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The supplemental material has 16 pages and includes the following items:

Text S1. The reason for large variation of §'>’N-NO, values within the same ship emissions under the
same mode.

Text S2. The influence evaluation of the ship fuel type, the ship category, and the actual operational
status of ships.

Text S3. Significance of ship-emitted J'’N-NO, values for accurate source apportionment of NO,.
Table S1. Meteorological parameters during ship exhaust sampling (average values).

Table S2. Details on NO, concentrations and §'>’N-NO, values for collected ship.

Table S3. Statistics of 6'>’N-NO; values and ranges of variation for emissions from other sources.
Table S4. The accuracy of methods implemented to evaluate the impact degree of different factors on
the variation in ship-emitted 6'>N-NOj values.

Table S5. Mass-weighted 6'’N-NO, values (%o) emitted from ships between 2001 and 2021.

Figure S1. The set up on the ship during sampling. The yellow arrow indicates the emission of exhaust
from the ship.

Figure S2. §'>’N-NO; values emitted from ships grouped by different fuels.

Figure S3. 6'>’N-NO, values emitted from ships grouped by different ship categories.

Figure S4. 6'>’N-NO; values emitted from ships grouped by different operational statuses.

Figure S5. Increase in mean squared error (%IncMSE) and increase in node purity (IncNodePurity) of
selected factors for the 6!>N-NOy values from ships calculated by random forest (RF).

Figure S6. Relative influence (%) of four selected factors on §'>’N-NO; values from ships calculated by
boosted regression trees (BRT).

Figure S7. Spatial distribution of annual NO, emissions from coastal vehicles and offshore ships in
China in 2017.

Figure S8. The age distribution of ships larger than 300 gross tonnage (GT) in the international merchant

fleet during 2001 and 2021



Text S1. The reason for large variation of §'>’N-NOy values within the same ship emissions under the
same mode.

As shown in Table S2, significant differences in emissions under the same operating mode on the same
ship were more often observed during hoteling and cruising conditions.

The hoteling mode typically occurs when a vessel is not departing from the port and not engaged in
normal navigation operations, such as during cargo loading/unloading or while anchored awaiting further
instructions. In the hoteling mode, although ME are usually shut down to reduce energy consumption
and costs, there are still variations in emissions due to changes in the usage requirements of different
onboard equipment. Cooper (2003) found that for approximately 5 min after arrival at the quayside, and
approximately 15 min before departure, the power requirement for ships studied increased to 40—56% of
the total installed AE power when bow and stern thrusters used for manoeuvring the ship were engaged.
Additionally, cargo pumps used during the cargo handling process on bulk carriers and the refrigeration
equipment for storing the catch on fishing vessels may lead to a significant increase in power demand
during the hoteling mode.

In our study, the state in which the vessel operated at a higher speed (> 8 knots) was defined as the
cruising mode. This mode exhibited a wide range of variation in ship speed. Moreover, ships often
operate in cruise mode when navigating in open seas far from the coast and are more likely to encounter
larger waves and swells. As a result, the engine load of a ship in cruise mode is more susceptible to
fluctuations and changes compared to other operating modes (Huang et al., 2018), and consequently lead
to variations in the NO, measurement of exhaust samples collected during cruising conditions.

Text S2. The influence evaluation of the ship fuel type, the ship category, and the actual operational
status of ships.

The statistics of §'>’N-NO values classified according to the ship fuel type, the ship category, and the
actual operational status of ships are illustrated in Figures S2—S4. The influence of ship category on ship-
emitted 6'>’N-NO, values primarily concerns engine types of different ships. For high-power engines,
complete combustion of fuel raises the combustion temperature and the mixing time of fuel and air in
the engine cylinder is longer, while the high oxygen content is also a dominant factor in NO, generation
(Zhang et al., 2018). Meanwhile, high temperature brings about more decomposition of NO in the engine.
The decomposition reaction of '“NO occurs faster than that of '"'NO since NO decomposition reactions

are usually dynamically controlled, which leads to enrichment of '’NO and an increase in 6'>N-NO,
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values (Zong et al., 2020). This is to some extent consistent with our result that the mean values of §'>N—
NO, emitted from the most powerful bulk carrier SH1 and the least powerful fishing vessel Y2 in this
study are the largest and smallest among all sampled vessels, respectively, although they are influenced
by many other factors. The minor influence of fuel type on §'>’N-NO, values is due to the principle of
thermally generated NO, by internal combustion engines of ships as mentioned above (Goldsworthy,
2003). The operational condition of ships has the least effect on the variation in §""N-NO, values.
Previous studies have also elucidated that §'>N-NO, values emitted from motor vehicles were mainly
altered during the period of cold or hot start and vary within a narrow range after 2 or 3 min of cold or
hot start. The three operating modes of ships in this study should all be the state after a cold or hot start,
so the minimum effect of the operating mode on the §"”N-NO, values is in accordance with the
observations of motor vehicles (Walters et al., 2015a; Walters et al., 2015b; Zong et al., 2020).

Text S3. Significance of ship-emitted J'’N-NO, values for accurate source apportionment of NO,.

With the transformation of the energy structure and the improvement of environmental standards, NO,
emissions from power plants as well as residential coal combustion have been increasingly restricted,
and transportation has become one of the most widely concerned emission sources of NO, in the
atmosphere in recent years (Luo et al., 2019; Song et al., 2019; Zong et al., 2017). To assess the impact
of transportation NO, sources, we integrated vehicle emissions from coastal China and ship emissions
from offshore China in 2017 reported in previous studies (the data are available on the website of

http://meicmodel.org) and made the combined emission inventory of NO, from ships and vehicles (Li et

al., 2017; Liu et al., 2016). As shown in Figure S7, NO, emissions are significantly higher in coastal
areas, especially in some shipping-intensive ports in the Bohai Rim, Yangtze River Delta and Pearl River
Delta, such as Qingdao, Shanghai and Guangzhou, indicating that the impact of ship emissions on
atmospheric NO, pollution cannot be ignored. In addition, it can be obtained in view of the previous
analysis that the §'">’N-NO; values of ship and motor vehicle emissions are distinctly different. Therefore,
reliable 6">N-NO; values of ship emissions are essential for the accuracy of source apportionment when

assessing atmospheric NO, sources in coastal areas based on J'°N methods.
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Table S1. Meteorological parameters during ship exhaust sampling (average values).

vessel  temperature wind speed relative . . .
D C) (ms?) humidity (%) sampling area sampling period
SH1 24 2.8 66 Shanghai Port 2020/09/12-16
SH2 1 4.5 51 Yantai Port 2020/01/11-12
SH3 25 4.3 55 Dongying Port 2020/09/22
SH4 27 3.0 68 Weihai Port 2020/08/21
SH5 1 5.1 49 Yantai Port 2020/01/15
Y1 27 3.0 68 Weihai Port 2020/08/21
Y2 26 2.9 65 Weihai Port 2020/08/22
K1 27 3.3 63 Dandong Port 2021/07/08
KK1 25 4.1 58 Yantai Port 2021/09/13

Table S2. Details on NO, concentrations and §'>N-NO, values for collected ship exhaust (actual

emissions after integration of main engine and auxiliary engine).

_ NOx (ppm) 9N (%o) :
vessel ID operational status n (replicates)
ave std ave std
maneuvering 144.0 66.1 -7.4 0.1 4
SH1 cruising 114.4 93.9 -8.1 6.0 12
total 129.2 80.0 -7.8 3.0 16
maneuvering 186.2 37.0 -11.4 0.0 6
SH2 cruising 147.3 68.0 -10.6 1.9 12
total 166.8 52.5 -11.0 0.9 18
hoteling 342.0 213.8 -31.0 2.0 6
SH3 maneuvering 338.4 143.4 -30.5 1.3 6
cruising 314.3 170.0 —29.7 59 12
total 331.6 175.8 —-30.4 3.1 24
hoteling 73.4 0.3 -10.0 0.0 2
SH4 cruising 68.0 9.9 -15.7 2.0 2
total 70.7 5.1 -12.9 1.0 4
hoteling 197.5 34.3 -18.8 4.7 4
SHS maneuvering 236.6 80.0 -13.3 10.3 2
cruising 169.9 71.3 —24.3 10.3 4
total 201.3 61.9 -18.8 8.4 10
hoteling 197.3 104.7 —24.2 4.6 4
v1 maneuvering 348.3 21.9 -17.5 9.5 2
cruising 230.9 56.3 -21.1 5.2
total 258.8 61.0 -20.9 6.4 12
hoteling 95.5 19.6 -34.3 1.1
maneuvering 134.0 14.0 -32.7 3.1 2
Y2 cruising 84.9 24.0 -33.9 13
total 104.8 19.2 —33.6 1.8 12
K1 hoteling 19.4 9.9 -11.3 0.7 6
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cruising 10.9 0.5 -8.4 25 4

total 15.1 5.2 -9.9 1.6 10

hoteling 22.2 0.4 -12.4 0.0 4

KK1 maneuvering 52.4 17.7 -12.4 0.0 4
cruising 61.2 27.2 -11.4 0.7 10

total 45.2 15.1 -12.1 0.2 18
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Table S3. Statistics of 6'’N-NO, values and ranges of variation for emissions from other sources.

15N (%o) 0
. -
source time sampling ave std min max (replicates) ref ave std
individual vehicle (Moo
tailpipes without U S(i”c‘)’ﬁ“:oﬁigﬁ?b'er NOx 3.7 03 34 39 3 re,
TWC 1977)
individual vehicle (Frey
tailpipes without (Na(l)OHlnglgsssngion) NOy -1.8 er,
TWC e 1978)
individual vehicle 17 L glass or polythene (Heat
tailpipes without container (NaOH/H,0; NOy -7.0 4.7 -13 -2 8 on,
TWC solution) 1990)
the denuder system
(CrO3/H3PO; solid _ (Am
1994/04/29 roadside oxidizer + KOH/guaiacol NO 31 54 5 95 9 mann
-08/19 coating) etal.,
the denuder system 1999)
vehicle (KOH/guaiacol coating) NO. 57 2.8 16 101 9
exhaust the O_%aEvZ\a sam_ple:c_(|14.5 NO, 10 35 51 73 (Redl 046  6.93
2008/07-1 . mm TEA coating filter) ing et
1 roadside the HNOj3 sampler al
(PTFE membrane + 47 HNO; 2.8 -1 3.1 201”3)
mm nylon filter)
the Ogawa sampler (14 (Felix
) . mm TEA coating filter) NO: 15.0 16 10.2-17.0 22 and
2010/05— outside and in the h .
2011/05 tunnel the HNO3 samp!er (2 pm Elliot
47 mm Teflon filter + 47  HNO; 5.7 2.8 0.9 11.1 15 t,
mm nylon filter) 2014)
(Walt
2014/10/01 individual vehicle evacuated 2 L ers et
- tailpines borosilicate bottle NOy -11 6.62 —28.1 8.5 55 al.,
2015/05/01 pP1p (H2S04/H;0; solution) 2015
b)
2014/06/20 individual vehicle evacuated 2 L NOy -3.0 72 233 105 78 (Walt
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—-09/26 tailpipes borosilicate bottle ers et

(H2S04/H20; solution) al.,
2015a
)
(Mill
2015/03- . the gas-washing bottle N _ er et
08 roadside (KMNnOJ/NaOH solution) VO ? 2 78 al.,
2017)
2019/04/16  individual vehicle the gas-washing bottle NO 666 534 188 643 ol E:Zt‘;?g
27 tailpipes (KMnO4/NaOH solution) X ' ' ' : 20263
(Pere
1998/11/05  fertilized soil + the the trapping system (a N,O 46 5 15 z et
-18 dynamic chamber ~ molecular sieve 5A trap) 2 al.,
2001)
the denuder system (Li
fertilized soil + the (CrOy/HsPO, solid and
dynamic flow- NI IS 2 S NO -32.3 489 -19.9 24 Wang
oxidizer + KOH/guaiacol
through chamber . ,
coating) 2008)
(Felix
biogenic 2010/06/19 and
: —07/22; fertilized soil + the the Ogawa sampler (14 B _ B Elliot
emsigé'ion 2011/06/2—  feedlot flux chamber ~ mm TEA coating filter) 02 28.7 2.2 7308 265 2 36 353
06/19 2013,
2014)
9.5 mmi.d., ca. 240 cm g:g
re-wetted soil length Teflon tubing (Os) -43.0 93 -598 -234 35 Elliot
+ 500 mL gas washing ¢
bottle (TEA solution) 20]’7)
2016/05;  fertilized no-till soil + the gas-washind bottle —-30.6 (el\r/léltl
2017/05- the dynamic flux g g bot NO« (emission- —44.2  14.0 37
(KMnO4/NaOH solution) . al.,
06 chamber weighted) 2018)
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250 mL gas-washing (Fibig
bottle (KMnO4/NaOH NOx 1.0 4.1 -7.2 12 24 er
stack and chamber solution) and
fires Hasti
the Nylasorb filter HNO; 6.3 ngs,
2016)
the gas-washing bottle B .
biomass fall of (KMnQ4/NaOH solution) NOx 11 3.1 4.3 7.0 14 (Chai
burning 2016 chamber fires the Teflon particulate ctal, -0.78  4.69
filter pNO3~ -8.9 1.3 -10.6 7.4 5 2019)
rural cooking stoves evacuated 2 L (Shi
autumn and borosilicate bottle NOy -3.8 4.2 -11.9 3.1 42 et al.,
open burning (H2S04/H20; solution) 2022)
November stack fires (residential ~ the gas-washing bottle NO 04 24 56 32 71 (eZt(:llg
use) (KMnQ4/NaOH solution) X : : : : 2022’3
coal-fired power . (Heat
. NaOH/H,0; solution NOx 9.6 2.9 6 13 5 on,
stations 1990)
(Snap
e et
thermal/prompt NOy NO —6.2 0.9 al
coal 2003)
combustion evacuated and purged 8.84 7.93
2009/05— flask (H2SO4/H,0- (Felix
2011/04 C?al'tﬁr(eiﬁ Pocl  solution) / NaOH/H;0; NOx 14.6 4590 256 38 etal,
prants solution 2012)
2009/12/08 TEA solution NO2 10.1 0.6 9.5 10.7 4
. . . Zong
residential coal the gas-washing bottle (
November combustion (KMnO,/NaOH solution) NOx 16.1 33 11.7 19.7 7 %3123

“The full names of the abbreviated forms and chemical formulas mentioned in the table are as follows: three-way catalytic (TWC), potassium hydroxide (KOH), sodium
hydroxide (NaOH), hydrogen peroxide (H20O;), chromium trioxide (CrOs), phosphoric acid (H3POs), triethanolamine (TEA), nitric acid (HNO3), poly tetra fluoroethylene
(PTFE), sulfuric acid (H>SO4), potassium permanganate (KMnO4), ozone (O3).
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Table S4. The accuracy of methods implemented to evaluate the impact degree of different factors on

the variation in ship-emitted 6"’N-NOj values.

mean mean
root mean mean absolute
mean error absolute percentage
squared error percentage error
error error
ctree -1.61E-15 6.333 4.490 —21.806 53.884
cforest —0.052 5.798 4.300 —19.875 49.085
rpart -1.61E-15 6.333 4.490 —21.806 53.884
random forest —-0.071 4.358 2.934 —8.955 29.870

Table S5. Mass-weighted 6'’N-NO, values (%o) emitted from ships between 2001 and 2021.

year mean standard deviation lower quartiles upper quartiles
2001 —-33.52 0.57 —-33.90 -33.14
2002 -33.03 0.73 —-33.49 —-32.56
2003 -32.91 0.79 —-33.42 -32.39
2004 —-32.66 0.82 —-33.16 -32.14
2005 -32.16 0.98 =32.77 -31.50
2006 -32.09 1.01 -32.73 -31.42
2007 -31.84 1.05 -32.53 -31.14
2008 -31.62 1.05 -32.32 -30.91
2009 -31.26 111 —-32.04 -30.49
2010 -31.00 112 -31.74 -30.25
2011 -30.92 1.16 -31.66 -30.15
2012 -30.77 1.17 -31.53 -30.00
2013 —-29.38 1.25 -30.17 —28.55
2014 —28.67 1.21 —-29.43 —-27.90
2015 —27.68 1.26 —-28.45 -26.83
2016 —-27.89 1.21 —28.65 -27.08
2017 —-27.76 1.21 —-28.50 —26.95
2018 —27.45 1.23 -28.20 —26.63
2019 -27.07 1.25 —-27.85 —-26.29
2020 —-26.31 1.34 —-27.16 —-25.43
2021 —25.60 1.44 —26.49 —24.68
2022 —24.24 1.49 -25.19 —-23.30
2023 —23.42 1.40 —24.41 —22.47
2024 —-23.04 1.46 —24.02 -22.10
2025 —22.45 1.53 —23.54 —-21.46
2026 -22.10 1.52 -23.13 -21.11
2027 -20.33 1.52 —-21.40 -19.30
2028 —-20.15 1.55 -21.22 -19.12
2029 -20.28 1.69 -21.41 -19.15
2030 -18.87 1.65 -20.01 =-17.77
2031 -17.68 1.70 -18.89 -16.55
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2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052

—-17.60
—17.50
—16.69
—15.57
—14.09
—13.76
—12.52
—-11.70
—10.09
-9.79
-9.26
-9.30
—8.84
—8.58
—8.09
—8.23
—8.10
—8.06
—8.10
—8.06
-8.17

1.73
1.64
1.67
1.69
1.69
1.68
1.67
1.73
1.72
1.80
1.82
1.76
191
1.92
1.95
1.94
1.94
1.96
2.01
1.96
2.02

—18.72
—18.56
—17.80
—16.75
—15.16
—14.92
—13.74
—12.87
—11.30
—11.06
—10.60
—10.55
—10.07
—9.87
—9.44
—9.50
—9.46
—9.32
—9.54
—9.33
—9.52

—-16.45
—16.45
—15.60
—14.48
—12.95
—12.60
—11.39
—10.55
—8.87
—8.55
—7.99
—8.09
—7.53
—7.26
—6.75
—6.99
—6.75
—6.71
—6.77
—6.74
—6.92
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Figure S1. The set up on the ship during sampling. The yellow arrow indicates the emission of exhaust
from the ship.
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Figure S2. §'">’N-NO, values emitted from ships grouped by different fuels. (red square, mean; center

line, median; box bounds, upper and lower quartiles; whiskers, 1.5 times interquartile range; points,
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outliers; outer line, data distribution). The p value indicating the distinction between two selected groups

is marked on the upper of the panel (the Mann—Whitney U test).
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Figure S3. 6'>’N-NO, values emitted from ships grouped by different ship categories. (red square, mean;

center line, median; box bounds, upper and lower quartiles; whiskers, 1.5 times interquartile range; points,

outliers; outer line, data distribution). The p values indicating the distinction between two selected groups

are marked on the upper of the panel (the Mann—Whitney U test).
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Figure S4. 5""N-NO; values emitted from ships grouped by different operational statuses. (red square,

mean; center line, median; box bounds, upper and lower quartiles; whiskers, 1.5 times interquartile range;

points, outliers; outer line, data distribution). The p values indicating the distinction between two selected

groups are marked on the upper of the panel (the Mann—Whitney U test).
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Figure S5. Increase in mean squared error (%IncMSE) and increase in node purity (IncNodePurity) of

selected factors for the §'>’N-NO, values from ships calculated by random forest (RF).
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Figure S6. Relative influence (%) of four selected factors on §'>N-NO; values from ships calculated by

boosted regression trees (BRT).
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Figure S7. Spatial distribution of annual NO, emissions from coastal vehicles and offshore ships in China
in 2017 (a horizontal resolution of 0.1° x 0.1° latitude/longitude).
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Figure S8. The age distribution of ships larger than 300 gross tonnage (GT) in the international merchant
fleet during 2001 and 2021.
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