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“Department of Chemistry, University of California, Irvine, CA, USA, Department of Environmental Engineering, School of
Resource and Environmental Sciences, Wuhan University, Wuhan, China, °School of Chemistry and Biochemistry, University
of Western Australia, Perth, Western Australia, Australia, ’Pacific Environment Limited, Perth, Western Australia, Australia

Abstract As intermediate products of photochemical reactions, alkyl nitrates (RONO,) regulate ozone (Os)
formation. In this study, a photochemical box model incorporating master chemical mechanism well
reproduced the observed RONO, at an urban and a mountainous site, with index of agreement in the range
of 0.66-0.73. The value 0.0003 was identified to be the most appropriate branching ratio for C; RONO,,
with the error less than 50%. Although levels of the parent hydrocarbons and nitric oxide (NO) were significantly
higher at the urban site than the mountainous site, the production of C,-Cz RONO, was comparable to or
even lower than at the mountainous site, due to the lower concentrations of oxidative radicals in the urban
environment. Based on the profiles of air pollutants at the mountainous site, the formation of C,—-C, RONO,
was limited by NO, (volatile organic compounds (VOCs)) when total volatile organic compounds
(TVOCs)/NO, was higher (lower) than 10.0 £+ 0.4 parts per billion by volume (ppbv)/ppbv. This dividing ratio
decreased (p < 0.05) to 8.7 £ 0.4 ppbv/ppbv at the urban site, mainly due to the different air pollutant
profiles at the two sites. For the formation of C; RONO,, the NO,-limited regime extended the ratio of
TVOCs/NO, to as low as 2.4 + 0.2 and 3.1 + 0.1 ppbv/ppbv at the mountainous and urban site, respectively.
RONO, formation led to a decrease of simulated Os, with reduction efficiencies (Os reduction/RONO,
production) of 4-5 parts per trillion by volume (pptv)/pptv at the mountainous site and 3-4 pptv/pptv at
the urban site. On the other hand, the variations of simulated O3 induced by RONO, degradation depended
upon the regimes controlling Os formation and the relative abundances of TVOCs and NO,.

1. Introduction

Alkyl nitrates (RONO,) are a group of organic nitrates in which the nitrogen is stabilized in the molecular
structure of R-O-NO,. As an important constituent of reactive odd nitrogen (NO,), particularly in areas far from
urban sources (Buhr et al., 1990; Roberts & Fajer, 1989), RONO, participate in nitrogen cycling in their role as a
temporary nitrogen reservoir (Clemitshaw et al., 1997). Generally, oceanic emission (Atlas et al., 1993), photo-
chemical formation (Arey et al., 2001; Bertman et al., 1995), and to a lesser extent biomass burning (Simpson
et al,, 2002) are the main sources of RONO,. The photochemically formed RONO, are actually by-products in
the process of O3 formation and are formed through the reactions between volatile organic compounds
(VOCs) and nitrogen oxides (NO,). These combined formation pathways, as a result, generally lead to the tight
association between RONO, and Os (Muthuramu et al., 1994; Rosen et al., 2004).

Many formation mechanisms have been proposed to explain observed RONO, levels in urban settings,
including RO, reacting with NO (Carter & Atkinson, 1989; Darnall et al., 1976) and RO reacting with NO,
(Atkinson et al., 1982), which are well documented and play dominant roles in RONO, formation, particularly
in daytime hours. For the reactions of RO, + NO, two branches exist, leading to the formation of RONO, (R1)
and O3 (R2), respectively (Atkinson, 1990). The branching ratio () is a quantitative measure of RONO, yield
from RO, reacting with NO. It is defined as the ratio of k;/(k; + k>) (Atkinson, 1990), where k is the reaction
rate constant. Generally, the branching ratio increases with increasing pressure and decreasing temperature
(Atkinson et al., 1987). In addition, more complicated molecular structures of RO, tend to have higher
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branching ratios. For example, the branching ratios for n-alkanes increase from <1% for ethane to ~33% for
n-octane, with an upper limit of ~35% for larger n-alkanes (Atkinson et al., 1982). This theory was repeatedly
confirmed by kinetic calculations and model simulations (Bertman et al.,, 1995; Simpson et al., 2006). In
combination with laboratory studies, Carter and Atkinson (1985, 1989) proposed formulas (1)-(3) for calculat-
ing branching ratios under the atmospheric conditions in the troposphere. According to the calculations, the
branching ratio of the methyl peroxy radical (CH50,) was approximately 0.001 in the lower stratosphere and
0.003 in the lower troposphere. This suggests that the branching ratio of CH30, at the surface could also be
acquired by applying a correction factor of ~3 to the branching ratio in lower stratosphere. In contrast to the-
oretical calculations, the smaller-chain RONO,, particularly methyl (CH;ONO,) and ethyl nitrate (C;HsONO,),
often have mixing ratios higher than what can be explained by the reaction of RO, with NO in urban envir-
onments (Flocke, Volz-Thomas et al., 1998). Depending on the location, direct marine emissions could be one
reason (Atlas et al., 1993). In addition, the exact branching ratios for these RONO, remain uncertain. For exam-
ple, Lightfoot et al. (1992) proposed an upper limit of 0.005 for CH;ONO, in the lower troposphere. However,
through RONO, observations in the lower stratosphere, Flocke, Atlas et al. (1998) found a much lower
CH3ONO, branching ratio of 5-10 x 10™>, meaning it could only reach a maximum of 0.0003 even under sur-
face conditions, when applying the adjusted factor of 3 to the branching ratio in lower stratosphere. Simpson
et al. (2006) accepted the upper limit of 0.0003 and indicated that RO reacting with NO, was the main path-
way of CH30ONO, in highly polluted environments. Fewer studies on the branching ratios of C,-C4 RONO,
have been conducted. Based on laboratory experiments at 299 + 2°K and 735 torr, 1982 found that the
branching ratios for RO, forming RONO, following the oxidation of ethane, propane and n-butane were
<0.014, 0.036 £ 0.005, and 0.077 + 0.009, respectively. For primary RO, radicals, the branching ratios might
be lower by a factor of 2 (Ranschaert et al., 2000). However, the branching ratios for RONO, formation remain
to be further examined.

R3 NO, + O, —NO + O3 (k3)
R4 RO+ NO, >RONO; (k)
Y300 (M) (L
— ( 00) (-I)
140 ) Yo M) ( oo)
Ysoo(%)
300[ ]( ) mo =1
z2=131+ |log-2 30074 |2 (2)
{ Yi’oo (300)
Yo% = pe” (3)

where T is the temperature (K), M represents the number of molecules (molecules/cm3), and n is the
carbon number in RO,. The values of the constants § (1.95 x 10722 cm3/molecule), y (0.947), Y3%
(0.435), mg (2.99), m.. (4.69), and F (0.556) are all from Carter and Atkinson (1985). On the basis of the
calculated results, the branching ratios for the primary and tertiary RO, radicals are calibrated by a factor
of 0.4 and 0.25, respectively.

Itis well known that O3 formation is closely related to the relative abundances of VOCs and NO,, mainly due to
the dual role of NO, in O3 production (i.e., fueling and suppressing Os formation in low and high NO, regimes,
respectively) (Shao et al., 2009; Sillman & He, 2002). As by-products of O3 formation, the production of RONO,
is also expected to be influenced by the abundances of VOCs and NO,. In brief, NO reacts with the hydroper-
oxyl radical (HO,) and RO,, and NO, combines with hydroxyl radical (OH), regulating the equilibrium budgets
of oxidative radicals including RO, and RO (Thornton et al., 2002). As such, the RONO, production will also be
influenced by NO,, similar to Os. It was found that RONO, levels increased with increasing NO, in London
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(Aruffo et al., 2014). However, in Houston RONO, and other nitrogen-containing species except for NO, were
found to increase during the decrease of NO, (Rosen et al., 2004), indicating the anticorrelation between
RONO, and NO,_ This might imply the NO,-limited (e.g., London) and VOC-limited regime (e.g., Houston) in
RONO, formation. Therefore, the relationship between RONO, production and NO, needs further study.

Due to the associated formation pathways of RONO, and O3, good correlations are often found between sin-
gle or total RONO, (¥ANs) and O3 or O, (O, = O3 + NO,) (Perring et al., 2010; Rosen et al., 2004). A roughly
quantitative relationship can be established between O, and YANs, that is, O,/>ANs = 2(1-a)/a (Day et al.,
2003), where a represents the overall branching ratio for the total RONO,. More importantly, RONO, photo-
chemistry, including their formation and degradation (photolysis- and OH-initiated oxidation) also influences
05 formation. Based on correlations between O, and FANs, Aruffo et al. (2014) stated that RONO, played
important roles in O3 formation in both urban and suburban London. Perring et al. (2010) indicated that
the peak O3 production in the near field of Mexico City (source region of RONO,) was reduced by as much
as 40% due to the formation of total RONO,. Farmer et al. (2011) even claimed that VOC reductions might
cause an Oz increment because the branching ratios of RONO, formation decreased when fuels containing
low boiling point VOCs products were used. This view was also held by Perring et al. (2013), who estimated
a theoretical 8% O3 increment even under VOCs reduction of 20%, due to the unexpected decrease of the
average branching ratio for total RONO, from 8% to 4%. Overall, in urban areas RONO, serve as a reservoir
for nitrogen and reactive radicals, releasing them in remote areas and fueling O3 formation. Therefore,
RONO, photochemistry regulates Os formation in both source and receptor regions.

Despite numerous studies, RONO, modeling is still rather difficult (Khan et al., 2015; Williams et al., 2014),
resulting in an insufficient understanding of RONO, formation mechanisms and impacts on O3 production.
Furthermore, previous studies (Rosen et al., 2004; Sobanski et al., 2016) focused on measuring the combined
sum of all alkyl nitrates, rather than matching multiple RONO, species as attempted by this study. To fill
in these research gaps, an observation-based model was constructed to near-explicitly simulate C;-C4
RONO, in Hong Kong and address the following terms: (1) the most appropriate branching ratios for the for-
mation of C;-C4 RONO, in Hong Kong, (2) the pathway contributions of RO, + NO and RO + NO, to RONO,,
(3) the relationship between RONO, production and their precursors (i.e. VOCs and NO,), and (4) the impacts
of RONO, formation and degradation on O3 production.

2, Methodology
2.1. Site Description and Sampling

From 6 September to 29 November 2010, an intensive sampling campaign was carried out concurrently at a
mountainous site and an urban site in Hong Kong (Figure 1). The mountainous site (22.41°N, 114.12°E, 640 m
above ground level (agl)) was located on the mountainside of Hong Kong’s highest mountain (Mount Tai Mo
Shan), referred to as TMS hereafter. The dominant winds at TMS were from the north that transported air pol-
lutants from the inland Pearl River Delta (PRD) of southern China. In addition, mesoscale circulation (e.g.,
mountain-valley breezes) caused interaction of mountainous air with urban plumes at the foot of the moun-
tain. The urban site (22.37°N, 114.11°E, 10 m agl) is located in a newly developed town (Tsuen Wan, referred to
as TW hereafter) and is an air quality monitoring station of Hong Kong Environmental Protection Department
(HKEPD, accessible at http://www.aghi.gov.hk/en/monitoring-network/air-quality-monitoring-stations228e.
htmI?%20stationid=77). The prevailing winds at TW were from the southeast. Detailed information about
the two sites is given in Guo et al. (2013) and Ling et al. (2014, 2016).

Real time measurements of trace gases including SO,, CO, NO, NO,, and O3 at TMS were achieved with the
instruments listed in Table S1 in the supporting information, which also shows the analytical techniques,
detection limits, and precision. Trace gas data at TW were downloaded from the HKEPD website (http://
epic.epd.gov.hk/EPICDI/air/station/). VOC samples at these two sites were collected using 2 L electropolished
stainless steel canisters. Prior to sampling, the canisters were treated with 10 torr of degassed, distilled water
to quench the active surface sites of the inner walls and then were cleaned and evacuated. A valve was
connected to the inlet of the canisters to maintain a sampling time of about 1 h. A total of 384 samples
was simultaneously collected in daytimes of 10 O3 episode days (23-24 and 29-31 October and 1-3, 9,
and 19 November 2010) and 10 non-Os episode days (28 September, 2, 8, 14, 18-19, and 27-28 October,
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Figure 1. Geographic (left) locations and (right) topographies of the sampling sites (TMS and TW). Regional transport and mesoscale circulation at TMS are presented
according to Guo et al. (2013). The boundary between mainland China and Hong Kong is highlighted in yellow.

and 20-21 November 2010) at TMS and TW, except those samples not collected at TW on October 23.
Samples were collected at 21:00, 0:00, and 3:00 and at each hour from 7:00 to 19:00 during O episodes,
while they were collected every 2 h from 07:00 to 19:00 on non-O5 episode days. In this study, days with
at least 1-hourly O3 mixing ratio exceeding 100 ppbv were defined as O3 episode days (China’s Grade |l
standards, accessible at http://210.72.1.216:8080/gzaqi/Document/gjzlbz.pdf). The Os values at TMS were
used to define the O3 episodes and nonepisodes, because freshly emitted NO from vehicular exhaust
strongly titrated O3 at TW (Guo et al.,, 2013).

2.2. Chemical Analysis of RONO,

The collected VOC samples were delivered to the Rowland/Blake group at the University of California, Irvine
(Udl), for chemical analyses. Detailed descriptions about the analytical system, analysis techniques, precision,
accuracy, and quality control protocols can be found in Colman et al. (2001) and Simpson et al. (2006).

Specifically, for the quantification of C;-C, RONO,, that is, methyl nitrate (CH3ONO, or C; RONO,), ethyl
nitrate (CoHsONO, or C, RONO,), i-propyl nitrate (2-C3H;ONO, or 2-C3 RONO,), n-propyl nitrate
(1-C3H;0NO, or 1-C3 RONO,), and sec-butyl nitrate (2-C4HsONO, or 2-C4 RONO,), a gas chromatography-
electron capture detector system was used. Two whole air working standards were analyzed every four sam-
ples to calibrate the RONO, measurements. The precision was 2% for mixing ratios above 5 parts per trillion
by volume (pptv) and 10% for mixing ratios below 5 pptv. The accuracy was 10-20%, and the detection limit
for C;—C4 RONO, was 0.01 pptv. It is worth noting that the RONO, calibration scale changed in 2008 (Simpson
et al, 2011) and all measurements are reported on the new calibration scale.

2.3. Construction of PBM-MCM Model

A photochemical box model-master chemical mechanism (PBM-MCM) model was developed to simulate
RONO,. Master chemical mechanism (MCM) is an explicit chemical mechanism, which has been successfully
used in photochemical simulation in Hong Kong and many other regions of the world (Lam et al., 2013; Ling
et al., 2014; Saunders et al., 2003). The latest version of MCM (MCM v3.3) includes 17,242 reactions and 5,836
species (Jenkin et al., 2015). Reactions of biogenic VOCs including limonene and myrcene, and RONO, were
added into MCM by our team. In particular, the model describes reactions of more than 100 RONO, species.
The main formation pathways of RONO, that are considered are RO, + NO and RO + NO,, while RONO,
degradation is presented as photolysis (reaction (5)) and OH initiated oxidation (reaction (6)). More details
about model setup, RONO, reactions, and photochemistry of limonene and myrcene are given in Text S1
in the supporting information.

R5 RONO, + hv—RO + NO,

R6 RONO; + OH—RO + NO, + products
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The branching ratios were acquired from previous studies (Flocke, Atlas et al., 1998; Lightfoot et al., 1992) or
calculated according to the formulas recommended by Carter and Atkinson (1985). For C; RONO,, branching
ratios of 0.00015, 0.0003, 0.001, 0.003, 0.0041, and 0.005 were examined and considered. The one that
resulted in the highest IOA between the simulated and observed C; RONO, was adopted (see section 3.2
for details). However, since branching ratio data for C;-C4 RONO, were rather limited, the values calculated
using formulas (1)—(3) were used as the branching ratios, which were 0.0094, 0.048, 0.019, and 0.085 for C,,
2-C3, 1-C3, and 2-C4 RONO,, respectively.

In addition to the chemical reactions, many modules were compiled in the PBM-MCM model. For example,
the photolysis rate module enables us to calibrate the photolysis rates of many air pollutants. The tropo-
spheric ultraviolet and visible radiation model, which considers actual location and modeling time periods,
is used to calibrate the photolysis rates (Madronich & Flocke, 1997). Moreover, the concentrations of air pol-
lutants can be specified to initiate the model in the initial concentration module. This is important, because
the background RONO, existed prior to photochemical reactions is generally nonnegligible due to their long
lifetimes. The dry deposition module considers the dry deposition of air pollutants, which are parameterized
as an average deposition rate within the height of the mixed layer (HMIX).

Since this study mainly focused on the in situ photochemistry of RONO,, the on-site observations of 41 hydro-
carbons, 10 halocarbons, 6 OVOCs, 5 inorganic trace gases, and 2 meteorological parameters (temperature
and relative humidity) from 08:00 to 19:00 at each site were used as the model input to constrain the model-
ing (the hourly observed RONO, at 08:00-19:00 were not input to constrain the simulated RONO,). Moreover,
to initiate the modeling, observed concentrations of the aforementioned species including RONO, at 07:00
were set as initial conditions. These initial conditions were expected to be significantly influenced by regional
transport and mesoscale circulation at this mountainous site (because of low on-site emissions). Note that
these species were not constrained at their initial values but were allowed to vary over time. Since the daily
values of these pollutants varied, different initial concentrations for each pollutant were used for the simula-
tion of each day. The integration of simulated RONO, within each hour automatically given by the model was
compared with the observed RONO, to validate the model performance. The simulations were carried out
only during the daytime hours (07:00-19:00). In terms of dry deposition, Zhang et al. (2002) indicated that
the dry deposition velocity for organic nitrates ranged from 0.03 to 0.56/HMIX cm/s (HMIX denotes height
of mixed layer). Within this range, deposition rates of 0.03, 0.13, 0.23, 0.33, 0.43, and 0.53/HMIX cm/s were
examined for C;-C4 RONO; in this study (step = 0.1/HMIX cm/s). Dry deposition rates were also available
for other species such as Oz and its precursors, in-line with the settings in previous studies (Lam et al,
2013; Saunders et al.,, 2003).

Overall, based on the observed mixing ratios of air pollutants, including RONO, precursors, the PBM-MCM
model simulated RONO, in different scenarios with changes of branching ratios and dry deposition rates,
and consideration of initial conditions. The model uncertainty was discussed and roughly estimated with
the root-mean-square error method (Willmott, 1982) in Text S2 in the supporting information.

3. Results and Discussion
3.1. Overview of RONO, Sources

As mentioned earlier, the air quality at TMS was significantly influenced by regional transport and mesoscale
circulation. Figure S1 shows the distributions of wind fields, that is, wind direction (WD) and wind speed (WS),
and their correlations with RONO, precursors at TMS during the sampling campaign. North winds
(0° < WD < 90° and 270° < WD < 360°) were much more frequent than south winds (90° < WS < 180°) at
TMS (82.8% and 17.2%, respectively). While the mixing ratios of NO and NO, were comparable (p > 0.05)
for north and south winds, C,-C,4 n-alkanes were more abundant (p < 0.05) under north versus south winds,
suggesting the transport of RONO, precursors from the inland PRD to TMS. During this study the average
wind direction at TMS switched from northeast at night to north during the day (Guo et al., 2013), implying
that regional transport was constant throughout the day or night. Besides regional transport, our previous
paper (Guo et al.,, 2013) clearly confirmed the mesoscale circulations between TMS and TW through the good
intersite correlations of SO, and CO, good reproduction of O3 at TMS with precursors at TW to initialize the
model, and the simulation of mountain-valley breezes by Weather Research Forecast model. Mesoscale cir-
culations were identified on the sampling days of 24 and 29-31 October and 1-3, 9, and 19 November,
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Table 1
Contributions of Regional Transport, Mesoscale Circulation and In Situ Formation to Individual RONO, Levels at TMS (Unit:
pptv) (From Ling et al., 2016)

Sources CH3ON02 C2H5ON02 2'C3H7ON02 1'C3H7ON02 2-C4H90N02
Regional transport 7.67 £ 0.50 8.44 + 0.62 16.86 = 1.17 2.11 £0.22 15.15 = 1.49
Mesoscale circulation 9.97 + 0.85 738 + 044 18.7 £0.77 3.08 £0.16 347 +3.14
In situ formation 3.61+048 2.18 £ 0.29 3.68 + 0.45 1.03 £0.13 109 £ 1.31

when the valley breeze brought the urban plume at the foot of the mountain to the mountain site in the
daytime, while the mountain breeze drove the mountain air to the urban site at night. In addition, the air
pollution at TMS was also partially dominated by in situ photochemistry. With the same set of data, Ling
et al. (2016) apportioned the observed RONO, at TMS to the sources of regional transport, mesoscale
circulation, and in situ formation, as shown in Table 1. Although regional transport and mesoscale
circulation made considerable contributions to RONO, at TMS, in situ formation cannot be neglected,
which was the main focus of this study.

It is well known that photochemical formation, biomass burning, and oceanic emission are the main sources
of RONO, (Atlas et al.,, 1993; Bertman et al., 1995; Simpson et al., 2002). Using positive matrix factorization
model, Ling et al. (2016) resolved the sources of RONO, at TW (Table 2). Secondary formation (46.6 + 2.4%)
and biomass burning (46.7 + 2.1%) made comparable contributions to total RONO,, with the rest from ocea-
nic emission (6.8 = 1.2%). It should be noted that the secondary formation identified by Ling et al. (2016) was
not exactly the same as the in situ formation, because the secondarily formed RONO, in background and
regional air masses were also included in the secondary formation source. Further analysis was conducted
on the relationship between primarily emitted RONO, and source origin of air masses. In-line with our previous
paper (Guo et al., 2013), the air masses under north winds with WS higher than 2 m/s were treated as regional
air. Otherwise, the air masses were local or originated from the South China Sea (SCS). Figure S2 shows the total
RONO, emitted from biomass burning and oceanic emission versus wind fields. RONO, levels in local air or SCS
outflow from both biomass burning (40.0 + 1.9 pptv) and oceanic emissions (5.4 + 0.7 pptv) were significantly
higher (p < 0.05) than in regional air (biomass burning: 35.9 + 2.2 pptv and oceanic emission: 3.2 £+ 1.4 pptv).
The higher RONO, emissions from biomass burning in local air was expected to be caused by biofuel usage
in small villages and barbecues nearby (Ling et al., 2016, and references therein). The greater oceanic emissions
of RONO, in local air or SCS outflow indicated the higher oceanic contributions to RONO, in Hong Kong under
south or calm winds (WS < 2 m/s), though we note that the RONO, levels in the oceanic air are still fairly low
(far away from equator).

3.2. Modeling of C;-C; RONO,

3.2.1. Branching Ratio and Deposition Velocity

This study mainly focused on the in situ formation of RONO, at TMS and TW. However, the regional transport
and mesoscale circulation were also partially considered based on the following settings: (i) RONO, and other
air pollutants measured at 07:00 on each day were used to initiate the model; the initial RONO, at 07:00,
which accounted for ~85% of the total simulated RONO, (see Figure 3), consisted of the regionally trans-
ported and locally circulated RONO,; and (ii) the regionally transported and locally circulated fractions of
RONO, precursors were included in the hourly measured data, which were used to construct the model.
Despite the above settings, the impacts of regional transport and mesoscale circulations were not fully simu-
lated in the model, demonstrated by the fact that the simulated RONO, mixing ratios were generally lower
than the observed levels during Os episodes when these impacts were significant (see Figures S4 and S5),

Table 2

Source Contributions to Individual RONO, at TW in Different Scenarios (Unit: pptv) (From Ling et al., 2016)

Sources CH3ON02 CzHSONOZ 2-C3H7ON02 1-C3H7ON02 2-C4H90N02
Secondary formation 40+03 6.2+ 05 12.1£09 21+02 183+13
Biomass burning 57%03 57 %03 124 £ 0.6 1.6 +0.1 14.2 £ 0.6
Oceanic emission 25+£03 1.1 £0.1 1.1 £0.1 0.10 = 0.01 04 +0.1
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Figure 2. Modeled average CH30ONO, as a function of (a) branching ratio (no initial or dry deposition) and (b) deposition rate (branching ratio = 0.0003, and the initial
CH30ONO, was set as the values measured at 07:00 (LT) at TMS for each day.
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Figure 3. Comparisons between the measured and modeled CH3ONO, in differ-

N
o«
)

N
=)
L

-
o
|

-
o
L

3]
s

=]

Observed CH,ONO,

—— Reaction+initial

— Reaction
— Reaction+initial+dry deposition

most likely due to the insufficient consideration of regional transport and local circulation. However, the
simulations of in situ formation of RONO, should not be significantly influenced.

Figure 2a shows the average in situ production of CH3ONO, at TMS as a function of the branching ratio
(section 2.3), without consideration of initial concentrations and dry deposition. Noticeably, the CH3;0NO,
production linearly increases with increasing branching ratio (CH;ONO, mixing ratio in parts per trillion by
volume = (4400 x branching ratio) + 1.4). A branching ratio of approximately 0.0023 was determined to
match the observed CH3ONO, (11.3 pptv). This branching ratio was within the range of 0.00015 to 0.005
as reported earlier (Carter & Atkinson, 1985; Flocke, Atlas et al., 1998; Lightfoot et al., 1992). However, the
initial mixing ratio (8.8 pptv) was not considered in Figure 2a, which should also be a part of the observed
CH3ONO, even though it was subject to degradation and dry deposition. Even taking into account the degra-
dation (OH initiated oxidation and photolysis) and dry deposition (rate = 0.13/HMIX cm/s), the average
residual of the initial CH30ONO, was still 7.5 pptv. Based on this value, photochemically formed CH30ONO,
was about 3.8 pptv, which corresponded to a branching ratio of 0.00055, also within the range of
0.00015-0.005. However, this value was calculated based on model simulation rather than laboratory experi-
ment and has never been reported in previous studies. More importantly, factors other than photochemical
reactions (such as regional transport and mesoscale circulation) might influence the determination of this
value. Therefore, 0.00055 was only treated as a rough estimate of the branching ratio, and we preliminarily
accepted a branching ratio of 0.0003, reported by Flocke, Atlas et al. (1998) and adopted by Simpson et al.
(2006), which was the closest to 0.00055 among the examined values.

To validate the suitability of the branching ratio, we conducted a set of comparative simulations with the
branching ratios tested above. The initial concentrations were taken from the observed CH3;ONO, at 07:00
on each day, and the mean of 0.03/HMIX-0.53/HMIX was set as the dry deposition rate. Table S2 shows the
IOAs between the observed and simulated CH3ONO, with different branching ratios. Noticeably, the best
agreement was acquired when the branching ratio of 0.0003 was applied. Furthermore, the observed and
simulated CH3ONO, with branching ratio of 0.0003 were compared on several selected days with the wind
speeds less than 2 m/s and typical patterns of photochemically formed RONO, (peak observed in earlier after-
noon), as presented in Figure S3. It was found that the variations of
CH3ONO, were well simulated, with IOA reaching 0.75 at TMS and
0.86 at TW. The average positive and negative biases of the simulations
were 18.3% and —12.1% at TMS, and 14.3% and —13.5% at TW, respec-
tively. Under the assumption that the daytime variation of CH3;0ONO,
was exclusively caused by in situ formation on the selected days, the
biases of simulations could be treated as the errors in branching ratio,
because CH;ONO, production linearly correlated with the branching
ratio (Figure 2). By setting the initial concentration and deposition velo-

city as zero, the average contribution of photochemical formation to
the total simulated CH;ONO, on the selected days was determined
to be ~44% and ~34% at TMS and TW, respectively. Therefore, to count

Date

ent scenarios at TMS. The Os episode days are highlighted in red. the maximum biases of the simulated CH;0NO, (18.3% at TMS and
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Table 3
Model Settings for the Simulations of C;—C4 RONO, As Well As IOAs Between the Simulated and Measured RONO, at TMS and TW

CH3ONO,» C5,HsONO, 1-C3H;,0NO> 2-C3H;0NO, 2-C4H9ONO,
Branching ratio 0.0003 0.0094 0.019 0.048 0.085
Dry deposition 0.07/HMIX 0.07/HMIX 0.07/HMIX 0.07/HMIX 0.07/HMIX
I0A at TMS 0.67 0.72 0.72 0.72 0.72
I0A at TW 0.66 0.70 0.69 0.67 0.73

Note. HMIX is the time-dependent mixed layer height, as shown in Figure S6.

14.3% at TW), the uncertainty of the branching ratio was ~42% at both sites. Further consideration of the
model uncertainty (~13%) with the root-mean-square error method (see Text S2) resulted in the
uncertainty of the branching ratio less than 50%. Therefore, 0.0003 was identified as the most appropriate
branching ratio for CH;0, + NO — CH3ONO,, with the error less than 20%. It is noticeable that 0.00055
was beyond the range of 0.00015-0.00045 (0.0003 with uncertainty of 50%). This discrepancy might be
caused by the fact that the determination of 0.00055 was more influenced by the factors other than
photochemical reactions, while 0.0003 was determined based on the simulations on the selected days
when in situ photochemical formation of CH30NO, was more significant.

Although 0.0003 was proposed and adopted in some previous studies (Flocke, Atlas et al., 1998; Simpson
et al.,, 2006), other branching ratios over a wide range (0.00015-0.01) have also been used as the branching
ratio of CH30, reacting with NO (e.g., Carter & Atkinson, 1989; Scholtens et al., 1999). Here the determination
of the branching ratio of 0.0003 and the associated uncertainty may reconstrain the impacts of CH;ONO, on
global oxidative capacity of the atmosphere.

Furthermore, by considering dry deposition, Figure 2b presents the modeled CH3;0ONO, with the branching
ratio of 0.0003 and dry deposition velocities of 0.03/HMIX, 0.13/HMIX, 0.23/HMIX, 0.33/HMIX, 0.43/HMIX,
and 0.53/HMIX cm/s. The modeled CH3ONO, decreased linearly with increasing dry deposition velocity
(CH30ONO, mixing ratio in pptv = —4.5 x deposition rate + 11.6). A dry deposition velocity of 0.07/HMIX
was determined to best reproduce the observed CH30ONO,. As such, the branching ratio of 0.0003 and dry
deposition velocity of 0.07/HMIX cm/s were treated as the most appropriate settings for CH;ONO, simulation.

With these settings, the factors influencing the simulated CH;0ONO, were sequentially considered. Figure 3
shows the CH30ONO, simulated in different scenarios at TMS, that is, (i) “reaction,” (ii) “reaction + initial,”
and (jii) “reaction + initial + dry deposition.” Scenario (i) only considered the formation and degradation reac-
tions of CH3ONO,, while the initial concentrations and dry deposition were progressively considered in sce-
narios (ii) and (iii). The modeled CH;ONO, in scenario (i) was typically bell shaped on a diurnal basis,
coincident with the characteristics of photochemical reactions. However, the mean modeled CH;ONO,
(2.6 + 0.3 pptv) was much lower than the observed average (11.3 £ 0.3 pptv). By introducing the initial con-
ditions, the modeled CH3ONO; in scenario (ii) increased to a comparable level (11.7 + 0.3 pptv) to the mea-
surements, in-line with the finding that background initial concentrations are an important constituent of the
observed RONO;, (Ling et al,, 2016). Further consideration of dry deposition in scenario (iii) resulted in a slight
decrease of the modeled CH3;ONO; to 11.0 £ 0.3 pptv, which best agreed with the observed CH3;ONO,. By
subtracting the modeled CH3;ONO, in scenario (i) from scenario (ii) and that in scenario (ii) from scenario
(iii), the respective contributions of the processes, including reaction, initial conditions, and dry deposition
to the total modeled CH;ONO,, were determined to be 21.5 + 1.8%, 85.1 £ 2.0%, and —6.6 + 0.3% (negative
contribution means removal of CH30NO,). It is noteworthy that the initial concentrations included both pri-
marily emitted RONO, and residues of secondarily formed RONO, in background and regionally transported
air masses. C,—C4 RONO, were simulated with the branching ratios calculated according to Carter and
Atkinson (1985, 1989) and the dry deposition velocities identical to that for CH;0NO,.

3.2.2. Model Validation

Table 3 lists the model settings that best reproduced the magnitudes and patterns of the observed RONO, at
TMS and TW (shown in Figures S4 and S5 in the supporting information). Overall, the simulated RONO,
agreed well with the measurements (index of agreement is discussed below). However, the morning peaks
of RONO, (e.g., 28 September, 8 and 23 October, and 1 and 2 November) were not well reproduced by the
model. Since in situ photochemical formation could not be the main source of RONO, in the morning
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when solar radiation was weak, the discrepancies between modeling and observation were most likely to be
caused by direct emissions and/or regional transport, which were not considered in the model. In addition,
the modeled RONO, levels were generally ~50% lower than the observations on O3 episode days (23-24
and 29-31 October and 1-3, 9, and 19 November). Methyl chloride (CHsCl) levels at both TMS (episode:
1100 + 33 pptv and nonepisode: 926 + 27 pptv) and TW (episode: 1116 + 32 pptv and nonepisode:
1031 + 45 pptv) increased noticeably (p < 0.05) during Os episodes, so did levoglucosan in fine particles
(84.8 + 27.8 and 31.6 + 18.5 ng/m> during episode and nonepisode at TMS, respectively). These suggested
emissions of RONO, from biomass burning. Furthermore, the frequency of northerly winds was higher during
05 episodes (78% at TMS and 29% at TW) than during non-O5 episodes (51% at TMS and 21% at TW). In view
of severe photochemical pollution in the adjacent inland PRD cities and increased transport of secondary pol-
lutants from the inland PRD to Hong Kong during Os episodes (Guo et al., 2009; Lam et al., 2005), regional
transport might also contribute to the higher observed RONO, on episode days. Additionally, Ling et al.
(2016) indicated that mesoscale circulation made higher contribution to RONO, at TMS during O3 episodes.
An exception was CH3ONO, at TW on 19 November when the modeled CH30ONO, remarkably exceeded the
measured values (Figure S5). This overestimation was believed to be caused by the abnormally high aromatic
levels on that day (30.2 + 23.4 ppbv, compared to the average of 4.9 + 0.6 ppbv over the whole sampling per-
iod excluding that day). Briefly, the photochemical degradation of aromatics generated CH30, and CH30 in
the model. Without consideration of diffusion, these precursors of CH;ONO, were more significantly overes-
timated than those in normal periods, leading to overestimation of CH;0NO,.

To quantitatively evaluate the simulations, IOA between the simulated and observed RONO, was calculated
(Table 3). IOA is a statistical parameter commonly used to evaluate model performance, as calculated using
formula (4) (Hurley et al,, 2001; Wang et al., 2015). Ranging from 0 to 1, higher IOAs represent better agree-
ment between the simulated and observed values.

27:1 (Oi _Si)z
_ — N2’
50 (lo—0l + |s-0l)

where O; and S; are the observed and simulated values and O is the average observed value of n samples.

IOA=1— 4

The IOA ranged from 0.67 to 0.72 and 0.66 to 0.73 for RONO, simulations at TMS and TW, respectively. Given
that other sources (e.g., biomass burning and oceanic emission) and regional transport impact were not con-
sidered in the model, the I0As indicated that the simulations were acceptable.

3.3. Secondary RONO, Formation

3.3.1. RONO, Formation at TMS and TW

Based on the above settings, the in situ production of RONO, (referred to as secondary RONO, hereafter) was
simulated without consideration of initial conditions and dry deposition, as summarized in Table 4. Also
shown are the concentrations of parent hydrocarbons, corresponding RO, radicals, NO, and NO,.

The measured mixing ratios of parent hydrocarbons and NO,, (both NO and NO,) were significantly higher at
TW than at TMS (p < 0.05). Likewise, simulated C; and 2-C, RONO, levels at TW were significantly higher than
at TMS (p < 0.05), while the simulated C, and C3 RONO, levels at TW were comparable to or even lower than
those at TMS. To explore the reasons for these differences, the relative contributions of RO, + NO and
RO + NO, were quantified (Table 5), using the method described by Lyu et al. (2015). Briefly, the two path-
ways were switched off in turn. The simulated RONO, was subtracted from that simulated in base scenario
with both pathways switched on. In this way, RONO, produced by the each pathway was obtained. The path-
way of RO, + NO dominated the formation of C,-C, RONO, at both sites. In contrast, the reaction of RO + NO,
made considerable contributions to CH;ONO, (mean + 95% confidence interval (Cl): 2.7 £ 0.3 pptv or
41.9+£5.9% at TMS and 4.8 £ 1.0 pptv or 76.2 + 15.7% at TW). In addition to higher CH, levels, the more abun-
dant secondary CH;ONO, at TW was likely because that NO, at TW (31.6 £ 3.1 ppbv) was significantly higher
than that at TMS (8.7 + 0.8 ppbv) (p < 0.05). Indeed, following suggestions that RO + NO, could be an impor-
tant pathway for CH3ONO, formation in polluted environments (Flocke, Volz-Thomas et al., 1998; Simpson
et al.,, 2006), Archibald et al. (2007) confirmed that this pathway becomes important at about 10 ppb of
NO,, and dominant at about 35 ppb, based on MCM simulations for European conditions. It is noteworthy
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Table 4
Average Mixing Ratios of Parent Hydrocarbons, NO,, and Secondary RONO, at TMS and TW

T™MS W
CHy4 (ppbv) 1950 + 7 1970 £ 7
C,Hg (pptv) 1848 + 76 2144 + 81%
C3Hg (pptv) 1123 £ 71 3343 + 331%
n-C4Hq0 (pptv) 887 + 84 4131 £ 361%
NO (ppbv) 35+0.1 26.9 + 2.9%
NO, (ppbv) 87+08 316+ 3.1%

CH30, (molecules/cms)
C,Hs0, (molecules/cm?)
2-C3H70, (molecules/cm®)
1-C3H;05 (molecules/cm3)
2-C4Hg0, (molecules/cm?)

3

(3.1 £0.4) x 107*
(2.0 £ 0.2) x 10°*
(4.6 + 0.5) x 10°%
(4.0 £ 0.6) x 10°%
(7.1 £0.8) x 10°*

(06 £0.3) x 107
03 £0.1) x 10°
0.7 £02) x 10°
03 £0.1) x 10°
(1.7 £0.5) x 10°

Secondary CH30ONO> (pptv)
Secondary Co;HsONO, (pptv)
Secondary 2-C3H;ONO, (pptv)
Secondary 1-C3H;ONO> (pptv)
Secondary 2-C4HgONO> (pptv)

27+03 48+ 1.0*
40+04 3.6+0.7
52+05 45+07
1.1+0.1% 0.7 £0.1
135+ 14 17.6 + 2.4*%

Note. Error bars represent 95% Cls. *Significant difference between the two sites (p < 0.05). Bolded are species with
observed values, and the rest are simulated values. Note. Error bars represent 95% Cls.

that the in situ contributions of CH30 + NO, to CH;ONO, at both sites in the present study were much higher
than those simulated in our previous studies (Ling et al,, 2016; Lyu et al., 2015), which considered the dispersion
and transport of air masses. This was mainly due to the fact that air masses containing NO, during the dispersion
and transport were diluted based on the model setup in previous studies. Therefore, the simulated contribution
of CH30+NO, pathway was lower in the previous studies when NO, concentration was reduced.

For C,—C3 RONO,, although the measured parent hydrocarbons were less abundant at TMS than at TW, the
simulated concentrations of RO, radicals were all remarkably higher under low NO, conditions but still in
VOC-limited regime (as discussed below), leading to comparable (for C;HsONO, and 2-C3H;ONO, ) or even
higher (for 1-C3H;ONO,) mixing ratios of RONO, at TMS. The difference in NO, levels was considered to be
the main cause of the anticorrelation between the parent hydrocarbons and related RO, radicals. As O3
formation is generally limited by VOCs at both sites (Guo et al., 2013; Ling et al., 2014), the reaction chains
of O3 formation were terminated by NO, reacting with reactive radicals. Figure S7 shows that the simulated
OH and HO, levels were much lower at TW than at TMS. This is because the higher NO, at TW consumed more
oxidative substances (e.g., O3) and radicals (OH and HO,). Consequently, reactions including the oxidation of
parent hydrocarbons at TW were more suppressed, leading to lower production of RO, radicals.

However, 2-C4HoONO, was higher at TW. In addition to the role of NO as the reactant, this was also attribu-
table to the fact that the concentration of 2-C4;Hg0, at TW was lower than at TMS only by a factor of 4.2, com-
pared to 6.7, 6.6, and 13.3 for C;H50,, 2-C3H;0,, and 1-C3H;0,, respectively.

Table 5

Relative Contributions (%) of the RO, + NO and RO + NO, Pathways to RONO, at
TMS and TW

™S ™w

RONO, RO, + NO RO + NO5 RO, +NO RO +NO,
CH3ONO, 58.1+68  419+59 238+48  762%157
C,HsONO> 99.0 + 134 1.0£02 958+242  42+12
2-C3H,0NO,  996+127  04+0.1 98.9 +19.4 1.1£02
1-C3H,ONO; 995+ 124  0.5+0.1 98.1 +17.8 19+ 04

2-C4HoONO, 99.9 + 14.1 0.10 £ 0.02 99.7 £ 184 0.3 +0.1

Note. Error bars represent 95% Cls.

3.3.2. RONO, Formation in Various Environments

To further investigate RONO, formation in different environments, a
total of 196 scenarios was designed for model simulations. The simula-
tions were conducted in daytime hours (07:00-19:00), in which the con-
centrations of total volatile organic compounds (TVOCs) and NO, were
allowed to evolve over time. The simulated hourly RONO, during
07:00-19:00 in each scenario of the simulations were averaged to cre-
ate the corresponding isopleths. RONO, production was simulated
with a matrix of total VOCs (TVOCs) and NO, ranging from 40 to
560 ppbv and 5 to 70 ppbv, with a consistent scale of 40 ppbv and
5 ppbv, respectively. The ranges of TVOCs and NO, were chosen to
include not only the observed TVOCs and NO, in the middle of the
sequence but also the best representative NO,-limited and VOC-limited
regimes as discussed below. Apart from their mixing ratios, the
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Figure 4. Isopleths of photochemical production (pptv) of (a) CH30NO, and (b) C;HsONO> (as an example of C;—C4 RONO,) based on the air pollutant profiles at
TMS; (c) CH30ONO, and (d) C,H50NO,, (as an example of C,—C4 RONO>) based on the air pollutant profiles at TW. The black line separates NOy-limited regime from
VOCs-limited regime. The red and blue symbols in the figure show the daily average observed TVOCs and NO, at TMS (red) and TW (blue), respectively.

composition of TVOCs and NO, might also influence the production of RONO,. Therefore, the ratios between
VOC species and NO and NO, (referred to as air pollutant profiles hereafter) at TMS and TW were used to
distribute VOCs species in TVOCs, and NO and NO, in NO,. The mixing ratios of TVOCs and NO, were
240 + 2.2 and 12.2 £ 0.6 ppbv at TMS and 48.4 + 7.2 and 50.5 + 2.3 ppbv at TW, respectively. The ratio of
NO,/NO at TMS (2.5 + 0.3) was about twice that at TW (1.2 £ 0.2). Further inspection into the OH reactivity
indicated that TVOCs and NO, accounted for ~55% (3.7 s~') and ~45% (3.0 s™') of total OH reactivity at
TMS. In contrast, the OH reactivity of NO, at TW (14.3 s, ~65%) dominated over that of TVOCs (7.7 s, 35%).

Figure 4 shows the isopleths of CH30ONO, and C;H;0NO, production with the changes of TVOCs and NO,
based on the air pollutant profiles at TMS (a and b) and TW (c and d). The isopleth of C,;H;ONO, production
was selected as an example of C,-C4 RONO,, which had the same pattern variations in response to the
changes of TVOCs and NO, (see Figure S8). It is noteworthy that both formation pathways of RO, + NO
and RO + NO, were considered for C;—-C4 RONO,. Based on Figure 4, the NO,-limited and VOC-limited
regimes in RONO, formation were identified. Briefly, the points with the lowest TVOCs on each isopleth line
were linked in a straight line (dividing line), and RONO, formation in the area below and above the line was
limited by VOCs and NO,, respectively (Ou et al.,, 2016). Linear regressions were carried out for these dividing

LYU ET AL.

C,-C4 ALKYL NITRATE PHOTOCHEMISTRY 10,549



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027315

lines and a TVOC/NO ratio of approximately 10.0 + 0.4 ppbv/ppbv (R* = 0.97) was obtained for the simulated
production of C;-C, RONO, based on the air pollutant profiles at TMS. In other words, when the ratio of
TVOCs/NO, was higher (lower) than 10.0 + 0.4 ppbv/ppbyv, the C,—-C4 RONO, formation was limited by NO,
(VOCs). However, this ratio was significantly (p < 0.05) lower based on the air pollutants profiles at TW
(TVOCs/NO, = 8.7 + 0.4 ppbv/ppbv, R* = 0.96). The differences were likely attributable to the higher fraction
of NO, in NO, at TMS (70.6 + 2.4%) than at TW (54.0 + 4.1%). NO, reacts with OH more quickly than NO, which
serves as an important sink of OH in the VOC-limited regime. A higher fraction of NO, in NO, meant that the
system was more NO, suppressed (VOC limited), and a higher ratio of TVOCs/NO, was needed to change the
RONO, formation from a VOC-limited regime to a NO,-limited regime. When using OH reactivity to present

the dividing ratios, the ratios of %W between TMS (6.4 + 03 s~ '/s') and TW (56 + 0.3 s '/

s~") were still not comparable (p < 0.05). This might be due to the fact that O5 formation was not only deter-
mined by the reactions between OH and VOCs (NO,). For example, the reaction of NO and OH cannot be trea-
ted as a destruction to O3 in daytime, because OH can be regenerated through the photolysis of HONO. In
addition, the same reactivity of TVOCs might correspond to different potentials of O3 formation, due to the
different potentials of RO, in oxidizing NO and regenerating HO,. Analysis of the relationship between
RONO, production and the TVOC/NO, ratio found that in the NO,-limited regime, increasing NO,, stimulated
the production of RONO, (RO, + NO — RONO,). However, increasing NO, led to a direct or indirect reduction
of OH (OH + NO, — HNO3 and NO + O3 — NO, + O,) and subsequent reductions of HO,, RO,, and RO in the
VOC-limited regime. Conversely, an increase of TVOCs elevated the production of these radicals. Therefore, in
the VOC-limited regime, an increase of TVOCs (NO,) resulted in an increase (decrease) of RO,, subsequently
stimulating (suppressing) RONO, formation.

Note that the threshold ratios of TVOC/NO, turning to VOC limited were lower for CH;ONO, formation than for
C>-C4 RONO; at both TMS and TW, which were around 2.4 + 0.2 ppbv/ppbv (R? = 0.96) and 3.1 + 0.1 ppbv/
ppbv (R? = 0.99) based on the air pollutant profiles at TMS and TW, respectively. In contrast to C,—C,
RONO,, which were mainly generated from RO, reacting with NO, CH;ONO, had two pivotal formation path-
ways, that is, RO, + NO and RO + NO, (Table 5). Figures 5a and 5b show the respective isopleths of CH;ONO,
produced by the pathways of CH3z0, + NO and CH30 + NO, based on the air pollutant profiles at TMS (the
isopleths at TW are presented in Figures 5c and 5d). The CH30ONO, generated by CH30, + NO (Figures 5a
and 5c¢) followed the same patterns as C,—C4 RONO, (TVOCs/NOj ratio of 10.0 + 0.4 and 8.7 + 0.4 ppbv/ppbv
as the threshold between the VOC- and NO,-limited regimes at TMS and TW, respectively). However, based on
the air pollutants profiles at TMS, the formation of CH3;ONO, from the CH30+NO, always increased with
increasing NO,, implying a continuous NO,-limited regime. In contrast, NO, facilitated the pathway of
CH30 + NO,; — CH30ONO, when TVOC/NO, was higher than 2.9 + 0.1 ppbv/ppbyv, based on the air pollutants
profiles at TW. The VOC-limited regime under condition of TVOCs/NO,, < 2.9 + 0.1 ppbv/ppbv was due to the
inhabitation of CH3O formation by NO,. The production of CH;0NO, through this pathway depended upon
the product of CH30 and NO,. Since TW had lower fraction of NO, in NO,, the decrease of CH3;0 with NO,
increasing cannot be compensated by NO, increasing, causing a VOC-limited regime for the pathway of
CH30 + NO,. Moreover, for the scenarios with TVOCs > 240 ppbv, CH;0NO, generated from CH30 + NO, con-
tinuously increased with increasing NO, (continuous NO,-limited regime). The continuous stimulation effect of
NO, on CH3;ONO, formation at low ratios of TVOC/NO, (high NO,) was also identified by Archibald et al. (2007),
which might be caused by the competitiveness of NO, associating with CH3O relative to the oxidation of CH30
(CH30 + O, — HCHO + HO,) increasing under high NO,. Since RO reacting with NO, was an important path-
way for C; RONO,, a higher fraction of NO, in NO, at TMS meant a higher production of C; RONO, through this
route. Therefore, the NO,-limited regime appeared under conditions of lower ratios of TVOCs/NO,, at TMS.

It should be noted that the aforementioned dividing ratios were obtained based on the average air pollutants
profile at each site. In fact, the dividing ratios should vary in a range, due to the change of air pollutant pro-
files. To further confirm the influence of air pollutant profiles on the dividing ratios, RONO, formation iso-
pleths were simulated based on the air pollutant profiles at TMS and TW on 9 November 2010, when the
air pollutants profiles at TMS and TW were obviously different. Details are given in Text S3 and Table S3 in
the supporting information. Noticeably, the distinctive air pollutant profiles on 9 November led to completely
different dividing ratios of TVOCs/NO, from the average ratios. Table 6 lists the ranges of TVOC/NO, ratios
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Figure 5. Isopleths of CH3ONO, production (pptv) from the pathway of (a) CH30,+NO and (b) CH30+NO, based on the air pollutant profiles at TMS; (c) CH30,+NO
and (d) CH30+NO; based on the air pollutant profiles at TW. The red and blue symbols in the figure show the daily average observed TVOCs and NO,  at TMS (red) and

TW (blue), respectively.

corresponding to the NO,-limited and VOCs-limited regimes in RONO, formation, which were simulated on
the basis of the air pollutant profiles at TMS and TW. Please note that these values were the slopes derived
from linear regressions. The uncertainty of model simulation was roughly estimated by root-mean-square
of the accuracies of input parameters, which was ~13%.

The ratios of TVOCs/NO, that divide NO,- and VOC-limited regimes were verified by the observed second-
ary RONO,, which were resolved by positive matrix factorization model. Details about the source apportion-
ment of RONO, have been provided in Ling et al. (2016). Figure S9 shows the relationships between the
secondary RONO, and the ratio of TVOCs/NO,. The samples were grouped using the dividing ratios of
TVOCs/NOy listed in Table 6 to categorize them into the theoretically VOC-limited and NO,-limited regimes
(Figure S9). C; RONO, was selected as an example of C,-C4 RONO,, as they all had similar patterns with
changing TVOCs/NO,. Both C; and C, RONO, increased with increasing TVOCs/NO, in the VOC-limited
regime and decreased with increasing TVOCs/NO, in the NO,-limited regime (not applicable to C,-C4
RONO, since only one sample was in NO,-limited regime). In other words, the relationships between sec-
ondary RONO, resolved from the observational data and their precursors followed the patterns predicted
by RONO, formation isopleths.
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Table 6
Ranges of TVOC/NOy Ratios Corresponding to Regimes Controlling RONO, Formation Based On the Air Pollutant Profiles at
TMS and TW

Profiles of air pollutants at TMS Profiles of air pollutants at TW

TVOCs/NO,

(ppbv/ppbv) NO, limited VOC limited NO, limited VOC limited
CH3ONO5? >24+0.2 <24+02 >3.1+0.1 <3.1+0.1
CH3ONO,° >10.0 + 0.4 <100+ 04 >87 + 04 <87 +04
CH30ONO5® All ratios None >2.9+0.1 <29+0.1
C>-C4 RONO, >10.0 + 0.4 <100+ 04 >87+04 <87+04

#Total CH30ONO, produced by CH30; + NO and CH30 + NO,. IDCH3,0N02 produced by CH30, + NO. “CH30NO, pro-
duced by CH30 + N02

3.4. Impacts on O3 Production

3.4.1. O3 Variation Induced by RONO, Formation at TMS and TW

To investigate the impacts of RONO, formation on O3 production, two categories of scenarios, that is, a base
case and five constrained cases, were tested for each sampling day in this study. Briefly, in the base case all
reaction pathways were switched on in the model, while the formation pathways (RO, + NO and RO + NO,) of
each individual RONO, were switched off in each corresponding constrained case. The five constrained cases
corresponded to five RONO,. All other settings were identical between the base and constrained cases. The
initial concentrations of C;—C, RONO, were set as zero for both the base and constrained cases, because we
focused on the impacts of in situ RONO, formation on O3 production. The base case simulated the secondary
production of RONO,. The O3 variations (AO3) induced by RONO, formation were obtained by subtracting O3
in the constrained cases from that in the base case, as were the variations of NO, NO,, OH, and HO,. Figure 6
shows the relationship between hourly AO3 and secondary RONO, production at TMS and TW using all mea-
sured data points for the whole sampling period. Each point denotes hourly simulated O3 reduction induced
by RONO, formation in that hour. Overall, as secondary RONO, production increased, O3 levels decreased.
The formation of CH30NO,, C,Hs0ONO,, 2-C3H;,0NO,, 1-C3H,0NO,, and 2-C4HgONO, caused an average O3
reduction (mean £ 95% Cl) of 9.7 £ 1.1, 147 £ 1.6, 184 £ 1.9, 6.9 + 0.6, and 60.2 + 6.8 pptv at TMS, and
10.5+3.2,7.1+£2.0,83 +2.1,2.0 £ 0.5 and 40.0 + 9.8 pptv at TW, respectively. Note that these values were
different from those reported at the same sites in Ling et al. (2016), which considered both RONO, formation
on site and during mesoscale circulation. O5 reduction was linearly correlated with the production of second-
ary RONO, (0.72 < R* < 0.95 at TMS, 0.77 < R*> < 0.84 at TW) for CH30NO,, C;HsONO,, 2-C3H,0NO,, 1-
C3H,0NO,, and 2-C4H5ONO,, respectively. Furthermore, the daily average O3 reduction correlated well with
the reduction of OH (R* = 0.83 and 0.71 at TMS and TW, respectively) and of HO, (R> = 0.84 and 0.98 at TMS
and TW, respectively), while poor correlations were found between Os reduction and the variation of NO or
NO, (Figures S10 and S11). This was consistent with our previous finding that O3 reduction in RONO, forma-
tion was related to the reductions of oxidative radicals in VOC-limited regime (Lyu et al., 2015). More
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Figure 6. Relationship between O3 reductions and the simulated secondary RONO, productions at (a) TMS and (b) TW.
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Figure 7. Simulated variations of (a) Os, (b) NO, (c) NO,, (d) OH, and (e) HO, at TMS and TW induced by C;-C4 RONO,
degradation.

importantly, the O3 reduction efficiencies (AOs/secondary RONO,) were significantly lower at TW than at TMS
(p < 0.05), as reflected from the slopes in Figure 6. In view of the higher OH and HO, at TMS than at TW
(Figure S7), the higher O reduction efficiency at TMS suggested that RONO, formation led to O3 reduction
more significantly in the atmosphere with higher oxidative capacity. This is reasonable because the promo-
tion of OH and HO, to the propagation of chain reactions forming Os is faster in the more oxidative atmo-
sphere. This finding should be applicable to the regions where O3 formation is limited by VOCs.

3.4.2. O3 Variation Induced by RONO, Degradation at TMS and TW

The impacts of RONO, degradation on O3 production at TMS and TW were studied with two simulation sce-
narios, that is, a base scenario with all the reaction pathways switched on and a constrained scenario in which
OH oxidation and photolysis for all five C;—-C, RONO, were switched off. The differences of model output
between the two scenarios (base scenario-constrained scenario) reflected the impact of RONO, degradation,
referred to as “variation” hereafter. For example, positive variations of O3 meant that Os increased due to
RONO, degradation. Note that this impact was studied in the form of total C;—C4 RONO, rather than indivi-
dual species, because the O3 variation induced by individual RONO, was generally minor. During RONO,
degradation NO, is released, which decomposes and generates NO and O, allowing Os to be formed through
the association between O, and O. On the other hand, the released NO, also consumes OH, reducing O3
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production subsequently. RO released from RONO, degradation fuels O3 formation. Therefore, O3 variation in
RONO, degradation is the combination of these effects.

Figure 7 shows the simulated daily average variations of O3, NO, NO,, OH, and HO, induced by degradation of
the C;-C4 RONO,. The daily average Oj variations ranged from —7.4 pptv to 2.3 pptv at TMS but increased at
TW throughout the sampling campaign (average increase of 2.9 + 0.8 pptv). At TMS, the Os variation corre-
lated well with the OH and HO, variations (R? of 0.86 and 0.85, respectively) but negatively with the variations
of NO and NO, (R? of 0.89 and 0.76, respectively). This implied that O5 formation at TMS was generally VOC
limited (NO, suppressed). When NO and NO, levels increased at TMS, O3, OH, and HO, decreased. This might
be due to the consumption of OH by NO, and/or NO titration with Os. Since NO increases resulted from the
decomposition of NO,, we defined this impact of RONO, degradation on O3 production as NO, suppressing.
In contrast, O3 formation was enhanced by RONO, degradation on several days (29-31 October and 2 and 21
November), when NO and NO, decreased (due to increases of O3 and OH) while OH and HO; increased. That
is, NO, led to an O3 reduction. Conversely, RO released from RONO, promoted O3 formation. The overall O3
enhancements indicated that the RO stimulating effect overrode the NO, suppressing effect in these cases,
causing an Oz increase. Thus, the impact of RONO, degradation on O3 production manifested as RO stimulat-
ing. Consistently, O3, OH and HO, all increased while NO decreased at TW, induced by RONO, degradation.
03 enhancement exhibited moderate to good correlations with the simulated increase of OH (R* = 0.50) and
HO, (R = 0.81), which were generated from the evolution of RO in the photochemical reaction chain. As such,
the impact of RONO, degradation on O3 production at TW was dominated by the effect of RO stimulating. We
found that the ratio of TVOC/NO, in the cases of O3 increase (average: 1.6 ppbv/ppbv) was lower than in the
cases of O3 decrease (average ratio: 2.1 ppbv/ppbv) at TMS. The lower ratio of TVOC/NO, means that O3 for-
mation was more limited by VOCs, which enabled the added RO to more efficiently stimulate Os formation
and resulted in the increase of Os. Coincidently, the low ratio of TVOC/NO, (0.9 ppbv/ppbv) at TW also caused
Os increase during RONO, degradation.

Further, Text S4 and Figures S12-S14 in the supporting information present the impacts of RONO, degrada-
tion on O3 production in different environments, through 196 scenarios of simulation. NO, released from
RONO, degradation was found to promote Oz production in NO,-limited regime, which was defined as
NO, stimulating effect. Due to the long lifetimes of C;-C, RONO, and their abundances in specific environ-
ments, for example, up to 50 pptv for CH3ONO, within the marine boundary layer near equator (Blake et al.,
1999), the degradation of C;-C, RONO, might cause greater O3 variations, particularly in pristine environ-
ments with sparse emission of O3z precursors.

4, Conclusions

A PBM-MCM model was developed to simulate gas-phase RONO, measured at an urban and a mountainous
site in Hong Kong. The magnitudes and variations of the observed C;-C, RONO, at both sites were well
reproduced by the model. A branching ratio of 0.0003 with the uncertainty of less than 50% was determined
for the reaction of CH30, + NO leading to CH3ONO, formation, which would be an important reference for
modeling the global oxidative capacity of the atmosphere. The modeling results indicated that RONO, for-
mation depended upon not only the abundances of precursors but also the concentrations of oxidative radi-
cals, which was closely related to the levels of VOCs and NO,. Although the precursors of RONO, at the
mountainous site were less abundant than at the urban site, the higher concentrations of oxidative radicals
led to higher production of RO, radicals, resulting in comparable or even higher RONO,. The regimes in
which the formation of C;-C4, RONO, was NO, limited and VOC limited were identified when the ratio of
TVOCs/NO, was higher and lower than 10.0 £+ 0.4 ppbv/ppbv, respectively, based on the air pollutants profiles
at the mountainous site. The simulated dividing ratio of TVOCs/NO, based on the air pollutants profiles at the
urban site was slightly lower (8.7 = 0.4 ppbv/ppbv), due to the differences in air pollutant profiles at these two
sites. However, the dividing ratios decreased to 2.4 + 0.2 and 3.1 £ 0.1 ppbv/ppbv for the formation of
CH3ONO, at the mountainous and urban site, respectively. This was mainly because CH;0NO, produced
from CH30 + NO, continued to increase with increasing NO, when the ratios of TVOCs/NO, were relatively
low (high NO,). RONO, formation generally resulted in O3 reductions, and the O3 reduction efficiency was
higher at the mountainous site due to the higher oxidative capacity of the atmosphere. On the other
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hand, the mechanisms of RONO, degradation influencing O3 production included NO, stimulating, NO, sup-
pressing, and RO stimulating processes. At the mountainous site, the impact of RONO, degradation on Os
production was dominated by NO, suppression under the condition of relatively high ratios of TVOCs/NO,,
leading to the decrease of O3, while RO stimulation occurred at relatively low ratios of TVOCs/NO,, resulting
in the increase of Os. However, the O3 production always increased due to RO stimulation at the urban site.
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