscale eddy by observing
the distribution and change of seawater micelles in each
layer network.

Furthermore, as shown in figs. 2–5, the number of seawa-
ter micelles decreases in the layer network as the depth in-
creases. The emergence of this phenomenon is most likely
caused by factors such as the movement of the wind-drift
surface that affects the upper parts of the mesoscale eddy.
By k-core decomposition, the distribution of seawater mi-
celles at different depths could be clearly illustrated. Net-
works at all ten layers have some seawater micelles with
the same magical k-core properties. It can be seen that
seawater micelles of each layer have continuity, meaning
that the OOCN decomposes seawater micelles into equal
depth slices. The individual layers of the OOCN can be
thought of as randomly damaged uncorrelated networks
which can be characterized as k-cores. The k-core as the
continuously confined substructure is the largest subgraph
in which the vertices have at least k interconnects. It is
surprising to find that the visualization of the water mass
stratification shows the position and size of the seawa-
ter micelles at different depths. By connecting the posi-
tions of the seawater micelles with the corresponding color
and shape in each layer, the dynamic 3D diagram of the
mesoscale eddy could be constructed. In other words, this
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(a) (b)

Fig. 6: Hierarchical structure of the mesoscale eddy.

intuitively reflects the horizontal and vertical motions of
seawater micelles with different properties.

The above statistics correspond to the network central-
ity analysis in the complex network algorithm. Then the
k-core mean value is calculated as shown in fig. 6(a) and
consensus analysis of each layer network is performed as
shown in fig. 6(b). Due to the agitation of winds and
waves, an intensive mixing layer is formed at the ocean
surface. In the mixed layer, the first two layer networks
exhibit strong isotropy of seawater micelles in a certain
region. Simultaneously, the anisotropy of seawater mi-
celles in the first two layer networks is strongly influenced
by disorder and frustration of the interaction between in-
fluencing factors, which makes the k-core mean value a
little high. As displayed, k-core mean value plunged from
the second to third layers. A similar trend is found in
the consensus analysis that the largest eigenvalues reduced
quickly between 100 and 150 m. Thus, the large eigenvalue
indicates a good fit to the consensus model and embodies
the hierarchical structure of mesoscale eddies.

As illustrated in fig. 7(a), the community numbers of
each layer network are presented. In the latter two lay-
ers, the community number is significantly reduced, and
the scale of seawater micelles with the same properties
is enlarged, which may help to form a certain equilibrium
state. Since the bit density fluctuation can indirectly char-
acterize the change of marine drift, it is necessary to take
into account the edge weight value in eq. (3). Moreover,
fig. 7(b) shows the edge average weight value and edge
weight bias of 10-layer networks, which present a con-
sistent declining trend. The edge weight bias drops ex-
tremely from the first layer to the second layer, and then
keeps a steady decreasing trend. It is noticeable, however,
that the edge weight bias of the first layer network is very
large, which is caused by the disturbed surface water in
mixed layers. Then fig. 7(b) takes on obvious stratifica-
tion, which may be caused by the coupling of seawater
movement, diffusion and mixing in the ocean-atmosphere
system. Remarkably, the hierarchical structure of the
OOCN corresponds to the three-compartment structure of
the mesoscale eddy, which was found by Zhang et al. [49].
Thereinto, the average weight value in the 10th layer ap-
proaches 0, which is most likely the characteristic of the
mode water layer.

(a) (b)

Fig. 7: Variation tendency of the 10-layer networks.

These results indicate that the complex network al-
gorithm is ideal for dynamic analysis of complex ocean
eddies. The OOCN has high accuracy for the network
division of water mass, and can realize the 3D tracking
of anisotropic seawater micelles in mesoscale eddies. If
underwater gliders can perform real-time analysis of the
observed ocean phenomena according to the algorithm in
this paper, the findings may have certain guiding signifi-
cance for the formation control of underwater gliders with
the task of ocean observation.

Conclusion. – The research on the mesoscale eddy
generation, propagation and extinction mechanisms is still
an important but highly challenging topic in the field of
marine science, due to the lack of continuous observation
data with higher resolution to reflect the real 3D struc-
ture of mesoscale eddies. To address the problem, we used
the altimeter data to locate the mesoscale eddy position,
and then launched thirteen Chinese Petrel-II gliders in
the South China Sea to continuously observe a mesoscale
the eddy, from July to August 2017. Based on the multi-
source data obtained from Petrel-II gliders, a novel OOCN
with multilayer structure is proposed to describe dynamic
characteristics of a mesoscale eddy at different depths.
The layered structure and three-compartment structure
are deconstructed, which are both important indicators of
mesoscale eddies to characterize seawater micelles of dif-
ferent characteristics. Besides this, the mesoscale eddy
is reconstructed by complex network theory and water
mass analysis, and the internal horizontal and vertical mo-
tions of this reconstructed mesoscale eddy are revealed as
well, which has proven that the OOCN is one of the ef-
fective tools for the study of complex ocean phenomena.
Furthermore, future work will focus on how to combine
balanced dynamics of mesoscale eddies with complex net-
work nonlinear dynamics to analyze the dissipation law
of mesoscale eddies and achieve the prediction of energy
dissipation mechanism, based on the extended relational
agro-statistics data.
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