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Nitrogen oxides (NO,) in the atmosphere directly affect air quality; however, their oxidation products
(e.g., nitrate) are essential nutrients in terrestrial and marine ecosystems. To date, the mechanism and
rate of nitrate formation in the global-scale marine boundary layer remains uncertain. Herein, aerosol
nitrate isotopes covering the global ocean were analysed and observations indicated that nitrate
formation was dominated by the proportion between the hydroxyl radical (daytime) and ozone
(nighttime) pathways in the Northern Hemisphere (NH), whereas it changed to the BrO (Antarctic
iceberg emission) pathway in the Southern Hemisphere (SH). These differences in the pathways
suggested that the NO, removal (nitrate formation) efficiency was higher in the NH, which could be
responsible for the much higher nitrate concentrations in the NH than in the SH (over twice). This study
can assist in formulating effective policies to mitigate global NO, pollution and improve our
understanding of the impact of increasing NO, concentrations on global ocean productivity.

Nitrogen oxides (NO,=NO, + NO) are essential for the formation
of secondary atmospheric aerosols and atmospheric oxidants,
including ozone (O;) and hydroxyl radicals (OH), which control the
self-cleaning capacity of the atmosphere’. Although NO, emissions
have generally decreased in Europe and North America owing to
effective control measures™’, they continue to increase in most
regions (such as East and South Asia) because of intensive anthro-
pogenic activities', resulting in a substantial elevation in global
atmospheric nitrogen deposition over the last 100 years’. Nitrate
(NO;3"), an essential nutrient in terrestrial and marine ecosystems, is
the main oxidation product of NOy and is therefore considered its
primary sink®. After NO; is converted into NO;~ in the atmosphere,
it can enter surface and marine environments through dry and wet
deposition, significantly impacting land and marine productivity and
carbon biological pumps™’. The ocean is the largest active carbon
reservoir on Earth, with enormous carbon sequestration potential ">,
Atmospheric nitrogen deposition has been widely demonstrated to
play an extremely important role in global ocean productivity and
biochar pumping, especially under global warming”'>'"*. The con-
tribution of atmospheric nitrogen deposition becomes more sig-
nificant because warming strengthens ocean stratification, decreasing
nutrient supply from deep water to the upper ocean'’. However, the
mechanism and rate of NO5;~ formation in the global-scale marine

boundary layer remain uncertain, which greatly limits our ability to
predict the effects of the lifetimes of NOy and their oxidation pro-
ducts on marine ecology and global climate change.

Atmospheric NOy and its derived nitrogen-compounds deposited on
the ocean surface originate mainly from continents'®"” as direct NO,
emissions from the ocean are negligible'. Therefore, comprehensively
understanding the fate of NOy over the marine atmospheric boundary layer
(MABL) is critical, which can not only develop more effective mitigation
strategies but also further evaluate the impact of their oxidation products on
marine ecosystems. Several oxidation pathways act for NO;~ formation
from NOy in the atmosphere (Supplementary Text 1). Globally, ozone (O;)
and hydroxyl radical (OH) oxidation are the two dominant pathways that
convert NO, to NO; ™, and account for approximately 41% of the total NO; ™~
generation'®"’. In addition, other oxidants such as BrO, hydrocarbons (HC),
and dimethyl sulphide (DMS) are regionally important'’. On a global scale,
the distribution of these oxidations is non-uniform, particularly between the
northern (NH) and southern (SH) hemispheres’*'. Furthermore, NO,
oxidation differs between daytime (mainly by OH) and night-time (mainly
by O3, HC, and DMS). Day length directly affects the formation of OH in the
atmosphere and is an important factor affecting atmospheric NO;~
formation™. Thus, the NO; -formation pathways may differ in the two
hemispheres. In addition, the NO;~ formation efficiencies of different
pathways vary greatly, with a higher OH production rate’”. Therefore,
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understanding the mechanisms controlling NO; ™~ formation pathways in
the global MABL can deepen our understanding of the impact of increased
anthropogenic NO, emissions on global marine primary productivity and
oceanic CO, sinks.

The oxygen isotope of nitrate (§'*0-NO;~) provides original infor-
mation on the nature and relative importance of NOy oxidation pathways
for NO;~ formation™. Usually, the NO;~ produced via the OH pathway is
characterised by negative §"*0-NO;~ as one-third of oxygen atoms in
formed NO;~ comes from OH, which characterises negative §°O
(—15~0%0)*. NO5~ formed via the O3 pathway has higher §'*0 because
five-sixth of the oxygen atoms in two formed NO;  come from O;
(90~120%0)**. In addition, NO;~ formed via BrO, DMS, or HC exhibits the
highest 6O since these processes originate from the terminal oxygen atom
of O3 (~130%o)"’. Therefore, the composition of §'*0-NO;~ depends on the
relative importance of these oxidants in NO, oxidation, enabling researchers
to identify and apportion NO sinks””. Herein, we conducted a total of eight
cruises covering the Pacific, Indian, Atlantic, Arctic, and Southern Oceans to
analyse aerosol NO;~ and its oxygen isotope (§'*0-NOj3) in the MABL to
present a comprehensive understanding of the NO;~ formation mechanism
(removal of NO,) over the global ocean.

Results
Characteristics of NO;~ and 5'®0-NO;~ in global marine aerosols
For the Indian Ocean, Northwest Pacific Ocean, and Arctic cruises, NO3;~
concentrations and §"O-NO;~ compositions ranged from 0.5 to
217.0 nmol m ™~ and 53.3 to 91.8%o, respectively (Supplementary Table 1).
Globally, the aerosol NO;  concentrations have wide variation
(0.2-467.2 nmol m ), with a higher concentration around the coastal areas,
particularly in marginal seas of Asia and Europe, and lower concentrations
in the open oceans and polar regions (Fig. 1a). Generally, aerosol NO;~
concentration in the MABL is higher in the NH (23.9 + 46.3 nmol m™),
which is more than twice that of the SH (10.9 + 18.3 nmol m~*) (Fig. 2a).
§"*0-NOj;~ values varied greatly over the global MABL (Fig. 1b). In the
NH, the §®0-NO;™ values generally decreased with latitude, with a sig-
nificant trend from the mid (30°N) to high latitudes (Fig. 2). The high

§"0-NO;~ values occurred in the Northwest Pacific Ocean (mid-low lati-
tudes), and the values gradually decreased toward high latitudes in the
Arctic, with low values in the Arctic regions. However, the §"0-NO;~
values showed a different trend in the Eastern Pacific and Atlantic Oceans,
with latitudinal increases and low values appearing in the mid-eastern
Pacific Ocean (Fig. 1b). The difference in the trend of §'*0-NO;~ values in
the MABL of NH may be related to the sampling period, which directly
determines the major pathway of NO;  formation. Conversely, the
8"0-NO;™ values generally exhibited lower values in the low latitudes
whereas high values in the high latitudes (Fig. 1b), with a significantly
increased trend with latitude (Fig. 2). Additionally, the §'*0-NO;" value in
the Southern Ocean (an average of 73.5 + 7.7%o) is remarkably higher than
in the Arctic Ocean (an average of 61.0 + 5.0%o), reflecting the difference in
the oxidants that influence the formation of NO; ™~ between these two polar
regions.

Discussion

The obvious difference in variations of §"*0-NQO;~ values between the NH
and SH (Fig. 2) reflected different NO;~ production pathways. In the NH,
unlike the variation of §*0-NO;~ values (Fig. 2), the distribution of O3
exhibited a decreased trend from higher latitudes to the tropics (Supple-
mentary Fig. 1). Although the O; values exhibited significant seasonal
changes, the decoupling of §'*0-NO;~ and O; (Fig. 3a) suggested that the
05 value and its seasonal variation were not the major factors controlling
NO;™ formation. Similarly, BrO concentrations generally increase with
latitude in both the NH and SH**’. However, although enhanced BrO
occurs in the polar regions, the BrO levels in the high-latitudes of the Arctic
are much lower than that of the high-latitudes of the Antarctic**”. There-
fore, BrO is unlikely to be the major factor controlling NO; ™~ formation in
the NH. This is also supported by the decoupling of §'*0-NO5~ and tro-
pospheric BrO column in the NH (Fig. 3¢). Nevertheless, regionally, the BrO
pathway can be important for NO;~ production". For example, modelling
results have shown that BrO concentrations in the eastern North Pacificand
northern North Pacific are higher than those in other regions of the Pacific”’,
and NO; ™ generation via the BrO pathway is responsible for the higher

Fig. 1 | The distribution of NO;~ concentration
and its isotopic composition in the global ocean.
Panels a and b show the distribution characteristics
of aerosol NO;~ concentrations and §"*0-NO;~
values in the global ocean, respectively.
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Fig. 2 | Characteristics of NO;~ and its oxygen 1601 (a)
isotope in oceanic aerosols from the Northern and
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8"0-NO;™ values in these regions”. However, this is not the case in the
western North Pacific. As the lowest BrO concentration occurred in the
western North Pacific”’, higher §'®*0-NO;~ values were observed in this
region (Fig. 1b).

NO; formation via the OH pathway likely dominated that of NH. The
OH concentrations in the atmosphere mainly depend on the length of the
day (duration of formation through daytime and night-time reactions)
because the OH is a photolytic product’*>. Thus, OH formation exhibits
seasonality proportional to the solar radiation intensity (day length), and
OH concentrations in the tropics are remarkably higher than those in the
polar regions’'. Additionally, the OH concentration exhibited a remarkable
decrease from summer to winter owing to weaker solar radiation and
shorter day length in winter”'. However, after corresponding to the sampling
date, the §"*0-NO; ™ value exhibited a significantly negative correlation with
daylength (Fig. 3e), suggesting that a longer day length and more substantial
solar radiation favour the formation of a lower §'*0 in NO;~ (mainly via the
OH pathway). In the Arctic, the sampling data during summer was on
permanent daytime (Supplementary Fig. 2), which completely inhibited the
night-time reaction (O; pathway) owing to the photolytic sensitivity of
NO,"". During this period, the suppressed night reaction (O3 pathway)
and dominant day reaction (OH pathway) were responsible for the low
8"0-NO;™ value in the Arctic regions'’. Contrarily, the Northwest Pacific
Ocean cruise occurred in winter, during which the day length was shorter,
and solar radiation was weaker, favouring the formation of NO; ™ via the O
pathway'®.

Night-time reactions play a key role in the reactive nitrogen budget,
and this process is important at the Intertropical Convergence Zone (ITCZ)
boundary of the NH because of the large aerosol surface area during N,Os
hydrolysis™. Moreover, nocturnal oxidation driven by nitrate radicals has
significantly increased over continents off the Northwest Pacific”. There-
fore, NO;~ formed mainly via the O3 pathway could be responsible for the
higher §'®*0-NO; " values observed during this period (Fig. 1b). However,
although the Indian Ocean cruise was conducted in winter, the latitude was

lower than that of the Northwest Pacific Ocean cruise, indicating that the
Indian Ocean cruise had a longer day length and higher solar radiation.
Thus, §'®*0-NO;~ values in the northern Indian Ocean (an average of
69.1 + 5.0%0) are lower than those in the Northwest Pacific Ocean (an
average of 81.9 + 7.3%o). Similarly, the sampling dates of the eastern Pacific
Ocean-G15 cruise are in late spring to early winter, during which the day
length decreases with the latitude (Supplementary Fig. 2), reflecting an
increased proportion of NO; ™~ formation via the O; pathway (an increase of
8"0-NO;~ value with latitude, Fig. 1b). Overall, day length was the
dominant factor controlling NO;~ formation in the NH.

In the low latitudes (0—30°S) of the SH, §'*0-NO5~ values were lower,
except in the eastern Pacific (Fig. 1b). Along the longitude (similar day
length, 13.8 — 14.5 h) in the eastern Pacific Ocean-G16, the proportion of
NO;  formation via the OH pathway is similar, and the variation of
8'*0-NO; ™ value may depend on the distribution of marine alkyl nitrate and
05, However, both O3 and BrO concentrations are low in the low
latitudes™, suggesting that the NO;™~ formation by the oxidation of O; and
BrO is minor in these regions. The lower §'*0-NO; ™~ values could be affected
by the dominance of the OH reaction pathway due to the high OH con-
centration in these regions”. A quantitative estimation showed that the OH
pathway contributes up to 80 + 5% of the NO5™ formation in the tropical
MABL of the Pacific Ocean in the SH". The O pathway is unlikely to be a
factor in elevating the §'*O-NO;~ value at mid-high latitudes. The higher O;
concentration occurred in the mid-latitudes (30 — 60°S), whereas the con-
centration in the high latitudes (>60°S) was even lower than that in low
latitudes (Supplementary Fig. 1), which differs from the distribution of
8"0-NO;™. In addition, most sampling activities were conducted under
sunlight conditions (long day length) at high latitudes, which are not
favourable for NO;~ formation via the O3 pathway. No correlation was
observed between the §'*0-NO;™ value and the Os concentration or day
length in the SH (Fig. 3). However, the BrO concentration increased
remarkably from approximately 30°S toward the polar regions, with an
extremely high concentration in the polar regions™. Correspondingly, the
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Fig. 3 | Correlation of §'*0-NO; " values with ozone, BrO and day length in the
Northern and Southern Hemispheres. Panels a-f show the relationship between
§"®0-NO; ™ and O; (a and b), BrO (c and d), and day length (e and f), respectively.
The monthly average O; from 2006 to 2021 (the time range of all field observation
cruises) for eight latitude bands (0-10°N, 10-30°N, 30-60°N, 60-90°N, 0-10°S,
10-30°S, 30-60°S, and 60-90°S) were obtained from National Aeronautics and
Space Administration Ozone Watch (NASA Ozone Watch, https://ozonewatch.gsfc.

nasa.gov/). The correlation between §'*O-NO;~ and O is the average O; value in a
certain latitude range (one out of the eight bands) in a specific month corresponds to
the average §'°0-NO; ™ value in that latitude range during that month. The monthly
average BrO for eight latitude bands were obtained from the GOME-2 satellite

instrument” and the data presented by Schmidt et al.”’. Each sample corresponds to
a day length value according to the sampling date and latitude. Solid lines represent
the linear regressions and the light shading represents the 95% confidence intervals.

increasing trend of §'*O-NO;™ value in the mid-high latitudes (Fig. 1b)
reflected the importance of NO;~ formation via the BrO pathway in the
mid-high SH'”**. This was also supported by the significant positive cor-
relation between §'*0-NO; ™ values and tropospheric BrO column in the SH
after corresponding to the sampling month (Fig. 3d). Bromide ion con-
centrations in sea ice are approximately three times higher than those in
seawater, and tropospheric BrO columns are usually enhanced in larger sea
ice-covered areas””’. Modelling predictions also suggest that NO;~ for-
mation via the BrO pathway is dominant at high latitudes in SH".

Unlike in the NH, the Oz concentration was lower in the SH,
decreasing significantly over the past few decades (Supplementary Fig. 1). In

addition to anthropogenic influences™, the level of NO, can affect the
production (polluted regions with a NO,-rich atmosphere, mainly in the
NH) and removal of O; (cleaner regions with a low-NOy atmosphere,
mainly in the SH) (Supplementary Text 2 and Supplementary Fig. 3).
Although Oj; destruction in the SH causes a significant increase in the
ultraviolet (UV) radiation at the Earth’s surface, this is not conducive to OH
formation. The primary generation of OH depends on the photolysis of O
by UV sunlight in the presence of water vapour”. In addition to the pho-
todissociation of Os, sources of OH generation, include the reactions of O3
with terpenes emitted by vegetation, unsaturated hydrocarbons, and aro-
matic compounds in polluted air’’. Thus, the OH concentrations in the
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Fig. 4 | Schematics of aerosol NO;~ formation
mechanisms in the global ocean. Panels a and

b show the aerosol NO; ™~ formation mechanisms in
the northern hemisphere and the southern hemi-
sphere, respectively. MABL marine atmospheric
boundary layer.
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extratropical SH (6.6 x 10° molecules cm™) are remarkably lower than
those in the extratropical NH (9.1 x 10° molecules cm™)*". With sufficient
OH and O;, daytime (OH pathway) and night-time (O; pathway) reactions
controlled by day length were the major pathways of NO; ™~ formation in the
NH. Although the seasonal variation in day length in the SH was consistent
with that in the NH, O; loss and low OH concentrations led to less
importance of daytime and night-time reactions in the mid-high latitudes of
the SH. Moreover, particle size dramatically affects the NO;~ formation
mechanism™. The §*0-NO;™ value in the supermicron mode was sig-
nificantly higher than that in the submicron mode. This is primarily because
the OH pathway significantly affects NO;™ in the submicron mode™. The
aerosol optical depth in the NH was substantially higher than that in the SH
(Supplementary Fig. 4) and was dominated by submicron-mode particles in
the NH™. A recent study revealed that high concentrations of aerosol par-
ticles provide more expansive space for the reaction to generate OH, which
then affects the formation of NO5™%, Combining these factors, the effect of
the OH pathway on nitrate formation was more evident in the NH than
in the SH.

According to the formation pathway of NO;~ (R1-R7 in Supplemen-
tary Text 1), the theoretical values of 8"0-NO; for different formation
pathways can be calculated. Assuming that 2/3 of NO;-O originates from
05 and 1/3 of O from OH in the OH pathway”, the §"*O value of NO;~
formed by this pathway can be calculated to be 55%o when the minimum
8"°0 values of OH (—15%o) and O3 (90%o) are chosen. Similarly, if 5/6 of
NO;™-O originates from O3 and 1/6 of O from OH in the O; pathway”’, the
maximum 8O value of NO;™ is 100%o using the maximum theoretical
8"0 values of OH (0%o) and O5 (120%o). Since the NO;~ formation via the
BrO pathway is similar to that of terminal Os, the maximum §"°O value of
NO;™ formed by this way is 130%o. In this study, since the formation of
NO;~ in the NH is mainly controlled by the OH pathway (day length), the
proportion of NO; ™~ formed through this pathway can reach 60-100% (the
theoretical minimum §'*O value of the OH pathway divided by the mea-
sured value), reaching an average of 91% in the Arctic region. This is con-
sistent with the nearly permanent daytime during the sampling period in
Arctic”. At mid-high latitudes in the SH, since the BrO pathway is dominant
for NO;~ formation, the proportion of NO;~ formed via this pathway
ranges from 41% to 81% (the measured value divided by the theoretical
maximum §'"°O value of the BrO pathway), reaching an average of 58% at
higher latitudes (>60°S).

In addition to these three oxidants, other oxidants such as DMS and
peroxy radicals can affect the atmospheric §"*0-NO;~ value, this may
introduce some uncertainty into our results. For instance, the low
8'0-NO; ™ value in the Arctic, besides being influenced by the day-length-
controlled OH pathway, could also be partially attributed to the involvement
of peroxy radicals (~23.9%o), as its O mainly originates from atmospheric
O, rather than O5". Regionally, these oxidants may be important for NO3~

production, and NO, is inevitably affected by their oxidation during long-
distance atmospheric transport to remote oceans. However, current
research has shown that the impact of these factors on NO; ™~ production is
minimal on a global scale, with a contribution of less than 6%'*. For local
regions, fractionation during anthropogenic emissions cannot be denied
and should not be overlooked, though their impact is comparatively small
compared to natural oxidation pathways like OH, O5 and BrO from a global
perspective.

Differences in NO, removal processes between the NH and SH can
profoundly impact global tropospheric chemistry, such as secondary aerosol
formation and oxidants™. The rate of OH-driven NO, removal is much
higher than that of NO, removal by halogens (approximately 20% of the rate
by OH)***, which indicates that higher concentrations of NO, in the NH
correspond to higher removal efficiencies. Conversely, lower concentrations
of NOy in the SH correspond to lower removal efficiencies (Fig. 4). Low NOy
removal in the SH may gradually accumulate in the atmosphere, resulting in
increased formation of new secondary aerosols in the clean atmosphere of
remote Antarctica®. The high NO, level and removal rate could be
responsible for the much higher NO;~ concentrations in the NH than in the
SH (nearly twice). This suggests that the contribution of atmospheric
nitrogen deposition to ocean productivity is more significant in the NH than
in the SH. Model analyses have shown that global ocean productivity is
declining™", mainly due to the strengthening of ocean stratification under
global warmingls. However, with the continuous increase in NO, emissions,
the higher efficiency of NO;~ formation in the MABL of the NH will
increase the contribution of atmospheric deposition to ocean productivity,
especially in persistently N-limited regions such as the North Atlantic
Subtropical Gyres'”. Therefore, the marine ecological effects of atmospheric
deposition should be given more attention in the future, especially in remote
oligotrophic oceans.

Methods

Field sampling

Total suspended particulates (TSP) in the MABL were collected in pre-
combusted (450°C for 4h) microquartz fibre filters (203 x 254 mm,
Munktell, Sweden) using a high-volume air sampler (flow rate: 1.05-1.34 m’
min !, KB-1000-180815, Xiamen, China) during the Northwest Pacific and
Indian Ocean cruises (Supplementary Fig. 5) aboard the R/V Xiangyan-
ghong 06. The sampler during these two cruises was placed on the top deck
and the front of the scientific research vessel at 3 m above sea level. The
Indian Ocean cruise was conducted from the coast of Eastern China
(Shanghai, China; 29.95°N, 122.18°E), through the South China Sea, to the
northern Indian Ocean (3.00°S, 91.50°E), from November 2019 to March
2020. A Northwest Pacific cruise was conducted from the coast of Eastern
China (Shanghai, 29.90°N, 122.22°E) to the Northwest Pacific Ocean
(3.11°N, 155.95°E) between December 2020 and February 2021. A total of

npj Climate and Atmospheric Science| (2024)7:139



https://doi.org/10.1038/s41612-024-00694-2

Article

26 and 15 TSP samples were collected during the Indian Ocean and
Northwest Pacific Ocean cruises, respectively (Supplementary Table 1).

TSP samples were collected in precombusted (450 °C for 4 h) poly-
tetrafluoroethylene membranes (90-mm diameter, Whatman) using TH-
150A intelligent volumetric samplers (Wuhan Tianhong Intelligent
Instruments, Inc., Wuhan, China, flow rate: 0.10 m’ min™") during the
Arctic cruise, which was placed on the top deck and the front of the Chinese
icebreaker RV Xuelong at 3 m above sea level. The Arctic cruise was con-
ducted from the Northwest Pacific Ocean (42.32°N, 136.75°E) to the Arctic
Ocean (86.04°N, 161.85°W) during the 11th Chinese Arctic Research
Expedition (CHINARE) from July to September 2020. A total of 14 TSP
samples were collected during the Arctic cruise. In addition, a total of 2, 3,
and 2 field blanks were collected during the Northwest Pacific Ocean, Indian
Ocean, and Arctic cruises, respectively. Clean pre-combusted filters installed
in the air sampler without pumping were considered field blank samples for
the three cruises. After sampling, the TSP and field black samples were
wrapped in aluminium foil and stored under -20 °C in the laboratory.

To avoid contamination from the scientific research vessel exhaust, the
sampler was operated only under conditions where the relative wind
direction was within +90° of the bow and the wind speed was higher than
Ims™" during those three cruises. Sampling duration for each aerosol
sample was 48-168 h during the Northwest Pacific and Indian Ocean
cruises, and was 33-95h during the Arctic cruise. Detailed sampling
information is presented in Supplementary Table 1.

Sample treatment and analysis

The procedure for extracting NO; ™~ and its oxygen isotopes was followed as
described in a previous study'. Samples for the Indian Ocean and North-
west Pacific cruises and 1/8 filters were extracted with 30 mL of ultrapure
water and shaken for 30 min. For the Arctic cruise, all filter samples were
extracted using similar processes owing to the smaller filters. The extraction
procedure was repeated thrice, and all the extraction solutions for each
sample were transferred to a pre-cleaned polyethene plastic bottle and
diluted to 100 mL with ultrapure water. The extraction solutions were fil-
tered by a GF/F membrane (0.7-um-pore-size, 47 mm diameter, Millipore)
for NO; ™ and its oxygen isotope measurements.

NO;™ concentrations in the extraction solutions were measured using a
San++ continuous flow analyser (Skalar, Netherlands). The detection limit
for NO5;~ measurement was 0.1 umol L. Finally, the measured NO;~
concentration is converted to gas volume concentration (umol L") based on
the sampling volume of air sampled (m®) and the volume of extraction
solutions (L). In this study, NO;~ concentrations in the blank field samples
were found to be all below the detection limit.

The composition of oxygen isotope (§'*0-NO5; ™) was measured using a
chemical method (cadmium-azide) modified from Mcllvin and Altabet®,
and the detailed analysis procedure can be found in our previous study”. In
the extraction solutions, NO;~ was firstly removed by sulfamic acid, and
then NO;~ was reduced to nitrite (NO, ") by adding spongy Cd. NO, ™~ was
further reduced to nitrous oxide by sodium azide in an acetic acid buffer, and
then nitrous oxide was separated and determined for §'*0-NO;~ using a
Precon-GasBench 1I-253 plus (Thermo Scientific, United States). The
composition of §'*0-NO; ™~ was calibrated using the international standard
of the International Atomic Energy Agency (IAEA)-N3, and the reprodu-
cibility of duplicate analysis was <0.6%o, with a mean of +0.3%o.

Literature and open-source data

To comprehensively evaluate the mechanism of NO;~ formation in the
global marine boundary layer, NO;~ and its oxygen isotope data were
collected from five other cruises in the Atlantic**, Antarctic'’, Western-
Central Pacific Ocean™, and Eastern Pacific Ocean®**’ (Supplementary Fig,
5). An Antarctic cruise was conducted from the coast of Eastern China to the
Southern Ocean (69.37°S, 76.37°E) from November 2015 to April 2016
during the 32nd CHINARE. The Eastern Pacific Ocean-G15 cruise was
conducted along the Eastern Pacific latitude (55.1°N, 155.7°W-20.0°S,
152.0°W) from 20 September to 22 November 2018. The Eastern Pacific

Ocean-G16 cruise was conducted along the Eastern Pacific with longitude
(from 4.07°S, 81.90°W to 10.50°S, 152.00°W) from 26 October to 16
December 2013. Atlantic cruises were conducted in the Weddell Sea area
from 05 September 2006 to 28 October 2006 and between Cape Town
(South Africa) and Bremerhaven (Germany) from 13 April 2007 to 03 May
2007. Western Central Pacific cruises were conducted from Japan to New
Zealand (37°S, 172°W) from 11 December 2013 to 12 February 2014 and the
North Pacific Ocean from 23 June to 11 August 2014. All eight cruises were
conducted over the open oceans, which are less directly affected by human
activities. Therefore, the NO; ™ isotopes reflect the transformation processes
of NO;~ in the MABL.

Calculation of day length
The calculation of day length was primarily based on the solar altitude
angle”. The formula used was as follows:

PD = 90°— SAA (1)
DDL = 12h/PD 2)
DL = 12h + (DDLXL) 3)

where, PD represents the latitude of the polar day, SAA represents the solar
altitude angle, DDL represents the difference in day length at different
latitudes, DL represents the day length at a certain latitude, and L represents
the value at that latitude. This study assumed that the moving speed of the
solar altitude angle from the Equator to the Tropic of Cancer (23.4333°N)
(93 d from 21 March to 21 June) and the Tropic of Cancer (93 d from 22
June to 22 September) was 0.252°/d (23.4333°/93 d). The speed from the
Equator to the Tropic of Capricorn (23.4333°S) (90 d from 23 September to
21 December) and the Tropic of Capricorn to the Equator (89 d from 22
December to 20 March) were 0.260°/d (23.4333°/90 d) and 0.263°/d
(23.4333°/89 d), respectively. The variations in day length by month in the
SH and NH groups are shown in Supplementary Fig. S2.

Data processing

Research on NO;™ in global ocean aerosols remains limited because it is
challenging to conduct marine field surveys. In this study, in addition to the
samples collected from our three cruises (Indian Ocean cruise, Northwest
Pacific cruise and Arctic cruise), we also collected data from other cruises.
Due to the focus of this study on the formation process of NO5 ™ in the global
MABL, the influence of sources on nitrate oxygen isotopes is less”.
Therefore, even if the sampling periods of these cruises differed, we could
still merge them to discuss the mechanism of hemispherical scale formation.
However, aerosol NO5 ™~ concentrations typically exhibit significant seasonal
variations in continental and coastal waters, particularly in areas affected by
monsoons. This is because the monsoon conversion directly determines the
input of pollution sources. This influence gradually weakens toward the sea
and becomes less significant in the open ocean, as these areas are far from
land and are less affected by the monsoon'”**. Therefore, to calculate the
global average concentration of marine aerosols, this study removed the
concentration in coastal areas that are susceptible to monsoon influence,
and the final result reflects the concentration of aerosol NO; ™~ in open-sea
areas, which can reduce the impact of different sampling periods on the
voyages.

Statistical information

Pearson correlation analyses (Figs. 2 and 3) were performed using the SPSS
19.0 statistical package (SPSS Inc., Chicago, IL, USA) and Origin 2022 sta-
tistical package (OriginLab Corporation, USA). The average values and
standard deviations (SD) are reported.

Data availability
This article presents the data underlying the results of this study. The source
data are provided in this paper.
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Code availability
The codes to reproduce the analyses presented in this study are available
upon request from the corresponding author.
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