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Estimating emissions from
fishing vessels: a big Beidou
data analytical approach

Kai Zhang, Qin Lin*, Feng Lian and Hongxiang Feng*

Faculty of Maritime and Transportation, Ningbo University, Ningbo, China

Fishing vessels are important contributors to global emissions in terms of
greenhouse gases and air pollutants. However, few studies have addressed the
emissions from fishing vessels on fishing grounds. In this study, a framework for
estimating fishing vessel emissions, using a bottom-up dynamic method based
on the big data from the Beidou VMS (vessel monitoring system) of fishing
vessels, is proposed and applied to a survey of fishing vessel emissions in the East
China Sea. The results of the study established a one-year emission inventory of
fishing vessels in the East China Sea. This study was the first to use VMS data to
estimate fishing vessel emissions in a fishing area, and the results will help to
support the management of their carbon emissions.
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1 Introduction

The air pollutants emitted from ships, such as carbon dioxide (CO5,), carbon monoxide
(CO), Sulphur oxides (So,), nitrogen oxides (NO,) and particulate matter (PM), are major
contributors to the deterioration of air quality (Wu et al., 2021; Nishi and Watanabe, 2022).
Air pollution has negative impacts on climate change, air environment quality and human
health, especially in ports (Wang and Li, 2023; Zheng et al., 2024) and coastal areas (Zhang
et al., 2014, 2017). Tzannatos (2010) has shown that the emissions of NO,, SO, and CO,
from ships represent 15%, 4-9% and 2.7% of global human-caused emissions, respectively.
Eyring et al. (2010) estimated that PM emissions from ships were about 9.0-1.7 million
tonnes per year and that nearly 70% of ship emissions occurred within 400 km of the coast.
Shipping emissions have become a growing concern for the environmental science
community (Zhang et al., 2021; Li et al., 2023b).

However, the worldwide pollutant emissions from fishing vessels are generally
underappreciated, and the corresponding emission data are seriously lacking (Zhang et al,,
2018; Yoo, 2019). Fishing activities are heavily dependent on fossil fuels (Basurko et al., 2022;
Sala et al., 2022) and so emissions from fisheries and fishing vessels are a significant source of
greenhouse gases and other air pollutants (Driscoll and Tyedmers, 2010; Coello et al., 2015;
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Issifu et al., 2022; Wang and Wang, 2022; Cavraro et al., 2023; Liu
et al., 2023a). Garnett (2011) showed that fisheries accounted for
about 2.5% of global greenhouse gas emissions. Tyedmers et al.
(2005) estimated that, in 2000, fishing activities consumed 1.2% of
the total oil consumption on Earth (about 50 billion liters) and
released about 130 million tonnes of CO, into the atmosphere. Parker
et al. (2018) estimated that the global fishing fleet consumes about 30
to 40 million tonnes of fuel per year, which is more than 1% of the
global marine fuel requirement. Of these, fisheries consumed 40
billion liters of fuel in 2011, generating a total of 179 million tonnes of
carbon dioxide-equivalent greenhouse gases. Greer et al. (2019)
proposed that the CO, generated from the global combustion
engines of marine fisheries was approximately 207 million tonnes
in 2016. Most studies (Driscoll and Tyedmers, 2010; Parker et al.,
2018; Zhang et al., 2018; Greer et al., 2019; Ziegler et al., 2019; Byrne
et al,, 2021; Chassot et al,, 2021; Cavraro et al., 2023) of fishing vessel
emissions have been based on estimates of fuel consumption and the
fishing intensity of fishing vessels, which require higher quality data
and cannot be characterized spatially. Some large-scale fishing vessels
have also been included in the shipping emission inventories of some
port areas using activity-based approaches (Coello et al.,, 2015).
However, many small commercial fishing vessels are rarely
involved (Coello et al., 2015; Zhang et al., 2018; Wang et al., 2022).
According to Greer et al. (2019), the SSF sector alone, including
small-scale and subsistence fisheries (where permitted), accounts for
about one quarter of global CO, emissions from the entire fisheries
sector (Cavraro et al., 2023).

The Beidou Vessel Monitoring System, based on the Beidou
satellite navigation system, is an information service for the real-
time monitoring and management of fishing vessels, which
broadcasts and collects information about them and the marine
environment (Joo et al., 2015; Campos et al.,, 2023). The Beidou
VMS data has a high temporal and spatial accuracy, with a temporal
and spatial resolution of 3 min and 10 m, including information on
positioning time, latitude, longitude, speed and heading (Qian et al.,
2022; Li et al,, 2023a). The VMS system is more widespread among
fishing vessels than the AIS (Automatic Identification System)
system and can complement the data on small fishing vessels that
are not available in the AIS data (Walker and Bez, 2010; Zhao et al.,
2021). Now, all fishing vessels in China have been installed with the
Beidou Vessel Monitoring System as mandatory. The system
requires the equipment to always be turned on. This allows us to
obtain time-integrated, high-precision information on the status of
fishing vessels. Therefore, based on the Beidou VMS data, this paper
constructs a framework for estimating fishing vessel emissions
using the bottom-up dynamics method, and then applies the
framework to Zhejiang fishing vessels in the East China Sea to
establish a one-year fishing vessel emission inventory, and analyses
and investigates the emission data of fishing vessels.

The contributions of this study are in 2 folds: 1) we propose a
framework for estimating fishing vessel emissions that combines
Beidou big data, fishing vessel attribute data, meteorological and
environmental data, and the bottom-up dynamic method; 2) we
apply this framework to investigate the emissions of fishing vessel
in the East China Sea and establish the emission inventory of
one-year.
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The remainder of this study is organized as follows. In Section 2,
we review the previous relevant literature and highlight the
innovations. In Section 3, we describe the problem and present
the regional exhaust emission statistical methodology used in this
paper. In Section 4, we indicate the methodology applied in the
article and give the data sources. In Section 5, as the case study, we
apply the framework presented in Section 4 to fishing vessels of
Zhejiang Province and obtain the results. In Section 6, we analyze
the obtained results spatially and temporally. In Section 7, we draw
some conclusions and suggest some policy implications.

2 Literature review

Traditional bottom-up and top-down approaches have been
widely used to generate atmospheric emission inventories for ports.
The bottom-up dynamic method, based on vessel activity, has been
proven to be more accurate and useful, and has been widely accepted
(Coello et al., 2015; Chen et al., 2021; Zhou et al., 2023; Chen and
Yang, 2024). The method is based on AIS dynamics data and
calculates emissions for each vessel travelling between its
continuous AIS positions. Reporting and combining emissions
from all intervals for all vessels allows the precise temporal and
spatial analysis of vessel emissions (Coello et al., 2015; Chen et al.,
2017a, 2021). Jalkanen et al. (2009) were the first to construct the
STEAM (Jalkanen et al., 2009) and STEAM?2 (Jalkanen et al., 2012)
models and create the ship emission inventory for the Baltic Sea.
After that, many scholars have used the dynamic approach to
establish ship emission inventories for different regions and ports.
Winther et al. (2014) proposed the detailed emission inventories of
BC, NOy and SO, from ships in the Arctic in 2012 and gave emission
predictions for the years 2020, 2030 and 2050. Liu et al. (2016)
estimated shipping emissions in East Asia. Huang et al. (2017)
established a quantitative model of emissions from a ship’s main
and auxiliary boiler under different operational conditions and
validated it with the example of Ningbo-Zhoushan Port. Then,
Huang et al. (2020) proposed a dynamic calculation method for
ship exhaust emissions, based on real-time ship trajectory data, to
realize the statistical dynamic calculation of regional ship emissions
and verify the validity of the method by taking Shenzhen Port as an
example. Chen et al. (2017b) established the first ship emission
inventory for the port of Qingdao in 2014, going on to establish a
comprehensive inventory of ship emissions for all of China (Chen
et al., 2017a). Yang et al. (2021) used a portable emission
measurement system (PEMS) to measure actual ships and generate
localized emission factors. They established a high-temporal emission
inventory of ships in Tianjin port in 2018. Gan et al. (2022) estimated
the ship exhaust emissions from the western part of Shenzhen port in
2018, which revealed the distribution of emissions under different
ship types, months, and operating conditions. Fan et al. (2016)
estimated ship emissions from the Yangtze River Delta port cluster
in 2010. The emissions from ships at different distances from the
coastline and seasonal variations were analyzed. Liu et al. (2018)
constructed a ship emission calculation model and combined it with
an air quality simulation model to study the Pear] River Delta region
of China, analyzing the impacts of emission control zones on air
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quality, for different distances along different coasts. Wan et al. (2020)
investigated the pollutant emissions from Bohai Bay, Yangtze River
Delta and Pearl River Delta at the same time and made a comparative
analysis. Li et al. (2023b) proposed an STSD (Ship Technical
Specification Database) iterative restoration model, based on the
Random Forest algorithm, and a ship AIS trajectory segmentation
algorithm, based on ST-DBSCAN, to estimate the CO, emissions
from ships within the Domestic Emission Control Areas (DECAs)
along the coast of China. Many scholars have also applied this
method to the study of ship emissions in inland river basins. For
example, Huang et al. (2022) compiled an annual emission inventory
with high spatial and temporal resolution, for the middle reaches of
the Yangtze River. Ye et al. (2022) compared the emission inventories
of the river-sea combined model, the river-sea model and the mixed
model in the middle and upper Yangtze River. Fuentes and Adland
(2023) estimated ship emissions from the Panama Canal and
investigated the impact of increased operational efficiency on
shipping emissions at maritime chokepoints (e.g. the canal). Some
scholars are committed to improving and innovating the method of
powering. For example, Peng et al. (2020) proposed a sampling
method for calculating ship exhaust emission inventories, to reduce
the uncertainty caused by the lack of static ship data in the traditional
method. Topic et al. (2021) proposed a novel methodology for the
assessment of greenhouse gas emissions from ships and applied it to
the study of emissions from container ships in the port of Trieste, in
the northern Adriatic Sea. Although fishing vessels are also generally
equipped with AIS devices, few studies based on AIS data and the
application of the bottom-up dynamic method have been conducted
in the field of fishing vessel emissions, for two main reasons. Firstly,
fishing vessels are seldom equipped with AIS satellites, therefore, AIS
shore stations are unable to receive the AIS signals from fishing
vessels after they have left the coastline for a longer distance, which
results in little AIS information of fishing vessels obtained in offshore
fisheries (Shanthi et al.,, 2022). Secondly, to avoid supervision, the
fishing vessels shut down the AIS devices after a certain distance away
from the coastline, which makes it impossible to receive their
information at the AIS shore stations (Longepe et al., 2018).
Therefore, most of the current research on emissions from
fishing vessels is based on estimates of fuel consumption and fishing
intensity, which require higher-quality data and cannot be
characterized spatially (Coello et al,, 2015). Chassot et al. (2021)
developed an annual fuel consumption model for large-scale purse
seine fishing vessels operating in the Western Indian Ocean. This
was used to estimate total fuel consumption and associated
greenhouse gas and Sulphur dioxide emissions from the Indian
Ocean purse seine fishery, for the period 1981-2019. Parker et al.
(2018) quantified global fuel inputs and greenhouse gas emissions
from fishing vessels from 1990-2011 and compared fishery
emissions with those from agriculture and animal husbandry.
Greer et al. (2019) estimated carbon emissions from the industrial
fisheries sector from 1950-2016 using fuel data and emission
intensity. Byrne et al. (2021) analyzed the fuel intensity of fishery
harvests in Iceland between 2002 and 2017 and explored potential
drivers. Cavraro et al. (2023) compiled the first CO, emission
inventory for SSF (Small-Scale Fishery) vessels in the North
Central Adriatic Sea (GSA17), based on data collected from
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small-scale fishery operators and validated through a geospatially
based approach using the fuel method. Zhang et al. (2018)
conducted onboard measurements of pollutant emissions from 12
different types of fishing vessels in China (including gillnetters,
angling vessels, and trawlers), to investigate emission factors. They
also estimated the emissions from motorized fishing vessels in
China in 2012, using the fuel method. The bottom-up power
method has also been applied to the establishment of emission
inventories for fishing vessels. For example, Coello et al. (2015)
estimated emissions from fishing vessels in UK port areas using a
power method based on AIS data and compared the results with
estimates using the fuel method. However, their study only
estimated emissions data for large commercial fishing vessels
equipped with AIS equipment in harbor areas and did not have
emission data for small fishing vessels and fishing areas.

Therefore, in the past, the power method was mostly applied to
establish emission inventories of large commercial vessels in port
areas or coastal areas, and the established emission inventories may
include some fishing vessels in port areas. All the studies on fishing
vessel emissions are based on fuel consumption and fishing
intensity. While the data requirements are high, it is also difficult
to analyze the emission data spatially and temporally. Therefore,
this paper proposes a framework for estimating fishing vessel
emissions based on BeiDou VMS big data using bottom-up
dynamics method, which can be used to estimate fishing
emissions in the fishing area and to temporally and spatially
analyze fishing vessel emission data.

3 Problem description

While some port area emission inventories include emissions
from fishing vessels, it should be noted that more pollutants will be
released by fishing vessels when they are operating on the fishing
grounds. Therefore, this study covers emissions in the area of the
fishing grounds, where fishing vessels are engaged in fishing
activities, as well as the entire area of the port. This study aims to
estimate and construct an emission inventory of fishing vessels
using the provided VMS data in an integrated manner.

3.1 VMS data and fishing vessel
attribute data

In this study, we utilized two types of data for the estimation of
fishing vessel emissions: Beidou VMS big data and fishing vessel
attributes. Firstly, the VMS dataset recorded information about the
trajectories of all fishing vessels in the study area. The data fields
include Beidou ID, time of data sending, position (latitude and
longitude), speed, and heading. Using the Beidou VMS data we can
identify the fishing status of the fishing vessels and determine their
trajectory information, thus performing the estimation of statistics of
the fishing vessel emissions. Meanwhile, the fishing vessel attribute
data provides information regarding fishing vessels’ main engine
power, length, width, etc. Combined with the Beidou VMS data to
select the appropriate emission factor according to the load condition

frontiersin.org


https://doi.org/10.3389/fmars.2024.1418366
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

of the fishing vessel’s main engine, we can estimate the emissions on a
vessel-by-vessel and section-by-section basis. In this study, we
estimated the emission data by identifying the trajectory information
of each fishing vessel in the region and analyzed it statistically.

3.2 Regional statistics on emissions from
fishing vessels

In this study, the study area was divided into grids and then an
activity allocation method was used to allocate the emissions of each
fishing vessel to the trajectory segments within a single grid.
Obviously, the more frequent the activity of fishing vessels is in
each grid, the more emissions there will be, and the higher the
emission values shown for that grid.

As shown in Figure 1, there are five consecutive trajectory
segments (1,1, T,y Tpe1> Tyaor and T.3) surrounded by different
grid cells. The original trajectory segments are divided into a set of sub-
segments by intersection operations between the trajectory segments
and the grid cells (T,,.1_sub1> Trn-1_subz T subl> Ln_sub2s- -+ T3 sub1> and
T)143_suba)> and by calculating the ratio of the length of the sub-segment
trajectory to the length of the original trajectory, as a weighting of the
emission distribution of the fishing vessels. The emissions distributed
within each grid are obtained based on the weights (E(T},.;_sub1)> E(T),-
1_sub2)> ++ > E(Trs_sub1)s and E(Ty45_sub2))- All the emissions within the
grid are summed up to get the distribution of the emissions of a single
trajectory within a grid cell. By applying the method to all track
segments in an area at a certain time, a summary of regional emissions
from fishing vessels can be achieved.

10.3389/fmars.2024.1418366

4 Methodology

4.1 Estimates of emissions from
fishing vessels

This study used a bottom-up activity-based approach as the basic
method for estimating vessel emissions. The ‘bottom-up’ approach
accurately calculates the trajectory emissions between consecutive
positional points, based on a ship’s dynamic data. Furthermore, it can
efficiently integrate and count the emission data of all ships. In
emissions analysis, the method takes into consideration a ship’s main
engine power scale and loading condition, which enables high-
precision temporal and spatial analysis of a ship’s emissions. The
‘bottom-up’ approach to estimating emissions from ships can be
conducted using Equations 1-4. In this paper, only the emissions
from the main engine are taken into account because there is only the
main engine and no auxiliary engines or boilers on the fishing vessels
involved in the study.

E, = SHE,, (1)

In Equation (1), E is the total pollutant emission, and n=1, 2, 3,
4,5, 6,7, and 8 represent eight different pollutants: CO,, CO, NO,

SO,, PM;o, PM, 5, HC, and CH,. I is the total number of fishing
vessels in the study area on that day.
Eyy = S0P x LF,j x Tyj x EF;, x LLA;j x 10°° )

J is the reporting time of the last VMS message of the fishing
vessel. P; is the main engine power of the fishing vessel. EF;,, is the

T A XTnt};uhl E(T a3 _sund)
L\ T3 ant
[ E(T 52 _subd) E(T ne1_sund)
k Tmz_\uh T n+2_sub + E(T 12 _subd)| +
n \\ n+2_sub2 ﬂ\T..ﬂ,..,z E(T s sun) E(T iz _sutd)
L I Tos] sup
B Th funz E(T o b2 | E(T oy _sund)
a -T i +
T,,\,\ T, ko nol_sub) E(T et_sund)| B(T o cub)
Tot\un

TR \ BTt o)

Spatial characterization of emissions Regional fishing vessel emissions |
12 3
Track i
4 2 ANE
6
12 1 >
L | L | 3R
Track ,
4
4 8 | 4 :
1 3 3
0 6
B 5 Track pu
3
FIGURE 1
Regional emission statistics for fishing vessels.
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emission factor of the vessel, commonly expressed in relation to
energy output, i.e. mass of pollutant per unit of energy produced by
the engine (g/kWh). LLA;; is the low load adjustment factor at time
j of the vessel and LF;; is the loading of the vessel at time j, which is
calculated by Equation (3):

L )3

Vi,max (3)

LF; = (
In Equation (3), Vj; is the speed of the fishing vessel in the
current VMS report information, and V;,,,,, is the maximum speed
of the fishing vessel, which is the highest speed the vessel can
achieve at maximum power output, and this is usually determined
at the design stage. In this paper, the maximum speed of the fishing
vessel is obtained based on the data of the fishing vessel attributes,
and there is a difference in the maximum speed depending on the
vessel type. T;; is the activity time of the fishing vessel, which is
calculated by Equation (4):

T

z,j:T

ia ~ T;

i,a—1

(4)

In Equation (4), T;, and T;,; represent the current VMS
reporting time and the last VMS reporting time, respectively.

4.2 A framework for estimating
fishing vessel emissions based
on Beidou VMS big data

In this section, a regional fishing vessel emission estimation and
statistical framework based on Beidou VMS big data is described

10.3389/fmars.2024.1418366

As shown in Figure 2, the framework consists of three main
modules. The first module is used to provide the VMS static data,
which includes the attribute information of the fishing vessel, and
its purpose is mainly to match the main engine power of the fishing
vessel. The second module deals with the processing of dynamic
VMS data from fishing vessels and emission estimation. The main
tasks of this module consist of processing and trajectory repair of
the VMS data, then estimating the emission data sequentially, and
spatially assigning and counting the resulting emission data. The
third module is mainly responsible for the processing of the
meteorological environment, recognizing the wind and current
data associated with it (based on the estimated time and region)
and is used to correct the speed of the fishing vessel in the second
module. Our meteorological environmental data are derived from
the Copernicus Marine Database (https://www.copernicus.eu/en)
and include data on winds, flows and waves. In particular, the
temporal accuracy of wind is 1 hour, and the positional accuracy is
0.125° x 0.125°% the temporal accuracy of flow is 6 hours, and the
positional accuracy is 0.083° x 0.083° and the temporal accuracy of
the wave is 3 hours, and the positional accuracy is 0.083° x 0.083°.
The specific algorithmic model is shown in Table 1.

It should be noted that, since the data is stored on a daily basis
when a fishing vessel operates continuously at night, it is not
possible to estimate the emission of a segment of the trajectory,
which may introduce an error. There is a 1-minute time gap
between VMS dynamic information broadcasts; to solve this
problem, we saved the last trajectory information of the fishing
vessels that still had dynamic information after 23:59 every day.
Then, based on the Beidou IDs of the fishing vessels, the saved

in detail. information was matched and merged with the vessels that still had
Fishing vessel property S . Meteorological and
[ information Fishing vessel VMS data environmental data
Missing main engine power VMS data processing Environmental !nl‘ormatian
supplement extraction
Main engine power Regional Fishing \:’essel Track Inl'arm.atlon (longllude., latitude,
Information winds, currents, time)
Main ¢,,; yrection
'gine eed €0’
Power Matching ‘;-‘s“‘\ng"‘s“‘ w
Estimation of emissions from
fishing vessels
Emission data Emission data Emission data Emission data
for track 1 for track 2 e for track p-1 for track p
Regional emission statistics
Emissions spatial
characterization
FIGURE 2

Schematic diagram of the estimation framework of fishing vessel emissions based on big data of Beidou.
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TABLE 1 Framework for estimating emissions from fishing vessels.

Algorithm Functions for the algorithm
1: function RETRIEVEDATA

2: Read static and dynamic data

3: return data

4: end function

5: function MAINPOWERSUPPLEMENT

6: Determine if static data is missing the main engine power
7: matching of main engine power to the same vessel type
8: unable to match fit based on available power

9: return main engine power

10: end function

11: function DYNAMICDATAPROCESSING

12:  Extracting the relevant data

13:  error data clearing (speed, position (lat, lon))

14:  sort the data by Beidou id and then by time to get the track of the day
(trackl; track2; ...)

15:  trajectory repair using cubic spline interpolation

16:  return track information

17: end function

18: function VELOCITYCORRECTION

19:  Read relevant environmental information (wind, flow)

20: | correction of ship’s speed based on wind and flow

21: | return corrected speed
22: end function
23: function EMISSIONSESTIMATION

24: | Selecting suitable emission factors (EF;) and low load correction factors
(LLA;) based on the main engine power (P) and load conditions (LF)

25:  emission estimates: E = PX(T; -T;.1)X(Vi/Vinax) XEFXLLA
26:  regional emission statistics

27: | return emissions data

28: end function

29: function SPATIALCHARACTERIZATION

30: ‘ tracks and cells intersections

31: ‘ distribution by weighting of track length

32: | statistics on emissions in cells

33: | spatial representation

34: end function

dynamic information before 00:01 the next day, to avoid omission
of emissions due to continuous night-time operation of the
fishing vessels.

Frontiers in Marine Science

10.3389/fmars.2024.1418366

5 Case study

In this section, a framework for estimating emissions from
fishing vessels using a bottom-up dynamics approach based on
fishing vessel Beidou VMS (vessel monitoring system) big data is
applied to investigate the activities of fishing vessels of Zhejiang
Province in the East China Sea.

5.1 Study area

The East China Sea is part of the China Sea, one of China’s three
marginal seas. It is in the coastal area of five provinces and cities
(Jiangsu, Shanghai, Zhejiang, Fujian and Taiwan), and the entire sea
lies between latitudes 23°00° and 33°10’ North and longitudes
117°11” and 131°00° East. The detailed distribution is shown in
Figure 3, the waters include 17 major Chinese fishing grounds and
the waters of the China-Japan Fishing Vessel Agreement on
Provisional Measures, which are abundant in fish resources and
have numerous fishing vessels (Chang et al., 2012; Lee et al., 2017).

5.2 Data processing

5.2.1 Area filtering

Our original data cover the East China Sea and Yellow Sea
region from 23°N/117°E to 35°05'N/131°E, the data volume of the
whole day is about 700 MB. Therefore, to improve the
computational efficiency, we filtered out the data outside the
study area. The procedure is to check on a record-by-record basis
whether the fishing vessels are performing activities in the study
area or not. Let [at and lon be the latitude and longitude values in
the VMS records, lat and lon should satisfy the Equations 5-10:

latmin = min (lutl,mim l“tz, min> """ latN, min) (5)

lat, ., = min (lat) . 1aty a0 o 1Aty may) (6)
lon,,;, = min (Iony i, 1015 ins =5 100N pin) (7)
lon,,,, = min (Iony s 101y o> =5 108N pax) (8)
lat,,;, < lat < lat,,, 9)
lon,,;, < lon < lon,,,, (10)

where lat; i, lat; pax 101, and lon; ., are the minimum
latitude, maximum latitude, minimum longitude and maximum
longitude of Leg i (i = 1, 2, ---,N), respectively.

5.2.2 Data cleaning

Due to equipment problems, signal transmission,
environmental interference etc., VMS data will inevitably have
errors and deficiencies, which will not be conducive to the
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FIGURE 3

Temporary Measures.

120°E

Geographic location of the East China Sea, containing 17 major fishing grounds and the waters of the Sino-Japanese Fisheries Agreement on

123°E 126°E

estimation of emissions from fishing vessels. Therefore, pre-
processing of VMS data is essential.

In this study, we applied the algorithms of Feng et al. (2022) and
Lin et al. (2023) to perform data cleaning, which is based on the
mid-division latitude method. Firstly, we calculated the distance
between the positions at time ¢; and ¢;,; under the unique Beidou ID
according to Equation (11):

Di,tj = \/((lonit

lat;, >

i

(11)

lon;, )eos ((lat;, + lat;, )/2)% + (lat;;, -

Hhisl

where lat; ; and lon; ,; are separately the latitude and longitude
of the fishing vessel with Beidou ID i at the time ¢; lat; .., and lon; ,;
+1 denote the latitude and longitude at the time ¢;,,

Secondly, the mean y and variance s of the study area D, t; were
obtained according to Equations (12) and (13):

=P

- 2,1(1, )

(12)

2 EJ =Ji1 (Dlt
Ezl 1—1)

where J; is the recorded serial number of the fishing vessel with
Beidou ID i in the study area; I denotes the total quantity of fishing

(13)

vessels in the selected area.

Finally, remove the anomalous data. In the case of the VMS data
in 2021 9/16, according to our statistics, 8,216,144 distances were
obtained, of which 130,982 were outside the interval of u+30o. In
other words, 98.406% of the distances are less than u+3oc.
According to Feng et al. (2022), points falling outside 1 + 30 are
usually anomalous. Therefore, we removed these data. Figure 4

FIGURE 4

cleaning (right).

VMS trajectory plot in the East China Sea for fishing vessels on 16 September 2021, original trajectory (left) and trajectory plot after data
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shows the trajectory maps of the original data and the cleaned data
on 16 September 2021.

5.2.3 Trajectory repairing

After clearing the anomalous data, it will lead to some trajectory
points of the fishing vessel missing, and it has been mentioned
before that the minimum time accuracy of our VMS data is 3min, in
our actual research, we found that the time accuracy is different for
different fishing vessels, including 3, 6, 10, 12min, etc. So we repair
the trajectory of the two trajectory points whose time interval
exceeds the temporal accuracy of the vessel based on the method
of Hintzen et al. (2010) and Huang et al. (2020) to make them
satisfy the time accuracy as close to temporal accuracy as possible,
to reduce the emission error due to the missing trajectory. Firstly,
we will determine the number of insertion points according to
Equation (14):

At —TH;
TH,

1

k= (14)

where k = (1, 2, 3,..., n) is the number of trajectory points to be
inserted; At; is the time interval of the ship’s trajectory; the time
interval with the highest number of occurrences is defined as the
time threshold TH;; if Af; > 2TH,;, we mark that the trajectory is
missing between these two points and needs to be repaired
according to Equation (15) and Equation (16).

lat;; = lat; + v; x sin@ x TH; x W (15)

lon;y = lon; + y; x cos@ x TH; x (1 - W) (16)

where 6 is the spatial angular difference between the two
trajectory points to be interpolated, calculated according to
Equation (17); and W is the weight factor, which can be assigned
to the time interval between the interpolated point and the first
interpolated point.

0 = arccos[sinlat;+sinlat;, | + coslon;+coslon;,cos(lon;

180
= lon;,;)] T

17)

According to this approach, 183,247 track points are added for
the data of September 16, 2021.

5.2.4 Main engine power fitting

In the study, we found that Chinese fishing vessels have a strong
regularity in main engine power, length, and width compared with
other types of vessels. As shown in Table 2, ‘NINGYU’,
ZHEFENGYU’ and ZHENINGYU’ have the same main engine
power with the same length and width (Only a few examples of
fishing vessels), which is mainly due to the standardization of the
design and construction of Chinese fishing vessels (they are all
manufactured by the same shipyard). When a vessel lacks main
engine power, we matched the main engine power of the fishing
vessel with the static information in the VMS, i.e. vessel ID, vessel
name, and length and width of the vessel. This is an advantage for
Chinese fishing vessels, over other large ocean-going vessels.
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TABLE 2 Length, width, and main engine power of some fishing vessels.

Vessel name Length (m)  Width (m) FoWer
(kW)
NINGYU451 269 6.1 294
NINGYU453 269 6.1 294
NINGYU454 269 6.1 294
NINGYU456 26.9 6.1 294
NINGYU458 26.9 6.1 294
NINGYU459 269 6.1 294
NINGYU460 269 6.1 294
ZHEFENGYU11041 369 68 330
ZHEFENGYU11042 369 68 330
ZHEFENGYU11045 369 68 330
ZHEFENGYU11046 369 68 330
ZHENINGYU76208 8.5 2.1 88
ZHENINGYU76209 8.5 2.1 8.8
ZHENINGYU76210 8.5 21 8.8
ZHENINGYU76211 8.5 21 8.8
ZHENINGYU76212 8.5 21 8.8
ZHENINGYU76215 8.5 2.1 88
ZHENINGYU76218 8.5 2.1 88
ZHENINGYU76219 8.5 2.1 8.8
ZHENINGYU76220 8.5 21 8.8
ZHENINGYU76221 8.5 21 8.8
ZHENINGYU76226 8.5 21 8.8
ZHENINGYU76228 8.5 2.1 838

In cases where the main engine power of some fishing vessels
was missing and could not be matched with the main engine
power of existing vessels, we fitted them to the data of existing
vessels. The fitting results are shown in Figure 5, which shows that
the best result is obtained by fitting the ship’s main engine power
to the product of the ship’s length and width. In this sense, our
results are following Huang et al. (2020), in which the R?i50.9052.
Figure 6 shows the fitted curves and the corresponding
error distributions.

5.2.5 Emission factors

When estimating ship emissions using the bottom-up dynamic
approach, the ship emission factor is a major factor affecting the
accuracy of the estimation (Zhang et al., 2018; Grigoriadis et al.,
2021). Therefore, it is crucial to use accurate and reliable emission
factors for the establishment of emission inventories. Grigoriadis
et al. (2021) developed a new set of ship emission factors based on
the existing factors, using a review and meta-analysis-based
approach that allowed for the selection of appropriate ship
emission factors based on engine and fuel type. Therefore, the
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FIGURE 5

L/B

Heat map of correlation coefficients between main engine power and vessel attributes (P - main engine power, L - length of vessel, B - breadth of

vessel, D - depth of vessel, T - tonnage of vessel).

emission factors for CO,, CO, NO,, SO,, HC, PM,, and PM, 5 in
this research adopt the results of Grigoriadis et al. (2021), and the
emission factor for CH, follows the recommended data by IMO
(https://www.imo.org/en/). The framework proposed in this paper
allows for the selection of appropriate vessel emission factors based
on the type of fishing vessel main engine. The specified emission
factors are listed in Table 3.

5.3 Results

In total, our VMS dataset recorded 2.825 billion VMS messages,
with a daily average of 7.8472 million reports. Depending on the
type of operation, there are more than 10 types of fishing vessels,
including gillnets, purse seines, cast nets, trawlers, fishing gears,
fishing transportation, cage pots, rakes and spikes, fishing gears, etc.
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The fitted curves and fitted variance distributions for the main engine power and length x width.
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TABLE 3 The emission factors for each pollutant (unit: g/kWh).

10.3389/fmars.2024.1418366

e’;:‘gi';‘e Co, co PMys HC
SSD 651 0.714 + 0.631 14.4 + 3.60 0.934 0.215 431 0.358 + 0.234 0.01
MSD 646 0.974 + 0.530 12.4 + 4.08 0.93 0.215 4.29 0.405 + 0.204 0.01
HSD 747 1.1 +0.361 11.7 + 3.68 1.03 0.221 4.7 0.662 + 0.599 0.01
Any type 678 0.898 + 0.571 13.2 £ 3.98 0.96 0.217 4.43 0.440 + 0.350 0.01

According to the rotation speed of the main engine, it is divided into slow-speed main engine (SSD), medium-speed main engine (MSD) and high-speed main engine (HSD). Here, the High-
speed engine means rotation speed >1000 r/min; Medium-speed engine rotation speed 600-1000 r/min; Low-speed engine rotation speed<600r/min. When uncertain of the engine type use

“any type”.

The most common types of these operations are trawling,
gillnetting, purse seining, fishing gear, fishing tackle, and
fishing transportation.

5.3.1 Fishing vessel statistics

Based on our VMS data, as shown in Figure 7, 18,487 Zhejiang
fishing vessels were found in the East China Sea from June 1, 2021, to
May 31, 2022, accounting for 5.18% of all (marine and non-marine)
motorized fishing vessels (357,000) in China in 2021. This gives an
average of 14,688.69 per day, of which the maximum number can be
up to 17,878 in one day. The fishing intensity in the East China Sea
during the peak period was extremely high. The gross power of
fishing vessels was 2.692 million kW, accounting for 14.6% of the
total power of all motorized fishing vessels in China (18.452 million
kW) in 2021, while the average power of the main engine of fishing
vessels reached 149.88 kW. The average main engine power of a
single vessel in Zhejiang fishing vessels is a bit larger than usual.

5.3.2 Emission inventory
We estimated that the total emissions of CO,, CO, NOy, PM,,,
PM, 5, SO,, HC, and CH, from fishing vessels in Zhejiang Province

in the East China Sea, during the period June 1, 2021 to May 31,
2022, were 2.8x10° t, 1.3x10° t, 6.9x10° t, 632.03 t, 577.8 t, 1.67x10°
t, 359.9 t, and 28.88 t, respectively. The highest emissions and
emission intensity occurred in October 2021, followed by
September, and then December. Geographically, these emissions
were mainly concentrated in the fisheries at the Yangtze River
estuary Fishery, Zhoushan Fishery, Yushan Tishery, Wentai
Fishery, Zhouwai Fishery, and Jiangwai Fishery, along the coasts
of Shanghai and Zhejiang. Table 4 presents the specific emission
inventories. The emissions and emission intensities of each
pollutant for each month are reported in Figure 8. The
distributions of each pollutant emission in the East China Sea are
shown in Figure 9.

5.3.3 Emissions over time

The temporal variation of emissions of each pollutant emitted
by fishing vessels in Zhejiang Province in the East China Sea is
shown in Figure 10. It can be seen that in June and July, the
emissions of each pollutant were generally low. However, emissions
increased significantly from August 1 and rose to higher levels after
September 16. Later, the emissions fluctuated but remained at a
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FIGURE 7
Quantity of fishing vessels from 1 June 2021 to 315 May 2022.
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TABLE 4 Emission Inventory of Fishing Vessels in East China Sea Zhejiang Province, June 2021-May 2022.

6 3456.95 1.24 12.99 1.06 86.52 1.25 8.03 127 7.34 127 24.63 1.47 3.78 1.05 0.44 1.54
7 9809.24 3.52 57.40 4.67 257.27 3.72 27.10 4.29 24.77 4.29 55.10 3.29 23.48 6.52 0.83 2.86
8 30154.04 10.82 133.77 10.88 721.65 1043 67.11 10.62 61.36 10.62 167.97 10.03 40.67 11.30 2.95 10.23
9 36240.97 13.01 156.48 12.72 861.35 12.45 79.13 12.52 72.34 12.52 201.58 12.04 45.85 12.74 3.60 12.45
10 40441.08 14.52 172.94 1406 = 964.71 13.95 87.86 13.90 80.33 1390 = 228.15 13.62 49.41 13.73 4.04 14.00
11 31755.79 11.40 136.90 11.13 753.99 10.90 69.15 10.94 63.23 10.94 175.99 10.51 40.05 11.13 3.15 1091
12 34879.35 12.52 148.93 12.11 823.29 11.90 75.38 11.93 68.92 11.93 193.21 11.54 42.90 11.92 3.47 12.03
1 26105.18 9.37 114.12 9.28 697.39 10.08 60.17 9.52 55.01 9.52 176.02 10.51 30.83 8.57 2.62 9.08
2 16256.23 5.84 73.56 5.98 442.58 6.40 38.75 6.13 35.25 6.10 109.36 6.53 20.42 5.67 1.56 5.42
3 23118.79 8.30 105.52 8.58 614.47 8.88 56.57 8.95 51.52 8.92 159.94 9.55 29.78 8.27 2.85 9.86
4 22607.70 8.12 103.39 8.41 599.23 8.66 54.85 8.68 50.15 8.68 156.28 9.33 28.98 8.05 2.83 9.81
5 3742.22 1.34 13.85 113 94.28 1.36 7.94 1.26 7.58 131 26.43 1.58 3.73 1.04 0.53 1.82
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FIGURE 8
Emissions and emission intensity of pollutants by month, from June 2021 to May 2022 (CO, on the left and other pollutants on the right).
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FIGURE 9
Emission distribution by pollutant over the study period. (A) for CO,, (B) for NO,, (C) for SO,, (D) for CO, (E) for PMyq, (F) for PM, s, (G) for HC and
(H) for CHg.
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FIGURE 10

Emissions of pollutants over time (Note: CO, emissions on the left axis and emissions of other pollutants on the right axis).

high level. After May 1, 2022, emissions dropped to lower levels,
roughly in line with the emissions of June 2021.

6 Discussion
6.1 Emissions

According to the China Mobile Source Environmental
Management Annual Report 2022(https://www.mee.gov.cn/hjzl/
sthjzk/ydyhjgl/202212/W020221207387013521948.pdf), in 2021
Chinese non-road mobile sources emitted 168,000 tonnes of SO,
429,000 tonnes of HC, 4,789,000 tonnes of NOy, and 234,000 tonnes of
PM, respectively. Based on our estimation, the SO,, HC, NO,, and PM
emitted from fishing vessels in Zhejiang Province in the East China Sea,
during the year from June 2021 to May 2022, accounted for 1.000%,
0.080%, 0.144%, and 0.520% of Chinese non-road mobile source
emissions in 2021 (PM;¢+PM, ), respectively. In addition, according
to the latest carbon emissions data from the China Carbon Accounting
Database (https://www.ceads.net.cn/), Chinese mobile sources emitted
a total of 0.83 billion tonnes of carbon dioxide in 2019, while our
estimated carbon emissions from Zhejiang fishing vessels in the East
China Sea fishing grounds accounted for 0.34% of all mobile source
carbon emissions. Chen et al. (2022) measured the carbon emissions
from marine fisheries in the Northern Marine Economic Circle
(NMEC), which represents the development of Chinese marine
fisheries, for the years 2006-2019. The largest province in northern
China, in terms of fisheries emissions, is Shandong Province which,
according to their results, has emitted more than 20,000 tonnes of
carbon emissions from fishing vessels, annually, in recent years.
According to our estimated results, the annual carbon emissions
from fishing vessels in Zhejiang Province are probably as much as
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ten times higher than those in Shandong Province. It is unexpected that
the emission from fishing vessels in Zhejiang Province, which is in the
East China Sea alone, is so high, which shows that the emissions from
fishing vessels should not be neglected.

6.2 Impact of fishing moratoriums
on emissions

The fluctuation of changes in emissions of each pollutant from
fishing vessels in June, July, August, September 2021, and May 2022
is probably affected by the seasonal fishing moratorium system. The
seasonal fishing moratorium system is a policy which was approved
by the State Council of China in 1995, aimed at protecting fishery
resources (including fish, shrimp, and crabs) in the Yellow Sea, the
East China Sea, and (later) the South China Sea, under China’s
jurisdiction, north of latitude 12° N (Samy-Kamal et al., 2015).

The specific fishing moratorium system in the East China Sea in
2021 was implemented from noon on May 1 to 12:00 on August 16 in
the sea area between 23°and 26°30° N. In contrast, the sea area
between 26°30° N and 33°10° N was prohibited from noon on May 1
to 12:00 a.m. on August 1, for trawlers, cage pots, gillnets, and light
seines; for other types of fishing vessels, fishing activities were
prohibited until noon on September 16th. All types of operating
vessels were restricted by the moratorium, except for fishing gear
vessels. The moratorium regime in 2022 was the same as in 2021.
This information is derived from a notice by the Fisheries and Fishing
Administration of the Ministry of Agriculture and Rural Affairs of the
People’s Republic of China (http://english.moa.gov.cn/).

It should be noted that the overall emissions from fishing vessels
increased in July 2021, compared to June 2021. Two main reasons
could have led to this phenomenon. Firstly, July is the peak season
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for recreational sea fishing tourism during the summer months,
which results in a higher frequency of activities by fishing gear
vessels. Secondly, after the two-month fishing ban in May and June,
it is possible that some fishing vessels were engaged in illegal fishing
activities during the moratorium. This may explain the slight
increase in the overall level of emissions from fishing vessels in July.

6.3 Impact of the meteorological
environment on emissions

As shown in Figure 10, there were obvious fluctuations in the
emissions of fishing vessels in the East China Sea around some dates
after September 16th. We hypothesize that this fluctuation may be
affected by severe weather events, such as typhoons, cold wave gales,
and high waves. To analyze this phenomenon more scientifically, we
conducted a statistical analysis of the severe weather (typhoons and
cold wave winds) that affected the East China Sea during the period
from June 1, 2021, to May 31, 2022. The specific typhoon dates can be
found in Table 5, while the cold wave wind data can be found in
Table 6. We found that the timing of the effects of these severe weather
events and the timing of the fluctuations in fishing vessel emissions
roughly coincided. The fishing vessels sailed back to port at high speeds
to avoid the winds before the severe weather arrived, and this led to a
small increase in emissions. In contrast, emissions were reduced
significantly when fishing vessels ceased operation during sheltering
periods in ports. After the bad weather was over, fishing vessels left the
port to operate centrally, which again led to a sharp increase in
emissions. The lower emissions from fishing vessels during the
period from the end of January 2022 to February 8, 2022, are mainly
due to the Chinese Lunar New Year, when most of the fishing vessel
operators take their annual leave to go home for the New Year,
resulting in a significant reduction in emissions from fishing vessels.
After February 8, with the end of the Lunar New Year, fishing vessels
resumed normal operations and emissions returned to normal levels.

In addition, during the lunar cycle, a decrease in emissions was
observed compared to other periods. It is hypothesized that this may be
due to a reduction in fishing activity by fishing gear with lights during
the lunar cycle, which may have contributed to this phenomenon.

Based on the data in Table 4; Figure 10, it is obvious that compared
with the autumn and winter seasons (September 2021 to February
2022), the CO, emissions from fishing vessels in the East China Sea are
generally lower in the spring and summer seasons. More specifically,
the distribution of CO, emissions in different months is shown in
Figure 11. The overall emissions in the autumn and winter seasons are
higher, while the emissions in February are relatively lower, mainly due
to the influence of the Chinese New Year holiday. We hypothesize that
this difference is mainly influenced by the meteorological environment.

To further explore the relationship between fishing vessel
emissions and the meteorological environment, we statistically
analyzed the wind speed, current speed, and wave height in the East
China Sea during the study period. Results show that in spring 2022,
wind speed, current speed and wave height in the East China Sea are at
a low level compared to other times of the year (according to the heat
map shown in Figures 12-23). This means that there are better sea
conditions in the spring and fishing boats do not need to use a lot of
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TABLE 5 Typhoons affecting the East China Sea, June-December 2021.

Typhoon No. Name of the typhoon Date of impact

2103 CHOI-WAN 6.04 - 6.05
2106 IN-FA 723 -7.25
2109 LUPIT 8.06 - 8.08
2110 MIRINAE 8.05 - 8.06
2112 OMAIS 8.21 - 8.23
2114 CHANTHU 9.11 - 9.16
2118 KOMPASU 10.10 - 10.13

power to maintain their speed, thus reducing emissions. On the
contrary, in the case of a poor sea surface due to meteorological
conditions, fishing vessels need to consume more power to maintain
their fishing speed to overcome the sea surface conditions, leading to an
increase in emissions.

6.4 Spatial distribution

6.4.1 Distribution of emissions at different
distances from the coastline

Based on the different distances from the coastline, the East
China Sea was divided into five sea areas, at 12 nautical miles, 36
nautical miles, 84 nautical miles, 180 nautical miles, and other sea

TABLE 6 Cold waves affecting the East China Sea from June 2021 to
May 2022.

Level
of warning

Elapsed time
of impact

Type

of weather

Gale 2021.10.15 - 10.18 Force 5 to 10

Billow 2021.10.15 -10.17 Wave 2.5 m to 4.0 m
Gale 2021.11.07 - 11.08 Force 6 to 10

Gale 2021.11.21 - 11.23 Force 6 to 10

Gale 2021.11.27-11.30 Force 6 to 11

Gale 2021.12.15 - 12.17 Force 8 to 11

Gale 2021.12.24 - 12.26 Force 9 to 10

Gale 2022.1.05 - 1.06 Force 6 to 9

Billow 2022.1.05 - 1.07 Wave 2.5 m to 3.5 m
Gale 2022.1.10 -1.11 Force 6 to 9

Gale 2022.1.13 Force 8 to 9

Gale 2022.1.27 Force 9

Gale 2022.3.17 - 3.18 Force 8 to 11

Billow 2023.3.17 - 3.18 Wave 2.5 m to 4.0 m
Gale 2022.3.21 - 3.22 Force 8 to 10

Gale 2022.3.25 - 3.26 Force 8 to 10

Gale 2022.4.14 - 4.15 Force 7to 9
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FIGURE 11
Distribution of CO, emissions from fishing vessels in the East China Sea from June 2021 to May 2022 (unit: t/km?). (A) in June 2021, (B) in July 2021,
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areas from the coastline to the baselines outside the territorial sea.
The specific distribution is shown in Figure 24. Emissions from

fishing vessels in different sea areas at different distances from the

coastline are shown in Table 7. Table 7 shows that most (over 80%)

territorial sea. This indicates that most emissions from fishing
vessels occur in waters close to the coastline.

6.4.2 Distribution of emissions from different

of the emissions from fishing vessels are in waters within 180
nautical miles from the coastline to the baseline of the territorial sea,
and more than half (about 55%) of the emissions occur in waters
within 84 nautical miles from the coastline to the baseline of the

fishing grounds

We counted the carbon emissions and emission intensity of 17
fishing grounds in the East China Sea. The details are shown in Table 8;
Figure 25. Of these 17 fishing grounds, the largest emission from
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Schematic diagram of CO, emissions, wind velocity, flow velocity and wave height in June 2021 (from left to right and top to bottom, the
distribution of CO, emissions from fishing vessels, wind velocity, flow velocity and wave height, respectively, which are the same as in

Figures 13-23).
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TABLE 7 Emissions in different distances from the baseline of the Chinese territorial sea.

CO, N NO, CcO
Distances (nmi)
Emission (t) Pct. (%) Emission (t) Pct.(%) Emission (t) Pct.(%) Emission (t) Pct. (%)
12 6.08x10* 21.95 368.13 22.12 1525.6 22.15 276.5 22,51
36 9.3x10* 33.53 558.3 33.65 2.4x10° 33.68 417.4 33.98
84 1.53x10° 55.18 916.7 55.17 3.8x10° 55.2 680.6 5542
180 2.34x10° 84.32 1404.2 84.28 5.8x10° 84.31 1.04x10° 84.42
PMyq PM, 5 HC CH,4
Distances (nmi)
Emission (t) Pct. (%) ‘ Emission (t) Pct.(%) Emission (t) Pct.(%) Emission (t) Pct. (%)
12 1415 2245 1293 22.45 84.3 23.41 5.99 21.82
36 213.8 33.94 1955 33.94 124.98 34.7 9.17 33.41
84 348.9 55.38 319 55.38 201.03 55.82 15.13 55.1
180 531.9 84.43 486.34 84.43 304.9 84.66 23.14 843

fishing vessels and the highest emission intensity is in the Yushan
fishing ground, followed by the Zhoushan fishing ground, the Wentai
fishing ground and the Yangtze River Estuary fishing ground. The
three fishing grounds with the highest emissions and the highest
emission intensity are all located in the coastal waters of Zhejiang.
The emissions from fishing vessels in these three fishing grounds
accounted for approximately 56% of the total emissions from fishing
vessels in the East China Sea. The lowest emissions and emission
intensity are in the Minnan fishing ground.

TABLE 8 CO, emissions, emission percentage and emission intensity
from fishing vessels in different fishing grounds.

Fishing Emissions Emission intensity
grounds (t) (t/nmi?)
Lushi 1576.5 0.57% 0.115
Dasha 16868.5 6.1% 0.6517
E:lf ;estuary 23969.6 soan | Y
Zhoushan 55560.7 20.04% | 2.7158
Yushan 62505.5 22.54% 4.0068
Wentai 37436.9 13.5% 2.7128
Mindong 10131.1 3.65% 0.6103
Minzhong 403.7 0.15% 0.0431
Minnan 109.7 0.04% 0.008
Shawai 7276.8 2.62% 0.543
Jiangwai 20418.4 7.36% 2.2194
Zhouwai 28435.1 10.25% 2.0311
Yuwai 10675.2 3.85% 1.1357
Wenwai 1868.7 0.67% 0.2966
Minwai 737.1 0.27% 0.1536
Frontiers in Marine Science 16

6.5 Distribution of emissions based on
fishing hotspots

Pollutant emissions from fishing vessels vary with the load of
the main engine (Fan et al., 2023), which is related to the speed of
the vessel, according to Equation (3). Fishing vessel speed is
positively correlated with vessel load and pollutant emissions. Sala
etal. (2011) found that fishing vessels can save up to 15% of fuel by
reducing their speed by half a knot. In fishing activities, there are
three behavioral states: stationary anchoring, high-speed sailing and
low-speed fishing. Emissions from fishing vessels are higher at high
speeds and lower at low fishing speeds (Yan et al., 2022). Therefore,
the total emission hotspot distribution cannot accurately indicate
the fishing hotspot areas of fishing vessels. Thus, we used the
simplest speed recognition method to distinguish the behavioral
state of fishing vessels. The identification of fishing hotspot areas for
fishing vessels is more accurately based on vessel emissions during
low-speed fishing conditions. The speed identification method is a
common traditional method to distinguish fishing vessel behavior
based on their speed. This method is simple, effective and suitable
for identifying fishing vessel behavior using big data (Yan et al,
2022). Considering the different types of fishing operations, we
selected the four most common types of fishing vessels in the East
China Sea: trawlers, driftnets, purse seines, and longliners. By
analyzing the distribution of CO, emissions from these vessels
during their fishing speed states (trawlers: 3<v < 5 (Liu et al,
2023b), i.e., the speed of the trawlers is greater than 3 knots but less
than 5 knots, here “v” refers to the velocity of the fishing vessels;
driftnets: 1<v < 3 (Sala et al., 2018), i.e., the speed of the driftnets is
greater than 1 knots but less than 3 knots; purse-seines: 2<v < 4
(Hintzen et al., 2012), i.e., the speed of the purse-seines is greater
than 2 knots but less than 4 knots; driftnets; longliners: 1<v < 3
(Campos et al., 2023), i.e., the speed of the longliners is greater than
1 knots but less than 3 knots), we examined the different fishing
hotspots for these four types of vessels during the four seasons:
spring (March-May), summer (June-August), autumn (September-

frontiersin.org
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FIGURE 14

Schematic diagram of CO, emissions, wind velocity, flow velocity and wave

November), and winter (December - February). We also analyzed

the distribution of CO, emissions from fishing transport vessels.
The distribution of CO, emissions from different types of fishing

vessels in the fishing state is shown in Figures 26-29. The figures show

height in July 2021.

that the fishing area is the smallest in summer, due to the influence of
the seasonal fishing moratorium system, and shrinks in other seasons
over time, with the gradual depletion of fishery resources. The
distribution of CO, emissions from the fishing transportation vessels,

FIGURE 15

Schematic diagram of CO, emissions, wind velocity, flow velocity and wave height in August 2021.
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Schematic diagram of CO, emissions, wind velocity, flow velocity and wave height in September 2021.

in each season, is shown in Figure 30. The figure shows that the  fishing transportation vessels, it is evident that Zhejiang Province is the
distribution of emissions from catch-and-carry vessels changes with the ~ main consumption point of fishery resources in the East China Sea,
change in fishery resources. According to the emission distribution of ~ followed by Jiangsu Province and Fujian Province.
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Schematic diagram of CO, emissions, wind velocity, flow velocity and wave height in November 2021.
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Schematic diagram of CO, emissions, wind velocity, flow velocity and wave height in January 2022.
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Schematic diagram of CO, emissions, wind velocity, flow velocity and wave height in February 2022.
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Sea areas at different distances from the coastline.

FIGURE 25

CO, emissions and emission intensity of fishing grounds by month. (A) in June 2021, (B) in July 2021, (C) in August 2021, (D) in September 2021, (E) in October

2021, (F) in November 2021, (G) in December 2021, (H) in January 2022, (1) in February 2022, (3) in March 2022, (K) in April 2022 and (L) in May 2022.
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7 Conclusions

In this study, a fishing vessel emission estimation framework
was established based on Beidou VMS big data using the bottom-up
dynamic method. The framework was applied to Zhejiang fishing
vessels in the fishing grounds of the East China Sea and established
an emission inventory and the spatial-temporal distribution from
Ist June 2021 to 31st May 2022.

The findings indicate that the large quantity of fishing vessels
and high main engine power in Zhejiang Province leads to relatively
high emissions from fishing vessels. In conclusion, this study
demonstrates that using activity-based bottom-up methods and
VMS data is an effective approach for investigating pollution
emissions from fishing vessels in the East China Sea and is
applicable in areas where small-scale fishing boats are prevalent.
By addressing this issue, we can strive towards creating a more
sustainable future for our oceans and marine ecosystems.

However, it is necessary to recognize the limitations of this
study. First, the analysis only included Zhejiang Province fishing
vessels in the East China Sea and may not be representative of all
vessel types in China or other regions. Second, the accuracy of the
emission factors used in this study may affect the estimation results.
Finally, measures aimed at reducing pollution emissions from
fishing vessels were not proposed, and further research and
validation of these measures were not conducted.
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Our future research will focus on the following areas: expanding
the analysis to other regions and vessel types and improving the
accuracy of the emission factors of fishing vessels by measuring
them in the field with the help of experimental equipment. Next, we
need to propose relevant emission reduction measures and verify
their effectiveness. Finally, the diffusion of pollutant emissions from
fishing vessels under different meteorological conditions in the East
China Sea will be simulated by using meteorological simulation
software or building meteorological models to assess their impacts
on coastal air quality.
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