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Abstract. Using a multistep nitrite-coated filter-pack system for sampling, we determined the seasonal variations in the triple 

oxygen isotopic composition (Δ17O) of tropospheric ozone (O3) in the terminal positions (Δ17Oterm(O3)) in the cities Nagoya and 

Niigata (Japan) in the eastern Asia region to quantify the mixing ratio of stratospheric O3 within the total tropospheric O3 supplied 10 

by stratosphere–troposphere transport (STT). In Nagoya, diurnal variations have also been studied. Both the average Δ17Oterm(O3) 

and their 1σ variation ranges agreed well with previous studies, (37.5 ± 1.4) ‰ in Nagoya and (37.0 ± 1.7) ‰ in Niigata. The 

average difference in Δ17Oterm(O3) between daytime (higher) and nighttime (lower) was (1.4 ± 0.7) ‰ (1σ) in Nagoya, which was 

responsible for the formation of a stable boundary layer at night, reducing mixing with high Δ17Oterm(O3) from the free troposphere. 

We also found a significant correlation between 7Be activity concentrations and the Δ17Oterm(O3), implying that STT was responsible 15 

for the elevated Δ17Oterm of O3 in the troposphere. By using the relationship between the reciprocal of concentrations and Δ17Oterm 

of tropospheric O3, we estimated the Δ17O of stratospheric O3 supplied through the STT (Δ17OSTT), together with that produced 

through photochemical reactions at surface altitude (Δ17Osur). Moreover, using Δ17OSTT and Δ17Osur, we estimated the mixing ratios 

of stratospheric O3 (i.e., O3 produced in the stratosphere and supplied to the troposphere through STT) in each tropospheric O3 

(fSTT), as well as the absolute concentrations of stratospheric O3 supplied through STT in the troposphere (CSTT(O3)). The CSTT(O3) 20 

exhibited minimum values in summer ((5.3 ± 1.0) ppb) and maximum values in late winter to spring ((15.9 ± 2.1) ppb). Although 

the fSTT values were higher than those estimated using the chemistry climate models from past studies, the trends of the seasonal 

variations were consistent with them. We concluded that Δ17O successfully provided observational constraints on the STT of O3. 

1 Introduction 

1.1 Tropospheric ozone and stratosphere–troposphere transport 25 

Tropospheric ozone (O3) plays an important role in environmental problems, including global climate change (Akimoto, 2003; 

Hansen and Sato, 2001; UNEP and WMO, 2011). Excess levels of tropospheric O3 can significantly damage forests (Skärby et al., 

1998), crops (Avnery et al., 2011; Reich and Amundson, 1985), and human health (Jerrett et al., 2009; Silva et al., 2013; Zhang et 

al., 2019). Additionally, O3 and its reaction products, such as hydroxyl radicals (OH), control the oxidizing capacity of the 

troposphere and the oxidation rates and pathways of trace gases (Finlayson-Pitts and Pitts, 1997; Thompson, 1992), such as nitrogen 30 

oxides (NOx = nitric oxide (NO) + nitrogen dioxide (NO2)). 

The concentration of O3 in the troposphere is controlled by complex processes, such as in situ production through photochemical 

reactions of trace components (such as NO2), dry deposition onto ground/ocean surfaces, lateral transport in the troposphere, and 

vertical transport from the stratosphere (Logan, 1985; Wild, 2007). Because the stratosphere is a large reservoir of O3, stratosphere-

troposphere transport (STT) is an important factor controlling the levels of tropospheric O3. However, STT events are sporadic and 35 

not well characterized (Stohl et al., 2003b, 2003a). In addition, global warming will cause STT to increase in the future (Sudo et 
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al., 2003). Therefore, to better understand the factors controlling the levels of tropospheric O3, we must quantify O3 supplied 

through STT. 

Traditionally, the radionuclide Beryllium-7 (7Be; half-life of 53.3 days) has been used to trace stratospheric O3 in the troposphere 

(Gaffney et al., 2005; Irlweck et al., 1997; Kritz et al., 1991; Zanis et al., 2003). Most of the tropospheric 7Be is produced in the 40 

stratosphere and upper troposphere through the interactions of incoming cosmogenic particles with atmospheric components (such 

as nitrogen and oxygen), adsorbed onto the aerosols, and washed out through precipitation. Because of its short half-life and well-

defined source term, the naturally occurring radionuclide 7Be in the troposphere can be a sensitive indicator for quantifying the 

influence of STT (Gaffney et al., 2005; Kaste et al., 2002). Based on the correlations between the concentrations of O3 and 7Be in 

the urban air of Houston and Phoenix, for instance, Gaffney et al. (2005) evaluated the transport of O3 from the lower 45 

stratosphere/upper troposphere to the surface. In addition, to the STT, however, both the long-range lateral transport and in situ 

photochemical reactions (such as the photolysis of NO2) are also important for controlling the concentration of tropospheric O3. 

Therefore, the correlations between O3 and 7Be activity concentrations are often unclear (Gaffney et al., 2005). Past results imply 

that the information based only on the concentrations of O3 and 7Be is insufficient for characterizing the origin of tropospheric O3, 

especially for those supplied through STT.  50 

The stable isotopic compositions of atmospheric trace gases have been widely used to identify the origin and/or reaction paths of 

these gases (Kendall et al., 2007; Nakagawa et al., 2005; Shingubara et al., 2021; Thiemens and Heidenreich, 1983; Tsunogai et 

al., 1999, 2003, 2020). In addition to the traditional isotopes, a unique and distinctive triple oxygen isotopic composition (Δ17O; 

the definition will be presented in Sect 1.2) has been used as a powerful tracer of the origin and/or behavior of the atmospheric 

components (Albertin et al., 2021; Hattori et al., 2021; Kawagucci et al., 2008; Nakagawa et al., 2018; Nelson et al., 2018; 55 

Thiemens, 1999; Tsunogai et al., 2010). In the case of tropospheric O3, Δ17O can be applied to trace stratospheric O3 within the 

total tropospheric O3 (Krankowsky et al., 2000, 2007; Lyons, 2001; Vicars and Savarino, 2014; Xu et al., 2021). 

In this study, we determined the temporal variations in the Δ17O of tropospheric O3 in terminal positions (Δ17Oterm(O3)) at two 

stations in the eastern Asia region, Niigata and Nagoya in Japan, from 2018 to 2020 using a multistep nitrite-coated filter-pack 

method recently developed by Xu et al. (2021). Based on the relationship between the reciprocal of concentrations and Δ17Oterm of 60 

tropospheric O3, we determined the Δ17O of O3 derived from the stratosphere, together with that produced at the surface altitude. 

Moreover, we quantified the mixing ratios of stratospheric O3 within tropospheric O3 (O3 produced in the stratosphere and 

transported into the troposphere through STT) during the observation periods. 

1.2 The triple oxygen isotopic composition of O3 

The stable isotopic compositions of O3 are represented by the δ17O and δ18O values. The delta (δ) values were calculated as Rsample 65 

/ Rstandard – 1, where R is the 17O/16O ratio for δ17O (or 18O/16O ratio for δ18O) in the sample (Rsample) and standard reference material 

(Vienna Standard Mean Ocean Water, VSMOW) (Rstandard). In this study, we used the Δ17O signature defined by the following 

equation, which is frequently used for Δ17O of NO3– (Böhlke et al., 2003; Coplen et al., 2004; Kaiser et al., 2007; Miller, 2002; 

Nelson et al., 2018; Tsunogai et al., 2010, 2011, 2014, 2016): 

Δ17O = 1 + δ O17

(1 + δ O18 )
β – 1,                                                                                                         (1) 70 

where the constant β is 0.5279 (Kaiser et al., 2007; Nakagawa et al., 2018; Nelson et al., 2018; Tsunogai et al., 2016, 2018).  

The values of Δ17O defined by the power law (Equation (1)) are different from those defined by the linear definition (Δ17O = δ17O 

− 0.52 × δ18O) adopted in some of the previous O3 studies (Ishino et al., 2017; Savarino et al., 2016; Vicars et al., 2012; Vicars and 

Savarino, 2014). Our Δ17O of O3 would have been (1.4 ± 0.1) ‰ higher if we had used this linear definition for calculation (see 
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Table S1 in the Supporting Information). Compared with the linear definition, Δ17O based on the power-law definition is more 75 

stable during "mass-dependent" isotope fractionation processes (Kaiser et al., 2007). Thus, we used the Δ17O defined by Equation 

(1) because it is always stable regardless of the progress of any partial removal reaction, such as that between O3 and NO2– (reaction 

R1). Then, we can obtain the accurate Δ17O of O3 from those of NO3– based on the power-law definition. However, variations in 

Δ17O based on the power-law definition are nonlinear distributions during mixing fractions with different Δ17O values. In the 

calculation performed in this study (Sect 3), however, the deviations in Δ17O of O3 were less than 0.2 ‰. Because these deviations 80 

are smaller than the standard error associated with the determination of Δ17O of O3, we disregarded this effect in our discussion. 

Unless otherwise noted, the number after the mean represents the standard error of the mean (SE). 

2 Experimental 

2.1 Multistep nitrite-coated filter-pack system 

The tropospheric O3 collections were performed by passing air through a multistep nitrite-coated filter-pack system described in 85 

detail by Xu et al. (2021). The principle of O3 collection underlying this method is filter-based chemical trapping, in which O3 

reacts with nitrite (NO2–) in the aqueous phase to form NO3– (Liu et al., 2001; Michalski and Bhattacharya, 2009; Vicars et al., 

2012): 

NO2– + O3 → NO3– + O2.                                                                                                 (R1) 

Because only O atoms in the terminal positions of O3 react with NO2– (Liu et al., 2001; Michalski and Bhattacharya, 2009), the 90 

Δ17Oterm(O3) can be estimated from NO3– produced on nitrite-coated filters via reaction R1 (Xu et al., 2021). In this study, we 

assumed that the reaction of nitrite with O3 to nitrate follows a mass-dependent fractionation relationship (power-law with slope 

of 0.5279). 

The NO2– solution used to coat the glass fiber filters was prepared following the method described by Xu et al. (2021). Based on 

the method of O3 collection outlined by Xu et al. (2021), the first and second stages of the filter-pack system are 0.45 μm nylon 95 

filters, and the third, fourth, and fifth stages are the nitrite-coated filters that collect O3 via reaction R1. 

2.2 Sampling sites 

In this study, samples of tropospheric O3 in ambient air outside our laboratory building at Nagoya University in the city of Nagoya 

(Fig. S1; 35°9′7′′ N, 136°58′19′′ E; 67 m a.s.l.), located on the Pacific coast of central Japan, were collected from 25 January 2019 

to 24 June 2020 (n = 36). Samples collected from September 2017 to May 2018 (n = 18) at the same location were reported by Xu 100 

et al. (2021). In this study, the tropospheric O3 in the ambient air was collected at a flow rate of 5.0 L min–1 (293 K and 1 bar) for 

one week during the day (06:00–18:00 local time) and at night (18:00–06:00 local time), respectively, to capture possible diurnal 

variations in Δ17O of O3. The O3 concentration data monitored continuously by the Atmospheric Environmental Regional 

Observation System (Ministry of the Environment Government of Japan) at nearby (< 2 km) Takigawa Elementary School station 

(AEROS, 2018, 2019, 2020) was used for the O3 concentrations at our station at Nagoya University. The data of atmospheric 105 

radionuclide concentrations determined by the Nuclear Regulation Authority of Japan for every two-month period (NRA, 2018, 

2019, 2020) were used to estimate the average 7Be activity concentrations during sampling. 

Tropospheric O3 samples were also collected at the Niigata-Maki National Acid Deposition Monitoring Station (Fig. S1; 37°45'32″ 

N, 138°53'3″ E), located on a coastal plain on the Sea of Japan coast from 19 March 2018 to 21 October 2019 (n = 20). The samples 

were collected using a multistep nitrite-coated filter-pack system at a flow rate of 5.0 L min–1 (293 K and 1 bar) for one week. The 110 

mixing ratio of O3 was measured continuously using a standard UV absorption monitor (model APOA-360, HORIBA Co., Ltd., 
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Japan). The data of 7Be determined by the Nuclear Regulation Authority of Japan for every two-month period (NRA, 2018, 2019, 

2020) was also used to estimate the average concentrations during sampling. 

After each collection period, the NO3– accumulated on the nitrite-coated filters was extracted using 400 mL (the Nagoya samples) 

or 500 mL (the Niigata samples) of Milli-Q water, passed through a 0.2 μm filter, and stored at 4 °C until the concentrations and 115 

isotopic compositions of NO3– were measured. 

2.3 Analysis 

The concentrations of NO3– and NO2– were measured simultaneously by ion chromatography (Prominence HIC-SP, Shimadzu, 

Japan) within a few days after sampling. The error (standard error of the mean) at the determined concentration was ± 3 % (Tsunogai 

et al., 2016). To determine the stable isotopic compositions of NO3–, each sample solution was chemically converted to N2O using 120 

an azide-acetic acid buffer and spongy cadmium (Xu et al., 2021). 

The stable isotopic compositions (δ18O and Δ17O) of N2O converted from NO3– in each vial were determined using a continuous-

flow IRMS (CF-IRMS) system. The analytical procedures used for this system were the same as those detailed in previous studies 

(Hirota et al., 2010; Komatsu et al., 2008). We repeated the analyses for each solution sample three times to attain high precision 

for δ18O and Δ17O. The standard error of the mean was better than ±0.5 ‰ for δ18O and ±0.2 ‰ for Δ17O. The obtained values of 125 

Δ17O for N2O derived from NO3– in each sample were compared with those derived from our local laboratory nitrate standards 

(Nakagawa et al., 2013; Tsunogai et al., 2014, 2018) calibrated against the international standards of USGS34 and USGS35 (Böhlke 

et al., 2003; Kaiser et al., 2007). Because of the isotope fractionation that occurred during the thermal decomposition of N2O 

(Komatsu et al., 2008), the δ18O values for the measurement of O2 converted from N2O in O3 samples were corrected using the 

relationship between the measured δ18O of O2 (N2O thermal decomposition) and N2O in other NO3– samples, where δ18O of N2O 130 

was calibrated against our local laboratory nitrate standards in the following days. All δ18O and Δ17O values of NO3– were 

normalized to the VSMOW scale. 

2.4 Calculation of Δ17O and δ18O of tropospheric O3 

We obtained the oxygen isotopic compositions of NO3– produced via reaction R1 (Δ17O(NO3–)), from which the changes in Δ17O 

caused by the contribution of nitrate blank were corrected. The Δ17O(NO3–) in the filter-pack system was obtained from the intercept 135 

of the linear relationship between the reciprocal of the measured amounts of NO3– (n) and Δ17O of NO3– (Δ17On(NO3–)) on each 

nitrite-coated filter (Keeling, 1958; Xu et al., 2021). This process followed the weighted least squares approach developed by York 

et al. (2004), in which the differences in the magnitude of errors among individual data were considered using an Excel sheet 

provided by Cantrell (2008). 

From the value of Δ17O(NO3–) estimated for each sampling, the Δ17O of O3 in terminal positions (Δ17Oterm(O3)) can thus be 140 

estimated by using a simple mass balance (Vicars et al., 2012; Vicars and Savarino, 2014): 

Δ17Oterm(O3) = 3 × Δ17O(NO3–) − 2 × Δ17O(NO2–),                                                            (2) 

where Δ17O(NO2–) denotes the Δ17O of NO2– on the filters ((0.02 ± 0.03) ‰; Xu et al., 2021). 

In addition to the Δ17Oterm(O3), we can relate the amount of the nitrate blank (nb) with Δ17On(NO3–) and Δ17O(NO3–) using the 

equations shown below (Xu et al., 2021): 145 

nb = n × (Δ17O(NO3–) – Δ17On(NO3–) / (Δ17O(NO3–) – Δ17Ob(NO3–)),                                              (3) 

where Δ17Ob(NO3–) denotes the Δ17O of the nitrate blank on the nitrite-coated filters ((−0.14 ± 0.1) ‰; Xu et al., 2021). In this 

study, we estimated nb for each nitrite-coated filter from both n and Δ17On(NO3–) on the nitrite-coated filters. The mean value of 

nb (nb! ) was estimated and considered as the amount of the nitrate blank for each sample. 
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To estimate the δ18O of tropospheric O3 in terminal positions before the collection on the nitrite-coated filters (δ18Oterm(O3)), we 150 

used the measured amount and δ18O of NO3– on the nitrite-coated filters. We estimated the amount of tropospheric O3 at initial 

(N0) and then calculated the δ18Oterm(O3) using the equations of Rayleigh and mass balance on the nitrite-coated filters to correct 

the isotope fractionation during the reaction R1, which has been described in detail by Xu et al. (2021).  

By using the quantity of NO3– measured on filter i of the nitrite-coated filters (ni) and nb! , we can estimate the N0 value as follows 

(Xu et al., 2021): 155 

n_i = ni – nb! ,                                                                                          (4) 

ln n_i = – k × i + ln [N0 × (e k – 1)],                                                                        (5) 

where n_i denotes the quantity of O3-derived O atoms that react with NO2- at filter i of the nitrite-coated filters through reaction 

R1, and k is the first-order rate constant for each ambient O3 collection. By fitting a regression line to the relationships between i 

(along the x-axis) and ln n_i (on the y-axis) of the nitrite-coated filters sampled simultaneously, we can estimate the values of N0 160 

from the intercept of the regression line. 

Therefore, the δ18Oterm(O3) can be estimated from the following equation below (Xu et al., 2021): 

δ18Oterm(O3) = [(n_1 + 2n_2 – N0) × n_1 × δ18On_1 + (N0 – n_1) × n_2 × δ18On_2] / [N0 × (n_2 – n_1) + n_1 × (n_1 + n_2)],            (6) 

where n_1 and n_2 denote the amounts of O3-derived O atoms that reacted with the NO2- at filter first and second stages of the 

nitrite-coated filters through reaction R1, respectively; and δ18On_1 and δ18On_2 denote the O3-derived O atoms that reacted with 165 

NO2– through reaction R1 were converted to NO3– on the filter first and second stages, respectively. The uncertainties of the 

δ18Oterm(O3) during the calculations were estimated using the error propagation formulas. 

3 Results 

The temporal variations in O3 concentrations, Δ17Oterm(O3), and δ18Oterm(O3) observed in Nagoya and Niigata are shown in Figs. 1 

and 2, respectively, together with those reported by Xu et al. (2021). At Nagoya, Δ17Oterm(O3) varied from (35.2 ± 0.5) ‰ to (42.1 170 

± 0.9) ‰ with a mean value and standard deviation (1σ) of (37.5 ± 1.5) ‰ (Fig. 1b), and δ18Oterm(O3) varied from (96.9 ± 3.1) ‰ 

to (168.9 ± 4.5) ‰ with a mean value and standard deviation (1σ) of (139.3 ± 21.1) ‰ (Fig. 1c). Additionally, the Δ17Oterm(O3) 

showed diurnal variations with an average Δ17Oterm difference of (1.4 ± 0.7) ‰ (1σ) between daytime (higher) and nighttime (lower). 

The mean Δ17Oterm(O3) and their standard deviations (1σ) were (38.2 ± 1.5) ‰ and (36.8 ± 1.2) ‰ in the daytime and nighttime, 

respectively, and the mean δ18Oterm(O3) and their standard deviations (1σ) were (139.8 ± 20.8) ‰ and (138.9 ± 20.8) ‰ in the 175 

daytime and nighttime, respectively. 
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Figure 1. Temporal variations in concentrations, Δ17Oterm(O3), and δ18Oterm(O3) at Nagoya (a, b, and c), respectively. Open circles 

and close diamonds represent the daytime and nighttime, respectively. Vertical error bars represent the uncertainty of the least-190 

squares method. The data sets from September 2017 to May 2018 were already reported in Xu et al. (2021).  

 

At Niigata, Δ17Oterm(O3) varied from (34.2 ± 0.8) ‰ to (41.4 ± 1.4) ‰ with a mean value and standard deviation (1σ) of (37.0 ± 

1.7) ‰ (Fig. 2b), and δ18Oterm(O3) varied from (99.4 ± 4.3) ‰ to (166.7 ± 1.2) ‰ with a mean value and standard deviation (1σ) 

of (140.6 ± 19.4) ‰ (Fig. 2c). 195 
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Figure 2. Temporal variations in concentrations, Δ17Oterm(O3), and δ18Oterm(O3) at Niigata (a, b, and c), respectively. Vertical error 205 

bars represent the uncertainty of the least-squares method. 

 

The mean Δ17Oterm(O3) of the tropospheric O3 determined in this study ((37.5 ± 1.5) ‰ (1σ) at Nagoya and (37.0 ± 1.7) ‰ (1σ) at 

Niigata) is comparable with those reported in previous studies determined using the cryogenic trapping technique ((34.2 ± 4.3) ‰ 

(1σ) and (38.0 ± 6.6) ‰ (1σ) ; Johnston and Thiemens, 1997; Krankowsky et al., 1995) and the single nitrite-coated filter method 210 

((37.3 ± 2.0) ‰ (1σ) and (37.7 ± 1.6) ‰ (1σ); Vicars and Savarino, 2014), all of which were recalculated from the original to the 

same Δ17O definition adopted in this study. 

The mean δ18Oterm(O3) at Nagoya ((139.3 ± 21.1) ‰, (1σ)) and Niigata ((140.6 ± 19.4) ‰, (1σ)) coincided with those determined 

at Nagoya ((146.3 ± 8.5) ‰, (1σ)) in our previous study using the same method (Xu et al., 2021).  

The data of atmospheric 7Be in Nagoya and Niigata, determined by the Nuclear Regulation Authority of Japan, are summarized in 215 

Table S2 (NRA, 2018, 2019, 2020). Because all 7Be data was obtained every two months, we calculated the weighted-average 

Δ17Oterm(O3) using both concentrations and Δ17Oterm of tropospheric O3 in the two months to discuss the relationship between 7Be 

data and the Δ17Oterm(O3) (Table S2). 
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4 Discussion 

4.1 Diurnal variation  220 

The variations in the Δ17Oterm(O3) between the daytime and nighttime during 2019 and 2020 in Nagoya (1.4 ‰ on average) 

exceeded the uncertainty of the Δ17Oterm(O3) measurements (±0.8 ‰ on average), implying that the diurnal variations were 

significant. Xu et al. (2021) assumed that Δ17Oterm(O3) was higher in the free troposphere than in the surface boundary layer and 

proposed that the formation of a stable boundary layer during nighttime, which hindered vertical convection in the troposphere, 

was responsible for the diurnal Δ17Oterm(O3) variations. Based on the photochemical data and model of DeMore et al. (1994) and 225 

Wayne (1991), Lyons (2001) predicted an increase in the bulk Δ17O of O3 produced in situ in the troposphere from 35 ‰ to 40 ‰ 

in proportion to the altitudes from 0 to 10 km, which corresponds to the Δ17Oterm(O3) from 52.5 ‰ to 60 ‰. Although Δ17Oterm(O3) 

reported by Lyons (2001) deviated from those determined in this study, the increasing trend in Δ17O of O3 in accordance with the 

altitudes of production supported our interpretation of the diurnal variation of Δ17Oterm(O3). 

 230 

4.2 Seasonal variation  

Our previous study also found a clear Δ17O maximum in April 2018 during the observation period from September 2017 to May 

2018 at Nagoya (Xu et al., 2021), while all past measurements of Δ17Oterm(O3) at mid-latitudes reported small seasonal variations. 

In this study, we further verified the maximum in April every year, showing (40.5 ± 0.7) ‰ in 2019 and (42.1 ± 0.9) ‰ in 2020 at 

Nagoya, and (41.4 ± 1.4) ‰ in 2018 and (39.2 ± 0.3) ‰ in 2019 at Niigata (shown by arrows in Figs. 1 and 2), all of which 235 

exceeded the ranges of the standard deviation (1σ) of the mean Δ17O: Δ17Oterm(O3) of (37.5 ± 1.4) ‰ at Nagoya, and (37.0 ± 1.6) ‰ 

at Niigata, respectively. Because the total uncertainties of Δ17Oterm(O3) analysis were approximately 2.6 ‰ in previous studies 

(Vicars et al., 2012; Vicars and Savarino, 2014), it might be difficult to detect seasonal variation, considering the maximum was in 

April in past studies. 

 240 

Not only Δ17Oterm(O3) but also O3 concentrations were at a higher level throughout the year in April (shown by arrows in Figs. 1 

and 2). Because both the concentrations and Δ17O of stratospheric O3 are higher than those of tropospheric O3 (Krankowsky et al., 

2007; Lyons, 2001; Vicars and Savarino, 2014), the enhancement of STT from late winter to early spring (Austin and Follows, 

1991; Beekmann et al., 1994; Muramatsu et al., 2008) was highly responsible for the maximum Δ17Oterm(O3) in April. We would 

like to verify this possibility using 7Be as a tracer of STT. 245 

 

4.3 Correlation between 7Be activity concentrations and Δ17Oterm(O3) 

The radionuclide 7Be has been used to trace stratospheric O3 supplied through STT (Gaffney et al., 2005; Lee et al., 2007). Because 

the 7Be data usually shows a maximum during winter and spring in the troposphere of Japan every year due to STT (Akata et al., 

2018; Narazaki and Fujitaka, 2009), STT is highly responsible for the high Δ17O we found for tropospheric O3 in April. To verify 250 

that stratospheric O3 was responsible for the high Δ17Oterm(O3), we plotted the Δ17Oterm(O3) as a function of 7Be activity 

concentrations for each observation period and place (Fig. 3). The significant correlation between 7Be data and Δ17Oterm(O3) shown 

in Fig. 3 (R2 = 0.53; p < 0.01) implies that the STT is highly responsible for the elevated Δ17Oterm(O3) in the troposphere, and that 

the Δ17Oterm(O3) can be explained by a simple mixing between stratospheric O3 and tropospheric O3. If we extrapolated the linear 

correlation to stratospheric 7Be activity concentration known to range from 160 mBq m–3 to 580 mBq m–3 (Kaste et al., 2002), the 255 

stratospheric Δ17Oterm(O3) increased from 117.5 ‰ to 332.3 ‰. Although the Δ17Oterm(O3) showed a significant linear correlation 
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with 7Be at activity concentrations less than 5 mBq m–3, it is difficult to assume the same linear correlation until high 7Be activity 

concentrations up to 580 mBq m–3 are reached, because both 7Be and O3 are heterogeneous in the stratosphere. While 7Be data 

shows the maximum concentration at altitudes lower than 20 km in the stratosphere (Delaygue et al., 2015; Koch and Rind, 1998), 

for instance, O3 shows a maximum concentration of approximately 25 km at mid-latitudes in the Northern Hemisphere (Dütsch, 260 

1978; Zou and Gao, 1997). Furthermore, stratospheric O3 shows significant seasonal variation as well (Stolarski et al., 2014). 

Therefore, we estimated the Δ17O of stratospheric O3 using the relationship between O3 concentrations and Δ17O of O3 in the 

troposphere, as explained in the next section. 

 

 265 

Figure 3. Red and green circles represent the relationship between atmospheric 7Be activity concentrations and Δ17Oterm(O3) in 

each two-month period both at Nagoya and Niigata, respectively. The dotted line is the least-squares fitting to these circles. The 

error bars represent the analytical precision (SE). 

 

4.4 Estimating Δ17Oterm(O3) of O3 derived from stratosphere 270 

One of the remarkable features of the relationship between the reciprocal of tropospheric O3 concentrations (1/[O3]) and Δ17Oterm(O3) 

(Fig. 4) was that the dispersion in the Δ17Oterm became larger in accordance with the O3 enrichment (i.e., 1/[O3] depletion), while 

the Δ17Oterm was almost uniform in the O3-deleted region (i.e., high 1/[O3] region). The low-level O3 (i.e., O3 in the high 1/[O3] 

region) with concentrations less than 20 parts per billion (ppb) (v/v) level and Δ17Oterm around 37 ‰ should represent background 

O3 in the troposphere (orange circles in Fig. 4). 275 
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Figure 4. Relationship between the reciprocal of tropospheric O3 concentrations and Δ17Oterm(O3) in Nagoya and Niigata. The pink, 285 

orange, and blue circles represent the different sources to Δ17Oterm(O3) determined in this study. The red represent high O3 

concentration (> 50 ppb) and Δ17Oterm(O3) (> 40 ‰). The green circles represent high O3 concentration (> 50 ppb) but low 

Δ17Oterm(O3) (< 37 ‰). The error bars represent the analytical precision (SE). 

 

The concentration of O3 in the troposphere is controlled by both physical and chemical processes. The representative processes 290 

are: (i) photochemical production in the stratosphere and supplied through STT (Archibald et al., 2020); (ii) in situ production of 

O3 in the troposphere from precursors such as NOx (Logan, 1985; Wild, 2007); (iii) in situ removal of O3 in the troposphere through 

photochemical reactions, such as NO + O3; and (iv) removal of O3 in the troposphere through deposition onto the surface of plants, 

soils, water, snow, and ice (Archibald et al., 2020; Gaffney et al., 2005). On the other hand, we assumed that Δ17O was almost 

stable during the latter partial removal processes of O3 (Nos. iii and iv), because oxygen isotopic fractionations associated with the 295 

chemical reaction processes follow the relation Δδ17O + 1 = (Δδ18O + 1)β, where β @ 0.5279 (Chakraborty and Chakraborty, 2003). 

Thus, the variations in Δ17O of tropospheric O3 reflect the changes in the mixing ratios of O3 supplied through STT (No. i) and O3 

produced in situ in the troposphere through photochemical reactions (No. ii). Considering that the difference in the altitude of 

production, troposphere or stratosphere was the major factor controlling Δ17O of O3 (Krankowsky et al., 2007; Lyons, 2001; Vicars 

and Savarino, 2014), variations in their mixing ratios were highly responsible for the observed increase in the dispersion of the 300 

Δ17O values of tropospheric O3 in accordance with the increase in tropospheric O3 concentration. In other words, the samples 

showing both the highest concentrations (> 50 ppb) and the highest level of Δ17Oterm(O3) (> 40 ‰) obtained at Nagoya and Niigata 

in April (red circles in Fig. 4) were supplied through the simple mixing of stratospheric O3 with background O3 in the troposphere. 

On the other hand, the samples with the highest concentrations (> 50 ppb) but the lowest level of Δ17Oterm(O3) (< 37 ‰) obtained 

at Niigata in June 2018 and May 2019 (green circles in Fig. 4) were supplied through the simple mixing of O3 produced in situ in 305 

the troposphere through photochemical reactions with background O3. The continuous measurements and model simulations of 

tropospheric O3 also supported that both O3 produced in situ in domestic air and O3 produced in polluted urban air in the East Asian 

region and transported through lateral transports were responsible for the enhancement of O3 during late spring and early summer 

(May to June) in Japan (Pochanart et al., 2015; Tanimoto, 2009; Tanimoto et al., 2005). Based on this interpretation, the observed 

Δ17Oterm(O3) in Nagoya and Niigata can be explained by mixing of the three components: background O3 in the troposphere, 310 
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stratospheric O3 supplied to the troposphere via STT (Δ17OSTT), and O3 produced in situ in the troposphere through photochemical 

reactions (Δ17Osur) (Fig. 4). 

As shown in Fig. 4, we estimated Δ17OSTT to be (44.3 ± 2.1) ‰ by extrapolating the linear mixing line between background O3 

(orange circles in Fig. 4) and the high O3 with high Δ17O samples enriched in stratospheric O3 (red circles in Fig. 4); and Δ17Osur to 

be (34.8 ± 1.2) ‰ by extrapolating the linear mixing line between background O3 and the high O3 with low Δ17O samples enriched 315 

in O3 produced in situ in the troposphere (green circles in Fig. 4). The standard error of the mean in Δ17OSTT and Δ17Osur 

was obtained according to the propagation law of error using the equation provided by Sambuichi et al. (2021). The estimated 

Δ17OSTT agreed well with those measured in a previous study of stratospheric O3 at altitudes ranging from 20 km to more than 30 

km using the cryogenic trapping technique ((48.2 ± 6.2) ‰; Krankowsky et al., 2007). 

4.5 Stratosphere–troposphere transport of O3 320 

Using the Δ17OSTT and Δ17Osur values estimated in the previous section, we can estimate the concentrations of O3 that were produced 

in the stratosphere but supplied through STT (CSTT(O3), ppb) for all tropospheric air using a simple isotope mass balance: 

CSTT(O3) = Ctotal(O3) × fSTT                                                                               (7) 

fSTT = (Δ17O – Δ17Osur × fsur) / Δ17OSTT,                                                                      (8) 

fSTT = 1 – fsur,                                                                                          (9) 325 

where Ctotal(O3) denotes the O3 concentrations in ambient air (ppb); Δ17O denotes the Δ17Oterm(O3) measured in Nagoya and Niigata, 

and fSTT and fsur denote the fractions of O3 supplied through STT and through photochemical reactions at surface altitude, 

respectively, in each O3. By using the Δ17Osur ((34.8 ± 1.2) ‰) and Δ17OSTT ((44.3 ± 2.1) ‰) estimated in this study, we estimated 

the CSTT(O3) in Nagoya and Niigata over the years from 2017 to 2020, including those studied by Xu et al. (2021). 

As shown in Figs. 5 and 6, CSTT(O3) varied from (0.9 ± 2.8) ppb to (40.3 ± 12.4) ppb with the mean values and standard deviations 330 

(1σ) of (13.4 ± 8.0) ppb and (7.2 ± 5.5) ppb in the daytime and nighttime at Nagoya, respectively, and from (–3.0 ± 7.5) ppb to 

(37.7 ± 14.5) ppb with a mean value and standard deviation (1σ) of (9.1 ± 9.0) ppb at Niigata. 

 

 
Figure 5. The concentrations of O3 supplied by stratosphere–troposphere transport (CSTT(O3)) estimated in daytime (a) and 335 

nighttime (b) at Nagoya, respectively. The green bars are the CSTT(O3) values. The orange and grey bars represent Ctotal(O3) during 
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daytime and nighttime, respectively. Vertical error bars represent the standard error of CSTT(O3) values using the error propagation 

formulas. 

 

 340 

Figure 6. The concentrations of O3 supplied by stratosphere–troposphere transport (CSTT(O3)) estimated in Niigata. The green bars 

are the CSTT(O3) values. The yellow bars represent Ctotal(O3). Vertical error bars represent the standard error of CSTT(O3) values 

using the error propagation formulas. 

 

The common feature in the two sites was that CSTT(O3) was the highest in spring (March to May), with a mean value of (15.9 ± 345 

2.1) ppb and lowest in summer (June to August) with a mean value of (5.3 ± 1.0) ppb. This implies that the synoptic-scale 

meteorological changes from spring to summer were responsible for the changes in CSTT(O3). The high CSTT(O3) in spring appears 

to occur in conjunction with the spring O3 maximum (Monks, 2000). Previous studies have suggested that the STT (Austin and 

Midgley, 1994; Itahashi et al., 2020; Oltmans et al., 2004) and/or the enhanced O3 levels in polluted air masses transported from 

East Asia (Itahashi et al., 2009; Tanimoto, 2009; Tanimoto et al., 2005) are responsible for the O3 maximum in spring. In our study, 350 

the CSTT(O3) values were high in March and April, but low in May at both sites (Figs. 5 and 6), suggesting that the STT was mainly 

responsible for the enhancement of tropospheric O3 concentrations in early spring; however, photochemical production in the 

troposphere was responsible for the enhancement in late spring. The intrusion of stratospheric air associated with the jet stream 

and the Asian monsoon was responsible for the differences. That is, stratospheric O3 is transported into the troposphere through 

the mechanism of tropopause folding or cut-off lows in early spring (Austin and Midgley, 1994; Carmichael et al., 1998; Danielsen, 355 

1968). On the other hand, the long-range lateral transport of O3 produced through anthropogenic emissions in the East Asian 

troposphere was responsible for the high O3 concentrations in late spring (Itahashi et al., 2009; Tanimoto, 2009; Tanimoto et al., 

2005). 

The fSTT data in Nagoya and Niigata, estimated using Equations (8) and (9), are summarized in Table 1. It is worth noting that the 

seasonality of fSTT with a minimum in the summer and increasing from autumn to spring, was observed at both sites (Table 1), 360 

agreed well with the seasonal variations in fSTT determined for the East Japan region obtained by Nagashima et al. (2010) based on 

CHASER modeling calculations, while the mean fSTT in spring ((35.3 ± 9.5) %, 2SE) and summer ((15.6 ± 6.1) %, 2SE) during the 

years from 2017 to 2020 were somewhat higher than those estimated from 2000 to 2005 in the previous study (21.1 % in spring 

and 5.9 % in summer, Nagashima et al., 2010).  

 365 
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Table 1. Seasonal mean contributions of stratosphere–troposphere transport (fSTT) during the sampling periods. 

 

Location season collection period a fSTT (%)  

Nagoya 

Spring 
D 45.4 ± 7.1  

N 28.0 ± 6.0  

Summer 
D 22.1 ± 7.2  

N 11.0 ± 2.8  

Autumn 
D 31.6 ± 4.8  

N 20.8 ± 4.2  

Winter 
D 33.2 ± 2.8  

N 20.3 ± 3.2  

Mean 
D 36.3 ± 4.2  

N 22.3 ± 3.3  

Niigata 

Spring 

all-day 

30.6 ± 11.1  

Summer 13.5 ± 3.7  

Autumn 16.7 ± 3.1  

Winter 31.3 ± 7.6  

Mean 23.4 ± 5.1  
a D and N denote the collection periods of daytime (06:00 to 18:00) and nighttime (18:00 to 6:00), respectively. 370 

 

The difference in resolution between the observation and model is highly responsible for the observed discrepancy in fSTT. In 

addition, we ignored the O3 produced in the upper troposphere originally and supplied to the surface through vertical convection 

in our calculation of fSTT, which could overestimate fSTT. Because global warming can increase the STT (Sudo et al., 2003), we 

should continue monitoring STT by measuring the Δ17O of tropospheric O3 to verify the temporal changes. Further improvement 375 

in the calculation of fSTT for Δ17O is required. Nevertheless, Δ17O can be a novel tracer for evaluating the increase/decrease in fSTT. 

5 Conclusion 

The Δ17Oterm(O3) of (37.5 ± 1.4) ‰ (1σ) and (37.0 ± 1.7) ‰ (1σ) observed in the tropospheric air at Nagoya and Niigata, 

respectively, agreed with previous studies. Based on the significant correlation between 7Be activity concentrations and 

Δ17Oterm(O3), we concluded that the STT was responsible for the elevated Δ17Oterm of tropospheric O3, especially in April. In addition, 380 

we found that both concentrations and the Δ17Oterm of tropospheric O3 can be explained by mixing between the three components: 

background O3 in the troposphere, stratospheric O3 supplied to the troposphere through STT, and O3 produced in situ in the 

troposphere through photochemical reactions, and the estimated absolute concentrations of the stratospheric O3 supplied through 

STT in the troposphere were highest in spring and lowest in summer. Moreover, the trend in seasonal variations of O3 supplied 

through STT estimated in this study is in agreement with a previous study. 385 

 

Data availability. The data used for the figures and the interpretations have been included in the Supplement. 

 

Supplement. The supplement related to this article is available online. 
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