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Abstract: This article examines the impact of automatic identification system (AIS) data thinning
on ship emissions inventory results. AIS data thinning is theoretically proven to lead to a smaller
result for a ship’s air pollutant emissions inventory. The AIS dynamic data of six sampled ships
for 1 day and for 1 year were thinned at 1 min, 3 min, 10 min, 30 min, and 1 h time intervals, and
then CO,, NOx, CH, PM, SO, and other air pollutant emissions were estimated both with and
without AIS data thinning in the different time intervals. The results show that AIS data thinning
affects the air pollutant emissions inventory results of the ships, and the impact is greater as the
thinning interval increases. When the thinning interval is less than 10 min, the impact is less than
10%, but the impact increases to about 10-15% at a 30 min interval and about 15-20% at a 60 min
interval. The impacts of thinning on the emissions of ships with acutely fluctuating speeds are more
significant because the constantly changing speed is the main reason why data thinning affects the

f.f,‘fﬁt?sr ship emissions inventory. Therefore, these data suggest that the AIS data can be thinned at intervals
Citation: Tian, Y,; Ren, L.; Wang, H.; of 5 or 10 min when establishing a coastal or national ship air pollutant emissions inventory, the AIS
Li, T; Yuan, Y.; Zhang, Y. Impact of data should be thinned at intervals of less than 3 min when establishing the air pollutant emissions
AIS Data Thinning on Ship Air inventory of inland river ships, and data thinning is not recommended when establishing a port or
Pollutant Emissions Inventories. smaller-scale ship air pollutant emissions inventory.
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1. Introduction

Ship air pollution has attracted a great deal of attention at home and abroad [1,2].
For example, studies have shown that ship emissions of SOx and NOy account for 39%
Publisher’s Note: MDPIstays neutral - and 28% of Denmark’s total emissions, respectively, and for 10% to 31% of the emissions
with regard to jurisdictional claims in - from European countries such as the Netherlands, Sweden, Norway, the United Kingdom,
published maps and institutional affil- - Erance, Ttaly, Belgium, Finland, and Germany [3]. In recent years, the Chinese government
and academia have also attached great importance to the control of air pollution from
ships. According to the bulletin of the second national survey of pollution sources in China,
the SO,, NOx, and PM emissions of ships operating in China’s waters are 42.08 x 10% t,
102.48 x 10* t, and 8.44 x 10%*t, accounting for 100%, 9.6%, and 3.3%, respectively, of the
total emissions of the corresponding pollutants from all mobile sources [4]. On November
30, 2018, the Ministry of Transport issued the implementation plan of the ship air pollutant
emission control area to strengthen the control of ship pollution emissions.

iations.
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the top-down fuel method. The top-down ship emissions inventory performed for the
Emission Database for Global Atmospheric Research, EDGAR [6,7] was constructed from
major global shipping routes and traffic intensities. Alternatively, the bottom-up method
focuses on relatively precise shipping routes, and the emissions are estimated based on
vessel activity. Compared to the top-down method, the bottom-up method has better
spatial and temporal resolution. Using AIS data, the establishment of a ship emissions
inventory has undergone a revolutionary change. Jalkanen et al. [8] established the first
ship emissions inventory based on AIS data from the Baltic Sea. Goldsworthy et al. [1] built
a ship emissions model system based on AIS data and used it to estimate the ship emissions
inventory for the seas surrounding Australia. In 2002, ENTEC used the bottom-up method
to establish the European ship air pollution emissions inventory based on ship operating
conditions (from a navigation database) [9]. The work on ship emissions inventories in
China has focused on the ports of Shanghai, Shenzhen, and Hong Kong. Yang et al. [10]
estimated an emission inventory for marine ships in the Shanghai Port in 2003 using annual
activity rates multiplied by emission factors. Fu et al. [11] calculated the total amount
of air pollutant emissions in the Shanghai Port, and spatially gridded it onto the routes
defined by AIS activity data with a month’s worth of spatial information to make full use
of the AIS data. Li et al. [12] roughly estimated the SO, emissions in the Shenzhen Port
and ship emissions in Hong Kong. Ng et al. [13] established a ship emissions inventory
in Hong Kong based on AIS data, and ship emissions inventories in Tianjin, Xiamen, and
other ports were established successively [14-16]. In recent years, high-spatial resolution
ship emissions inventories have been used to assess the impacts of ship emissions on air
quality [17-20].

The earlier research was mainly based on the fuel method [21], whereas the dynamic
method based on AIS has become the mainstream method with the ongoing development
of ship dynamic monitoring technology [22,23]. AIS is a new type of navigation aid
system that is applied to maritime safety and communication between ships and either
shores or other ships, which can automatically exchange important information, such as
the position, speed, course, name, and call sign of the ship. By using AIS data and the
working mechanism of a ship’s engine to establish the emission inventory, it is possible
to calculate the real-time pollutant emissions of a single ship. Compared to the fuel
method, the dynamic method based on AIS has higher accuracy, so it can accurately
analyze the pollutant emissions of a single ship at different times, and it is more adaptable
for air pollution analyses with high temporal and spatial resolution and for determining
the developmental trends of air pollution control [24]. According to the ITU-RM.1371-4
recommendation issued by the International Telecommunication Union, the intervals
between static messages and dynamic messages sent by AIS equipment are different.
Generally, the AlS-equipped ships send static messages every 6 min. When the data are
calibrated or under other special circumstances, the static messages will be sent immediately
as required. The interval for sending AIS dynamic messages depends on ship speed and
heading. When the ship is anchored or moored and the speed is less than 3 knots, the
interval for sending dynamic messages is 3 min. However, when the navigation speed is
0-14 knots, 14-23 knots, or greater than 23 knots (with changing course), the interval for
sending dynamic messages is 10 s (10/3s), 6 5 (2 s), or 2 s (2 s), respectively.

The AIS messages received by an AIS data receiving station are from all ships. There
are high requirements for computing equipment and software because of the large amount
of data, so AIS data are typically thinned in practical research [25]. AIS dynamic messages
contain the navigation time, latitude, longitude, heading, speed, and other information
about the ship. Data thinning is the process of reducing the dimensionality of latitude,
longitude, and speed according to the time interval, which directly changes the ships’
navigation track and speed and further affects the results of the emissions inventory.

If the ship is sailing at a constant speed, data thinning has no effect on the ship’s
speed. However, ships often do not travel at a uniform speed. The greater the time interval
between messages, the greater the difference in the ship speed between the sending points



Atmosphere 2022, 13, 1135

3o0f11

of the AIS messages. In addition, this is also related to the shape of the channel. The
greater the thinning interval of a curved channel, the greater the fluctuations in the speed.
Therefore, AIS data thinning has a greater impact on inland navigation ships than coastal
navigation ships. However, there are few reports on the extent of the impact from thinning.

In order to study the influence of AIS data thinning on the inventory, we first analyzed
the impact of AIS data thinning on the results of the ships” air pollutant emissions inventory
theoretically. We then randomly selected the AIS dynamic data of six ships on a certain
day in 2019, thinned the data in different time intervals, and estimated the changes in the
COy, NOy, CH, PM, SO, and other air pollutant emissions of the sampled ships with and
without AIS data thinning. This process allowed us to analyze the impact of the thinning
of AIS data on the emissions inventory among six ships representing different patterns
of movement.

2. Data

The AIS data of six ships (Table 1) for one day and for one year were randomly selected
from all of the ships sailing in Chinese waters in 2019. All of the information required for
the inventory, such as main engine power, rated speed, etc., was obtained by querying the
ship registration database (Table 1). According to the AIS data for the selected day, the
set of six ships includes two cruising ships (Ship 5 and Ship 6 in Table 1), two in-and-out
port ships (Ship 3 and Ship 4 in Table 1), and two maneuvering ships (i.e., ships with
significant speed changes and anchoring behavior, Ship 1 and Ship 2 in Table 1). Among
the sampled ships, the fluctuating speed of in-and-out port ships is the largest, followed by
maneuvering ships and cruising ships (Figure 1). The track chart of the six ships in 2019
was drawn according to the AIS data (Figure 2).

Table 1. Information on the sampled ships.

. Navigation Power of Main Design Maximum
Ship Number MMSI Stftus Engine (Kw) Spged (Knots)
1 353498000 maneuvering 2000 13.50
2 412044760 maneuvering 5736 14.75
3 412379280 in-and-out port 15,120 15.00
4 412379830 in-and-out port 15,120 15.00
5 413050000 cruising 54,720 25.70
6 413055000 cruising 36,480 24.20
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Figure 1. Speeds of the six sampled ships throughout the sample day.
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Figure 2. Tracks of the sampled ships in 2019.

3. Methodology
3.1. Data Thinning

The thinning of AIS data can reduce the amount of data, speed up the calculations,
and facilitate follow-up analysis and research, such as spatial and temporal analyses of
the emissions. Despite these advantages, the impact of thinning has not been studied in
detail. AIS data contains time information, and the thinning of AIS data increases the
period between two adjacent AIS messages and cuts down the amount of data. Figure 3

shows the principle of data thinning.

Before After
T | Speed T | Speed
tvi t| v
t2 | v2
3| v3 - t3 | (v1+v2+v3)3
t4 | v4 t5 | (v3+v4+v5)3
t5 | v5

Figure 3. Principle of data thinning.
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3.2. Theoretical Analysis

The air pollutant emissions inventories of ships based on AIS data employ the STEAM
(ship traffic exhaust assessment model) model proposed by Jalkanen [26].

E=E,+E,+E 1)

where E;;, E;, and Ej, represent the pollutant emissions of the main engine, auxiliary engine,
and auxiliary boiler, respectively.

Eyn = Py X LEy, x LLAM x T x EF, 2)

where Py, is the installed power of the main engine of a ship, measured in kW. LE,, is the
load factor of the main engine, which reflects the ratio of its actual output power to the
installed maximum power. LLAM is the low multiplier of load adjustment of the main
engine to account for the fact that the main engine increases distinctly when its load rate is
lower than 20%. T represents the operating time of the main engine, measured in h. EF, is
the emission factor of the main engine, measured in g/kWh.

LF, = (AS/MS)? ©)

where AS represents the actual activity speed of the ship, which is the speed over water
considering the influences of the environment, measured in knots, and MS is the design
maximum speed of the ship, measured in knots.

AIS data thinning only affects the speed of a ship, and the speed affects the pollutant
emissions of the main engine by changing its load factor. The emissions inventory of the
main engine can be calculated as:

3
Em_meEmeLLAMxTx<U) —kxT x> @)

Us

where v; is the design maximum speed of the ship, measured in knots, and k = P, x EF;; X

LL;;M, which is a constant for a sailing ship (i.e., when the main engine load is greater

than 20%).

If the AIS data are thinned at the time interval of t, then the time interval and speed
between adjacent messages before thinning are recorded as t; and v;, respectively, where
i=0,1,2,...,n When t; is approximately equal, the emissions with and without thinning
are, respectively:

Ebefore = 3 4 (k Xt X U?)z kx Yo (ti X v?) (5)

n n N\ 3
Eafte,:kxtxv3:kx2tix<‘_nlvl> (6)
i=1
The details of the proof that Epefore > Egfser are described in the Supplementary
Materials (Supplementary Materials, Chapter S1). Therefore, theoretically the thinning
process of AIS data will reduce the resulting ship air pollutant emission inventory.

3.3. Verification

The AIS dynamic data of the six sampled ships for one day and for one year were
thinned at the time intervals of 1 min, 3 min, 10 min, 30 min, and 1 h. The extraction rules
are: (i) the coordinates of the route track take the longitude and latitude of the middle point
of the ship’s navigation track within the time intervals of 1 min, 3 min, 10 min, 30 min,
and 1 h (and if the number of messages is even, then take the longitude and latitude of the
first point in the middle); and (ii) the speed is the average of the actual ship speed at all
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points within each time period. The times in the first and the final messages will be the
time after thinning.

For the steps in the calculation, firstly, the emissions of CO,, NOx, CH, PM, SO,
and other air pollutants from the six sampled ships for one day without thinning were
estimated using Formulas (1)-(3). Secondly, the emissions of CO,, NOx, CH, PM, and SO,
for one day with thinning at each time interval were estimated. Each ship has various
navigation states in a year. So, the emissions of CO;,, NOx, CH, PM, SO,, and other air
pollutants from the six sampled ships for one year without thinning and within the time
intervals of 1 min, 3 min, 10 min, 30 min, and 1 h were estimated using the same method.
Finally, the air pollutant emissions of the sampled ships in one day and one year with
and without data thinning were compared and analyzed to illustrate the impact of data
thinning on the air pollutant emissions inventories (Tables 2 and 3). The verification results
can be summarized by five main points.

Table 2. Effect of thinning the AIS data on ship emissions inventories for one day at different
time intervals.

Air Pollution Emissions (t)

Ship Number Time Interval (min)
CO, (€0) HC NOx PM10 SO,
0 0.8442 0.0015 0.0007 0.0171 0.0005 0.0026
1 0.8435 0.0015 0.0007 0.0171 0.0005 0.0026
3 0.8425 0.0015 0.0007 0.0171 0.0005 0.0026
1 10 0.8355 0.0015 0.0007 0.017 0.0005 0.0026
30 0.7946 0.0014 0.0007 0.0161 0.0005 0.0024
60 0.6818 0.0013 0.0006 0.0138 0.0004 0.0021
0 2.7308 0.0048 0.0022 0.0555 0.0016 0.0084
1 2.6982 0.0048 0.0022 0.0549 0.0016 0.0083
3 2.6677 0.0047 0.0021 0.0542 0.0016 0.0082
2 10 2.5154 0.0045 0.002 0.0511 0.0015 0.0077
30 2.1392 0.0038 0.0017 0.0434 0.0013 0.0066
60 1.5648 0.0028 0.0013 0.0317 0.0009 0.0048
0 14.3691 0.025 0.0114 0.2927 0.0085 0.044
1 14.2225 0.0248 0.0113 0.2897 0.0084 0.0436
3 13.5242 0.0236 0.0107 0.2754 0.008 0.0414
3 10 11.2162 0.0198 0.009 0.2281 0.0066 0.0344
30 8.4511 0.015 0.0068 0.1717 0.005 0.0259
60 7.9612 0.0143 0.0065 0.1616 0.0047 0.0244
0 38.571 0.0659 0.03 0.7877 0.0227 0.1182
1 38.4256 0.0657 0.0299 0.7847 0.0226 0.1178
3 38.0748 0.0651 0.0296 0.7775 0.0224 0.1167
4 10 35.8932 0.0614 0.0279 0.7329 0.0211 0.11
30 32.6486 0.0563 0.0256 0.666 0.0192 0.1001
60 28.3502 0.0493 0.0224 0.5776 0.0167 0.0869
0 126.4682 0.3204 0.1373 3.6223 0.0758 0.3888
1 126.3367 0.32 0.1371 3.6186 0.0757 0.3884
3 126.1431 0.3195 0.1369 3.6132 0.0756 0.3878
5 10 126.0959 0.3193 0.1369 3.6121 0.0756 0.3876
30 126.154 0.3195 0.1369 3.6135 0.0756 0.3878
60 126.6537 0.3208 0.1375 3.6287 0.0759 0.3893
0 110.3725 0.2638 0.113 3.1866 0.0657 0.3393
1 110.3043 0.2631 0.1128 3.1847 0.0656 0.3391
3 110.3133 0.2632 0.1128 3.1849 0.0656 0.3391
6 10 110.3044 0.263 0.1127 3.1848 0.0656 0.3391
30 110.1606 0.2623 0.1124 3.1806 0.0655 0.3386
60 109.7978 0.2611 0.1119 3.1702 0.0653 0.3375
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Table 3. Effect of thinning the AIS data on ship emissions inventories for one year at different

time intervals.

Air Pollution Emissions ! (%)

Ship Number Time Interval (min)
CO, Cco HC NOy PM10 SO,
01! 100.00 100.00 100.00 100.00 100.00 100.00
1 95.48 95.56 95.56 95.47 95.49 95.49
3 95.41 95.50 95.50 95.40 95.43 95.43
1 10 94.17 94.27 94.27 94.15 94.18 94.18
30 89.79 89.94 89.94 89.77 89.81 89.81
60 87.49 87.63 87.63 87.47 87.51 87.51
0 100.00 100.00 100.00 100.00 100.00 100.00
1 99.67 99.67 99.67 99.68 99.68 99.68
3 99.02 99.06 99.06 99.03 99.04 99.04
2 10 95.48 95.69 95.69 95.46 95.52 95.52
30 85.67 86.59 86.59 85.56 85.79 85.79
60 74.90 77.03 77.03 74.63 75.17 75.17
0 100.00 100.00 100.00 100.00 100.00 100.00
1 99.03 99.04 99.04 99.02 99.03 99.03
3 97.24 97.28 97.28 97.24 97.25 97.25
3 10 90.62 90.81 90.81 90.60 90.65 90.65
30 77.56 78.25 78.25 77.48 77.65 77.65
60 66.75 67.84 67.84 66.62 66.89 66.89
0 100.00 100.00 100.00 100.00 100.00 100.00
1 97.12 97.14 97.14 97.12 97.12 97.12
3 95.16 95.21 95.21 95.16 95.17 95.17
4 10 89.03 89.21 89.21 89.01 89.05 89.05
30 75.62 76.24 76.24 75.54 75.70 75.70
60 64.56 65.64 65.64 64.43 64.70 64.70
0 100.00 100.00 100.00 100.00 100.00 100.00
1 93.38 93.54 93.54 93.37 93.41 93.41
3 92.36 9252 9252 92.34 92.38 92.38
5 10 91.48 91.66 91.66 91.46 91.51 91.51
30 90.23 90.50 90.50 90.20 90.27 90.27
60 88.76 89.03 89.03 88.73 88.80 88.80
0 100.00 100.00 100.00 100.00 100.00 100.00
1 97.57 97.67 97.67 97.55 97.58 97.58
3 96.62 96.77 96.77 96.59 96.63 96.63
6 10 96.09 96.28 96.28 96.06 96.11 96.11
30 95.11 95.34 95.34 95.07 95.13 95.13
60 94.61 94.86 94.86 9457 94.64 94.64
0 100.00 100.00 100.00 100.00 100.00 100.00
1 96.08 96.02 96.05 95.89 96.09 96.10
o 3 94.89 9491 94.93 94.74 94.91 94.91
Sum emission 10 92.73 93.14 93.11 92.90 92.76 92.76
30 88.40 89.74 89.60 89.29 88.50 88.48
60 84.69 86.80 86.56 86.17 84.83 84.80

! The percentages assume that the emission value without thinning is 1, and the emission value with thinning is
the ratio of the values with and without thinning.

(1) The thinning of AIS data affects the results of a ship’s air pollutant emissions inven-

tory, and the impact is greater,

with an increase in the thinning interval

(Figures 4, 5 and S1-S5 in Supplementary Materials). Taking sample Ship 2 as an ex-
ample, the emissions of CO,, CO, CH, NOyx, PM10, and SO, without thinning are 2.7308 t,
0.0048 t, 0.0022 t, 0.0555 t, 0.0016 t, and 0.0084 t, respectively. With thinning at a 3 min inter-
val, CO,, CO, CH, NOyx, PM10, and SO, are reduced by 2.31%, 2.08%, 4.55%, 2.34%, 0.001%,
and 2.38%, respectively; with thinning at a 10 min interval, they are reduced by 7.89%,
6.25%, 9.09%, 7.93%, 6.25%, and 8.33%, respectively; and with thinning at a 60 min interval,
they are reduced by 42.7%, 41.67%, 40.91%, 42.88%, 43.75% and 42.86%, respectively.
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Figure 4. Emissions of CO, for the six ships in one day without thinning (0 min) and with thinning at
time intervals of 1, 3, 10, 30, and 60 min. (a) Ship 1 (b) Ship 2 (c) Ship 3 (d) Ship 4 (e) Ship 5 (f) Ship 6.
(a) Ship 1 (b) Ship 2 (c) Ship 3
120.00% 00 00 12000% G 0% 99.67% 99.027% 120.00% 55 50% 99.03%
070 95.48% 9541% 94.17% g4 790, 099.67% ° 95.48% o 0 97.24% 0
100.00% o 89.79% 87.49% 100.00% " 85.67% 100.00% 90.62%
74.90% 77.56%
80.00% 80.00% 80.00% 66.75%
60.00% 60.00% 60.00%
40.00% 40.00% 40.00%
20.00% 20.00% 20.00%
0.00% 0.00% 0.00%
0 3 10 30 60 30 60 0 1 3 10 60
Time interval Time interval Time interval
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{UU7097.12% 95.16% Wo o o -UW07%97.57% 96.62% 96.09% 95.11% 9
100.00% 2207 89 03% 100.00% 93.38% 92.36% 91.48% 90.23% 88.76% 100.00% ’ 9461%

75.62%
80.00% 64.56% 80.00% 80.00%
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40.00% 40.00% 40.00%
20.00% 20.00% 20.00%
0.00% 0.00%

0.00%
30 60 30 60

Time interval Time interval Time interval

Figure 5. Emissions of CO; for the six ships in one year without thinning (0 min) and with thinning at
time intervals of 1, 3, 10, 30, and 60 min. (a) Ship 1 (b) Ship 2 (c) Ship 3 (d) Ship 4 (e) Ship 5 (f) Ship 6.

(2) The thinning of AIS data has a more significant impact on the pollutant emissions of
ships with acutely fluctuating speeds. After the data are thinned, the order of the reduction
of air pollutant emissions from ships is: in-and-out port ships > maneuvering ships > cruise
ships (see Figures 4 and S1-55 in Supplementary Materials).
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(3) When the thinning interval is less than 3 min, it has little impact on the emissions
inventory, and the impacts of intervals greater than 3 min increase with an increasing time
interval. When the thinning interval is more than 10 min, it has a significant impact on the
annual emissions inventories (see Figures 5 and 56-510 in SI).

(4) The sums of the emissions from the six ships were calculated for CO,, CO, HC,
NOx, PM10, and SO,. Then, the ratios of the sums with thinning at the different time
intervals and without thinning were calculated (see the sum emissions in Table 3) and they
are shown in Figure 6. When the time interval is 3 min, the ratios are 94.74-94.91%; when
the time interval is 10 min, the ratios are 92.73-93.14%; when the time interval is 30 min, the
ratios are 88.40-89.74%; and when the time interval is 60 min, the ratios are 84.69-86.80%.

105.00%

100.00%

95.00%
90.00%
85.00%
80.00% | ||
75.00%
0 1 3 10 30 60

HCO2 mCO mHC mNOX mPM10 mSO2

Figure 6. Ratios of the total emissions of CO,, CO, HC, NOx, PM10, and SO for the six ships in one
year with thinning at different time intervals and without thinning.

(5) The ratios of emissions from the six ships with thinning at the different time
intervals and without thinning were calculated, then the average ratios were calculated
and they are shown in Figure 7. When the thinning interval is more than 3 min, the impact
of thinning is only about 4%, but the impacts increase to about 7% at 10 min, 14% at 30 min,
and 20% at 60 min (Figures 7 and S6-510 in Supplementary Materials).
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Figure 7. Average ratios of emissions of CO,, CO, HC, NOx, PM10, and SO, from the six ships in
one year with thinning at different time intervals and without thinning.
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4. Discussion and Conclusions

(1) Thinning will lead to a smaller assessed emissions inventory. The data in Figures 3-7
show that the thinning of AIS data has a significant impact on the air pollutant emission
inventory not only for one day but also for one year, and the impact on the inventory
increases with an increase in the data thinning time interval. When the thinning interval is
less than 3 min, the impact is less than 5%, but the impact increases with longer intervals to
about 10% at 10 min, 10-15% at 30 min, and 15-20% at 60 min.

(2) The thinning of AIS data has a more significant impact on the emission inventories
of ships with acutely fluctuating speeds, such as in-and-out port ships and maneuvering
ships (Figure 4a—d). It has less impact on the emission inventories of ships with constant
speeds (Figure 4e—f). The main reason for the effect of AIS data thinning on the emission
inventory is that the ships always sail at non-uniform speeds.

(3) In view of the large number and complexities of channels and ships in the world,
the large amount of AIS data is a difficult problem that needs to be solved in establishing
ship air pollutant emissions inventories. Data thinning is an effective method to reduce
the number of calculations. However, the ideal thinning intervals need to be determined
according to the inventory accuracy and the spatial scale. When establishing a coastal or
national-scale ship air pollutant emissions inventory, the AIS data should be thinned at
intervals of 3 min or 10 min. When establishing an air pollutant emissions inventory of
inland ships, the AIS data should be thinned at an interval of less than 3 min. Thinning
of the data is not recommended when establishing a port or small-scale ship air pollutant
emissions inventory.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13071135/s1, Figure S1. Emissions of CO for the six ships
in one day without thinning and with thinning at time interval of 1, 3, 10, 30, 60 mins; Figure S2.
Emissions of HC for the six ships in one day without thinning and with thinning at time interval
of 1, 3, 10, 30, 60 mins; Figure S3. Emissions of NOx for the six ships in one day without thinning
and with thinning at time interval of 1, 3, 10, 30, 60 mins; Figure S4. Emissions of PM10 for the six
ships in one day without thinning and with thinning at time interval of 1, 3, 10, 30, 60 mins; Figure S5.
Emissions of SO, for the six ships in one day without thinning and with thinning at time interval of 1,
3,10, 30, 60 mins; Figure S6. Emissions of CO for the six ships in one year without thinning and with
thinning at time interval of 1, 3, 10, 30, 60 mins; Figure S7. Emissions of HC for the six ships in one
year without thinning and with thinning at time interval of 1, 3, 10, 30, 60 mins; Figure S8. Emissions
of NOx for the six ships in one year without thinning and with thinning at time interval of 1, 3, 10,
30, 60 mins; Figure S9. Emissions of PM10 for the six ships in one year without thinning and with
thinning at time interval of 1, 3, 10, 30, 60 mins; Figure S10. Emissions of SO, for the six ships in one
year without thinning and with thinning at time interval of 1, 3, 10, 30, 60 mins.
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