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Abstract.  

Revisiting an intensive field campaign is important for assessing the influences of human activity and natural event on on-site 

air quality. We conducted observations in Tsukuba, Japan, during the summer of 2022 at the same site as the 2017 AQUAS–20 

Tsukuba summer campaign, enabling a comparison of OH reactivity and related trace species after a lustrum. The combined 

WRF-CMAQ model simulations provided supplementary speciation of the OH reactivity, enabling extrapolation to 

unmeasured trace gases. Substantial reductions in anthropogenic emissions over the five years reduced the average total OH 

reactivity from 12.9 s-1 to 6.0 s-1. However, total OH reactivity was not fully explained by the concurrently measured trace 

species or model simulations, and at least 35% remained unidentified in both campaigns. High total OH reactivity and 25 

observation-based missing OH reactivity were associated with high wind speeds that brought air pollutants from the Tokyo 

metropolitan area. The model showed bias in the spatiotemporal variations of meteorological conditions and trace species, 

with large underestimation at noon when the air influx was from a pristine site, and from afternoon to midnight when the air 

influx was from a polluted site. A constrained model simulation that combined 2017 emission inventories (except biogenic 

emissions) with 2022 meteorological conditions quantified the significance of primary emissions’ contributions to the 2022 30 

campaign. Additionally, we propose evaluating the ozone regime via using  !!"#
!$"%

= 28.9 ∙ [NO] (NO in ppbv), which reduces 

the overestimation of the VOC-limited regime under low NO conditions and supports for ozone mitigation strategies. 
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1 Introduction 

Assessing the science related to climate change and air pollution requires an understanding of the loading of short-lived trace 

species (Calvin et al., 2023). Top-down OH reactivity measurements, which quantify the total loading of active trace species, 35 

are an efficient approach for interpreting on-site air quality. However, current measurements of OH reactivity are limited and 

require expensive, hard-to-manage instruments, making long-term observations extremely challenging and costly. In contrast, 

bottom-up OH reactivity estimation, typically sums the decay rates of individual OH reactants from measurements and cannot 

always reconcile with top-down results in complex ambient environments. Model simulations predict short-lived trace species 

from emissions, reactions, and specific meteorological conditions, which usually helps bridge the gap between top-down and 40 

bottom-up approaches and explore unknown OH reactants. These three approaches are essential for fully understanding 

atmospheric chemical transformations and for assessing oxidation capacity at local or regional scales. 

 

Field-based top-down OH reactivity measurements have been conducted worldwide over the past decades using either direct 

methods, such as the pump-probe technique (Hansen et al., 2014; Kovacs and Brune, 2001; Lee et al., 2009; Lou et al., 2010; 45 

Parker et al., 2011; Sadanaga et al., 2004a), or indirect methods, such as the comparative reactivity method (CRM) (Sinha et 

al., 2008, 2012). An intercomparison of the two methods in an urban environment found good agreement for NOx 

concentrations below 40 ppbv, whereas the CRM in an NOx-rich case exhibited artifacts from HO2+NO reactions (Hansen et 

al., 2015). An improved CRM successfully reduced ambient NO interference by continuously inducing NO in the system, 

thereby reducing HO2 (Wang et al., 2021). Field observations have covered ambient conditions in urban, suburban, forest, 50 

coastal, marine, and aerial areas (Chatani et al., 2009; Kovacs et al., 2003; Li et al., 2021; Mao et al., 2009; Ramasamy et al., 

2018; Whalley et al., 2016; Yang et al., 2016; Yoshino et al., 2012). The campaigns conducted at anthropogenic emission-

dominated sites showed similar diurnal trends but at different magnitudes, with a peak in the early morning, a drop at noon, 

and a slight increase in the late afternoon to evening, capturing the important contributions of NOx emissions during rush 

hours (Yang, 2023). 55 

 

Nevertheless, unexplained OH reactivity in either bottom-up measurements or model simulations is known as missing OH 

reactivity. Both the bottom-up approach and model simulation contain biases due to kinetic rate constants, unconsidered 

chemical mechanisms, physical processes, and potential instrument uncertainties or model limitations. Previous field 

campaigns have reported 30–50% missing OH reactivity in summer at polluted/semi-polluted sites (Yang et al., 2016). The 60 

seasonality of missing OH reactivity has been reported to increase from the cold to the warm seasons (Brune et al., 2022; 

Yoshino et al., 2012). In addition, the 3-D air quality model (WRF-CMAQ) simulated OH reactivity in Tokyo, which was 

significantly underestimated owing to VOC bias. To bridge this gap, researchers have applied scaling factors for each trace 

species, derived from the measurements, to account for the remaining 40% of the missing OH reactivity (Chatani et al., 2009). 

 65 
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On-site field campaigns can provide temporary investigations at short spatial scales, but routine field campaigns at the same 

site are currently scarce for understanding chemical transformations over long timescales. With ongoing air regulations, we 

expect improvements in air quality. The scientific questions remain regarding the extent to which anthropogenic air pollutants 

have been reduced, how many unknown air mixing ratios remain, and how to further evaluate their oxidation capacity. 

Previously, multiple campaigns (TexAQS2000, TRAMP2006, and SHARP2009) in Houston were conducted over different 70 

summer years, observing a similar diurnal ozone production regime that transitioned from VOC-limited to NOx-limited at 

noon (Mao et al., 2010; Ren et al., 2013). They reported that the NOx reduction sustained longer NOx-limited conditions in 

SHARP2009. A detailed comparison of same-site campaigns would be meaningful for diagnosing the influence of emission 

reductions from meteorological dispersive and transportive effects. We conducted an intensive field campaign during the 

summer of 2022 at the same site as the 2017 Tsukuba summer campaign (Li et al., 2020). Although each campaign entailed 75 

only two weeks of observations, we believe that the short-term snapshot could capture the long-term evolution through 

interpretation of the WRF-CMAQ simulation. To confirm the interaction between meteorology and emissions, an extra-

constrained scenario using 2017 emission inventories and 2022 meteorology provides more explicit comparisons. Such cross-

comparisons should provide insights into ozone mitigation strategies to uncover the effects of pollutant regulation in a changing 

society. 80 

2 Method 

2.1 Site description 

The summer campaign was conducted from 22 August to 4 September 2022, at the National Institute for Environmental Studies 

(NIES; 36°03′N, 140°07′E) in Tsukuba, Japan, a suburban site located northeast of the Tokyo metropolitan area. The 

measurements were performed at the same site as in the 2017 AQUAS–Tsukuba summer campaign reported by Li et al. (2020). 85 

The site is characterized by a humid continental climate and influenced by both anthropogenic and biogenic emissions owing 

to its proximity to the Tokyo metropolitan area, Mt. Tsukuba and Lake Kasumigaura. During the campaign, the hourly air 

temperature ranged from 19 to 34 °C, comparable to that observed during the 2017 campaign. Table 1 summarizes the suite 

of instruments used to measure the meteorological parameters, actinic fluxes, inorganic trace species, VOCs, oxygenated 

VOCs, XO2 radical (XO2≡HO2 + RO2), and total OH reactivity. 90 

2.2 Measurement of total OH reactivity 

Total OH reactivity was measured using a laser pump and laser-induced fluorescence (LP-LIF) technique (Sadanaga et al., 

2004a). The instrument was deployed at the ground level, and detailed descriptions of the measurement principle and field 

applications are available elsewhere (Kohno et al., 2022; Li et al., 2020, 2021, 2022; Ramasamy et al., 2016, 2018; Sadanaga 

et al., 2004a; Yoshino et al., 2006, 2012). Therefore, only a brief description is provided here. 95 
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The LP-LIF instrument comprises two parallel cells: a reaction cell and a laser-induced fluorescence (LIF) cell. In the reaction 

cell, a pump laser (Nd:YAG system, Tempest 300, New Wave Research) photolyzed ozone (typically >80 ppbv in the reaction 

cell) to generate OH radicals. Ozone was generated by photolysis of oxygen under Hg lamp irradiation (185 nm), and was 

supplemented with ambient ozone introduced from the sampled air. The LIF cell was connected to the reaction cell through a 100 

0.5-mm-diameter orifice. OH radicals were excited in situ by a probe laser via the Q1(2) A2(vʹ=0) ⟵ X2(vʺ=0) transition, and 

the resulting fluorescence was detected with a photomultiplier tube (PMT; R2256P, Hamamatsu). The PMT was gated off 

during each laser pulse to prevent detector saturation and enable accurate fluorescence photon counting. 

 

Zero-air measurements were routinely performed once a day at various times using a zero-gas generator (Thermo Scientific 105 

Model 111) that supplied air containing only nitrogen and oxygen. No significant day-to-day variations were observed in the 

instrumental background. The average daily baseline, primarily attributed to thermal OH diffusion from the laser photolysis 

region, was 3.7 ± 0.2 s-1, corresponding to an instrumental uncertainty of approximately 5%. Ambient air was sampled through 

a 20 m, 1/2-inch perfluoroalkoxy (PFA) tube at a flow rate of 13 standard liters per minute (SLM; 273K and 1 atm). The 

residence time in the sampling line was approximately 9 s, which is sufficiently short to neglect chemical losses due to rapid 110 

oxidation reactions. Ambient OH reactivity (kOH) was obtained by subtracting the daily background from the measured decay 

rate. The OH decay profiles were averaged over 240 laser shots at a repetition rate of 2 Hz, yielding a temporal resolution of 

2 min. The instrument was calibrated after the field campaign using a certified propene/N2 cylinder gas (40.4 ppmv; Sumimoto 

Seika Chemicals). The measured OH reactivity was corrected by using a calibration factor of 0.974. Details of the calibration 

procedure are shown in Fig. S1 of the Supplement. 115 

2.3 Measurement of XO2 concentration 

The concentration of XO2 was measured using the peroxy radical chemical amplification (PERCA) technique (Cantrell and 

Stedman, 1982). PERCA converts HO2 and RO2 radicals into NO2 through a chain-amplification mechanism, enabling the 

quantification of XO2 concentrations using a cavity-attenuated-phase-shift (CAPS) NO2 monitor. The instrument was installed 

on the rooftop of an eight-story building, approximately 30 m above ground level, and collocated with a radiometer. The 120 

measurement system periodically introduced CO and NO into the reactor to convert HO2 and most of the RO2 radicals into 

NO2. The instrument was configured as described by Sadanaga et al. (2004b).  

 

The PERCA-CAPS system was calibrated by generating a known concentration of HO2 radicals through the photolysis of 

water vapor at 185 nm using a mercury lamp in the presence of excess CO. The dependence of the chain length on RH was 125 

also characterized using the same calibration system to correct for the effect of water vapor under ambient conditions. The 

measurement uncertainty was estimated from the uncertainty in the generated HO2 concentration during the calibration 

experiments, which was primarily associated with the absorption cross sections of O2 and H2O. The overall uncertainty of the 

system was estimated at up to 40%, reflecting variations in the calibration configuration. A detailed description of the 
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instrument and calibration of the chain length is provided by Sakamoto et al. (2026), and the corresponding calibration results 130 

are presented in the Supplement, including Fig. S2. 

2.4 Ancillary Measurements 

The NOx, CO, O3, and HCHO concentrations were measured using commercial analyzers (Table 1). Except for CO, which 

was measured on the sixth floor of the building, all the trace gases were sampled at ground level. Details of the calibration 

procedures are described in the Supplement (including Fig. S3). 135 

The VOCs were continuously measured using proton-transfer-reaction time-of-flight mass spectrometry (PTR-ToF-MS; 

IONICON 6000) and gas chromatography using a flame ionization detector (GC-FID; Agilent 6890). To validate the online 

measurements, 20 whole-air canister samples were collected twice or thrice daily during the campaign. The canister samples 

were subsequently analyzed by GC-FID for VOCs and by a reduction gas detector (RGD; SRI Instruments Europe GmbH) for 

H2 and CO. Figure S4 compares the concentrations of representative VOCs measured using the online and offline techniques. 140 

Online VOC measurements were evaluated against canister analyses, and only validated VOC species were included in the 

subsequent analyses. Table S1 lists the validated VOC species, along with their average concentrations and corresponding rate 

coefficients for reactions with OH used in the OH reactivity calculations. 

𝑘"#$% = ∑ 𝑘&& [𝑋&]            (1) 

The calculated OH reactivity was obtained by summing the products of the measured concentrations ([Xi]) of all the validated 145 

trace species and their corresponding second-order rate coefficients with OH (ki), as shown in Eq. (1). Rate coefficients were 

adopted from Li et al. (2022). Meteorological parameters, including wind speed, wind direction, RH, and atmospheric pressure, 

were obtained from a nearby environmental monitoring station (Fig. 1). The time series of precipitation, RH and wind speed 

are presented in Fig. S5. 

Table 1. Information on the instrumentation for the detected objects. 150 

Object Technique Time 

resolution 

Relative 

uncertainty 

(1σ) 

Note 

Total OH reactivity LP-LIF, custom-based 2-min 5%  

XO2 concentration PERCA-CAPS, custom-

based 

10-min 40% Refer to 

Sakamoto et 

al. (2026) 

NO2 CAPS, Aerodyne 1-s <1%  
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NO Chemiluminescence, 

Thermo 42i-TL 

1-min 1%  

O3 UV-vis absorption, Dylec 

1150 

10-s 0.5%  

CO NDIR, Thermo 48i-TLE; 

RGD, SRI 

1-min; offline 1%; 8%  

H2 RGD, SRI offline 8%  

VOCs PTR-ToF-MS, IONICON 

6000;  

GC-FID, Agilent 6890 

1-min; 1-h <1%; 9%  

HCHO Hantzsch Reaction, Aero-

Laser AL4021 

90-s 2%  

Photolysis rate Radiometer    

RH, temperature, humidity, 

wind speed, wind direction, and 

pressure 

NIES Air Quality Research 

Station 

1-h   

 

2.5 WRF-CMAQ simulations 

The basic framework of the simulations was the same as that of Morino et al. (2023). Meteorological and chemical simulations 

were performed using the Weather Research and Forecasting (WRF) model v4.1.5 coupled with the Community Multiscale 

Air Quality (CMAQ) model v5.3.2. The gas-phase chemistry and aerosol processes were represented using the SAPRC07 155 

chemical mechanism and AERO7i aerosol module, respectively. The meteorological initial and boundary conditions were 

obtained from the National Centers for Environmental Prediction Final (NCEP-FNL ds 083.3) operational analyses, while the 

chemical initial was provided by the CHASER global chemical transport model. Model outputs with a horizontal resolution of 

5 km were used for all the analyses presented in this study. In addition, we used the 10-m wind speed and 10-m wind direction 

from the Meteorology-Chemistry Interface Processor output for spatiotemporal variations of the modeled trace species. 160 

 

Three simulation scenarios were designed to investigate the relative contributions of changes in emissions and meteorological 

variability (Table 2). The two scenarios reproduced the atmospheric conditions during the 2017 and 2022 field campaigns 

using the corresponding meteorological fields and emission inventories. As part of the 2022 emissions inventory was 

unavailable, missing emissions were replaced with those from the most recent available inventory. In addition, a constrained 165 

scenario (M2022E2017) was simulated by combining the 2022 meteorological conditions with the 2017 anthropogenic 

emissions to isolate the influence of meteorological variability. The BVOC emissions were retained from the 2022 simulation 
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because they are strongly dependent on meteorological conditions, particularly temperature. Comparisons between the 

modeled and observed concentrations were used to evaluate the model performance and identify potential sources of 

uncertainty. Furthermore, the constrained simulation enabled the determination of the relative contributions of emission 170 

changes associated with air quality regulations and interannual meteorological variability to be distinguished. 

 

Table 2. Details of the WRF-CMAQ model used in the Tsukuba field campaign over 2017 and 2022. 

Source Data 2017 2022 M2022E2017 

Anthropogenic 

(Japan, Motor vehicles) 
MOEJ 2017 2021 2017 

Anthropogenic + open burning (Japan, others) J-STREAM 2017 2021 2017 

Anthropogenic (foreign) REAS v3.2.1 2017 2020 2017 

Anthropogenic (Russia) EDGARv5.0 2017 2018 2017 

Ships (Japan) GLIMMS-AQ 2017 2020 2017 

Ships (foreign) EDGARv5.0 2017 2018 2017 

Biomass burning (foreign) GFED v4.1s 2017 2022 2017 

Biogenic VOC MEGAN v2.10 2017 2022 2022 

Volcano (Japan) JMA 2017 2022 2017 

Volcano (foreign) Carn et al. (2017) 2017 2022 2017 

 

3 Results and discussion 175 

3.1 Meteorological conditions during the 2022 field campaign 

The meteorological conditions during the 2022 field campaign, including wind speed, air temperature, and RH, are shown in 

the upper panel of Fig. 1. Both the 2017 and 2022 campaigns were conducted during the late summer, and the observed 

temperature ranges were comparable. In 2022, the RH was generally higher when winds originated from the east-to-north 

sectors and decreased around midday as air temperature increased. Higher temperatures and stronger winds were associated 180 

with southern air masses, with peak wind speeds occurring in the late afternoon. 

 

Compared with the 2017 campaign, wind speeds in 2022 were generally higher across most wind directions. The average wind 

speed increased by 0.57 m s-1, while easterly winds exhibited similar strengths during both campaigns (lower panel of Fig. 1). 

The most pronounced difference was observed for nighttime winds from the south to west, where the average wind speed 185 

increased by 0.77 m s-1 in 2022, indicating enhanced transport of urban air masses from the Tokyo metropolitan area. In 

contrast, daytime easterly winds, which are associated with the lake breeze, were slightly weaker in 2022 than in 2017. 
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Overall, the meteorological conditions during the 2022 campaign favored a more efficient transport of polluted air masses 

from the upwind megacity region. This enhanced transport likely offset, at least in part, the reduction in local anthropogenic 190 

emissions when the two campaigns were compared. 

    
Figure 1. Upper panel: Diurnal variations of meteorological conditions, including RH, temperature, and wind speed, in the 

2022 field campaign. The radial axis shows hour of the day. Lower panel: The wind condition difference regarding each 

wind direction from Aug 21st to 28th, 2022, compared to the same period in 2017 (left), and the results during the daytime 195 
(middle) and nighttime (right). The arrows indicate changes in the general wind direction, which comes from the West 

during the daytime and the North during the nighttime in 2022. 

 

3.2 Observations during the 2022 campaign and comparison with the 2017 campaign 

The time series of the measured total OH reactivity and contributions from the individual groups of OH reactants are shown 200 

in Fig. 2. The hourly mean total OH reactivity ranged from 1.9 to 16.8 s⁻¹, while the 2-min observations spanned a wider range 

of 1.3– 41.5 s⁻¹ (Fig. S6). NOx and CO were the dominant contributors, accounting for approximately 32% of the total OH 

reactivity. Despite measuring more than 47 reactive trace species, 44% of the total OH reactivity remained unexplained. Based 
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on their typical background concentrations (2 ppmv for CH4 and 700 ppbv for H2), methane and hydrogen were estimated to 

contribute an additional 5.2% and 1.9%, respectively. 205 

 

The backward-trajectory analysis in Fig. S7 indicated that the three largest total OH reactivity episodes (26, 27, and 31 August) 

occurred when air masses originated from the south and passed over the Tokyo metropolitan area before reaching the 

observation site. In contrast, the lowest daytime total OH reactivity was observed on 28 August, when northerly winds (Fig. 

3) and precipitation (Fig. S5) promoted cleaner atmospheric conditions. Nevertheless, a substantial fraction of unidentified OH 210 

reactants was consistently observed, with particularly high contributions in the early morning and late afternoon, particularly 

on days with elevated total OH reactivity. 

 

A detailed description of the 2017 Tsukuba campaign is provided by Li et al. (2020). For comparison, the modeled time series 

and source contributions to OH reactivity during the 2017 campaign are presented in Fig. S8 and Fig. S9, respectively. During 215 

the 2017 campaign, observations indicated that approximately 35% of total OH reactivity was unexplained, whereas the WRF-

CMAQ simulation underestimated the total OH reactivity substantially, leaving approximately 68% unexplained due to 

underestimation of NOx, CO, and VOC concentrations. 

 

To compare the atmospheric composition between the two campaigns, Table 3 summarizes the daytime average concentrations 220 

(mean ± 1𝜎) of inorganic species, HCHO, total OH reactivity, and calculated OH reactivity, while the corresponding averages 

over the entire observation period are provided in Table S2. Between 2017 and 2022, daytime NOx concentration decreased 

by over  60%, whereas CO concentrations declined by over 30%, suggesting a smaller reduction in CO emissions than in NOx, 

consistent with the continued importance of residential combustion sources and their influence on atmospheric oxidation 

capacity (Wei et al., 2023; Zheng et al., 2018). Daytime O3 decreased by 28%, while the reduction in campaign-average O3 225 

concentration was only 9%, reflecting the weak NO titration at night. Overall, indicators of primary emissions and secondary 

oxygenated products, represented by HCHO and calculated OH reactivity, decreased by over 54%. In contrast, O3 exhibited a 

much smaller decline, suggesting that long-term changes in precursor emissions may have altered the ozone production regime. 

These contrasting changes in precursor concentrations and ozone also motivate the following analysis of the factors controlling 

OH reactivity and atmospheric oxidation capacity. 230 

 

 

 

 

 235 
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Table 3. Comparison of the typical “trace species”, total OH reactivity, and calculated OH reactivity from hourly 

daytime results (6:00–18:00, not including 18:00) in 2017 and 2022. The values represent the mean ± 1𝜎 standard 

deviation. 240 

  NO NO2 O3 CO HCHO k’total k’cal k’mdl 

  ppbv s⁻¹ 

Observation 2017 1.3±3.3 10.2±4.

9 

42.2±21.4 309±83 3.9±1.8 13.1±4

.8 

8.1±3.2  

2022 0.24±0.34 4.0±1.9 30.3±10.4 217±43 1.8±1.3 6.8±2.

4 
3.7±1.1  

 

WRF-

CMAQ 

2017* 0.67±0.90 3.2±2.9 54.2±14.7 119±27 2.4±1.0   5.1±2.

5 

2022# 0.79±1.0 3.3±2.2 42.1±18.4 112±32 1.2±0.5   3.0±1.

0 

M2022E2017# 0.89±1.1 4.2±2.8 45.1±18.1 139±37 1.4±0.6   3.7±1

.3 

*2017 simulation results from 21 to 28 August, which is the same as the OH reactivity measurement period. The average 

daytime simulated OH reactivity was 3.7 ± 2.0 s-1 during the period of 20 August to 5 September. The time-series results 

are shown in Fig. S8. 

#2022 simulation results from 24 August to 4 September, which is the same as the OH reactivity measurement period. 
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 245 

 

 
Figure 2. Hourly average of total OH reactivity (in lines) and its contribution from each group of trace species (in stocked 

areas) based on measurements (upper panel) and simulations (bottom panel). 
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3.3 Source characteristics of total and missing OH reactivity 250 

Stronger winds during the 2022 campaign enhanced the transport of air pollutants from upwind source regions, despite reduced 

local emissions. To investigate the dominant source characteristics of these air pollutants, the total OH reactivity, calculated 

OH reactivity, and modeled OH reactivity were analyzed as functions of wind speed and wind direction (Fig. 3). By 2022, the 

highest total OH reactivity was associated with strong southerly winds, indicating the transport of polluted air masses from the 

Tokyo metropolitan area. By contrast, applying the same analysis to the 2017 campaign (Fig. S10) showed that the highest 255 

total OH reactivity occurred predominantly under relatively stagnant conditions, suggesting a stronger influence of local 

emissions. 

 

Although the observations revealed distinct source characteristics for the two campaigns, neither the measured trace species 

nor the WRF-CMAQ simulations fully reproduced the magnitude or spatial distribution of the total OH reactivity. This 260 

discrepancy highlights unidentified OH-reactive species in the observations, as well as uncertainties in the model’s 

representation of meteorological processes and chemical interactions. During the 2017 campaign, the calculated OH reactivity 

captured the southwest–northeast gradient of the total OH reactivity reasonably well (Fig. S10). In contrast, the 2022 campaign 

exhibited increased contributions from secondary products and biogenic VOCs under easterly and southerly winds, resulting 

in distinct spatial distributions of the calculated OH reactivity. The model simulations for both campaigns primarily reflected 265 

the dilution effect, predicting a higher OH reactivity under weaker wind conditions.  

 
Figure 3. Bivariate polar plot of total OH reactivity (left), calculated OH reactivity from measured trace species (middle), 

and modeled OH reactivity (right) in 2022. The radial axis shows the wind speed in m s-1. The monitored surface wind 

speed and direction were used for the left and middle panels, whereas the model-output wind speed and direction at 10 m 270 
were used for the right panel. 
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The spatial distributions of the missing OH reactivity derived from observations and the model are shown in Fig. 4. In 2022, 

the observation-based missing OH reactivity was largest under strong southerly winds, suggesting substantial contributions 

from transported primary emissions and their oxidation products originating from the Tokyo metropolitan area. The missing 

OH reactivity decreased progressively as wind speeds weakened. The model reproduced the elevated missing OH reactivity 275 

under southerly flow to some extent but additionally exhibited high missing OH reactivity under moderate southeasterly winds. 

This discrepancy is likely due to biases in the simulated meteorological fields, which also appeared to have stronger winds 

than those monitored in both years. For example, the model underestimated up to 64% of the BVOCs. In addition to underrated 

biogenic sources, meteorological bias in the model contributes to the underestimation by altering BVOC lifetimes. Previously, 

a scaling factor of approximately 4 was applied to isoprene to reduce this discrepancy (Chatani et al., 2009). This treatment 280 

exhibited consistency and inconsistency on a daily scale, indicating meteorological influence. The diurnal variations in the 

missing OH reactivity (Fig. S11) provided further insight into its origin. In 2022, both the observation-based and model-derived 

missing OH reactivity exhibited enhanced values around noon under northeasterly winds, indicating additional contributions 

from secondary oxidation products formed during daytime photochemistry. In contrast, the elevated missing OH reactivity 

associated with the southerly winds persisted throughout the day, supporting the interpretation that unidentified reactive species 285 

were continuously transported from the Tokyo metropolitan area. Overall, the WRF-CMAQ model underestimated the total 

OH reactivity due to primary emissions, secondary products and meteorological fields. 

Compared with 2022, the source characteristics during the 2017 campaign were less distinct due to weaker meteorological 

forcing (lower panel in Fig. 4 and Fig. S11). The highest missing OH reactivity occurred around midday under westerly to 

northerly winds. Although the observed and modeled spatial patterns were generally similar, the model consistently predicted 290 

a larger missing OH reactivity than that inferred from the observations. Together, these results suggest that anthropogenic 

emission controls substantially reduced the overall burden of reactive air pollutants between 2017 and 2022, while the 

meteorological conditions during the 2022 campaign favored the regional transport of urban air masses, partially compensating 

for the reduction in local emissions. 

 295 
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Figure 4. Bivariate polar plot of missing OH reactivitiy from measurements (left panel) and model simulations (right panel) 

in 2022 (upper panel) and 2017 (lower panel). The radial axis shows the wind speed in m s-1. For the left panel, the monitored 

surface wind speed and wind direction were used; for the right panel, the model output of 10-m wind speed and direction 

was used. 300 
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3.4 WRF-CMAQ model performance 

The performance of the WRF-CMAQ model was evaluated by comparing the simulated and observed time series of OH 

reactivity. The time series of the modeled OH reactivity was comparable to that of the calculated OH reactivity, as shown in 

Fig. S12. Only species with non-negligible concentrations and appreciable rate coefficients for OH radicals were included in 

the modeled OH reactivity (VOC species in Table S3). Because the SAPRC07 chemical mechanism represents many VOCs 305 

as lumped species, additional uncertainty was introduced in estimating the modeled OH reactivity. As shown in Fig. 5, the 

model substantially underestimated the OH reactivity during the daytime, particularly around noon. The largest discrepancies 

were associated with BVOCs and HCHO, which were both significantly underestimated relative to observations. A similar 

evaluation of the 2017 campaign is presented in Fig. S9, where the model exhibits the same systematic behavior but with even 

larger underestimations. The larger model bias in 2017 suggests that improvements in emission inventories alone are 310 

insufficient to explain the observed changes in OH reactivity between the two campaigns. 

 

The CO concentrations were underestimated by a factor of two throughout the campaign (Fig. S13). This bias has been widely 

reported in previous studies on the WRF-CMAQ. For instance, Tsai et al. (2025) attributed the underestimation in Taiwan to 

uncertainties in emission inventories, particularly from sources with high CO/NOx emission ratios. Similarly, Tan et al. (2017) 315 

reported that the model underestimated CO concentrations during severe pollution episodes in Shanghai, where meteorological 

conditions, including wind fields, also contributed to model bias. They further examined a constrained scheme to improve the 

meteorology prediction; however, the model bias for CO was not reduced. In our constrained simulation (M2022E2017), which 

replaced the anthropogenic emission inventory with the 2017 inventory, the simulated CO concentration increased by 26.9%, 

and most of the underestimation persisted. These results suggest that uncertainties in both emission inventories and 320 

meteorological processes contribute to a persistently low bias in simulated CO concentrations, including those from cooking 

emissions, which are not adequately represented in the emission inventory. 

 

In contrast to CO, the model overestimated O3 and NO2 by averages of 26.9% and 7.0%, respectively, under the 2022 emissions 

scenario. Despite these positive biases, the model reproduced the observed day-to-day variability reasonably well. The 325 

simultaneous overestimation of the sum of O3 and NO2 suggests that ozone production during most of the campaign occured 

under NOx-limited conditions, in which additional NO2 enhanced O3 formation. The model also reproduced the temporal 

variability of NO, although the peak concentrations were overestimated during episodes influenced by air masses transported 

from the Tokyo metropolitan area. During these episodes (e.g., the mornings of 23 and 31 August and 1 and 2 September), the 

positive biases in O3 and NO2 became less pronounced, implying a transition toward VOC-limited ozone production. A more 330 

detailed discussion of the ozone production regime is provided in Sect. 3.7. Compared with the 2022 simulation, the 

constrained scenario using 2017 anthropogenic emissions (M2022E2017) increased the simulated concentrations of O3, NO2, 

and NO by 7.5%, 28.3%, and 10.7%, respectively (Table S2 and Fig. S14).  
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 335 
Figure 5. The breakdown (upper panel) and hourly diel averages (bottom panel) of total OH reactivity by measured (left 

side) and modeled trace species from WRF-CMAQ simulation (right side). 

 

3.5 HCHO formation and missing secondary products 

Unlike CO, which exhibited relatively weak diurnal variability (Fig. 6), HCHO exhibited a pronounced daytime increase, 340 

indicating substantial secondary photochemical production. As shown in both the diurnal cycle (Fig. 6) and the time series 

(Fig. S15), the WRF-CMAQ model substantially underestimated HCHO during the daytime and slightly overestimated it at 
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night. During the campaign, hourly HCHO concentrations ranged from 0.03 to 6.5 ppbv in the observations, 0.36 to 3.4 ppbv 

in the 2022 simulation, and 0.56 to 4.9 ppbv in the constrained simulation (M2022E2017). The largest daytime underestimation 

occurred on 26 and 27 August, coinciding with the periods when the model substantially overestimated O3. Replacing the 345 

anthropogenic emissions inventory with the 2017 inventory increased the simulated HCHO concentration by approximately 

20% on average. This enhancement was slightly more pronounced at night than during the day, indicating that primary HCHO 

emissions dominated nighttime concentrations, whereas daytime HCHO emissions were strongly influenced by photochemical 

production. 

 350 

The ratio of HCHO to CO was analyzed to distinguish primary emissions from secondary formation (Fig. S16). During the 

daytime, photochemical oxidation enhances secondary HCHO production, increasing the HCHO/CO ratio. Therefore, the 

minimal nocturnal HCHO/CO ratio was used to represent the primary emission ratio, allowing the estimation of secondary 

HCHO fraction (lower panel in Fig. 6). This approach was evaluated against independent methods, including linear regression 

analysis and photochemical decay retrieval, and yielded consistent results (Fukusaki et al., 2026). Based on these observations, 355 

the contribution of primary HCHO began to decrease after 05:00 LT, reached a minimum of approximately 20% at noon, and 

subsequently increased after 15:00 LT, exceeding 90% after midnight. The simulations reproduced the overall diurnal pattern 

but consistently overestimated the contribution from primary HCHO, indicating an underestimation of secondary HCHO 

formation. The maximum secondary HCHO fraction reached 52% and 45% in the 2022 and constrained simulations, 

respectively, which were 28% and 35% lower than the observation-based estimates. These results are consistent with the 360 

underestimation of HCHO’s contribution to OH reactivity, specifically during the daytime when the model underestimated the 

HCHO concentration by approximately 33% (Table 3). Together, these findings suggest that the model fails to adequately 

represent secondary HCHO production, contributing to the underestimation of total OH reactivity. 
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  365 

 
Figure 6. The diel variations of CO (a), HCHO (b), HCHO-to-CO ratio (c), and fraction of secondary HCHO (d) based on 

the emission ratio method using the HCHO-to-CO ratio. Measured results are in blue, modeled results are in orange, and 
those from the constrained model with 2017 emissions are in green. The colored stock area indicates the uncertainty range 
at 2 σ. 370 

The relationship between HCHO and missing OH reactivity was further examined because previous smog-chamber 

experiments demonstrated a strong linear correlation between HCHO concentration and missing OH reactivity, indicating the 

co-production of HCHO and highly reactive dicarbonyl compounds during VOC oxidation (Li et al., 2025). This relationship 

was also observed during the 2017 Tsukuba field campaign (Li et al., 2025). However, applying the same empirical relationship 

to the 2022 observations resulted in substantial discrepancies, particularly during nighttime (Fig. 7). As shown in Fig. S17, 375 

HCHO remained moderately correlated with the missing OH reactivity during the daytime, whereas no significant correlation 

was observed at night. This result suggests that the missing OH reactivity during nighttime cannot be explained solely by the 
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secondary oxidation products associated with HCHO formation. Instead, the elevated nighttime missing OH reactivity is likely 

attributable to primary reactive species transported from the south that were not measured during the field campaign and were 

also absent from the current model simulation. 380 

 

 
Figure 7. Diurnal variations of the missing OH reactivity from observations and from the measured HCHO concentration 

using k’missing/[HCHO]=1.5 s-1 ppbv-1. 

 385 

3.6 XO2 budget analysis 

The XO2 (≡ HO2 + RO2) budget provides valuable insight into the atmospheric oxidation capacity and serves as an independent 

evaluation of the model’s performance. The PERCA-CAPS instrument measures the total XO2 concentration; therefore, the 

modeled XO2 concentration was calculated as the sum of the simulated HO2 and all RO2 species for each simulation scenario. 

As shown in Fig. 8, the observed XO2 concentrations exhibited multiple spikes on rainy days, such as 28 and 30 August and 1 390 

September. These fluctuations may be associated with rapidly changing meteorological conditions and rain-induced soil NOx 

emissions (Ghude et al., 2010), which tend to introduce bias into the measurements. On most of the other days, the model 

reproduced the observed day-to-day variability reasonably well, with only a modest bias. Part of the remaining discrepancy 

may be related to the measurement interference from the thermal decomposition of HO2NO2 and RO2NO2, which was 

quantified and corrected in the PERCA system (Sakamoto et al., 2026). 395 

The constraint simulation (M2022E2017) slightly reduced the daily peak XO2 concentrations because the increased emissions 

enhanced radical termination reactions. The three largest model underestimations occurred on the 23 and 31 August, and on 1 

September, coinciding with periods when NO concentrations were substantially overestimated. The elevated NO promoted the 

conversion of peroxyl radicals to OH, thereby reducing the simulated XO2 concentrations. Consistent with this interpretation, 
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Fig. S18 shows that PAN decomposition’s contribution to PHOx was suppressed during these episodes. In contrast, the model 400 

overestimated XO2 on 26 and 30 August, which may be attributable to an underestimation of NO2, leading to weaker radical 

termination and consequently higher simulated XO2 concentrations. 

 
Figure 8. Time series of XO2 concentrations from measurements (in blue), simulation (in orange), and 

constrained simulation using 2017 emission inventories (in green). 405 

 

3.7 Ozone production sensitivity 

Ozone production sensitivity was evaluated to identify whether ozone formation was primarily limited by VOCs or NOx. 

Based on field observations, the ozone production regime was first classified using the kVOC/kNOx and HCHO/NO2 ratios, 

following the index values proposed in smog-chamber experiments (Li et al., 2025). The kVOC/kNOx ratio has been validated 410 

against direct observations of ozone production rates during an industrial field campaign (Sadanaga et al., 2026). In addition, 

the HOx budget indicator, LN/Q, was applied, where LN represents radical termination by NOx and Q denotes the total radical 

production that sustains the photochemical chain reactions (Kleinman, 2005; Kleinman et al., 1997, 2001). The transition 

regime defined by LN/Qtrans corresponds to the equal sensitivity of ozone production to VOC and NOx. The HOx budget 

indicator was further developed for heterogeneous HO2 uptake following Sakamoto et al. (2019). A constant first-order HO2 415 

heterogeneous loss rate of 0.0023 s-1 based on the measurements at a suburban site (Li et al., 2022) can be used. Finally, we 
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propose a new classification method that combines the kVOC/kNOx ratio with NO concentration. The performance and limitations 

of these approaches were compared using observations from the 2022 Tsukuba campaign. 

 

3.7.1 kVOC/kNOx and HCHO/NO2 ratios 420 

Figure 9 (a) and (b) compare the ozone regime using two traditional index approaches: the kVOC/kNOx ratio, and HCHO/NO2 

ratios, respectively. The NOx-limited regime was observed for kVOC/kNOx ratios greater than 7.4–9.1, depending on the initial 

mixing ratios of the air (Li et al., 2025; Sadanaga et al., 2026). Thus, we highlighted the period with a ratio larger than 7.4 in 

light red and labeled it “transition to NOx-limited,” and the period with a ratio larger than 9.1 in dense red as “NOx-limited.” 

The reactivity ratio from the top-down measurement exceeded 7.4 at noon on 24, 27, and 31 August, and on 3 and 4 September, 425 

as highlighted in Fig. 9 (a). The ratio from both bottom-up measurement and simulations was, in most cases, smaller than 7.4; 

therefore, we may expect a dominant role for the VOC-limited regime. Figure S19 compares the time series of the VOC and 

NOx reactivities from the measurements and model simulations. Bottom-up measurements and simulations largely 

underestimated VOC reactivity due to the missing OH reactivity, causing estimation uncertainties. NOx reactivity was 

generally well reproduced until 2 September, and sharp nocturnal overestimates appeared on 2 and 3 September. 430 

 

Similarly, the results based on the HCHO/NO2 ratio showed NOx-limited regimes on 24, 25, and 27 August, and briefly on 31 

August, in both the measured and modeled ratios. However, the modeled ratio was also larger than the index of 1.4 on 26 and 

29 August. This discrepancy was primarily caused by the model’s underestimation of NO2 (see Fig. S14), which had larger 

concentrations and wider temporal variability than HCHO (Fig. S15). Although the smog-chamber study recommends a 435 

transition-range index of 1.4–2.1 (Li et al., 2025), we observed an HCHO/NO2 ratio below 2.1 throughout the campaign and 

thus defined the NOx-limited regime as ratios above 1.4. The days 28 and 30 August and 1–3 September were classified as 

“VOC-limited” regimes from both measured and modeled HCHO/NO2 ratios. 
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Figure 9. Top to bottom: ozone regime classification results from the index of kVOC/kNOx, [HCHO]/[NO2], LN/Q, and the 440 
empirical method proposed from kVOC/kNOx and [NO] relationship. The NOx-limited regime condition is highlighted in red. 

Dashed lines in each panel indicate the corresponding transition regime. 

 

3.7.2 Radical budget balance 

LN/Q acts as an efficient proxy for determining ozone regime sensitivity. Equation (2) is adopted from Sakamoto et al. (2019). 445 

When there is no heterogeneous XO2 loss, LN/Qtrans = ½ is used to separate the VOC- and NOx-limited conditions (Kleinman 

et al., 1997). Considering heterogeneous HOx loss, the transition equation, Eq. (3), is modulated by the ratio of heterogeneous 

XO2 loss (Lp) to the sum of Lp and XO2 self-cross reaction losses (LR), as shown in Eq. (4). 
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𝑘899 = k:;3/:;3 ∙ (β)3 + k:;3/<;3 ∙ β ∙ (1 − β)         (5) 

The parameters in Eqs. (2)–(4) are XO2 concentration ([XO2]), NO2 concentration ([NO2]), NO concentration ([NO]), the ratio 

of HO2 over XO2 radicals (β), the rate constants of OH with NO2 (kN) and HO2 with NO (kHO2-NO). k’PU_HO2 considers only the 

heterogeneous HO2 loss, which is used as 0.0023 s-1 (Li et al., 2022). keff is the effective bimolecular HO2/RO2 radical rate 455 

constant balanced by β, as denoted by Eq. (5). The effective HO2 self-reaction rate constant, kHO2-HO2, was derived by 

considering the equilibrium formation of the HO2-H2O complex, as proposed by Kanno et al. (2006). kHO2-RO2 uses a 

temperature-dependent rate constant derived from the rate constant at 298 K (Orlando and Tyndall, 2012). ki[VOC]i refers to 

the OH reactivity derived from the reaction with VOCs, including missing OH reactivity, and reaction with CO and O3. 

 460 

Figure 9 (c) shows the “NOx-limited” regime in the red-highlighted region. Due to the data availability, we reported results 

only from 24 August to 1 September. Almost every day (except 1 September) was NOx-limited during most of the daytime, 

with a short VOC-limited period in the morning. Compared with the results of the 2017 Tsukuba campaign (Sakamoto et al., 

2019), the NOx-limited regime increased during the 2022 campaign. The results based on LN/Q without aerosol uptake are 

shown in Fig. S20. The NOx-limited regime expanded upon consideration of aerosol uptake, consistent with the conclusions 465 

of previous field campaigns (Kohno et al., 2022; Li et al., 2022) and a chamber experiment (Sato et al., 2026). When comparing 

the results in Figs. 9 (c) and S20, the regime transitioned from VOC-limited to NOx-limited, occurring briefly at noon or in 

the afternoon on 25, 26, and 28 August due to the aerosol uptake effect. 

 

3.7.3 An NO-corrected kVOC/kNOx index 470 
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Owing to the inconsistency of the NOx-limited period in Fig. 9 (a), (b), and (c), we propose a new method to distinguish VOC- 

and NOx-limited regimes, which is derived from the theory of LN/Q. Equations (2) and Eq (3) can be transformed into Eq. (6) 

to extrapolate the relationship between kVOC/kNOx and [NO] as follows: 

 
2@2A
2623

= 28[=;>]8
262&[?6&]*262[?6]

≤ 28[@6A]8
262&[?6&]

= .*0
./0

∙ 212&562B
(32())[C6&]*2./12&

4 )
∙ [NO]     (6) 475 

 

The equation can then be simplified as: 
2@2A
2623DE#FG

= 𝛿 ∙ [NO]           (7) 

Where, 𝛿 = .*0
./0

∙ 212&562B
(32())[C6&]*2./12&

4 )
, and an approximation value of 𝛿 was identified as 28.9 ppbv-1 from Fig. 7 of our previous 

work (Li et al., 2022). A sensitivity test of 𝛿 as a function of	k’PU_HO2 and keff ・[XO2] is provided in Fig. S21. Although 𝛿 480 

varies with the input parameters, in most cases it falls in the range of 10–50 (Fig. S21). In case of using an assumed k’PU_HO2 

as 0.0023 s-1, an average 𝛿 value of 28.9 recommended from previous literature also fits well in the 2022 Tsukuba campaign. 

Generally, the increase of k’PU_HO2 will reduce 𝛿, which consequently leads to a more NOx-limited regime given the same level 

of radical self/cross reactions. On the other hand, the enhanced XO2 self/cross reactions (keff ・[XO2]) will also reduce 𝛿 and 

shift to the NOx-limited regime. We could assign the condition standard as explained hereafter: 485 

 

If 2@2A
2623

≥ 28.9 × [NO], which is a NOx-limited regime. 

Or 2@2A
2623

≤ 28.9 × [NO], which is a VOC-limited regime. 

 

This new index uses kVOC/kNOx and NO concentration to assess ozone production sensitivity and does not require [XO2], the 490 

HO2/XO2 ratio, the XO2 self/cross-reaction rate, or the heterogeneous HO2 loss rate, and so on. This simplified method is easier 

to apply than the radical budget balance method and more precise than the simple HCHO/NO2 and reactivity ratio methods. 

NO concentration is required here is because the ozone regime transition is sensitive to NO depletion. The NO reactivity is 

added to the left side of Eq. (6), which reduces the reactive ratio by approximately 5%. Under NO concentrations above 0.3 

ppbv, the reactivity ratio (kVOC/kNOx) is sufficient to assess the ozone production regime. We previously conducted a campaign 495 

in the industry area, where the average NO concentration was 7.8 ppbv, with daily average ranging from 2.8 to 13.3 ppbv (Li 

et al., 2021). The direct evaluation of the ozone production regime in the same campaign agreed well with the results obtained 

using the kVOC/kNOx index (Sadanaga et al., 2026). However, in the case of low NO, as in the current study, the uncertainties 

increased with decreasing NO concentration. This also explains the limitations of traditional index results, as shown in Fig. 9 

(a). Note that this method’s larger uncertainty is also expected at low NO concentrations, owing to detection limit bias. 500 
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The results obtained with this new index in the 2022 Tsukuba campaign are shown in Fig. 9 (d) and are in good agreement 

with the radical budget balance method using LN/Q. The new index was tested during the 2017 Tsukuba campaign (Fig. S22). 

Except for the first day, all remaining days were consistent with the results obtained using LN/Q from Fig. 1 in Sakamoto et al. 

(2019).  Compared with the traditional index, we suggest using this index to clarify the ozone production regime and avoid 505 

overestimating the VOC-limited regime under low NO conditions. The kVOC/kNOx ratio, based on the calculated OH reactivity, 

is plotted as an orange line in Fig. 9 (d), which periodically underestimates the NOx-limited regime and underscores the 

significance of the missing OH reactivity. Grouping all unidentified trace species into VOC may shift the VOC-limited regime 

to a NOx-limited regime. This emphasizes the importance of unidentified reactive gases and NOx mitigation, which may be 

overlooked in general cases.  510 

4 Conclusions 

The 2022 AQUAS–Tsukuba campaign observed a substantial reduction in NOx and VOCs and retained approximately half of 

the total OH reactivity compared with the 2017 Tsukuba campaign. Given that the meteorological conditions were more active 

in 2022, the primary emission reduction was partially offset by stronger transported air masses. However, secondary products 

such as ozone remained at a level comparable to that in 2017 (overall ozone average was 28.3 ± 11.2 ppbv in 2022 versus 31.1 515 

± 20.4 ppbv in 2017), which was enhanced by the transition of ozone regime driven by the different change rates of ozone 

precursors. HCHO, a representative of oxygenated trace species that originates from both direct emissions and secondary 

production, was found to be dominantly contributed by secondary emissions in the daytime. Owing to both the meteorological 

conditions and the active chemical transformation processes, the atmospheric oxidation capacity remained active to sustain 

ozone formation. WRF-CMAQ underestimated the total OH reactivity, with 43% unexplained, primarily due to 520 

underestimation of BVOCs and OVOCs at noon. The largest underprediction occurred for the southern wind passing through 

the Tokyo area. The model’s performance degraded at high wind speeds, suggesting that transported air pollutants and their 

oxidant products were partly missed by the model and were subject to meteorological bias. We obtained good overall 

agreement between the measured and modeled XO2 concentrations, except for discrepancies due to precipitation and 

disagreement over NOx. Ozone regime typically began as a “VOC-limited” regime in the morning and soon transitioned to a 525 

“NOx-limited” regime during the 2022 Tsukuba campaign. The traditional ozone regime indicator may overestimate the 

“VOC-limited” regime due to the index’s conditional bias. Therefore, a case-by-case correction is required. We recommend 

using the condition of— 𝒌𝑽𝑶𝑪
𝒌𝑵𝑶𝒙

= 𝟐𝟖. 𝟗 × [𝐍𝐎]; NO in ppbv—for the ozone regime, which showed consistent results with the 

radical budget balance method using the LN/Q index. Further application of this new index is required to assess broader 
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atmospheric implications, particularly under conditions with varied NOx competing gas-phase reactions, and heterogeneous 530 

HOx termination reactions. 
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