Atmospheric Environment 312 (2023) 120034

o %

ELSEVIER journal homepage: www.elsevier.com/locate/atmosenv

Contents lists available at ScienceDirect ATMOSPHERIC

ENVIRONMENT

Atmospheric Environment

Investigation of coastal ammonium aerosol sources in the Northwest

Pacific Ocean

Alexandra B. MacFarland ™", Emily E. Joyce ®, Xuchen Wang ", Wendell W. Walters ?,
Katye E. Altieri ¢, Hayley N. Schiebel ¢, Meredith G. Hastings "

2 Institute at Brown for Environment and Society and Department of Earth, Environmental, and Planetary Sciences, Brown University, 324 Brook Street, Box 1846,

Providence, RI, 02912, USA

Y Marine Organic Geochemistry, Ocean University of China, 238 Songling Road, Qingdao, China
¢ Department of Oceanography, University of Cape Town, Rondebosch, Cape Town, 7700, South Africa
d Center for Urban Ecology and Sustainability, Suffolk University, 8 Ashburton Place, Boston, MA, 02108, USA

HIGHLIGHTS

o Nitrogen deposition to the Pacific Ocean is linked to biogeochemical changes.

e Observations include year-round ammonium concentration and isotopes, transport analysis, and aerosol composition.
o Together with an isotope mixing model results suggest ammonium is mainly from agriculture/animal husbandry.

o Seasonally the highest ammonium concentration and aerosol loading occurs in winter.

o Source contributions are critical to determine if external N is shifting ocean biogeochemistry.
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ABSTRACT

Determining the magnitude and origins of nitrogen (N) deposition in the open ocean is vital for understanding
how anthropogenic activities influence oceanic biogeochemical cycles. Excess N in the North Pacific Ocean
(NPO) is suggested to reflect recent anthropogenic atmospheric deposition from the Asian continent, changes in
nutrient dynamics due to marine N-fixation, and/or lateral transport of nutrients. We investigate the impact of
anthropogenic and marine sources on reactive N deposition in the NPO, with a focus on ammonium (NHY), an
important bioavailable nutrient, using aerosol samples (n = 108) collected off the coast of China (Changdao
Island). This study site is used as a proxy for continental emissions that can be exported and subsequently
deposited to the ocean. The NH4 concentration of aerosol samples varied seasonally (p < 0.05), with a higher
average value in winter (2.8 + 1.1 pg/m®) and spring (1.9 + 0.8 pg/m®) compared to autumn (0.7 + 0.6 pg/m%)
and summer (1.4 + 0.4 pg/m>). The isotopic composition of aerosol NHZ varied seasonally, with higher averages
in spring (13.3 & 7.9%o) and summer (15.6 & 6.2%o) compared to autumn (3.2 + 2.5 %o) and winter (3.8 + 11.4
%o). These seasonal patterns in the isotopic composition of NHj are investigated based on correlations of aerosol
chemical species, seasonal shifts in transport patterns, partitioning of ammonia/ammonium between the gas and
particle phase, and continental versus marine sources of ammonia. We find that anthropogenic activities, mainly
agricultural practices (e.g., volatilization, fertilizer, animal husbandry), are the primary sources of NHj depos-
ited to the NPO.

1. Introduction

observed eutrophication (rapid growth and decay), algal blooms, and
oxygen minimum zones. However, the consequences to the open ocean

Nitrogen (N) deposition in the ocean has been increasing since pre- (characterized here as particulate matter that can be exported and
industrial times (Galloway et al., 2004). As a result, coastal studies have deposited into the ocean) are less well-known. Global modeling suggests
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anthropogenic inputs have recently led to an overall increase in ocean
carbon sequestration of ~0.4%, which is equivalent to an uptake of
about 0.15 Pg C yr~! (Jickells et al., 2017). Another study suggests that
excess N could shift nutrient limitations from N to phosphorus, which
could change the composition of phytoplankton species as well as the
structure of ecosystems in the ocean (Elser et al., 2009). Additionally, an
increase in primary productivity from excess N could expand low oxygen
zones (Jickells et al., 2017). The continued addition of N from anthro-
pogenic activities, mostly land-based activities, has the potential to alter
oceanic, and even global, biogeochemical systems (Jickells et al., 2017),
such that identifying potential N trends and source contributions over
time could help influence emissions reduction policies and/or mitiga-
tion strategies.

Inorganic N (nitrate (NO3), nitrite (NO3 ), and ammonium (NHP)) is
the main form of N deposition in polluted (Cornell et al., 2003; Russell
et al., 1998) as well as remote locations (Duce et al., 2008; Galloway
et al.,, 1982, 1989, 1996). Distinguishing amongst the sources of N
deposition to the open ocean is vital for discerning the effects of human
activities on biogeochemical cycles (Altieri et al., 2021). If the deposi-
tion is a consequence of terrestrial/continental emissions, it signifies an
outside input to the open ocean, and if that input is influenced largely by
anthropogenic activities, it may continue to rise over time (Duce et al.,
2008; Seinfeld and Pandis, 2012; Jickells et al., 2017). On the other
hand, if the N is coming from the ocean itself and cycling through the
atmosphere prior to (re)deposition, it would not be considered a net
input of N to the ocean.

Excess N has been observed in the Northwest Pacific Ocean (Kim
etal., 2011), but there are conflicts as to origin of this excess. Excess N is
quantified as relative to the expected ratio of nitrogen to phosphorus in
the open ocean (i.e., N* = N — (Ry:p) X P; where Ry.p is the ratio of ni-
trogen to phosphorus; Gruber and Sarmiento, 1997). In the Northwest
Pacific, excess N (i.e., +N*) has been reported and based on the
geographical patterns, rates of change in N*, and the time frame of in-
creases in oceanic N, it was concluded that the excess N was due to
deposition of anthropogenic reactive N emissions from the Asian
continent (Kim et al., 2011, 2014). However, this finding requires that
all N deposition is considered external to the ocean’s N budget and re-
quires limited change in N-fixation over the same time period. At Station
ALOHA in the North Pacific Ocean (NPO; 22.75°N, 158.00°W; Quay
et al., 2010) only about 75% of the N measured could be accounted for
via N-fixation (Karl et al., 2012) and mesoscale mixing (Johnson et al.,
2010), and it is possible that atmospheric deposition may explain the
remaining 25%. Additionally, a modeling study of gyres in the subtro-
pics explains nutrient dynamics due to changes in marine N-fixation or
lateral transport of nutrients (Letscher et al., 2016).

Stable isotopic composition of N holds promise as a valuable tool for
identifying and detailing the sources and chemistry of reactive N.
Different sources of NH, (NH; and ammonia (NH3)) exhibit unique
isotopic signatures (Altieri et al., 2014, 2021). For example, continental
and marine aerosol NH$ have different observed compositions of §!°N
(Jickells et al., 2003). (The nitrogen stable isotopic composition is
determined as follows: 8'°N (%o) = [(15N/14N)sample/ (®N/"*N)standard —
1] x 1000, where the N isotopic reference is air-Ng). Physical, chemical,
and biological processes differentiate between the two isotopes (>N and
14N) which lead to small but measurable differences in the ratio of '°N to
14N among the forms of N found in the environment via various sources
(Sigman and Fripiat, 2019). Many studies have focused on the deposi-
tion flux of NO3 and 5'°N-NO3, we seek to add to our understanding of
NHy since NHy is readily bioavailable and its overall loading in the at-
mosphere has increased over time (Altieri et al., 2021). NHJ is a
bi-product of NHg emissions; natural sources of NHj to the atmosphere
include N-fixation, organism waste, and decomposition, while anthro-
pogenic sources include fertilizer, livestock, and industrial processes
(Zhao et al., 2015).

Using stable isotopes, transport patterns, and the composition of wet
deposition (rainwater) observations from Bermuda, Altieri et al. (2013,

Atmospheric Environment 312 (2023) 120034

2014) were able to distinguish sources of NHj and NO3 in the western
North Atlantic Ocean. The island of Bermuda encounters continental as
well as oceanic-influenced air masses. For NO3, an anthropogenic
imprint was determined via lower §'°N values and higher concentra-
tions in continental air masses. For NHJ, there was no correlation be-
tween 8!°N-NHZ and air mass history, and simple modeling was able to
account for both the concentration and isotopic composition of NHJ in
precipitation with marine emissions as a primary source (Altieri et al.,
2014). Overall, the Bermuda work determined that 27% of total N wet
deposition (inorganic + organic; Altieri et al., 2016) was anthropogenic
in origin, which contrasts with global models (Jickells et al., 2017) that
suggest as much as 75% of N deposition to the oceans represents an
external (anthropogenic) source of oceanic N.

This current study has two main objectives, (1) to understand and
quantify the influence of anthropogenic emissions of reactive N on at-
mospheric NH4 and (2) to determine the atmospheric composition and
sources of NH; to the NPO with a focus on seasonal trends. Aerosol
samples were collected on Changdao Island, China for the duration of
one year from 2020 to 2021. This study site is used as a proxy for con-
tinental emissions that can be exported and subsequently deposited to
the ocean. We test the hypothesis that N deposition to the NPO is pri-
marily anthropogenic based on continental versus marine sources of
NH3, the isotopic composition of NH4, aerosol chemical composition,
seasonal shifts in transport patterns, and partitioning of NH3/NHZ be-
tween the gas and particle phases.

2. Methods
2.1. Study site

The sampling site was located on the eastern windward side of
Changdao Island (37.92°N, 120.73°E), positioned in the Yellow Sea
roughly 64 km from the mainland of China (Fig. 1). The Yellow Sea is
bordered by the three peninsulas (Liaodong, Shandong, and Korea), all
well populated and industrialized, making the Northern Yellow Sea
vulnerable to anthropogenic input (Kurokawa et al., 2013; Luo et al.,
2014). Aerosol samples (n = 108; bulk total suspended particles (TSP))
were collected on pre-cleaned TE-G653 Glass Fiber Filters (in compli-
ance with the method of US EPA FRM 40 CFR Part 50 Appendix B) using
a high-volume aerosol sampler operating at 1.0 m> min~! (see further
details in Ren et al. (2022)). The samples were collected for either 24,
48, or 72 h. Lab blanks and field blanks were taken, the latter repre-
sented a filter placed in the sampler, then removed and processed as a
sample. The ~1 m tall tower was placed on a flat cement floor atop a hill
with no nearby obstructions (e.g., trees, buildings) and is solely used as
an air monitoring station. All filter samples were frozen at —20 °C after
collection and between all analyses. This has been demonstrated to be
sufficient for upholding the original chemical composition of aerosol
and rainwater samples in previous studies (Seitzinger et al., 2005; Knapp
et al., 2010; Altieri et al., 2013, 2014; Gobel et al., 2013).

After the frozen samples were received at Brown University,a 5 x 5
cm square was cut from the center of the filter at room temperature and
extracted in a pre-cleaned bottle with ~100 mL of MQ water (exact
amounts were recorded via weight) and then sonicated for 1 h. After
sonication, the filters were removed, and the samples were frozen at
—20 °C until further analyses.

2.2. Nitrogen concentration analysis

The concentration of ammonium ([NHZ1), nitrate ([NO31]), and ni-
trite [NO3]) were determined colorimetrically (indophenol blue) using a
discrete UV-Vis analyzer (Westco Smartchem 200). U.S. EPA Compliant
Methods 350.1 (O’Dell, 1993), 353.2 (Revision 2.0), and 354.1 were
followed for NH4, NO3, and NO3, respectively. Standard lab protocols
were followed, including calibration to standards as well as blanks and
in-house quality control measurements. The pooled standard deviation
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Fig. 1. Map of eastern China and location of sampling on Changdao Island (37.92°N, 120.73°E, red dot).

(16) for [NH4] was 0.6 pmol L™}, and 0.3 pmol L' for [NO3] and
[NO3z]. Liquid concentrations (pmol L™1) were converted to air con-
centrations (pg m’3) based on extraction volume (L) and average vol-
ume of air sampled through the filter (m3).

2.3. Elemental analyses

2 2
M, M,

Concentrations of calcium (Ca magnesium (Mg sodium
(Na"), and potassium (K*) were measured on an Inductively Coupled
Plasma (ICP) atomic emission spectrometer. Samples (n = 103) were
filtered with 0.45-pm filters and an aliquot of each sample solution was
made 2% acidic with nitric acid. A commercial standard (IV-4) for each
specific element was run roughly every 10 samples. The relative stan-
dard deviation for the standards was <3.3% for all four elements. All
samples analyzed were corrected for drift, acidification, and blanks.

2.4. Ion analyses

Chloride (Cl7) and sulfate (SO?{) concentrations were measured on
an Ion Chromatography (IC) instrument (Dionex Integrion HPIC) using
suppressed conductivity detection. (We note here that the aerosol
samples were significantly influenced by sea salt and had very high
chloride and sulfate content. Those concentrations were significantly
higher than nitrate concentrations, making it difficult to accurately
detect nitrate peaks on the IC, and we therefore report the UV-Vis
analyzer results for nitrate concentrations). Anions were determined
using a Dionex AS19-4 pm guard (4 x 50 mm) and analytical column (4
x 250 mm) with 20 mM KOH as eluent with a flow rate of 1 mL min’l. All
samples (n = 100) were filtered with 0.45-pm filters before being
analyzed. In-house quality control standards (QCs) were run approxi-
mately every six samples. The pooled standard deviation for duplicates
was 2.0 pmol for both CI~ and SOF  (n = 13 pairs and 12 pairs,
respectively). The relative standard deviation for the low and high
concentration QCs were <6.4% and <3.4%, respectively. The samples
analyzed were corrected for dilutions if applicable as well as blanks.

2.5. HYSPLIT air mass back trajectory analysis

Air mass back trajectories for each aerosol sample were calculated
using NOAA’s Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT; Rolph et al., 2017; Stein et al., 2015). The plugin ‘trajstat’
(Wang et al., 2009) was used to calculate these trajectories to ultimately
aid in the source determination of NHj. Utilizing particle dispersion
simulation and meteorological data, the model determines the trajectory
of an air mass backward in time, starting from a specified point and time.
Back trajectories were run at a height of 500 m above ground level every

6 h for the length of the sample collection time as well as four additional
days to account of the average lifetime of atmospheric NHy (Paulot et al.,
2016).

2.6. Potential source contribution function maps

Potential source contribution function (PSCF) maps were created for
each season through the combined use of NHj concentrations and back
trajectory calculations. These maps determine the most likely location of
origin of a species (e.g., NH{) relative to the study site. These calcula-
tions are based on the evaluation, for each grid cell (or area), of the ratio
of the total number of marked trajectory segment endpoints to the total
number of trajectory segment endpoints over that grid cell (Wang et al.,
2009).

2.7. NHj isotope analysis

The determination of 3'>N-NH{ follows the protocol of Zhang et al.
(2007) based on a coupled off-line wet-chemistry technique involving
hypobromite (BrO ™) oxidation and acetic acid/sodium azide reduction.
Only samples with NHj concentrations greater than 5 pmol were
analyzed for isotopic composition due to the high level of uncertainty for
lower concentrations (Zhang et al., 2007). Samples above 5 pmol (n =
108) were diluted with ultraclean water (>18 MQ) to either 5 pmol-NHZr
or 10 pmol-NHj. NHj was then oxidized to nitrite (NO3) using BrO~ in
an alkaline solution, and further synthesized following the protocol by
Zhang et al. (2007). NO3 concentrations were analyzed to obtain
oxidation yields, which were found to completely convert NH4 to NO3
for all samples. The reaction was then stopped by the addition of sodium
arsenite to extract the remaining BrO~. Afterward, the samples were
transferred into 20 mL vials, crimp-capped with PTFE/butyl septa, and
flushed with helium gas for a minimum of 10 min. The NO; was then
reduced to nitrous oxide gas (N20O) through the addition of 2 mL of 2 M
sodium azide buffered in 40% acetic acid solution. After half an hour
(minimum), the samples were neutralized using 6 M sodium hydroxide.

Samples were then analyzed for the 8'°N-N,O composition via an
automated NO extraction system coupled with a continuous flow
Isotope Ratio Mass Spectrometer for determination at m/z 44, 45, and
46. In each sample set, unknowns were calibrated to two internationally
recognized NHJ isotopic reference materials, IAEA-No (5'°N = 20.4 %o)
and USGS25 (5'°N = —30.3 %o; Bohlke et al., 1993; Bohlke and Coplen,
1995), and an internal QC (55N = —1.5 %) that were run multiple times
throughout each run. The isotopic standards underwent the same
chemical processing as the unknowns and were used to correct for iso-
topic fractionation (i.e., from the chemical conversion of NH7 to N,0).
The isotopic standards had a pooled standard deviation (1) of £0.6 %o
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for IAEA-N5 (n = 32), +0.8 %o for USGS25 (n = 32), and +0.8 %o for the
QC (n = 32). Additionally, the pooled standard deviation for duplicates
(n =13 pairs) and replicates (n = 20) was 0.3 %o and 0.5 %o, respectively.

2.8. ISORROPIA-II model analysis

The ISORROPIA-II model performs aerosol thermodynamical equi-
librium calculations and can partition NH,. between the gas and aerosol
phases (Fountoukis and Nenes, 2007). Inputs to the partitioning routine
include various elemental and ion concentrations as well as atmospheric
temperature and relative humidity. The model was run in the ‘reverse’
mode under ‘metastable’ conditions and was done for each sample (n =
81) where all required concentration data were successfully measured
(e.g., some samples had limited volume, and not all analyses could be
completed). Concentrations for the following elements/ions were
inputted: Na*, SOF~, NH4, NO3, Cl~, Ca?", K*, and Mg?*. Additionally,
average temperature and relative humidity values, measured during
each collection period per sample, were used.

2.9. Calculating 515N—NH3(g) from aerosol 57°N-NHF

Outputs from ISORROPIA-II and the calculated ion balance of the
samples both indicated that the aerosols were essentially completely
neutralized by NHsz(). Under these conditions, a surplus of NHz is
assumed to stay in the atmosphere, resulting in isotopic fractionation
between the aerosol and gas phases (Pan et al., 2018a). To account for
this, the 8!°N values of the original NH3(g) concentrations were deter-
mined using the following isotopic mass-balance model in a well-mixed
closed system:

Sgaszﬁaemsol - 8aerosol—gas (1 - f) (1)

where 8g; is the isotopic composition of the initial NHz(g), Saerosol is the
isotopic composition of the final aerosol NHZ, and fis the fraction of the
initial NHs(g converted to the aerosol NHj. Epsilon and alpha are
related via the following equation:

e=(0x—1) x 1000 )

Therefore, the following formula (Walters et al., 2019) was used to
determine gy

1000 (Pa 1) (£3.5%0) = 14058/T— 12.20 3)

NHJ (aq) /NHj) —
where T is temperature in Kelvin.

This formula was used for each sample (n = 108), as opposed to a
yearly average, to best account for any seasonal differences. To calculate
f, concentrations of both NHZ and NHsg) are needed. Concurrent mea-
surements of NH3) were not available in this study. Therefore,
ISORROPIA-II was used to reproduce gas phase chemistry as well as
aerosol evolution during the timeframe of the study.

2.10. Stable isotope mixing models in R (SIMMR)

The Bayesian mixing model executed in the R package SIMMR
(stable isotopes mixing models in R; Parnell et al., 2013) was imple-
mented. It determines a high number of plausible solutions of source
contributions to each sample input by applying Bayes theorem. The
model is equipped with a Monte Carlo Markov Chain algorithm that
generates plausible solutions for each sources influence on each sample
(Parnell et al., 2010, 2013; Cooper et al., 2014). From these n re-
alizations, the best estimate (mean) and its uncertainty (standard devi-
ation) can be obtained. SIMMR was used in this study to calculate the
likely percentage that each given activity (volatilization/animal
waste/fertilizer, industry/fuel combustion, vehicles, marine, biomass
burning) was the origin of the NH3 emissions. Ship emissions in the
China region were not included in SIMMR, as the global anthropogenic
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emission inventory for NH3 (1970-2017; McDuffie et al., 2020) shows
that off-road/non-road transportation, including ship emissions,
comprised less than 1% of the total emissions from 2015 to 2017.
Additionally, the §'°N-NH3 signature from ship emissions is currently
unknown. Reported values used in SIMMR include: vola-
tilization/animal waste/fertilizer (—19.2 + 8.3 %o; Freyer, 1978; Hea-
ton, 1987; Frank et al., 2004; Hristov et al., 2009), fuel
combustion/industry (—15.3 + 3.6 %o; Freyer, 1978; Heaton, 1987),
vehicle emissions (6.6 + 2.1 %o; Walters et al., 2020; Song et al., 2021),
marine sources (—6.5 & 1.5 %o; Jickells et al., 2003), and biomass
burning (—6.1 + 1.3 %o; Freyer, 1978). The emission source ranges were
chosen from sampling methodologies that used active sampling ap-
proaches, as it has been documented that passive samplers result in a
615N—NH3 bias and could potentially be unreliable (Pan et al., 2020;
Walters et al., 2020; Kawashima et al., 2021). For the marine signature,
we utilize Jickells et al.’s (2003) values associated with aerosol samples
collected in remote marine environments, though we note this is also
consistent with a marine rainwater study (Altieri et al., 2014). The
biomass burning signature is inferred from the ammonium aerosol data
in Freyer (1978) who measured the nitrogen in coal that derives from
biomass burning. There are no robust actively collected biomass burning
signatures for 8'°N-NHj.

2.11. Global anthropogenic NH3 emission data retrieval

Anthropogenic NH3 emission data was retrieved from McDuffie et al.
(2020) who updated the open-source Community Emissions Data Sys-
tem (CEDS; Hoesly et al., 2019) to develop a new global emission in-
ventory, CEDSgpp-maps (https://doi.org/10.5281/zenodo.3754964). It
contains global anthropogenic emission data of atmospheric pollutants
from sector- and fuel-specific sources from 1970 to 2017. Sector sources
include agriculture, energy, industry, on road transportation, off road
transportation, residential combustion, commercial combustion, other
combustion, solvents, waste, and international shipping. Emissions were
considered over an area of contribution based on the potential source
contribution maps (see results section). This was done for 2015, 2016,
and 2017 to calculate the percentage of different anthropogenic sources
contributing to the study site.

3. Results
3.1. Species concentrations

NHJ concentrations varied seasonally (p < 0.05), with a high in
winter (2.77 + 1.06 pg/m®) and a low in autumn (0.74 + 0.55 pg/m?;
Fig. 2). Winter had the largest variability, and summer had the least,
with autumn and spring being transitions between the two. (Note that
blanks were below or near detection limits for N species and were not
subtracted from the sample concentrations.).

All measured ions (Mg2+, K", Na®, NH4, NO3, CI~, SOF") had the
highest average concentrations in the winter except Ca2t which was
highest in the spring (Table 1; Fig. 3). Additionally, most measured ions
(Ca®*, Mg?*, K™, Na*, C17) had the lowest concentrations in the summer
except NH4, NO3, and SO%’, which was lowest in the autumn. Overall,
Mg?* and K™ had the lowest average annual concentrations compared to
the rest (0.32 + 0.36 pg/m® and 0.52 + 1.10 pg/m°>, respectively),
whereas NO3 and Na' had the highest annual average concentrations
overall (3.82 + 3.83 pg/m> and 3.40 + 3.78 pg/m°>, respectively).
Furthermore, all ions were significantly different amongst seasons (p <
0.05). A majority (>55%) of the NO3 concentrations were at or below
detection limit and therefore no NO5; data was included. For field
blanks, %N was below the limits of detection; filter blanks were also run
for the full suite of ions and chemical species where Ca?", Mg?*, and
SO7~ were found to be <5%. Na*, K™, and Cl~ appear to be contami-
nated as their “blank” values were unreasonably high compared to
sample concentrations. Therefore, the samples were not blank-
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Fig. 2. (A): Time series of NH; concentration (pg/ms). Error bars (A) represent the pooled standard deviation for the concentration measurement technique. (B):
Violin plot of NHj concentration (pg/m3) by season (n = 28 (autumn), n = 30 (winter), n = 24 (spring), n = 26 (summer)).

Table 1

Average concentrations (jug/m> & 10) of measured elements and ions by season and annually.

Autumn average (ig/m®) n Winter average (jug/m®) n

Spring average (jg/m>) n

Summer average (ug/m°%) n Annual average (ug/m>)

0.8 £ 0.8 30 25+33 31 2727 26 07+04 16 1.8+25
Mg>*  02x0.3 30 05+04 31 0404 26 0.1+0.07 16 0.3+0.4
K" 0.2 +0.2 30 1.0+18 31 04+04 26 02+0.1 16  05+1.1
Na* 1.8+23 30 5442 31 4.0+44 26 1.4+06 16  3.4+38
NHf 0706 28  28=x11 30 1.9+08 24 1.4+04 26 17+1.1
NO;  1.1+1.03 30 62+45 31 52+44 29 26+1.1 26 38+38
cl- 2.3+3.1 28 47+41 31 24+45 26 07+04 16  28+38
S0}~  0.8+07 28 41+29 31 3123 25  1.5+03 16 25+24

corrected. trajectories and therefore showed more marine origins.

The NHJ concentrations found in this study (annual average of 1.7
+ 1.1 pg/m3; Table 1) are lower compared to Zhang et al. (2013), who
studied aerosol NHZ concentrations over the Yellow Sea and the East
China Sea during autumn. They measured an average of 4.6 + 2.2 pg/m>
over the Northern Yellow Sea and 3.1 + 2.8 pg/m° over the Southern
Yellow Sea and East China Sea. In the open ocean of the Western North
Pacific Ocean (as far east as ~140°E, 6°N), Xiao et al. (2018) reported an
average NHf concentration of 0.2 + 0.5 pg/m® in aerosol samples
during the winter. Compared to our study, these values from Xiao et al.
(2018) represent a higher percentage of marine air mass back

3.2. Non-sea salt values

Further indicative of terrestrial/anthropogenic inputs is the fraction
of non-sea salt (nss) values for various ions. The nss values were
calculated based on: nss-X = Xaerosol - (X/Na)seawater X Naaerosol, Where
the mass ratios of (X/Na)seawater for SOz, K=, Ca?*, and Mg?" were
0.2515, 0.03701, 0.03821 and 0.012, respectively (Millero, 2006; Nah
et al., 2021). All seasons were observed to have nss values > 55%, with
the majority >70% (Table 2).
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Table 2
Average fraction of non-sea salt values (% + 1c) by season.

Autumn Winter Spring Summer

Average (%) Average (%) Average (%) Average (%)

fnss-Ca®* 919+ 5.4 89.8 + 6.9 93.7 £ 4.1 92.0 + 3.0
fnss-Mg?’ 90.6 + 2.9 85.6 + 5.0 85.9 £ 6.0 83.6 £ 5.5
fnss-K"™ 69.0 + 15.5 70.1 +16.6 68.2 £ 14.1 73.0 £7.2
fnss-SO3~ 56.2 + 27.2 68.6 £ 13.6 70.8 £16.3 783 +7.4

Zhang et al. (2013) measured Ca%*, K*, and SOF~ in Ningbo, China,
and calculated their nss values. Higher ratios of nss-SO3~, nss-K*, and
nss-Ca®™ (all >70%) were detected in fine mode (PM; 1_2.1), indicating
that most particles originated from terrestrial sources (Zhang et al.,
2013). Xiao et al. (2018) analyzed total suspended particulates (e.g., not
size-segregated) and also calculated the nss values of Ca%t, Mg?*, K™,
and SO3~ during winter in the Western North Pacific Ocean. They found
that nss-Mg?" was only 13.1 + 6.9 % of the total Mg>", with nss-MgZ*
typically being considered a crustal-derived ion in continental studies
(Duenas et al., 2012; Xiao et al., 2018). Nss-Ca®" was higher at 41.8 +
17.0 % whereas the fraction of nss—SO‘zfcomprised 39.7 % of total SO?{
in the samples. It was further observed that continental SO~ can be
carried to and impact the open ocean (Xiao et al., 2018).

3.3. Species correlations

Pearson correlation values were calculated seasonally between each
element and ion (Tables SIA-D) to investigate crustal versus marine
sources. For all four seasons, Na™ and Cl~, Na™ and ss-SO?{, and Mg2+
(ss- and nss-) and ss—SO%’ were strongly positively correlated (R > 0.70).
Na™ and Mg?" (ss- and nss-) were also strongly positively correlated
during each season (R > 0.85), as well as Cl™ and ss-Mg2+ (R > 0.70).
Furthermore, Cl~ and ss-SOF were strongly positively correlated for
each season (R > 0.70). Overall, these strong relationships are not sur-
prising, as they are ions derived from sea salt. Nss-K*, nss-Ca®" and nss-
Mg%* also are moderately or strongly correlated throughout the seasons
(Tables S1A-D), which are indicative of crustal (terrestrial) sources
(Duenas et al.,2012; Xiao et al., 2013, 2017, 2018).

When looking at the nitrogen species, NH4 and NO3 both had a
strong correlation with nss-SO% in autumn (R > 0.65; Table S1A).
Moderate correlations in autumn include NHZ and nss-Ca®* (R = 0.45)
as well as NO3 with Ca?' (ss- and nss-), Mg?" (ss- and nss-), Na*t, CI™,
and NH} (R > 0.40; Table S1A). No strong or moderate correlations
were observed in winter, except NO3 and nss- ca®* (R = 0.41 ;
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Table S1B). NH} and NO3 were strongly correlated in the spring (R =
0.62, Table S1C), and NH was moderately correlated with nss—SO%’ (R
=0.43; Table S1C). The summer season is interesting due to the negative
correlations observed that are not present in the other seasons. NH} was
strongly negatively correlated with ss-Ca®*, Mg?" (ss- and nss-), ss-SO%,
ss-K™ and Na™ (R > —0.60; Table S1D). Moderate correlations include
NH{ with nss-Ca®*, nss-K™, and C1~ (R > —0.40). Additionally, NO3 was
moderately negatively correlated with ss-K*, ss-SOF, ss-Ca2™, ss-Mg2+,
Na', and CI~ (R = —0.56 to —0.59; Table S1D).

5!°N-NH{ values were also checked for potential correlations be-
tween the measured species. During autumn, §'°N-NHZ was strongly
negatively correlated with nss-SO5 (R = —0.63) and NH4 concentration
(R = —0.67), and moderately negatively correlated with NO3 (R =
—0.47). For every season besides autumn, §'°N-NHJ remained moder-
ately or strongly correlated with nss-Ca®" (R > 0.50). For example, in
Spring, 5'°N-NHZ was moderately positively correlated with nss-Ca®*
(R = 0.52) and moderately negatively correlated with NHj (R = —0.54).
In summer, 5'°N-NHZ was strongly positively correlated with Na™ and
Cl™ (R > 0.60) and negatively correlated with NO3 (R = —0.65).

3.4. Air mass back trajectories

Although seasonally different, the air mass origins of the aerosol
samples were predominantly continental (Fig. S1IA-D). For autumn,
winter, and spring, the air masses were continental in origin, with both
medium and long-range transport and a majority coming from the
Northwest (Fig. S1A-C). During the summer, a fraction of the air masses
came from the marine system, with the remaining from the continent,
both as medium and long-range transportation (Fig. S1D).

The air mass back trajectories and concentration data were further
used to create potential source contribution function (PSCF) maps per
season (Fig. 4A-D). The PSCF analysis shows that for all four seasons,
the primary source region for NHj is fairly local to the study site, with
autumn (Fig. 4A) and summer (Fig. 4D) showing a larger geographical
footprint.

3.5. Observed NHj isotopes

The NHj isotope values fall in the range of —10.4 %o to 39.7%o
(Fig. 5A). Very small variability is present in autumn but increases with
the remaining seasons, with the largest in winter (Fig. 5B). NHj isotope
values were different seasonally (p < 0.05), with higher average values
in spring (13.3 + 7.9 %o) and summer (15.6 + 6.2 %o) compared to
autumn (3.2 £ 2.5 %o) and winter (3.8 & 11.4 %o).

As stated, autumn has minimal variation compared to the other
seasons. This could be due to the different sampling periods, as the
aerosol samples in autumn were collected for 72 h, whereas in the other
seasons collection periods were either 48 or 24 h. The shorter sampling
periods are likely the cause for increased variation.

3.6. Calculated NH3() isotopes

Based on ISORROPIA-II, excess NH3(g) was always present (n = 81),
which is comparable to Nenes et al. (2021) who discusses the recent
buildup of NHjz(,) in China. Additionally, pH was calculated to fall be-
tween 6 and 8, which is consistent with a system that has a surplus of
NH3(g). Given the excess of NHz(g), the influence of equilibrium isotopic
fractionation on NHj is large. Seasonally, the average fractionation (¢;
see egs. (1) and (3)) was 37.4 &+ 1.1 for autumn, 38.9 + 0.8 for winter,
36.9 + 0.9 for spring, and 35.4 + 0.4 for summer. Calculated NHzg)
isotope values were different seasonally (p < 0.05) with higher values in
summer (—19.7 + 6.3 %o) and spring (—23.7 + 8.3 %o) compared to
winter (—35.2 + 11.6 %o) and autumn (—34.3 + 3.4 %.). However,
individually calculated ¢ values were subtracted from each sample (e.g.,
not the seasonal average).
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ammonium concentrations at Changdao Island.

3.7. Isotope mixing model results

Based on SIMMR, NHze) from agriculture was consistently the
greatest source contribution in each season (all >65 %; Fig. 6), with a
maximum in the summer, and minimum in winter. Industrial fuel
combustion was consistently the second highest source, with a
maximum in winter, and minimum in summer. The remaining sources
were all <10 % individually for all seasons.

4. Discussion

NHj is an alkaline species known for forming haze, with the
Northern China Plain (in close proximity to the current study site) being
one of the greatest atmospherically polluted regions in China (NHg,
sulfuric acid, nitric acid, ammonium sulfate, ammonium hydrogen sul-
fate, etc; Xiang et al., 2022). During the 2020 expanded Chinese Lunar
New Year celebration (January 24 to February 10), China was in a
never-before-seen state of shutdown, due to the majority of people being
contained in their homes to limit the spread of the novel coronavirus
disease (COVID-19, Chang et al., 2020). Yet, widespread haze pollution
still arose over Eastern China during this time (Chang et al., 2020). This
time period overlapped with the current study, where NH4 concentra-
tions were highest in the winter, supporting the strong relationship
between NHJ and haze formation and most likely explaining the winter
maximum in the dataset. Additionally, the higher NO3 and SO%’ con-
centrations also found in winter (Fig. 3) will favor more NH&,) formation
relative to NHs(g) (Seinfeld and Pandis, 2016). Overall, our observations
of the particulate matter exported to the ocean largely supports crus-
tal/anthropogenic origins (species concentrations in Table 1, nss cal-
culations in Table 2, and species correlations in Tables S1A-D).

The average 615N—NH4+ (and calculated 615N—NH3) values were
lowest in the winter (Fig. 5) due to the high number of negative values

present. Overall, the seasonal changes in the 8'°N values were not
explained by changes in chemistry or the partitioning of NH3/NHj,
based on the fractionation calculations and neutralization ratios (ISO-
RROPIA output). These wintertime measurements roughly overlap with
the COVID-19 lockdown in China, although different regions enacted
different restrictive measures based on the number of cases in the area
(Chen et al., 2020). It is suggested that agricultural activities did not
slow down dramatically, but vehicles (including public transportation)
greatly decreased and there was a slight reduction in industrial pro-
duction (Chen et al., 2020), potentially explaining the lower §'°N in the
winter compared to other seasons since vehicles are the only positive
5!°N-NHj source. Therefore, one might expect in a different year, with
no lockdown, that vehicles might be a greater contributor than observed
in this study.

The SIMMR model results (Fig. 6) predict a dominant signal from
agricultural emissions (including volatilization, animal husbandry and
use of fertilizers), however, the similarity in the isotopic ranges for in-
dustry and agriculture mean that these two sources are both strong le-
vers on the predicted probability in a way that can be difficult to
distinguish using this modeling technique. Marine and biomass burning
also have similar ranges, which the model cannot separate well. How-
ever, marine sources and biomass burning are shown to have minimal
impact on our study site, both indicated by SIMMR as well as other tools
used in this study (correlation tests, emission inventories, etc). There-
fore, even though SIMMR cannot separate these two sources well, we are
confident they are not major contributors to our site. This mixing model
approach also does not consider changes in physical drivers of ammonia
dynamics such as seasonal weather, soil pH, land/water type, etc. Still,
several lines of evidence support agricultural emissions as an important
driver of the NHJ signals, particularly during our collection period.

He et al. (2021) implemented a machine learning technique to assess
the effect of the Spring Festival and COVID-19 on NH3 emissions in the
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Fig. 6. Stacked bar graph of probable NH3 source contributions among the four
seasons (calculated by SIMMR).

North China Plain, where they estimated a larger decrease in NH3 con-
centrations in urban areas compared to rural areas. Xu et al. (2022)
studied changes in NH3 due to the lockdown enforcements in China,
where they used surface NH3 measurements, satellite NH3 observations,
and GEOS-Chem simulations. Contrasting with He et al. (2021), Xu et al.
(2022) reported an overall rise in NH3 emissions, but with the increase
being most distinct at rural sites, where concentrations were higher
during COVID-19 in 2020 than the equivalent periods in earlier years.
Specifically in northern China, the NHs increase is thought to be mainly
driven by increased agricultural practices. Overall, the Chen et al.
(2020), He et al. (2021), and Xu et al. (2022) studies lend support for
decreased emissions from vehicles and industry relative to agricultural
activities, including animal husbandry.

To test the sensitivity of the SIMMR results, which were dependent
on the extent of fractionation factors calculated using the predicted
ISORROPIA [NH3] gas outputs from ISORROPIA-II, we changed the
fraction of [NH3] (and therefore the fractionation) by 10 %, 20 % and 30
%. This changed the 5'°N-NH3 that was then input into SIMMR. Even
with a 20 % error in fractionation, agricultural activities were still the
dominant source in all seasons. Only with a 30 % change in fractionation
did we see an important change in results, with industry becoming a
larger source contribution than agriculture in summer. While
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uncertainties in both the ISORROPIA-II results and SIMMR results
remain, overall the sensitivity tests build confidence in the hypothesis
that agricultural activities dominate NH in the region.

Several additional lines of evidence support the importance of agri-
culture/agricultural emissions. Eastern China, near the study site, is a
mix of farmland and urban areas. Pan et al. (2018b) identified different
NH3 hotspots (>1 pg/m®) in this area based upon a year-round obser-
vational network, utilizing a passive NHs monitoring network based on a
diffusive technique with monthly integrated measurements at 53 loca-
tions. They considered the connections between hot spots and six
different types of land use: desert, farmland, grassland, mountain and
forest, urban, and waterbody. When comparing the PSCF (Fig. 4A-D)
results from this study to the hotspots identified by Pan et al. (2018b) by
season, we find that autumn and spring are most heavily influenced by
farmlands, winter is a mix of farmlands and urban areas, and while
summer overlaps with farmlands as well, it is the only season that in-
cludes noticeable transport from the ocean. (Note that airmasses from
the ocean do not have to carry significant marine-based NH3).

The majority of the aerosol composition of the samples is sourced
from nss derived ions (Tables S1A-D), therefore, the marine air masses
observed in the summer likely explain the lower concentrations seen
during this season (Table 1). This is additionally consistent with the
CEDSgpp-maps emissions inventory, which also identifies agriculture
(non-combustion sources only (e.g., excludes open fires)) as the main
NHj emission source to this region. For the years 2015-2017, agricul-
tural activities comprised roughly 77.3 + 0.2 % of NH3 emissions on an
annual basis, with the greatest contributions observed in spring (86.4 +
0.1 %). The wintertime emissions inventory only calculated a contri-
bution of 51.2 + 0.4 % from agricultural emissions, which may be
underestimated based on the isotopic results of the current study, which
suggests agriculture accounts for roughly 65 % of the NH3 emissions in
winter (Fig. 6). However, it is possible that the discrepancy in these
values stems from the timing of the current study, during the COVID-19
lockdown, which resulted in a decrease in transportation activities, and
could have therefore resulted in a higher agricultural signal compared to
other years.

The Yellow Sea is bordered by the three peninsulas (Liaodong,
Shandong, and Korea), all well populated and industrialized, making the
Northern Yellow Sea vulnerable to anthropogenic input, which domi-
nates based on the ion budgets year-round (e.g., nss values for the
measured species are always >55 % (Table 2)). This is further supported
by the calculated air mass back trajectories, in which the majority of
samples originated from the continent (Fig. S1A-D). The PSCF analysis
(Fig. 4A-D), SIMMR results (Fig. 6), and the CEDSgpp.maps emissions
inventory support agriculture as the primary source contribution
compared to other potential sources.

5. Conclusion

Conflicts in the literature reveal uncertainty regarding source origins
of N deposited to the open ocean, making it difficult to determine con-
tinental/anthropogenic or marine/natural sources as the dominant
input. This study aims to help bridge that gap in understanding by
quantifying the influence of anthropogenic emissions of reactive N on
the atmospheric composition of aerosols and sources of aerosol NHJ,
with a focus on seasonal trends.

Strong seasonal trends (p < 0.05) were found in the aerosol
composition as well as the 515N-NHZ and 815N—NH3(g) values. NHZ
concentrations varied with a high in winter (2.83+ 1.1 pg/m®) and low
in autumn (0.7 £ 0.6 pg/ms). The other measured elements and ions
(Mg?*, K*, Na™, NH$, NO3, Cl~, SOZ") also had the highest concen-
trations in the winter except Ca>" which was highest in the spring.
Additionally, other measured elements and ions (Ca®", Mg?*, K*, Na¥,
C17) had the lowest concentrations in the summer except NO3, and SO?;_
which were lowest in the autumn. Furthermore, the annual fraction of
nss values for Ca®*, Mg?", K, and SO%~ were all high (>65 %).
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615N—NHI had higher values in spring (13.3 & 7.9 %o) and summer (15.6
=+ 6.2 %o0) compared to autumn (3.2 + 2.5 %o) and winter (3.8 + 11.4 %o).
Calculated NH3(g) isotope values also had higher values in summer
(—19.7 + 6.3 %o) and spring (—23.67 + 8.3 %o) compared to winter
(—35.2 £+ 11.6 %o) and autumn (—34.3 + 3.4 %o). This data, together
with the air mass back trajectories, provide evidence for continental
origins of NH{ deposition primarily as a result of anthropogenic agri-
cultural activities (volatilization/animal waste/fertilizer) throughout
the year. Given the anthropogenic origin of NHJ and its bioavailability,
the results from this study should be further interpreted within the
context of total inorganic and organic wet and dry N deposition to the
NPO. It is crucial to bridge the gap in understanding of the impact of
anthropogenic and marine sources on reactive N deposition to better
determine the drivers of biogeochemical changes in the open ocean.
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