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Abstract

Atmospheric total peroxy radicals RO>* (

play central roles in tropospheric chemistry, governing the formation of ozone
and secondary aerosols. However, due to their extremely low concentrations and high
reactivity, direct observation of RO>* remains challenging. In this study, a compact
instrument for in-situ measurement of RO>* was developed by combining the Peroxy
Radical Chemical Amplification (PERCA) technique with Cavity-Enhanced
Absorption Spectroscopy (CEAS).

, the system can achieve a chemical chain length of

and an optimal detection limit of 0. pptv (1o, 3 min), enabling highly sensitive
measurements of ambient peroxy radicals. The self-constructed PERCA—CEAS system
was successfully deployed in a field campaign during autumn in Zhuhai to observe
ambient RO>*. During the observation period, the mean daytime RO>* was 31.11 +
18.87 pptv, which resulted in an average of 14.41 + 17.04 ppbv/-h The
comparison of O3 variation and derived P(O3) indicates that the daytime ozone

enhancement in Zhuhai was primarily driven by local photochemical production, while
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regional transport acted mainly as an export effect. Our results demonstrate that a
compact PERCA—CEAS system is capable of ambient RO>* measurements and suggest
the need of diagnosing O3 formation pattern with the constraint of high time-resolution

RO>* concentration.

Short Summary

This study developed a portable measurement system based on cavity-enhanced
absorption spectroscopy, enabling highly sensitive online monitoring of total peroxy
radicals in the atmosphere. The system is compact and was successfully deployed in a
field campaign in Zhuhai during autumn. The results indicate that daytime ozone
enhancement in this region was primarily driven by local photochemical production,

while regional transport mainly played an export role.
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1. Introduction

In the troposphere, total peroxy radicals RO>* (RO; = HO, + ), RO,) are key
reactive species that drive photochemical reaction chains in the atmosphere (Monks,
2005). The production and recycling of RO>* determine both the persistence and
efficiency of photochemical reactions. The continual regeneration of NO> through
radical-NOx chain reactions sustains ozone production and leads to its accumulation
(Orlando and Tyndall, 2012; Wang et al., 2022). Moreover, the removal of RO>* also

to the formation of secondary organic aerosols (Chen et al., 2022;
Ehn et al., 2014; Zou et al., 2025), which plays a crucial role in regional air quality and
climate impacts (Liang et al., 2024). Therefore, understanding the spatiotemporal
variations of RO>* is essential for elucidating the evolution of regional atmospheric
oxidation capacity and assessing pollution formation potential.

Significant advancements have been made in atmospheric peroxy radical
measurement techniques over the past few decades, primarily categorized into two
technological pathways: direct and indirect measurements (Gao et al., 2023). The
microwave-induced electron spin resonance (MIESR) method identifies radicals
through the resonance of unpaired electrons, providing the most direct evidence of their
detection. However, MIESR suffers from low sensitivity and complex operation
requirements (Mihelcic et al., 1985, 1990). Indirect measurement techniques detect
ROz* by converting it into measurable species through chemical reactions. For example,
the (LIF) technique determines
RO>* concentrations by measuring the OH fluorescence signal generated from the
reaction between RO>* and NO. This method offers high sensitivity and selectivity,
whereas it requires a complex setup and is prone to environmental interferences (Lu et
al., 2012; Whalley et al., 2013).

(PerCIMS)
method converts RO>* into characteristic ions through ion—molecule reactions,
enabling highly sensitive and selective quantification of specific radicals (Edwards et
al., 2003; Hornbrook et al., 2011). Unlike other , the peroxy

(PERCA) measures
RO>* by amplifying its signal into a large amount of NO; through a chain reaction. The
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PERCA system has relatively high sensitivity to atmospheric RO; radicals. The simple
construction and routine maintenance for this system ensure the stable measurement on
the field. As a result, PERCA has been widely employed in atmospheric observations
(George et al., 2020; Liu and Zhang, 2014; Wei et al., 2023).
In the PERCA system, NO and CO are introduced to
chain reactions peroxy radicals into detectable NO>
. When sampled air enters the reactor, RO» reacts with NO to produce

HO» (R1, R2). The HO> then reacts with excess NO to generate OH and NO;
(R3), and the OH reacts with CO to recycle back to HO, (R4). Through this chain
reaction cycle, the low-concentration peroxy radical signal is progressively amplified
into a high-concentration NO2 signal (Cantrell et al., 1996). The chemical chain length
(CL), defined as the average number of radical propagation cycles occurring within the
reactor, serves as a quantitative indicator of the amplification efficiency. The magnitude
of CL is governed by the competing rates of radical propagation, termination reactions,
and physical losses inside the reactor (Kartal et al., 2010; Reichert et al., 2003). Once
the amplified NO; concentration (ANO>) is determined, the concentration of RO>* in

ambient air can be derived using the calibrated CL value according to Eq. (1).

RO, + NO - RO + NO, (R1)

RO + 0, » HO, + RCHO (R2)

HO, + NO - OH + NO, (R3)

OH + CO(+M) » HO, + CO,(+M) (R4)
.. A[NO,]

[RO3] = CL (Eq.1)

Significant progress has been made in peroxy radical chemistry observations and
modeling studies in China in recent years. However, most field measurements have
been conducted in the major city clusters, such as North China Plain (Ma et al., 2019;
Tan et al., 2017, 2018b) , the Yangtze River Delta (Lou et al., 2022; Ma et al., 2022) ,
and the Pearl River Delta (Lu et al., 2012; Tan et al., 2019; Yang et al., 2022) , while
other regions remain underexplored. In addition, RO>* studies have primarily focused
on the urban and inland areas, with limited exploration within the coastal boundary
layer (Zhang et al., 2023). The lack of peroxy radical measurements would also
constrain direct assessment of photochemical ozone production. In-situ measurements
of ambient RO>* provide a direct basis for calculating local P(O3), as previous studies
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have demonstrated that observed peroxy radical concentrations enable quantitative
assessment of instantaneous ozone production rates and its related chemistry across
diverse chemical environments (Sommariva et al., 2010; Thornton et al., 2002).
Furthermore, the calculated local P(O3) combined with the observed O3 variation
provides a powerful means to quantify the contribution of ozone transport (Tan et al.,
2021). Therefore, developing portable and high—-time-resolution RO>* measurement
techniques and applying them to diverse atmospheric environments are crucial for
advancing our understanding of complex photochemical processes in the troposphere.

In recent years, optical techniques such as Cavity Enhanced Absorption
Spectroscopy (CEAS) have developed rapidly. In our previous work, we constructed a
compact and lightweight CEAS instrument with high temporal and spatial resolution
for precise NO2> measurements (Zheng et al., 2024). Building upon this foundation, the
current study integrates CEAS with the PERCA system, enabling portable and stable
detection of ambient RO>* . We utilized this system to conduct
observations of RO»* concentration levels in a coastal area during the autumn. Based
on our measurements, the local photochemical P(O3) was derived and subsequently
applied to the influence of transport on Oz under both clean and

polluted conditions.

2. Experiment and methods

The design of our instrument emphasizes a balance between detection
performance (e.g-.. sensitivity and accuracy) and portability in the field. The PERCA-
CEAS system consists of two major components: a chemical amplification module and
an NO: detection module. The former converts trace radicals into detectable NO-
signals, while the latter provides precise quantification of the generated NO». The
chemical amplification module adopts a single-channel configuration to reduce system
complexity and physical size while maintaining measurement accuracy. Although
conventional dual-channel PERCA systems can effectively remove background
interferences, they require two NO; detectors operating in parallel (Chen et al., 2016;
Liu and Zhang, 2014), leading to potential discrepancy resulted from optical parameters
and flow between two channels. In contrast, the single-channel design offers better
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structural compactness and operational stability. The produced NO> concentration is
measured by a self-built CEAS system, which features compact size (40 cm % 30 cm x
17 cm) and lightweight design (5.80 kg). Detailed information of CEAS is provided in
our previous work (Zheng et al., 2024). The overall structure of the PERCA-CEAS

system is presented in Figure-: 1.
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Figure 1. Schematic diagram of the PERCA-CEAS system. The purple dash line portion represents
the standard source module, which consists of the standard gas generation unit and the relative
humidity (RH) control unit (outlined in green) and is used for calibrating the system chain length.
The blue dash line portion represents the measurement module, comprising the chemical
amplification unit and the NO; detection unit, which together enable the quantification of

atmospheric peroxy radicals.

2.1 Chemical amplification module

NO and CO gases
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system accompanied by Nz as a balancing gas. To ensure gas purity, a-series—of

NO (100 ppmv in N») was passed through a ferrous sulfate heptahydrate (FeSO4-7H>0)
filter to remove trace NO, by-reduction—whtle-impurities. The flow rate of this NO

mixture was regulated at 120 mL/min, achieving a final concentration of 8 ppmv in the

reactor. Similarly, high-purity CO gas (99.99%) was purified-withpassed through an

activated carbon column to eliminate residual carbonyl compounds from—the—gas

eyhinder—before entering the reactor at 120 mL/min, corresponding to a constant

concentration of 8% (v/v) during amplification mode. The total system flow was

maintained at 1500 mL/min using mass flow controllers, corresponding to a residence

time of approximately 3 s in the reaction zone.

To accommeodateecnable automated switching between amplification and

background modes in the single-channel configuration, an automatic modevalve-

switching module

while both- No-anddriven by a programmable timer was developed. The flow paths of

CO flewsand N> were divided-into-controlled using four two-branches-through-a-three-

way solenoid valve-before-enteringthe system-valves, with two valves assigned to each
oas line. During the amplification mode, NO-and-CO-are-introduced fromthe timer

directs CO to the front inlet to initiate the chain reaction with NO, while N> is routed to

the rear inlet. Conversely, in the background mode, the valve states are toggled so that

Ny is introduced at the front end-and No—from-therearduring-the backeround-mede;
NO-and-No-enterfrom-the front-while- CO-isfed-fromand CO is directed to the rear. A
programmable-timer-controls-the-openingand-elosingBy synchronizing the switching

of these four seleneid-valves, alowing timed-switching between-the two-medessystem
achieves stable and enablingautomated mode transitions for real-time enline-detection

of peroxy radicals.
Humidity plays a critical role in determining the efficiency of chemical
amplification reactions. To control water vapor levels, a Nafion tube dryer (model MD-

700-12-F-3, total length 40 cm, effective length 30 cm. [D 1.78cm) was used to remove

water vapor and serve as the chemical amplification reaction placechamber in the
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meantime. To ensure efficient drying and maintain a low-humidity sample stream, a
continuous flow of dry purge gas was introduced along the outer side of the Nafion tube.
In this work, the dry purge gas was generated by a pump-driven system connected in
series with a drying tube filled with indicating silica gel. The gas was first deeply dried
through the silica gel column to ensure extremely low moisture content before being
circulated from the lower inlet to the upper outlet of the Nafion tube, forming a closed-
loop flow. A humidity sensor was installed at the outlet of the sample stream to
continuously monitor the relative humidity inside the reaction tube. Through this
precise humidity control, the relative humidity esduring the chemical amplification
process was maintained underbelow 20%, ensuring system stability and improving the

reliability of the experimental results.

2.2 Chain length calibration
As described in the principle of the chemical amplification method (Eq. (1)), the

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

reaetton(R6):In this work, CL was determined using on-site peroxy radical calibration

sources based on water vapor photolysis. A pen-type Heg lamp was used to photolyze

H>0 in an N carrier gas (mixture of dry and humidified N»), producing H atoms and

OH radicals (R5). Immediately downstream of the lamp, a mixture of synthetic air and

reagent gases (CO/N»> or CH4/N») was introduced to allow rapid mixing with the

photolysis products and reduce radical wall losses. In this configuration, H atoms react

with O» in the synthetic air to form HO» (R6), while the reagent gases control the radical

composition. When CO is used as the reagent gas, OH radicals are quantitatively

converted to HO» (R4), providing a HO» calibration source without interference from

OH and RO» radicals. When CH4 (150 ppm in N>) is used instead of CO, OH reacts

with CH4 to form CH30O» (R7), vielding a mixed peroxy radical source containing
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approximately 50 % HO» and 50 % CH3O; under typical calibration conditions. In all

cases, the relative humidity in the calibration flow was adjusted to ~10 %, vielding a

stable peroxy radical concentration of ~1-3 ppbv.

H,0 + Av —» OH + H (R5)
H+0,+M—>HO,+M (R6)
OH + CH, + 0, + M > CH30, + H,0 + M (R7)

The CL was determined using four distinct NO» signals detected by the CEAS. For

the pure HO» source, the Hg lamp was switched on and CO was introduced immediately

behind the H>O photolysis zone, with NO at the inlet of Nafion reactor. Under these
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3. Results and discussion

3.1 Dependence of the CL on Reaction Conditions

The CL is influenced by several factors, including the concentrations of reactive
gases, reaction time, relative humidity, and wall losses (Liu and Zhang, 2014). To
investigate the response of CL to these parameters in our PERCA-CEAS system, we
measured the CL under a series of controlled conditions

, specifically by varying NO concentrations and RH levels. The CL

measurement was repeated at least five for each condition. For the
subsequent experiments, the CO concentration was fixed at 8%, which is sufficiently
high to sustain efficient HO, production while remaining within safe limits of CO
(explosion range: 12.5-74.2%).

To assess how NO concentration influences CL, we conducted a series of
experiments under varying NO levels while keeping the relative humidity fixed at 10%.
As shown in Figure 2(a), CL increases steadily with increasing NO concentration and

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

10



274
275
276
277

279
280
be1
282
283
284
85
286
287
288
289

290

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

At high RH, water vapor on the reactor walls enhances the heterogeneous uptake
of RO> and HO» and promotes HOx-terminating reactions, thereby suppressing chain
propagation and shortening the CL (Mihele et al., 1999; Yang et al., 2019)-.. To quantify
the effect of RH on the CL, a custom-built humidifier was used to control the flow rate
of the humidified gas, thereby generating HO> sources at different RH levels (10%—
50%). The relative humidity of the sample gas was monitored by a temperature
humidity sensor installed downstream of the Nafion reaction tube. The experimental
results, presented in Figure 2(b), demonstrate a substantial decrease in CL as the RH
increases. Specifically, when the relative humidity (RH) of the sample gas passing
through the Nafion dryer reaches 50%, the chain length drops by more than %,
a reduction that severely compromises the sensitivity required for accurate field RO>*
measurements. Consequently, to ensure optimal measurement performance, the RH of
the airflow entering the amplification zone is strictly controlled to remain below 20%

during field campaigns, corresponding to 45% RH in ambient air.
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292  Figure 2. (a) Relationship between the CL and NO concentration under conditions of 10% RH and
293 8% CO concentration. (b) Variation of CL with RH at a fixed NO concentration of 8 ppm and CO

294 concentration of 8%. (Error bars represent the standard deviation of five independent measurements.)
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306 The optimal CL for the PERCA-CEAS measurement system was determined to be

807  30+2 under the conditions of RH = 10%., NO = 8 ppm, and CO = 8% based on the pure

808 HO», calibration. Calibration using a mixed radical source consisting of 50% HO» and

B09 50% CH30» vielded a CL of 2441 under the same conditions. As summarized in Table

310 1, the obtained CL is lower than values reported in most previous PERCA studies,

811  which were typically above 50 and occasionally exceeded 200 (George et al., 2020:

812 Wood and Charest, 2014). The differences in CL are primarily attributed to wall loss of

813 HOs;radicals due to reactor material, reactor design and working pressure. Although the

12
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320 In the PERCA—CEAS system, the concentration of RO>* is determined by
321  converting it into measurable NO; through chain reactions with excess NO.
322  Consequently, the overall detection limit of the system depends on both the detection
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limit of NO; and the CL, as described by Eq. (3). The LOD for the CEAS-NO;
modeldetector was determined under laboratory conditions by continuously measuring
high-purity zero-air for over 5 hours and calculating the standard deviation of blank
noise (-Zheng et al., 2024)-. At a 3 min time resolution, the LOD of NO> was determined

to be 11.4 pptv, whichieldcorresponding to a detection limit of 0.238 pptv (15, 3min)

for RO»%:*, based on a CL of 30 derived from the pure HO» calibration.
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The overall measurement uncertainty of the system was quantified using the

Gaussian error propagation (Eg. (4)). Four major sources contribute to the total

uncertainty: (1) NO, measurement uncertainty (6%), which includes uncertainties in

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

length (0.5%), and pressure measurement (0.1%). (2) CL calibration uncertainty (6.7%),

derived from repeated calibration results (30 £2). (3) Uncertainty in radical partitioning.

This arises from variability in the relative contributions of HO> and CH30» to total

peroxy radicals. Based on the reported HO2/RO» (0.8—1.2) and CH302/R0O> (0.85-0.95)

ratios from Stone et al., (2010), the mole fraction of CH3O» in total peroxy radicals (f)

is estimated to be 0.41-0.54. Under these conditions, the use of an HO»-based

calibration would introduce a systematic bias of 16-22% in the derived RO>*

concentration. (4) PAN interference. The thermal decomposition of PAN represents a

potential source of interference, as it releases NO> and peroxy radicals that can trigger
14
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3.3 Field Observation of RO>*

The instrument has been deployed in a field campaign to evaluate the performance
of instrument under real conditions. All instruments are placed
on the roof of a six-story building the campus of Sun Yat-sen University (22°21'06"
N, 113°35'42" E), which is located the western shore of the Pearl River Estuary
and approximately 15 km from downtown Zhuhai. The observation site mainly received
an airmass mixed with vehicle emissions from a traffic artery (~ ) and
nearby residential areas. There are no major industrial facilities in the surroundings.

The field observation campaign was conducted from October 26 to November 15,
2024, producing more than 15 days of valid continuous RO * radical data. For PERCA-
CEAS operation, both the chemical amplification mode and the background mode were
set to 90 s in this observation, resulting in a time resolution of 3 min. Ambient
temperature and relative humidity were continuously monitored using a temperature
humidity probe (HC2A-SH, ROTRONIC, Switzerland). The concentrations of NO and
NO; were measured by a commercial chemiluminescence analyzer ( 42i-TL,
Thermo, USA), while O3 concentrations were obtained using a UV photometric
analyzer (Model 491, Thermo, USA). The mirror reflectivity of the CEAS detector was
calibrated before and after the campaign, and the results remained consistent.

Figure 3(a-c) presents the time series of meteorological parameters and major
15
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pollutants during the observation period. Ambient temperature was consistently above
25 °C, with an average value of 28.44 + 1.5 °C. Due to the coastal meteorological
conditions, the RH was relatively high and clear diurnal variations—
lower during the day and higher at night—ranging from 25% to 85%, with an average
of 55.98 £ 12.53%. Low NO and NO; concentrations were observed with an average
0f0.34£0.81 ppbv and 13.21 £4.72 ppbv, respectively, indicating generally weak NOx
emissions from traffic at this site. The daily maximum of O3 concentrations ranged from
116 ppbv
44.86 + 25.03 ppbv, suggesting a moderate level of photochemical pollution during the

observation period.
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Figure 3. Time series of meteorological parameters (T, RH), major pollutants (O3, NOx, RO»*), and
P(Os ) during the autumn observation period of 2024, with a temporal

resolution of 1 hour.

Compared to previous observation in PRD region, moderate levels of RO>* were
observed with the daily peaks ranging from 48 to 87 pptv (Figure 3d). The RO>*
exhibited a pronounced daytime peak, with an average of 51.3 pptv at around 13:00,
and deceased to around 20 pptv at night (Figure 4a). The relatively high level of RO>*
at night indicates the presence of a nighttime peroxy radical source possibly due to NO3

chemistry oxidation.

The daytime average of RO2* (31.11 pptv) was 1-3 times higher
than those reported in most suburban areas, while it was lower than those observed in
urban areas (Tan et al., 2019; Wang et al., 2023).

In addition, our observed RO>* exhibited nonlinear response to NO variation

17
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(Figure 4b). At low NO levels, RO>* increases with NO by promoting the RO>*~HOx
propagation cycle. Once NO exceeds about 1 ppbv, the excess NO rapidly converts
peroxy radicals into termination products (e.g., organic nitrates), thus interrupting the
radical chain cycle and leading to a decline in RO>* concentrations (Thornton et al.,
2002). The turning point of NO response is higher than that reported in previous studies
(Ma et al., 2022; Wei et al., 2023; Yang et al., 2022).
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Figure 4. Diurnal variation of RO>* and its dependence on NO concentration. (a) Average diurnal
variation of RO.>* during the observation period. The gray shaded areas indicate nighttime (18:00—
06:00), the dark line represents the median values, and the light blue shading shows the interquartile
range (25th—75th percentile). (b) Boxplots of RO>* distributions under different NO concentration
ranges. The black line inside each box denotes the median, and the red triangles indicate the mean

RO,* values for each NO interval.
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436 3.4 Local production and Transport of Ozone

437 The instantaneous ozone production rate is driven by peroxy radical chain
}438 propagation involving the reaction of NO and RO>* (Griffith et al., 2016)--. Therefore,
439  we calculated P(O3) based on measured RO>* using Eq. 5. Since the rate constants of
440 HO>+ NO and RO> + NO reactions are similar (the difference between kno+no2 and k;
441  isless than 10%) (Orlando and Tyndall, 2012), an effective rate constant kefr is adopted
442  for the calculation, which is typically approximated by the value of kno+no2 (Anderson
443  etal., 2019). The photochemical loss of ozone D(O3) is calculated using Eq. 6, including
444 the photolysis, reactions with OH and HO», and the reaction of NO; with OH (Tan et
445  al., 2021). Here, D(O3) was derived using kinetic rate constants together with observed
446  mean concentrations (and representative literature values for unmeasured species)
447  under 298 K and 1 atm. Using the typical conditions (j(O'D)=1.0x10-s!, OH=1.0x10°
448  cm>, NO=10 ppbv, O3=40 ppbv, HO>~15 pptv), D(O3) was estimated to be ~0.70
A49  ppbv:-h', accounting for only ~5% of P(Os). Therefore, P(O3) can be approximated as
A50  P(O3)net.

451

A52

453 P(03) = kno+ro,[HO,][NO] + [NO] Z.ki[ROZ]i = kesr[ROZ]INO]  (Eq.5)

L

454 D(03) = fu,0j(0*D)[03] + kon+o,[OHI[03] + kno,+0,[HO,1[03] + kon+no,[OH][NO,](Eq. 6)
455 P(03)net = P(03) — D(03) (Eq.7)

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

AS57  values ranging from to ppbv-h! and a daytime average of 14.41 + 17.04

458  ppbv-h! (Figure- 3e). After sunrise, with increasing solar intensity and NO
459  concentrations, photochemical reactions became more active, leading to a rapid
460 increase in P(O3), which peaked around 10:00 (~27 ppbv-h') (Figure:- 5a).

461  Subsequently, P(O3) gradually decreased in the afternoon with the weakening solar

462  radiation. We found a sustaining increase of P(O3) with NO concentration (Figure- 5b),
463  suggesting that ozone formation fell within the NOx-limited regime under typical
464  daytime conditions at this site. Similar positive P(O3)-NOx relationships have been
65  reported in both urban and suburban environments — such as the Nashville plume study

66  (Thornton etal.,2002), rural North China field campaigns (Tan et al., 2018a), and recent
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467
A68
469

470

A7l
A72
A73
A74
A75
476
477
478

479

}480

observations in Hefei (Yu et al., 2023). The consistent increase of P(O3) and RO>*
within low NOx levels that the chain propagation for peroxy

formation can be enhanced by NO increase and jointly accelerate instantaneous P(O3).
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Figure 5. Diurnal variation and NO-dependent distribution of P(0O3). (a) Average diurnal
profile of P(0O3) during the observation period.

The dark line denotes the median, and the light blue shading indicates the
interquartile range (25th—75th percentile). (b) Box plots of P(O3) under different NO
concentration ranges. The black line inside each box represents the median, and the red triangle

marks the mean value within each interval.

We summarized previously reported observations of RO>*, P(O3), and related

parameters in Table +2. The P(Os3) observed in this study was generally higher than
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481

those at low-NO sites such as Wangdu (10.44 ppbv-h™"), San Antonio (4.2 ppbv-h™),

482  and Hefei (5.91 ppbv-h™) except for a suburban site in northern China (19.5 ppbv-h™).
)483 Even high-NO sites like Paris (15.8 ppbv-h™) and Heshan (18.1 ppbv-h™) showed
484  comparable or slightly higher P(O3) than our results. This comparison suggests that,
485  despite the moderate RO>* levels at our site, the instantaneous photochemical ozone
486  production remained considerably strong, pointing to an efficient RO>*~NOx catalytic
487  cycle in Zhuhai.

|488 Table 12. Summary of observed RO>*, HO», NO, O3, and P(O3) during the field campaign.

Season,  RO* HO; NO 03 P(0O3)

year (pptv)  (pptv)  (ppbv)  (ppbv)  (ppbv/h™)

‘ Region Location References

Summer, (Michoud et
Suburban  Paris, France 5.6 / 4 38 15.84
2009 al., 2012)
Wangdu, Summer, (Tan et al.,
Rural 43.23*  19.522 0.722 72.37° 10.443¢
China 2014 2017)
Autumn, (Tan et al.,
Suburban  Heshan,China 17.1 10.2 2.5 42.5 18.1¢
2014 2019)
San Antonio, Summer, (Anderson et
Urban 37° / 0.23b 40b 4.2bc
USA 2017 al., 2019)

Guangzhou,  Autumn,

Urban 91.5 / 431 31.6 /
China 2018
Summer, (Yuetal.,
Suburban  Hefei, China 27.62 / 0.37 55.19 5.91¢
2020 2023)
Huaibei, Autumn, (Wei et al.,
Suburban 50.34 / 0.3 52.66 19.5¢
China 2021 2023)
Autumn,
Coastal Zhuhai, China 31.11 / 0.84 54.44 14.41¢ This work
2024
489 Note: All unmarked data represent daytime averages (06:00—-18:00).
490 2indicates daytime median values (06:00—16:00);
491 b indicates daytime median values (07:00-20:00);
492 ¢ represents P(O3) calculated based on the observed peroxy radical concentrations;
493 d represents P(Os) calculated based on model-simulated peroxy radicals;
494 “/” represents data not available.
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Based on our measurements, we can quantitatively distinguish the relative
contributions from local photochemical production and regional transport to surface Os.
Considering the rapid equilibrium between NO: and Os, the variation of odd oxidants
(d[Ox]/dt, where Ox = Oz + NO,) is used to reflect the combined influence of local
photochemical and transport on surface ozone. Therefore, the transport impact can be
expressed by R(Os), which is calculated from the difference between d[Ox]/dt and
P(O3)net as defined in Eq. 8:

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

R(05) =

- P(O3)net (Eq' 8)

R(0O3) > 0, regional transport enhances local O3 concentrations, suggesting that O3 could
be contributed by transport from surrounding regions. Conversely, R(O3) < 0 implies
that transport acts as a dilution or export role in regulating the surface ozone.

The contribution from local photochemical production and transport to surface O3
exhibited distinct patterns under different pollution conditions (Figure 6). We define the
polluted days as the maximum O3 concentration exceeding the national Class I standard
of 160 pg/m?, while the clean periods corresponded to days with a maximum hourly O3
concentration below 120 pg/m’. A total of 14 days and 4 days categorized into
polluted and clean periods, respectively. The daytime increase in ozone concentration
in Zhuhai was primarily driven by local photochemical production, whereas regional
transport generally exhibited an export effect. However, the magnitudes and temporal
patterns of their contributions differed significantly between clean and pollution
scenarios. The P(O3) exhibited similar diurnal variations among both polluted and clean
days, while polluted periods showed stronger ozone formation than clean periods.
Specifically, the peak P(O3) on polluted days reached ~30 ppbv—h™', which was
approximately 50% higher than that on clean days (~20 ppbv--h*). In contrast to P(O3),
the behavior of R(O3) on polluted days diverged significantly from that on clean days.
Around midday, R(Os3) on polluted days rose rapidly from a negative value to zero and
became slightly positive, indicating a suppressed airmass dispersion or even slight
import from regional Os. The distinct transport patterns during polluted days are
attributed to frequent coastal wind-field convergence that weakened ventilation. Such
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529
530
631

532

633
634
535
536

538

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

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

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

combined effect of stronger photochemical production and reduced O3 export

midday, whereas the P(O3) was almost offset by the transport effect of O3 clean
days. leading to flat variation of Os.
40 : : f
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Figure 6. Diurnal variations of

P(0s3), d[Ox]/dt, and R(O3) during (a) polluted and (b) clean

periods. The red line represents the photochemical ozone production rate P(Os), the blue line

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

transport rate R(O3).
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4. Conclusions

This study combined the PERCA technique with CEAS to develop a single-channel
PERCA—CEAS system. The system enables real-time, online measurements of RO>*,
providing a robust technical support for evaluating atmospheric oxidation capacity and
elucidating tropospheric photochemical mechanisms. Experimental investigations were
conducted to determine key parameters affecting measurement performance. The
detection limit for RO>* was 0. pptv (1o) at a time resolution of 3 min, with an
overall measurement uncertainty of %, demonstrating high sensitivity
and stability that meet the requirements for field observations of ambient RO>*. Our
PERCA—CEAS system was successfully deployed for ambient measurement and found
moderate RO>* levels in a coastal area. The P(O3) derived from measured RO>*

further used to evaluate the O3 formation regime and transport influence on Os. The
higher O3 levels observed on polluted days compared to clean days were driven by both
stronger photochemical production and reduced export effects during midday in this
coastal area. Our study, therefore, provides an important reference for extending the
peroxy radical measurement techniques to quantify in-situ formation and transport of
Os. We also suggest more field observations of peroxy radicals in diverse environments

to support the strategy formulation of O3 pollution.
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18346203 (Tang et al., 2026).
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