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Peroxy radical chemistry during ozone photochemical pollution season at a suburban site
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Ambient peroxy radical (RO2 * =HO2+RO2) concentrations were measured at a suburban site in Huaibei, which belongs to the Yangtze River Delta city cluster, one of the four major urban agglomerations in China. Measurements were carried out during the period of September to October 2021 to elucidate the formation mechanism of O3 pollution in this region. The observed maximum concentration of peroxy radicals was 73.8 pptv. A zero-dimensional box model (Framework for 0-Dimensional Atmospheric Modeling, F0AM) based on Master Chemical Mechanism (MCM3.3.1) was used to predict radical concentrations for comparison with observations. The model reproduced the daily variation of peroxy radicals well, but discrepancies still appear in the morning hours.

As in previous field campaigns, systematic discrepancies between modelled and measured RO2 * concentrations are observed in the morning for NO mixing ratios higher than 1ppbv. Between 6:00 to 9:00 am, the model significantly underpredicts RO2 * by a mean factor of 7.2. This underprediction can be explained by a missing RO2 * source of 1.2 ppbvh -1 which originated from the photochemical conversion of an alkene-like chemical species. From the model results it shows that the main sources of ROx (= OH + HO2 + RO2) are the photolysis of oxygenated volatile organic compounds (OVOCs, 33%), O3 and HONO (25%), and HCHO (24%). And the major sinks of ROx transitioned from a predominant reaction of radicals with NOx in the morning to a predominant peroxy self-and cross-reaction in the late afternoon. The introduction of an alkene-like species increased RO2 radical concentration and resulted in 14% increase in net daily integrated ozone production, indicating the possible significance of the mechanism of its oxidation to peroxy radicals. This study provides important information for subsequent ozone pollution control policies in the Yangtze River Delta.

 The base model underpredicts the concentrations of RO2 * and the discrepancy can be explained by a missing RO2 * source of 1.2 ppbv h -1 originating from the photochemical conversion of an alkene-like chemical species.

 With the addition of alkene-like species into the model, an increase of 14% in net daily integrated ozone production was predicted. 

Graphical Abstract

Introduction

Ozone (O3) has obvious harmful effects on the health of human beings, crop growth and ecosystems. (Wang et al., 2019;Wang et al., 2020a;[START_REF] Dang | Radiative Forcing and Health Impact of Aerosols and Ozone in China as the Consequence of Clean Air Actions over 2012-2017[END_REF][START_REF] Wang | Ozone pollution in China: a review of concentrations, meteorological influences, chemical precursors, and effects[END_REF][START_REF] Wang | Observations of nitryl chloride and modeling its source and effect on ozone in the planetary boundary layer of southern China[END_REF][START_REF] Feng | Economic losses due to ozone impacts on human health, forest productivity and crop yield across China[END_REF]. In recent years, emission controls have been implemented around the world to address the serious ozone pollution problem (He et al., 2020;Wang et al., 2019;Wang et al., 2020a), but O3 levels still have shown an increasing trend in some urban and suburban regions (Wang et al., 2020a;[START_REF] Dang | Radiative Forcing and Health Impact of Aerosols and Ozone in China as the Consequence of Clean Air Actions over 2012-2017[END_REF][START_REF] Wang | Ozone pollution in China: a review of concentrations, meteorological influences, chemical precursors, and effects[END_REF][START_REF] Wang | Observations of nitryl chloride and modeling its source and effect on ozone in the planetary boundary layer of southern China[END_REF][START_REF] Li | Anthropogenic drivers of 2013-2017 trends in summer surface ozone in China[END_REF]. It is now known that O3 is formed based on complex chain reactions of radicals [START_REF] Council | Rethinking the Ozone Problem in Urban and Regional Air Pollution[END_REF], which are influenced by a variety of factors such as O3 precursor morphology or levels and radical oxidation processes (Gong et al., 2019;Chang et al., 2019). To effectively control tropospheric O3 pollution, exploring the photochemical mechanism of O3 formation and the controlling factors of radical cycling has become extremely important (Chen et al., 2020;[START_REF] Li | Oxidizing capacity of the rural atmosphere in Hong Kong, Southern China[END_REF].

In the presence of nitrogen oxides (NOx) and VOCs (named RH in the following reaction equations), the nonlinearity of ozone formation can be described by ROx radical (hydroxyl radicals (OH), hydrogen peroxide radicals (HO2), and organic peroxy radicals (RO2)) chemistry, which drives the formation of secondary pollutants such as O3 by participating in the cycling of atmospheric oxidation processes (OH → RO2 → RO → HO2 → OH) (Wang et al., 2020b;Whalley et al., 2018;Whalley et al., 2021;Tan et al., 2018a). Among them, NO2 photolysis formed by the reaction of peroxy radicals with NO is the only net pathway for tropospheric ozone production (Monks et al., 2005;Zhang et al., 2021). Under low NOx conditions, the local ozone production rate P(O3)

increases with NOx due to the increasingly efficient conversion of NO to NO2 by peroxy radicals (reactions R2-R4). Under high NOx conditions, P(O3) decreases with increasing NOx as the radical termination (reaction R7) overcomes the radical propagation process. The key to effectively controlling of O3 production is to find optimal abatement strategies for NOx and volatile organic compounds (VOCs), for which the measurements of peroxy radicals can provide insight to, and then fully explore the modeling skills that captures the entire atmospheric oxidation cycle and identifies mechanisms that can reconcile measured and modeled radical concentrations.

𝑂𝐻 + 𝑅𝐻(+𝑂 ) → 𝑅𝑂 + 𝐻 𝑂 (R1)

𝑁𝑂 + 𝑅𝑂 → 𝑁𝑂 + 𝑅𝑂 (R2)

𝑅𝑂 + 𝑂 → 𝑅 𝑂 + 𝐻𝑂 (R3)

𝑁𝑂 + 𝐻𝑂 → 𝑁𝑂 + 𝑂𝐻 (R4)
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Since the pivotal role of peroxy radicals was recognized in the 21st century, measurements of peroxy radicals have been carried out in urban (Whalley et al., 2018;Whalley et al., 2021;Anderson et al., 2019;Whalley et al., 2016), suburban (Tan et al., 2018a;Michoud et al., 2012;Tan et al., 2019a), and rural (Mihelcic et al., 2003;Emmerson et al., 2007;[START_REF] Cho | Experimental chemical budgets of OH, HO2 and RO2 radicals in rural air in West-Germany during the JULIAC campaign[END_REF]Tan et al., 2017) environments around the world. The measured concentrations were compared with radical concentrations predicted by chemical box models, and were then analyzed to unravel the photochemical characteristics of ozone production (as shown in Table 1). The measured peroxy radical concentrations varied by more than an order of magnitude (in the range 5.6 -100 pptv) from one environment to another, with a tendency of higher peroxy radical concentrations reported in the studies of ozone production in rural and urban China (Tan et al., 2017;Whalley et al., 2021). In many studies, model simulations based on conventional mechanisms can generally reproduce peroxy radical concentrations when the observed NO concentration is below 1 ppbv, but the model and measurement discrepancies increases when NO levels are above 1 ppbv (Whalley et al., 2021), a common feature in polluted areas. In such conditions, measured peroxy radical concentrations were found to be up to 10 times higher than predicted [START_REF] Martinez | OH and HO2 concentrations, sources, and loss rates during the Southern Oxidants Study in Nashville,Tennessee, summer 1999[END_REF]Ren et al., 2013;Brune et al., 2016;Slater et al., 2020;Whalley et al., 2021).

Recent studies with the observed RO2 demonstrate that the model may underestimate ozone production under high NO conditions by underestimating RO2 radical concentrations rather than HO2 (Tan et al., 2017;Whalley et al., 2018). An additional source of RO2 from nitryl chloride (ClNO2) photolysis, and the subsequent reactions of the produced Cl atoms with VOCs, as well as RO2 from missing OH reactivity (defined as the difference between the measured and calculated OH reactivity)

have been proposed as possible reasons for the discrepancy in peroxy radical measurement-model in high NO environments. These sources could explain ~10 -20% of the model underpredictions but could not fully resolve the missing source of RO2 (Tan et al., 2017). In the AIRPRO study conducted in Beijing, Whalley (Whalley et al., 2021) showed that RO2 production by this mechanism would largely reconcile discrepancies between modeled and measured RO2 concentrations (the measurementmodel ratio decreased from 6.2 to 1.8) if the unknown specie is attributed to α-pinene.

The ozone production efficiency of the large and multifunctional VOCs that form these RO2 species is likely higher than currently recognized. The under-prediction of peroxy radicals with increasing NO concentrations reflects the missing of RO2 production processes in the model, which would result in an underestimation of the O3 production.

Therefore, understanding the reasons for model differences at different NO ranges is critical to accurately predict the production of ozone and to identify ozone reduction strategies thus effectively and successfully reduce ozone level.

High O3 concentrations are frequently observed in the suburbs of agglomerations in the Yangtze River Delta [START_REF] Zhang | The impact of volatile organic compounds on ozone formation in the suburban area of Shanghai[END_REF][START_REF] Chan | On the summertime air quality and related photochemical processes in the megacity Shanghai, China[END_REF], where ozone pollution days have more than doubled from 2014 to 2017 [START_REF] Liu | Increasing surface ozone and enhanced secondary organic carbon formation at a city junction site: An epitome of the Yangtze River Delta, China (2014-2017[END_REF] and the photochemical reactions of the local ozone influences the air quality in this region.

Numerous studies have been undertaken to study the radical chemistry closely related to the photochemical formation of ozone in this area [START_REF] Zhang | The impact of volatile organic compounds on ozone formation in the suburban area of Shanghai[END_REF]Zhang et al., 2021), but few field campaigns have been conducted employing peroxy radical concentration measurements.

In this study, we report a new campaign including observation of total peroxy radicals (RO2 * =HO2+RO2) by a PERCA system and a suite of trace gas measurements in a suburb of a Yangtze River Delta agglomerations. Based on a zero dimensional box model, the results of peroxy radical measurement and model calculation were compared.

A radical budget analysis has also been conducted to investigate the possible presence of missing radical sources and sinks under different NO regimes. In addition, the effects of potential mechanisms on the in-situ ozone production were explored in environments with highly variable NOx concentrations.

Materials and methods

Site description and instrumentation

The field campaign was conducted from 25 September to 15 October 2021 at 2.2 Peroxy radical RO2 * (RO2 * =HO2+RO2) measurements by PERCA Real-time in situ measurements of peroxy radicals (RO2 * ) were made using the PERCA (Peroxy Radical Chemical Amplifier) technique. A description of the specific instrument configuration can be found elsewhere (Yang et al., 2019 and references therein), only the most relevant information is summarized here. The measurement device consists of two main parts, the chemical reaction chamber and the NO2 detection devise. In the amplification chamber, peroxy radicals are initially converted to NO2 and then to HO2 through the addition of NO following reaction (R2) -(R3) and further to OH through (R4). Addition of excess CO leads to a chemical amplification reaction, because OH is converted back to HO2 and a new cycle starts.

𝑂𝐻 + 𝐶𝑂(+𝑂 ) → 𝐶𝑂 + 𝐻𝑂 (R8)

The chemical reaction chamber consists of two channels, one is the amplification channel, which is used for the chemical amplification of the conversion reaction, and the other is the reference channel, which is used to measure the NO2 background signal.

The NO2 detection devise consists of two broadband cavity enhanced spectroscopy nitrogen dioxide detectors (BBCES-NO2), which quantify NO2 concentration in the reaction channel and the reference channel respectively so that the total peroxy radical concentration [RO2 * ] can be obtained from the following equation (1):

[RO2 * ]=[HO2]+Σ[RO2]=Δ[NO2]/CL (1)
where CL is chain length. The detection limit of the peroxy radical measurement system is up to 1.2 pptv for 3 min time resolution with a 20% measurement uncertainty. In addition, the chain length calibration was achieved with a set of peroxy radical calibration sources: hydrogen peroxide (H2O2) is decomposed at 400 °C to form OH, which subsequently reacts with H2O2 to consistently and steadily form HO2. For the measurements, the CO concentration was maintained at 8% and the optimum chain length was determined by varying the NO concentration in the reaction system and was found to be CL ≈ 95 with NO equal to 6 ppmv. NO and CO (Linde Gases Ltd.) were 100 ppmv and 99.995 % respectively; N2 (Nanjing Special Gases Co., Ltd.) was 99.999 %. Filters were fitted at the outlets of NO and CO standard gas bottles to remove impurities from NO and CO.

Model description

A zero-dimensional box model (Framework for 0-Dimensional Atmospheric Modeling, F0AM) based on Master Chemical Mechanism (MCM3.3.1) was used to predict radical concentrations for comparison with observations (Jenkin et al., 2015;Wolfe et al., 2016). Detailed kinetic and photochemical data applied in this mechanism are available on the MCM website (http://mcm.leeds.ac.uk/MCM/home, last access: 1st

March 2022)). The F0AM model is constrained by NO, NO2, CO, O3, SO2, relative humidity, temperature, pressure, boundary layer height (BLH), and individual VOCs species measurements, and also constrained by the measured photolysis frequency J(NO2). Photolysis rates of other species (HONO, HCHO, OVOC etc) are calculated in the model using the solar zenith angle (SZA) function , and scaled to the ratio of measured to calculated J(NO2) (Wolfe et al., 2014;Saunders et al., 2003). The model inputs are updated every 15 minutes, while measurements with the lower temporal resolution are interpolated. Besides, an additional 24 h lifetime was defined for all species in F0AM to prevent secondary species from accumulating to unreasonable levels. This was achieved by setting the primary dilution rate to 1/86400 s -1 and the background concentration to zero for all species [START_REF] Liu | Increasing surface ozone and enhanced secondary organic carbon formation at a city junction site: An epitome of the Yangtze River Delta, China (2014-2017[END_REF]. The model was spun up for 4 days before the start of the experiment to initialize unmeasured compounds and radicals (Xue et al., 2014).

Results

Overview of the chemistry and meteorology during the campaign

Frequent O3 pollution events in autumn in the border city of Huaibei are associated with conditions favorable for photochemical reactions (high temperature, low relative humidity (RH), and stagnant weather conditions), which promote the formation and accumulation of O3 at the suburban site of the YRD cities. October with 77ppbv, which exceeds the secondary standard of national ambient air quality (75 ppbv). For all the measurements, there are 6 days which are seriously polluted with O3 concentration above the standard. The peak values for carbon monoxide (CO) and sulfur dioxide (SO2) during the day were 800 ppbv and 7 ppbv respectively, both occurring during the ozone exceedance period. Considering precursor concentrations and light conditions, the analysis was conducted for a typical ozone pollution event that occurred from 29 September to 4th October, time series of air pollutants and meteorological parameters are marked with a black box in Figure 2 (the corresponding diurnal variation characteristics are shown in Figure S1). The dominant wind direction during this period was northeast, with an average wind speed of 1.5 m s -1 . J(NO2) levels during the autumn and winter ozone pollution periods were largely comparable to other coastal cities [START_REF] Cho | Experimental chemical budgets of OH, HO2 and RO2 radicals in rural air in West-Germany during the JULIAC campaign[END_REF], with temperature slowly increased and significant changes in peak concentrations of precursors CO, NO, and NO2. These meteorological parameters are all favorable to the production and accumulation of O3. For comparison, the daytime RO2 * concentrations measured in this campaign are summarized in Table 1 along with other field observations conducted both domestically and internationally. Overall, the peroxy radical concentrations in this study are relatively high compared to others, except for the two summer observations in Wangdu, 2014 and Beijing city centre, 2017. Recent summer observations in Taizhou in the Yangtze River Delta region reported an average daytime observed HO2 concentration of 46 pptv and a simulated RO2 concentration of 49 pptv (Ma, X et al., 2022), which is comparable to the observed summer RO2 * concentration in Beijing (74-83 pptv), and higher than the peroxy radical concentration in other regions (5.6-60 pptv). From the perspective of peroxy radical concentrations observed in our measurements and other sites mentioned above with high RO2 * , rapid photochemical ozone production as well as secondary organic aerosol production can be expected.

Discussion

Comparison of modelled and observed radical concentrations

The averaged daily profiles of measured and modelled total peroxy radical concentrations during ozone pollution from 29 September to 4 October are shown in Fig. 3a. The shapes of the observed and modelled profiles are relatively similar during the day, reaching a maximum at around 12:00 CST with maximum measured and simulated daily concentrations of 72.5 and 71.2 pptv respectively, close to the concentrations of peroxy radicals at a rural site in the North China Plain (Tan et al., 2017) and central Beijing (Whalley et al., 2021). This suggests that similar photochemistry might occur in Huaibei compared to that in rural and central cities in China: high concentrations of VOCs and low concentrations of NO contribute to the high peroxy radical concentrations in the region. In the morning, RO2 * is dominated by HO2, while around midday RO2 plays a dominant role, with comparable contributions from HO2 and RO2 in the afternoon ( Fig. 3b). Among the simulated organic peroxy radical (RO2) species, peroxy radicals obtained from short-chain alkanes, such as methyl peroxy radicals (CH3O2), ethyl peroxy radicals (C2H5O2), and acyl peroxy radicals, which include acetyl peroxy radicals (CH3C(O)O2) and propionyl peroxy radicals (C2H5C(O)O2), dominate during the day, followed by isoprene-derived RO2 species (ISOPBO2, ISOPDO2), alkene-derived peroxy radicals (HOCH2CH2O2, PE1ENEAO2), oxidized VOC-derived radicals (PEAO2, HO1C5O2, HYPROPO2) and alkyl-derived radicals (NC4H9O2). The contributions of these 12 RO2 species accounts for approximately 70% of the organic peroxy radicals ( Fig. 3b). The model reproduces the general behavior of RO2 * very well after 10:00 CST in a certain error range.

However, RO2 * is underestimated in the morning hours (06:00-9:00 CST), with the largest underestimation (~5 times) occurring at 6:00 CST. This underestimation cannot be fully explained by measurement errors and interferences. To explore the potential causes of this underestimation, six sensitivity tests were performed. Hour of day throughout the morning and early afternoon. They say it was mainly due to the model slightly underestimating the observed OH reactivity(~25%) (Whalley et al., 2018).
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They suggested that under these conditions, the model may lack a source of RO2 from the oxidation of unmeasured or unknown VOCs by OH. In model test ST1, as a missing source of RO2 * , the possible unmeasured or unknown VOCs, was expressed as an alkene-like species. The rate constant kalkene-like species+OH was assumed to be 10 -10 cm 3 s - 1 for the reaction of alkene-like species with OH, which gives alkene-like species a lifetime of about 1.2 h at a given local daytime [OH] of about 2.25 × 10 6 cm -3 (a detailed calculation of OH concentration can be found in the Supplement (Text S1)).

Considering an alkene-like specie of ~460 pptv would lead to an additional OH reactivity of 1.14 s -1 , corresponding to approximately 10 % of the total OH reactivity.

This arbitrary rate coefficient is on the order of rate coefficients for the reaction of sesquiterpenes with OH. If the alkene-like species is an alkenes with a lower reaction rate coefficient, the required alkene-like species abundance would need to be proportionally higher. A simple alkene-like species oxidation chemical mechanism [START_REF] Thames | Missing OH reactivity in the global marine boundary layer[END_REF] was added to our photochemical mechanism to test the effect of this alkene-like species on the simulated RO2 * , as shown in Figure 3(a). For peroxy radicals, the source intensity had to be 1.2 ppbv h -1 between 06:00 and 9:00 CST to achieve a model-measurement agreement within 30%. For the rest of the day, the difference between modelled RO2 * and measured RO2 * is less than 24%, which is within the accuracy of the RO2 * measurements. However, direct measurements of OH reactivity should be included in the future if an accurate assessment of the proportion of OH reactivity due to unknown alkene-like specie in the chemical mechanism is desired.

In sensitivity test ST2, missing RO2 due to the photolysis of ClNO2 and its following oxidation reaction to give RO2 is evaluated. In previous studies, the photolysis of ClNO2 produces chlorine atoms, which subsequently oxidize VOC to RO2. (Whalley et al., 2021;Tan et al., 2017). ClNO2 is formed by the heterogeneous reaction of chlorinecontaining aerosols with nitrous oxide (N2O5) and accumulates overnight, it is expected to be completely photolyzed within a few hours after sunrise (Mielke et al., 2013).

Although N2O5 and ClNO2 were not observed in this campaign, from the measured abundance of aerosol chlorine (up to 10 μg m -3 , Fig. S2), we can estimate that it facilitates the heterogeneous reaction of N2O5 to produce ClNO2. Therefore, in sensitivity test ST2 (Fig. S3a), ClNO2 from the heterogeneous reaction of N2O5 has been allowed to reach 5 ppbv, the highest value currently reported in China [START_REF] Wang | Observations of nitryl chloride and modeling its source and effect on ozone in the planetary boundary layer of southern China[END_REF]. During this period, RO2 production increased by 76% relative to the base model due to chlorine-initiated VOC oxidation, but apparently the simulated RO2 * concentrations were still significantly under-predicted, which may indicate that there are other major missing sources of RO2 * overlooked in addition to the Cl + VOC reaction.

NO3 radicals can initiate the oxidation of VOCs, leading to RO2 formation (Saunders et al., 2003;Geyer et al., 2003). These processes are usually thought to occur mainly at night. However, it has been found that the contribution of daytime NO3

oxidizing VOCs to RO2 can't be ignored [START_REF] Wang | Observations of nitryl chloride and modeling its source and effect on ozone in the planetary boundary layer of southern China[END_REF]. In the sensitivity test ST3, the simulated RO2 * concentration increased by 87% relative to that in the base model when the peak NO3 concentration reached 54 pptv, (Fig. S3a). Increasing the NO3 concentration to 0.5 ppbv was required to bring the simulated and measured 6:00-9:00 CST RO2 * into agreement within uncertainties, but this seems unrealistically high as NO3 chemistry is suppressed by the increase in NO concentration from midnight to sunrise (Wang et al., 2020c).

The potential effect of heterogeneous HO2 radical termination on total peroxy radical is considered an important part of radical chemistry (Taketani et al., 2012;[START_REF] Tan | No Evidence for a Significant Impact of Heterogeneous Chemistry on Radical Concentrations in the North China Plain in Summer 2014[END_REF][START_REF] Song | Reduced Aerosol Uptake of Hydroperoxy Radical May Increase the Sensitivity of Ozone Production to Volatile Organic Compounds[END_REF]. Two sensitivity tests have been performed with uptake coefficients for HO2 of 0.08 (tes ST4) and 0.2 (test ST5), As shown in Figure S3b, in both cases, the modelled concentration of peroxy radicals at 10:00 CTS were reduced by 9% and 16% respectively, indicating that the heterogeneous reaction of HO2 is not important in our measurements.

Overall, the addition of alkene-like specie resulted in the best agreement between the observed and simulated profiles of peroxy radical for all sensitivitytested in this work (Figure 3a). It is necessary to further explore the effect of the alkene-like species on peroxy radical generation and ozone generation over the whole NO range.

ROx radicals budget analysis

Under the influence of NOx and VOCs, ROx radicals undergo efficient cycling, producing secondary pollutants such as O3 and OVOCs (Sheehy et al., 2010). All During daytime, the production rate of ROx (P(ROx)) in this study originated mainly from the primary production of HO2 and RO2 radicals. HCHO and OVOCs photolysis dominated the HO2 primary production, and OVOCs photolysis dominated the RO2 primary production. Thus, P(ROx) was dominated by photolysis reactions, in which the photolysis of OVOCs, HCHO, O3 and HONO accounted for 33%, 25%, 17%, and 9%, respectively. The above analysis illustrates the significant role of OVOCs (both primary carbonyls and secondary compounds formed from oxidation of abundant VOCs) in the primary production of radicals and thus initiation of atmospheric oxidation processes. One recent campaign in the same region also found OVOCs photolysis being the dominant primary radical source, contributing 48% of the total radical sources (Zhang et al., 2021). In fact, the photolysis of OVOCs has become one of the most important primary radical source in China urban and suburban areas for summer and autumn (Liu et al., 2012;[START_REF] Wang | Observations of nitryl chloride and modeling its source and effect on ozone in the planetary boundary layer of southern China[END_REF]Wang et al., 2022;Chen et al., 2020), as shown in Table S2. Over the course of a full day, the ROx primary production and termination rates remained largely in balance, with P(ROx) peaking at 4.5 ppbv h ROx radicals are ultimately removed from the atmosphere via deposition of radical reservoir species, e.g., H2O2, HNO3, and ROOH (Liu et al., 2012). As shown in Fig. 4b, the termination of ROx in the morning was dominated by their reaction with NOx, and thereafter peroxy radical self-combination gradually became the major sink of ROx in the afternoon. Specifically in this study, the reaction of RO2+NO2(net), OH+NO2, HO2 +HO2 and HO2 + RO2, forming RO2NO2, HNO3, H2O2 and RONO2, accounted for 16%, 18%, 19 % and 32% in the daytime ROx radical sink, respectively (Fig. 4b). This is consistent with the understanding that peroxy radical self-and cross-reactions usually dominate the radical sink under low NOx environments, which eventually produces peroxides (H2O2 and ROOH) (Tan et al., 2017;Ma et al., 2022;Chen et al., 2020), that subsequently can produce OH with yields up to 80 % [START_REF] Cho | Experimental chemical budgets of OH, HO2 and RO2 radicals in rural air in West-Germany during the JULIAC campaign[END_REF]. This is quite different from those derived from high NOx areas, where the ROx + NOx reactions generally dominate the radical termination processes, such as Beijing suburban, Yangtze River Delta (YRD) suburban region, Hong Kong suburban and Xiamen urban (as shown in the Table S2). Meanwhile, because the profiles of the modeled HO2 and RO2 were usually similar(as shown in Fig. 3b), the different contributions between two kinds of peroxy radical recombinations were caused by different reaction rate constants, with C2H5O2 dominating the reaction with HO2 (6.8%). The reversible reaction between the peroxyacyl radical and PANs became a net radical sink in the morning because relatively high NO2 and low temperature shifted the thermodynamic equilibrium to form PANs. The net formation of PANs contributes to average 16% of L(ROx). In addition, the transition from radical termination dominated by the reaction of radicals with NOx in the morning to radical self-combination in the afternoon due to the higher VOC/NOx ratio, which suggests a gradual transition in ozone production from VOCssensitive in the morning to NOx-sensitive in the late afternoon (Fig. S4 in the Supplement).

Furthermore, the daytime (06:00-18:00 CTS) average budget of ROx cycle is shown in Fig. 5. The comparison of the radical budget, that were reported in previous studies, is shown in the supplementary Table S2. The relative contributions of different paths of primary radical production and radical propagation in this work were comparable with those reported in Beijing (Ma et al., 2022), Changzhou (Zhang et al., 2021), Dongying (Chen et al., 2020), Tung Chung [START_REF] Wang | Observations of nitryl chloride and modeling its source and effect on ozone in the planetary boundary layer of southern China[END_REF] and Xiamen [START_REF] Cho | Experimental chemical budgets of OH, HO2 and RO2 radicals in rural air in West-Germany during the JULIAC campaign[END_REF]. However, in terms of radical termination, the rates of radical crossreactions in Beijing, Changzhou, Tung Chung and Xiamen were approximately 2 times faster than the reaction rates of ROx and NOx in Dongying and Huaibei (this work), which elucidates the limiting role of NOx in the VOC-rich atmosphere (Dongying). Like other sites (see Table S2), in Huaibei the major radical propagation controlling step is HO2 to OH conversion. The HO2 + NO reaction (5.2 ppb h -1 ) dominates the total OH production, which is more than seven times the primary OH produced by HONO and ozone photolysis. Meanwhile, most OH is consumed during the oxidation of VOCs, with slightly less than 2/4 of OH reacting with VOCs to form RO2 (2.9 ppbv h -1 ), about a quarter reacting with CO, O3, or HCHO to form HO2 (1.7 ppbv h -1 ), slightly less than a quarter reacting with aldehydes to form carbonyl peroxy radicals (RC(O)O2) (1.7 ppbv h -1 ). The radical turnover rate of OH + VOCs was 7.3 times higher than the total primary RO2 production rate. In addition, the reaction of RO2+ NO was the major contributor to HO2 production (3.0 ppb h -1 ). As the two fastest reactions in the propagation, RO2+ NO and HO2+ NO promoted the production of RO and OH, which were related to NO, with the production of O3 as a by-product. Obviously, these propagating processes dominate the total production of OH, HO2 and RO2 radicals, consistent with previous reports (as shown in Table S2), which is suggested that the radical propagation is efficient and amplifies the effect of the newly produced radicals. and termination (ppbv h -1 ) (6:00-18:00 LT) during the whole reaction process. The green, black, red, and orange boxes denote the sources of radicals, radical sinks, radical propagation, and racial equilibrium, respectively. The numbers or percentages outside and inside the brackets are the average formation rates (ppb h-1) or relative contributions to a specific radical of the corresponding reaction.

Dependence of RO2 * radical concentration on NO

NOx plays a crucial role in ROx chemistry as it propagates radicals through the reaction of NO with peroxy radicals, and is removed through the reaction of OH with NO2 (Ehhalt et al., 1999). Figure 6 shows the dependence of measured and modelled peroxy radical concentrations on the NO mixing ratio, with a clear downward trend in peroxy radicals as the NO concentration increases. This is expected, as the lifetime of peroxy radicals is mainly limited by their reaction with NO. It is also evident from the mean daily profile (Figure 3) that the measured RO2 * decreases less than the base model simulated RO2 * as NO increases. During the day, the simulated peroxy radical concentrations were on average 27% smaller than the measured values, with 1σ uncertainties of 20% and 25.5% for measurements and model calculations, respectively.

For NO concentrations below 1 ppbv, the model reproduced the observed peroxy radicals well. Under these low NO concentrations, the fast reaction of RO2 radicals with OH, becomes competitive as a sink for RO2. For small peroxy radicals, the major products are RO + HO2, but for larger peroxy radicals this reaction leads mostly to formation of trioxides (ROOOH) and might make a deviation between the observed and modelled peroxy radical (Ma et al., 2022;[START_REF] Assaf | Experimental and Theoretical Investigation of the Reaction of RO2 Radicals with OH Radicals: Dependence of the HO2 Yield on the Size of the Alkyl Group[END_REF][START_REF] Yang | Improved Chemical Amplification Instrument by Using a Nafion Dryer as an Amplification Reactor for Quantifying Atmospheric Peroxy Radicals under Ambient Conditions[END_REF].

Therefore, we performed a simulation (ST7) by adding for all peroxy radicals the reaction of RO2 + OH to produce ROOOH to the model with the rate constant set to 1 × 10 -10 cm 3 molecel -1 s -1 , but found only insignificant impact on the peroxy radical simulation in this study (Fig. S5). However, at around 3 ppbv NO, the RO2 * concentration was less than 1.1 pptv in the base model, while the measured mean RO2 * value was 17.2 pptv, which was outside the joint measurement-simulation uncertainty range. This difference is mainly due to the data obtained from high NO environment in the morning (6:00-9:00 CST). Here, the addition of unknown or unmeasured VOCs (alkene-like specie) brought the simulated and measured RO2 * into agreement over the entire range of NO concentrations (Fig. 6), and in agreement with the mean daily profiles. 

The chemical mechanism of ozone formation

In this study, because PERCA only measured the sum of peroxy radicals (HO2+RO2) and not their morphology, we assume a simplified form of this relationship (Equation 3) where keff is the effective rate constant for k NO+HO 2 . The major peroxy radical species are HO2, CH3O2 and C2H5O2, as shown in section 4.1, with k NO+HO 2 being within 10% of the k value for the reaction of NO with CH3O2 and C2H5O2 at 298 K [START_REF] Orlando | Laboratory studies of organic peroxy radical chemistry: an overview with emphasis on recent issues of atmospheric significance[END_REF], supporting our choice of keff. Anderson (Anderson et al., 2019) showed that the uncertainty in keff was 23 % in the calculation of G(O3). In this paper the uncertainties of the NO and RO2 * measurements are 5% and 20% respectively, and the total uncertainty of G(O3) is calculated to be 30 % according to the uncertainty transfer law.

𝐺(𝑂 ) = 𝑘 [𝐻𝑂 ][𝑁𝑂] + ∑(𝑘 ( ) [𝑅𝑂 ][𝑁𝑂]) (2) 
G(O3) = keff[NO][RO2 * ] (3) 
L(O3) were derived from the rate of NO2 reacting with OH to form nitric acid, the photolysis of O3, and the loss of O3 to HO2, OH and alkenes, approximated by Equation (4).

𝐿(𝑂 ) = 𝑘 [𝑂 𝐷][𝐻 𝑂] + 𝑘

[𝑂 ][𝑂𝐻] + 𝑘 [𝑂 ][𝐻𝑂 ] + +𝑘 [𝑂 ][𝑎𝑙𝑘𝑒𝑛𝑒𝑠] + 𝑘 [𝑁𝑂 ][𝑂𝐻] (4) 
Therefore, the concentration of NO and the rate of ROx production controlled the ozone formation. The net ozone production rate (P(O3)) is a result of a ROx process-oriented closure analysis, which can be derived from the difference between the formation and destruction rate of O3, as shown in equation ( 5).

𝑃(𝑂 ) = 𝐺(𝑂 ) -𝐿(𝑂 )

(5)

Figure 6b shows the variation in PERCA-calculated P(O3) with NO concentration. P(O3) increases with the increase of [NO], but P(O3) begins to decline when the concentration of NO exceeds 3.3 ppbv, showing the judgment of NOx-saturated conditions. The discrepancy between the PERCA-calculated versus model-calculated P(O3) occurs mainly for NO concentrations greater than 1 ppbv. This is consistent with the underestimation of the RO2 * concentration simulated in the morning. As discussed in Sect. 4.1, a missing RO2 * source may partly explain the discrepancy. The model run ST1 with the addition of alkene-like species and its chemical oxidation mechanism showed an improvement in the consistency of the simulated and measured ozone production rates (Figure 6b), but daily combined ozone production was increased by only 16 ppbv (~14%) . However, the identity and concentration of this alkene-like specie in the atmosphere is not yet known, but the mechanism of its oxidation to peroxy radicals certainly warrants further investigation to determine its effect on ozone generation.

Figures 8(a-b) show the average daily profiles of G(O3) and L(O3) simulated by the model, where the local ozone formation rate is faster, with a daily average maximum of about 19.5 ppbv h -1 at 11:00 CST, while the peak destruction rate ((2.0 ppbv h -1 ) occurs at noon, when the ozone production rate decreases to 17.6 ppb h -1 .This rate is comparable to other observations conducted in rural Beijing and suburban Guangzhou, and even significantly higher than some urban areas such as Beijing, London and San Antonio, where midday ozone formation rates ranged from 3 ppbv h -1 in San Antonio to 7.8 ppbv h -1 in Beijing (as shown in Table 1). This reflects the influence of O3

precursor emissions and photochemical conditions effects, especially when the contribution of different peroxy radical sources to ozone production varies significantly.

Chemical modeling provides information on the contribution of detailed peroxy radical species to ozone formation. On average, the HO2 + NO rate was 5.0 ± 2.9 ppb h -1 , representing 48% of the total O3 production (Fig 8c). The second pathway for O3 generation is the generation of NO2 from RO2+ NO (5.4 ± 3.2 ppb h -1 ), which accounts for 52% of the total O3 production. The RO2+NO reaction contains more than 1000 RO2 radicals, and the top twelve peroxy radicals react with NO at a rate of 3.6 ± 2.2 ppb h - 1 , accounting for about 70% of all RO2 radicals reacting with NO, with the CH3O2 + NO pathway contributing the most to total ozone production (9 %), followed by C2H5O2

+ NO (7 %) ( Fig 8c), which was consistent with percentage of peroxy radical concentration (as described in section 4.1). Therefore, the contribution of peroxy radicals from the oxidation of short-chain alkane to ozone formation is not negligible.

The O3 destruction pathway was OH + NO2 (35.32%), followed by O3 photolysis (32 %) (Fig 9d) The speciation ozone destruction rate (L(O3)). (c) Breakdown of modelled ozone formation rate for daytime conditions (06:00-18:00 CST). (d) Breakdown of modelled ozone destruction rate for daytime conditions (06:00-18:00 CST). The net ozone production rate is 17.6 ppb h -1 , which is comparable to other observations conducted in rural Beijing and suburban Guangzhou. The major pathway for O3 generation is RO2+ NO (5.4 ± 3.2 ppb h -1 ), which accounts for 52% of the total O3 production, with the CH3O2 + NO pathway contributing the most to total ozone production (9 %). The introduction of alkene-like species increased the simulation of ozone production by 14%, but its concentration and properties require further study.

Conclusions

This analysis provides important information for explaining the atmospheric ozone pollution in the suburbs of Yangtze River Delta in autumn. However, the underestimation of the peroxy radical derived from the model indicates that the current understanding of the mechanism of radical formation and transformation is insufficient.

In the future, more studies will be needed on the effect of oxidation of unknown and unmeasured species on peroxy radicals to determine their contribution to ozone formation. These oxidation processes and mechanisms are essential for subsequent ozone pollution control policies.
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 1 Figure 1. (a) Map of the Yangtze River Delta region with Huaibei highlighted in pink, (b) Satellite map
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 2 Figure 2. Time series of wind, photolysis frequencies(J(NO2)), relative humidity (RH), ambient
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 3 Figure 3. (a) A comparison of mean daily distributions (the red solid line shows measured RO2 *

  radical reactions can be divided into four categories: initiation reactions, termination reactions, propagation reactions, and thermal equilibrium reactions with reservoir species. The initiation and termination rates are shown in Figure. 4, and the detailed ROx radical budget is summarized in Figure. 5. The following analysis of sources and sinks of ROx radicals will focus on daytime conditions (06:00-18:00 CST).
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 4 Figure 4. Mean diurnal rates of major ROx radical production(P(ROx)) (a) and destruction(L(ROx) (b) in
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 5 Figure 5. Model reaction flux analysis, showing the average reaction rate of radical formation, transfer,
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 6 Figure 6. Dependence of measured and modelled RO2 * (a) and P (O3) (b) on NO concentrations for
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 8 Figure 8. (a) Average daily profiles of net ozone generation rate (G(O3)-L(O3)) (black line) and mean

A

  comprehensive field observation including quantification of peroxy radicals was carried out in the autumn of 2021. The aim was to elucidate the mechanisms of ozone formation in urban and surrounding areas of China. The detailed analysis of a typical O3 exceedance event was carried out. The maximum daily concentration of peroxy radicals was 73.8 pptv and the mean value was 43.4 pptv, respectively, comparable to those observed in Wangdu and central Beijing, China, in summer, indicating the presence of rapid ozone photochemical production. A comparison of the observations with F0AM model simulations indicates that the consistency between measured and simulated peroxy radicals is generally good. However, peroxy radicals show a tendency to be significantly underestimated during periods with higher NO concentrations between 6:00 and 9:00 CST, with the ratio (7.2 times) exceeding the combined measurement and model uncertainties. An additional 1.2 ppbv h -1 RO2 * source from an alkene-like species could explain the difference of RO2 * within 24% error. The constant mixing ratio of the numerical alkene-like species contributed to the OH reactivity with 0.87s -1 , which corresponds to 10% of the total OH reactivity in this work, and was similar to Wangdu and Beijing (10-15%). Other tests show that the oxidation of NO3 and halogen radicals and the heterogeneous HO2 loss in this study are unlikely to have a strong effect on peroxy radicalsThe main components of the simulated daytime peroxy radicals were CH3O2, C2H5O2, CH3C(O)O2, C2H5C(O)O2, and ISOPBO2, mainly from photolysis of OVOC and oxidation of VOCs by OH. Photolysis of OVOC, HCHO, O3, and HONO was the main source of ROx and played an initiating role in the atmospheric oxidation process, with OVOC making the largest contribution (57%). The radical termination processes was governed by radical cross reactions under the NOx limited regime, with C2H5O2 dominating the reaction with HO2 (6.8%). As the two fastest reactions in the propagation, RO2+ NO and HO2+ NO promoted the production of RO and OH.

Table 1 .

 1 -1 at noontime. In Summary of local daytime field measurements and model simulation of O3, Calculated from measured peroxy radical with NO reaction. h Median values of 12:00-18:00. i Daily mean. j Calculated from modeled peroxy radical with NO reaction.

	406									
	407	other campaigns (Table 1), diurnal maximum P(ROx) varied from 0.2 ppbv h -1 at an
	408	urban site in San Antonio to about 11.8 ppbv h -1 at a rural site near London. The P(ROx)
	409	in the Huaibei campaign is comparable to that found in Germany 1998, London 2012,
	410	and Wangdu 2014 and Heshan 2014 (Mihelcic et al., 2003; Whalley et al., 2018; Tan et
		al., 2017).							
	413									
	Location		Season,	Site	O3	NO2	NO	RO2 *	P(ROx)	G(O3)	Reference
			year		/ppbv	/ppbv	/ppbv	/pptv	/ppb h -1	/ppb h -1
	Berlin, Germany		summer,	rural	46	23	9	40	4.6	8	Mihelcic et
			1998								al., 2003
	London, England	summer,	rural	46.5 a	7.9 a	2.9 a	25.2	11.8	7.2	Emmerson
			2003								et al., 2007
	Paris, France		summer,	suburban	38	8	4	5.6	0.8	15.8	Michoud
			2009								et al., 2012
	London, England	summer,	urban	24.2	10.6	2.5	5.6	4.9	5.6 c	Whalley et
			2012		(37.4) b	(18.8) b	(5.5) b	(10.3) b			al., 2018
	San Antonio region,	summer,	urban	40	0.3	30	0.2	3	3.5 d	Anderson
	USA		2017								et al., 2019
	Forschungszentrum	summer,	rural	37.5	3.4	0.26	14.4	1.1	16 f	Cho et al.,
	Jülich, Germany	2017		(57.5) e	(4.3) e	(0.2) e	(23) e	(1.7) e		2022
	Wangdu, China		summer,	rural	102	15	1.6	83	5	19 g	Tan et al.,
			2014								2017
	Heshan, China		autumn,	suburban	84	23	2.5	17.3 h	4	18.1 g	Tan et al.,
			2014								2019a
	Huairou, China		winter,	suburban	11.6 i	32.5 i	9.3 i	5 i	0.7 i	3 j	Tan et al.,
			2016								2018a
	Beijing, China		summer,	urban	90	31	15	74	7 i	7.8 i	Whalley et
			2017								al., 2021
	Huaibei, China		autumn	suburban	73.6	16.9	2.2	72.5	4.5	19.5 j	This work
			2021							

411 412 NO2, NO, RO2 * , P(ROx), G(O3) and OPE in the environment. a Mean between 11:00 and 15:00. b For westerly flow and easterly flow (in parentheses) separately. c 11:00-15:00 mean. d The medians of 414 distribution for the entire campaign between 07:00 and 20:00. e For spring and summer (in parentheses) periods separately. f Noontime maxima. g
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