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Abstract: For the sustainable development of marine fishery resources, it is essential to compre-
hensively, accurately, and objectively obtain the spatial characteristics and evolution law of fishing
intensity. However, previous studies have focused more on the use of single data sources, such as
AIS (Automatic Information System) and VBD (VIIRS boat detection), to obtain fishing intensity
information and, as such, have encountered some problems, such as insufficient comprehensive
data coverage for ships, non-uniform spatial distribution of data signal acquisition, and insufficient
accuracy in obtaining fishing intensity information. The development of big data and remote sensing
Earth observation technology has provided abundant data sources and technical support for the
acquisition of fishing intensity data for marine fisheries. Based on this situation, this paper proposes
a framework that integrates the data of fishing vessels from two sources (AIS, with high space-time
granularity, and VBD, with short revisit cycle and high sensitivity), in order to obtain such informa-
tion based on closely matching and fusing the vector point data of ship positions. With the help of
this framework and the strategy of indirectly representing fishing intensity by data point density
after fusion, the spatial characteristics and rules of fishing intensity in typical seasons (February,
April, September, and November) in the northern South China Sea in 2018 were systematically
analyzed and investigated. The results revealed the following: (1) Matching and fusing AIS and VBD
data can provide a better perspective to produce robust and accurate marine fishery intensity data.
The two types of data have a low proximity match rate (approximately 1.89% and 6.73% of their
respective inputs) and the matching success for fishing vessels in the data was 49.42%. (2) Single
AIS data can be used for nearshore (50 to 70 km) marine fishery analysis research, while VBD data
reflect the objective marine fishing in space, showing obvious complementarity with AIS. (3) The
fishing intensity grid data obtained from the integrated data show that high-intensity fishing in
the study area was concentrated in the coastal area of Maoming City, Guangdong (0–50 km); the
coastal area of Guangxi Beihai (10–70 km); around Hainan Island in Zhangzhou (10–30 km); and the
Sanya nearshore area (0–50 km). However, it did not decay with increasing offshore distance, such as
at the Trans-Vietnamese boundary in the Beibu Gulf, near the China–Vietnam Common Fisheries
Area (50 km) and high-intensity fishing areas. (4) The obtained fishing intensity data (AIS, VBD,
and AIS + VBD) were quantitatively analyzed, showing that the CV (Coefficient of Variation) of the
average for each month (after fusing the two types of data) was 0.995, indicating that the distribution
of the combined data was better than that before fusion (before fusion: AIS = 0.879, VBD = 1.642).
Therefore, the integration of AIS and VBD can meet the need for a more effective, comprehensive,
and accurate fishing intensity analysis in marine fishery resources.
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1. Introduction

Marine fisheries play a vital role in food security and marine economic development [1,2].
However, with advances in fishing technology and an increased market demand for fish-
eries, the increased intensity of marine fishing, deteriorating marine ecological environ-
ments, and the increasing frequency of IUU (illegal, unreported, and unregulated) fishing
incidents have presented significant challenges to the sustainable development of ma-
rine fisheries and the conservation of fish species diversity [3,4]. There has been a lack
of effective integrated fishing assessment management practices and measures [5]. and
therefore the scientific determination of fishing intensity data in marine fisheries is pre-
requisite and key to the management of fishing quotas [6]. As an important fishing and
trans-shipment carrier at sea, the quantity and spatial distribution of fishing vessels reflect
the primary development trend of fishery resources. In the age of big data, the location
data of fishing vessels have become an essential support for the dynamic spatial features of
marine fisheries [7,8]. Accurate, in-depth analysis and map visualization of fishing space
information is an important way to grasp the fishing intensity of fishery resources [9,10].
Common ship positioning data types include AIS, VMS (Vessel Monitor System), and
more. Furthermore, night light remote sensing satellite data NLT (Nightime Lights), radar
imagery, and so on, can monitor the fishing vessels at sea [11], in which night light remote
sensing has ultra-high sensitivity, microlight recognition capabilities, and the ability to
accurately capture fishing vessel night-time operations [12], providing good quantification
of light trap fishing vessels during night operations.

AIS and VMS trajectory data have been widely used in marine fisheries. In a marine
fishery fishing intensity map, based on statistical analysis and the identification of VMS
data (e.g., position, direction, speed, and so on), the fishing intensity information can be
obtained effectively. Natalie et al. used the hybrid Gaussian Mixture Model in Swedish
waters to segment, identify, and produce the statistical distribution characteristics of the
trawler AIS speed [13]. The validation of fishing log data has shown that the accuracy
of the mapping is affected by the coverage of the AIS data. Guiet et al. analyzed the
temporal and spatial changes in the intensity of industrial fishing recorded under the
global AIS coverage for 2015–2017 [14]. Research on the coupling factors, trans-shipment
events, and hot-spot perception of fisheries with the help of AIS data include the following:
Kroodsma et al. researched the relationship between environmental change and political
events [15]; Miller et al. tracked and analyzed 694 vessels engaged in marine fisheries
fishing trans-shipment and studied the global trans-shipment of marine fisheries [16]; and
Boerder analyzed global maritime catch trans-shipment hotspots for 2012–2017 [17].

In addition to the application of AIS and VMS to marine fisheries fishing research,
the target of offshore fishing vessels in NLT provides the most intuitive reflection of
human night fishing at sea [18]. Many scholars have used such data to carry out a lot of
work in the areas of marine lighting fishing vessel fishing law feature mining, situational
awareness of fishery resource development, assessment of the benefits of fishing bans
in sea areas, and IUU fishing monitoring [19–22]. Among them, Elvidge et al., based on
Suomi NPP/VIIRS data (hereafter referred to as SNPP), proposed a peak detection and
fixed threshold segmentation of the sea lighting vessel identification method for the first
time [23]. This provides a classical idea and framework for the subsequent application
of NLT to the study of fishery quantification and intelligence. Subsequently, Tian et al.
and Chen et al. have improved the NLT lighting operation fishing vessel identification
method, based on maxEnt (maximum entropy) threshold segmentation and local peak
detection LSD [12,24]. Using the above methods, they extracted fishing vessels in the NLT
for further analysis. Zhang based on SNPP DNB data, obtained light extraction results
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of night fishing vessels in the South China Sea. After nuclear density analysis, obtained
the core fishery of the lamplight fishing vessels were obtained and dynamic changes
occurred [25]. Geronimo et al. used NLT fishing areas and fishery management areas to
map and track fishing activities accurately [26]. The core area of fishing in the Philippines
was excavated using the density clustering method, where the intensity range of different
seasonal patterns was analyzed. Elvidge et al. used night lighting fishing vessels SNPP to
assess the effectiveness of different types of no-fishing areas in Vietnam (toxic industrial
emissions, seasonality, and coastal permanent fishing bans) [27]. Li et al. used NLT data to
study the distribution pattern of fish resources in the South China Sea [28].

In addition to the above research on Marine fishing with single AIS, VMS, and SNPP
data, Liu et al. used VMS to verify that SNPP data could effectively detect the activities of
fishing vessels at sea. It was pointed out that the combination of VIIRS ship data and VMS
can provide a good foundation for future fishery management [19]. Longepe et al. used
VDS (Vessel Detection System), VMS, and AIS data based on high-resolution radar images
to evaluate illegal fishing in Indonesia, and found that the proportion of IUU fishing vessels
changed significantly before and after the fishing ban [29]. Hsu et al. applied VMS, VBD
(VIIRS Boat Detection) in Indonesia to carry out a cross-matching study of fishing types
among various vessels for the identification and analysis of illegal fishing “Dark Vessels”
at sea [30]. Based on Sentinel 1, Sentinel 2, and AIS data, Kurekin et al. developed INSURE
(Integrated System for Surveillance IUU) in Ghana [31]. Ruiz et al. assessed squid fishing
over seven years using AIS and NPP/VIIRS in FAO Region 41, showing a high degree
of consistency between the two types of data at a spatio-temporal scale [32]. Park et al.
combined four satellite technologies (AIS, SAR, optical imagery, and SNPP DNB band)
to conduct an in-depth study on illegal fishing in sensitive areas between North Korea,
Japan, and Russia [33]. Exeter et al. utilizes VIIRS boat detections (VBD) and GPS data to
predict fishing effort, biomass and value, as well as the spatial and temporal distribution of
catch [34].

In conclusion, the complementary advantages of AIS/VMS, VBD, and multi-source
data in existing studies, to a certain extent, have provided important support for under-
standing the spatial and temporal intensity and dynamic changes of fishing. However,
from a more accurate and microscopic perspective, there are also some deficiencies: (1) A
single AIS/VMS has the phenomenon of uneven coverage size (The further offshore, the
coarser the data sampling interval) [35]; (2) Not all ships are equipped with AIS equipment
and may have low VMS coverage rate; (3) NLT can only reflect the saturated spillover effect
of targets and nearshore data for high-intensity light trapping vessels; that is, the target
extraction effect of vessels in nearshore areas (5 km) is not good. Moreover, it can only
reflect the operation situation of the whole light trapping vessel in the sea area and cannot
carry out fine-scale identification and analysis. In addition, it cannot effectively meet the
management and containment of IUU in sea areas outside the prohibited fishing area and
time limit; (4) Marine ship lights mainly come from fishing boats, oil and gas platforms,
and so on, while the proportion of fishing boats and whether lights from other ships that
can be captured by NLT are unknown. It can be concluded that the existing studies have
focused more on the analysis and mining of the fishing intensity characteristics of Marine
fisheries by using a single data source [13,25]. Although there are cases in existing studies
that have combined multiple sources of data, most of them have focused on illegal fishing
at sea, and there are still no cases that combine the advantages of the two and explore
fishing intensity information of Marine fisheries through their fusion [29–32,34].

Based on this research status, this paper makes full use of such a strategy of combining
the advantages of NLT and ship AIS data, in order to put forward a method to obtain
the fishing intensity of Marine fisheries by integrating multi-source data. Taking the
northern waters of the South China Sea as the research area, the typical season of 2018
was selected to conduct experiments using the proposed method. It is expected to provide
an avenue for the information management of fishery resources, assessment of fishing
intensity, protection of the legitimate rights and interests of fishing vessels, and to provide
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information sources and references for the formulation of scientific and effective fishery
management and protection policies.

2. Study Areas and Data Sources
2.1. Introduction to the Research Area

Marine fishery is the pillar industry of Marine economic development around the
South China Sea. The natural conditions of the South China Sea region are superior, the
fishery ecological environment is diverse, and the bait is abundant. Fishery resources have
been enriched in the northern continental shelf of the South China Sea, the Beibu Gulf,
and in other waters. Among them, the Beibu Gulf fishing ground occupies an important
position for the three provinces (Guangdong, Guangxi, and Hainan province) and regions
in the South China Sea, as well as the Marine fishing industry of Vietnam, and is the most
important fishing area with the highest productivity of fishery resources in the South China
Sea [36]. However, the actual fishing quantity of the Beibu Gulf fishery is far beyond the
level that the natural ecology of the fishery can bear, and its fishery resources are crucial to
the sustainable development of fisheries in the whole South China Sea [37]. Furthermore,
the northern continental shelf area of the South China Sea provides a suitable environment
for the growth and reproduction of fish bait organisms, such that there are also abundant
fishery resources in this area. Therefore, the Beibu Gulf fishery and the fishery in the
northern part of the South China Sea continental shelf (along the coast of Guangdong and
around Hainan Island) were selected as the main study areas (see Figure 1), located in
the range of 107.159◦ E~111.975◦ E and 17.591◦ N~21.881◦ N, with a total area of about
160,000 km2 and a water depth of 0–1500 m, with an average water depth of 200 m. Most
of the study area lies within Chinese waters, but it also includes some waters off Vietnam.
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2.2. Introduction to Data Sources
2.2.1. AIS

AIS equipment provides ships with a near-real-time state vector (e.g., position, speed,
heading), static information (e.g., ship identifier, size, ship type), and voyage-related infor-
mation (e.g., destination, estimated time of arrival, draft) [38], and carries out information
exchange with other ships, not only with coastal AIS base stations [39,40]. AIS has the typi-
cal characteristics of big data, rich attribute information, wide coverage, and is commonly
used in relevant studies on fishing intensity, IUU, and the maritime perception of Marine
fishery [29]. In order to ensure the safety of maritime operations, more and more ships have
been required to be equipped with AIS equipment. Under the existing conditions, most
AIS data reception mainly relies on land base stations and a few satellite AIS. The AIS data
used in this paper are in the CSV format, and were extracted from the global daily AIS data
set, according to the scope of the study area and the type code of ship class. In this paper,
the AIS data were obtained through business co-operation with the YiHaiLan Company,
while the data pre-processing was mainly carried out using MySQL, Python, ArcGIS, and
other tools. The processing contents included the deletion of trajectory anomaly data, the
elimination of “flying points” (ship trajectory points occurring on land), and the sorting of
MMSI (Maritime Mobile Service Identify) of the same ship by time, among others.

2.2.2. VBD

VBD data by the NOAA (National Oceanic Atmospheric Administration) were pro-
vided by the EOG (https://eogdata.mines.edu/vbd/ (accessed on 27 April 2021)). Using
VBD data is very effective for analyzing dynamic fishery changes and the spatio-temporal
changes of fishery grounds. EOG has been working towards the use of SNPP data for
Marine lightship inspection since 2014, initially in Southeast Asia and now globally. The
detection algorithm was proposed by Elvidge et al. [23], which mainly applied DNB
(Day/Night Band, 0.5–0.9 µm) and VCM (VIIRS Cloud Mask) data products in VIIRS data.
Daily VBD data were in CSV format, and contain rich image data attribute information.
Table 1 briefly lists some important relevant information. In addition, the VBD data use
EOG nighttime fire point data to prevent oil/gas platforms from being identified as ships.
At present, VBD is mainly used for research on Marine light trapping vessels [27,30]. The
data are ready for use, and the VBD-related attribute information content is complete. Near
real-time data acquisition is available at a cost, while an ordinary user can obtain 45-day
lag data for free.

Table 1. Attributes provides by VIIRS boat detections (VBD) used in this study.

Name Explanation Units

ID_key Unique VBD ID Unitless
Lat_DNB VBD pixel latitude from VIIRS geolocation file Degrees
Lon_DNB VBD pixel longitude from VIIRS geolocation file Degrees
Data_Mscan VBD pixel date-time at mid-scan reported in Universal Time. Unitless
Rad_DNB Radiance of VBD pixel in VIIRS DNB band W/m2/sr/um

QF_Detect Integer quality flag for VBD pixel, yielding information about quality and detection type (see
field description tab). Unitless

File_DNB VIIRS DNB HDF5 file Unitless
File_LTZ Local time zone reference file containing vectors used to determine offset from UTC to LTZ. Unitless

Lat_Gring Latitude values as a series of semi-colon separated points that enclose the DNB swath data when
connected by great-circle arcs. Degrees

Lon_Gring Longitude values as a series of semi-colon separated points that enclose the DNB swath data
when connected by great-circle arcs. Degrees

(Note: The above-mentioned content is from https://eogdata.mines.edu/vbd/#csv- (accessed on 27 April 2021) column, this paper uses
the data QF_Detect = 1, 2).

https://eogdata.mines.edu/vbd/
https://eogdata.mines.edu/vbd/#csv
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The above two types of data are trajectory data records, generated by the movement
of ships at sea. The difference is that the AIS data are obtained by decoding the messages
received by the ground-based base stations or AIS satellites, while VBD data are obtained
from SNPP DNB band image detection, such that the acquisition of VBD depends on the
sampling time and coverage area when the satellite passes over the study area.

2.2.3. Other Data

We also used global vector data from Nature Earth public sphere Earth data set (http:
//www.naturalearthdata.com/ (accessed on 27 April 2021)), vector data from Geographic
Information resources directory Service system (National Catalogue Service For Geographic
Information) (http://www.webmap.cn/commres.do?Method=result100W (accessed on
27 April 2021)), and the South China Sea island illustrations from the standard map service
website (http://bzdt.ch.mnr.gov.cn/ (accessed on 27 April 2021), plan approval, GS (2019)
1708). Furthermore, the Beibu Gulf–joint fishing zone border data were obtained from the
website (https://www.un.org/Depts/los/LEGISLATIONANDTREATIES/STATEFILES/
VNM.htm (accessed on 27 April 2021)), providing the site co-ordinates.

3. Technical Routes and Research Methods
3.1. Technical Route

The premise of matching and fusion of data from different sources is that they have
the same spatiotemporal reference benchmark and interval range. Both AIS and VBD
contain longitude and latitude co-ordinates and time information; however, the reference
and format of the time information are inconsistent. The time included in AIS and VBD
data was converted to the Beijing time standard. The technical flow of data processing
was as follows (Figure 2): (1) Obtaining image information through VBD data, such as
image frame (boundary) co-ordinates, and image start and end scanning time. Based on
the relationship between the coverage range of DNB band images and the inclusion of the
study area, images which completely covered the study area and VBD data obtained by
detection were screened. (2) The time of satellite transit through the center of the study
area was obtained, according to the frame co-ordinates of the selected images, the start and
end time of scanning imaging, and the longitude and latitude co-ordinates of the center of
the study area, such that the two kinds of data belonged to the same space–time constraint.
(3) The central time of the satellite transit research area was used as a reference, in order
to screen the AIS data sequence. Then, the AIS data sequence was combined with the
central time of the satellite transit research area for the interpolation calculation. (4) Under
the same spatial and temporal constraints, the proximity analysis method was used to
match and fuse the AIS and VBD data obtained by interpolation calculation, where the
fusion data and the kernel density analysis method were used to obtain raster data of the
fishing intensity field. (5) Finally, we analyzed and mined the matching data information,
compared the fishing intensity characteristics of the study area obtained by the data before
and after fusion, and mined the characteristic rules.

http://www.naturalearthdata.com/
http://www.naturalearthdata.com/
http://www.webmap.cn/commres.do?Method=result100W
http://bzdt.ch.mnr.gov.cn/
https://www.un.org/Depts/los/LEGISLATIONANDTREATIES/STATEFILES/VNM.htm
https://www.un.org/Depts/los/LEGISLATIONANDTREATIES/STATEFILES/VNM.htm
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3.2. Research Methods
3.2.1. Satellite Transit Time Acquisition

The SNPP satellite orbits the Earth about 14 times per day and can observe the Earth’s
surface twice. As the SNPP satellite performs linear array scanning imaging and orbits
from north to south, the image time of a single image of the DNB band sensor is about 340 s,
the width is about 3040 km, and the image latitude span is about 20◦. The latitude span
of the study area is about 5◦, accounting for about a quarter of the entire satellite imaging
time (about 90 s). VBD data records provide image frame co-ordinates (Table 1), in order
to reduce the bias caused by incomplete coverage of a single image in the study area in
the analysis of the processing results. During data processing, VBD data of a single image
completely covering the study area was screened, according to the frame co-ordinates of the
image and the inclusion relationship between the image and the study area. At the same
time, to ensure that the comparative analysis of data between different months was not af-
fected by the difference in the number of images selected, the same number of images were
screened in each month; namely, 25 images. To obtain accurate NPP satellite transit time
information, co-ordinate information corresponding to the center point of the study area
and the start and end points of image scanning was adopted, combined with the start and
end times of image scanning and linear interpolation method, in order to obtain (Figure 3).
The longitude and latitude co-ordinates of No. 2, the center of the research area, and
No. 8 are denoted as (Lon2, Lat2),

(
Lonstudy_area_center, Latstudy_area_center

)
, (Lon8, Lat8), re-

spectively. For the convenience of interpolation calculation, it was uniformly converted



ISPRS Int. J. Geo-Inf. 2021, 10, 277 8 of 21

to the Gaussian plane Cartesian co-ordinate system. The co-ordinates converted to the
Gaussian projection Cartesian co-ordinate system and the corresponding time are respec-
tively denoted as (X2, Y2, T2), (Xo, Yo, To), (X8, Y8, T8). It should also be noted that the
satellite scans from north to south, such that the imaging time is more related to latitude
information. In order to avoid the occurrence that the latitude of the center point of the
research area is too far away from the scanning starting and ending points, the longitude
of the center point of the research area was calculated using Equation (1) below:

Lonstudy_area_center =
1
2
(Lon8 + Lon2) (1)

∆t1 = To − T2 (2)

∆T = T8 − T2 (3)

S2o =

√
(Xo − X2)

2 + (Yo − Y2)
2 (4)

S28 =

√
(X8 − X2)

2 + (Y8 − Y2)
2 (5)

∆t1 =
∆T ∗ S2o

S28
(6)
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After pulling down, the image scanning time to of 0 point in the center of the research
area is calculated by linear interpolation as follows:

to = T2 +
∆T ∗ S2o

S28
(7)

3.2.2. AIS Track Data Interpolation

Ship trajectory interpolation methods include Lagrange linear interpolation, piecewise
linear interpolation, cubic spline, and so on [41]. The linear interpolation algorithm is
simple, but its interpolation accuracy is not high. Although the calculation time and
interpolation error of piecewise linear interpolation are small, the interpolation results will
lead to the trajectory not being smooth. Cubic spline interpolation has high precision in the
simulation of trajectory, but its theory is based on numerical analysis, without considering
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the inherent attributes of AIS. Therefore, we chose a linear interpolation method, proposed
by Zhou et al. that comprehensively considers heading, speed, time, and trajectory type
(straight line and curve). The method is carried out as follows [42]: First, the AIS geodetic
longitude and latitude (L, B) are converted into plane coordinates (x, y) by Gauss–Kruger
projection, and the degree is calculated in meters instead of minutes. Then, the interpolation
co-ordinates are converted to geodetic longitude and latitude co-ordinates. If the Gaussian
co-ordinates before and after the interpolation point are A(x1, y1) and B(x2, y2), then the
predicted co-ordinates of two groups of interpolation calculation points can be obtained by
taking A and B as the reference points, respectively:{

xi1 = x1 + v1sin(θ1)(ti − t1)
yi1 = y1 + v1cos(θ1)(ti − t1)

(8)

{
xi2 = x2 + v2sin(θ2)(ti − t2)
yi2 = y2 + v2cos(θ2)(ti − t2)

(9)

where θ and v respectively represent the vessel heading and speed at the interpolation
base point; and t1 and t2 represent the corresponding times at the interpolation base point.
Then, the predicted co-ordinates (xi1, yi1) and (xi2, yi2) are weighted and averaged. The
weight is determined by the time difference between the interaction point and points A
and B. The closer the distance is, the larger the weight of the close point is as follows:{

Q1 = 1 − (ti − t1)/(t2 − t1)
Q2 = 1 − (t2 − ti)/(t2 − t1)

(10)

where Q1 and Q2 are the weights of both ends of A and B, respectively, then the coordinates
of interpolation points after weighted averaging are{

xi = Q1xi1 + Q2xi2
yi = Q1yi1 + Q2yi2

(11)

Finally, the corresponding plane co-ordinates are converted into longitude and latitude
co-ordinates to obtain the final interpolation results. In addition, dynamic data reporting
intervals range from 2 s to 3 min, depending on navigation conditions and region. Therefore,
in order to ensure sufficient input data accurately, we selected data 15 min before and after
in time in the satellite transit research area, for the interpolation calculation.

3.2.3. Different Fishing Boat Data Matching and Fusion

The interpolated AIS ship trajectory data, and VBD data which detected by NLT
images, are discrete in spatial distribution. In the study of Hsu et al. [30], the use of VMS
and VBD data accounted for about 10% of spatial matching. The matching threshold
applied in the matching process was 700 m in space and 5 s in time (i.e., satellite orbit
model transit study area time interpolation calculation error of ±2 s). Therefore, the
method applied in this paper took AIS data as the matching benchmark and searched for
VBD data within the 700 m threshold of space with single AIS data as the benchmark.
When there were one or more points in the neighborhood that could be matched, the
distances between the VBD point and the AIS point in the matching field were calculated,
respectively. According to the proximity principle, the nearest point was selected as the
matching point (see Figure 4).
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3.2.4. Analysis of the Nuclear Density of Fishing Vessels

Kernel Density was used to analyze the fishing intensity of multi-source fishing vessels.
The kernel density analysis method uses a kernel function to calculate the quantity of each
unit area, according to point or broken line elements to fit each point or broken line into a
smooth cone surface. The vector fishing boat track points fused after pre-processing, fusion
matching, and repetition of point filtering were used as input, and a circular search area
was applied. The density value of each pixel was calculated as well as the output for each
ship trajectory vector point located in the research area [43]. The calculation equation of
the kernel density method can be expressed as:

f (s) =
n

∑
i=1

1
h2 k
(

s − ci
h

)
(12)

where f (s) is the calculation function of the kernel density at the spatial position s; h is
the distance attenuation threshold; n is an element point number, whose distance from
position s is less than or equal to h; and the function k represents the spatial weight function.
The geometric meaning of this equation is that the density value is maximum at each core
element ci, and decreases continuously with greater distance from ci until the distance
from core ci reaches the threshold value h, after which the kernel density value drops to
0 [44,45].

4. Analysis of Experimental Results
4.1. AIS and VBD Match Analysis

Taking AIS as the benchmark data and VBD as the data to be matched, 219,847
(interpolated AIS) AIS records and 61,855 VBD records in the study area were selected
for proximity matching analysis. About 4164 were matched to the target, accounting for
about 1.89% of the AIS benchmark data and 6.73% of the VBD data to be matched. Further
analysis of the matched VBD successfully combined with AIS attribute information showed
that fishing boats accounted for 49.42% of VBD obtained by neighbor matching, while
cargo ships, tankers, tugboats, passenger ships, and other vessels accounted for 20.89%,
6.54%, 1.83%, 1.49%, and 19.9%, respectively. According to the matching information, it can
be concluded that most of the matched VBD data obtained from maritime detection were
from fishing boats that performed light trapping at night. However, the lights generated
by other ships at sea can also be picked up by noctilucent remote sensing satellites, as they
pass through the sea. This also fully demonstrates that it is very effective to use light to
obtain fishery information, in order to analyze dynamic fishery change and spatiotemporal
variation characteristics of fishery grounds. Furthermore, no matter whether the input AIS
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benchmark data or the input VBD data were to be matched as the measurement index, it
can be seen that the successful matching ratio of the two types of data was relatively low.
In other words, the integration of the two types of data could more effectively mine and
analyze the fishing situation. In addition, about 23.68% of the MMSI of the ships that were
matched were incorrect. According to the analysis of vessels without abnormal MMSI,
ships of Chinese nationality accounted for 77.49%. Among ships from other countries, the
top three were Panama, the Marshall Islands, and Vietnam, accounting for 4.74%, 2.71%,
and 2.61%, respectively.

4.2. Analysis of Fishing Intensity Characteristics
4.2.1. Based on AIS Fishing Intensity Analysis

In order to better identify the advantages and disadvantages of the various data used
in Marine fishery analysis, as well as the differences before and after fusion, based on the
perspectives of AIS, VBD, and their fusion, we conducted a comparative analysis of the
respective fishing intensity data obtained. Based on the time in the satellite transit study
area, the AIS data obtained by screening, integration, and sampling were used to form a
fishing intensity map of the Marine fishery. The processed AIS data can avoid the problem
of inconsistent granularity of data time interval, caused by the distance of fishing boats
offshore. It can be seen, from Figure 5, that AIS better reflected the fishing intensity of
the nearshore fishery. The results indicated that: (1) The fishing intensity near the coastal
areas of Guangdong and Guangxi Provinces was always higher than that around Hainan
Island. The change of fishing intensity was small on the macroscopic scale, especially in the
coastal areas near Guangdong and Guangxi Provinces; however, there were slight changes
at the detailed scale, such as in the waters around Sanya and Danzhou in Hainan Province.
(2) The fishing intensity in the coastal areas of Guangdong Province was always higher
than that around Hainan Island, and the fishing intensity in the coastal areas of Guangdong
Province was always the highest within the selected time range. (3) The offshore distance
of the high-intensity fishing distribution area, based on AIS data, was about 20–50 km.
Therefore, the fishing intensity map produced by the AIS data of fishing vessels obtained
through screening and interpretation sampling has good applicability within the sea area
of 50–70 km offshore. However, the results are limited to countries and regions where AIS
equipment is mandatory for fishing vessels.

4.2.2. Based on VBD Fishing Intensity Analysis

Compared with AIS data, the prominent advantage of VBD data is that it has reason-
able objectivity in spatial distribution. Because the fishing resources in the northern part
of the South China Sea are extremely rich, there is illegal fishing by fishing boats from
other countries and regions. In order to avoid exposure, fishing boats will turn off the AIS
equipment when operating in this area. Therefore, this section still adopts the method
used in previous Marine fishery fishing research on light data to obtain fishing intensity,
but the difference is that the target data of non-fishing vessels that match successfully is
eliminated. It can be seen from Figure 6 that the fishing intensity data obtained based on
VBD data in the study area are different in both spatial distribution and temporal coverage.
With people in the past, “nearshore fishing intensity is high, far shore fishing intensity is
low” understanding is quite different. The fishing intensity reflected has the following
characteristics: (1) Most of the high-intensity fishing areas are located 50 km away from
the offshore, and most of the study areas are located within 50 km or nearby the China-
Vietnam common fishing area. However, it is also found in coastal areas, such as Danzhou,
Lingshui, and Maoming of Guangdong Province. (2) The spatial distribution of fishing
intensity was significantly different from month to month. For example, the areas with high
fishing intensity in February were concentrated in the range of 50–100 km offshore, such as
Lingshui in Hainan and within 20 km offshore at the boundary of Lingshui and Wanning.
(3) The characteristics of high-intensity fishing areas are mainly isolated “clumps”, and
the adjacent high-intensity “clumps” converge to form a “strip” feature, which is more
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prominent in the Beibu Gulf region of China and Vietnam. It can be seen from Figure 6
that, especially when the VBD data is far from the coast (about 100 km), it reflects that the
fishing of Marine fishery is more objective. Therefore, the integration of AIS and VBD is a
new strategy to obtain the characteristics of fishing intensity in Marine fisheries.
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4.2.3. Fishing Intensity Analysis under the Fusion of AIS and VBD

AIS and VBD data, which were successfully matched in proximity, represented the
same fishing boat or moving target on the sea under the same space–time constraints.
Therefore, the point density was used to obtain the fishing intensity after the fusion of the
two data types, aimed at identifying those ship targets that were successfully matched
under the same space–time constraints. In order to avoid the impact of repeated data on
the analysis results, one of the categories of targets needed to be eliminated. In this paper,
the matching VBD data were selected to be eliminated. The fishing intensity map obtained
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after the fusion of AIS and VBD is shown in Figure 7. As can be seen from the fishing
intensity diagram (Figure 7) after data fusion, high-intensity fishing was not only limited
to the nearshore area, but distributed throughout the whole study area. In terms of overall
distribution characteristics, the results obtained in Figure 7 were more authentic, accurate,
and objective. Compared with the conclusions drawn from Figures 5 and 6, the conclusions
obtained from the fusion of the two types of data were different, both in terms of the spatial
scale and the selected time scale.

As can be seen from Figure 7, after the fusion of data from two different sources
expressing the same factor, the fishing intensity of Marine fisheries obtained mainly pre-
sented the following characteristics: 1© Overall, after the data fusion, the results show
that the fishing intensity of offshore fisheries was significantly higher than that of high
seas fisheries; however, it did not decrease with an increase of offshore distance. 2© In
February, the distribution of fishing intensity was more “clump-like,” where the fishing
intensity formed a ring around Hainan Island (40 km around Sanya) > along the coast of
Guangxi (10–60 km near Beihai) and > the coastal area near Guangdong (10–40 km near
Maoming). The main characteristic trend of coastal areas around Hainan Island was Sanya
> Danzhou >Lingshui > Qionghai. In addition, the high-intensity fishing on the south coast
of Guangdong was mainly characterized by a “strip” with a length of about 100 km and
a width of about 50 km. 3© The fishing intensity in April was different from that in other
months. The areas with high fishing intensity were mainly distributed between Danzhou
City of Hainan Island and Fangchenggang City of Guangxi Province, forming a diamond-
shaped “strip” distribution about 50–60 km wide and 100 km long. 4© Comparatively,
the spatial distribution characteristics of fishing intensity in September and November
were similar, to some extent. The differences were mainly reflected in the boundary of
the Beibu Gulf and the vicinity of the common fishing area of China and Vietnam. It can
be seen, from Figure 7c,d, that, in addition to the greater fishing intensity around Hainan
Island in the “Guangdong–Guangxi” coastal areas, the high-intensity values also had a
sporadic distribution in the China–Vietnam fishery agreement area. Moreover, the distribu-
tion of high-intensity values in the fisheries agreement zone was closer to the Vietnamese
side. In addition, it can be inferred, by comparing the results in Figure 5, Figure 6c,d and
Figure 7c,d, that the contribution of high-intensity fishing values was higher from other
countries and regions (i.e., except for China). The reasons for this are as follows: (1) As
early as 2011, China’s Marine fishery administration department introduced corresponding
management measures, in order to ensure the safety of fishing boat operations, through the
mandatory installation of AIS equipment; and, (2) in the AIS data screening in Figure 5, only
the AIS data of fishing vessels of Chinese nationality were analyzed, according to the static
information of the AIS. 5© It can be seen, from Figure 7, that there were certain differences
in the high-intensity fishing of offshore Marine fishery in the Guangdong and Guangxi
areas. The main results for this are as follows: (1) The fishing intensity on the south coast of
Guangdong was higher than that in the coastal area of Guangxi; and (2) the high-intensity
fishing on the south coast of Guangxi mainly presents a “strip” feature, where the strip
generally expands outward from the near shore, with expansion distance generally about
50 km, and where the length of the coastal line of the strip is about 70–100 km. However,
along the coast of Guangxi province, there are mainly elliptical “clumps,” where the center
of the clumps is distributed within a range of 20–50 km offshore, while the clump radius is
about 20 km.

4.3. Comparison and Analysis of Fishing Intensity from Multi-Source Data

Section 4.2 compared and analyzed the different marine fishery characteristics derived
from the data mentioned previously in the paper. This analysis showed that the fishing
intensity characteristics derived from the AIS and VBD data fusion strategy can better
reflect the rich characteristic rules, and can better support the deficiency in the distribution
rules of the Marine fishery fishing situation and its intensity characteristics. However,
the deficiency is that there is no quantitative analysis of fishing intensity on a monthly
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scale under different data types. The raster data of the fishing intensity field obtained
above is the most direct reflection of the fishing operations of the Marine fishery. Therefore,
this section further analyzes the statistical characteristics of pixel value sum, mean value,
maximum value, and standard deviation of the obtained raster fishing intensity maps
(Figure 8).
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From the pixel statistics of fishing intensity obtained after the screening, sampling,
and interpretation of AIS data, it can be seen that, in the four months from February to
November, the fishing intensity values showed an increasing trend, where the increase
in proportion between adjacent months was about 33.7% on average. According to the
statistical results of pixel values of raster pixels in the fishing intensity map obtained from
the VBD data in the study area, from February to April, the intensity increased about
5.5 times, on the original basis. From the perspective of the coverage range of the selected
data time scale, the order of fishing intensity, from high to low, was April > September >
November > February, which was significantly different from the results reflected by AIS
data. From the perspective of AIS and VBD data fusion, it can be concluded that, within
the selected data coverage range, the fishing intensity in February was the lowest. After
data fusion in other months, it can be clearly seen that the fishing intensity in each month
had little difference from that in the others. The ratio between the mean pixel value and
standard deviation CV (Coefficient of Variation) of fishing intensity based on AIS was
0.879, the CV of fishing intensity map based on VBD data was 1.642, and the CV of fishing
intensity data based on AIS and VBD data fusion was 0.995.

5. Discussion

In view of the problems inherent to AIS, VBD, and other single data sources when
reflecting Marine fishery intensity, such as the existing fishing vessel coverage rate and the
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incomplete regional reflection, we proposed a framework for fishing intensity information
acquisition, based on a multi-source data fusion strategy in this paper. Through compara-
tive analysis of the experimental results in Sections 4.2 and 4.3, we found that, compared
with the traditional assessment methods of fishery resource development intensity and
situation, the fishing intensity information acquisition method based on the fusion of AIS
and VBD multi-source ship position data proposed in this paper was more accurate. It
should be clarified that the fishing intensity maps and advantages of AIS and VBD fusion
shown apply only to fishing effort at night and/or light trap fishing vessels. It effectively
weakens the problems that AIS does not cover all fishing vessels at sea effectively; that VBD
cannot reflect the fishing information of non-light fishing vessels; that the signal reception
at AIS database stations can be affected by ship navigation density, weather, and communi-
cation technology; and that the data sampling interval granularity is not even. It provides
a promising avenue for the efficient and accurate macro-scale mining and acquisition of
fishing intensity information under temporal and spatial constraints, thus laying a good
foundation for a wider range of Marine fishing research in the future. Meanwhile, it can
be effectively extended to the study of illegal fishing during ambushing moratoria in the
South China Sea. Our experimental results showed that the fusion of AIS and VBD data
can be well-applied to the mapping of fishing intensity and the mining of temporal and
spatial dynamic characteristics of Marine fishery. The matching and fusion analysis of AIS
and VBD data showed that: (1) Adjacent matching between AIS and VBD accounted for
about 1.89% of the input AIS data, where fishing boats accounted for about 49.42% of the
matching data, which indicated that most of the targets in the VBD data were fishing boats.
The low matching rate indicated that the fusion of the two had a good foundation.

In existing studies, Hsu et al. [30] performed a 32-month VMS–VBD data matching
analysis in Indonesia, and showed a data volume ratio of 1:9. In our experiment, the data
volume ratio between AIS and VBD was about 10:3. Therefore, based on the number of
VBDs in the experiment of this paper, the matched data accounted for about 6.73% of the
total AIS data, which was relatively low on the whole. The main reasons for this can be
summarized as follows: 1© The light from some fishing boats is too weak to be monitored
by satellite or was affected by cloud cover [46], which led to the decline of identification
accuracy of fishing boats. 2© The fishing types of Marine fisheries are not limited to light
traps, and fishing vessels account for about one-third of the AIS data. 3© At present, the
coverage rate of AIS equipment in fishing vessels in the study area is high. In addition,
Feng-Chi Hsu et al. applied cross-matching of VMS and VBD data for the identification
of illegal fishing vessels lacking AIS and VMS equipment at sea. In this paper, the fishing
intensity information in the study area was obtained and analyzed on the basis of cross-
matching. 4© The number of fishing vessels carrying AIS equipment for light trapping is
relatively small. 5© It also has some limitations for sensors or equipment to obtain AIS and
VBD. Taking the VBD as an example, VBD can only reflect the number and distribution
of light vessels captured by the NPP/VIIRS satellite. The number and distribution of
light vessels are mainly affected by cloud cover at the moment of image acquisition, the
brightness of ship light, and whether the light spots are within 5 km of shore (the light
spots within 5 km of the shore are excluded by the mask). 6© The distant-based proximity
analysis matching method used in this paper has some limitations, and future research
will also refer to Rodger et al. AIS and radar images data fusion matching use a modified
GNN (Global Nearest Neighbour) [47]. In addition, Russo et al. analyzed and studied
VMS and AIS in Italy, and found that the coverage ratio of VMS in fishing boats was more
extensive than that of AIS [48,49]. As a consequence, the effective integration of the two
was more suitable for fishery research. However, most of the research in this paper was
located in China. If you have some knowledge of China’s maritime fishery management
background, you should know that most (or even all) fishing boats are equipped with AIS
equipment. At the same time, in contrast to Geronimo et al. who used satellite images for
night map fishing of fisheries and the maximum entropy model [26], in this paper, by using
multi-source data fusion strategy, we came closer to reflecting the real fishery conditions.
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In future research, this will also be combined with all kinds of fishery resources, in an
information analysis model for the fishing grounds, in order to provide a reference for
Marine fishery reserves. In addition, differing from the research of Kroodsma et al. [15],
we effectively avoided the shortcomings of the application of single AIS data to Marine
fishery; however, our results were only limited to the exploration of typical areas in the
northern part of the South China Sea and we did not explore the analysis of external
incentives (Marine environment, Government policy, Fishing moratorium) for the spatial
characteristics of fishing intensity changes.

Although this paper is innovative, compared with previous studies, it also had some
limitations: 1© Night-time remote sensing data are susceptible to clouds and moonlight,
especially clouds. In the extraction process of fishing boats, masks are often used to remove
them [46]. To some extent, this leads to the absence of VBD data, which can lead to
deviations of the analysis results. 2© In the extraction of NLT fishing boats, traditional
methods (e.g., threshold segmentation) rely more on the mask and elimination of false alarm
factors (e.g., oil and gas platforms, islands and reefs, offshore light sources, and so on), in
order to ensure the accuracy of identification. However, the process of threshold statistical
segmentation is greatly influenced by experience and understanding; furthermore, there
are problems relating to insufficient empirical reference data. In this paper, some matching
light data information was obtained in the data matching, but, due to the limited number
of successful matchings within the selected time range, further statistical analysis of the
matching light data was not carried out. 3© Due to the data quality problem of the static
AIS data of fishing vessels [48], the quantitative fitting conversion relationship between
the vessel light brightness and the cargo size of the vessel (e.g., ship length, ship width,
ship stern distance, and so on) could not be effectively constructed. To some extent, this
brought about a certain lack of precision for the construction of more efficient and accurate
data fusion.

6. Conclusions and Prospects

Fishing intensity data provide an important basis for fishery management systems,
for obtaining an accurate grasp of the actual situation of fishery production, and for the
scientific and reasonable formulation of fishery development policies and measures by
fishery management departments. In this paper, the advantages of AIS and VBD data were
fully combined, for which a method of data matching and fusion was adopted. Under a
time constraint, the compression and sampling of large AIS data on the time scale were
realized, which improved the efficiency of data processing in later stages. Moreover, the
advantages of VBD were fully exploited to expand the AIS, which can only reflect the
deficiency of some fishing boats and inshore fishing. The fishing intensity field data were
generated using the density of fishing boat track points generated by Marine fishing, and
the characteristics of fishing intensity in the typical season in 2018 in the northern part of
the South China Sea were analyzed and excavated. Through the analysis and comparison
of fishing intensity mapping obtained by the fusion of AIS and VBD data of fishing vessels,
it was found that: (1) Compared with the fishing intensity mapping produced by single
data, the fishing intensity mapping obtained by the fusion of the two types of data obtained
some valuable regular features. The main characteristics were as follows: After data fusion,
the near shore fishing intensity was obviously more significant than that offshore, but
it did not decrease with an increase of offshore distance. For example, in April 2018, it
showed a trend of expansion from the coastal area of Danzhou City of Hainan Island to
Fangchenggang of Guangxi province. From the fused four-month data, it could be seen
that the highest intensity of fishing in each month was near the shore. The fishing intensity
of the second grade was more obvious in the 30 km range around Hainan Island and
the common fishing area, especially in the common fishing area. (2) The monthly fishing
intensities based on AIS and VBD in the study area were significantly different, where the
ratio of pixel mean to standard deviation of fishing intensity for the two types of data were
0.879 and 1.642, respectively. After fusion of the two types of data, the standard deviation
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of the average monthly fishing intensity data in the study area was 0.995, indicating that
the distribution of data after fusion was better than that before fusion.

Although the present study, compared with existing studies, provides certain innova-
tions, there also existed some limitations as discussed above. Therefore, future research
should focus on the following: (1) The external factors influencing fishing intensity in
marine fisheries (i.e., marine environmental factors and policy measures, as well as further
discussion and analysis of the relationships between external conditions). (2) As the study
area was small and the latitude span was not large, the linear interpolation method was
adopted to obtain the time information regarding when the satellite data passed through
the central area of the research area. When the latitude span of the study area is large,
a strict satellite orbit data model should be used to accurately and efficiently obtain the
transit time of satellites at different latitudes. (3) In future research, AIS static attribute data
should be used to reflect the premise of situation, then matched with VBD data to effectively
construct reflected radiation intensity mapping of Marine fishing intensity, where the AIS
data can reflect the transformation model between ship maneuvering and size. In this way,
integration can be realized in a true sense, in order to achieve the purpose of fusion fishing
intensity data to obtain higher precision, and it will also better support the 2030 agenda for
Suatainable Development [50].
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