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ABSTRACT: The characteristics, sources, and atmospheric
oxidation processes of marine aerosol proteinaceous matter
(APM), including total proteins and free amino acids (FAAs),
were investigated using a set of 1 year total suspended particulate
(TSP) samples collected in the coastal area of Okinawa Island in the
western North Pacific rim. The concentrations of APM at this site
(total proteins: 0.16 ± 0.10 μg m−3 and total FAAs: 9.7 ± 5.6 ng
m−3, annual average) are comparable to those of marine APM. The
major FAA species of APM are also similar to previously reported
marine APM with glycine as the dominant species (31%). Based on
the different seasonal trends and weak correlations of total proteins
and FAAs, we found that they were contributed by different sources,
especially with the influence of long-range transport from the Asian
continent of northern China and Mongolia and the oceanic area of the Bohai Sea, Yellow Sea, and East China Sea. The
photochemical oxidation processes of high-molecular-weight proteins releasing FAAs (especially glycine) were also considered as an
important factor influencing the characteristics of APM at this site. In addition, we propose a degradation process based on the
correlation with ozone and ultraviolet radiation, emphasizing their roles in the degradation of proteins. Our findings help to deepen
the understanding of atmospheric photochemical reaction processes of organic aerosols.
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1. INTRODUCTION

Proteinaceous matter is an important active content of water-
soluble organic nitrogen in aerosols. It plays important roles in
the global nitrogen cycle,1 regional and global climate by direct
absorption/reflection of radiation, and acting as cloud
condensation nuclei (CCN) and ice nuclei (IN) to affect the
formation of cloud and ice.2−7 Other than the environmental
influence, it is also reported to have human health impacts.8,9

Aerosol proteinaceous matter (APM) consists of combined
amino acids (proteins and peptides) and free amino acids
(FAAs).10 APM has a large variety of natural sources in the
continent and ocean, such as plant pollen, fungal spores,
animal and plant debris, phytoplankton, and biological
degradation products.9,11−13 Marine physical processes and
continental anthropogenic sources also contribute to APM.14

Marine physical processes can bring primary biological
particles including proteinaceous matter, which are released
into the atmosphere from the sea-surface microlayer (SML),
by breaking waves and bubble bursting processes.15−17

Continental anthropogenic sources such as biomass burning
and agricultural and livestock emissions11,18−20 are also
important sources of APM. Other than primary emission

sources, atmospheric oxidation processes also have a significant
impact on the characteristic composition of APM.10,14

It has been proposed that the oxidative degradation of high-
molecular-weight (HMW) proteins is an important source of
FAAs in atmospheric aerosols,1,21 and in liquid environ-
ments.22 In ambient air, the roles of atmospheric oxidants in
the oxidative degradation of proteins have been observed and
proposed in field observations in rural and urban environ-
ments.14,23,24 However, the mechanisms and roles of individual
atmospheric oxidants as well as environmental factors such as
relative humidity (RH), ultraviolet (UV), etc. have not been
well investigated. Moreover, most of the studies on APM to
investigate their sources and atmospheric evolution were
conducted in urban,14 rural,10 and suburban25 areas, while few
studies were performed to reveal the sources and atmospheric
processes of APM in a marine environment.26 We then chose a
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coastal site to conduct a 1 year study to investigate the
contributions of different sources and atmospheric processes of
APM in the marine environment.
Okinawa, an island in the western Pacific Ocean, has little

local anthropogenic emissions but is significantly affected by
the East Asian outflow. The sampling at Cape Hedo enables us
to explore the contribution of marine emissions and terrestrial
transmission to APM.27−29 In addition, Okinawa is controlled
by subtropical high pressure, resulting in high temperatures
and strong radiation throughout the year. Without the strong
complex influence of local anthropogenic emissions,30,31 it
provides a nice opportunity for the study on photochemical
degradation of APM in a marine boundary layer. Here, we
present a full-year observation of proteins and FAAs in total
suspended particles (TSP) at Cape Hedo, Okinawa. The
purposes of this study were: (1) to determine the character-
istics of marine APM such as their concentration levels,
composition profiles, and seasonal variation characteristics; (2)
to understand the contributions of marine and continental
sources; (3) to investigate the photochemical degradation
mechanisms of proteins in aerosols. The results of the present
study help to deepen the understanding of the source and
atmospheric photochemical processes of APM in marine
aerosols.

2. MATERIALS AND METHODS

2.1. Sample Collection. A total of 48 TSP samples were
collected from 2009 October to 2010 October at the Cape
Hedo Atmosphere and Aerosol Monitoring Station
(CHAAMS, 26°9′N, 128°2′E). The CHAAMS is located at
the northwestern edge of Okinawa Island and is surrounded by
subtropical forests. It is within the outflow region of East Asian

emissions.29,30,32 The ambient particles were collected on
precombusted (450 °C, 4 h) quartz fiber filters (20 × 25 cm2).
A high-volume air sampler (Kimoto AS-810B) was operated
for sampling at a flow rate of 60 m3 h−1. The sampling duration
was normally 7 days and the volume was from 6326 to 10 917
m3. The filter samples and field blanks were placed in a
preheated glass jar with a Teflon-lined screw cap at −20 °C
until analysis.

2.2. Measurements of APM. A part of each filter sample
(corresponding to about 350 m3 air) was cut into elongated
pieces and placed in a sterilized plastic centrifuge tube (15
mL), and then ultrasonically extracted with 6 and 4 mL of
autoclaved ultrapure water (resistivity = 18.2 MΩ cm, prepared
using a Milli-Q Advantage A10 system) for 30 min
sequentially. The extracts were combined and then filtered
through a cellulose acetate syringe filter (pore size of 0.45 μm,
Thermo) to remove filter debris and impurities. After
lyophilization, the extracts were redissolved in 1 mL of
ultrapure water; 200 and 500 μL of the solutions were taken
for protein and FAA analyses, respectively.
The analytical procedures of total proteins and FAAs have

been reported in detail in our previous publications.10,14

Bicinchoninic acid assay (BCA, Micro BCA Protein Assay Kit,
Thermo) with the detection of a microplate reader (BioTek)
was used to determine the total proteins. To reduce the
interference of low-molecular-weight (LMW) components (<5
kDa), a size-exclusion column (PD MiniTrap G-25, GE
Healthcare) was used. FAAs were separated by high-perform-
ance liquid chromatography (HPLC, Agilent 1260, Germany)
with a Zorbax Eclipse-AAA column (4.6 × 150 mm, 5 μm) at
40 °C before detection with a fluorescence detector (FLD,
G1321C, Agilent, Germany). A mixed strong cation exchange

Table 1. Seasonal Mass Concentrations of Proteins and Free Amino acids (FAAs) in Ambient Aerosols (TSP) from Okinawa
Island

annual winter spring summer autumn

I. total proteins (μg m−3)
0.16 ± 0.10 0.20 ± 0.074 0.22 ± 0.095 0.089 ± 0.10 0.13 ± 0.072

II. FAAs (ng m−3)
Gly 3.0 ± 2.1 2.6 ± 1.1 4.6 ± 1.6 1.8 ± 2.7 2.9 ± 1.9
Gln 1.2 ± 1.2 0.40 ± 0.21 1.5 ± 0.97 1.6 ± 1.7 1.3 ± 1.1
Ala 1.2 ± 1.3 0.48 ± 0.33 2.0 ± 2.3 1.2 ± 0.61 1.1 ± 0.54
Val 1.1 ± 0.55 0.78 ± 0.22 1.5 ± 0.44 1.1 ± 0.59 1.2 ± 0.70
Hyp 0.80 ± 0.57 0.44 ± 0.29 1.0 ± 0.57 0.69 ± 0.53 1.1 ± 0.66
Met 0.79 ± 0.75 0.48 ± 0.31 0.96 ± 0.61 0.57 ± 0.55 1.3 ± 1.2
Asn 0.35 ± 0.25 0.21 ± 0.21 0.60 ± 0.30 0.29 ± 0.10 0.27 ± 0.12
Glu 0.34 ± 0.25 0.17 ± 0.10 0.52 ± 0.34 0.35 ± 0.17 0.29 ± 0.13
Ser 0.28 ± 0.34 0.10 ± 0.10 0.45 ± 0.56 0.22 ± 0.17 0.30 ± 0.17
Trp 0.14 ± 0.12 0.10 ± 0.056 0.25 ± 0.15 0.063 ± 0.066 0.13 ± 0.087
Ile 0.12 ± 0.093 0.085 ± 0.047 0.17 ± 0.15 0.11 ± 0.046 0.11 ± 0.044
Leu 0.11 ± 0.15 0.037 ± 0.029 0.15 ± 0.27 0.14 ± 0.072 0.10 ± 0.084
Phe 0.090 ± 0.092 0.050 ± 0.025 0.13 ± 0.16 0.97 ± 0.042 0.086 ± 0.046
Tyr 0.79 ± 0.18 0.032 ± 0.027 0.15 ± 0.36 0.067 ± 0.039 0.067 ± 0.062
Thr 0.14 ± 0.068 not detected 0.16 ± 0.099 0.13 ± 0.063 0.14 ± 0.053
His 0.044 ± 0.042 0.0070 ± 0.0070 0.045 ± 0.034 0.055 ± 0.051 0.042 ± 0.044
total FAAs 9.7 ± 5.6 5.9 ± 2.4 14 ± 6.3 8.5 ± 5.1 10 ± 4.4
III. Ratio
proteins/OC 9.4% ± 4.9% 14% ± 3.3% 10% ± 3.6% 4.4% ± 3.0% 8.9% ± 4.5%
proteins/TSP 0.25% ± 0.16% 0.31% ± 0.15% 0.25% ± 0.18% 0.19% ± 0.10% 0.25% ± 0.18%
FAAs/OC 0.56% ± 0.29% 0.40% ± 0.12% 0.73% ± 0.43% 0.46% ± 0.18% 0.69% ± 0.19%
FAAs/TSP 0.16‰ ± 0.11‰ 0.087‰ ± 0.041‰ 0.18‰ ± 0.13‰ 0.21‰ ± 0.088‰ 0.20‰ ± 0.13‰
FAAs/proteins 8.1% ± 6.0% 3.1% ± 1.4% 7.6% ± 5.8% 13% ± 5.9% 9.7% ± 5.4%
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solid-phase extraction cartridge (Copure SCX SPE, Biocomma
PolybaseTM, China) was used before FAA analysis to reduce
the matrix effects. The precolumn derivatization using o-
phthalaldehyde (OPA) and 9-fluorenylmethyl chloroformate
(FMOC) was applied for FAA detection. The method
detection limit (MDL), precision, and recovery of total protein
and 16 FAA analyses are shown in Table S1.
2.3. Measurements of Other Chemical Components.

Concentrations of organic carbon (OC) and elemental carbon

(EC) were measured using a carbon analyzer (Sunset Lab)
following the Interagency Monitoring of Protected Visual
Environments (IMPROVE) thermal/optical evolution proto-
col.27,30,33−35 Water-soluble ions (WSIs), including Na+, NH4

+,
K+, Ca2+, Mg2+, methanesulfonate (MSA−), Cl−, NO3

−, and
SO4

2−, were determined with an ion chromatograph (761
Compact IC, Metrohm, Switzerland).27,30,33−35

2.4. Auxiliary Data. The data of daily ozone (O3) column
concentration data, daily UV radiation intensity, and

Figure 1. Composition of individual free amino acids (FAAs) in the TSP samples in Okinawa. (a) Annual average and (b) monthly variation.

Figure 2. Temporal variations of APM and other chemical components in TSP as well as other data measured in Okinawa. (a) Protein and FAAs;
(b) FAAs/proteins and Gly/protein; (c) TSP, OC, and EC; (d) major ions (Na+, NH4

+, K+, Ca2+, Mg2+, Cl−, NO3
−, and SO4

2−); (e) UV and O3;
and (f) temperature and precipitation. The sampling period was classified into four seasons: winter (December−February), spring (March−May),
summer (June−August), and autumn (September−November).
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meteorological parameters (e.g., temperature and precipita-
tion) were obtained from the Japan Meteorological Agency
(JMA, http://www.jma.go.jp/jma/menu/menureport.html).
Air mass backward trajectory analysis was conducted with
the HYSPLIT model.36 Chlorophyll a (Chl a) data was
obtained from https://oceancolor.gsfc.nasa.gov/l3/.

3. RESULTS AND DISCUSSION
3.1. Concentrations and Composition of APM. As

shown in Table 1, the concentrations of total proteins in TSP
at the CHAAMS in Okinawa varied from 0.02 to 0.43 μg m−3

with an average of 0.16 ± 0.10 μg m−3. The observed levels of
total proteins in this coastal site are lower than those from
other regions (i.e., rural, suburban, and urban areas, see Table
S2).10,14,26,37−42 The concentrations of total FAAs ranged from
2.7 to 29 ng m−3 (average of 9.7 ± 5.6 ng m−3), which are
comparable to those obtained from coastal Tasmania, Australia
(2−21.5 ng m−3),43 and the oceanic sites in the Atlantic (2.7
ng m−3)44 and the North Pacific (1.1 ng m−3),45 but generally
higher than those from the remote oceanic areas (the remote
Arctic: 0.38 ng m−3 and 0.84 ng m−3;46,47 and three Antarctica
cruise campaigns: 0.1, 0.11, and 1.51 ng m−3,48). Nevertheless,
total FAA concentrations in this study are much lower than
those reported in urban/rural aerosols11,18,49−53 (see details in
Table S3).
The concentration of APM is much lower than those of

WSIs and carbonaceous contents. Na+ and Cl− are the most
abundant WSIs with the averages of 5.9 ± 2.7 and 11 ± 6.2 μg
m−3, respectively. Among the WSIs, Cl− and Na+ together
account for 74% of the total WSIs, much higher than those of
the secondary ions, e.g., NO3

− and SO4
2−. The average ratios

of Cl−/Na+ and Mg2+/Na+ are 1.8 and 0.14, respectively, which
are close to the ratios obtained from seawater,24,54 demonstrat-
ing a strong contribution of fresh marine emissions. It has been
suggested by previous studies30 that TSP collected at this site
was also influenced by long-range transport, which can also be
indicated by the variations in continentally originated NO3

−,
non-sea salt ions (e.g., nss-SO4

2−), OC, EC, etc.
As shown in Figure 1a, glycine (Gly) was the most abundant

FAA, accounting for 31% of total FAAs. The predominance of
Gly among FAAs is similar to the results from most of the
observations in different areas, which should be due to its
ubiquitous existence and low reactivity in the environ-
ment.10,14,26,45,55 The next dominant FAAs are glutamine
(Gln, 12%), alanine (Ala, 12%), and valine (Val, 12%). Ala has
previously been reported as one of the major FAAs in marine
aerosols, e.g., from a cruise campaign in the Northwestern
Pacific45 and an observation at the coastal site in Tasmania.43

In general, the FAA composition is similar to those reported in
previous studies of marine APM. In addition, we also observed
that methionine (Met) accounted for 8.2% of total FAAs in
this study. Considering that Met is quickly oxidized by O3 to
form methionine sulfoxide (MetSO) and methionine sulfone
(MetSO2) in a relatively short period of time,56,57 the certain
amount of Met observed at this site points to the contribution
of local fresh sources.
3.2. Seasonal Variations of APM. Figure 2 presents

temporal variations of APM as well as other chemical
components in TSP, O3 concentrations, and meteorological
parameters. Higher seasonal averages of total proteins were
observed in winter (0.20 ± 0.074 μg m−3) and spring (0.22 ±
0.095 μg m−3) than those in summer (0.089 ± 0.10 μg m−3)
and autumn (0.13 ± 0.072 μg m−3). The elevation of proteins

during spring could be expected due to the biological
emissions from plant debris, bacteria, spores, and pollen in
nearby forest areas.58 During summer, the relatively low
seasonal average of the APM concentration could be affected
by the frequent rainfall events leading to the scavenging by wet
deposition, which has also been suggested by the observations
in other areas.10 The higher concentration of total FAAs was
also observed during spring (14 ± 6.3 ng m−3) and autumn
(10 ± 4.4 ng m−3) than those in both summer (8.5 ± 5.1 ng
m−3) and winter (5.9 ± 2.4 ng m−3). The different seasonal
variation trends between proteins and total FAAs suggest that
HMW and LMW APM at this site may not be contributed by
the similar sources/processes, which is different from our
previous observations in the urban and rural areas.10,14

However, Gly, which is the most abundant FAA in TSP and
has been reported as an oxidation product of HMW
proteins,10,14,23 exhibits similar seasonal variations with
HMW proteins, showing a link between them. Different
seasonal variation trends were found for some other FAAs, e.g.,
Ala, Val, Met, and His in this study, giving a hint on the
seasonal difference of the sources of FAAs.
The composition profiles of FAAs were further investigated

by classifying the observed FAAs into three groups based on
the hydropathic index: i.e., a neutral group including tyrosine
(Tyr), threonine (Thr), Gly, histidine (His), serine (Ser), and
glutamic acid (Glu); a hydrophilic group including hydrox-
yproline (Hyp), Gln, and asparagine (Asn); and a hydrophobic
group including leucine (Leu), isoleucine (Ile), phenylalanine
(Phe), tryptophan (Trp), Met, Val, and Ala.59 As shown in
Figure 1b, the contribution of the hydrophobic group on a
monthly basis was relatively constant. The contribution of
hydrophilic FAAs, especially that of Gln, shows a significant
increase in summer months (June−August), pointing to the
change of sources in summer. Due to the variation and
predominance of Gly among the neutral group, the
contribution of neutral FAAs was relatively high during the
winter and spring months (e.g., December, January, February,
and April) but relatively low in summer months (July and
August). The variations of the relative abundances of the three
FAA groups in different seasons show that different FAA
species originated from different sources/processes.14

3.3. Sources of APM. To reveal the sources of APM at this
site, we investigated the contributions of local emissions and
long-range transport. As mentioned above, the observed high
loadings of sea salt components in TSP point to the substantial
contribution of fresh marine emissions. Therefore, we
investigated the contribution of fresh marine emissions to
APM at this site using Na+ and Cl− as the indicators (Table
S4). However, no correlation was observed between APM and
fresh marine aerosol indicators. It suggests that the oceanic
mechanical processes producing sea salt at this site had a weak
contribution to the observed APM. With regard to local
anthropogenic emissions, this site is located at the coast with a
forest surrounding and no industry nearby as reported in
previous studies,30,33 and thus, local industry was not
considered as an important contributor to APM. However,
the fact that Met, a shortlived FAA,56,57 was observed at this
site all the year round points to the contribution of the local
source to APM. Considering the ubiquity of Met in organisms,
the local sources of APM were considered to be biogenic
emissions from the nearby vegetation. It is reported that the
sum primary biological aerosol particle tracers elevated in
spring and summer at this site,35 which explains the elevation
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of APM in spring. However, high concentrations of proteins
were also observed in winter, suggesting a potential
contribution from other sources via long-range transport.
The contribution of continental anthropogenic sources via

long-range transport to total protein is proposed by the
significant correlations between proteins and secondary ions of
NO3

− (r = 0.81, p < 0.01) and nss-SO4
2− (r = 0.84, p < 0.01),

while it is considered to be a minor contributor to the sum of
FAA species because of the weak correlations between total
FAAs and the two indicators. Among FAAs, Gly shows
moderate correlations with NO3

− (r = 0.61, p < 0.01) and nss-
SO4

2−(r = 0.72, p < 0.01), suggesting that Gly may partly
contribute by continental outflow. Air mass backward
trajectories and their cluster analysis (Figures S3 and S4)
show that more than 70% and 35% of the air masses passed
through the Asian continent in winter and spring, confirming
the contribution of continental outflow from the large area of
northern China and Mongolia in the Asian continent via long-
range transport. During the transport, these air masses passed
over the Bohai Sea, Yellow Sea, and the East China Sea,
leading to the mixing of continental and marine air masses; and
thus, contributing to marine APM from these regions.
We then use MSA− as an indicator of marine biogenic

production.60 A strong positive correlation was found between
total proteins and MSA− (r = 0.77, p < 0.01) (Table S4),
suggesting a significant contribution of marine biogenic
production to total proteins. With regard to FAA species,
MSA− strongly correlates with Gly (r = 0.71, p < 0.01) and

moderately correlates with Asn, Glu, and Trp (r = 0.61, 0.48,
and 0.49, respectively, p < 0.01). Considering the potential
input of air masses from the Bohai Sea and the Yellow Sea and
the marine phytoplankton bloom in this area in spring and
winter,60 we further use Chl a, one of the main pigments of
photosynthesis, to trace the contribution of marine phyto-
plankton to the oceanic APM. We found a strong Chl a
production near the eastern coastal areas of China in August.
However, most of the air masses in summer (Figures S3 and
S4) came southeasterly from the open Pacific Ocean instead of
the Chinese coastal areas. The algal blooms along the eastern
coast of China in summer are expected to have little effect on
APM in Okinawa. In contrast, a significant increase of Chl a
production (Figure S5, from February to April) and the
elevation of APM concentrations was seen, when the air mass
passed through the Bohai and Yellow Seas of China in winter
and spring. The simultaneous elevations suggest that marine
biogenic emissions from the Bohai Sea and the Yellow Sea act
as an important contributor to aerosol proteins at this site in
spring and winter via long-range atmospheric transport.
The observation reveals that long-range transport plays a

very important role in the elevation of APM at this site,
especially for total proteins. Gly, which is well correlated with
total proteins, is also suggested to be largely contributed by
this process. However, we also observed a variation in the
ratios of Gly/total proteins, i.e., constant values in winter and
some increase in spring and summer, pointing to additional

Figure 3. Correlations between FAAs and ambient [O3] and [O3]·UV. (a) FAAs vs [proteins][O3]; (b) FAAs vs [proteins][O3]·UV; and (c) FAAs
vs [proteins][O3]·UV during high UV days. The blue and red scatter dots represent the total FAA and Gly concentrations, respectively.
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contributors to Gly than transport, especially in the two
seasons.
3.4. Atmospheric Degradation of APM. The previous

studies on heterogeneous reactions of APM in laboratory and
field studies have confirmed that proteins can be oxidized by
atmospheric oxidants (such as O3, NOx, and OH), resulting in
structural changes and atmospheric chemical degradation.61,62

Recently, field studies in Guangzhou,10 Beijing,14 and
Guiyang25 have revealed the importance of O3 in the process
of protein degradation leading to FAA release. We observed a
significant correlation of [total FAAs] with [proteins][O3] (r =
0.43, p < 0.01, Figure 3a), demonstrating the participation of
O3 in degradation of HMW APM in an ambient environment.
Moreover, a strong correlation between [Gly] and [proteins]-
[O3] (r = 0.80, p < 0.01, Figure 3a) suggests that Gly is a major
product of degradation of HMW proteins, which is
inconsistent with the previous observation.10,14 Therefore,
O3, an atmospheric oxidant, is suggested to play an important
role in the degradation of HMW proteins leading to the release
of FAAs.
The FAAs/proteins ratio can represent the efficiency of the

atmospheric oxidation of proteins to release FAAs.10,14 In this
study, the average FAAs/proteins ratio reaches 13% in summer
(Figure S2), which is much higher than those of 4.6 and 4.9%
in Beijing, China.14 The seasonal trend of the FAAs/proteins
ratio shows a consistent trend with that of UV, giving an

important clue that the secondary production of FAAs should
be photochemically driven. The effects of UV were then
investigated in this study to delve into the atmospheric
oxidation process of aerosol proteins. Previous studies have
found that HMW proteins in aerosols can be degraded to
produce LMW FAAs under the effect of UV radiation.20,57,63

The similar seasonal trend illustrated in Figure 2 between
FAAs/proteins and UV suggests that UV radiation is also an
important influencing factor in the degradation of proteins into
FAAs.
In the ambient environment, O3 can be photolyzed by UV

radiation to result in OH radicals in the gas phase, and thus
promote the atmospheric multiphase reactions of proteins in
particulate matter.10,14 A laboratory study on the protein
reaction with OH in the liquid phase shows that model
proteins would react with OH to produce Gly and other
FAAs.22 Considering that O3 will be rapidly photolyzed to OH
in the presence of UV, UV and O3 can be used as the proxies
of OH. As a relatively strong atmospheric oxidant,64 OH was
thought to be an important trigger for the process of aerosol
proteins during daytime in ambient air.14,23 Based on the
results of our observation, we propose a multiphase reaction
mechanism of aerosol proteins with the significant partic-
ipation of OH using O3 and UV as the proxies. The process is
shown as follows
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where JO3 is the photolysis rate constant, k1, k2, and k3 are the
second-order rate coefficients, O(3P) is the ground-state
atomic oxygen, M is the air molecule (M = N2 or O2), and φ is
the slope of the linear fitting. The formation of OH radicals is
dependent on the occurrence of O3, water vapor, and the
strength of UV. The related discussion on the formation of OH
in ambient air is shown in the Supporting Information.
The hygroscopicity of particles can affect the rate of

heterogeneous reactions that occur on the surface of the
particles.65 The hygroscopic capacity of the atmospheric
particulate matter mainly depends on the chemical compo-
nents.66 Sea salt is considered as the major component to affect

the hygroscopic growth of atmospheric aerosols.67 Globally,
the amount of sea salt particles entering the troposphere from
the ocean droplets reaches 1012 kg.68 Since sea salt
components such as NaCl account for the highest proportion
at this coastal site, the hygroscopicity of particulate matter is
significantly enhanced. It provides a considerable reaction
interface for atmospheric heterogeneous reactions. In addition,
due to the influence of ocean air masses and warm and humid
air plumes, the seasonal distribution of rainfall at this sampling
site is relatively uniform. The regulating effect of the ocean
makes the daily and annual changes of humidity near the coast
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gentle. Therefore, we assume that the water vapor content at
this coastal site is relatively high and constant.
It is inferred that the production of FAAs (e.g., Gly) would

be dependent on the concentrations of precursor proteins/
peptides, O3, and UV radiation (eq 9). A stronger correlation
was observed between [total FAAs] as well as [Gly] and
[proteins][O3]·UV (r = 0.54 and 0.81, respectively, p < 0.01,
Figure 3b), which are stronger than those with O3. It is
conceivable that OH produced by the synergistic effect of UV
on O3 is able to trigger the degradation of aerosol proteins. We
further analyze the correlations during the high UV days with
the UV intensity higher than 63 kJ m−2. It was found that the
correlation was significantly enhanced between [total FAAs]
and [Gly] with the product of [proteins][O3]·UV (r = 0.77
and 0.92, respectively, p < 0.01, Figure 3c), which strengthens
our suggestion on the important influence of UV on protein
degradation.
In the atmospheric aerosol degradation, oxidative degrada-

tion of proteins and peptides by OH leads to the cleavage of
the peptide and thus the release of FAAs, especially Gly.22

Several studies have shown that the extraction of H from α-
carbon atoms is the main way of OH-mediated protein
fragmentation and occurs at specific sites or amino acid
residues.22,69−71 Due to the existence of proteins in aerosol and
O3 and OH radicals in the gas phase, we suggest that
multiphase reactions are involved in the process of aerosol
protein degradation, which has also been reported in previous
laboratory simulations and field observations.10,14,72−74 The
strong link with UV in this work suggests that the production
of OH radicals and their uptake to aerosol should be the
important steps for the reaction. When the humidity increases
in ambient air, the water content of the particulate matter will
increase accordingly. The soluble proteins in aerosol water are
expected to undergo a liquid phase reaction with OH, where
the rate of protein degradation is enhanced leading to the
significant increase of amino acids production. The previously
estimated reaction stoichiometric coefficients of OH-initiated
protein degradation in the liquid phase to FAAs (10−3−7 ×
10−2 for FAAs and 7 × 10−2 for Gly) are about an order of
magnitude higher than those estimated in ambient air (3 ×
10−4−3 × 10−3 for FAAs and 10−4−10−3 for Gly).10,22
The degradation process of APM may significantly affect the

size and composition of organic nitrogen, leading to the change
of nitrogen forms and fluxes in the regional to the global
nitrogen cycle. In this study, we confirmed that O3 played an
important role in APM oxidation degradation, and further
proposed that this process was driven and controlled by UV
photochemistry. The mechanisms of protein degradation
proposed here emphasize the importance of UV for the
occurrence of APM in the atmosphere, especially in the remote
marine environment. The higher Gly/proteins ratios observed
at this site than those observed in urban/rural areas point to
higher degradation efficiency at this coastal site, which may be
caused by the high hygroscopicity of particles generated by
relatively high loadings of Na+/Cl− and high humidity in the
marine environment. Considering the vast oceanic area on the
earth, the atmospheric reactions of APM are thought to pose a
significant impact on the marine nitrogen cycle. Our study will
help to raise the concerns not only about the characteristics
and sources of APM but also about the effects of humidity and
hygroscopicity of particles on the multiphase reactions
between aerosol and atmospheric gas pollutants. Furthermore,
due to the variability of marine APM and marine environ-

mental factors, a further in-depth study on aerosol proteins and
the peptide degradation mechanism in a marine environment
will help to promote the current understanding of the effect of
marine APM.
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