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h i g h l i g h t s
� Ambient levels of C1-C4 alkyl nitrates (RONO2) were measured in four selected months at a coastal site.
� C2-C4 RONO2 peaked in winter and were mainly produced via photochemical formation.
� Methyl nitrate (MeONO2) peaked in summer and was mainly derived from oceanic emissions.
� The notable enrichment of MeONO2 over C2-C4 RONO2 was influenced by the oceanic air masses from the South China Sea.
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a b s t r a c t

Five C1-C4 alkyl nitrates (RONO2) were measured at a coastal site in Hong Kong in four selected months of
2011 and 2012. The total mixing ratios of C1-C4 RONO2 (S5RONO2) ranged from 15.4 to 143.7 pptv with an
average of 65.9 ± 33.0 pptv. C3-C4 RONO2 (2-butyl nitrate and 2-propyl nitrate) were the most abundant
RONO2 during the entire sampling period. The mixing ratios of C3-C4 RONO2 were higher in winter than
those in summer, while the ones of methyl nitrate (MeONO2) were higher in summer than those in
winter. Source analysis suggests that C2-C4 RONO2 were mainly derived from photochemical formation
along with biomass burning (58.3e71.6%), while ocean was a major contributor to MeONO2 (53.8%)
during the whole sampling period. The photochemical evolution of C2-C4 RONO2 was investigated, and
found to be dominantly produced by the parent hydrocarbon oxidation. The notable enrichment of
MeONO2 over C3-C4 RONO2 was observed in a summer episode when the air masses originating from the
South China Sea (SCS) and MeONO2 was dominantly derived from oceanic emissions. In order to improve
the accuracy of ozone (O3) prediction in coastal environment, the relative contribution of RONO2 from
oceanic emissions versus photochemical formation and their coupling effects on O3 production should be
taken into account in future studies.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Alkyl nitrates (RONO2) are usually considered as a component of
total reactive nitrogen (NOy¼NOxþHNO3þNO3þN2O5þ organic
sclai@scut.edu.cn (S. Lai).
nitrates) (Day et al., 2003). They can serve as a temporary reservoir
of NOx and transport long distance because of their relatively low
reactivity (Atkinson et al., 2006; Ling et al., 2016).

It has long been proposed that RONO2 are mainly formed by
the photochemical oxidation of hydrocarbons (e.g., methane,
ethane, propane etc.) in the presence of NOx (Atkinson et al., 2006).
The photochemical formation pathways of C1-C4 RONO2 are
demonstrated as follows (Arey et al., 2001; Atkinson et al., 2006):
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RH þ �OH / �R þ H2O, k1, a1 (R1)

�R þ O2 / �RO2, k2 (R2)

�RO2 þ NO / �RO þ NO2, k3, 1-a2 (R3)

�RO2 þ NO / �RONO2, k4, a2 (R4)

�RO þ NO2 / �RONO2, k5 (R5)

NO2 þ O2 / NO þ O3, k6 (R6)

where k1, k2, k3, k4 and k5 are the reaction rate constants; a1 and a2

are the branching ratios for the Reactions (R1) and (R4) of parent
hydrocarbons (RH) with hydroxyl radicals (�OH) and peroxyl
radicals (�RO2) with NO, respectively. Briefly, alkyl radicals (�R)
result from the �OH-initiated oxidation of RH (R1) and can sub-
sequently react with O2 to form �RO2 (R2). A large fraction of
RONO2 is usually formed via reaction of �RO2 with NO (R4)
(Atkinson et al., 1982; Bertman et al., 1995). Another branch of
reaction of �RO2 with NO can produce alkoxy radicals (�RO) and
NO2 (R3), leading to the alternative formation pathway of RONO2
through the reaction of �RO and NO2 (R5) (Flocke et al., 1998a,
1998b). In addition to secondary photochemical formation, pri-
mary emissions of C1-C3 RONO2 from the oceans (Atlas et al., 1993;
Blake et al., 2003; Ling et al., 2016) and biomass burning (Simpson
et al., 2002) have been reported previously. However, other
emissions are not considered as important sources of C1-C3 RONO2
(Perring et al., 2013). Ambient observations over the equatorial
Pacific showed that the levels of C1-C2 RONO2 were enhanced in
this region (Atlas et al., 1993; Blake et al., 2003). Direct mea-
surements of RONO2 in seawater showed that C1-C3 RONO2 can be
supersaturated in surface layer (Chuck et al., 2002; Moore and
Blough, 2002; Dahl et al., 2007). These results indicated that
oceanic emissions are a source of RONO2 in the atmosphere. In
contrast, the removal of RONO2 primarily includes photolysis and
the reaction with �OH (Clemitshaw et al., 1997; Talukdar et al.,
1997a, 1997b).

(R7)

(R8)

where hv is sunlight; JRONO2 and k6 are the rate constants
of photolysis and �OH reaction, respectively. Photolysis is the
dominant mechanism for the removal of C1-C3 RONO2, while �OH
reaction is more important for the removal of RONO2 with carbon
number higher than 4 (Clemitshaw et al., 1997; Talukdar et al.,
1997a, 1997b). Besides, Russo et al. (2010) and Wu et al. (2011)
suggested that dry deposition is another removal process for
RONO2.

Photochemical RONO2 are the byproducts of ozone (O3) for-
mation through the reactions between volatile organic com-
pounds (VOCs) and NOx (Lyu et al., 2017). Photochemical
formation of RONO2 involves the oxidation of NO to NO2 (R3),
promoting the production of O3 (R6). Meanwhile, the formation
reaction (R5) could reduce the budget of NO2 by directly
competing with the formation of O3 (R6). In addition, as tempo-
rary nitrogen reservoirs, the photolysis of RONO2 could also
release NO2 (R7), increasing the potential of O3 formation.
Therefore, there is a complex and close association between
RONO2 and O3 (Lyu et al., 2017). Recently, modeling studies have
reported that the formation and degradation of photochemical
RONO2 have significant impacts on O3 production (Lyu et al., 2015,
2017; Ling et al., 2016). Additionally, Neu et al. (2008) proposed
that C1-C2 RONO2 from oceanic emissions could subsequently
produce NO2 through photolysis, contributing to the budgets of
tropospheric NOx and O3.

C1-C4 RONO2 have been widely studied at different geograph-
ical locations, including remote marine (Atlas et al., 1993;
Schneider and Ballschmiter, 1999; Blake et al., 2003), coastal
(Simpson et al., 2006; Russo et al., 2010), rural (Atlas, 1988;
Shepson et al., 1993) and urban areas (Wang et al., 2013; Aruffo
et al., 2014; Ling et al., 2016). In the Pacific troposphere (8

�
N-

13
�
S), primary oceanic emissions were suggested to be the most

important sources of RONO2, especially for C1-C2 RONO2 (Blake
et al., 2003). In contrast, in rural and urban areas, C1-C4 RONO2
are mainly formed from photochemical processes, which are
generally dominated in formation of C3-C4 RONO2 (Simpson et al.,
2006; Wang et al., 2013; Ling et al., 2016). However, knowledge on
the relative contribution of photochemical formation and primary
oceanic emissions on RONO2 in coastal environment is limited
(Simpson et al., 2006; Russo et al., 2010). A measurement of C1-C5
RONO2 in coastal New England indicated that the levels of RONO2
were controlled by the photochemical formation of their pre-
cursors rather than oceanic emissions (Russo et al., 2010). Another
long-term measurement of C1-C5 RONO2 at a coastal site in Hong
Kong (Tai O) also showed that oceanic emissions had minor
contribution to RONO2 (Simpson et al., 2006). However, re-
searchers recently investigated the distributions of C1-C3 RONO2
on a global scale by using chemical transport models and found a
large discrepancy between the modeled and observed RONO2 data
when oceanic emissions were absent in the models (Williams
et al., 2014; Khan et al., 2015).

During last decades, rapid economic development led to
severe air pollutionwith high concentrations of particles and O3 in
the Pearl River Delta (PRD) region, China (Lai et al., 2016; Ou et al.,
2016; Ling et al., 2017), which increased atmosphric reactivity and
promoted various atmospheric chemical processes in coastal and
oceanic areas (Lai et al., 2016; Song et al., 2017).There were limited
studies focusing on the characteristics of RONO2 in this region
(Simpson et al., 2006; Lyu et al., 2015; Ling et al., 2016), although
they may have significant impacts on O3 production. Here we
conducted an observation of C1-C4 RONO2 at a coastal site in Hong
Kong during four selected months of May, August, November 2011
and February 2012. The aims of this work are (1) to observe the
ambient levels and seasonal variations of RONO2 and (2) to
investigate the influence of photochemical formation and oceanic
emissions on RONO2 in coastal environment.

2. Methods

2.1. Sampling site

Whole air samples were collected at a coastal site of 2.3 m
above ground level in Hong Kong University of Science and
Technology (HKUST, 22.33

�
N and 114.27

�
E). The sampling station is

located on the west of shorefront and approximately 8e10 km east
of the highly developed Kowloon urban area of Hong Kong (Fig. 1).
There is nomajor industrial emissions and little traffic near this site.
It is an ideal site to study background air quality and regional
transport in Hong Kong (Cheng et al., 2014; Cheung et al., 2015;
Man et al., 2015).

2.2. Sampling and chemical analysis

Twenty-four hour (0:00e23:59) integrated air samples were
collected using pre-treated and evacuated 2-L electro-polished
stainless steel canisters by an automated sampler (Model 2200,



Fig. 1. Location of the sampling site, Hong Kong University of Science and Technology (HKUST).
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Malibu, CA) approximately once every three days in May,
August, November 2011 and February 2012. The final pressure
was 29 ± 1 psi in the canisters. A 47 mm Teflon filter was placed
on a holder to remove particulates from the air stream before
entering the flow lines. The sampled canisters were transported
to a laboratory in the University of California at Irvine (UCI)
for analysis of volatile organic compounds (VOCs) within two
weeks after sample collection. The stability of the target
compounds was demonstrated by preparing a purified air filled
canister injected with a known amount of certified gas mixture.
The recovery of each target compounds was close to 100%,
indicating the stability of the target VOCs during the storage and
transport processes (Huang et al., 2015). The detailed descriptions
of the analytical system, measurement detection limits, accuracy
and precision of VOCs have been provided in the previous
publications (Colman et al., 2001; Barletta et al., 2002; Simpson
et al., 2006). Briefly, five RONO2, i.e., methyl nitrate (MeONO2),
ethyl nitrate (EtONO2), 2-propyl nitrate (2-PrONO2), 1-propyl ni-
trate (1-PrONO2) and 2-butyl nitrate (2-BuONO2), were quantified
by a gas chromatography (GC) with electron capture detector
(ECD). The precision and detection limits of RONO2 measurements
are 5% and 0.1 pptv, respectively (Huang et al., 2015). The cali-
bration scale for RONO2 measurements changed in 2008,
increasing by factors of 2.13, 1.81, 1.24 and 1.17 for the C1, C2, C3, C4

RONO2, respectively (Simpson et al., 2011). Methane and other
VOCs (i.e., alkanes, alkenes, ethyne, aromatics and halocarbons)
were simultaneously detected by using a combination of GC
with flame ionization detector (FID) and mass spectrometric
detector (MSD). The accuracy of measurements is 1% for methane,
2e20% for halocarbons and 5% for other VOCs. The measurement
precision is 2% for methane, 1e5% for halocarbons and 0.5e5%
for other VOCs. The measurement detection limits (MDLs) of VOCs
are shown in Table S1.

Auxiliary data of O3 and NO/NO2 were obtained from the
HKUST's ENVF Atmospheric and Environmental Database. The
ambient concentrations of O3 and NO/NO2 were determined every
5 min by a UV photometric O3 analyzer (API, Model 400E) and a
chemiluminescence NO-NO2-NOx analyzer (API, Model 200E),
respectively. The detection limits are 1 ppbv and 0.5 ppbv for O3
and NO2/NOx, respectively.
2.3. Model analysis

Air mass backward trajectories were computed for the air
samples using Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Stein et al., 2015). The HYSPLIT
model uses the archived meteorological dataset from the
National Oceanic and Atmospheric Administration (NOAA) Air
Resources Laboratory as an input file. Three-day backward
trajectories were calculated for each sampling month at an
altitude of 200 m above sea level. The source profiles and
contributions of RONO2 were investigated by using the principle
component analysis (PCA) and positive matrix factorization (PMF)
model. A more detailed description of PCA and PMF is shown in
supplement (Appendix A).

3. Results and discussion

3.1. Seasonal variations of alkyl nitrates

Table 1 shows the statistics of C1-C4 RONO2 and their parent
hydrocarbon mixing ratios measured at HKUST in May, August,
November 2011 and February 2012. The total mixing ratios of the
five RONO2 (S5RONO2) ranged from 15.4 to 143.7 pptv with an
average of 65.9 ± 33.0 pptv throughout the entire sampling
period. The predominant RONO2 was 2-BuONO2 with an average
level of 25.5 ± 17.8 pptv, followed by 2-PrONO2 (18.9 ± 11.0 pptv),
MeONO2 (10.4 ± 2.9 pptv) and EtONO2 (8.5 ± 3.8 pptv). Among the
observations at coastal sites in Hong Kong (Fig. S1), the average
levels of C1-C4 RONO2 were comparable to those measured at Hok
Tsui in spring (Wang et al., 2003), but lower than those observed
at Tai O in 2001e2002 (Simpson et al., 2006). All these mixing
ratios of C1-C4 RONO2 in our study were higher than the values
reported in coastal New England (Russo et al., 2010), and lower
than those obtained in urban environments, such as Tsuen Wan,
Hong Kong (Ling et al., 2016) and other Chinese urban sites (Wang
et al., 2013). The dominance of C3-C4 RONO2 (2-BuONO2 and 2-
PrONO2) over C1-C2 RONO2 at HKUST was similar with those re-
ported in the previous studies (Simpson et al., 2006; Russo et al.,
2010; Wang et al., 2013; Ling et al., 2016). It can be ascribed to the
increasing branching ratios of photochemical RONO2 production



Table 1
Mixing ratios of C1-C4 RONO2, their parent hydrocarbons and meteorological
parameters measured at HKUST in May, August, November 2011 and February 2012.

Species Entire sampling period Summer Winter

mean range mean mean

RONO2 (pptv)
MeONO2 10.4 ± 2.9 5.8e18.2 12.0 ± 2.9 8.8 ± 1.9
EtONO2 8.5 ± 3.8 1.8e17.3 7.2 ± 4.1 9.8 ± 3.1
2-PrONO2 18.9 ± 11.0 2.0e43.7 11.7 ± 8.3 26.1 ± 8.4
1-PrONO2 2.5 ± 1.6 0.5e6.9 1.8 ± 1.4 3.3 ± 1.4
2-BuONO2 25.5 ± 17.8 2.1e66.9 13.5 ± 11.0 37.6 ± 15.0
S5RONO2 65.9 ± 33.0 15.4e143.7 46.1 ± 25.4 85.6 ± 27.7
Parent hydrocarbons (pptv)
Methane (ppmv) 1.96 ± 0.08 1.80e2.14 1.97 ± 0.11 1.95 ± 0.04
Ethane 1751 ± 1274 236e4937 831 ± 613 2672 ± 1083
Propane 1070 ± 690 108e2657 671 ± 499 1470 ± 625
n-Butane 763 ± 491 178e2502 767 ± 631 759 ± 309
Meteorological parameters
Temperature (oC) 23.6 ± 5.6 12.3e30.9 28.1 ± 2.2 19.1 ± 4.2
Relative humidity (%) 79 ± 8 60e99 78 ± 7 80 ± 9
Wind speed (m/s) 5.7 ± 2.7 1.7e13.0 4.0 ± 1.6 7.5 ± 2.4
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with the increasing carbon numbers (Atkinson et al., 1982),
although the mixing ratios of their parent hydrocarbons should
decrease with the increasing carbon numbers. The average mixing
ratios of C3-C4 parent hydrocarbons (i.e., propane and n-butane)
were lower than C1-C2 parent hydrocarbons (i.e., methane and
ethane). It suggests the importance of photochemical production for
C3-C4 RONO2 in our observation. Themixing ratios of 1-PrONO2were
much lower than 2-PrONO2 due to the lower photochemical
branching ratio of 1-PrONO2 (Atkinson et al., 1982).

In Hong Kong, May and August represent summer months, and
November and February represent winter months (Lee et al.,
Fig. 2. Three-day backward air mass trajectories were calculated in the month of (a)
2002; Guo et al., 2004). In this study, the average levels of C3-C4
RONO2 in winter were higher than those in summer by factors of
2e3. However, MeONO2 showed an opposite seasonal trend with
significantly higher levels in summer than those in winter
(p ¼ 0.015, two-tailed t-test). Besides, there was no significant
difference in the levels of EtONO2 between the two seasons
(p ¼ 0.102). At Tai O, Hong Kong, Simpson et al. (2006) found a
similar seasonality of C3-C4 RONO2 with maximum in winter
and minimum in summer. Russo et al. (2010) also observed higher
C3-C4 RONO2 levels in winter than those in summer in coastal
New England, whereas C1-C2 RONO2 showed a homogenous
distribution throughout the year. The seasonality of RONO2 can
be constrained by several factors including their sources and
sinks, as well as the seasonal transport patterns (Simpson et al.,
2006; Russo et al., 2010). Due to the higher OH radical concen-
tration and faster photolysis reactions, C3-C4 RONO2 can be
removed more quickly in summer (Clemitshaw et al., 1997;
Talukdar et al., 1997b; Atkinson et al., 2006). On the other hand,
C3-C4 RONO2 photochemical yields are temperature dependent,
increasing with the decreasing temperature (Atkinson et al.,
1983). In our study, the average temperature was lower in
winter (19.1 ± 4.2 �C) than in summer (28.1 ± 2.2 �C). These factors
in photochemical processes can explain the seasonal variations of
C3-C4 RONO2.

Due to the Asian monsoon system, the prevailing winds
in Hong Kong are from northeast in winter and from south in
summer, respectively (Simpson et al., 2006). In our study, the
backward trajectory analysis shows that the air masses frequently
traveled across the Chinese mainland in winter and the South
China Sea (SCS) in summer (Fig. 2). Since RONO2 had relatively
long lifetime (Clemitshaw et al., 1997; Talukdar et al., 1997a;
May 2011, (b) August 2011, (c) November 2011 and (d) February 2012 at HKUST.



Fig. 3. Factor profiles (percentages of each species) resolved by PMF model at HKUST
during the entire sampling period.
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Atkinson et al., 2006), high levels of RONO2 can be transported
from the Chinese mainland to this site in winter. In summer, clean
oceanic air masses may efficiently dilute the levels of RONO2.
As expected, the seasonal variations for C3-C4 RONO2 were similar
to those for CO and anthropogenic VOCs, e.g., benzene, toluene
(Table S1). In contrast, MeONO2 showed a similar seasonal
variationwith dimethyl sulfide (DMS), a specific tracer for oceanic
emissions (Nowak et al., 2001). The enhancement of MeONO2 in
summer was likely related to the oceanic emissions, which has
already been suggested by previous studies (Chuck et al., 2002;
Moore and Blough, 2002; Blake et al., 2003).

3.2. Source attribution of alkyl nitrates

In both summer and winter, C2-C3 RONO2 showed strong
positive correlations with 2-BuONO2 (r2 ¼ 0.58e0.95, Fig. S2),
which was believed to be entirely produced by n-butane photo-
chemical oxidation (Bertman et al., 1995). However, no significant
correlations were found between MeONO2 and 2-BuONO2 in both
seasons (p > 0.05), suggesting the different sources or formation
processes of MeONO2. The levels of methane were comparable
between the two seasons (1.97 ± 0.11 ppmv in summer and
1.95 ± 0.04 ppmv in winter). Based on the kinetics of methane
(kCH4þOH ¼ 6.2 � 10�15 cm3 molecule�1 s�1 at 298 K) (Atkinson,
1997), the yield of MeONO2 from methane oxidation was esti-
mated below 1 pptv in 1 day for methane of 2 ppmv given at
diurnal OH radicals of 2 � 106 molecule cm�3. These results sug-
gest that the oxidation of methane was not the major source for
MeONO2.

Previous studies have suggested the possible additional
formation pathways of MeONO2, including (1) the reaction of
methoxy radicals (�CH3O) with NO2 (Simpson et al., 2006), (2)
the reaction of methanol with nitric acid (HNO3) (Fan et al., 1994),
(3) the decomposition of larger compounds, e.g., larger alkoxy
radicals and peroxyacetyl nitrate (PAN) (Flocke et al., 1998b;
Simpson et al., 2003; Worton et al., 2010). The first two path-
ways have been proven to be insignificant under most of the at-
mospheric conditions (Orlando et al., 1992; Simpson et al., 2006;
Iraci et al., 2007; Lyu et al., 2015). The decomposition of larger
compounds could be a potential source of methyl peroxy radicals
(�CH3O2), contributing to MeONO2 via reaction of �CH3O2 with NO
(�CH3O2 þ NO/ CH3ONO2) (Flocke et al., 1998a). Here we use the
maximum value of PAN with 5 ppbv based on an observation in
Hong Kong in the same period of our study (summer of 2011) to
estimate the concentration of MeONO2 from PAN decomposition
(Xu et al., 2015). Assuming that all the PAN are converted to
produce �CH3O2 reacting with NO to form MeONO2, the concen-
tration of MeONO2 from the decomposition of PAN can be roughly
estimated as follows:

where k is the reaction rate coefficient of 6.9 � 10�13 cm3 mole-
cule�1 s�1, and a is the branching ratio of 0.0003 (Flocke et al.,
1998a). [MeONO2], [�CH3O2] and [NO] represent the concentra-
tions of MeONO2, �CH3O2 and NO, respectively. According to the
maximum value of NO (45 ppbv) and PAN (5 ppbv) in August (Xu
et al., 2015), the yield of MeONO2 can be estimated to be 4 � 10�3

pptv in 1 day from PAN decomposition, which was much lower
than those observed in August.

In order to explore the sources of RONO2, we performed a
principal component analysis (PCA) on the measured data of C1-C4
RONO2, CO, CH3Cl and DMS during the entire sampling period
(Fig. S3). Two principal components (PC1 and PC2) can explain
totally 84.2% of the variation. PC1 explains 66.4% of the variation
with high loadings of C2-C4 RONO2, CO and CH3Cl. CO was
considered as a tracer of combustion processes (Lai et al., 2010,
2011) and CH3Cl was selected as a tracer of biomass burning
(Simpson et al., 2011). Therefore, PC1 was characterized with
photochemical formation and biomass burning. PC2 explains
17.8% of the variation with high loadings of MeONO2 and DMS (a
specific tracer for oceanic emissions) (Nowak et al., 2001). Given
the location of HKUST is adjacent to the SCS, it is highly possible
that PC2 was associated with the oceanic emissions. Furthermore,
a PMF model was further used to estimate the source profiles and
contributions to individual RONO2. As shown in Fig. 3, the
first factor is distinguished by high loadings of C2-C4 RONO2. In
addition, this factor includes moderate to high percentages of CO,
CH3Cl, ethyne and ethane, which were mainly derived from
biomass burning (Lai et al., 2010, 2011; Simpson et al., 2011).
Therefore, this factor is identified as the sources of photochemical
formation and biomass burning. The second factor is dominated
by the significant presence of DMS, CH4 and MeONO2, which were
associated with the oceanic emissions. The third factor is distin-
guished by high percentages of propane, i-butane and n-butane,
which are the typical tracers for liquefied petroleum gas (LPG)
usage (Guo et al., 2007). During the whole sampling period, the
contribution of photochemical formation together with biomass
burning to EtONO2, 2-PrONO2,1-PrONO2 and 2-BuONO2 are 58.3%,
71.2%, 67.4% and 71.6%, respectively. Therefore, ocean is the
dominant contributor to MeONO2 (53.8%) and to some extent
contributes to EtONO2 (21.6%). Besides, the contributions of LPG
usage to individual RONO2 range from 20.1% to 27.1%.

3.3. Photochemical evolution of C2-C4 alkyl nitrates

Bertman et al. (1995) developed a simplified reaction model
to evaluate the photochemical processing of RONO2, which has
been applied in many studies (Roberts et al., 1998; Simpson et al.,
2003; Reeves et al., 2007; Russo et al., 2010; Worton et al.,
2010; Wang et al., 2013; Ling et al., 2016). Briefly, it assumes that:
(1) the Reaction (R1) of RH with �OH is the rate-limiting step
for RONO2 photochemical formation and (2) the environment is
NOx-rich (>0.1 ppbv), making the Reaction (R4) is the dominant
pathway for �RO2 removal (Roberts et al., 1998). In this study, the
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average mixing ratio of NOx (8.0 ± 5.7 ppbv) was high enough so
that �RO2 was predominantly removed by its reaction with NO.
Then the photochemical reaction schemes (R1-R7) could be
simplified as follows:

RH�����!kA;b RONO2����!kB products (R9)

The photochemical evolution (R8) can be expressed as a func-
tion with reaction time (t):

½RONO2�
½RH� ¼ bkA

kB � kA
�
1� eðkB�kAÞt�þ

½RONO2�0
½RH�0

eðkB�kAÞt

where b ¼ a1a4, kA ¼ k1[�OH] and kB ¼ k4[�OH] þ JRONO2 are the
pseudo-first order rate constants for RONO2 production and
removal. The kinetics of a1, a4, k1, k4 and JRONO2 are obtained from
the published literature (Table S2) (Bertman et al., 1995; Kwok and
Atkinson, 1995; Clemitshaw et al., 1997; Roberts et al., 1998; Arey
et al., 2001; Simpson et al., 2003; Atkinson et al., 2006). [�OH] is
the average concentration of �OH. Based on the studies in the PRD
region (Simpson et al., 2003; Hofzumahaus et al., 2009), the
values of 2 � 106 and 1 � 106 molecules cm�3 are assumed for
[�OH] in summer and winter, respectively. [RONO2]0 and [RH]0
represent the initial levels of RONO2 and RH before photochemical
processing. Typically, [RONO2]0/[RH]0 equal to zero was adopted
for modeling the photochemical evolution (Bertman et al., 1995;
Fig. 4. Photochemical evolutions of C2-C3 RONO2/RH versus 2-BuONO2/n-Butane. The solid
curves represent the photochemical evolution curves, plotting on the basis of [RONO2]
respectively. The given photochemical evolution time ranged from 1 min to 10 days (open
Roberts et al., 1998; Simpson et al., 2003; Worton et al., 2010),
while more recent studies have proposed to use non-zero
[RONO2]0/[RH]0 to evaluate the influence of background levels
(Russo et al., 2010; Wang et al., 2013; Ling et al., 2016). In this
study, we assume that the non-zero [RONO2]0/[RH]0 is equal to the
lowest seasonal [RONO2]/[RH] value.

The observed RONO2/RH ratios were plotted against another
RONO2/RH ratios with comparisons to the photochemical
evolution curves calculated from kinetics. As shown in Fig. 4, the
ratios of 2-BuONO2/n-butane were plotted on the abscissa
because 2-BuONO2 was predominantly produced from n-butane
photochemical oxidation (Bertman et al., 1995). The given time of
photochemical evolution ranged from 1 min to 10 days. As a result
of the influence of [RONO2]0/[RH]0, the non-zero [RONO2]0/[RH]0
curves varied significantly with the zero [RONO2]0/[RH]0 curves,
especially at shorter processing time (<1 day). In winter (Fig. 4b),
the observed values of C2-C3 RONO2/RH were mostly close to the
modeled curves with non-zero [RONO2]0/[RH]0, indicating that
photochemical formation from ethane and propane oxidation
contributed significantly to C2-C3 RONO2. However, the observed
ratios of C2-C3 RONO2/RH were higher than the zero [RONO2]0/
[RH]0 curves by factors of ~2e15. It indicates that the influence of
background RONO2 and RH levels should be taken into account.
In summer (Fig. 4a), the observed ratios of C2-C3 RONO2/RH to 2-
BuONO2/n-Butane followed the trends of non-zero [RONO2]0/
[RH]0 curves, but we found that the observed C2-C3 [RONO2]/[RH]
circles represent the observed ratios in: (a) summer and (b) winter. The dash and solid
0/[RH]0 ¼ 0 and non-zero [RONO2]0/[RH]0 with the lowest seasonal [RONO2]/[RH],
circles).



Fig. 5. Temporal variations of (a) RONO2, (b) hydrocarbons, (c) CO and ethyne, (d) CH3Cl and DMS, (e) NOx and (f) O3 in summer episodes (August 2011).
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were higher than these modeled curves. It should be noted
that this simplified model may contain some uncertainties. The
seasonal wind patterns have a significant impact on RONO2 and
RH levels. This will likely affect the values of [RONO2]0/[RH]0,
changing the position of the modeled curves.
3.4. Oceanic emissions versus photochemical formation in a
summer month

In the Pacific Ocean (8
�
N-13

�
S), Blake et al. (2003) suggested

that oceanic emissions of C1-C2 RONO2 could be estimated by a
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MeONO2/EtONO2 ratio of approximately 3e4, while air masses
influenced by urban emissions lead to much lower MeONO2/
EtONO2 ratios. In our study, the ratios of MeONO2/EtONO2
ranged from 0.6 to 1.6 in winter, indicating the influence of urban
emissions, which is consistent with the backward trajectory
analysis (Fig. 2). In summer, MeONO2/EtONO2 ratios fluctuated
from 0.8 to 4.9, which could be due to the alternative influence of
oceanic and continental air masses. In order to better understand
the influence of air masses with different sources on RONO2, we
selected the month of August and classified it into two Episodes
(Fig. 5) based on the backward trajectories: Episode І with the air
masses from the SCS (1e22 August, n ¼ 8) and Episode II with the
continental outflow from Chinese mainland (25e31 August,
n¼ 3). In the first Episode, the observed ratios of MeONO2/EtONO2
ranged from 2.7 to 4.9 in Episode I, close to that of oceanic
emissions (3e4) (Blake et al., 2003). Besides, the mixing ratios of
MeONO2 were higher than those of C2-C4 RONO2 in this Episode,
and contributed to S5RONO2 ranging from 38.6 to 57.7%. It
suggests that oceanic emissions may play an important role in
RONO2 variations in this Episode. In Episode II, the ratios of
MeONO2/EtONO2 (1.4e1.8) were significantly lower than those in
Episode І. The mixing ratios of C3-C4 RONO2 were higher than
those of MeONO2 in Episode I, suggesting that the influence of
photochemical formation became more important to RONO2.
Although the levels of MeONO2 increased slightly from Episode I
to II, there was no significant difference of MeONO2 between the
two Episodes (p ¼ 0.087).

Similar variations were observed for CO and ethyne with
C2-C4 RONO2 and their parent hydrocarbons (Fig. 5aec). It
suggests the dilution of oceanic air masses and the contribution
of continental outflow to these species in Episode I and II,
respectively. The ratio of ethyne/CO can be used to evaluate the
age of air masses, increasing from <1 pptv/ppbv for very
processed air to 4e5 pptv/ppbv for fresh polluted air (Smyth et al.,
1996). Guo et al. (2007) reported the ethyne/CO ratios of 5.6e7.5
pptv/ppbv for fresh sources in Hong Kong. The ethyne/CO
ratios ranged from 1.8 to 3.6 pptv/ppbv with an average of
2.7 ± 0.6 pptv/ppbv in Episode I, lower than those in Episode II
(4.6e6.2 pptv/ppbv with an average of 5.2 ± 0.9 pptv/ppbv).
Lower ethyne/CO ratios suggest that the air masses arriving at
HKUST were aged in Episode I. It should be noted that MeONO2
could be more enriched than C2-C4 RONO2 in the aged continental
air masses due to its longer lifetime. Ding et al. (2004) reported
that the sea-breezes could bring the daytime photochemical
pollutants from land and recirculation over the ocean to the
coastal region at night. However, we did not find the changes of air
mass origins in Episode I (Fig. S4). Therefore, the influence of aged
continental plumes via recirculation over the SCS was negligible
on RONO2.

We found a good correlation between MeONO2 and CH3Cl
(r2 ¼ 0.69, p < 0.05) in Episode I, suggesting the contribution of
biomass burning (Simpson et al., 2002) and/or oceanic emissions
(Rasmussen et al., 1980). Although some air masses in August
were derived from the Southeast Asia (SEA) and passed over the
SCS (Fig. 2 and Fig. S4), there were few fire spots observed in these
regions (Fig. S5). Besides, the levels of species (e.g., CO, ethane,
ethene and ethyne) associated with biomass burning were also in
low levels during Episode I. It suggests that oceanic emissions
were the major sources of MeONO2 rather than biomass burning
in this Episode. This is also supported by the variation of DMS,
which was approximately 2-fold higher in Episode І than II
(Fig. 4e). Although no significant correlation was found between
MeONO2 and DMS in Episode І (p > 0.05), it was possibly because
DMS production was not related to the same sources that
contribute to MeONO2 (Blake et al., 2003). Additionally, the
different lifetimes of MeONO2 and DMS (only a few hours) (Barnes
et al., 2006) may deteriorate the correlation between MeONO2
and DMS.

In addition, relatively high levels of O3, NO2 and C2-C4 parent
hydrocarbons were observed in Episode II showing similar vari-
ations with those of C2-C4 RONO2. This similar trends between O3
and C2-C4 RONO2 were also observed in other months (Fig. S6-S8).
Previous studies have shown that RONO2 and O3 are photo-
chemical co-products involving VOCs and NOx sharing a common
formation mechanism. Recent applications of the photochemical
box model with Master Chemical Mechanism (PBM-MCM) from
intensive measurement during pollution episodes reported that
the photochemical formation of RONO2 exert a negative impact on
O3 production (Lyu et al., 2015, 2017; Ling et al., 2016). However,
Neu et al. (2008) used a chemical transport model (CTM) to
emphasize that oceanic C1-C2 RONO2 may act as a natural source
of NOx via photolysis, increasing the levels of O3 in the tropical
oceanic regions. The coupling effects of RONO2 from photo-
chemical formation and oceanic emissions on O3 have not been
explicitly investigated. In this study, we clearly demonstrate the
importance of oceanic contribution to RONO2 especially MeONO2

in coastal region. When future studies focus on the relationship
between O3 and RONO2 during both pollution and non-pollution
periods in coastal area, the contribution of photochemical for-
mation versus oceanic emissions has to be taken into account. In
order to improve the accuracy of O3 prediction in coastal envi-
ronment, the relative contribution of RONO2 from oceanic emis-
sions should be used as an input parameter in photochemical
models.
4. Conclusions

Measurements of C1-C4 RONO2 were conducted at HKUST, a
coastal site in Hong Kong in four selected months of 2011 and
2012. The seasonal variations of C3-C4 RONO2 were characterized
with higher levels in winter than in summer, while the levels of
MeONO2 were significantly higher in summer than those in
winter. Receptor models (PCA and PMF) both suggest that
photochemical formation and biomass burning were the major
sources of C2-C4 RONO2, whereas MeONO2 was mainly from
oceanic emissions during the entire sampling period. The
enrichment of MeONO2 over C3-C4 RONO2 was observed in a
summer episode when the air masses are mostly derived from the
SCS. More important role of oceanic emissions than photochem-
ical formation is suggested in the relative contribution to RONO2
especially MeONO2 in this episode. Due to the limited observation,
more intensive field measurements are necessary to assess the
sources of RONO2. Besides, comprehensive photochemical models
coupled with the relative contribution of RONO2 from oceanic
emissions may improve the current understanding of the impact
of RONO2 on O3 production.
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