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19  Abstract. Nitrate radical (NOs) is a critical nocturnal atmospheric oxidant in the
20  troposphere, which widely affects the fate of air pollutants and regulates air quality. Many
21  previous works have reported the chemistry of NO; in inland regions of China, while less
22 study targets marine regions. Here, we present a field measurement of the NO3 reservoir,
23  dinitrogen pentoxide (N20s), and related species at a typical marine site (Da Wan Shan
24 Island) located in the South China Sea in the winter of 2021. Two patterns of air masses
25  were captured during the campaign, including the dominant airmass from inland China
26 (IAM) with a percentage of ~84%, and the airmass from eastern coastal areas (CAM) with
27  ~16%. During the IAM period, the NO3 production rate reached 1.6 + 0.9 ppbv h™! due to
28  the transportation of the polluted urban plume with high NO, and Os. While the average
29  nocturnal N2Os and the calculated NO3 mixing ratio were 119.5 + 128.6 pptv and 9.9 +
30  12.5 pptv, respectively, and the steady state lifetime of NO3 was 0.5 = 0.7 min on average,
31  indicating intensive nighttime chemistry and rapid NOs loss at this site. By examining the
32 reaction of NOs with volatile organic compounds (VOCs) and N2Os heterogeneous
33 hydrolysis, we revealed that these two reaction pathways were not responsible for the NO;
34 loss (<20%), since the NOj3 reactivity (k(NO3)) towards VOCs was small (5.2X 103 s™)
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35 and the aerosol loading was low. Instead, NO was proposed to significantly contribute to
36  nocturnal NOs loss at this site, despite the nocturnal NO concentration always at sub-ppbv
37  level and near the instrument detection limit. It might be from the local soil emission. We
38  infer that the nocturnal chemical NOs reactions would be largely enhanced once without
39  NO emission in the open ocean after the air mass passes through this site, thus highlighting
40 the strong influences of the urban outflow to the downward marine areas in terms of
41  nighttime chemistry. During the CAM period, nocturnal ozone was higher, while NO, was
42 much lower. The NOs production was still very fast, with a rate of 1.2 ppbv h™l. With the
43 absence of N2Os measurement in this period, the NO3 reactivity towards VOCs and N>Os
44 uptake were calculated to assess NO;3 loss processes. We showed that the average k(NO3)
45  from VOCs (56.5%, 2.6 = 0.9 X 1073 s7') was higher than N>Os uptake (43.5%, 2.0 £ 1.5 X
46 107 s) during the CAM period, indicating a longer NO3/N,Os lifetime than that during
47 1AM period. This study improves the understanding of the nocturnal NO; budget and
48  environmental impacts with the interaction of anthropogenic and natural activities in
49  marine regions.

50

51 1. Introduction

52  Reactive nitrogen compounds, especially the nitrate radical (NO3) and dinitrogen pentoxide
53  (N20s) play an essential role in nocturnal atmospheric chemistry (Wayne et al., 1991;
54 Brown and Stutz, 2012). NOs is mainly generated via the oxidation of NO; by Oz (R1), and
55  then NO; further reacts with NO> to produce N2Os (R2) with a thermal equilibrium. The
56  temperature-dependent equilibrium constant, Keq, regulates the equilibrium favoring NOs
57  and NOs> at higher temperatures (Osthoff et al., 2007; Chen et al., 2022). During daytime,
58  the NOs; mixing ratio is generally low as its lifetime is very short (< 5 s) due to the fast
59  photolysis (R3) and rapid reaction with NO (R4) (a rate constant of 2.6x10™"" cm’
60 molecule! s at 298 K; Atkinson et al., 2004). While at night, NO3 accumulates and can
61  reach tens to hundreds of parts per trillion volume (pptv), making it the major nocturnal
62  oxidizing agent (Wang et al., 2015).

63 NO,+0;—>NO;+0, (RI)
64 NO,+NO;=N,0; (R2)
65 NO; +hv —»NO, +NO (R3)

66 NO+ NO; — 2NO, (R4)
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67  During nighttime, NOs3 is the most important oxidant for alkenes (Mogensen et al., 2015;
68  Edwards et al., 2017), particularly in rural, remote, or forested environments, where it
69 predominantly reacts with unsaturated biogenic volatile organic compounds (VOCs),
70  especially isoprene and monoterpene (Ng et al., 2017; Liebmann et al., 2018b; Liebmann
71 et al, 2018a), to form alkyl nitrates (RONO3), that ultimately lead to secondary organic
72 aerosols (SOAs) (Brown and Stutz, 2012). The observations and model simulations showed
73  that the measured particulate organic nitrates were largely attributed to the nocturnal NO;
74  oxidation across Europe (Kiendler-Scharr et al., 2016). The NOs oxidation was also
75  reported to play an important role in aerosol formation in the Southeastern United States
76  with high isoprene and monoterpene emissions (Xu et al., 2015). These studies highlighted
77  the critical role of the reaction of NO3 with VOCs in NOj; budget and organic aerosol
78  pollution. In addition, NOs also reacts with dimethyl sulfide (DMS) over the ocean,
79  affecting the marine sulfur cycle and thus cloud formation and global climate (Aldener et
80 al., 2006; Brown and Stutz, 2012; Ian Barnes et al., 2006; Rosati et al., 2022). While in
81  high aerosol loading regimes, the N2Os heterogeneous uptake becomes a significant
82  indirect NOs3 loss pathway. The hydrolysis reaction produces nitrate (NO3") and nitryl
83  chloride (CINO3) on chloride-containing aerosols surfaces (Osthoff et al., 2008; Thornton
84 et al, 2010), in which CINO: activates the Cl radical and further enhances the
85  photochemistry and ozone pollution in the following day (Riedel et al., 2012; Riedel et al.,
86  2014; Behnke et al., 1993).

87  Different NO3 loss pathways produce different air pollutants and cause different
88  environmental impacts, characterization of NO3 budget is essential to clarify the NO3
89  chemistry in air pollution under various environments. Observations of N>Os and NO3 in
90  different regions and evaluation of their loss processes have been reported in numerous
91  studies (Crowley et al., 2011; Geyer et al., 2001; Brown et al., 2011; Dewald et al., 2022;
92  Niuetal., 2022; Brown et al., 2016; Wang et al., 2020a; Tham et al., 2016; Aldener et al.,
93  2006; Lin et al., 2022). In general, the NO; loss process shows significant regional
94  differences. In urban areas featuring intensive anthropogenic NOx emissions and moderate
95  (or high) aerosol loading, N2Os uptake is comparable or even dominates the NOs loss
96  (Wang et al., 2013). While in rural and forested areas with abundant biogenic VOCs
97  (BVOC) emissions, the NOs loss processes were usually dominated by BVOCs (Dewald
98 etal.,, 2022; Geyer et al., 2001; Brown et al., 2011). As for the coastal areas, which were
99  jointly affected by the polluted air mass from the inland and the relatively clean air mass
100 from the ocean, the dominant NOs loss process varies greatly depending on the air mass
101  origin (Aldener et al., 2006; Niu et al., 2022; Brown et al., 2016; Crowley et al., 2011). For
102  instance, Crowley et al. (2011) found in the Atlantic coast of Southern Spain (forested area)
103  that when the air mass mainly originated from the Atlantic, NO3 was mainly consumed by
104  BVOCs (mainly monoterpenes) emitted from nearby forests, while when the air mass came
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105 from the continent, NO3 loss was mainly due to reactions with anthropogenic VOCs
106  (AVOCs).

107  China has been recently proven to be a hot spot of nocturnal chemistry with a high NO;
108  production rate (Wang et al., 2023). Many studies have reported the mechanisms, budget,
109  orimpacts of NO3-N2Os chemistry in different regions, while most of them were conducted
110  inurban regions (Wang et al., 2013; Yan et al., 2021; Wang et al., 2020a; Wang et al., 2017c;
111 Wang et al., 2017d). For example, Wang et al. (2017b) showed a significant contribution
112 of N2Os uptake to nitrate pollution in summer and winter, and they also highlighted the fast
113  organic nitrate production rate observed in Beijing rural region in summer (Wang et al.,
114 2018b). Only several studies focused on nighttime oxidation in coastal cities like Shanghai,
115  Shenzhen, and Hong Kong (Zhu et al., 2022; Niu et al., 2022; Yan et al., 2019), which
116  showed different patterns of NOs chemistry compared with urban regions. Even fewer field
117  studies were conducted on the island which is far away from the coastal cities where the
118  interactions of the oceanic atmosphere and urban plumes can significantly affect the NO;
119  budget and impacts. Given the diversity of air masses in inland and coastal areas, studies
120  are needed to gain a comprehensive understanding of NO3 losses in different atmospheric
121  environments, particularly in coastal and marine areas.

122  Therefore, we conducted an intensive field observation on Da Wan Shan Island (DWS) in
123  the winter of 2021, which is a typical island site in the north of the South China Sea, and
124  downward of the city clusters in the Pear]l River Delta, China during the winter monsoon
125  periods. The island features a subtropical oceanic monsoon climate, and the north and
126  northeast synoptic winds from inland PRD and eastern China coast are generally
127  predominant in winter (Liu et al., 2019; Wang et al., 2018a). This allows us to further
128  investigate the interactions between anthropogenic emissions and marine emissions from
129  the perspective of nighttime chemistry. In this study, the measurements of N>Os and the
130  related species observed during the DWS winter campaign are reported. We have identified
131  two types of air masses from both mainland China and coastal areas. Finally, the NOs
132  budget and loss processes in different air masses are characterized.

133 2. Methods

134 2.1 Site description

135  The field campaign was conducted at Da Wan Shan Island (21.93° N, 113.72° E) from Nov.
136 9™to Dec. 16™, 2021. Fig. 1 shows the study site, which is approximately 60 km southwest

137  of Hong Kong; 40 km southeast of Zhuhai; and about 100 km and 80 km away from the
138 megacities Guangzhou and Shenzhen, respectively. This island is dominated by
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139  mountainous terrain with an area of 8.1 km? and has a small population of about 3000.
140  Anthropogenic emissions are sparse and no industrial pollution sources were identified,
141  though numerous ships engaging in local fishing activities were observed, potentially
142 affecting the local atmosphere. During the measurement, local airflow was consistent from
143  the northwest to southeast (Fig. 1a) due to the winter monsoon, with wind speeds most
144  frequently ranging from 1.8 to 7.9 m s (10" - 90™ percentiles) and an average of 4.5 £ 2.6
145 m s’ This wind direction is indicative of the mixing of air masses from both continental
146  and coastal areas. The HYbrid Single-Particle Lagrangian Integrated Trajectory model
147  (HYSPLIT) was adopted to investigate the historical trajectory. The HYSPLIT model was
148  run for 48 hours backward in time at local times of 20:00, 24:00, and 04:00, and at a height
149  of 70 m above sea level. It confirmed that the airmass during nighttime mostly came from
150  continental China (defined as inland air mass, IAM, 84%) and the coastal areas (defined as
151  coastal air mass, CAM, 16%). No air masses free of pollution from the South China Sea
152  were observed during the measurement period. All measurement instruments were placed
153  in the DWS Atmospheric-Marine Research Station, located on the rooftop with inlets
154  approximately 10 m above ground level and about 72 m above sea level. All times were
155  given in CNST (Chinese National Standard Time = UTC + 8 h), with sunrise around 06:40
156  CNST and sunset at 17:40 CNST.

110 114N 116N 118N

157

158  Figure 1. A map of the field measurement site of Wanshan Island (red star) and the
159  surrounding environment (extracted from BingSatelliteMap). Two coastal sites Hok Tsui
160 (Yan et al., 2019) and Yangmeikeng (Niu et al., 2022), and an urban site Heshan (Wang et
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161  al., 2022; Yun et al., 2018b) are denoted as blue circle and diamond, respectively. The blue
162  triangle denoted Mt. Tai Mo Shan (957 m), a mountainous site that studied the nighttime
163  chemistry in the nocturnal residual layer (Brown et al., 2016). The inset plot (a) provides
164  the wind rose for the sampling site during the campaign. Panel (b) shows the clustering
165  result of the 48-hrs backward trajectory calculations using the HY SPLIT model throughout
166  the campaign.

167 2.2 Instrument setup

168  Various parameters were measured in this study, including N2Os, NO, NO,, O3, VOCs,
169  particle number size distribution (PNSD), and meteorological parameters with different
170  instruments. The detail information about these instruments is listed in Table 1. The N2Os
171  measurements were performed using a cavity-enhanced absorption spectrometer (CEAS)
172 which has been deployed in several field campaigns (Wang et al., 2017a; Wang et al., 2017b;
173  Wang et al., 2018b; Wang et al., 2020b). In brief, ambient N>Os was thermally decomposed
174  to NOs in a perfluoro alkoxy alkane (PFA) tube (length: 35 cm, I.D.: 4.35 mm) heated to
175 130 °C, and NO3 was detected within a 110 °C PFA resonator cavity. NO was injected to
176  destroy NOs from N2Os thermal decomposition every 5 min cycle, and the result was used
177  as the reference spectrum to avoid the influence of ambient water vapor. A Teflon
178  polytetrafluoroethylene (PTFE) filter was used to remove ambient aerosol particles, and
179  the inlet flow rate was 1.0 L-min’'. The loss of N>Os in the sampling line and filter was
180  considered in the data correction. The limit of detection (LOD) was 2.7 pptv (15), and the
181  measurement uncertainty was = 19%.

182  Table 1. The information of observation instruments used during the DWS campaign.

Species Techniques Detection  limit Accuracy Time
resolution

N;0s CEAS 2.7 pptv (1) +19% 10s

NO Chemiluminescence 0.4 ppbv +5% 1 min
NO, Chemiluminescence 0.4 ppbv +5% 1 min
03 UV photometry 0.4 ppbv +5% 1 min
VOCs PTR-TOF-MS 0.01 ppbv +10% 10s

PNSD SMPS 5-300 nm +10% 5 min

183  NO, and O3 were measured by commercial instruments (model T200U and model T400U,
184  Teledyne API Inc., respectively) calibrated with zero air before the measurement. The
185 nitrogen oxide analyzer uses the chemiluminescence detection method to measure the
186  original NO and converted NO». Aerosol surface area density (Sa, um* cm™) was calculated
187 based on the particle numbers and geometric diameter, which was measured by a
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188  laboratory-assembled scanning-mobility particle sizer (SMPS). This SMPS system consists
189  of two differential mobility analyzers (DMA, "nano-DMA" mode 3081A, and "regular-
190 DMA" mode 3085A, TSI Inc.) in parallel, and a condensed particle counter (mode 3787,
191 TSI Inc.) as the detector. The combination of nano DMA and conventional mode 3085A
192 DMA enables the SMPS to have better detection performance for particles below 50 nm.
193  In this measurement, SMPS measured the particle size distribution in 5-300 nm with a time
194  resolution of 5 minutes, and Sa can be regarded as the lower limit value. A growth factor
195 f(RH) =1+ 8.8 X (RH/100)*7 (Liu et al., 2013) was used here to correct dry state S, to wet
196  state Sa.

197  VOCs were measured by proton transfer reaction time of flight mass spectrometry (PTR-
198 TOF-MS, Ionicon Analytik GmbH, Innsbruck, Austria) with a time resolution of 10 s.
199  Meanwhile, VOCs were also sampled every 2 h using 2 L canisters on the selected days
200  when the hourly O3 mixing ratio exceeded 70 ppbv, and the canister samples were analyzed
201 by a gas chromatograph equipped with a mass spectrometer or flame ionization detector
202  (GC-MYS). For the absence of nocturnal data from canister samples, the following analysis
203  was based on the PTR-TOF-MS measurement. Since monoterpene species cannot be
204  distinguished by PRT-TOF-MS, the reaction rate constant of the sum monoterpene with
205 NOs; was weighted by the campaign-averaged percentage of o-pinene and [B-pinene
206  detected by GC-MS. Meteorological parameters (i.e., temperature (T), relative humidity
207  (RH), wind speed, and wind direction) were routinely monitored with a time resolution of
208 5 min.

209 2.3 The calculation of NO3 budget and lifetime

210  With the observation of N2Os, NO3 can be calculated according to their temperature-
211  dependent equilibrium relationship (Eq. 1) (Brown and Stutz, 2012). The production rate
212 of nitrate radical, P(NO3), is commonly expressed by Eq. 2, where kyg,+0, represents the
213 temperature-dependent reaction rate constant of NO2 and O3 (Atkinson et al., 2004). In
214 general, the nocturnal NOjs losses typically include three main pathways: (1) the reaction
215  with NO, (2) the reactions with VOCs, and (3) N2Os uptake.

216 [NO3] = [N;05]/Keq(T)[NO,]

217 Keq =5.50 X 10727 x exp (10724/T)  (Eq. 1)

218 P(NO3) = kyo,+0,[03][NO;] (Eq.2)

219 L(NO3) = X k;[VOG;][NO3] + kno+no,[NOJ[NO3] + knet[N2Os] (Eq. 3)
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220 The NOs reactivity towards VOCs, k(NOj), is the first-order loss rate coefficient
221  calculated from the products of the bimolecular rate coefficients 4 and the VOC
222  concentrations as shown in Eq. 4.
223 k(NO3) = Y k;[VOCG;] (Eq. 4)
224 The ke is the first-order loss rate coefficient of N2Os uptake on the aerosol surface. It
225  depends on the uptake coefficient y(N2Os), the aerosol surface area density Sa (um? cm™),
226  and the mean molecular speed ¢ (Eq. 5). The y(N20s) is influenced by chemical
227  composition, physical properties of aerosol, as well as ambient conditions including related
228  humidity and temperature (Yu et al., 2020; Wagner et al., 2013; Wang et al., 2018b; Bertram
229  and Thornton, 2009; Tang et al., 2014; Kane et al., 2001). Here y(N20s) is parameterized
230  based on RH and temperature (Eq. 6) (Hallquist et al., 2003; Kane et al., 2001; Evans and
231  Jacob, 2005).
1

232 kper = ZCSaY(NZOS) (Eq. 5)
233 y(N,05) = a x 10P
234 a=279%x10"*+13x10"* x RH—3.43 x 107® x RH? + 7.52 x 1078 x RH3
235 B=4x10"2x(T—294) (T > 282K)
236 B =—-0.48 (T < 282K) (Eq. 6)
237  Lifetimes are commonly expressed as the ratio of their concentrations to the NO3
238  production rate as determined by Eq. (7) and Eq. (8), assuming the production and loss are
239  in dynamic balance at night (Brown et al., 2003; Brown and Stutz, 2012).

_ [N20s5] _ [N205]
240 ™05 = bnoy) = Knogrosiiosiioy (47

_ [NO3] _ [NOs]
241 ™03 = hNoy) = Kogrogivoniioy] (S
242 3. Results and discussion
243 3.1 Measurement overview
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244  The time series of N2Os, related trace gases, and selected meteorological parameters for
245  the study period are depicted in Fig. 2. The air masses are categorized into IAM and CAM
246  according to the backward trajectories at 20:00, 00:00, and 04:00 each day as illustrated in
247  Fig. 1. The detailed information of two kinds of air masses is listed in Table 2. Data gaps
248  for N2Os were caused by technical problems, mirror reflectivity calibration, or instrumental
249  maintenance, which usually took place in the daytime. In this campaign, meteorological
250 conditions featured a typical subtropical winter climate with average temperature and RH
251  values 0f 20.1 = 1.9 °C and 52.0% =+ 13.6%, respectively.
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253  Figure 2. Time series of N2Os, NO3, P(NO3), NO, NO>, Sa, temperature, and relative
254  humidity in 1-hour average. The light gray shadow indicates the nighttime period. The
255  ribbon at the top separates the air masses into two categories, yellow for inland air masses
256 (IAM) and blue for coastal air masses (CAM).

257  Ozone exhibited the characteristic of afternoon photochemical peaks especially when the
258  airmass comes from the inland. The average and maximum concentrations of ozone were
259  48.2 + 18.2 ppbv and 120.1 ppbv, respectively, among which the hourly maximum level
260  exceeded the Chinese national air quality standard (200 pg m >, equivalent to 93 ppbv) for
261 6 days out of 37 days of measurements. All these O3 pollution episode days occurred during
262  the IAM period. Meanwhile, the mixing ratio of NO, NO», and Sa usually increased during

9
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263  these days, indicating that this site was strongly affected by regional transport from inland
264  China, i.e., the PRD region. Previous observations by Wang et al. (2018a) also found high
265 O3 levels in autumn on the same island due to the weak NO titration and high O3 production
266  rate. Detailed analysis of ozone and VOCs will be subjected to another manuscript (Fang
267  etal., 2023).

268  Nitrogen oxides (NO, = NO + NO) were at a moderate level with an average value of 13.1
269 =+ 8.2 ppbv, which is much lower than the values in PRD regions (usually > 20 ppbv, Wang
270  etal.,2022; Yang et al., 2022; Yun et al., 2018b) and higher than those on the remote islands
271  in South China Sea (< 5 ppbv, Chuang et al., 2013). The mixing ratio of NO at nighttime
272  was low and showed small peaks during daytime. With the O3 accumulating throughout
273  the day, NO decreased to below the instrument detection limit in the first half of the night,
274  while it began to increase as the O3 concentration decreased in the second half of the night.
275  Given that the lifetime of NO is only a few minutes in the presence of several tens of ppbv
276  of O3 (Dewald et al., 2022), NO is likely to come from a local source such as soil emission.

277  Table 2. Summary of detailed information on the two air mass types (mean + standard
278  deviation).

Species 1AM — CAM ——
All day Nighttime All day Nighttime

O3 (ppbv) 45.8+20.2 429+184 53.1+11.9 51.4+9.6

NO:. (ppbv) 15.1+8.7 145+9 9.2+5.1 8.8+4.8

NO: (ppbv) 13.9+£7.6 14.1+83 8.6+4.8 8.6+4.8

NO (ppbv) 1.2+23 04+1.1 0.5+0.6 02+0.1

Temp (°C) 199+2 199+1.9 20.8+1.5 206+1.5

RH (%) 46.7+12.5 47.7+13.2 61.2+10 64.1+9.6

P(NOs) (ppbv h') 1.6+0.9 1.5+0.8 1.3+0.8 1.2+0.6

N2Os (pptv) - 119.5 + 128.6 - -

NOs (pptv)? - 99+12.5 - -

TN, 0, (min) - 6.5+6.5 - -

o, (min) - 0.5+0.7 - -

279  Note: * NO;s is calculated by the thermal equilibrium between NO2, NO3, and N2Os.

280  N20s was at a moderate level on most days with a nocturnal average of 119.5 £ 128.6 pptv,

281  with high concentrations (>400 pptv in 1-hour average) only lasting for three days. During

282  the nights from November 9™ to 12, the N2Os concentrations were significantly higher

283  than those at other nights, with a maximum of 657.3 pptv at midnight of November 12

284  The NOs concentration (calculated based on the thermal equilibrium with N2Os) was also

285  moderate with an average mixing ratio of 9.9 + 12.5 pptv, which was higher than that
10
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286  reported on a nearby coastal site of Hong Kong Island (Yan et al., 2019). Table 3 compares

287  the N2Os, NOs, and P(NO3) found in other coastal (or island) and continental regions from

288  Europe, the United States, and China. In our study, N2Os and NO; were at a moderate level

289  compared to other coastal regions when they were affected by emission plumes from

290  continental regions, such as Northwestern Europe (Morgan et al., 2015), the East coast of
291  the USA (Brown etal., 2004), and Shenzhen, China (Niu et al., 2022), and were comparable

292  with urban regions (Wang et al., 2017b; Wang et al., 2018b). The concentrations of NO3

293  precursors (NO; and Oj) at this site were much similar to some rural areas, leading to a

294 high NOs production rate with a daily average of 1.5 £ 0.9 ppbv h™! and a maximum of 5.9

295  ppbv h'!. The average value is much higher than that reported in Beijing in winter (0.4 ppbv

296  h!'(Wang et al., 2021), comparable to autumn (1.4 + 1.7 ppbv h™!, (Wang et al., 2017b) and

297  even higher than that in summer Taizhou (1.01 + 0.47 ppbv h'!, (Wang et al., 2020a). The

298  nocturnal P(NO3) was 1.4 = 0.7 ppbv h'!, even higher than the average value in the warm

299  season of China with 1.07 + 0.38 ppbv h™! (Wang et al., 2023). Besides the high NO, and

300 O3, the high reaction rate constant for NO» and O3 due to the high temperature at this site

301  isapotential explanation for the high P(NO3) values observed in this study. The high P(NO3)
302  and the low concentrations of N2Os and NOs3 indicate intensive atmospheric oxidation

303  capacity and fast NO3; and N>Os removal over the Pearl River Estuary.

304  The difference of trace gases in IAM and CAM periods, and the mean diurnal profiles of
305  N:Os, together with relevant species are shown in Fig. 3. Daytime N2Os and NOs3 in the
306 IAM period were shown as zero due to the absence of observation. Because of limited N2Os
307  data for the CAM period, neither N2Os nor NO;3 is shown in Fig. 3. NO exhibited similar
308  diurnal variation in both periods and the mixing ratio was higher in the IAM period. The
309  wind rose plot (Fig. S1) showed high concentrations of NO originating from the north
310  characterized by the outflow from PRD regions. However, NO> differed in the two periods,
311  showing highly anti-correlation with O3z only in the IAM period and little diurnal variation
312  in the CAM period. A fit of nocturnal O3 against NO2 (Fig. S2) yields a slope of -1.1 in
313 1AM, implying that the major emission of NO, was NO and almost no nocturnal NO;
314  production occurred (Brown et al., 2016).

11



https://doi.org/10.5194/egusphere-2023-1401
Preprint. Discussion started: 25 July 2023 EG U
sphere

(© Author(s) 2023. CC BY 4.0 License.

IAM period CAM period

NO; (pptv)

e T
£ 150 [ s %
Q.
= 100} 1t 12 &
2 [ 1 W-.-"r.\-"‘t )
3 50 1 S
ok el e T T o (=S
315 0 4 812162024 0 4 8 12162024 &

316  Figure 3. Mean diurnal profiles of N2Os, P(NO3), and relevant parameters in the two types
317  of air masses.

318  Ozone exhibited a typical diurnal pattern for all airmasses, gradually increasing until its
319  peak at 16:00 and then slowly decreasing throughout the night until its lowest mixing ratio
320  was reached at about 06:00. Compared to the CAM period, the lower minimum hourly O3
321  concentration and a small peak of NO in the early morning indicated that NO titration
322  effect was stronger in the IAM period, and the higher maximum of O3 concentration in
323 1AM indicated that photochemical formation of Os and/or transport was faster to
324  completely offset the titration. In addition, the higher NOx and VOC concentrations in the
325 1AM period facilitated O; formation. With the elevated precursor concentrations (NO2 and
326  03) in the IAM period, N2Os and NO3 accumulated rapidly after sunset, reaching their peak
327  values (155.0 pptv for each) near 20:00. P(NO3) was highly consistent with O3 in diurnal
328  variation and reached the peak at 16:00, with peak values of 2.7 ppbv h'! (IAM) and 1.9
329  ppbv h! (CAM), as well as a nocturnal average value of 1.5 + 0.8 ppbv h! (IAM) and 1.2
330 £ 0.6 ppbv h'' (CAM), respectively. The P(NO3;) of CAM was consistent with the
331  observation in eastern Shenzhen (1.2 + 0.3 ppbv h!) (Niu et al., 2022) during which the air
332  masses were transported from clean areas or the sea surface.
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336 3.2 The lifetimes of N2Os and NO3

337  Steady-state lifetime is one of the most common and useful diagnostics for NO3 and N>Os
338  analysis in the atmosphere (Brown et al., 2003; Wang et al., 2018b; Wang et al., 2020a;
339  Brown et al.,, 2016). As shown in Fig. 4, Ty, was low during the whole campaign with
340  an average of 0.5 = 0.7 min. Ty,o, showed a similar pattern to 7y,, but had a much
341  higher value, ranging from 0 to 34.1 min with an average of 6.1 + 6.5 min. The N>Os
342  lifetime was higher in the first half of the campaign (11.5 min, November 9 to 14™) than
343 in the second half (3.5 min, November 22" to 28"). The difference was mainly due to the
344 NOs mixing ratio rather than P(NOz), as P(NO3) shows no significant difference during
345  the whole observation (Fig. 2).
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346

347  Figure 4. Time series of N2Os and NO; lifetimes (a) and variations of nocturnal N2Os
348 lifetime as a function of aerosol surface area density, Sa (b), and relative humidity, RH (c).
349  The blue diamond represents the average 7,0, and pink dots represent the scatter data
350 pointin 1 min.

351  1y,p, Vvalues were comparable to those measured on the coastline of Finokalia, Greece for
352  amedian of 5 min (Vrekoussis et al., 2004; Vrekoussis et al., 2007), but much lower than
353  those previously reported in the residual layer in Hong Kong for 1-5 h (Brown et al., 2016).
354  In comparison, the lifetimes were much longer than in inland urban areas, for example,
355  0.93 £ 1.13 min in Taizhou (Li et al., 2020), 1.6 & 1.5 min in Changzhou (Lin et al., 2022)
356  for YRD regions, 1.1-10.7 min (Zhou et al., 2018) and 4.5 + 4.0 min (Wang et al., 2018b)
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357  inBeijing. Typically, high aerosol loading, more intensive VOC, and NO emissions in these
358 areas led to enhanced N2Os uptake and reactions of NO3 with VOC. But at this site, the
359  atmosphere was relatively clean since the maximum S, value was less than 600 um? cm™,
360  making N2Os uptake slow. Fig. 4b shows N2Os lifetime decreased rapidly from 8.3 min to
361 1.7 min when S, increased up to 300 pum?* cm™ and then remained at relatively low constant
362 levels though S, still increased. Such a trend of Ty, 0. -Sa dependence was consistent with
363  previous observations and varied in exact values (Zhou et al., 2018; Wang et al., 2018b; Li
364  etal, 2020). Fig. 4c. showed that Ty,o, decreased as RH increased (> 40%) possibly due
365  to the hygroscopic aerosol growth and the dependence of the N>Os uptake coefficient on
366  the RH (Brown and Stutz, 2012). Overall, the trend is consistent with previous works, while
367  the large discrepancy of the dependence implied that N>Os uptake was not the dominant
368  NOs loss process.

369 3.3 The NOs reactivity and N20s uptake coefficients

370  The concurrent high P(NOs) and low NOs lifetime imply high NOs reactivity as well as a
371  large nocturnal NOs loss process at DWS. The NOs reactivity (k(NO3)) towards VOCs was
372 calculated by Eq. 4, towards which were categorized into anthropogenic VOC and biogenic
373  VOC. Throughout the campaign, k(NO3) varied considerably (Fig. 5a), showing relatively
374 high and fluctuated values when the airmasses featured IAM. The k(NO3) ranged from 1.6
375 X1073s't02.4X102s! with the daily average of 4.6 £ 2.8 X 10 s”!. Low values of k(NO3)
376  were observed from December 9™ to 12 when the air masses originate from coastal or
377  offshore from the east and southeast, which features the outflow of coastal cities like Hong
378  Kong and Shenzhen.

379  Fig. 5b shows the mean diurnal profile of k(NO3), where a trend of high values in the
380 daytime and low values at nighttime are observed. Anthropogenic VOC, especially cresol,
381  dominated the daily trend of k(NO3), while biogenic VOC-k(NO3) showed no significant
382  diurnal variation. Except cresol, other highly reactive VOC showed little change
383  throughout the day. Regarding the biogenic VOC-k(NOs3), the concentrations of
384  monoterpene, isoprene, and DMS changed smoothly although their emissions would
385 increase with elevated temperature and sunlight during daytime (Fuentes. et al., 2000). The
386  detailed contributions of VOC categories to k(NO3) were shown in Fig. Sc. The k(NO3)
387 was 5.6 £ 2.8X103 s and 3.7 £ 2.5X 107 s on average for daytime and nighttime,
388  respectively. The daytime distribution of k(NO3) differed from that at the mountaintop of
389  Tai Mo Shan in Hong Kong (Brown et al., 2016). During the nighttime, anthropogenic
390  VOC-k(NO:3) tripled the biogenic VOC-k(NOs3) and was dominated by cresol (26.4%). The
391  nighttime k(NO3) corresponded to a NOs3 lifetime of 4.5 min, which was about 10 times the
392  lifetime derived from steady-state analysis, indicating that the reaction of NO3 with VOC
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393  was not significant enough. The faster NOs loss rate also indicated the less aged air mass
394  that was influenced by surface-level emissions.
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396  Figure 5. NOj reactivity via VOCs during the campaign. (a) k(NO3) time series from Nov.
397 25" to Dec. 15"; (b) mean diurnal profiles; and (c) the relative contribution in different
398  categories.

399  We showed that NOs reactivity and its composition in this study exhibited significant
400  differences compared to other urban or forested regions (Wang et al., 2017d; Ayres et al.,
401  2015; Brown et al., 2016; Lin et al., 2022). Although anthropogenic VOCs played a
402  dominant role, accounting for 66.1%, the major contributors were not low-carbon alkenes
403  but phenol and cresol, which have received little attention in previous studies. Despite their
404  relatively low concentrations, averaging 7 + 3 pptv and 4 + 3 pptv respectively, their
405  substantial contribution to k(NOs3) is notable due to their fast rate constants (3.8 X 1012 cm?
406  molecule ! s and 1.4 X 10" cm? molecule™! s72 at 298 K, respectively) for reaction with
407 NOs. These substances are mainly secondary species from aromatic compounds and
408  significantly higher concentrations have also been observed in urban areas (Delhomme et
409 al., 2010; Zhu et al., 2005; Belloli et al., 1999). Hence, these phenolic compounds were
410  potentially important but often overlooked for their contributions to NO; reactivity in urban
411  areas, and their reactions with NO3 may also contribute to the formation of nitrophenol.
412  These reactions warrant further attention in future research. Regarding biogenic VOCs,
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413  besides the contributors commonly observed in forest regions such as monoterpenes and
414  isoprene, the marine emissions indicator, dimethyl sulfide (DMS), contributed 10.2% to
415  NOs reactivity (daily average). Previous studies have suggested that DMS may serve as a
416  major direct sink for NOs in clean marine regions (Allan et al., 1999; Aldener et al., 2006;
417  Brown et al., 2007). However, this study reveals that anthropogenic VOC emissions
418  significantly enhanced the NO; reactivity in marine areas, highlighting the crucial influence
419  of anthropogenic activities on marine atmospheric chemistry.

420  As shown in Fig. 6a, k(NOs) differed significantly between the inland and coastal air
421  masses, with 52X 103 s and 3.7 X107 s on average in IAM and CAM periods,
422  respectively. Of which anthropogenic VOC-k(NO3) in IAM (3.5 X 10 s!) was higher than
423  in CAM (2.3X 107 sy and dominant in both air masses, while biogenic VOC-k(NOs) was
424  comparable. The difference indicated that this region was affected by long-range transport
425  emissions to a certain extent. The pie charts in Fig. 6b showed different VOC categories
426  that contributed to k(NO3) in two periods with AVOC dominant at any time. The change in
427  the relative contribution of various VOCs to k(NO3) varied simultaneously throughout the
428  day, reflecting as butene, phenol, and DMS increased, while cresol and monoterpene
429  decreased from daytime to nighttime.

430  NOs heterogeneous uptake on aerosol is one of the vital loss processes of NO3 and the
431  uptake coefficient varied greatly under different environmental conditions. For instance,
432 y(N20s) can reach up to 0.072 in polluted urban regions (Wang et al., 2017b; Wang et al.,
433  2018b; Lu et al., 2022; Li et al., 2020), while usually below 0.03 in coastal areas (Brown
434  etal., 2016; Morgan et al., 2015; Niu et al., 2022). N>Os uptake coefficient can be gotten
435  from the pseudo steady state method by assuming that N>Os and NO3 have achieved a
436  steady state (Brown et al., 2009), in which the fitted slope represents y(N20Os) and the
437  intercept represents the direct loss rate coefficient, k(NOs3). However, this approach failed
438  to generate valid results in our study since a negative slope or intercept was observed (Fig.
439  S3). These results indicated that a large NO3 removal process existed at this site, making it
440 unable to approach a stable state. Based on relative humidity and temperature, we
441  calculated the uptake coefficient by Eq.6 from November 9% to 16™. The parameterized
442  average y(N20s) showed a large variation ranging from 0.0014 to 0.0299, with an average
443 0f 0.0095 £ 0.0059. This value is within the range from <0.0016 to 0.03 derived from the
444  ambient observation around other coastal areas (Niu et al., 2022; Yun et al., 2018a; Brown
445 et al., 2006; Brown et al., 2016; Morgan et al., 2015) and smaller than the polluted North
446  China Plain (Wang et al., 2017c; Wang et al., 2017b; Wang et al., 2017d; Tham et al., 2018).
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448  Figure 6. (a) Distributions of k(NO3) in continental and coastal air masses. (b) The relative
449  contribution of VOC categories to the k(NO3).
450 3.4 The NOs loss budget
451  To assess the contribution of various loss processes to the total NO3 removal, we calculated
452  their loss rate and the loss ratio, LR(NO3). Considering the short lifetime of NO3, here the
453  total NOs loss is represented by P(NO3) which characterizes the atmospheric oxidation
454  capacity of NOj to its reactants. Due to the data absence of measured VOCs or N>Os during
455  certain periods, the loss proportion of VOCs and N2Os uptake in NOs loss only presented
456  from Nov. 26" to Dec. 5" during which all air masses originated from continental China.
457  As shown in Fig. 7, a closer examination revealed that the nights can be divided into two
458  periods, period I: November 25" to 28" when the loss ratio of VOC and N»Os uptake
459  remained below 3%, and period II: November 30 to December 4 when the loss ratio was
460  higher. Both periods had large nocturnal NO3 production rates with an average of 2.1 + 1.1
461  ppbv h'lin period I and 1.4 + 0.6 ppbv h'! in period II, respectively.
462  N,Os uptake rate was larger in period I (0.01 = 0.01 ppbv h™') than that in period II (0.006
463  +0.004 ppbv h'!), which can be explained by the increased RH, Sa, and N>Os concentration
464  as shown in Fig. 2. The loss ratio of these processes was shown in Fig. 7b, the total NO3
465  loss through reactions with VOCs and N>Os uptake accounted for less than 20%, with an
466  average of 1.2% (period I) and 5.3% (period II), respectively. This result shows that the
467  nighttime NOs; chemistry may be almost negligible, compared with the NO, removal
468  capacity during the day according to previous works reported in urban regions (Wang et
469 al.,, 2017b; Wang et al., 2020a). The diurnal variation of the NOs loss fraction of both
470  periods was shown in Fig. 7c and 7d, revealing that NO3 loss via N2Os uptake and VOCs

18



https://doi.org/10.5194/egusphere-2023-1401

Preprint. Discussion started: 25 July 2023
(© Author(s) 2023. CC BY 4.0 License.

EGUsphere\

471  was slightly higher in the early evening and relatively stable in the late evening. The pie
472  charts in the center were the relative contribution between VOCs and N2Os uptake, showing
473  that VOCs were overwhelming compared with N2Os uptake during the two periods, with
474  an average of 68.4% and 91.7% during the first and second periods, respectively.
0.20
o 045 @ —— NO, + AVOC
Pron | jeemee |
Séo.osj‘k&“m 25 UP A Hm
0.00 L= o e
o 16—
|
e 8 ‘
RIS ||‘I|u‘ \|\| i
0000 0000 00:00 60 0
1127 11-29 12-01 12-03
g1g F(c) 11.15 - 11.28 ) 11.30 - 12.04
@, | @
E : i, IIII“
475 0 4 e 12 16 20 24 5"-;1 B 1|2l1‘6“2.6“211
476  Figure 7. Time series of (a) the loss rate of NO3 reactions with AVOC, BVOC, and N2Os
477  uptake, and (b) fractional contribution to the NOs loss during the nighttime by taking
478  P(NOz3) as the total NO3 loss in the IAM period. The mean diurnal profiles of NO3 loss
479  ratio in two periods (c) November 25" - 28" and (d) November 30" - December 4™. Pie
480  charts in the center showed the relative contribution of VOCs (blue) and N2Os uptake (red)
481  in NO;s loss.
482  Due to the difficulty in experimental quantifying y(N20Os), the estimation of N2Os uptake
483 in NOs3 loss may include some uncertainty. Considering the uncertainty both in
484  parameterized y(N20s) and the NO; reactivity calculation, three sensitivity tests were
485  conducted to assess the uncertainty in period II because of the relatively high loss ratio in
486  the above analysis (Fig. 8), and the three cases were used to represent the upper limit of
487  their contribution to NOs loss. Case 1 represents the overrated contribution of N>Os uptake
488 by taking y(N2Os) = 0.08, which was the high value reported in high N>Os and CINO>
489  plume of Shenzhen (Niu et al., 2022) and approximately seven times the parameterized
490  value at this site. In this case, the fraction of NO3+VOCs and N2Os uptake was significantly
491  elevated to account for approximately 30% of NOs loss. Case 2 shows the total NO3
492  reactivity reached an average of 5.0 X 10~ s! by taking B-pinene as the total monoterpene
493  because of the higher reaction rate constant. The weak change in the loss ratio indicates the
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494  reactions of NO3 with VOC may not be sensitive to the weights of monoterpenes, since the
495  contribution of monoterpenes to the NO3 reactivity is not dominant. Case 3 is the synthesis
496  of Case 1 and Case 2 by considering higher N2Os uptake coefficient and higher k(NO3) to
497  represent the upper limit of N2Os uptake and NOj3 reaction with VOCs to NOs loss, whose
498  result is slightly higher than the contribution of Case 1. Nevertheless, the quantified upper
499  contribution was still less than half. Thus, we conclude that most of the NO3 loss was not
500  well accounted for even considering the uncertainties.
50
| — Base: Nov.30 - Dec.4
—— Casel: y=0.08
40 F — Case2: kyoz =5x10"3s-1
§ Case3: y=0.08, kypoz =5x10 "3 s~ 1!
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5 20| \
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501 Hour of Day
502  Figure 8. Three sensitivity tests for the contribution of VOCs and N2Os uptake to the NO3
503 loss during the nighttime of period II (November 30™ - December 4™). Case 1 takes y(N2Os)
504  =0.08, which is the high value reported in the previous study. Case 2 takes B-pinene as the
505  total monoterpene with a higher reaction rate constant, and Case 3 is the synthesis of the
506 above two cases to represent the upper limit of the contribution.
507  The NOs reaction with NO was often considered to be one of the dominant loss processes
508  during the daytime since at nighttime NO decreased to low levels, thus not considered in
509 the above analysis. However, by taking NO into consideration although at low
510  concentration levels below the detection limit of the instrument (0.4 ppbv), the contribution
511  of NO to the nighttime NOs3 loss exceeded 100% frequently as shown in Fig. S4. Due to
512  the rapid reaction between NO and NOs, several pptv concentrations of NO could
513  effectively account for most NOs loss in a relatively clean coastal environment (Crowley
514 et al.,, 2011). Nevertheless, limited by NO precise measurement, we considered the
515 following assessments to understand the total NO; loss processes (Fig. 9). By assuming
516  NO at a constant value of 40-400 pptv, more than 80% of the total NO3 loss can be well
517  explained. Although some loss remained unidentified, these results underline that NO,
518  often considered to be important during daytime, was the predominant NO3 loss way during
519  nighttime at this study site. This also suggests accurate measurement of low NO
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520  concentrations is crucial for identifying removal pathways of nocturnal NO;3 oxidants and
521  has significant implications for nighttime atmospheric chemistry. We can infer that the
522  nocturnal chemical NO3 reactions would be largely enhanced once without NO emission
523  inthe open ocean after the air mass passes through this site, indicating the strong influences
524 of the urban outflow to the downward marine areas with respect to nighttime chemistry.
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526  Figure 9. Assessments for NO3 loss process by assuming NO as constant values. Blue
527  represents the contribution of NO and others are N>Os uptake and VOCs.

528  For the absence of measured N>Os during the CAM period, we compared the k(NOs) and
529  the reactivity of N2Os uptake (knetKegNO2) to indirectly reflect NOs; removal process.
530  Overall, the NO; reactivity values from VOCs and N>Os uptake during nighttime was
531 relatively comparable, for 56.5% and 43.5%, respectively. This indicates that VOCs still
532  had a slightly larger contribution than N>Os uptake during the CAM period, which is
533  consistent with the findings in southern China (Brown et al., 2016) and on the east coast of
534  the USA (Aldener et al., 2006).

535 4. Summary and Conclusion

536  This study presents the first observation of nocturnal nitrogen oxide species, N2Os, at a
537  typical marine site (Da Wan Shan Island, Zhuhai) in the north of the South China Sea during
538  the winter of 2021. Although Da Wan Shan Island was almost free of local anthropogenic
539  emissions, the air pollutants from the megacities of the Pearl River Delta were transported
540  to this area by northerly or northeasterly winds during the measurement period. The
541  maximum ratio of NoOs was 657.27 pptv (1 min average) and the nocturnal average was
542  119.5 + 128.6 pptv. The NO3 production rate was comparable to that in urban areas such as
543  north China and the Yangtze River Delta, with an average value of 1.5 + 0.9 ppbv h'! and
544  maximum of up to 5.84 ppbv h™!, indicating an active nighttime chemical process in that
545  area.
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546  Further analysis of N2Os and NOj steady state lifetimes indicates that NO3 had a very short
547  average life of 0.5 + 0.6 minutes, which was to some extent comparable to that in urban
548  areas in summer. The combination of the high NO3 production rate and short lifetime
549  suggests a rapid NOs loss at night. While N>Os uptake is inefficient in relatively clean air
550  masses. The nighttime k(NO;3) corresponded to a NOs lifetime of 4.5 minutes, indicating
551  that VOCs also contribute little to NOs loss. Both VOC and N20s uptake can only explain
552  less than 20% of the loss. The fast NOs loss rate also indicated the less aged air mass that
553  was influenced by surface-level emissions. We infer that the local weak NO emission may
554 significantly change the near-surface chemical pattern of NO; chemistry, which may result
555  inahuge difference between the observed results on the island and those on the sea surface.
556  We suggested that future field measurements should be made on sea surfaces away from
557  islands, such as ship cruise observation, to get a comprehensive understanding of the
558  nocturnal NOs chemistry in the background marine regions.

559
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