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Abstract 14 

Atmospheric total peroxy radicals RO2* (RO2* = HO2 + RO2) play central roles 15 

in tropospheric chemistry, governing the formation of ozone and secondary aerosols. 16 

However, due to their extremely low concentrations and high reactivity, direct 17 

observation of RO2* remains challenging. In this study, a compact instrument for in-18 

situ measurement of RO2* was developed by combining the Peroxy Radical Chemical 19 

Amplification (PERCA) technique with Cavity-Enhanced Absorption Spectroscopy 20 

(CEAS). By optimizing operational parameters, the system can achieve a chemical 21 

chain length of 56 and an optimal detection limit of 0.2 pptv (1σ, 3 min), enabling 22 

highly sensitive measurements of ambient peroxy radicals. The self-constructed 23 

PERCA–CEAS system was successfully deployed in a field campaign during autumn 24 

in Zhuhai to observe ambient RO2*. During the observation period, the mean daytime 25 

RO2* was 31.11 ± 18.87 pptv, which resulted in an average of 14.41 ± 17.04 ppbv/h 26 

P(O3). The comparison of O3 variation and derived P(O3) indicates that the daytime 27 

ozone enhancement in Zhuhai was primarily driven by local photochemical production, 28 

while regional transport acted mainly as an export effect. Our results demonstrate that 29 
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a compact PERCA–CEAS system is capable of ambient RO2* measurements and 30 

suggest the need of diagnosing O3 formation pattern with the constraint of high time-31 

resolution RO2* concentration.  32 

Short Summary 33 

This study developed a portable measurement system based on cavity-enhanced 34 

absorption spectroscopy, enabling highly sensitive online monitoring of total peroxy 35 

radicals in the atmosphere. The system is compact and was successfully deployed in a 36 

field campaign in Zhuhai during autumn. The results indicate that daytime ozone 37 

enhancement in this region was primarily driven by local photochemical production, 38 

while regional transport mainly played an export role.  39 

  40 
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1. Introduction 41 

In the troposphere, total peroxy radicals RO2* (RO2* = HO2 + RO2) are key 42 

reactive species that drive photochemical reaction chains in the atmosphere (Monks, 43 

2005). The production and recycling of RO2* determine both the persistence and 44 

efficiency of photochemical reactions. The continual regeneration of NO2 through 45 

radical–NOx chain reactions sustains ozone production and leads to its accumulation 46 

(Orlando and Tyndall, 2012; Wang et al., 2022). Moreover, the removal of RO2* also 47 

contribute to the formation of secondary organic aerosols (Chen et al., 2022; Ehn et al., 48 

2014; Zou et al., 2025), which plays a crucial role in regional air quality and climate 49 

impacts (Liang et al., 2024). Therefore, understanding the spatiotemporal variations of 50 

RO2* is essential for elucidating the evolution of regional atmospheric oxidation 51 

capacity and assessing pollution formation potential. 52 

Significant advancements have been made in atmospheric peroxy radical 53 

measurement techniques over the past few decades, primarily categorized into two 54 

technological pathways: direct and indirect measurements (Gao et al., 2023). The 55 

microwave-induced electron spin resonance (MIESR) method identifies radicals 56 

through the resonance of unpaired electrons, providing the most direct evidence of their 57 

detection. However, MIESR suffers from low sensitivity and complex operation 58 

requirements (Mihelcic et al., 1985, 1990). Indirect measurement techniques detect 59 

RO2* by converting it into measurable species through chemical reactions. For example, 60 

the Laser-Induced Fluorescence (LIF) technique determines RO2* concentrations by 61 

measuring the OH fluorescence signal generated from the reaction between RO2* and 62 

NO. This method offers high sensitivity and selectivity, whereas requires a complex 63 

setup and is prone to environmental interferences (Lu et al., 2012; Whalley et al., 2013). 64 

The Peroxy Radical Chemical Ionization Mass Spectrometry (PerCIMS) method 65 

converts RO2* into characteristic ions through ion–molecule reactions, enabling highly 66 

sensitive and selective quantification of specific radicals (Edwards et al., 2003; 67 

Hornbrook et al., 2011). Unlike other approach, the peroxy Radical Chemical 68 

Amplification (PERCA) measures RO2* by amplifying its signal into a large amount of 69 

NO2 through a chain reaction. The PERCA system has relatively high sensitivity to 70 

atmospheric RO2 radicals. The simple construction and routine maintenance for this 71 
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system ensure the stable measurement on the field. As a result, PERCA has been widely 72 

employed in atmospheric observations (George et al., 2020; Liu and Zhang, 2014; Wei 73 

et al., 2023). 74 

In the PERCA system, NO and CO gases are introduced to trigger a series of chain 75 

reactions to convert minor peroxy radicals into detectable NO2. When sampled air 76 

enters the reactor, RO2 reacts with NO to produce HO2 and NO2 (R1, R2). The HO2 77 

then reacts with excess NO to generate OH and NO2 (R3), and the OH reacts with CO 78 

to recycle back to HO2 (R4). Through this chain reaction cycle, the low-concentration 79 

peroxy radical signal is progressively amplified into a high-concentration NO2 signal 80 

(Cantrell et al., 1996). The chemical chain length (CL), defined as the average number 81 

of radical propagation cycles occurring within the reactor, serves as a quantitative 82 

indicator of the amplification efficiency. The magnitude of CL is governed by the 83 

competing rates of radical propagation, termination reactions, and physical losses inside 84 

the reactor (Kartal et al., 2010; Reichert et al., 2003). Once the amplified NO2 85 

concentration (ΔNO2) is determined, the concentration of RO2* in ambient air can be 86 

derived using the calibrated CL value according to Eq. (1).  87 

𝑅𝑂2 + 𝑁𝑂 → 𝑅𝑂 + 𝑁𝑂2 (𝑅1) 88 

𝑅𝑂 + 𝑂2 → 𝐻𝑂2 + 𝑅𝐶𝐻𝑂 (𝑅2) 89 

𝐻𝑂2 + 𝑁𝑂 → 𝑂𝐻 + 𝑁𝑂2 (𝑅3) 90 

𝑂𝐻 + 𝐶𝑂(+𝑀) → 𝐻𝑂2 + 𝐶𝑂2(+𝑀) (𝑅4) 91 

[𝑅𝑂2
∗] =

∆[𝑁𝑂2]

𝐶𝐿
(𝐸𝑞. 1) 92 

Significant progress has been made in peroxy radical chemistry observations and 93 

modeling studies in China in recent years. However, most field measurements have 94 

been conducted in the major city clusters, such as North China Plain (Ma et al., 2019; 95 

Tan et al., 2017, 2018b) , the Yangtze River Delta (Lou et al., 2022; Ma et al., 2022) , 96 

and the Pearl River Delta  (Lu et al., 2012; Tan et al., 2019; Yang et al., 2022) , while 97 

other regions remain underexplored. In addition, RO2* studies have primarily focused 98 

on the urban and inland areas, with limited exploration within the coastal boundary 99 

layer (Zhang et al., 2023). The lack of peroxy radical measurements would also 100 

constrain direct assessment of photochemical ozone production. In-situ measurements 101 

of ambient RO2* provide a direct basis for calculating local P(O3), as previous studies 102 

have demonstrated that observed peroxy radical concentrations enable quantitative 103 
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assessment of instantaneous ozone production rates and its related chemistry across 104 

diverse chemical environments (Sommariva et al., 2010; Thornton et al., 2002). 105 

Furthermore, the calculated local P(O3) combined with the observed O3 variation 106 

provides a powerful means to quantify the contribution of ozone transport (Tan et al., 107 

2021). Therefore, developing portable and high–time-resolution RO2* measurement 108 

techniques and applying them to diverse atmospheric environments are crucial for 109 

advancing our understanding of complex photochemical processes in the troposphere. 110 

In recent years, optical techniques such as Cavity Enhanced Absorption 111 

Spectroscopy (CEAS) have developed rapidly. In our previous work, we constructed a 112 

compact and lightweight CEAS instrument with high temporal and spatial resolution 113 

for precise NO2 measurements (Zheng et al., 2024). Building upon this foundation, the 114 

current study integrates CEAS with the PERCA system, enabling portable and stable 115 

detection of ambient RO2* measurements. We utilized this system to conduct 116 

observations of RO2* concentration levels in coastal area during the autumn. Based on 117 

our measurements, the local photochemical P(O3) was derived and subsequently 118 

applied to analyzing the influence of transport on O3 under both clean and polluted 119 

conditions. 120 

 121 

2. Experiment and methods 122 

The design of our instrument emphasizes a balance between detection 123 

performance (e.g. sensitivity and accuracy) and portability in the field. The PERCA-124 

CEAS system consists of two major components: a chemical amplification module and 125 

an NO2 detection module. The former converts trace radicals into detectable NO2 126 

signals, while the latter provides precise quantification of the generated NO2. The 127 

chemical amplification module adopts a single-channel configuration to reduce system 128 

complexity and physical size while maintaining measurement accuracy. Although 129 

conventional dual-channel PERCA systems can effectively remove background 130 

interferences, they require two NO2 detectors operating in parallel (Chen et al., 2016; 131 

Liu and Zhang, 2014), leading to potential discrepancy resulted from optical parameters 132 

and flow between two channels. In contrast, the single-channel design offers better 133 

structural compactness and operational stability. The produced NO2 concentration is 134 

https://doi.org/10.5194/egusphere-2026-316
Preprint. Discussion started: 10 February 2026
c© Author(s) 2026. CC BY 4.0 License.



 

6 

 

measured by a self-built CEAS system, which features compact size (40 cm × 30 cm × 135 

17 cm) and lightweight design (5.80 kg). Detailed information of CEAS is provided in 136 

our previous work (Zheng et al., 2024). The overall structure of the PERCA-CEAS 137 

system is presented in Figure. 1.  138 

 139 

Figure 1. Schematic diagram of the PERCA-CEAS system. The purple dash line portion represents 140 

the standard source module, which consists of the standard gas generation unit and the relative 141 

humidity (RH) control unit (outlined in green) and is used for calibrating the system chain length. 142 

The blue dash line portion represents the measurement module, comprising the chemical 143 

amplification unit and the NO2 detection unit, which together enable the quantification of 144 

atmospheric peroxy radicals. 145 

 146 

2.1 Chemical amplification module 147 

We use NO (8 ppmv) and CO (8 %) gases as reactants accompanied by N2 as a 148 

balancing gas. To ensure gas purity, a series of purification steps were applied before 149 

the gases entered the reaction chamber. NO was passed through a ferrous sulfate 150 

heptahydrate (FeSO4·7H2O) filter to remove trace NO2 by reduction, while CO was 151 

purified with an activated carbon column to eliminate residual carbonyl compounds 152 

from the gas cylinder. To accommodate the single-channel configuration, an automatic 153 

mode-switching module was designed to switch between amplification and background 154 

modes. In this setup, NO is continuously introduced from the front of the reaction tube, 155 

while both N2 and CO flows were divided into two branches through a three-way 156 

solenoid valve before entering the system. During the amplification mode, NO and CO 157 

are introduced from the front end and N2 from the rear; during the background mode, 158 

NO and N2 enter from the front while CO is fed from the rear. A programmable timer 159 
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controls the opening and closing of these four solenoid valves, allowing timed 160 

switching between the two modes and enabling real-time online detection of peroxy 161 

radicals. 162 

Humidity plays a critical role in determining the efficiency of chemical 163 

amplification reactions. To control water vapor levels, a Nafion tube dryer (model MD-164 

700-12-F-3, total length 40 cm, effective length 30 cm) was used to remove water vapor 165 

and serve as the chemical amplification reaction place in the meantime. To ensure 166 

efficient drying and maintain a low-humidity sample stream, a continuous flow of dry 167 

purge gas was introduced along the outer side of the Nafion tube. In this work, the dry 168 

purge gas was generated by a pump-driven system connected in series with a drying 169 

tube filled with indicating silica gel. The gas was first deeply dried through the silica 170 

gel column to ensure extremely low moisture content before being circulated from the 171 

lower inlet to the upper outlet of the Nafion tube, forming a closed-loop flow. A 172 

humidity sensor was installed at the outlet of the sample stream to continuously monitor 173 

the relative humidity inside the reaction tube. Through this precise humidity control, 174 

the relative humidity on the chemical amplification process was maintained under 20%, 175 

ensuring system stability and improving the reliability of the experimental results. 176 

 177 

2.2 Chain length calibration  178 

As described in the principle of the chemical amplification method (Eq. (1)), the 179 

CL is a key parameter determining the accuracy of peroxy radical measurements. 180 

Therefore, the CL of this instrument must be calibrated using a standard peroxy radical 181 

source. Calibration is performed with radicals generated on-site. In this study, a HO2 182 

radical source was generated by photolysis of H2O using a pen-shaped mercury lamp. 183 

Under UV irradiation, H2O is photolyzed to produce OH and H (R5). The generated H 184 

radical can rapidly combine one O2 to form the hydroperoxyl radical HO2 through 185 

reaction (R6). 186 

𝐻2𝑂 + ℎ𝑣 → 𝑂𝐻 + 𝐻 (𝑅5) 187 

𝐻 + 𝑂2 + 𝑀 → 𝐻𝑂2 + 𝑀 (𝑅6) 188 

To calibrate the PERCA system, we used the four NO2 signals detected by the 189 

CEAS as calibration references. The calibration procedure comprises four steps as 190 
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follows. Firstly, when the mercury lamp was turned on, H2O was photolyzed under UV 191 

irradiation to generate the HO2 source. NO and CO were introduced into the upper inlet 192 

of the reaction cell, while N2 was introduced from the lower inlet. The measured signal, 193 

S1, represents the NO2 concentration after radical chemical amplification. Secondly, 194 

when NO and N2 were introduced into the upper inlet and CO into the lower inlet, the 195 

signal S2 represents the NO2 concentration under the radical-background mode. Thirdly, 196 

the mercury lamp was turned off, and the HO2 is removed. With NO and CO introduced 197 

into the upper inlet and N2 into the lower inlet, the signal S3 represents the NO2 198 

concentration under the chemical amplification mode without radicals. When NO and 199 

N2 were introduced into the upper inlet and CO into the lower inlet, the signal S4 200 

corresponds to the NO2 concentration under the background mode without radicals. 201 

Based on above measured NO2 signals (S1, S2, S3 and S4), the CL can be calculated 202 

using Eq. (2). Here, S2–S4 represents the NO2 signal difference produced by the peroxy 203 

radicals generated from the standard source under the background mode, reflecting their 204 

original concentration level. The S1–S3 corresponds to the total NO2 signal difference 205 

obtained under the chemical amplification mode, where the same amount of peroxy 206 

radicals is amplified through the reaction cycles. Therefore, the CL can be determined 207 

from the ratio of (S1–S3) to (S2–S4).  208 

𝐶𝐿 =
𝛥𝑁𝑂2

[𝐻𝑂2]
=

𝑆1 − 𝑆3

𝑆2 − 𝑆4

(𝐸𝑞. 2) 209 

 210 

3. Results and discussion 211 

3.1 Dependence of the CL on Reaction Conditions 212 

The CL is influenced by several factors, including the concentrations of reactive 213 

gases, reaction time, relative humidity, and wall losses (Liu and Zhang, 2014). To 214 

investigate the response of CL to these parameters in our PERCA-CEAS system, we 215 

measured the CL under a series of controlled conditions, specifically by varying NO 216 

concentrations and RH levels. The CL measurement was repeated at least five time for 217 

each condition. For the subsequent experiments, the CO concentration was fixed at 8%, 218 

which is sufficiently high to sustain efficient HO2 production while remaining within 219 

safe limits of CO (explosion range: 12.5–74.2%).  220 
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To assess how NO concentration influences CL, we conducted a series of 221 

experiments under varying NO levels while keeping the relative humidity fixed at 10%. 222 

As shown in Figure 2(a), CL increases steadily with increasing NO concentration and 223 

reaches its maximum when NO is 8 ppm. Considering both measurement efficiency 224 

and system economy, 8 ppm was chosen as the optimal NO concentration for instrument 225 

operation. 226 

At high RH, water vapor on the reactor walls enhances the heterogeneous uptake 227 

of RO2 and HO2 and promotes HOx-terminating reactions, thereby suppressing chain 228 

propagation and shortening the CL (Mihele et al., 1999; Yang et al., 2019) . To quantify 229 

the effect of RH on the CL, a custom-built humidifier was used to control the flow rate 230 

of the humidified gas, thereby generating HO2 sources at different RH levels (10%–231 

50%). The relative humidity of the sample gas was monitored by a temperature–232 

humidity sensor installed downstream of the Nafion reaction tube. The experimental 233 

results, presented in Figure 2(b), demonstrate a substantial decrease in CL as the RH 234 

increases. Specifically, when the relative humidity (RH) of the sample gas passing 235 

through the Nafion dryer reaches 50%, the chain length drops by more than 66%, a 236 

reduction that severely compromises the sensitivity required for accurate field RO2* 237 

measurements. Consequently, to ensure optimal measurement performance, the RH of 238 

the airflow entering the amplification zone is strictly controlled to remain below 20% 239 

during field campaigns, corresponding to 45% RH in ambient air.  240 

 241 
Figure 2. (a) Relationship between the CL and NO concentration under conditions of 10% RH and 242 

8% CO concentration. (b) Variation of CL with RH at a fixed NO concentration of 8 ppm and CO 243 
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concentration of 8%. (Error bars represent the standard deviation of five independent measurements.) 244 

 245 

The optimal CL for the PERCA-CEAS measurement system (under RH=10%, 246 

NO=8ppm, CO=8%) was determined to be 56±4. Some previous studies have reported 247 

much higher CL: for example, (Green et al., 2003) reported CL≈260 for a single-248 

channel ground system, and (Wood and Charest, 2014) found CL = 208±25 under 249 

idealized laboratory conditions (at 0% RH). In comparison, the chain length determined 250 

in our study remains consistent with values obtained from PERCA systems that employ 251 

similar CRDS or CEAS system, where effective CL commonly fall within the range of 252 

44–91 (Duncianu et al., 2020; George et al., 2020; Horstjann et al., 2014). Overall, these 253 

results indicate that the CL of our PERCA–CEAS system is reasonable and provides 254 

sufficient sensitivity for atmospheric RO2* measurements. 255 

 256 

3.2 Detection Limit and Measurement Uncertainty 257 

In the PERCA–CEAS system, the concentration of RO2* is determined by 258 

converting it into measurable NO2 through chain reactions with excess NO. 259 

Consequently, the overall detection limit of the system depends on both the detection 260 

limit of NO2 and the CL, as described by Eq. (3). The LOD for the CEAS-NO2 model 261 

was determined under laboratory conditions by continuously measuring high-purity 262 

zero-air for over 5 hours and calculating the standard deviation of blank noise ( Zheng 263 

et al., 2024) . At a 3 min time resolution, the LOD of NO2 was determined to be 11.4 264 

pptv, which yield a detection limit of 0.2 pptv (1σ, 3min) for RO2*. 265 

The overall measurement uncertainty of the system was quantified using the 266 

Gaussian error propagation (Eq. (4)). Three major sources contribute to the total 267 

uncertainty: (1) NO2 measurement uncertainty (6%), which includes uncertainties in 268 

the absorption cross-section (4%), mirror reflectivity calibration (5%), effective cavity 269 

length (0.5%), and pressure measurement (0.1%); (2) CL calibration uncertainty (7%), 270 

derived from repeated calibration results (56 ± 4); and (3) uncertainty in radical 271 

partitioning (8–14%) (Kartal et al., 2010). Based on these factors, the overall 272 

uncertainty in ROx measurement was estimated to be 12–17%, demonstrating the 273 

robustness and reliability of the PERCA–CEAS system for RO2* measurement. 274 
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𝐷𝐿(𝑅𝑂2
∗) =

𝐷𝐿(𝑁𝑂2)

𝐶𝐿
(3) 275 

√
𝜎𝑅𝑂2

∗

𝑅𝑂2
∗ = √(

𝜎𝑁𝑂2

𝑁𝑂2
)

2

+ (
𝜎𝐶𝐿

𝐶𝐿
)

2

+ (
𝜎𝑃𝑎𝑟𝑡

𝑃𝑎𝑟𝑡
)

2

(4) 276 

 277 

3.3 Field Observation of RO2* 278 

The instrument has been deployed in a field campaign to evaluate the performance 279 

of instrument under real atmosphere conditions. All instruments are placed on the roof 280 

of a six-story building in the campus of Sun Yat-sen University (22°21′06″N, 113°281 

35′42″E), which is located in the western shore of the Pearl River Estuary and 282 

approximately 15 km from downtown Zhuhai. The observation site mainly received an 283 

airmass mixed with vehicle emissions from a traffic artery (~300m) and nearby 284 

residential areas. There are no major industrial facilities in the surroundings. 285 

The field observation campaign was conducted from October 26 to November 15, 286 

2024, producing more than 15 days of valid continuous RO2* radical data. For PERCA-287 

CEAS operation, both the chemical amplification mode and the background mode were 288 

set to 90 s in this observation, resulting in a time resolution of 3 min. Ambient 289 

temperature and relative humidity were continuously monitored using a temperature–290 

humidity probe (HC2A-SH, ROTRONIC, Switzerland). The concentrations of NO and 291 

NO2 were measured by a commercial chemiluminescence analyzer (42i-TL, Thermo, 292 

USA), while O3 concentrations were obtained using a UV photometric analyzer (Model 293 

49i, Thermo, USA). The mirror reflectivity of the CEAS detector was calibrated before 294 

and after the campaign, and the results remained consistent.  295 

Figure 3(a-c) presents the time series of meteorological parameters and major 296 

pollutants during the observation period. Ambient temperature was consistently above 297 

25 °C, with an average value of 28.44 ± 1.5 °C. Due to the coastal meteorological 298 

conditions, the RH was relatively high and show clear diurnal variations—lower during 299 

the day and higher at night—ranging from 25% to 85%, with an average of 55.98 ± 300 

12.53%. Low NO and NO2 concentrations were observed with an average of 0.34 ± 301 

0.81 ppbv and 13.21 ± 4.72 ppbv, respectively, indicating generally weak NOx 302 

emissions from traffic at this site. The daily maximum of O3 concentrations ranged from 303 

116 to 5.6 ppbv with an average of 44.86 ± 25.03 ppbv, suggesting a moderate level of 304 

https://doi.org/10.5194/egusphere-2026-316
Preprint. Discussion started: 10 February 2026
c© Author(s) 2026. CC BY 4.0 License.



 

12 

 

photochemical pollution during the observation period.  305 

 306 

Figure 3. Time series of meteorological parameters (T, RH), major pollutants (O3, NOx, RO2*), and 307 

P(O3) during the autumn observation period of 2024, with a temporal resolution of 1 hour. 308 

 309 

Compared to previous observation in PRD region, moderate levels of RO2* were 310 

observed with the daily peaks ranging from 48 to 87 pptv (Figure 3d). The RO2* 311 

exhibited a pronounced daytime peak, with an average of 51.3 pptv at around 13:00, 312 

and deceased to around 20 pptv at night (Figure 4a). The relatively high level of RO2* 313 

at night indicates the presence of a nighttime peroxy radical source possibly due to NO3 314 

chemistry oxidation, which can be evidenced by the occasional increase of RO2* after 315 

sunset. The daytime average of RO2* (31.11 pptv) was 1-3 times higher than those 316 

reported in most suburban areas, while was lower than those observed in urban areas 317 

(Tan et al., 2019; Wang et al., 2023).  318 

In addition, our observed RO2* exhibited nonlinear response to NO variation 319 

(Figure 4b). At low NO levels, RO2* increases with NO by promoting the RO2*–HOx 320 

propagation cycle. Once NO exceeds about 1 ppbv, the excess NO rapidly converts 321 

peroxy radicals into termination products (e.g. organic nitrates), thus interrupting the 322 
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radical chain cycle and leading to a decline in RO2* concentrations (Thornton et al., 323 

2002). The turning point of NO response is higher than that reported in previous 324 

studies(Ma et al., 2022; Wei et al., 2023; Yang et al., 2022). High turning point could 325 

be attributed to elevated VOCs reactivity due to distinct VOC components supporting 326 

more rapid RO2* production at this coastal site. 327 

 328 

Figure 4. Diurnal variation of RO2* and its dependence on NO concentration. (a) Average diurnal 329 

variation of RO2* during the observation period. The gray shaded areas indicate nighttime (18:00–330 

06:00), the dark line represents the median values, and the light blue shading shows the interquartile 331 

range (25th–75th percentile). (b) Boxplots of RO2* distributions under different NO concentration 332 

ranges. The black line inside each box denotes the median, and the red triangles indicate the mean 333 

RO2* values for each NO interval. 334 

 335 

3.4 Local production and Transport of Ozone 336 

The instantaneous ozone production rate is driven by peroxy radical chain 337 

propagation involving the reaction of NO and RO2* (Griffith et al., 2016) . Therefore, 338 

we calculated P(O3) based on measured RO2* using Eq. 5. Since the rate constants of 339 

HO2 + NO and RO2 + NO reactions are similar (the difference between kNO+HO2 and ki 340 

is less than 10%) (Orlando and Tyndall, 2012), an effective rate constant keff is adopted 341 

for the calculation, which is typically approximated by the value of kNO+HO2 (Anderson 342 

et al., 2019). The photochemical loss of ozone D(O3) is calculated using Eq. 6, including 343 

the photolysis, reactions with OH and HO2, and the reaction of NO2 with OH (Tan et 344 

al., 2021). Here, D(O3) was derived using kinetic rate constants together with observed 345 

mean concentrations (and representative literature values for unmeasured species) 346 
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under 298 K and 1 atm. Using the typical conditions (j(O1D)=1.0×10⁻⁵ s⁻¹, OH=1.0×106 347 

cm-3, NO=10 ppbv, O3=40 ppbv, HO2≈15 pptv), D(O3) was estimated to be ~0.70 ppbv 348 

h⁻¹, accounting for only ~5% of P(O3). Therefore, P(O3) can be approximated as P(O3)net. 349 

𝑃(𝑂3) = 𝑘𝑁𝑂+𝐻𝑂2
[𝐻𝑂2][𝑁𝑂] + [𝑁𝑂] ∑ 𝑘𝑖[𝑅𝑂2]𝑖

𝑖
= 𝑘𝑒𝑓𝑓[𝑅𝑂2

∗][𝑁𝑂] (𝐸𝑞. 5) 350 

𝐷(𝑂3) = 𝑓𝐻2𝑂𝑗(𝑂1𝐷)[𝑂3] + 𝑘𝑂𝐻+𝑂3
[𝑂𝐻][𝑂3] + 𝑘𝐻𝑂2+𝑂3

[𝐻𝑂2][𝑂3] + 𝑘𝑂𝐻+𝑁𝑂2
[𝑂𝐻][𝑁𝑂2](𝐸𝑞. 6) 351 

𝑃(𝑂3)𝑛𝑒𝑡 = 𝑃(𝑂3) − 𝐷(𝑂3) (𝐸𝑞. 7) 352 

Substantial variability in P(O3) was observed during the campaign, with daily peak 353 

values ranging from 11 to 110 ppbv·h-1 and a daytime average of 14.41 ± 17.04 ppbv·h-354 

1 (Figure. 3e). After sunrise, with increasing solar intensity and NO concentrations, 355 

photochemical reactions became more active, leading to a rapid increase in P(O3), 356 

which peaked around 10:00 (~27 ppbv·h⁻¹) (Figure. 5a). Subsequently, P(O3) gradually 357 

decreased in the afternoon with the weakening solar radiation. We found a sustaining 358 

increase of P(O3) with NO concentration (Figure. 5b), suggesting that ozone formation 359 

fell within the NOx-limited regime under typical daytime conditions at this site. Similar 360 

positive P(O3)–NOx relationships have been reported in both urban and suburban 361 

environments — such as the Nashville plume study(Thornton et al., 2002), rural North 362 

China field campaigns(Tan et al., 2018a), and recent observations in Hefei (Yu et al., 363 

2023). The consistent increase of P(O3) and RO2* within low NOx levels demonstrate 364 

that the chain propagation for peroxy formation can be enhanced by NO increase and 365 

jointly accelerate instantaneous P(O3).  366 

 367 

Figure 5. Diurnal variation and NO-dependent distribution of P(O3). (a) Average diurnal profile of 368 
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P(O3) during the observation period. The gray shaded area represents nighttime (18:00–06:00). The 369 

dark line denotes the median, and the light blue shading indicates the interquartile range (25th–75th 370 

percentile). (b) Box plots of P(O3) under different NO concentration ranges. The black line inside 371 

each box represents the median, and the red triangle marks the mean value within each interval. 372 

 373 

We summarized previously reported observations of RO2*, P(O3), and related 374 

parameters in Table 1. The P(O3) observed in this study was generally higher than those 375 

at low-NO sites such as Wangdu (10.44 ppbv·h⁻¹), San Antonio (4.2 ppbv·h⁻¹), and 376 

Hefei (5.91 ppbv·h⁻¹) except for a suburban site in northern China (19.5 ppbv·h⁻¹). Even 377 

high-NO sites like Paris (15.8 ppbv·h⁻¹) and Heshan (18.1 ppbv·h⁻¹) —  showed 378 

comparable or slightly higher P(O3) than our results. This comparison suggests that, 379 

despite the moderate RO2* levels at our site, the instantaneous photochemical ozone 380 

production remained considerably strong, pointing to an efficient RO2*–NOx catalytic 381 

cycle in Zhuhai.  382 

Table 1. Summary of observed RO2*, HO2, NO, O3, and P(O3) during the field campaign. 383 

Region Location 
Season, 

year 

RO2* 

(pptv) 

HO2 

(pptv) 

NO 

(ppbv) 

O3 

(ppbv) 

P(O3) 

(ppbv/h) 
References 

Suburban Paris, France 
Summer, 

2009 
5.6 / 4 38 15.8d 

(Michoud et 

al., 2012) 

Rural 
Wangdu, 

China 

Summer, 

2014 
43.23a 19.52a 0.72a 72.37a 10.44a,c 

(Tan et al., 

2017) 

Suburban Heshan,China  
Autumn,

2014 
17.1 10.2 2.5 42.5 18.1c 

(Tan et al., 

2019) 

Urban 
San Antonio, 

USA 

Summer, 

2017 
37b / 0.23b 40b 4.2b,c 

(Anderson et 

al., 2019) 

Urban 
Guangzhou, 

China 

Autumn, 

2018 
91.5 / 4.31 31.6 / 

(Wang et al., 

2023) 

Suburban Hefei, China 
Summer, 

2020 
27.62 / 0.37 55.19 5.91c 

(Yu et al., 

2023) 

Suburban 
Huaibei, 

China 

Autumn, 

2021 
50.34 / 0.3 52.66 19.5d 

(Wei et al., 

2023)  

Coastal Zhuhai, China 
Autumn, 

2024 
31.11 / 0.84 54.44 14.41c This work 
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Note: All unmarked data represent daytime averages (06:00–18:00). 384 
a indicates daytime median values (06:00–16:00); 385 
b indicates daytime median values (07:00–20:00); 386 
c represents P(O3) calculated based on the observed peroxy radical concentrations; 387 
d represents P(O3) calculated based on model-simulated peroxy radicals; 388 

“/” represents data not available. 389 

 390 

Based on our measurements, we can quantitatively distinguish the relative 391 

contributions from local photochemical production and regional transport to surface O3. 392 

Considering the rapid equilibrium between NO2 and O3, the variation of odd oxidants 393 

(d[Ox]/dt, where Ox = O3 + NO2) is used to reflect the combined influence of local 394 

photochemical and transport on surface ozone. Therefore, the transport impact can be 395 

expressed by R(O3), which is calculated from the difference between d[Ox]/dt and 396 

P(O3)net as defined in Eq. 8:  397 

𝑅(𝑂3) =
𝑑𝑂𝑥

𝑑𝑡
− 𝑃(𝑂3)𝑛𝑒𝑡 (𝐸𝑞. 8) 398 

Here, the sign of R(O3) indicates the different influences from transport. When 399 

R(O3) > 0, regional transport enhances local O3 concentrations, suggesting that O3 could 400 

be contributed by transport from surrounding regions. Conversely, R(O3) < 0 implies 401 

that transport acts as a dilution or export role in regulating the surface ozone. 402 

The contribution from local photochemical production and transport to surface O3 403 

exhibited distinct patterns under different pollution conditions (Figure 6). We define the 404 

polluted days as the maximum O3 concentration exceeding the national Class I standard 405 

of 160 μg/m3, while the clean periods corresponded to days with a maximum hourly O3 406 

concentration below 120 μg/m3. A total of 14 days and 4 days is categorized into 407 

polluted and clean periods, respectively. The daytime increase in ozone concentration 408 

in Zhuhai was primarily driven by local photochemical production, whereas regional 409 

transport generally exhibited an export effect. However, the magnitudes and temporal 410 

patterns of their contributions differed significantly between clean and pollution 411 

scenarios. The P(O3) exhibited similar diurnal variations among both polluted and clean 412 

days, while polluted periods showed stronger ozone formation than clean periods. 413 

Specifically, the peak P(O3) on polluted days reached ~30 ppbv h⁻¹, which was 414 

approximately 50% higher than that on clean days (~20 ppbv h⁻¹). In contrast to P(O3), 415 
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the behavior of R(O3) on polluted days diverged significantly from that on clean days. 416 

Around midday, R(O3) on polluted days rose rapidly from negative value to zero and 417 

became slightly positive, indicating a suppressed airmass dispersion or even slight 418 

import from regional O3. The distinct transport patterns during polluted days are 419 

attributed to frequent coastal wind-field convergence that weakened ventilation. Such 420 

weakening export in the midday facilitated the rapid accumulation of locally produced 421 

ozone and contributed to the higher O3 peaks during polluted days compared to clean 422 

days. As a result, the elevated surface ozone on polluted days was resulted from the 423 

combined effect of stronger photochemical production and reduced O3 export in the 424 

midday, whereas the P(O3) was almost offset by the transport effect of O3 in clean days 425 

leading to flat variation of O3. 426 

 427 

Figure 6. Diurnal variations of P(O3), d[Ox]/dt, and R(O3) during (a) polluted and (b) clean periods. 428 

The red line represents the photochemical ozone production rate P(O3), the blue line indicates the 429 

rate of change of total oxidants d[Ox]/dt, and the black line corresponds to the regional transport 430 

rate R(O3). The shaded areas (00:00–06:00 and 18:00–24:00) represent nighttime periods. 431 

 432 

4. Conclusions 433 

This study combined the PERCA technique with CEAS to develop a single-channel 434 

PERCA–CEAS system. The system enables real-time, online measurements of RO2*, 435 

providing a robust technical support for evaluating atmospheric oxidation capacity and 436 

elucidating tropospheric photochemical mechanisms. Experimental investigations were 437 

conducted to determine key parameters affecting measurement performance. The 438 
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