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Abstract. We present a summer 2024 comparative study of aerosol nitrogen speciation across the 19 

Guangdong–Hong Kong–Macau Greater Bay Area (GBA), contrasting marine air over the coastal 20 

ocean with a coastal urban site in Hong Kong. Inorganic nitrogen (IN) and organic nitrogen (ON) were 21 

quantified, and a high-resolution time-of-flight aerosol mass spectrometer was operated offline to 22 

characterize water-soluble nitrogen-containing organics. Total nitrogen and IN showed a west-to-east 23 

increase along the coastal ocean, indicating stronger anthropogenic influence in the more populated 24 

eastern GBA. ON showed a contrasting pattern: while its concentration decreased offshore, its fraction 25 

in total nitrogen peaked in the western marine region (34.6 ± 12.4%), highlighting the relative 26 

importance of ON under lower PM2.5 loadings. Urban aerosols were enriched in ammonium and 27 

exhibited more oxidized ON signatures, including higher NO+/NO2
+ ratios (7.9 ± 2.6), consistent with 28 

NOx–VOC photochemistry. Marine aerosols showed lower NO+/NO2
+ ratios (5.3 ± 1.3) and molecular 29 

signatures consistent with reduced, amine-related ON, reflecting marine biogenic inputs in the marine 30 

boundary layer. Using an inferential approach with deposition velocity (Vd) assumptions, PM2.5-bound 31 

nitrogen deposition over the ocean was estimated to be comparable to that at the urban site (0.14 vs. 32 

0.15 kg N ha−1 yr−1), indicating non-negligible fine-particle nitrogen input to adjacent coastal waters. 33 

These results demonstrate a notable coastal transition in nitrogen chemical form and suggest that ON 34 

speciation should be considered when assessing nitrogen deposition to coastal waters and potential 35 

ecosystem responses in the South China Sea.  36 

 37 
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1. Introduction 40 

Atmospheric aerosol nitrogen plays a critical role in marine nutrient cycles and coastal air quality, 41 

particularly over the coastal and offshore areas strongly influenced by both continental outflows and 42 

local emissions (Jickells et al., 2013; Mahowald et al., 2017; Luo et al., 2018). Reactive nitrogen species 43 

emitted from combustion, agriculture, and natural sources, such as soils, lightning, and the ocean, can 44 

undergo atmospheric transformations and eventually deposit on terrestrial and aquatic ecosystems 45 

(Palta and Hartnett, 2018; Galloway et al., 2008). Their deposition rates depend strongly on chemical 46 

speciation and physical phase. In coastal and ocean regions, atmospheric deposition of reactive nitrogen 47 

can stimulate phytoplankton productivity, but excessive nitrogen inputs may also promote 48 

eutrophication, harmful algal blooms (HAB), and the expansion of hypoxic dead zones (Howarth and 49 

Marino, 2006; Anderson et al., 2002; Diaz and Rosenberg, 2008; Lee et al., 2019; Yau et al., 2020). 50 

Meanwhile, ocean–atmosphere exchange processes (such as oceanic ammonia and amine emissions) 51 

feed back into the atmospheric nitrogen cycle, creating a tightly coupled land–atmosphere–ocean 52 

nitrogen budget (Paulot et al., 2015; Zhang et al., 2023). 53 

Traditionally, nitrate (NO3
−) was the dominant form of inorganic nitrogen (IN) in ambient particulate 54 

matter (PM), primarily linked to fossil fuel combustion and industrial NOx emissions. However, recent 55 

findings reveal a shifting chemical profile in southern China, where ammonium (NH4
+), derived mainly 56 

from agricultural NHx (NH3 + NH4
+), now exceeds NO3

− as the major contributor to aerosol N. This 57 

transition is attributed to two concurrent trends: rising NH3 emissions due to intensified agricultural 58 

activities (e.g., fertilizer use, livestock waste), and declining NOx emissions following improved air 59 

pollution controls on coal combustion and industry (Zhang et al., 2024b). 60 

Organic nitrogen (ON) is emerging as a significant and understudied contributor to the total reactive 61 

nitrogen budget, contributing approximately 25–30% of total nitrogen deposition on a global scale 62 

(Jickells et al., 2013; Duce et al., 2008). Atmospheric ON includes a wide range of compounds such as 63 

urea, amines, amino acids, amides, N-heterocyclics, nitroaromatic compounds, nitro-polycyclic 64 

aromatic hydrocarbons (nitro-PAHs), and organic nitrates (Yu et al., 2024). These can be either directly 65 

emitted from biomass burning, fossil fuel combustion, marine biological activity, and soil sources or 66 

formed through atmospheric reactions of volatile organic compounds (VOCs) in the presence of NOx 67 

or NH3/NH4
+. In marine and coastal atmospheres, aerosol ON has multiple sources, including marine 68 

biological emissions, transported terrestrial and anthropogenic inputs, and secondary atmospheric 69 

processing. As an important component of atmospheric nitrogen, aerosol ON can vary notably in both 70 

concentration and relative contribution to total aerosol nitrogen, depending on region, air-mass origin, 71 

and particle size (Jickells et al., 2013). Based on observations at Bermuda in the Atlantic Ocean, Altieri 72 

et al. (2016) further showed that the ON in marine aerosols was strongly associated with surface-ocean 73 

biological activity and wind-driven aerosol generation, highlighting a marine biogenic source under 74 

remote marine conditions.  75 
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The Guangdong–Hong Kong–Macau Greater Bay Area (GBA) is one of the most densely populated 76 

and economically vibrant urban clusters in China, comprising 11 core cities, including Guangzhou, 77 

Shenzhen, Hong Kong, and Macau. Although it occupies less than 1% of the national land area, the 78 

GBA contributes over 10% of China’s GDP, supported by intensive manufacturing, high-tech 79 

industries, and a rapidly expanding service sector (Zhang et al., 2020; Hui et al., 2020; Park and Song, 80 

2021). The combination of high urbanization, vehicle traffic, industrial emissions, and energy 81 

consumption makes the GBA a significant hotspot for reactive nitrogen emissions, including NOx, NH3, 82 

and various ON compounds. Its location along the South China Sea, together with frequent exposure to 83 

monsoonal flows, also makes the region a natural laboratory for studying interactions between marine 84 

emissions and urban nitrogen pollution and for understanding how nitrogen speciation varies among air 85 

masses with different source influences. Despite the regional significance of the GBA, observations of 86 

aerosol nitrogen species, especially over the oceanic domain, remain very limited. There is a need to 87 

quantify both IN and ON in marine and coastal air masses, characterize their transformations, and assess 88 

their relative contributions to TN deposition in this dynamic environment. 89 

To address these data gaps, we characterized marine nitrogenous aerosol composition using samples 90 

collected during a summer 2024 cruise campaign over GBA coastal waters and compared the 91 

observations with those from a coastal urban site in Hong Kong. Filter-based measurements were used 92 

to quantify IN and ON, water-soluble ions, and water-soluble bulk nitrogen, complemented by offline 93 

aerosol mass spectrometry (AMS) characterization of the water-extracted fraction. The objectives were 94 

to (1) characterize differences in aerosol bulk N fractions (ON vs. IN) between marine and coastal urban 95 

air, (2) determine the relative importance of oxidized vs. reduced ON in these contrasting environments 96 

using AMS measurements, and (3) evaluate implications for nitrogen deposition and marine nutrient 97 

inputs. Our observations provide new constraints on the spatial variability, chemical characteristics, and 98 

potential sources of aerosol nitrogen in the GBA, with relevance for understanding nitrogen deposition 99 

in coastal mega-regions and improving regional nitrogen budgets and chemical transport modeling.  100 

2. Cruise campaign and chemical analysis methods 101 

2.1 Cruise campaign description 102 

The cruise campaign was carried out from 12 July to 3 August 2024 over the GBA coastal water 103 

(Nuruddin et al., 2026), as part of a broader interdisciplinary survey (Earth-HK, 104 

https://earthhk.hkust.edu.hk/), which was designed to investigate the regional earth system of the GBA 105 

with an emphasis on coupled land–ocean–atmosphere processes. The overall campaign collected a 106 

multidisciplinary dataset, including physical and biogeochemical oceanographic measurements and 107 

atmospheric observations. Here, we focus on atmospheric aerosol samples collected during the cruise 108 

to characterize the nitrogen speciation and chemical composition of aerosols over adjacent marine 109 
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regions. The research cruise (Lan Bo 3) departed from Hong Kong waters and sailed across three 110 

oceanic regions A, B, and C (Fig. 1). These regions were chosen to capture gradients in air mass 111 

characteristics, including relatively clean maritime background conditions, areas influenced by 112 

continental outflow, and zones affected by regional shipping activity. The cruise track included several 113 

intersecting and partially overlapping transects within and between the three regions, reflecting practical 114 

navigation routes, transitions among sampling areas, and adjustments made in response to weather 115 

conditions and operational requirements. 116 

The campaign period coincided with the prevailing southwesterly monsoonal flow, typically bringing 117 

in clean maritime air, interspersed with occasional continental outflow episodes. This seasonal setting 118 

provided an opportunity to characterize the chemical composition and nitrogen speciation of marine 119 

aerosols under anthropogenic influence from the surrounding coastal megacity cluster. 120 

 121 
Figure 1. Spatial distribution of cruise sampling routes in the GBA water. Blue routes indicate marine samples retained 122 
for analysis, whereas red routes indicate samples identified as ship-emission-influenced. The red dot marks the Tsuen 123 
Wan coastal urban site in Hong Kong. White dots denote short ship stops (mainly for oceanographic experiments) 124 
when the high-volume air sampler was suspended, whereas yellow diamonds denote longer stationary or anchoring 125 
periods, including typhoon-related sheltering and other operational stops, during which sampling was maintained. The 126 
shaded areas labeled A–C define the three marine sampling regions used for regional comparison. Basemap source: 127 

2.2 Aerosol sample collection  129 

A total of 91 ambient PM2.5 aerosol samples were collected over the GBA coastal waters during 130 

the cruise campaign, using a high-volume air sampler (1.13 m3 min−1; Thermo Fisher Scientific, USA). 131 

Aerosols were collected on prebaked quartz fiber filters (550 °C, 8 h). The sampler was mounted on the 132 

upper deck of the research vessel, with its location shown in Fig. S1, and was positioned away from 133 

exhaust outlets to minimize the direct influence of ship emissions. Sampling was conducted only when 134 

the vessel was underway and was suspended when the ship was docked or idle. However, sampling was 135 

128 Esri World Ocean Base; © Esri, Garmin, GEBCO, NOAA NGDC, and other contributors | Powered by Esri. 
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maintained during unavoidable anchoring or stationary periods, such as typhoon-related sheltering and 136 

other operational stops (Fig. 1), and all samples were subsequently screened for potential ship-emission 137 

influence based on NOx measurements discussed below. The sampling duration of individual filters 138 

ranged from 1.2 to 17.1 h, with an average of 3.8 ± 2.8 h (Table S3), to ensure sufficient PM2.5 mass for 139 

subsequent chemical analysis. Immediately after collection, filters were wrapped in aluminum foil, 140 

sealed in airtight containers, and stored at –18 °C until analysis. 141 

Despite these precautions, some samples may still have been influenced by ship emissions under certain 142 

wind conditions. To identify such contamination, we operated a chemiluminescence NOx analyzer 143 

(model 42i-TL, Thermo Scientific, USA) with one-minute resolution throughout the campaign. The 144 

NOx analyzer was located on the second deck, while the high-volume sampler was installed on the third 145 

(uppermost) deck outside the bridge; their inlets were separated by approximately 2 m vertically and 10 146 

m horizontally (Fig. S1). Given this close proximity, the NOx record served as a practical indicator of 147 

ship-exhaust influence on the concurrent PM2.5 samples. A filter sample was classified as contaminated 148 

if NOx concentrations exceeded 100 ppb for at least a 10-minute period during its sampling. By this 149 

criterion, 16 of the 91 samples were excluded. These excluded samples also exhibited significantly 150 

higher total carbon (TC) concentrations than the uncontaminated marine samples (Fig. S2). All 151 

subsequent analyses were based on the remaining 75 samples. 152 

In parallel, 23 daily PM2.5 samples were collected at the Tsuen Wan air quality monitoring station 153 

(22°22′18 N, 114°6′52 E) in Hong Kong between 12 July and 3 August 2024. This site represents a 154 

densely populated coastal urban environment affected by both local traffic emissions and regional 155 

transport (Chow et al., 2022). Sampling was conducted using the same type of high-volume air sampler 156 

as that used during the cruise, and an identical filter preparation protocol was followed, ensuring 157 

methodological consistency between marine and urban measurements. The Tsuen Wan dataset enables 158 

direct comparison of aerosol composition between marine and urban environments in the GBA. For 159 

comparison of nitrate and ammonium, hourly online ion chromatography (IC) system measurements at 160 

the Tsuen Wan site were used to represent urban aerosol-phase NO3
− and NH4

+, as described in Section 161 

2.3.2. 162 

2.3 Chemical analysis 163 

The collected PM2.5 samples were subjected to a suite of chemical analyses to determine their 164 

nitrogenous and carbonaceous components. 165 

2.3.1 IN and ON determined by the aerosol nitrogen analyzer system  166 

The concentrations of aerosol IN and ON were quantified using the thermal evolution–167 

chemiluminescence method, following the protocol described by Yu et al. (2021). Briefly, filter punches 168 

were heated in an oxygen flow at stepwise temperatures to release nitrogen-containing species in 169 

different volatility fractions. The evolved gases were separated into two streams: one passed through a 170 

methanator, where CO2 was catalytically converted to CH4 and the carbon signal quantified by a flame 171 
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ionization detector; the other passed through a molybdenum catalytic converter, where various nitrogen 172 

oxides (NOy) were reduced to NO and subsequently detected by chemiluminescence using a NOx 173 

analyzer. IN (primarily nitrate and ammonium) was released at lower temperatures, while ON species 174 

were released at higher temperatures. The combined carbon–nitrogen detection enables identification 175 

of IN and ON, as ON aerosols exhibit concurrent carbon and nitrogen signals, whereas IN yields only 176 

nitrogen. Their distinct thermal-release profiles further aid discrimination. Quantification of each 177 

fraction is then accomplished by applying multivariate curve resolution (MCR) to the temperature-178 

resolved C and N signals, providing a robust separation beyond that achievable by thermal evolution 179 

alone. The method and instrument details are documented in Yu et al. (2021). 180 

2.3.2 Water-soluble ions determined by the IC  181 

For the determination of major water-soluble inorganic ions (e.g., Na+, NH4
+, K+, Mg2+, Ca2+, Cl−, NO3

−, 182 

SO4
2−) in the marine PM2.5 filter samples, a separate portion of each quartz filter was extracted in 183 

ultrapure water under ultrasonication. The extracts were filtered and analyzed using ion 184 

chromatography (IC) (Dionex, Thermo Scientific, USA). Calibration was carried out using multi-ion 185 

standards, and field blanks were processed in parallel to correct background contamination. 186 

For the Tsuen Wan urban site, aerosol-phase NO3
− and NH4

+ were obtained from a Monitor for 187 

AeRosols and Gases in ambient Air (MARGA, Metrohm Applikon), an online IC system operated at 188 

hourly time resolution (Zhang and Yu, 2026). Compared with the daily PM2.5 filter samples, the online 189 

MARGA measurements provide higher temporal resolution and avoid analytical artifacts that are 190 

known for ammonium nitrate due to its semi-volatile nature-induced loss during filter sampling and 191 

storage. Therefore, MARGA-derived NO3
− and NH4

+ were used for the analysis of urban inorganic ions. 192 

Nitrate and ammonium were converted to nitrogen-equivalent concentrations, expressed as N–NO3
− 193 

and N–NH4
+, using their respective nitrogen mass fractions. 194 

2.3.3 Water-soluble carbon and nitrogen determined by the total organic carbon and total nitrogen 195 

(TOC/TN) analyzer 196 

Another aliquot of the water extracts was analyzed for water-soluble organic carbon (WSOC) and 197 

water-soluble total nitrogen (WSTN) using a Shimadzu TOC/TN analyzer (Shimadzu, Japan). The 198 

instrument quantifies the total WSOC by catalytic combustion and non-dispersive infrared detection of 199 

CO2, while WSTN is measured by chemiluminescence detection of NO formed after high-temperature 200 

combustion.  201 

2.3.4 Offline AMS Measurements  202 

The offline AMS method used in this study was adapted from Daellenbach et al. (2016) and Vlachou 203 

et al. (2018), with some modifications to the sample preparation and aerosolization process. In brief, 204 

water-soluble components of PM2.5 samples (23 urban samples, 47 marine samples, and 4 ship-205 

emission-influenced samples) were analyzed using a high-resolution time-of-flight aerosol mass 206 

spectrometer (HR-ToF-AMS). Each quartz filter sample was extracted with 15 mL of ultrapure water 207 
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via ultrasonic agitation. The water extracts were subsequently aerosolized using a custom-built atomizer 208 

optimized for small-volume nebulization. During atomization, a stream of ultra-high purity (UHP) 209 

argon gas served as the carrier, directly passing through the atomizer to generate aerosols without 210 

additional air filtration. The argon flow entrained the water solution, forming submicron droplets that 211 

were dried using a silica gel diffusion dryer to remove residual water content. The resulting dry particles 212 

were then introduced into the HR-ToF-AMS (operated in W-mode) for analysis. For each sample, mass 213 

spectra were recorded over the 12–300 amu range, with a collection time of 60 seconds per spectrum. 214 

Between each sample run, ultrapure water was nebulized to assess system background and minimize 215 

potential memory effects. Field blanks were processed using the same protocol and showed signals 216 

comparable to those obtained from ultrapure water alone, confirming negligible contamination. 217 

The HR-ToF-AMS provides quantitative mass spectra of non-refractory PM2.5 components (e.g., 218 

organics, ammonium, sulfate, nitrate), with the vaporizer operated at 600 °C under a vacuum of 219 

~10−7 Torr. Data analysis was conducted using high-resolution fitting tools SQUIRREL (v1.62G) and 220 

PIKA (v1.22G) within the IGOR Pro software package (WaveMetrics Inc., Portland, OR, USA), 221 

following standard protocols as described by Decarlo et al. (2006). 222 

Reduced organic nitrogen (amines, amides, amino acids, and imidazole-like heterocycles) in the water 223 

extraction was identified using characteristic fragment ions, based on standard spectra (Ge et al., 2024). 224 

Amines were diagnosed by CnH2n+2N+ ions (e.g., CH4N+, C2H6N+, C3H8N+, and C4H10N+), while amides 225 

were characterized by CₙH₂ₙNO+ fragments (e.g., CH2NO+, C3H6NO+, and C4H8NO+), reflecting the –226 

CONH– functional group. Amino acids were identified based on the concurrent presence of CH4NO+, 227 

C2H3NO+, and C2H4NO2
+ ions. Imidazole-like heterocycles were determined by CxHyN2

+ ions (e.g., 228 

C3H3N2
+ and C3H4N2

+), characteristic of N-heterocyclic ring structures (Zhang et al., 2024a). Although 229 

individual fragments (e.g., CH4N+ and CH2NO+) may originate from multiple N-containing species, the 230 

combined use of these diagnostic ions provides a robust semi-quantitative functional-group-level 231 

classification of water-soluble reduced nitrogen. 232 

In addition to reduced organic nitrogen, oxidized organic nitrogen functionalities were assessed using 233 

the NO+/NO2
+ ratio derived from the HR-ToF-AMS spectra. This ratio has been widely applied to 234 

distinguish organic nitrates and nitro-compounds from inorganic nitrate, as oxidized ON species 235 

typically exhibit elevated NO+/NO2
+ values (~8.6–15)  (Ge et al., 2024; Farmer et al., 2010; Graeffe et 236 

al., 2023), whereas inorganic nitrate (e.g., NH4NO3) shows substantially lower ratios (∼2.4–2.7) (Bruns 237 

et al., 2010; Fry et al., 2009). The NO+/NO2
+ ratio thus serves as a diagnostic indicator for the relative 238 

contribution of oxidized ON in the water-soluble aerosol fraction. 239 

2.4 Aerosol N deposition calculation  240 

The dry N deposition flux from PM2.5 is estimated by using the inferential method by Eq. (1): 241 

F = Ca × Vd ,                                        (1) 242 
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where F (mg N m−2 s−1) is the dry deposition flux of an N species (e.g., nitrate, ammonium), Ca (mg N 243 

m−3) is the ambient concentration, and Vd (m s−1) is the dry deposition velocity of the species. Ca was 244 

from direct measurement, while Vd was estimated based on the particle dry-deposition calculation 245 

method of Zhang et al. (2001), using representative particle and surface parameters for the marine and 246 

coastal urban environments, as described in Section 3.4 and the Supplement. 247 

3. Results and discussion 248 

3.1 Spatial distribution of aerosol nitrogen and related species over the GBA water 249 

The regional pattern and offshore evolution of aerosol nitrogen over the GBA coastal waters are 250 

summarized in Fig. 2. Panel (a) presents the spatial distributions of IN and ON concentrations along the 251 

cruise track. Panels (b) and (c) show the offshore gradients of IN and ON, respectively, as a function of 252 

distance from the nearest coastline, after the samples were grouped by offshore distance. Solid lines 253 

represent Sen’s slopes, and the Mann–Kendall test statistics are used to evaluate the significance of the 254 

monotonic trends. PM2.5 samples were grouped into three representative regions based on cruise track 255 

locations: (A) western coastal waters (west of the Pearl River Estuary), (B) the Pearl River Estuary 256 

region, and (C) eastern coastal waters, including Mirs Bay and Daya Bay (Fig. 2a).  257 

 258 
Figure 2. (a) Spatial distributions of IN (purple bar) and ON (green bar) concentrations in PM2.5 samples collected 259 
during the research cruise campaign over the GBA oceanic region during summer 2024. Basemap source: Esri World 260 

in PM2.5, as a function of distance to the coastline (the line in each figure represents Sen’s slope, and the Mann–Kendall 262  
261 Ocean Base; © Esri, Garmin, GEBCO, NOAA NGDC, and other contributors | Powered by Esri. (b-c) Offshore gradients of IN and ON

263 tests are used to quantify the significance of the offshore trends). 
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A clear spatial gradient of west-to-east increase was observed in IN and TN concentrations (Fig. 2a; 264 

Table 1), with TN increasing from 0.25 ± 0.13 μg m−3 in region A to 0.41 ± 0.23 μg m−3 in region B 265 

and to 0.56 ± 0.40 μg m−3 in region C. IN (composed predominantly of NO3
−, and NH4

+) followed the 266 

same spatial trend, consistent with intensified anthropogenic emissions and secondary aerosol formation 267 

toward the urbanized eastern GBA, where dense shipping, traffic, and industrial activity elevate NOx 268 

and NH3. The accompanying inorganic and carbonaceous components reinforce this picture: NO3
−, 269 

NH4
+, EC, OC, and WSOC all peaked in region C, indicating enhanced secondary inorganic and organic 270 

aerosol loading. SO4
2−, in contrast, showed a weaker, non-monotonic pattern with comparable levels in 271 

regions A and B and slightly lower values in region C, suggesting that sulfate during this campaign was 272 

shaped more by regional background transport and marine boundary-layer processing than by the west–273 

east anthropogenic gradient. 274 

Table 1. Concentrations (average ± standard deviation) of IN and ON as well as ON/TN ratio, major inorganic ions, 275 
carbonaceous components (OC, EC, WSOC), and WSTN in PM2.5 samples from three marine regions (A, B, C) over 276 
the GBA. 277 

Region A B C 
I. IN (μg m−3), ON (μg m−3), TN (μg m−3), ON/TN (%) 
IN 0.17 ± 0.13 0.30 ± 0.20 0.45 ± 0.35 
ON 0.07 ± 0.02 0.12 ± 0.06 0.11 ± 0.05 
TN  0.25 ± 0.13 0.41 ± 0.23 0.56 ± 0.40 
ON/TN 34.6 ± 12.4 31.9 ± 13.4 26.9 ± 13.1 
II. Inorganic Ions (μg m−3) 
Cl− 0.19 ± 0.10 0.22 ± 0.19 0.24 ± 0.25 
SO42− 2.21 ± 0.97 2.31 ± 0.93 1.95 ± 0.45 
NO3− 0.38 ± 0.29 0.57 ± 0.41 0.58 ± 0.47 
Na+ 0.34 ± 0.40 0.33 ± 0.20 0.24 ± 0.12 
NH4+ 0.19 ± 0.19 0.22 ± 0.24 0.25 ± 0.15 
K+ 0.14 ± 0.04 0.17 ± 0.08 0.11 ± 0.01 
Mg2+ 0.08 ± 0.03 0.11 ± 0.05 0.07 ± 0.01 
Ca2+ 0.09 ± 0.05 0.17 ± 0.27 0.08 ± 0.03 
III. OC, EC, WSOC, WSTN (μg m−3) 
OC 2.42 ± 1.34 3.27 ± 1.79 3.38 ± 1.81 
EC 0.46 ± 0.53 0.60 ± 0.50 0.55 ± 0.41 
WSOC 1.42 ± 0.69 2.58 ± 3.41 2.74 ± 2.10 
WSTN 0.30 ± 0.13 0.43 ± 0.23 0.59 ± 0.38 

 278 

ON exhibited the opposite pattern in relative importance. Although absolute ON concentrations were 279 

low across all regions, the ON/TN ratio was highest in the more marine-influenced region A (34.6 ± 280 

12.4%) and decreased eastward (B: 31.9 ± 13.4%; C: 26.9 ± 13.1%). This inverse relationship between 281 

ON/TN and TN indicates that the rising anthropogenic IN, rather than a sharp decline in ON itself, 282 

drives the eastward drop in the relative contribution of ON, while natural primary sources, such as 283 

oceanic biogenic emissions, organic-matter photodegradation, and sea-spray–associated organics, 284 

sustain a meaningful ON fraction under cleaner conditions. Comparable ON contributions (~30%) have 285 
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been reported for the South China Sea, with the majority of water-soluble ON residing in the fine 286 

fraction (Shi et al., 2010), reinforcing that ON remains an important component of coastal and marine 287 

fine-aerosol nitrogen even as anthropogenic N inputs decline. 288 

To quantify offshore gradients in aerosol nitrogen, the 75 marine samples were grouped into six distance 289 

bins (0–20, 20–30, 30–40, 40–50, 50–60, and 60–80 km from the nearest coastline), capturing the 290 

transition from coastal outflow to marine background. Trends across bins were evaluated using Theil–291 

Sen regression (Wilcox, 2017) for robust slope estimation, the Mann–Kendall test (Wang et al., 2020) 292 

for significance, and Kendall’s τ for monotonicity strength. 293 

Both IN and ON declined with offshore distance (Fig. 2b, 2c), reflecting dilution of terrestrial influence 294 

in the marine boundary layer, but the two species behaved very differently. ON showed a strong, 295 

coherent gradient (Sen’s slope = −1.23 × 10−3 μg m−3 km−1, or ~0.012 μg m−3 per 10 km; τ = −0.73; p < 296 

0.05), whereas IN showed essentially no monotonic trend (Sen’s slope = −1.49 × 10−4 μg m−3 km−1, 297 

nearly an order of magnitude smaller; τ = −0.07; p > 0.1). This contrast indicates that marine ON is 298 

dominated by continental sources, including reduced nitrogen and nitrogen-containing VOCs that 299 

partition into particulate ON after oxidation (Ng et al., 2017; Farmer et al., 2010; Nie et al., 2022; Cape 300 

et al., 2011), and is rapidly attenuated during marine transport. IN, by comparison, is buffered by 301 

efficient secondary production and longer atmospheric lifetimes (Seinfeld and Pandis, 2016; Kanakidou 302 

et al., 2012), producing a more spatially homogeneous regional-background field.  The sharp offshore 303 

decay of ON, therefore, underscores the dominant role of land-based anthropogenic emissions in setting 304 

marine ON loading and deposition over the GBA coastal ocean. 305 

Overall, the eastward increase in aerosol TN across the GBA marine region reflects stronger 306 

anthropogenic emissions along the more urbanized eastern coast, whereas the opposing ON/TN pattern 307 

points to distinct source controls. Specifically, ON is dominated by terrestrial sources that attenuate 308 

rapidly offshore during marine transport, while IN reflects regional-scale secondary formation with a 309 

longer atmospheric lifetime. Assessing nitrogen inputs to coastal marine environments therefore 310 

requires considering both the magnitude and the chemical composition of aerosol nitrogen. 311 

3.2 Contrasting characteristics of IN and ON in marine and urban aerosols 312 

Atmospheric IN and ON over coastal oceans are shaped by the combined influence of continental 313 

outflow, regional photochemistry, and marine boundary layer processing (Altieri et al., 2016; 314 

Kanakidou et al., 2016). The PM2.5 samples collected over the GBA coastal ocean and a nearby coastal 315 

urban site in Hong Kong provide a paired dataset for examining contrasts and commonalities in IN and 316 

ON under closely coupled marine–urban conditions. Figure 3 provides an overview of the campaign-317 

scale temporal variability and distributional differences of PM2.5-bound nitrogen species between the 318 

marine and urban environments, including bulk IN and ON concentrations and the partitioning of 319 

inorganic nitrogen between nitrate and ammonium. 320 
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At the bulk level, both IN and ON exhibited broadly comparable concentrations and temporal variability 321 

between marine and urban samples (Fig. 3a, 3b), indicating nitrogen-containing aerosols over the 322 

coastal ocean are not controlled by local marine emissions alone but are strongly influenced by regional 323 

transport and large-scale atmospheric processing extending across the GBA marine boundary layer. 324 

In both environments, ammonium nitrogen (N–NH4
+) exceeded nitrate nitrogen (N–NO3

−), but the 325 

relative balance differed markedly (Fig. 3c-f). Marine samples showed a moderate NH4
+-dominant 326 

composition (campaign-mean N–NH4
+/N–NO3

− ratio ≈ 1.8), whereas the urban MARGA data yielded 327 

a substantially larger ratio of ~5.4, indicating a much stronger NH4
+-rich regime at the urban site. The 328 

appreciable N–NO3
− observed in marine PM2.5 suggests that nitrate was not simply suppressed offshore. 329 

Instead, it likely reflects sea-salt processing via chloride displacement [HNO3(g) + NaCl(s) → 330 

NaNO3(s) + HCl(g)] (Guimbaud et al., 2002; Davies and Cox, 1998), which shifts nitrate from the gas 331 

to the particle phase. Although much of the reacted nitrate resides in coarse particles, chloride-depleted 332 

fine sea salt and internally mixed marine particles can also contribute to the PM2.5 fraction. This 333 

interpretation is supported by the Na+ data: mean Na+ was 0.36 ± 0.35 μg m−3 in marine PM2.5 versus 334 

0.16 ± 0.10 μg m−3 at the urban site (marine mean ≈ 2.3 × urban), confirming greater sea-salt influence 335 

over the ocean.  336 

 337 
Figure 3. Temporal variations of (a) IN and (b) ON concentrations in marine (black squares) and urban (red circles) 338 
PM2.5 filter samples during the 2024 summer campaign. Blue bars indicate daily precipitation in Hong Kong (right 339 
axis). Panels (c) and (e) show the time series and distributions of nitrate nitrogen (N–NO3−) and ammonium nitrogen 340 
(N–NH4+) in marine PM2.5 samples based on filter-based IC measurements. Panels (d) and (f) show the corresponding 341 
time series and distributions of N–NO3− and N–NH4+ at the Tsuen Wan urban site based on hourly MARGA 342 
measurements. 343 
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During the typhoon-influenced period (24–26 July 2024), pronounced meteorological perturbations 344 

were observed, including a sharp drop in sea-level pressure, sustained strong winds with rapidly shifting 345 

wind directions, and episodic precipitation (Fig. S3), indicative of the passage of the typhoon system 346 

and associated circulation changes. Against this background, IN concentrations, dominated by N–NH4
+, 347 

were elevated relative to campaign-average levels, particularly in marine samples. Back-trajectory 348 

analysis (Fig. 4) showed alternating southwest and northwest transport pathways during this episode, 349 

indicating that continental/inland air masses carried elevated NH3 from high-emission source regions, 350 

which subsequently enhanced particulate NHx through gas-to-particle partitioning. Offline AMS 351 

fragment analysis corroborates this enhancement. NHx accounted for a markedly larger fraction of N-352 

containing fragments during 24–26 July than in other periods, particularly in marine samples (Fig. S4). 353 

In contrast, ON concentrations remained relatively stable during the typhoon episode, suggesting that 354 

bulk ON was less sensitive than IN to short-term meteorological variability and air-mass switching, and 355 

was instead governed primarily by regional background sources and longer-lived atmospheric 356 

processing. 357 

 358 
Figure 4. Back‐trajectory analysis for air masses arriving at the TW site during the summer 2024 cruise campaign. (a) 359 
24-h backward trajectories for the entire sampling period from 12 July to 3 August 2024. (b) 1-h backward trajectories 360 
during the typhoon‐affected period from 24 to 26 July 2024, highlighting southwest and northwest transport pathways. 361 

Overall, ON exhibited relatively weak temporal variability compared to IN throughout the campaign, 362 

suggesting that bulk ON concentrations were governed largely by regional-scale sources and 363 

atmospheric mixing. Nevertheless, episodic enhancements (e.g., 14 July) indicate that ON can still 364 

respond to favorable photochemical conditions associated with elevated ozone oxidation capacity. 365 

Although bulk ON concentrations in marine and urban PM2.5 are broadly comparable, their underlying 366 

composition may differ substantially, particularly in the relative contributions of oxidized versus 367 

reduced nitrogen functionalities. This compositional contrast is examined using molecular-level 368 

analysis in the following section. 369 

3.3 From oxidized to reduced nitrogen: molecular fragments for contrasting ON chemistry 370 

ON in atmospheric fine particles represents a chemically diverse pool that integrates contributions from 371 

primary emissions, secondary formation, and multiphase processing. Its oxidation state provides critical 372 

information on both sources and atmospheric transformation pathways. In coastal megacity regions, 373 

ON chemistry is further complicated by the coexistence of intense anthropogenic emissions, marine 374 
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biogenic inputs, and strong air–sea interactions, leading to substantial variability in the relative 375 

importance of oxidized versus reduced nitrogen species. Here, we investigate the molecular evidence 376 

for contrasting ON chemistry in marine, urban, and ship-emission-influenced aerosols, with particular 377 

emphasis on how anthropogenic influence and marine boundary layer processing modulate the 378 

distribution of oxidized and reduced nitrogen species. 379 

3.3.1 Reduced vs. oxidized ON in marine and urban aerosols  380 

Our offline AMS results (Fig. 5a) show a substantially greater contribution of CHN-only formula 381 

classes (compounds containing C, H, and N but no O) in marine samples than in urban samples, 382 

particularly for fragments with one N atom (CHN1) (Fig. 5a, S5a). These CHN species, which include 383 

protonated amines and related bases, are consistent with an abundance of reduced ON compounds in 384 

the marine boundary layer (Mattsson et al., 2025), in line with previous reports that marine aerosol ON 385 

is enriched in reduced nitrogen species of marine biogenic origin, such as alkyl amines and amino acids 386 

(Calderón et al., 2007; Wedyan and Preston, 2008). In remote marine aerosols, most ON derives from 387 

biological production in the surface ocean (e.g., plankton exudates) rather than from continental 388 

pollution, and water-soluble ON correlates with ocean productivity and wind speed, implicating bubble-389 

burst ejection of dissolved organic matter as a primary source (Altieri et al., 2016). Gaseous amines 390 

emitted from the ocean readily partition into acidic marine aerosol as ammonium salts (Ge et al., 2011). 391 

Urban aerosol ON, by contrast, shows a lower fraction of CHN-only formulas and a higher proportion 392 

of oxygenated organonitrogen formulas (CHON classes), reflecting oxidized nitrogen functionality 393 

(e.g., organic nitrates, nitro-aromatic compounds) formed via photochemistry (Zhu et al., 2025). We 394 

note that the CHON category includes compounds like amides or amino acid derivatives, so it is not a 395 

pure proxy for highly oxidized ON. 396 

 397 
Figure 5. Comparison of N-containing organic fragments and related ratios in marine, urban, and ship-emission-398 
influenced PM2.5 samples. (a) Relative contributions of CHN1, CHN>1, CHON1, and CHON>1 formula classes to total 399 
organic N-containing fragments. (b) NO+/NO2+ ratio, used as an indicator of oxidized nitrogen. (c) Ratio of N-containing 400 
organic fragments with carbon number ≥3 to total N-containing organic fragments (C≥3/ON). Asterisks indicate 401 
statistically significant differences based on the one-sided Mann–Whitney–Wilcoxon test (* p<0.05, ** p<0.01, *** 402 
p<0.001). Additional Mann–Whitney–Wilcoxon test results were summarized in Table S4. 403 

The NO+/NO2
+ ratio from offline AMS spectra provides a more direct measure of organic-nitrate 404 

character. Urban aerosols show significantly higher ratios (7.9 ± 2.6) than marine samples (5.3 ± 1.3) 405 

(Fig. 5b), indicating a greater contribution from oxidized ON species. This is supported by concurrent 406 
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NOx observations (Fig. S6), which show generally higher NOx at the Tsuen Wan urban site than in 407 

marine air, providing a more NOx-rich environment for VOC oxidation and secondary organic nitrate 408 

formation—consistent with recent field studies linking high-NOx conditions to enhanced particulate 409 

organic nitrate (Zhu et al., 2025; Graeffe et al., 2023). Importantly, molecular marker fragments provide 410 

direct corroborating evidence: clear signals at m/z 75 (CHNO3
+) and 76 (CH2NO3

+), previously reported 411 

as characteristic organic-nitrate fragments (Fry et al., 2011), are observed in the urban spectra (Fig. 412 

S5b) and exhibit strong co-variation (Fig. S7b), suggesting a common organic-nitrate sub-mixture 413 

(shared precursors and/or fragmentation pathways). In marine samples, both their abundance and co-414 

variation are much weaker (Fig. S7a), confirming a substantially larger and more coherent urban 415 

contribution from organic-nitrate-related ON chemistry. 416 

A further structural constraint comes from the ratio of C≥3 N-containing organic fragments to total N-417 

containing organic fragments (Fig. 5c), which is higher in urban samples. Interpreted conservatively, 418 

this points to an increased contribution of ON components with larger carbon backbones and/or greater 419 

molecular complexity. Such a pattern is consistent with the stronger influence of fossil-fuel and traffic-420 

related combustion in urban air, which directly emits carbon-rich N-containing organics (e.g., nitro-421 

PAHs and related N-aromatic species) (Kostenidou et al., 2021), as well as cooking emissions (alkanes, 422 

fatty acids, etc.) (Abdullahi et al., 2013) that supply precursors for subsequent oxidative processing. 423 

Together, these lines of evidence indicate that marine ON is dominated by reduced, biogenic nitrogen 424 

compounds, whereas urban ON is shifted toward oxidized, carbon-rich secondary organonitrogen 425 

species (Zhu et al., 2025). 426 

3.3.2 Unique ON chemistry in ship-emission-influenced aerosols 427 

Aerosols influenced by ship emissions show an interesting blend of these characteristics. In our ship-428 

impacted samples (marine air masses intermittently under a shipping corridor), the NO+/NO2
+ ratio (7.7 429 

± 1.7) was higher than that of marine samples (Fig. 5b), highlighting substantial formation of oxidized 430 

ON, likely due to abundant ship-derived NOx promoting organic nitrate production (Chen et al., 2024). 431 

The average N-containing fragment spectrum also shows enhanced oxygenated organonitrogen 432 

contributions relative to the marine case (Fig. S5c), indicating that oxidized ON chemistry is amplified 433 

when marine air masses are intermittently impacted by shipping. 434 

At the same time, ship-influenced samples retain signatures consistent with reduced-N chemistry (Fig. 435 

5a, S5c), suggesting that marine-background reduced nitrogen (e.g., NH3, amines) can coexist with 436 

ship-derived oxidants and organic precursors. This co-existence provides a plausible environment for 437 

multiphase reactions producing N-containing organics beyond simple nitrate functionality. These 438 

aerosols also had elevated contributions of CHON1-type formulas and showed distinctive mass spectral 439 

markers for imidazole-like heterocycles and amides. For example, fragments with two nitrogen atoms 440 

(CxHyN2
+), indicative of imidazole-like ring structures, were enhanced in ship-influenced aerosol (Fig. 441 

S8). Such imidazole-like heterocycle formation can occur via aqueous-phase reactions of carbonyl 442 
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oxidation products (e.g., glyoxal, methylglyoxal) with ammonia or amines in particles (Yang et al., 443 

2023). We propose that in ship-plume conditions, high NOx and organic vapors from fuel combustion 444 

generate oxidized intermediates (organic nitrates, carbonyls) while co-emitted or marine-background 445 

NH3/amines partake in multiphase reactions, producing secondary amides and imidazole-like 446 

heterocycles (including brown carbon species). Such pathways offer a mechanistic explanation for why 447 

ship-influenced aerosols can display both elevated oxidized-N indicators and distinctive reduced-N-448 

derived organic signatures. Ship emissions supply NOx and reactive organic precursors, while the 449 

marine boundary layer provides reduced nitrogen and aqueous processing environments that favor 450 

secondary formation of N-containing organics. 451 

3.4 PM2.5-bound nitrogen dry deposition 452 

We estimated PM2.5-bound N dry deposition fluxes using the inferential method (Eq. 1), combining 453 

measured ambient concentrations with literature-constrained dry deposition velocities (Vd). Since Vd for 454 

fine particles is sensitive to wind speed, surface roughness, particle size, and atmospheric stability 455 

(Zhang et al., 2001; Zhang et al., 2012; Farmer et al., 2021), the determination of Vd should account for 456 

the contrasting meteorological and surface conditions between the marine and coastal urban 457 

environments. In this study, shipboard meteorological measurements were available during the cruise 458 

campaign and showed that wind speeds over the marine region were substantially higher than those at 459 

the nearby Shell Tsing Yi station (SHL), which is located approximately 3 km from the Tsuen Wan 460 

urban sampling site and is used here to represent the coastal urban wind environment. Specifically, 461 

concurrent wind observations indicate substantially stronger winds over the GBA ocean (~5.5 m s−1) 462 

than over the station near Tsuen Wan (SHL) (~2.6 m s−1) (Fig. S9). This contrast indicates stronger 463 

wind-driven turbulent exchange over the marine region, although deposition to the smoother water 464 

surface may be less efficient than deposition to rougher built surfaces. 465 

To constrain representative Vd values, we conducted a first-order calculation following the size-466 

segregated particle dry-deposition scheme of Zhang et al. (2001), as described in the Supplement, where 467 

the governing equations, input parameters (Table S1), and calculated intermediate and final results 468 

(Table S2) are summarized. The calculated Vd values were 0.11 cm s−1 for the marine environment and 469 

0.13 cm s−1 for the coastal urban environment (Table 2). The slightly higher urban Vd, despite the lower 470 

urban wind speed, reflects the larger urban roughness length and lower aerodynamic resistance in the 471 

Zhang et al. (2001) framework, while the stronger marine winds partly offset the smoother water 472 

surface. The calculated Vd values are comparable to previous reported fine-particle Vd observations and 473 

estimates (Wu et al., 2018; Pryor et al., 2008; Farmer et al., 2021). 474 

Applying these estimated Vd values to the measured PM2.5 nitrogen components, the annual dry 475 

deposition fluxes of PM2.5-bound TN were estimated to be 0.14 kg N ha−1 yr−1 over the marine region 476 

and 0.15 kg N ha−1 yr−1 at the coastal urban site (Table 2). These results indicate that fine-particle N dry 477 

deposition over the GBA coastal waters was of the same order as that at the adjacent coastal urban site. 478 

https://doi.org/10.5194/egusphere-2026-3750
Preprint. Discussion started: 7 July 2026
c© Author(s) 2026. CC BY 4.0 License.



16 
 

This result highlights that nearshore marine N deposition should not be regarded as a simple diluted 479 

extension of urban deposition. Instead, the coastal ocean can receive non-negligible fine-particle N 480 

inputs because marine aerosol N concentrations remain appreciable. Thus, fine-particle N deposition 481 

over the GBA coastal ocean may represent an important atmospheric input pathway that should not be 482 

overlooked when assessing regional N budgets and potential ecosystem responses. 483 

Table 2. Representative Vd and estimated PM2.5-bound TN dry deposition fluxes for the marine region and the coastal 484 
urban site. 485 

Environment Vd  
(cm s−1) 

N dry deposition  
(kg N ha−1 yr−1) Interpretation 

Marine region 0.11 0.14 

Calculated using the observed shipboard wind speed 
and an open-water roughness assumption; stronger 
marine winds partly offset the smoother water 
surface. 

Coastal urban site 0.13 0.15 
Calculated using the lower urban reference wind 
speed but larger urban roughness length, which 
reduces aerodynamic resistance over built surfaces. 

 486 

It is important to emphasize that the present estimates represent only the fine-particle (PM2.5-bound) 487 

nitrogen contribution to dry deposition, however, the coarse-mode particulate nitrogen and gas-phase 488 

reactive nitrogen species were not included. Previous measurements in urban Hong Kong indicate that 489 

coarse particulate N deposition can exceed fine-mode deposition by roughly a factor of two (e.g., 0.77 490 

vs. 1.42 kg N ha−1 yr−1 for fine and coarse fractions, respectively) (Yu et al., 2023). In addition, water-491 

soluble gaseous species such as NH3, HNO3, and organic nitrogen vapors may also contribute 492 

significantly to total dry nitrogen deposition (Jia et al., 2016). Consequently, the fluxes estimated in this 493 

study based only on PM2.5 are expected to be substantially lower than total dry nitrogen deposition 494 

values reported in many other studies, which often encompass these additional components. For 495 

example, dry deposition of N in urban Guangzhou has been reported to reach 13.7 kg N ha−1 yr−1  (Yu 496 

et al., 2020), while values of 5.9 kg N ha−1 yr−1 have been reported for Singapore (He et al., 2011). In 497 

Europe, coastal measurements indicate N dry deposition fluxes of approximately 5.0 kg N ha−1 yr−1 in 498 

Edinburgh, UK (González Benítez et al., 2009), and 5.9 kg N ha−1 yr−1 at Finokalia in the eastern 499 

Mediterranean (Violaki et al., 2010). Taken together, these results suggest that the GBA coastal 500 

atmosphere is characterized by a sharp land–sea transition in both PM2.5 nitrogen abundance and 501 

chemical form, with more oxidized ON signatures in the coastal urban environment and a greater 502 

relative contribution of reduced ON species in the marine boundary layer. A conceptual summary of 503 

the contrasting nitrogen chemistry, atmospheric deposition pathway, and potential ecosystem 504 

implications is shown in Fig. 6. 505 
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 506 
Figure 6. Conceptual summary of aerosol nitrogen chemistry, deposition pathways, and potential ecosystem 507 
implications in the coastal GBA atmosphere.  508 

4. Conclusions and implications 509 

This study presents the first paired marine–urban characterization of PM2.5-bound TN, IN, and ON in 510 

the GBA, based on sampling at a coastal urban site (Tsuen Wan) and concurrent shipboard sampling 511 

over the adjacent coastal waters.  We show that the coastal marine atmosphere of the GBA is not simply 512 

a diluted extension of the urban atmosphere but has a distinct nitrogen chemical signature shaped by 513 

both regional transport and marine boundary-layer processing. This helps address a long-standing 514 

uncertainty in coastal nitrogen deposition studies: the limited chemical characterization of ON in marine 515 

aerosols. 516 

Three principal findings emerge. First, TN and IN increased from west to east across the GBA coastal 517 

waters and decreased offshore, while ON exhibited a much stronger and more coherent offshore 518 

gradient than IN, and the ON/TN fraction peaked in the more marine-influenced western region (~35%), 519 

indicating that ON remains an important component of aerosol N under lower particle loadings. Second, 520 

although bulk IN and ON concentrations were broadly comparable between marine and urban PM2.5, 521 

their underlying chemistry differed sharply: urban aerosols were strongly NH4
+-dominated (N–NH4

+/N–522 

NO3
− ≈ 5.4) with higher NO+/NO2

+ ratios (7.9 ± 2.6), larger CHON contributions, clear organic-nitrate 523 

marker fragments (m/z 75, 76), and a higher fractional abundance of C≥3 ON fragments, all consistent 524 

with NOx–VOC photochemistry; whereas marine aerosols were more enriched in CHN-type reduced-525 

N fragments (e.g., amines), retained appreciable nitrate consistent with sea-salt processing, and showed 526 

lower NO+/NO2
+ ratios (5.3 ± 1.3). Ship-emission-influenced samples displayed a hybrid signature, 527 

combining elevated oxidized-N indicators with distinctive reduced-N-related markers (e.g., imidazole-528 

like CxHyN2
+ fragments). Third, PM2.5-bound N deposition was estimated at 0.14 kg N ha−1 yr−1 over 529 

the marine region and 0.15 kg N ha−1 yr−1 at the urban site; nearshore marine deposition was of the same 530 

order as that at the coastal urban site. 531 
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These findings have several implications beyond deposition magnitude alone.  532 

Implications for model representation of atmospheric N speciation in coastal megacity regions. 533 

The contrasting marine–urban nitrogen chemistry documented here demonstrates that the chemical 534 

form of aerosol N transitions notably across the land–sea interface, even when bulk concentrations are 535 

similar. This has direct consequences for source apportionment and chemical transport modeling in 536 

coastal megacity systems: representing PM2.5 N as a single bulk pool, or applying urban-derived ON 537 

source profiles to adjacent marine grid cells, will misrepresent both the oxidation state and the likely 538 

sources of N over the coastal ocean. Our results indicate that coupled urban–marine modeling of the 539 

GBA should explicitly resolve (a) NOx–VOC-driven oxidized-ON formation in the urban plume, (b) 540 

NH3/amine partitioning and reduced-ON enrichment in the marine boundary layer, and (c) the 541 

multiphase chemistry that arises when ship-emitted NOx interacts with marine reduced nitrogen to 542 

generate secondary amides, imidazole-like heterocycles, and other N-containing organics. 543 

Implications for marine ecosystem responses. The chemical form of deposited N determines its 544 

bioavailability and its biogeochemical fate. Our PM2.5 composition indicates a stronger contribution of 545 

reduced N (NHx and reduced ON) in the marine boundary layer, which is particularly important because 546 

NH4
+ is readily assimilable and often energetically favored over NO3

− for phytoplankton uptake. In the 547 

South China Sea, atmospheric N deposition has been shown to support on the order of ~20% of annual 548 

new production in some assessments (Kim et al., 2014), and episodic aerosol nutrient inputs can shift 549 

nutrient limitation (e.g., increasing N:P) and promote bloom-favorable conditions in coastal–shelf 550 

waters (Mackey et al., 2017; Guo et al., 2022). The reduced-N enrichment we observe in nearshore 551 

marine PM2.5, combined with the non-negligible deposition fluxes estimated using representative Vd 552 

values, suggests that fine-particle reduced-N inputs along the GBA coast could measurably strengthen 553 

bioavailable N supply, perturb C:N:P stoichiometry, and contribute to eutrophication and HAB-prone 554 

conditions documented in the northern South China Sea (He et al., 2023). The distinctive ship-555 

influenced ON chemistry (oxidized-N indicators co-occurring with imidazole-like and amide-like 556 

markers) further suggests that shipping corridors are not only NOx sources but also sites where 557 

chemically complex, potentially light-absorbing N-containing organic aerosol is generated, with 558 

downstream implications for both deposition speciation and marine boundary-layer radiative properties 559 

that warrant further study. It should be noted that these implications may be particularly relevant for the 560 

eastern GBA coastal waters, including Mirs Bay, corresponding to region C (Fig. 2a), where summer 561 

waters are less affected by the nutrient-rich Pearl River discharge and have relatively low nutrient 562 

concentrations (Li et al., 2020; Lo et al., 2025). Under such lower-nutrient conditions, 563 

anthropogenically influenced aerosol ON and reduced-N inputs from the atmosphere may play an 564 

important role in bioavailable N supply and local ocean productivity in this region. 565 

Implications for nitrogen deposition budgets and management. Two practical points follow from 566 

the deposition analysis. First, because the present estimates include only the PM2.5 fraction and exclude 567 

coarse-mode particles, gas-phase reactive nitrogen (NH3, HNO3, organic N vapors), and wet deposition, 568 
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they represent a lower bound on total atmospheric N input to the GBA coastal ocean; comparison with 569 

previous regional studies (e.g., 13.7 kg N ha−1 yr−1 in urban Guangzhou; 5.9 kg N ha−1 yr−1 in Singapore) 570 

underscores how substantial the missing components are likely to be. Closing this budget for the GBA 571 

coastal zone will require future paired marine–urban campaigns that extend the present framework to 572 

total suspended particles, gas-phase species, and wet deposition. Second, the marine–urban contrast in 573 

nitrogen form has direct relevance for coastal management: as continental NOx emissions continue to 574 

decline across southern China while NH3 emissions remain high, the relative importance of reduced-N 575 

(NHx and reduced ON) deposition to coastal waters will likely increase. Integrating speciation-resolved 576 

atmospheric deposition constraints (rather than bulk-N fluxes) into chemical transport models coupled 577 

with coastal biogeochemical models would help diagnose ecosystem sensitivity to NHx inputs 578 

specifically and explore thresholds relevant to eutrophication and HAB risk under changing emissions 579 

and meteorology. 580 

Building on the limitations identified in this study, three priorities emerge as future research directions. 581 

First, the Vd uncertainty remains a major limitation of the deposition estimates and should be reduced 582 

through direct shipboard meteorological measurements (friction velocity, stability) during future 583 

cruises. Second, molecular-level identification and quantification of the specific reduced-ON species 584 

enriched in marine PM2.5 (amines, amides, amino acids, imidazole-like heterocycles) would clarify their 585 

bioavailability and sources. Third, the unique ON chemistry observed in ship-emission-influenced 586 

samples merits dedicated investigation, given the GBA’s role as one of the world’s busiest shipping 587 

regions and the potential for ship plumes to act as distinct chemical reactors at the air–sea interface. 588 
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