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ABSTRACT: Alkyl nitrates (RONQO;) are important reservoirs of atmospheric nitrogen,
regulating nitrogen cycling and ozone (Os3) formation. In this study, we found that propane and
n-butane were significantly lower at the offshore site (WSI) in Hong Kong (p<0.05), whereas Cs-
C4 RONO; were comparable to the suburban site (TC) (p>0.05). Stronger oxidative capacity at
WSI led to more efficient RONO, formation. Relative incremental reactivity (RIR) was for the
first time used to evaluate RONO,-precursors relationships. In contrast to consistently volatile
organic compounds (VOCs)-limited regime at TC, RONO, formation at WSI switched from
VOCs-limited regime during O3 episodes to VOCs and nitrogen oxides (NOy) co-limited regime
during non-episodes. Furthermore, unlike the predominant contributions of parent hydrocarbons
to C4-Cs RONO,, the productions of C;-C; RONO, were more sensitive to other VOCs like
aromatics and carbonyls, which accounted for ~40-90% of the productions of C;-C; alkylperoxy
(RO,) and alkoxy radicals (RO) at both sites. This resulted from the decomposition of larger
RO,/RO and the change of OH abundance under the photochemistry of other VOCs. This study
advanced our understandings on the photochemical formation of RONO,, particularly the
relationships between RONO, and their precursors which were not confined to the parent

hydrocarbons.
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1 Introduction

Alkyl nitrates (RONO;) comprise a critical fraction of reactive nitrogen (NO,) in the
atmosphere.'> Most RONO, are formed as byproducts in the process of O3 formation, derived
from reactions between volatile organic compounds (VOCs) and nitrogen oxides (NOx = NO +
NO») in the presence of sunlight, thus influencing the tropospheric O3 formation. They also act
as nitrogen reservoir due to their relatively long lifetimes,”* hence affecting air pollutants profile
in remote regions. Therefore, they have significant impact on local, regional and global

atmospheric chemistry.

Ci-Cs RONO; generally dwell in gas phase and involve in homogeneous reactions in the
atmosphere. Previous studies on RONO, spanned from the oceans to the continents and from
rural areas to urban regions. The mixing ratios of individual RONO,; vary from several to
hundreds pptv.”®”*’ In continental air plumes, such as in rural Ontario,'® in rural and urban
Karachi > and in urban China, 6 C;-C4 RONO,; were generally the most abundant RONO,; (15-80
pptv), due to the combined effect of the abundance of parent hydrocarbons, and the branching

ratios and the lifetimes of RONOz.”’12

The cruise studies over the equatorial Pacific Ocean
revealed higher concentrations of C;-Cs RONOZ.13 For example, C; RONO, observed over the
Pacific Ocean could reach 50 pptv.]4 Under the influence of oceanic emissions, C; RONO, also
ranked the first (5-20 pptv) among all the RONO, in coastal England.® In Hong Kong, C3-Cy4
RONO; generally dominated, but high mixing ratio of C; RONO; was also reported (~20 pptv at
a mountainous site and ~15 pptv at a coastal site), likely indicating the characteristics of both

. . .. 15.1
continental and marine origins.'>"'°
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Similar to O3, Observed RONO; usually showed a peak at midday, reflecting the dominance of
photochemical reactions.*!’ Besides, studies have confirmed that RONQO, are also directly

emitted from the oceans, particularly for light (<C;) RONOQ.B’18

Biomass burning is also a
source of RONO,, which are quickly formed through the pathway of “RO + NO,”.'>'” The
source contributions may vary in different locations and/or under the influence of different

origins of air masses.'®"’

Text S1 shows the chemical production and destruction of RONO,. The oxidations of
hydrocarbons (Alk) by OH lead to the formation of RO, and RO, which further react with NO
and NO,, respectively, producing RONO,.?’ Reactions between RO, and NO can also result in
O; formation through another branch reaction.”’ Generally, with carbon number increasing, the
possibility of RONO, formation from the reaction of RO,+NO increases. OH oxidation and
photolysis are the major sinks of RONO,. While photolysis plays a more important role in
destruction of C;-C; RONO,, the larger (>C4) RONO,; are more degraded through OH initiated

oxidation. *** Besides, dry deposition is another sink of the airborne RONO,."!

23,24
324 and also

VOCs and NOy play roles in RONO, formation by acting as the precursors
regulating the atmospheric oxidative capacity.”> Although a handful of studies investigated the
relationship between RONO, and their precursors, the effects of VOCs other than the parent
hydrocarbons on RONO, formation were not well documented. In fact, the possible
decomposition of larger molecular hydrocarbons was ever speculated as the sources of

RONOz.]’&26 However, the mechanisms and the extents of other VOCs regulating RONO,

formation still remain unknown.

Despite increased concerns on the photochemical pollution in Hong Kong and adjacent Pearl

River Delta (PRD) region, only few studies focused on RONO; in this region which put the
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emphasis on continental areas strongly affected by local emissions and lacked insight into

F131627 This work was the first attempt to investigate RONO,

RONO,-precursor relationships.
formation over the South China Sea (SCS). Moreover, in-depth analysis was given to the

relationships between RONO, and their precursors.
2 Methodology

2.1 Data source

In this study, concurrent field measurements were conducted in suburban Hong Kong (TC) and
over SCS (WSI) from 10" Aug. to 21* Nov., 2013. Figure S1 shows the geographical locations
of the sampling sites (TC: 22.28°N, 113.94°E; WSI: 22.04°N, 113.93°E). The TC site was
located in southwestern Hong Kong, surrounded by newly-developed residential town and close
to the Hong Kong International Airport (~ 3 km to the northwest). The sampling was carried out
on the rooftop of a six-storey building, approximately 20 m above ground level. It has been
recognized that the air pollution at TC was attributable to both local emissions and regional

‘[ransport.zg'30

For example, an increase of O3 was often observed in autumn, when dirty air
masses were brought by dominant northerly winds from PRD region in mainland China to Hong
Kong and weather conditions were favorable for secondary pollutants formation.’'** The WSI
site was located on a hillside (with a height of 65 m above ground level) on Wan Shan Island
(area of ~ 8.1 km?) over the SCS. It was ~64 km southwest of Hong Kong urban center, and ~40
km southeast of Zhuhai, a rapidly developing city in PRD. Since WSI is nearly free of

anthropogenic emissions, the air pollution at this site reflected the interferences of continental air

masses from mainland China and Hong Kong on the marine air quality.
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Hourly whole air samples were collected using 2-L stainless steel canisters every two hours
from 07:00 to 19:00. In total, 311 whole air samples were collected at the two sites. The samples
were then analyzed by Guangzhou Institute of Geochemistry (GIG), Chinese Academy of
Sciences, with the quantification of 84 VOCs, including 7 C;-Cs RONO,. Full names and
abbreviations of RONO; are listed in Table S1. Text S1 described the analytical system and
quality control/assurance in details. Briefly, the accuracy and detection limit for the analysis of
C;-Cs RONO, were 2-10% and 0.02 pptv, respectively. In addition, carbonyl samples, online
trace gas data and meteorological parameters were all collected during the sampling period,

which were also described in Text S2.

2.2 Simulation of secondary RONQO; formation

The PBM-MCM model is a photochemical box model incorporating master chemical
mechanism, and has been successfully applied to simulate the photochemistry of O; and RONO,
in the study region.15’40 As an observation-based model, field measurement data, i.e., VOCs, NO,
NO,, SO,, CO, temperature and relative humidity were input to construct the model from 07:00
to 19:00. CHy is the parent hydrocarbon of methyl nitrate (MeONO,), which however was not
analyzed in this study. Since it has a lifetime for years, we here applied the past 10-year average
CH, mixing ratios in Hong Kong as model input (Table S2). The RONO; module in PBM-MCM
used in this study was developed by our group, and has been repeatedly testified through RONO,

simulations in Hong Kong. 13,27

Since primary emissions and regional transport of RONO, are not fully considered in the
model, there may be discrepancies between the simulated and observed RONO,. However, big
differences are not expected in view of the dominant contributions of photochemical formation

to RONO, in Hong Kong.'>*’ Therefore, the index of agreement (IOA) is used to evaluate the
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model performance in modelling RONQO,. Equation 1 describes the calculation of I0A,*
according to which higher IOA (0<IOA<I) represents better agreement between the simulated

(S;) and observed values (0;).

211'1=1(0i_5i)2
Yir1(10;=0]+1s;—0[)?

I0A=1-— (Eq. 1)

where O refers to the mean observed value averaged over n samples.

2.3 Scenario analysis

The reactions “RO, + NO” and “RO + NO,” are the main formation pathways of RONO,
considered in PBM-MCM. The pathway contributions to RONO, were simulated with the
method used by Lyu et al.">*" The contribution of “RO, + NO” to RONO, was derived from the
difference of the simulated RONO, between the base run with the two pathways open and the
constrained run with “RO, + NO” closed (Scenario A), and vice versa. Moreover, the
contributions of specific species/group of VOC(s) to the secondary RONO, formation and
related radicals (e.g. RO, and RO) concentrations were determined through subtracting the
simulated RONO, (or radicals) in the constrained runs without the input of the specific
species/group of VOC(s) (Scenario B1) from those simulated in the base run. Furthermore,
VOCs can directly generate RO, and RO radicals (factor 1) or regulate the production of these
radicals through changing OH concentration (factor 2). To distinguish these effects, another
array of constrained scenarios was designed, in which OH simulated in base run was input to
constrain the OH concentration in the constrained runs (Scenario B2). The difference of the
simulated RO, and RO between base run and Scenario B1 reflected the combined effect of
factors 1 and 2, while the effect of factor 1 was obtained from the difference between base run

and Scenario B2. More information on the scenarios was provided in Text S3 and Table S3.
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2.4 Relative incremental reactivity

The RONO,-precursors relationship can be evaluated using relative incremental reactivity
(RIR), which is defined as the change of RONO, formation according to the change of mixing
ratio of its precursors (NO, NO,, parent hydrocarbons and other VOCs) during both episodes and

non-episodes. The RIR values are calculated using Equation 2:*!

ProN0,(X)—PRrono, (X—AX)]/ProNno,(X)

1
RIR(X) = S (Eq. 2)

where X represents a specific precursor, e.g. NO, NO,, parent hydrocarbons or other VOCs; S(X)
is the observed hourly average mixing ratio of species X (in pptv) at the site; AX is the change in
the mixing ratio of X caused by a hypothetical change in S(X), AS(X); Pgrono, 1s the production
rate of RONO, in unit of pptv/h. In this study, the hourly production was defined as the
difference in RONO, mixing ratio between two adjacent hours. The change in the mixing ratio of

X was assumed to be 10% of the measured data.

3 Results and discussion
3.1 General characteristics

Table 1 presents the descriptive statistics of RONO,, their parent hydrocarbons, total VOCs
(TVOCs) and Os3. 2-BuONO, and 2-PrONO, were the most abundant species at both sites,
consistent with previous studies in Hong Kong.”'>'® This feature was associated with the balance
between the increased branching ratio for RONO, formation and reduced abundances of their
parent hydrocarbons in the atmosphere, as well as the decreased lifetime of RONO, with the

7,42

increase of carbon number.”"* Further, the formation possibility (o;=0.74) of secondary RO,

from propane is higher than primary RO, (o= 0.26), so was the formation of RONO,; from the
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primary (a,=0.02) and secondary C; RO, (0,=0.04). Thus, 2-PrONO, was much more abundant
than l-PrONOz.9 We also found that the compositions of RONO, at the two sites were similar,
both having largest abundance for 2-BuONO, (36.7£3.4-37.5£3.5%) followed by 2-PrONO,
(22.4£2.1-22.94+2.8%), and lowest for 1-PrONO; (1.8+0.3-2.14+0.3%), likely due to the influence
of the same air masses and/or interactions between the two sites. In addition, there was no
significant difference in levels of C,-Cs RONO, between TC and WSI despite higher propane
and n-butane at TC, suggesting the different sources/source contributions to RONO; and/or
different production efficiencies of secondary RONO,. It is noteworthy that ship emission would
not be the cause of the comparable C,-Cs RONO, at the two sites though we observed some
ships passing by during the sampling period. In addition, Lyu et al.>” found that the impacts of
dry deposition on RONO, abundances were minor with the deposition velocities of 0.13/HMIX
(HMIX: height of mixing layer) for C;-C4 RONO; in continental area of Hong Kong. Therefore,

dry deposition did not play a significant role in redistribution of RONO; at TC and WSI.

MeONO,, however, was more abundant at TC. MeONO, at both sites were higher than those
measured over open seas B12% However, the proportion of MeONO; in C;-C4 RONO, (12.8+0.1-
16.9+0.2%) were much lower than those in oceanic atmosphere (20.6-71.0%), comparable to that
in continental air shed (9.9-14.9%) instead.®'' This indicated that RONO, in the study area, even
at the offshore site (WSI), was more influenced by the continental air flow. Therefore, higher
TVOCs (35.1+8.0 ppbv) and NOy (44.1+4.14 ppbv), precursors of MeONQO,, at TC than at WSI
(TVOC: 16.842.9 ppbv; NOy: 5.32+1.25 ppbv), might partially explain higher MeONO, at TC.
On the other hand, MeONO; in the continental area might also be elevated by emissions from

biomass burning.

9
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182  Table 1. Descriptive statistics of RONO,, parent hydrocarbons, TVOCs (ppbv) and O3 (ppbv) at

183  TC and WSI (pptv, unless otherwise specified).

TC WSI
Species

Mean' Min. Max. Mean' Min. Max.

MeONO, 17.7£2.71 0.30 84.1 12.5+1.51 1.80 494
EtON022 6.81+1.01 0.50 28.6 6.92+0.91 030 24.0
2-PrONO,* 29.9+2.61 7.90 814 28.34+2.12 4.60 66.6
1-PrONO, * 2.43+0.31 0.50 8.9 2.744+0.31 0.30 10.1
2-BuONO,°  47.9+4.13 109 158.1 47.343.8 3.70 117
2-PeONO, 6 15.1+£2.12 1.33 86.3 15.7£1.8 1.32 63.7
3-PeONO, ’ 10.7£1.5 0.79 494 12.9+1.7 022 659
Ethane 1979+205 305 5700 1719+149 141 5610
Propane 1719+179 122 6199 12244136 112 5247
n-Butane 1456+144 115 5354 823+125 24.2 2983
n-Pentane 406+108 244 6666 335+55.5 174 1866
TVOCs 35.1£8.00 6.23 131.8 16.8+2.91 294 563
O3 42 .3+4 .44 1.53  121.2 68.6+5.03  6.52 152

184 ! Average level with 95% confidence interval; 2 Ethyl nitrate (EtONO,); 3 iso-Propyl nitrate (2-PrONO,);
185  * n-Propyl nitrate (1-PrONO,); > 2-Butyl nitrate (2-BuONO,); ¢ 2-Pentyl nitrate (2-PeONO,); ’ 3-Pentyl
186  nitrate (3-PeONO,).

187 Figure 1 shows temporal variations of total RONO,, TVOCs, NOy, O3 and meteorological
188  parameters at both sites. RONO, generally correlated well (R?=0.55) with O; as the

189  photochemical formation of RONO,; shares the same formation pathways with Os. In total, 5 and

10
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8 out of 21 canister sampling days were identified as Oz episodes at TC and WSI, respectively.
The total C;-Cs RONO, during O3 episodes (TC: 172+12.2 pptv; WSI: 142+7.55 pptv) were
significantly higher (p<0.01) than those during non-episodes (TC: 12048.35 pptv; WSL
107+7.55 pptv), same as their precursors, i.e. VOCs and NOy (Table S4). Similarly, individual
RONO,; was higher (p<0.01) during episodes except for MeONO, and EtONO, (p>0.1) which
were comparable between episodes and non-episodes at both sites (Figure S2), likely due to the
fact that MeONO, and EtONO, have sources of oceanic emission and biomass burning, apart

from photochemical formation.

Generally, the high levels of RONO, were accompanied with strong solar radiation and low
relative humidity at both sites. It was reasonable as the photochemical reactions could be
enhanced under these conditions. In addition, northerly winds prevailed when RONO, were
elevated during O episodes, with the frequency of 40% at TC and 72% at WSI. This implied the
regional transport of RONO; and/or their precursors to both sites, in view of the severer air
pollution in PRD. To further understand the impact of regional transport on RONO, abundances,
the average backward trajectories during O3 episodes and non-episodes in the sampling period
are shown in Figure S3. It was found that 91% of air masses passed along the coastline of South
China 24 hours before arriving in Hong Kong during non-episodes. These air masses were
expected to be relatively clean, thus diluting or at least not aggravating air pollution in the study
area. In contrast, during O3 episodes, Hong Kong received nearly all the air masses originated
from and passed over the inland cities of China, which might deliver RONO, and/or their
precursors from the polluted regions to Hong Kong. In summary, apart from meteorological
impact, polluted continental air masses aggravated air pollution at TC and WSI on O; episodes,

while this adverse influence was lessened during non-episodes. Further insight into the backward

11
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213  trajectories in the last 12 hours (Figure S4) found that the air masses reaching the two sites were
214  in parallel during non-episodes. However, the air passed over TC before reaching WSI on O3

215  episode days, implying the interactions between the two sites in some cases.
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217  Figure 1. Temporal variations of meteorological parameters together with mixing ratios of
218  TVOCs, total alkyl nitrates (TAN), NOx and O3 at TC and WSI sites (Os-episodes are

219  highlighted in yellow)

220

221 3.2 Potential sources and photochemical formation of RONO,

222 As aforementioned, regional transport might partially explain the redistribution of RONO, at
223 both sites, indicated by the RONO, variations against wind fields. In addition, the different
224  patterns of RONO,; and their parent hydrocarbons might be caused by the sources other than
225  photochemical formation (e.g. oceanic emission and biomass burning). The ratio between
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RONO; and the parent hydrocarbon was used to preliminarily understand the photochemical
evolution and potential sources of RONO,. Figure 2 shows the observed RONO,/Alk ratio versus
3-PeONOy/n-pentane ratio, and the predicted BIR and PP curves (detailed explanations are

provided in Text S4).

At the initial stage of evolution, BIR curve was positioned far above PP curve, which was
caused by the background RONO, and Alks. However, the gaps narrowed with the increase of
evolution time, indicating weakened impacts of the background concentrations. This feature was
more pronounced for C,-C; RONO,; due to the longer atmospheric lifetimes of C,-C; RONO,

than C4-Cs RON02.6’”’16 Even taking the background concentrations into consideration, the

observed ratios of %Were generally located above the BIR curves for C,-C; RONO, at

both sites, suggesting that the observed RONO; could not only be explained by the
photochemical formation (specifically RO, + NO, see section 2.3) and background
concentrations. The direct emissions of RONO; from biomass burning and oceans might be
partially responsible for this discrepancy.'*'®!" Further, RONO, formed from the oxidation of

VOC:s other than the parent hydrocarbons and through pathways other than RO,+NO could also

. , RONO
be important reasons.”®*® In contrast, the observed ratios of [RONG2) [Alk]Z]

were close to and even
overlapped with the BIR curves for C4 and Cs RONO,, indicating that photochemical formation

through the reactions between RO, (derived from the oxidation of parent hydrocarbons) and NO

dominated the sources of C4-Cs RONO-.

Moreover, as indicated by the evolution time (triangles on the curves), air masses at both sites

experienced evolution time between 6 hours and 10 days, while WSI had more aged air masses

13
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247  as indicated by the upper-right symbols in Figure 2.%° This is reasonable because WSI was

248  farther from the sources.
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250  Figure 2. Predicted and observed relationships between C,-Cs RONO,/Alk and 3-PeONO,/n-pentane at
251  TC and WSI. The triangles and times on PP curve (red) and BIR curve (TC: yellow; WSI: grey) denote

252 the evolution times. The figures are plotted according to the method introduced in Text S4.
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3.3 Evaluation of oxidative capacity at TC and WSI

To understand the impact of oxidative capacity on secondary RONO; formation, PBM-MCM
model was used to simulate RONO, with the settings consistent with those detailed by Lyu et
al.”’ It is noteworthy that the model validations were only carried out for O episodes when the
in-situ photochemical processes were intensive, as the PBM-MCM model does not fully consider
the physical processes which may be stronger during non-episodes. Figure S5 shows the
simulated and observed RONO,; at TC and WSI. Generally, the simulated RONO, captured the
diurnal variations of RONO, with IOA ranging from 0.45 to 0.97 at TC and from 0.52 to 0.79 at
WSI (Table S5). The differences between the simulated and observed RONO, were attributable
to the primary emissions, as well as the lack of full consideration of physical processes in PBM-
MCM. Hereafter, simulations were conducted for all canister sampling days to investigate the

local photochemical processes of RONO,.

Given the comparable or even lower levels of VOCs including parent hydrocarbons at WSI,
the higher simulated RONO, implied higher oxidation efficiency of the parent hydrocarbons
and/or other VOCs which could also be precursors of RONO,, such as carbonyls and aromatics
(see section 3.3.2). Figure 3 presents the average diurnal patterns of the simulated OH, HO,,
CH;0, and CH;0. CH3;0; and CH30 are shown as an example of C;-Cs RO, and RO,
respectively (see Figure S6 for details of the simulated concentrations of these radicals).
Noticeably, WSI featured more abundant radicals than TC. The higher OH and HO, indicated the
stronger oxidative capacity of the atmosphere at WSI, causing more efficient oxidation of VOCs
and production of intermediates and other radicals, such as RO, and RO. As a result, RONO,
could be more efficiently formed. In fact, the similar phenomenon was also reported by Lyu et

al.*” who found that RONO, at a mountainous site were comparable to or even higher than those
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at an adjacent urban site due to the higher atmospheric oxidative capacity. Consistent with the
previous study,”’ the much lower level of NOy (the main scavenger of oxidative radicals) at WSI

than at TC might be the reason of more abundant oxidative radicals at this offshore site.
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Figure 3. Simulated concentrations of (a) OH and HO,, and (b) CH;0, and CH;0 at TC and WSL
3.4 RONO; — precursors relationship

Figure 4 presents the average RIRs of RONO,; precursors at TC. It was found that VOCs
including parent hydrocarbons and other VOCs had positive RIR values, while RIRs of NO and
NO, were negative except for the positive RIR of NO; in the formation of MeONO,. This
indicated that RONO,; production was limited by VOCs at TC. However, NO, also facilitated
MeONO, formation, which was due to the considerable production of MeONO, through the

1" reported this finding in Hong

pathway of CH30+NO,. Both Simpson et al.” and Lyu et a
Kong, and Archibald et al.*’ revealed that MeONO, production through this route was strongly
NO, dependent. Text S5 and Table S6 in the supplement discussed the contributions of RO,+NO

and RO+NO, to RONO;, production at TC and WSI. It was found that RO+NO, greatly
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contributed to MeONO, at TC, while negligible to the formation of other RONO,, which
explained the positive RIR of NO, in MeONO, formation. Furthermore, in contrast to the
exclusively positive contribution of the parent hydrocarbons to C4-Cs RONO,, RIRs of other
VOCs were even higher than those of parent hydrocarbons for C;-C3 RONO,. This implied that
VOCs other than parent hydrocarbons were important precursors of C;-C; RONO,, which

however made minor contributions to C4-Cs RONO,.

05-]| = No . . .
1| = NO,
]| ™ Parent HCs

M Other VOCs

RIR (%/%)
(=]
th
|

1.0

MeONO, EtONO, z.PrONo2 1.Pr0No2 2.Bu0N02 2-I>e0No2 3-PeONO,

Figure 4. Average RIRs of RONO, precursors during the canister sampling period at TC.

Consistently, the RIRs of VOCs including parent hydrocarbons and other VOCs were positive
at WSI, regardless of Os episodes or non-episodes (Figure 5). During Os episodes, NOy inhibited
RONO, formation (RIR<0) except for the positive effect of NO, on MeONO, production, which
was discussed above. However, NOy made positive contribution to RONO, production (RIR>0)
during non-episodes at this site, indicating that cutting either NO or NO, would lead to decrease
of RONO,; production during non-episodes at WSI. This phenomenon was not identified at TC

where NOy level was much higher (45.78+3.33 ppbv at TC versus 6.11+0.96 ppbv at WSI). In

17

ACS Paragon Plus Environment



307

308

309

310

311

312

313

314

315

316

317

318

319

Environmental Science & Technology

fact, the dual role of NOy in RONO, formation has been documented in Lyu et al.,27 who found
that low level of NOy stimulated while high level of NOy inhibited RONO, formation. This
explained the positive RIR of NOy at WSI during non-episodes when NOy (1.97+0.76 ppbv) was
significantly lower than that during episodes (9.57£1.19 ppbv) and at TC (45.78+3.33 ppbv). It
therefore can be concluded that RONO, formation was limited by VOCs during O; episodes and

co-limited by VOCs and NOy during non-episodes at WSI.

1.0 wsl Eplsodes
ii i “ -

_ 00 F
£ ]
2 |
~ 10 ™ NO = o, Non-episodes
E ] | ParentHCs | OtherVOCs
o_ofai“ T iiiﬁ .;.L'i bl | _ ﬁi “

MeONO2 EtONO2 -PrONO2 1-PrONO, 2-BllONO 2 PeONO, 3-Pe0NO

Figure 5. Average RIRs of RONO, precursors during (a) O episodes and (b) non-episodes of the canister

sampling period at WSI.

3.5 Sources of RO, and RO radicals

Since “RO,+NO” and “RO+NO,” were the main pathways leading to RONO, formation, the

contributions of parent hydrocarbons and other VOCs to the production of RO, and RO radicals

18

ACS Paragon Plus Environment

Page 18 of 29



Page 19 of 29

320
321
322
323

324

325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

342

Environmental Science & Technology

were identified. As introduced in section 2.5.2, the effects of factors 1 (oxidation and/or direct
decomposition) and factor 2 (indirect effect through regulation on OH concentration) on the
production of both radicals were distinguished for different species/group of VOC(s), as shown
in Figures 6-7. C,-Cs RO are not displayed due to the negligible contributions of the pathway

“RO+NO;” to C,-Cs RONO; (see Text S5 in the supplement).

It was found that in addition to the parent hydrocarbon, other VOCs also made considerable
contributions to RO, and CH30 at TC (Figure 6), such as aromatics, BVOCs and carbonyls for
Ci-Cs RO, and CH30, and C4-Cs hydrocarbons for C,-C; RO,. Noticeably, the parent
hydrocarbons played important roles in the production of larger molecular (C4-Cs) RO, through
oxidation (factor 1), with the contribution of 97-100%. However, less than 60% of C;-Cs RO,
and CH30 (as low as 6% for C,Hs0O,) could be attributable to the parent hydrocarbons, with the
remainder attributable to the other VOCs. Specifically, aromatics, carbonyls and BVOCs were
responsible for 36-38%, 18-20% and 12% of CH30,/CH;0, respectively. C,HsO, were largely
contributed by C4-Cg hydrocarbons (75%) and aromatics (13%), while 27-36% of 1-/2-C3H-0,
were derived from C4-Cg hydrocarbons. One possible pathway of MeONO, formation through
the oxidation of p-xylene and the decomposition of the oxidation products is shown in Figure S7
as an example. Furthermore, the other VOCs produced RO, and CH3;0O not only through
oxidation/decomposition (factor 1) but also through regulating the OH concentration (factor 2).
Particularly, aromatics, BVOCs and carbonyls all had largest influence on facilitating the
production of the aforementioned radicals through building up OH concentration in the
atmosphere. Namely, OH was elevated by these VOCs, which further enhanced the production of
RO, and RO radicals. In fact, as shown in Figure S8, aromatics, BVOCs and carbonyls did lead

to the increase of OH at TC, likely associating with their contributions to O3 (an important
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source of primary OH).**!

Figure S9 shows the decreases of the simulated O; with the removal
of BVOCs or aromatics from the model input. Correspondingly, the OH cycling was also
weakened without BVOCs or aromatics, as presented in Figure S10. As an important source of
primary OH, O3 photolysis reduced from 1.92x10° molecules-cm™-s™ with the inclusion of both
BVOCs and aromatics to 1.79x10° and 1.78x10° molecules-cm™ s with the removal of BVOCs
and aromatics, respectively. In addition to this effect, the high contribution of carbonyls to OH
also resulted from the production of HO; from their photolysis and further reaction between HO,
and NO.”” The dominance of parent hydrocarbons rather than other VOCs in the sources of Cy-
Cs RONO; was due to the fact that the large RO, radicals cannot be generated from the

decomposition of other radicals. This was also confirmed by the negligible contribution of other

VOCs to C4-Cs RONO,; through factor 1 (see Figure 6).
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Figure 6. Average contributions of specific species/group of VOC(s) to C;-Cs RO, and CH;0 at TC.
Factor 1 and factor 2 are shown with blue and red bars, respectively. Please refer to Table S7 for details of

the species in each group of VOCs.

Similarly, the parent hydrocarbons only accounted for 9-60% of C;-C3 RO, and CH;0, while
the contribution increased to 96-100% for C4-Cs RO, at WSI (Figure 7). However, aromatics and
BVOCs generally inhibited the formations of C;-Cs RO, and CH30 through regulating the OH
concentration (factor 2). Insight into the impacts of these compounds on OH production also

found that they presented net destruction to OH (see Figure S8). The negative contributions of
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aromatics, BVOCs and carbonyls to OH production at WSI might be due to the consumption of
OH at the initial oxidation of these compounds, which could not be as efficiently recycled from
the reactions between RO, and NO as that ,at TC because NO was much lower at WSI than at
TC. Wang et al. also identified this mechanism at the same site.”> For carbonyls, they still
enhanced OH production in the early morning and late afternoon at WSI, when the OH
concentration was low (Figure 3). The positive contributions were likely caused by the
photolysis of carbonyls (a pathway of OH production), which overrode the OH consumption in
the oxidation of carbonyls. Therefore, we conclude that other VOCs contributed to the
production of C;-C3s RO, and CH30 mainly through the decomposition of larger radicals in the

low NO, environment.
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374  Figure 7. Average contributions of specific species/group of VOC(s) to C;-Cs RO,, CH;0 at WSI. Factor
375 1 and factor 2 are shown with blue and red bars, respectively. Please refer to Table S7 for details of the

376  species in each group of VOCs.

377 4 IMPLICATION

378 Previous studies on RONO, were generally based on the observations and kinetic calculations,
379  which considered the parent hydrocarbons as the sole precursors of RONO,. The photochemical

380 evolution curves of RONO, proposed by Bertman et al.”® also started from this premise.

23

ACS Paragon Plus Environment



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

Environmental Science & Technology

However, this study revealed that confining RONO, precursors to the parent hydrocarbons
would underestimate RONO, production to a great extent, particularly for the C;-C; RONO,.
This may explain why the observed short-chain RONO, were always higher than the kinetic
calculations. We also recommend including more VOCs as the precursors of RONO, when
applying Bertman’s curves. To our best knowledge, the photochemical reactions in chemical
transport models (CTMs) are generally group based, deficient in explicit description of radical
reactions, which may have higher uncertainty on estimating RONO, production. Moreover, with
the lumped mechanisms, it is difficult to study the impacts of individual VOCs on RONO,
chemistry, particularly in the regions where these analyses are necessary, e.g. in forest with high
isoprene emissions and over the southern ocean where methane and methyl nitrate are abundant.
The results in this study are actually benefitted from the application of the MCM, a near-explicit
chemical mechanism describing the photochemical degradations of individual VOCs. To more
comprehensively understand the RONO; chemistry in larger (regional, national or even global)

scales, it is of high necessity to update the species-based RONO, photochemistry in CTMs.
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Continental air Marine atmosphere

TC NOx-rich NOx-lean WSI
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tive contribution s
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