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20 Abstract: Understanding the near-ground vertical and temporal photochemical Oz
21  formation mechanism is important to mitigate the Oz pollution. Here, we measured the
22 vertical profiles of Oz and its precursors at six different heights from 5-335 m using a
23 newly built vertical observation system in Pearl River Delta (PRD) region, China. The
24 net photochemical ozone production rate (P(O3)net) and Oz formation sensitivities at
25  various heights were diagnosed using an observation-based model coupled with the
26 Master Chemical Mechanism (MCM v3.3.1). Moreover, for the assessment of model
27  performance and the causative factors behind Os pollution episodes, the net
28  photochemical ozone production rate (P(O3)net) Was measured at 5 m ground level
29 utilizing a custom-built detection system. In total three Oz pollution episodes and two
30 non-episodes were captured. The identified Oz pollution episodes were found to be
31 jointly influenced by both photochemical production and physical transport, with local
32  photochemical reactions play a dominate role. The high index of agreement (I0OA)

33 calculated from comparing the modelled and measured P(O3)net values indicated the
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34  rationality to investigate the vertical and temporal variability of Os formation
35  mechanism using modelling results. However, the measured P(Os)net Values were
36  generally higher than the modelled P(Os)net values, particularly under high NOx
37 conditions, which may indicate a potential underestimation of total RO by the model.
38  Throughout the measurement period, the contribution of different reaction pathways to
39 Oz production remained consistent across various heights, with HO.+NO as the major
40  Os production pathway, followed by RO2+NO. We saw P(Os)net decreased with the
41  increase of the measurement height, primarily attributed to the decreased Oz precursors
42  anthropogenic organic compounds (AVOC) and oxygenated volatile organic
43 compounds (OVOC). Oz formation regimes were similar at different heights during
44 both episodes and non-episodes, which was located either in volatile organic
45  compounds (VOCs) sensitive regime or in transition regime and more sensitive to
46 VOCs. Diurnally, photochemical Oz formation typically remained in the VOCs
47  sensitive regime during the morning and noon time, but in the transitional regime and
48  more sensitive to VOCs in the afternoon at around 16:00 LT. The vertical and temporal
49 Oz formation are most sensitive to AVOC and OVOC, which suggests that targeting
50 VOCs, especially AVOC and OVOC, for control measures is more practical and
51 feasible at the observation site. The vertical temporal analysis of Os formation
52  mechanisms near the ground surface in this study provides critical foundational
53  knowledge for formulating effective short-term emergency and long-term strategies to

54  combat Oz pollution in the PRD region of China.

55 1. Introduction

56  Tropospheric ozone (Os), which have adverse effects on ecosystems, climate change,
57  and human health (Fiore et al., 2009; Anenberg Susan et al., 2012; Seinfeld, 2016), has
58  become an important factor resulting severe regional air pollution in China (Zhu et al.,
59  2020). Tropospheric Os mainly comes from the external transport from the stratosphere
60 and the photochemical reactions of Oz precursors, involving volatile organic
61  compounds (VOCs) and nitrogen oxides (NOx=NO+NOy), and the ozone-precursor
62  relationship can be split into a “NOx-limited” or “VOC-limited” or “mixed-sensitive”
63  regime (Seinfeld and Pandis, 2016; Sillman S., 1999). Local Oz concentrations can be
64  further affected by meteorological conditions and regional transport of Oz and O3
65  precursors (Gong and Liao, 2019; Chang et al., 2019). The Pearl River Delta (PRD) is

66  one of the most rapid economic development and urbanization area in China, which is
2
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67  suffering from severe ground-level Os pollution (Lu et al., 2018; Yang et al., 2019).
68  Currently, the relationship between tropospheric ozone pollution and its precursors and
69  meteorological elements in PRD region have been analysed by many scholars (Mao et
70 al., 2022; Li et al., 2022a), which have greatly improved our understanding of the O3
71 sources and formation processes in PRD region. However, the Oz distribution is highly
72 variable at different altitudes (Wang et al., 2021), there was a vertical difference in
73 VOCs concentration and sources, and ozone formation sensitivity (Liu et al., 2023;
74  Tang et al., 2017). Using only one height’s data for understanding the photochemical
75  reactions in the planetary boundary layer is of great limitation. Thus, diagnosing the O3
76  formation mechanism at different heights is essential to achieve effective control of Oz

77 pollution.

78 Currently, high time resolution and real-time response remote sensing (for example,
79  lidar and optical absorption spectroscopy) has been utilized for measuring the vertical
80 distribution of Oz (Luo et al., 2020a; Wang et al., 2021), however, the in situ
81  measurements of VOCs at different heights are mainly depends on the offline method
82  combined with different techniques, such as aircraft, tethered balloon, high buildings
83  and towers, unmanned aerial vehicles (UAVs or drones), satellite, etc. (Klein et al.,
84  2019; Li et al., 2022b; Geng et al., 2020; Benish et al., 2020; Li et al., 2021; Wang et
85 al., 2019). Owing to the low time resolution of these monitoring techniques, it is
86  difficult to achieve continuous vertical coverage of VOCs and NOx measurements, the
87  vertical distribution structure of VOCs is still unclear, thus largely hindered our in-

88  depth understanding of the vertical and temporal regional ozone formation mechanism.

89 To fill the gaps in the existing studies, we utilized a newly built vertical
90  observation system based on the Shenzhen Meteorological Gradient Tower (SZMGT)
91  (Lietal., 2023). This system measured the vertical profiles of Oz and its precursors at
92  six different heights from 5-335 m. To diagnose the P(O3)net and O3z formation
93  sensitivities across various heights, we employed an observation-based model coupled
94  with the Master Chemical Mechanism (MCM v3.3.1). Additionally, we employed a
95  novel net photochemical ozone production rate (P(Os3)net, NPOPR) detection system to
96  measure the P(Oz3)net at the 5 m ground level to explore potential reasons for O3
97  pollution episodes (Hao et al., 2023), i.e., examine the contribution of chemical and

98  physical processes to changes in Oz concentration. Comparisons between the directly
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99  measured P(Oz)net results and the model-derived data enabled us to evaluate the
100  simulation accuracy and explore potential reasons for discrepancies of the OBM-MCM
101 model concerning photochemical Os formation. Based on these results, we extensively
102  discussed the vertical and temporal variability in P(Os)net and Oz formation sensitivity,
103 while acknowledging potential biases associated modelling. The findings of this study
104  offer a new benchmark for understanding the vertical profile of photochemical Oz
105  formation mechanism, aiding in the identification of the primary driver of ground-level
106 Os pollution. This identification is crucial as it can provide essential theoretical support
107  for developing short-term effective emergency and long-term control measures
108  targeting Oz in PRD region in China.

109 2. Materials and Methods

110 2.1 Sampling site

111 Field measurements were conducted at Shenzhen Meteorological Gradient Tower
112 (SZMGT) (22.65°N,113.89 °E) from 13 November to 10 December, 2021. SZMGT is
113 currently the tallest mast tower in Aisa and the second tallest of this kind in the world,
114  whichis located in the Tiegang Reservior Water Reserve at Bao’an District of Shenzhen,
115 in Pearl River Delta (PRD) region of China. High density of vegetation, reservoir
116  features, low-rise buildings, and hills/mountains are surrounded (Luo et al., 2020b).

117 2.2 Instrumentation
118 2.2.1 The vertical sampling system

119 A tower-based observation system for traces gases was used to sample the Oz and O3
120  precursors at 6 heights, including 5, 40, 70, 120, 220, and 335 m above the ground
121 during the campaign. This system was established using long perfluoroalkoxy alkane
122 (PFA) tubing. The impacts of long tubing on measurements of various of trace gases,
123 including Os, NOx, and a set of organic compounds were systematically investigated
124 using a combination of laboratory tests, field experiments, and modelling techniques.
125  Field observations proved that this observation system is suitable for analyzing spatio-
126 temporal variations of atmospheric trace gases, with many trace gases could be well
127  measured. More details about the establish and the characterization about this

128  observation system are described elsewhere (Li et al., 2023).

129 2.2.2  P(Os)net measurement

130  During the campaign, the P(O3)net at the 5 m ground level was measured using the self-
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131 developed NPOPR detection system, which was built based on the dual-channel
132  reaction chambers technique. The improvement, characterization, and the
133 photochemical Oz formation mechanism in the reaction and reference chambers of the
134 NPOPR detection system are described in our previous study (Hao et al., 2023). Briefly,
135  the NPOPR detection system consists of reaction and reference chambers with the same
136 geometry and made of quartz glass, the length and inner diameter of the quartz glass
137  cylinder are 700 mm and 190.5 mm, respectively, which resulted in an inner volume of
138~ 20 L. The outer surface of the reference chamber was covered with an Ultem film
139 (SH2CLAR, 3 M, Japan) for ultraviolet (UV) protection, which can block sunlight with
140  wavelengths < 390 nm thus preventing photochemical reactions inside. During the
141  experiment, both the reaction and reference chambers were placed outdoors and directly
142  exposed to sunlight to simulate real ambient photochemical reactions. Ambient air was
143  introduced into the reaction and reference chambers at the same flow rate, and a Teflon
144  filter was mounted before the chamber inlet to remove fine particles. To correct the
145  effects of fresh NO titration to Oz, we use Ox (=O3+NO) instead of Oz to quantify the
146 Os generated by photochemical reactions (Pan et al., 2015; Tan et al., 2018). A stream
147  of air from the two chambers was alternately introduced into an NO-reaction chamber
148  every 2 min to convert Oz in the air to NO> in the presence of high concentrations of
149  NO (O3+NO=NOy), and the Ox concentrations from the outlet NO-reaction chamber,
150 i.e., the total NO- concentrations including the inherent NO- in the ambient and that
151  converted from O3, were measured by a Cavity Attenuated Phase Shift (CAPS) NO:
152 Monitor (Aerodyne research, Inc., Billerica MA, USA) to avoid other nitrogen oxide
153  interferences to the NO2 measurement (such as alkyl nitrates, peroxyacyl nitrates,
154  peroxynitric acid, nitrogen pentoxide, etc.). P(Os)net Was obtained by dividing the
155  difference between the Ox concentrations in the reaction and reference chambers (AOXx)
156 by the mean residence time of air in the reaction chamber (z):

A0y _[04]

T

Ox]

reaction'[

157 P(O3 )net :P(OX)net: reference (1)

158 A schematic of the NPOPR detection system is shown in Fig. S1. The mean
159  residence time is 0.063 h at the air flow rate of 5 L min?, which was obtained by
160 introducing a short pulse of NO- gas (obtained by mixing 0.2 L min of 2.08 ppmv
161  NO: standard gas with 5.2 L min ultrapure air) into the reaction chamber at 7 = 0, the

162  time profile of NO2 mixing ratios (C(z)) at the exit of the chamber was measured using
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163  the CAPS-NO2 monitor. The pulse width of the introduced NO gas was approximately
164 20 s and sufficiently shorter than (z). C(z) was then normalized and converted to a
165  probability density function (E(z)) (Sadanaga et al., 2017):

C(t
166 E(r)= K%(:)(ﬁ @)

167  The expected (z) value was then calculated using Eqg. (3):

_ R0
168 (1) fo E(7)dr -fo o dt ?3)
169 We further quantified and corrected the wall losses of Ox and the light-enhanced

170  loss of Oz (d[O3]) in the reaction and reference chambers during daytime:

d[03] *D
wx[05]%T

171 y= 4)

172 where y is the light-enhanced loss coefficient of Oz, [O3] represents the difference
173 between the Os mixing ratios at the inlet and outlet of the reaction and reference
174  chambers, D is the diameter of the chambers, ® is the average velocity of Oz molecules,
175  [Og] is the injected Oz mixing ratio at the inlet of the reaction and reference chambers,
176  and 7 is the average residence time of the air in the reaction and reference chambers. y
177 iscalculated as a function of J(O'D). The relationship of ywith J(O!D) is obtained from

178  the laboratory calibration tests in our previous study (Hao et al., 2013).

179 The limit of detection (LOD) of the NPOPR detection system is 2.3 ppbv h™ at the
180  sampling air flow rate of 5 L min*, which is obtained as three times the measurement
181  error of P(Os3)net. The measurement error of P(Os)et is mainly determined by the
182  measurement precision of Ox by the CAPS NO> monitor, the light-enhanced loss of Os,
183  the chamber Ox losses, and the residence time, as demonstrated in our previous study
184  (Hao et al., 2013). The measurement accuracy of NPOPR detection system is
185  determined as 13.9 %, which is the maximum systematic error caused by the
186  photochemical Oz productions in the reference chamber. As the UV protection Ultem
187  film covered on the reference chamber can only filtered out the sunlight with
188  wavelengths < 390 nm, the photochemical Oz productions at the sunlight wavelength
189  between 390 nm and 790 nm still exists in the reference chamber. The photochemical

190  reactions in the reaction and reference chambers have been thoroughly studied in our
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191  previous studies (Hao et al., 2023), and we found that while the modelled P(O3)net in
192  the reaction chamber is similar with that modelled in the ambient air, the modelled
193 P(O3)net in the reference chamber accounted 0-13.9% of that in the reaction chamber.
194  Therefore, we corrected the measured P(Oz)net Using the quantified P(Oz)net in the
195  reference chamber.

196 2.2.3 VOCs measurement

197  VOCs were measured using a high-resolution proton transfer reaction time-of-flight
198  mass spectrometry (PTR-TOF-MS, lonicon Analytik, Austria) (Wang et al., 2020a; Wu
199 et al., 2020) and an off-line gas chromatography mass spectrometry flame ionization
200  detector (GC-MS-FID) (Wuhan Tianlong, Co. Ltd, China) (Yuan et al., 2012). The
201  concentrations of oxygenated VOCs (OVOC), including formaldehyde (HCHO) and
202  acetaldehyde (CH3CHO), were measured via PTR-TOF-MS, and the non-methane
203  hydrocarbons (NMHC) were measured via GC-MS-FID. PTR-TOF-MS was running
204  with both hydronium ion (H3O") (Yuan et al., 2017; Wu et al., 2020) and nitric oxide
205 ion (NO") (Wang et al., 2020) modes. The measurement error of PTR-TOF-MS was
206  lower than 20%, more details of the PTR-TOF-MS technique can be found in our
207  previous publication (Yuan et al., 2017). The H;O" and NO* modes were automatically
208  switched with 20 min H3O* mode and 10 min NO* mode. The background signal of
209  each mode was determined at the last 2 min, by automatically switching ambient
210 measurement to a custom-built platinum catalytic converter heated to 365 °C.
211  Eventually, we only used VOCs measured during HsO* mode, which was operated with
212 adrift tube pressure of 3.8 mbar, temperature of 120 °C, and voltage of 760 V, 3035
213 ions with m/z up to 510 were obtained at time resolutions of 10 s. A gas standard with
214 35 VOC species was used for calibrations of the PTR-ToF-MS once per day. Raw data
215  from PTR-TOF-MS were analyzed using Tofware software (Tofwerk AG, v3.0.3). Due
216  to the humidity dependencies of various VOCs signals of the PTR-ToF-MS observed
217  in laboratory study, we have determined their humidity-dependence curves, such as
218  formaldehyde, benzene, methanol, ethanol, and furan (Wu et al., 2020). During the data
219  analysis, we removed the impacts of ambient humidity change on the measured signals

220  of the PTR-ToF-MS according to these humidity-dependence curves.

221 2.2.4 Other parameters

222  The photolysis frequencies of different species were measured using the actinic flux

7
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223 spectrometer (PFS-100, Focused Photonics Inc, China). Os and NOx concentrations
224 were measured by a 2B Oz monitor based on dual-channel UV-absorption (Model 205,
225 2B Technologies, USA) and a chemiluminescence NOx monitor (Model 42i, Thermo
226  Fisher Scientific, USA), respectively. Temperature (T), relative humidity (RH), and
227  pressure (P) were measured by a portable weather station (Met Pak, Gill Instruments

228  Ltd, UK).
229 2.3 Data analysis
230 2.3.1 Observation-based chemical box model

231  We investigated the detailed photochemical Os formation mechanism during the
232  observation period based on the field observed data. The specific tropospheric O3
233 photochemical formation process is the photolysis of NO2 at 424 nm, simultaneously,
234 there are ROx (ROx=0OH+HO> +R0O>) radical recycles provide HO, and RO to oxidize
235  NO to NO2resulting in the accumulation of Oz (Shen et al., 2021; Cazorla and Brune,
236 2010; Sadanaga et al., 2017), therefore, the ROx radicals and the Os, OH, NOs oxidants
237  play important roles in photochemical Oz formation. A zero-dimensional box model
238  based on the Framework for 0-D Atmospheric Modelling (FOAM) v3.2 (Wolfe et al.,
239  2016) coupled with the MCM v3.3.1 was used to simulate the P(O3z)net. MCM v3.1.1
240  contains a total of 143 VOCs, more than 6700 species, involving more than 17000
241  reactions (Jenkin et al., 2015). Through the constraint T, RH, P, organic and inorganic
242 substances in gases to simulate P(Os)net, including 12 OVOCs (methanol, ethanol,
243  formaldehyde, acetaldehyde, acrolein, acetone, hydroxyacetone, phenol, m-cresol,
244 methyl vinyl ketone, methacrylaldehyde, methyl ethyl ketone), 47 non-methane
245  hydrocarbons (toluene, benzene, isoprene, styrene, etc.), conventional pollutants (Os,
246 NO, NOg, and CO), and photolysis rate values (J(O'D), J(NO), J(H202), J(HONO),
247  J(HCHO_M), J(HCHO_R), J(NO3_M), J(NO3z_R), etc.). P(O3)net can be expressed by
248  the difference between ozone production rate (P(Os)) and ozone destruction rate
249  (D(0Oz)), P(03), and D(Os) can be calculated as Eq. (5)-(6).

250 P(03) = kno,+no[HO,][NO] + X kro, ;+n0[RO2;][NO]¢; ®)
251 D(03) = ko(1D)+H20 [O(lD)] [Hzo] + kOH+03 [OH] [03] + kH02+03 [HOZ] [03]
252 +ko, +aikenes[ O3] [alkenes] + konino,[OH][NO,] + kro,;+No, [RO,;][NO,] (6)

253 where km+n represents the bimolecular reaction rate constant of M and N, the subscript

254 ‘i’ refers to different types of RO>, and ¢i is the yield of NO> of the reaction ROi+NO.
8
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255  The relevant reaction rates of P(Oz) and D(Os) and the mean measured concentrations
256  of each VOC category at 5 m ground during O3 episodes and non-episodes used in the
257  model are listed in Tables S1 and S2. A “spin up” for 3 days before the modelling days
258  was applied in the model to get the radical intermediates steady.

259 2.3.2 Derive contribution of chemical and physical processes to Os changes
260 on the ground level

261  Itis known that chemical and physical processes jointly influence the Oz concentration
262  changes near the ground surface (Xue et al., 2014; Tan et al., 2019). The direct
263  measurement of P(Os)net gave us a chance to identify the contribution of chemical and
264  physical processes to the variation of observed Oz concentrations using the following

265  equation:

ao
266 d_tx = P(Ox)net T R(Ox)trans (7

267 Where % is the change rate of the observed Ox mixing ratio change (ppbv h),

268  P(Os)net denotes the net photochemical O production rate (ppbv ht), which was equal
269  to P(O3)net and measured directly by NPOPR system, R(Ox)tans represents Oz mixing
270  ratio change due to the physical transportation (ppbv h), including the horizontal and
271  vertical transport, dry deposition and the atmospheric mixing (Liu et al., 2022). To
272 correct the effects of NO titration to Os, we have replaced Os with Ox (=03+NO2) during
273  the calculation in this study (Pan et al., 2015).

274 2.3.3 Model performance

275 In order to judge the reliability of the model simulation, we calculated the index of
276  agreement (IOA) based on the measured and modelled P(Oz)qet at 5 m above the ground
277  level using the following equation (Liu et al., 2019):

D ) () S
278 I0A=1 ¥ (10;-0|-IS;-0l)? V

279  Where S; and 0O; represents the simulated and observed P(O3)net Or O3 values at the
280  same time, respectively, O is the averaged observed value, and n is the data number.
281  Further, we also judged the model simulation performance using statistical measures,
282 including the correlation coefficient, normalized mean bias (NMB) and normalized

283 mean error (NME), which are defined as:
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284 NMB =Z=15020. 100 9 ©)
i=1-1
n —0:
285  NME = 2225021 100 9 (10)
i=1"Y1

286 Where S; and 0; have the same meaning as Eq. (8), and n is the total number of such

287  data pairs of interest. The results will be discussed in Sect. 3.2.2.

288 2.3.4 OH reactivity

289  Inorder to investigated the influence of the photochemical reactions of different VOCs
290  to photochemical Oz formation, we calculated the OH reactivities of different VOCs,
291 i.e., the sum of concentrations of OH reactants multiplied by their reaction rate

292  coefficients, as shown below:

294  where ko represents the total OH reactivity of a group of VOCs species, ki represents
295 the rate constants between OH radicals and different VOCs species i, [VOCs]i represent
296  the concentration of species i. In this study, we summarized the OH reactivities of
297  different kinds of VOCs groups together to investigated their influence to the gradient
298  P(O3)net change with heights in Sect. 3.2.3.

299 2.3.5 Ozone formation regime

300  The sensitivity of photochemical Oz production to its precursors was diagnosed by
301 calculating the relative incremental reactivity (RIR) using the OBM-MCM model. RIR
302 isdefined as the Oz photochemical production percent change due to per percent change
303 initssingle precursor/precursor group concentrations (Cardelino and Chameides, 1995).

304  Therefore, the RIR for precursor (group) X can be expressed as:

__ AP(03)/P(03)
305 RIR = —27== (12)
306 where the AX/X represent the percent change in different Os precursor or

307  precursor groups. We classified the measured VOCs into anthropogenic organic
308 compounds (AVOC), biogenic organic compounds (BVOC), and OVOC group, and
309 investigated the Oz formation sensitivity to these different types of VOCs.

310 3. Results and discussions
311 3.1 Vertical and temporal profile of ozone and its precursors

10
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312 3.1.1 Ozone and its precursors at 5 m ground level

313  Figure 1 shows the time series of the major trace gases, photolysis rate constants, and
314  meteorological parameters at 5 m ground-level during the observation period at
315  SZMGT. During the 1-month field observation period, in total 3 O3 pollution episodes
316  (referred to episodes hereafter) and 2 non-Os pollution episodes (referred to non-
317  episodes hereafter) were captured, the O3 pollution episodes were defined as the days
318  during which the hourly average ozone concentration on the ground-level (5 m) exceed
319  the Grade II standard (102 ppbv, GB 3095-2012, China; Ambient air quality standards,
320  2012), the rest days were defined as non-episodes. Episode days (marked as gray
321 columns in Fig. 1) including 13-18 November (episode I), 26 November (episode II),
322  and 7-9 December (episode III), while the non-episode days including 22-25 November
323  (non-episode I), 26-27 and 30 November (hon-episode II). The corresponding daytime
324  mean values (6:00-18:00 LT) during all episode days and non-episode days are shown
325 in Table 1. During the daytime of episode days (episodes I, II, and III), the mean
326  concentrations of Oz were 70.1428.6, 59.5432.4, and 71.3431.0, respectively. The
327 mean T and RH were 22.342.5 °C and 56.2+14.5 % for episode I, 20.443.2 °C and
328  52.2#16.7 % for episode II, and 20.623.4 °C and 58.2+17.2 % for episode III. During
329  non-episode days, the mean concentrations of Os were 45.3+16.2 and 63.7421.3 ppbv
330 for non-episode 1 and II, respectively. The corresponding mean T and RH were
331  18.444.3 °C and 69.5415.4 % for non-episode I, and 21.342.7 °C and 51.8 #13.7 % for
332  non-episode II. These observations indicate that the T and RH during episode days were
333 not statistically different from those during non-episode days. This phenomenon
334  contrasts with previous studies in PRD area, where Oz pollution episodes were
335  generally associated with high T and low RH (Mousavinezhad et al., 2021; Hong et al.,
336 2022).

11
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337
338  Figure 1. Time series of major trace gases, photolysis rate constants, and meteorological
339  parameters at 5 m ground level during the observation period. The gray columns show the
340  typical Oz episodes that occurred.
341  Table 1. Daytime major trace gases concentrations (units: ppbv), P(Og)net (Units: ppbv h1),
342  and meteorological parameters during different episodes and non-episodes during the
343  observation period (from 13 November to 9 December 2021) at SZMGT.
Parameters Mean#SD
. . . Non- Non-episode
Episode I Episode II Episode III episode I I
O3 70.1428.6 59.5432.4 71.3231.0 45.3+16.2 63.7221.3
TVOC 29.6+10.6 53.8+21.7 429415 23.338.6 26.8+1.1
CcO 344.9485.1 408.8485.4  397.2442.1 508.5%117.2 383.4474.6
NO 2.3%2.6 13.1#47.4 6.6+13.8 290 6.8+13.1
NO; 15.637.5 22.3+10.2 20.048.3 14.146.8 15.448.8
OFP (g m?) 5.1E-4=+ 1.0E-3+ 7.2E-4% 4.1E-4+ 4.7E-4+
g 7.5E-5 2.0E-4 8.3E-5 5.6E-5 7.8E-5
*
POs)ner 14.3410.7 2154149 1464119 5646 18.9+413.9
(ppbv h)
T (°C) 22385 20.443.2 20.613.4 18.444.3 21.3R.7
RH (%) 56.2+14.5 52.2+16.7 58.2#17.2 69.5+15.4 51.8#3.7
W'?r?, zﬁ‘;e" 1.3405 1.240.4 11405 1.840.9 21309
_ wind 115.5:448.7 12864353 144.8357.1 11504576  115.3436.2
direction (9
344 * All values here were calculated as the mean average values during daytime (6:00-18:00 LT).
345 The mean concentrations of Os precursors, including CO, NO, NO, and TVOC,
346  were not statistically different between episodes and non-episodes. This suggests that
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347  their concentrations during Oz pollution episodes can vary, being either higher or lower
348  than those observed during non-episodes (as shown in Table 1). We further compared
349  daytime mean Oz formation potential (OFP) and measured P(Os)net during episodes and
350  non-episodes, and found that daytime average OFP and P(Os)net ON episode days were
351 also not statistically different with those during non-episode days, considering a range
352  within one standard deviation. These findings indicate that the O3z pollution episodes
353  stem from either substantially elevated local photochemical Oz formation (i.e., episode
354  1II), or the accumulation of Oz formed by moderate local photochemical Oz formation
355 under stable weather conditions (i.e., episodes I and II). Notably, when local
356  photochemical reactions contribute intensely to the formation of Os, favorable weather
357  conditions facilitating Os outflow diminish the likelihood of Oz pollution occurrences
358  (i.e., non-episode II). In summary, Oz pollution episodes are jointly affected by the
359  photochemical reactions and physical transport processes, which we will discuss further
360 inSect.3.2.1.

361 3.1.2 Vertical profiles of ozone and its precursors at 5-335m level

362 Figure 2 shows the contour plots illustrating the vertical profiles of Os, NOX,
363  Ox(=03tNO»), and TVOC. From Fig. 2, minimal vertical gradients exist in the
364  concentration of all species—Os, NOx, Ox, and TVOC—due to the rapid vertical mixing
365  effects. However, distinct vertical gradients were observed during nighttime owing to
366 the stability of the nocturnal residual layer. Elevated concentrations of Oz and Ox were
367 identified at higher altitudes, whereas higher NOx concentrations predominantly
368  occurred at ground level. We further elucidated the vertical distribution patterns of
369  different pollutants as well as the OFP of different VOCs groups during local daytime
370  (6:00-18:00 LT) and nighttime (19:00-5:00 LT) for both episodes and non-episodes, as
371 shown in Fig. 3.

372
373
374
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376
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405 Figure 2. Time series of vertical profiles for Os, NOx, Ox, and TVOC during the observation
406 period. The contour plots are made using the measured values from six heights.
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410  Figure 3. Average vertical profiles of O3, NO, Ox, NOx, and TVOC during both daytime and
411  nighttime, and OFP of different VOCs types during daytime at six heights (5, 40, 70, 120, 220,
412  and 335 m), including episodes and non-episodes throughout the observation period. The
413  error bars indicate the standard deviation calculated from the measured values during these
414  periods.

415 The vertical profiles of averaged concentrations of various pollutants exhibit similar
416  trends during both episodes and non-episodes, with Oz showing an increasing trend
417  from 5 m above ground level to 355 m, aligning with findings from previous studies
418  (Zhangetal., 2019; Wang et al., 2021). Given that NOx has a significant titration effect
419  on ozone, the lower O3 concentration at ground level may be attributed to the increase
420  in NOx concentration (Zhang et al., 2022) and also the dry deposition near the ground
421  (Lietal., 2022b). NO and NOx showed an opposite trend compared to Os. These two
422  factors jointly effected the Ox changing trend with heights, and consequently, the

423  gradients of Ox concentrations showed a weaker increasing trend from the 5 m ground
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424 level to 355 m height compared to Os. This observation demonstrated a more
425  pronounced NO titration effect at the 5 m ground level compared to the effect at 355 m
426  height. However, the TVOC showed variable trends with the increased height for
427  daytime and nighttime during episodes and non-episodes. During daytime, TVOC
428 initially decreased from 5 m to 40 m, and then continuously increased from 40 m to 355
429  m during episodes, while continuously slightly decreased from 5 m to 335 m during
430  non-episodes. During nighttime, TVOC concentrations first increased from 5 m to 40
431 mand then continuously decreased from 40 m to 335 m during both episodes and non-
432  episodes. We further plotted the OFP of different VOCs groups at various altitudes, and
433  found that the total OFP was highest at 5 m ground level and exhibited higher levels
434 during episodes compared to non-episode periods. Subsequently, there was a significant
435  decrease at 40 m height during both episodes and non-episodes. However, there was a
436  sharp increase observed at 70 m, 120 m, and 220 m during episodes, contrasting with a
437  gradual rise during non-episode periods, which eventually reach a peak at 220 m during
438  non-episodes. Besides, a consistent decrease of OFP from 220 m to 335 m was observed
439  during both episodes and non-episodes. The OFP was primarily attributed to OVOCs
440  atdifferent altitudes throughout both episodes and non-episodes, followed by aromatics

441  and alkane during episodes and non-episodes, respectively.

442 3.2 O3 pollution episodes formation mechanism at near-ground surface

443 In this section, we first explored the possible reason for O3z pollution episodes on the 5
444 mground level, i.e., identify the contribution of chemical and physical processes to O3
445  concentration changes (Sect. 3.2.1), then checked the modelling performance and the
446  possible reason for the modelling bias in photochemical Oz formation by comparing the
447  measured P(O3)net With the modelled P(Os)net (Sect. 3.2.2). To gain insights into the
448  photochemical Oz formation mechanism at different heights and understand their role
449  in overall Os pollution, we further discussed the chemical budget of Os at different
450  heights (Sect. 3.2.3), the vertical and temporal variability of P(Oz)net and Oz formation
451  regime (Sect. 3.2.4) , and their possible bias within the modelling approach (Sect. 3.2.5).

452 3.2.1 Contribution of chemical and physical processes to Oz changes on the
453 ground level

454  As concluded in Sect. 3.3.1, Os pollution episodes may be jointly affected by the

455  photochemical reactions and physical transport. In order to identify the main reasons
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for O3 pollution on the ground level, we calculated the contribution of chemical and
physical processes to Os changes at 5 m ground level separately for all 3 episodes and
2 non-episodes. As the dry deposition are usually contribute a quite small portion and
can be negligible, the main contributor to physical processes is the vertical and
horizontal transport (Tan et al., 2019). Their hourly averages and diurnal variations are

shown in Figs. 4 and 5, respectively.
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Figure 4. Time series of O3 contributions from local photochemical production and physical
transport.

— d(O;)idt M P(Os); M R(Os)ne

| Episode [ | ] Episodell | | Episode Il

Concentration change rates
(ppb b )
o

02 4 6 8 1012 14 16 18 20 22 02 46 8 1012 14 16 18 20 22 02 4 6 8 10 12 14 16 18 20 22
Hour of day Hour of day Hour of day

0
40 Non-episode 1 [ | Non-episodeIl

0, concentration change rates
(oo 1)
oo
? 222]%%°2°%°
L

g NN ERE T T T T S N R BN %
Hour of day

Hour of day

Figure 5. Diurnal variation of the contribution of chemical and physical transport to Os
changes on the ground level.

The results shown here indicate that fluctuation of the Oz concentration change
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477  rate (represented as d(Os)/dt) on the ground level was usually small and dominated by
478  the physical processes during nighttime. At around 6:00-7:00, Oz concentrations were
479  increasing for all episodes and non-episodes, mainly attributed to the physical transport,
480  this may be due to the short-term strong vertical turbulence in the early morning due to
481  the expansion of the boundary layer height, which make the residual layer became
482  “leaky” and vertical transport occurred. During this time, the Oz precursors were also
483  transported down from the residue layer and the sun radiation start to increase, O3
484  precursors were then underwent the rapid photochemical reaction and led to the sharp
485 increase of P(O3)net between 8:00 to 12:00. The P(Os3)net reached a peak at around 11:00-
486  14:00, and started to decrease at around 15:00, which approached zero at around 19:00-
487  20:00. Between 7:00-8:00, R(O3)wran>0 for all episodes and non-episodes, indicating the
488 inflow of Oz from physical transport, the physical transport increase the surface O3
489  concentration by 4.7, 3.9, 2.3, 3.5, and 4.5 ppbv h on average for episodes I, II, 111,
490  and non-episodes I and 11, respectively. From 9:00 to 10:00, R(Oz)wan>0 for episodes I,
491  which increase the Os concentration by 1.5 ppbv h, indicating the inflow of O3 from
492  physical transport; on the contrary, R(O3)wan<O for episodes Il and 111, and non-episodes
493 | and Il, indicating the outflow of Os from physical transport, which decrease the O3
494  concentration by 3.1, 0.1, 3.0, and 16.9 ppbv h%, respectively. After 10:00, R(O3)tan<0
495  for all episodes and non-episodes, indicating the outflow of Os from the observation
496  sites, this may be due to the accumulation of the photochemically formed Os increases
497  the Oz concentration at the observation site, thus diffuses to upward directions or the

498  surrounding areas.

499 In conclusion, the observed daytime O3 concentration change during all episodes
500 and non-episodes was influenced by both photochemical production and physical
501  transport. In the early morning, Os concentrations increase can be attributed to
502  photochemical reaction, physical process, and may also be the reduced NO titration
503 effects as the boundary layer height increases. At around noon time, the Os
504  concentration became stable, suggests that the photochemical reaction competed
505  against physical transport and jointly affect Oz concentration change. In the afternoon,
506  the Oz concentration decreases due to the diffuse of photochemically formed Oz from
507 the observation site to upward directions or the surrounding areas. Our findings suggest
508 that local photochemical reaction dominates Oz pollution. For example, Oz pollution
509  episodes recorded during the observation period manifest under specific conditions: 1)
18
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510  high photochemical Oz production (i.e., episode II); @ moderate photochemical O3
511  productions coupled with Os accumulation under stable weather conditions (i.e.,
512  episodes I and III). In contrast, non-episodes observed during the observation period
513  occur under different conditions: (¥ low levels of photochemical Oz production (i.e.,
514  non-episodes I); @ elevated photochemical Os production, with Oz diffuse to

515  surrounding areas under favorable diffusion conditions (i.e., non-episodes II).

516 3.2.2 The model performance

517 In order to test the simulation ability of MCM model for P(Os)net, we compared
518  the measured and modelled P(Os)net at 5 m ground level, as depicted in Fig. S2. The
519  measured P(Oz)net exhibited close alignment with the values during episodes I and I1I,
520  yet displayed discernible variations during episode II, non-episode I, and non-episode
521  1II. Assessment metrics including IOA, NMB and NME were computed based on the
522  observed and modelled P(O3)net at 5 m level over the whole measurement period as
523  described in Sect. 2.3.3. Results revealed an 10A range between 0.87 (25" percentile)
524 and 0.90 (75" percentile) for the measured and modelled P(Os)net across the
525 measurement period, indicating the acceptable performance of the MCM model
526  simulation (a higher IOA value signifies a stronger agreement between simulated and
527  observed values). We also compared the measured and modelled Oz concentrations at
528 different heights (as shown in Fig. S3). Notably, during daytime, the modelled O3
529  concentrations generally exhibited higher values than the measured Oz concentrations.
530 However, during nighttime, the modelled Os concentrations closely matched the
531  measured values at lower heights (i.e., 5m, 40 m, and 70 m), but were mostly higher
532  than the measured values at higher heights (i.e., 120 m, 220 m, and 335 m), these
533  phenomena may be primarily attributed to uncertainties in the assumed physical
534  processes (such as vertical and horizontal transport) in the modelling, the effect of
535  which was set as a constant dilution factor of 1/43200 s during the whole modelling
536 period. Further investigations revealed an I0A range between 0.80 (25 percentile) and
537 0.82 (75" percentile) for the measured and modelled O3 concentrations at 5 m ground
538  level, which lies in between the IOA result for the modelled and observed O3
539  concentrations in previous studies, which range between 0.68 and 0.89 (Wang et al.,
540  2018), signifying the modelling results for Os concentrations here are acceptable. The
541  calculated NMB and NME using the modelled and observed P(Os)net at 5 m ground
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542 level during the whole measurement period ranged from -0.42 (25" percentile) to -0.31
543 (75" percentile) and -0.42 (25" percentile) to 0.54 (75" percentile), respectively.

544 The mean diel variation of measured and modelled P(O3)net during different
545  episodes and non-episodes are shown in Fig. 6a-e. The maximum daily P(O3)net Values
546  were 29.3, 47.2, and 34.2 ppbv h* for episodes I, 11, and I, and 17.9 and 35.5 non-
547  episodes I and Il, respectively. These maximum daily P(Oz)net values were similar or
548  lower than that measured in the urban area of Houston in the United States (40-50 and
549 100 ppbv h! in autumn and spring, respectively) (Baier et al., 2015; Ren et al., 2013),
550  and in Indiana in the United States (~ 30 ppbv h? in spring) (Sklaveniti et al., 2018),
551  but higher than that measured at the Wakayama Forest Research Station in a remote
552  area of Japan (10.5 ppbv h! in summer, Sadanaga et al., 2017) and in an urban area of
553  Pennsyvania in the United States (~ 8 ppbv h™* in summer) (Cazorla and Brune, 2020).
554  The averaged diel profiles of the measured and simulated P(Os3)net have large standard
555  deviations (as depicted in Table 1), representing their day-to-day variation throughout
556  the campaign. The results shown in Fig. 6a-e indicate that the measured P(O3)net Were
557  mostly higher than the modelled P(Os)net. Previous studies have highlighted the
558  presence of missing RO2 under high NO conditions, contributing significantly to
559  substantial disparities between calculated P(O3)net derived from measured and modelled
560 RO:2 concentrations (Whalley et al., 2018, 2021; Tan et al., 2017, 2018). To delve
561  deeper, we further investigated the relationship between the average daily disparities of
562 measured and modelled P(O3)net (AP(O3)net) and the average daytime NO
563  concentrations during different episodes and non-episodes, as depicted in Fig. 6f. The
564  observed elevated AP(Os)net at higher NO concentrations aligns with findings from
565  previous studies, which suggest that multiple factors could contribute to these outcomes.
566  For example, the reaction of OH with unknown VOCs (Tan et al., 2017), the lack of the
567  correction for the decomposition of CHzO2NO: or the missing ROz production from the
568  photolysis CINO2 (Whalley et al., 2018; Tan et al., 2017), and the underestimation of
569 OVOCs photolysis (Wang et al., 2022) in modelling approach, may result in the
570  underestimation of RO, thus underestimate the modelled P(Oz)net and the NOXx-limited
571  regime. Nonetheless, the derived IOA, NMB, and NME values from the modelled and
572  observed P(Os)net at 5 m ground, as previously outlined, indicate that the model
573  proficiently reproduces the genuine P(Oz)net at the observation site. Consequently, these

574  results give us confidence to explore the vertical and temporal variations of P(O3)net
20
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575 and Os formation sensitivities utilizing the outcomes from the modelling approach.
576  However, it is important to acknowledge and discuss the potential biases caused by the

577  modelling methodology in this study.
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586  Figure 6. (a-e) diurnal variations of the measured and modelled P(Os)et during the
587  observation period, and (f) the relationship between the average daily differences of measured
588  and modelled P(Os)net (AP(O3)net) and the average daytime NO concentrations during different
589  episodes and non-episodes.

590 3.2.3 Vertical and temporal variability of P(O3)net budget

591  The detailed P(O3)net budget at different heights during the observation period from the
592  modelling results are shown in Fig. 7. We saw that at different heights, or at different
593  episodes and non-episodes, the contributions of different reaction pathways to P(Os)
594  were almost the same, with HO2+NO as the major Oz production pathway, followed by
595  CHs0.+NO and other RO2+NO, where other RO.+NO is defined as all RO, except
596  CHa3Oo, these results are similar with previous studies (Liu et al., 2021; Liu et al., 2022).
597  The major O3 destruction pathway was OH+NO: (loss of OH radicals), followed by net
598 RO2>+NO2 (form peroxyacetyl nitrate, commonly called PAN species) and O3
599  photolysis, while the other O3z destruction pathways, including Oz+OH, Os+HO,
600  CsHg+0O3, C3He+0s3, and CoH4+03 together contributed a negligible Os destruction. All
601  these P(O3) and D(Os) reaction pathways happened between 6:00-18:00 LT, and
602  showed a strong diurnal variation, which increased sharply between at 6:00-11:00 LT
603 in the morning, reached a peak between 11:00 and 14:00 LT, and decreased quickly
604  after 14:00 LT. These phenomena were in accordance with the concentration changes

605  of the major oxidants (i.e., OH, Oz, and NO3), as shown in Fig. S4. OH radicals and O3
21
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632  Figure 7: Time series of model-simulated Oz production and destruction rates during 13

633  November and 9 December 2021, at different heights at SZMGT, the gray columns show the
634  typical ozone episodes that occurred.

635 The diurnal changes in the concentrations of different reaction pathways to P(Oz)
636 and D(Os) at 5 m ground level during different episodes and non-episodes are depicted
637 in Fig. S5. We note that the maximum total P(Os) resulting from diel variations at 5 m
638  ground level for episode I, II, and IIT were 32.0, 34.9, and 38.3 ppbv h'l, respectively.
639  These values were consistently higher than the maximum total P(Os) observed for non-
640  episodes I and II, which were 15.6 and 30.7 ppbv h%, respectively. However, as P(Os)net
641  was determined by both P(O3) and D(Os3), the maximum total D(Os) values resulting
642  from diel variations during episodes I, I, III, and non-episode I, II, were 5.0, 5.7, 5.1,
643  2.4,and 5.3 ppbv h%, respectively. Consequently, the modelled P(Os)net during episodes
644  not exhibiting a statistically difference with that during non-episodes, as shown in Fig.

645 S5, which is in accordance with the measured P(Oz)net as depicted in Sect. 3.1.1.

646 The diurnal variation of P(Oz)net during different episodes and non-episodes
647  obtained by MCM modelling at different heights are shown in Fig. 8. We saw that the
648  P(Os)net all showed a decrease trend with the increase of the measurement height during
649  different episodes and non-episodes, but the P(O3)net variation along with the
650  measurement height differs for different episodes and non-episodes. For example, the
651  decrement of the averaged P(O3)net during 6:00-18:00 from 5 m to 335 m are 1.5 and
652 0.6 ppbv h! for episode I and non-episode I, respectively, which are relatively smaller
653  than that during episode II, episode III, and non-episode II, which are 5.3, 5.4, and 4.0
654  ppbv h, respectively. To explore the reason, we plotted the differences of calculated
655  OH reactivities at 5 m and 335 m of different VOCs groups (marked as AOH reactivity)
656  as a function of the P(O3)net change at 5 m and 335 m (marked as AP(O3)net), including
657  nonmethane hydrocarbons (NMHC), anthropogenic volatile organic compounds
658 (AVOC), biogenic volatile organic compounds (BVOC), and oxygenated volatile
659  organic compounds (OVOC) (as shown in Fig.8f). We found that OH reactivities of
660 AVOC and OVOC have the highest correlation coefficients (R?) with the AP(Os)net,
661  which are 0.85 and 0.67, respectively, indicates their predominant influence to the
662  decrement of P(Oz)net from 5 m to 335 m. However, the OH reactivity change from 5
663  m to 335 m of different groups are pretty different, therefore, we further explored Oz

664  formation sensitivity to its different precursors and precursor groups.
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677  Figure 8: (a-e) Diurnal variation of vertical profile of the model-simulated P(Os)net during
678  different episodes and non-episodes from 13 November to 9 December 2021, and (f) the
679  relationship between the average daytime differences of modelled P(O3)net (denoted as
680  AP(Oa)net), and OH reactivity of different precursor groups at 5 m and 335 m (denoted as AOH
681  reactivity).

682 3.2.4 Vertical distributions of Oz formation regime

683  To investigate the reason for the variable P(O3)net distribution at varying heights, the
684  sensitivity of Oz formation to different Os precursors or precursor groups, including
685 NMHC, AVOC, BVOC, OVOC, CO, and NOx, were clarified by calculating their RIRs
686  during different episodes and non-episodes, as shown in Fig. 9.
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695

696  Figure 9: RIR values for Os-precursor or precursor groups at different heights during
697  different classified episodes.

698 As illustrated in Fig. 9, for a specific episode or non-episode, the RIR values for
699  different Os-precursors or precursor groups don’t have significant variation at different
700  heights, indicates the similar photochemical Oz formation regime. However, for
701  different episodes or non-episodes, the Oz formation regimes are different. The O3
702  formation located in transition regime and more sensitive to VOCs emissions during O3
703  polluted episode 1. Conversely, it is located in VOCs sensitive regime during O3
704  polluted episodes II and III, and non-episodes I and II. This outcome is in accordance
705  with previous studies that photochemical Oz formation in the PRD region is likely
706  VOC-limited or mixed-limited (Hong et al., 2022; Lu et al., 2018). The results shown
707  here indicate the complexity of Oz mitigation at the observation site. For example,
708  during polluted episode I, both reduce VOCs and NOx can mitigate photochemical O3
709  formation, but during the other Os polluted episodes and non-episodes, reduce VOCs
710  can effectively alleviate photochemical Oz formation, while the reduction of NOx might
711  aggravate photochemical Oz formation. Still, during all episodes and non-episodes, Os
712  formation are most sensitive to AVOC (RIR: 0.83-1.12), followed by OVOC (RIR:
713 0.59-0.79) at different heights, indicates the urgent needs to reduce AVOC and OVOC
714  emissions to mitigate Oz pollution in this area.

715 The RIR tests for different episodes and non-episodes at different hours of the local
716  day time are shown in Supplement (Fig. S6). Results show that the diurnal changes of
717  RIR values for different episodes and non-episodes are quite similar. In the morning
718  time, the RIR values for different VOC groups, including AVOC, BVOC, OVOC, and
719  CO are usually higher than that for NOx, but gradually decrease in the following hours
720  of the day until 16:00 LT, which were then increase and reach a peak at 18:00 LT, but
721  the RIR values at this peak are lower than those at 8:00 LT in the morning. For the RIR
722  values for NOXx, they are usually around zero or below zero, and then gradually increase
723 at around 16:00 LT and then reaches a peak at 18:00 LT, this indicates that the
724 photochemical Os formation regime changes during the daytime, which located in the
725  VOC-limited regime in the morning and changes to transition regime but more sensitive
726  to NOx in the afternoon at around 16:00 LT. The diurnal variations of the RIRs of
727  different Os precursor or precursor groups could provide us more detailed information
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728  to diagnose the dominating factor that influence the photochemical formation of Oz at

729  different time of a day.

730 Through the sensitivity study, we note that NOx would not be the limiting factor
731 that effect P(O3)net, thus the ROx radicals cycle reactions involved NOx should
732 occurred efficiently, such as RO2+#NO— HO, and HO>+NO — OH. Meanwhile, the
733 reactions that not involved NOx should be the limiting steps of ROx radicals cycling,
734 such as OH+VOCs— RO.. As the photochemical Oz formation were most sensitive to
735  AVOC, OVOC and NMHC groups, hence, we should take the priority to reduce AVOC
736  and OVOC to mitigate Os pollution in PRD area in China.

737 4. Conclusions

738 We carried out a field observation campaign to investigate the vertical temporal
739  variability of near-surface ozone production mechanism in an urban area in Pearl River
740  Delta (PRD) in China, by using a newly built vertical observation system and the
741  observation-based model coupled to the Master Chemical Mechanism (OBM-MCM)
742  v3.3.1. In total 3 Oz pollution episodes and 2 non-episodes happened during the
743  observation period. In order to check the modelling performance for Oz production rates
744  and sensitivity, and the possible reason for Os pollution episodes at 5 m ground level,
745  a net photochemical ozone production rate (NPOPR, P(Oz)net) detection system based
746  on the current dual-channel reaction chamber technique was employed to directly

747  measure P(O3)net at 5 m ground-level.

748 The vertical profiles of averaged concentrations of various pollutants exhibit similar
749  trends during both episodes and non-episodes. The Oz, NOx, and Ox concentrations
750  show minimal vertical gradient during daytime due to the rapid vertical mixing effects,
751  but there are distinct vertical gradients during nighttime owing to the stability of the
752 nocturnal residual layer. Higher concentrations of Oz and Ox were found at higher
753 heights, while higher NO and NOx concentrations mainly occurred at ground level.
754  Given that NOx has a significant titration effect on ozone, the lower O3z concentration
755  at ground level may be attributed to the increase in NOx concentration due to a more
756 pronounced NO titration effect, besides the dry deposition near the ground. However,
757  the TVOC and their OFP showed variable trends with the increased height for daytime
758  and nighttime during episodes and non-episodes. Total OFP was highest at 5 m ground
759 level and exhibited higher levels during episodes compared to non-episode periods. The
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760  OFP was primarily attributed to OVOCs at different altitudes throughout both episodes

761  and non-episodes.

762 The mean concentrations of Os precursors, including CO, NO, NO, and TVOC,
763  were not statistically different between episodes and non-episodes. By combining the
764  observed Oz concentrations change and the measured P(O3)net at 5 m ground level, we
765  found that the O3 pollution episodes were jointly influenced by both photochemical
766  production and physical transport, with local photochemical reactions play a dominate
767  role. Oz pollution episodes recorded during the observation period manifest under
768  specific conditions: (1) high photochemical Oz productions; @ moderate photochemical
769  Os productions coupled with Oz accumulation under stable weather conditions. The
770  index of agreement (I0A) ranged from 0.87 (25" percentile) to 0.90 (75" percentile)
771 for the measured and modelled P(Os)net across the measurement period, indicated the
772  rationality to investigate the vertical and temporal variability of Oz formation
773 mechanism using modelling results. However, the measured P(Oz)net Were generally
774 higher than the modelled P(O3)net, the differences of measured and modelled P(O3)net
775  (AP(O3)net) are correlated with the NO concentrations. Base on previous studies, this
776  phenomenon could potentially be attributed to the underestimation of RO> at high NO
777  conditions, arising from inadequate knowledge concerning photochemical reaction
778  mechanisms. Therefore, the potential biases caused by the modelling methodology

779  were acknowledged and discussed.

780 From the modelling results, the contribution of different reaction pathways to P(Oz)
781  were almost the same at varying heights during episodes and non-episodes, with
782  HO2+NO as the major Oz production pathway, followed by other RO2+NO (all RO>
783  except CH302) and CH302+NO. The major Oz destruction pathway was OH+NO:> (loss
784  of OH radicals), followed by net RO2+NO: (form peroxyacetyl nitrate) and O3
785  photolysis, while the other O3z destruction pathways, including O3z+OH, O3+HO,
786  CsHg+O3, C3He+O3, and C2H4+03 together contributed a negligible Oz destruction.
787  However, P(O3)net Showed a decrease trend with the increase of height during different
788  episodes and non-episodes, which was found mainly due to the decrease of Oz precursor
789  anthropogenic organic compounds (AVOC) and oxygenated volatile organic
790  compounds (OVOC) groups. We find that the modelling biases were correlated with

791  NO concentrations and VOCs categories, which impact P(O3)net through the regulation
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792  of the ROz radicals’ budget. The maximum estimated error of modelled P(Oz)net ranged
793  from 22-45 % during different episodes and non-episodes. Therefore, the P(Oz)net
794  variation along with the measurement height might be even larger than our initial

795 assessment.

796 Similar photochemical Oz formation regimes were observed at different heights for
797  a specific episode or non-episode, yet they varied between different episodes or non-
798  episodes. The Oz formations were located in transition regime and more sensitive to
799  VOCs emissions during Os polluted episode I, whereas located in VOCs sensitive
800  regime during Oz polluted episodes II and III, and non-episodes I and II. Further
801  analysis revealed a daytime shift in photochemical Oz formation regime, which located
802 in the VOC-limited regime in the morning and changes to transition regime but more
803  sensitive to NOx at around 16:00 LT in the afternoon. However, the underestimation of
804 RO radicals in the modelling, especially at lower heights with higher NO
805  concentrations, could resulted in an overestimate of the VOCs-limited regime. This
806  study heights the need for more precise analysis using the direct measurement
807  techniques in future studies. Still, throughout all episodes and non-episodes, Os
808  formation are most sensitive to AVOC, followed by OVOC at various heights,
809  emphasizing the urgent needs to reduce emissions of these compounds to mitigate Os

810  pollution in this area.

811 This is the first measurement report of the vertical temporal of Oz formation
812  mechanisms near the ground surface. Together with the deliberation of the possible bias
813  on the vertical temporal profile of Oz formation rate and sensitivity using modelling
814  study, this study provides the critical foundational insights. The research findings
815  provide us in-depth understanding of near-ground vertical variability of Os formation
816  mechanism, which benefit us to formulate proper ozone control strategies in PRD area
817  in China.
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