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Abstract. Surface ozone pollution has become increasingly serious in recent years. Ozone pollution will 

damage human health and reducing social productivity in China. Basing on an ozone weather index 

(OWI) that captured the effects of climate on the ground-level ozone, large ensemble simulations by the 

Community Earth System Model were introduced to project future impacts of atmospheric circulation on 
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ozone pollution in Beijing-Tianjin-Hebei in late-21
st
 century. In the future, atmospheric circulations will 

favour the control of ozone pollution in Beijing-Tianjin-Hebei region. The OWI decreased overall during 

the 21
st
 century, which was nearly ignored by other studies on ozone projections. The OWI decrease was 

mainly due to the increase in regional precipitation and partly due to the changes of wind and the 

temperature difference between 200 hPa and lower-troposphere. The increased total precipitation in the 

21
st
 century, mainly due to the increase in convectional precipitation, weakened the production of surface 

ozone by its shading effect (related to more cloud cover) and wet deposition impact. During 2061–2100, 

the South Asia High will move southward, and the west Pacific subtropical high will shift eastward; thus, 

the convergence of water vapour will mainly occur in South China. Consequently, the large-scale 

precipitation will decrease over northern China. However, because of climate warming, the increase in 

specific humidity in Beijing-Tianjin-Hebei region (BTH) will enhance convectional precipitation, which 

will be more than 4 times the decrease in large-scale precipitation. 

1 Introduction 

Ozone pollution will damage not only human health but also the social economy. With an 

approximately 20% decrease in ozone, work time per day will increase by 0.1 h and save 50 billion Yuan 

in health expenditures in China (Xie et al., 2019). Most cities in East China have exceeded the O3 

pollution level of the Chinese National Ambient Air Quality Standard (i.e., the maximum daily average 

8 h concentration of ozone (MDA8) > 160 μg m
−3

) (Li et al., 2018). The highest MDA8, indicating the 

most severe surface ozone pollution, are observed in North China (Li et al., 2018; Yin et al., 2019a). As 

one of the largest mega-city clusters in China, Beijing-Tianjin-Hebei (BTH) exhibited an obvious 

increasing trend of the summer mean MDA8 from 2013 to 2017 (Li et al., 2018), which became the main 

air pollution in this region in summer (Wang et al., 2017) and resulted in increasing premature moralities 

(Xie et al., 2019). 
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Ozone is secondary pollution, which is affected by both emissions of precursors and meteorological 

conditions. Many researchers have discussed the effects of precursor emissions. Increasing emissions of 

nitrogen oxides (NOx) and volatile organic compounds (VOCs) are responsible for the increase in surface 

ozone in Beijing from 2006 to 2016 (Chen et al., 2018). Compared with NOx, VOCs have played more 

important roles in increasing ozone in North China in recent years (Li et al., 2019). Some studies pointed 

out that climate has significant effects on the surface ozone concentration. Photochemical precursors and 

meteorological parameters were used to predict tropospheric ozone as predictors (Mehdipour et al., 

2017; Yin et al., 2020). Meteorological factors, such as cloud cover, surface air temperature and specific 

humidity, have strong relationships with ozone formation (Melkonyan et al., 2012; Kim et al., 2014). 

Except for the three meteorological factors mentioned above, other local weather conditions, such as 

regional anomalous southerlies near the surface, precipitation and regional relative humidity, are closely 

connected to the local ground-level ozone in North China (Yin et al., 2018). Surface pressure and planet 

boundary height are also thought to be important factors (Chen et al., 2018; Wang et al., 2013). 

Temperature is the key meteorological factor that has an influence throughout almost the whole year 

(Chen et al., 2020). The sharp increase in ozone across China was partially attributed to changes in 

temperature, solar radiation and relative humidity (Chen et al., 2020). Wind, humidity and daily solar 

radiation exerted major effects on ozone in winter (Chen et al., 2020). A multiple linear regression model 

was used to describe the meteorological conditions during the ozone variation in BTH. According to their 

relationship with MDA8, the top three predictors are daily maximum temperature, meridional wind speed 

at 10 m and relative humidity, which were used to establish the model (Li et al., 2018). The ozone 

weather index (OWI) was adopted to simulate the features and variations in ozone pollution in North 

China via high correlations and the physical mechanisms between meteorological factors and ozone 

observations (Yin et al., 2019b,c). A close connection was found between North China surface ozone 

and the Eurasian teleconnection pattern. Increased solar radiation and high air temperatures during the 
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positive Eurasian teleconnection pattern phase dramatically enhanced O3 production. Southerlies over 

North China transported surrounding O3 precursors to superpose local emissions. Furthermore, the 

preceding May Arctic sea ice could explain approximately 60% of the interannual variability in 

O3-related weather conditions (Yin et al., 2019c). 

There are some researches about pollution change under global warming (Wang et al., 2019; Lee et 

al., 2015; Wang et al., 2013; Kim et al., 2014; Mulenga et al., 2019; Mahmud et al., 2020). Several 

studies projected ground-level ozone pollution in China.. Most of the studies illustrated sharply 

increasing trends in the mid-21
st
 century over eastern China (Wang et al., 2019; Lee et al., 2015; Wang et 

al., 2013; Kim et al., 2014). Lee et al. (2015) projected the summertime ozone concentration under 

multiple Intergovernmental Panel on Climate Change Special Reports on Emissions Scenarios and 

showed that surface ozone in North China will increase in the 2050s under all paths except B1 and 

decrease in the 2090s under all paths except A2. Furthermore, surface ozone will increase in 2050 under 

most representative concentration pathway (RCP) scenarios except RCP8.5 (Kim et al., 2014). This 

increase was attributed to the changes in anthropogenic emissions, which will change climate effects on 

the sensitivity of surface ozone to emissions (Wang et al., 2013). Most of these projections were based on 

the different anthropogenic emissions and mostly analyzed the variations in surface ozone on a global or a 

country scale. Few of the studies extended the projection period to the end of the 21
st
 century. Large-scale 

projections result in uncertainties when applying their results in a small area such as BTH. Some studies 

showed an increase centre in BTH (Kim et al., 2014). However, other studies showed that there was a 

boundary between the increasing ozone region and decreasing ozone in the BTH area (Wang et al., 2013). 

Furthermore, most of the previous studies focused on ozone change by assessing the effects of emissions. 

The influences of changes in meteorological conditions on ozone at the end of the 21
st
 century have not 

been investigated in detail, which largely limits understandings of real changes in ozone pollution in the 

future and the associated reasons. 
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This research aimed to projecte future impacts of atmosphere on the ozone pollution. Based on the 

OWI built in our research before (Yin et al., 2019b), OWI was modified to be suitable for numerical 

climate model, e.g., Community Earth System Model -Large Ensemble data. In this research, section 2 

introduce the data and methods (see flowchart in Figure S1). Section 3 shows the historical performance 

of ozone weather index during 1979-2018. Section 4 shows future variations in OWI. Section 5 is 

conclusions and discussions. 

2 Data and methods 

2.1 Data set 

Public hourly O3 concentration data since May 2014 are available online 

(http://beijingair.sinaapp.com/). The national ozone data are mostly observed by urban stations and are 

updated daily from the national urban air quality real-time release platform of the China Environmental 

Monitoring Headquarters. The MDA8 was calculated as the maximum 8-h running average from 00:00 

to 23:00 every day. By eliminating stations with more than five percent missing data, 77 stations were 

chosen from 90 stations in Beijing-Tianjin-Hebei. There are 12 sites in Beijing, 14 sites in Tianjin, and 

51 sites in 11 different cities in Hebei Province. Sporadic missing data were filled by cubic spline 

interpolation. Successive missing data (from 15 July 2014 to 24 July 2014 at all stations) were dropped. 

Therefore, the measured ozone in BTH was represented by the mean MDA8 at 77 stations. 

The 1°×1° ERA-Interim reanalysis dataset from 1979 to 2018 was used here, including the air 

temperature, zonal and meridional wind, relative humidity, specific humidity at 850 hPa, downward 

solar radiation at the surface, low and medium cloud cover and precipitation (Dee et al., 2011). 

The Community Earth System Model (CESM) Large Ensemble Project (CESM-LE) is a publicly 

available dataset of climate model simulations, including a 40-member ensemble of fully coupled 

CESM1 simulations for the period 1920-2100 (Kay et al., 2015). Each member is subject to the same 
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radiative forcing scenario (historical up to 2005 and RCP8.5 thereafter) but begins from a slightly 

different initial atmospheric state. This research used monthly large-scale precipitation and convective 

precipitation, air temperature at 850 hPa and 200 hPa, geopotential height (Z) at 850 hPa, 500 hPa and 

100 hPa, zonal wind and relative humidity at 850 hPa, wind, vertical velocity, and specific humidity 

from the surface to 200 hPa at a resolution of 1.5°×0.94°.  

The fifth phase of the Coupled Model Intercomparison Project (CMIP5) is widely adopted to help 

to deepen people understanding on climate change (Tylor et al., 2012). 15 models were introduced to 

verify the conclusion from CESM-LE. They are under same radiative forcing scenario with CESM-LE. 

Specific model information is shown in Table S2. All model data was interpolated into a resolution of 

1.0°×1.0° with Climate Data Operators. 

2.2 Methods 

With global warming, the geopotential height increased throughout the layer during the 21
st
 

century; thus, the eddy geopotential height was taken to determine the relative change in geopotential 

height (Huang et al., 2015, Wei et al., 2014). 

Eddy geopotential heighti, j= Zi, j-Zonal mean (Zi) 

where i and j are the latitude and longitude, respectively. 

Meteorological conditions affecting air pollution could be represented by several key synoptic 

systems (Liao et al., 2019; Cai et al., 2017). Cai et al. (2017) fitted a haze weather index by evaluating 

the relationship between PM2.5 and local weather conditions and then projected future haze weather 

conditions under RCP8.5. They pointed out that weather conditions conducive to severe haze in Beijing 

were more frequent under climate change. Yin et al. (2019b) calculated the OWI by fitting 

meteorological data with Shangdianzi ozone observations. We modified the OWI to be adopted the 

numerical climate models and match the BTH area. An modified OWI was calculated as: 

OWI=normalized (DTI+V850pI–V850nI+PI) 
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Daily temperature differences between 850 hPa (T850: 110°E–120°E, 35°N–50°N) and 200 hPa 

(T200: 110°E–130°E, 35°N–50°N) were used to calculate DTI. DTI, daily meridional wind over two 

different regions (V850nI: 92.5°E–100°E, 40°N–50°N; V850pI: 105°E–112.5°E, 32.5°N–42.5°N) at 

850 hPa, and total precipitation (PI: 112.5°E–120°E, 37.5°N–42.5°N) were used to fit this modified 

OWI. These related factors mainly represent three important weather systems (Figure S2). The 

temperature difference between 850 hPa and 200 hPa (Figure S2a-d) is related to sunny-hot days, which 

favour photochemical reactions (Yin et al., 2019b). The temperature at 200 hPa was also linked to an 

anomalous anticyclone high in the atmosphere. The correlation coefficient of the temperature difference 

between the two layers with the measured MDA8 is 0.52 (Table 1). An anomalous cyclone is located 

northwest of BTH, and an anomalous anticyclone is located over BTH (Figure S2e-f). This distribution 

is associated with the downward flow in the lower atmosphere, which favours ozone pollution (figure 

omitted). The difference between these two meridional winds indicates the dynamic effects of 

atmospheric circulation in the lower troposphere. V850pI present the south anomalies which shared by 

anomaly cyclone to the north-west of BTH and anomaly anticyclone to the east of BTH. V850nI was 

used to strengthen capturing cyclonic curvature by representing the north-west branch of the anomaly 

cyclone. The correlation coefficient between atmospheric circulation and measured ozone is 0.34, which 

is above the 99% confidence level (Table 1). It is higher than each single of them (V850pI: 0.18; 

V850nI: −0.26). Observed decreasing trend of wind (−0.27 per decade) were successfully reproduced in 

CESM-LE (−0.26 per decade) from 1984 to 2018. Precipitation is also an important factor (-0.40, above 

the 99% confidence level). Correlation coefficients between total precipitation and medium and low 

cloud cover is 0.75 (above 99% confidence level). That means precipitation index can represent both 

precipitation and cloud cover impact, which is related to less solar radiation but full cloud cover (Figure 

S2g-j). Wet deposition also clears away the stock of ozone pollution and its precursors in the air. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

 

3 Ozone weather index during 1979–2018 

The daily OWI calculated from the daily ERA-Interim datasets (OWI-ERA) is highly related to the 

measured MDA8 (Figure 1a). The correlation coefficient between the two is 0.62 during 2014–2018 

(451 daily samples). The daily variation in OWI-ERA is similar to the measured ozone. The ozone 

concentration is mostly largest in June and decreases monthly from July to August. On the monthly time 

scale, the correlation coefficient is 0.78 (above the 99% significance level); thus, the OWI-ERA could 

also capture the monthly variations in measured ozone pollution (Figure 1b). Figure 1c shows the 

distribution of the correlation coefficients between the daily MDA8 and OWI-ERA from 2014 to 2018, 

which were above the 99% significance level at all sites. 

The purpose of this study is to project the meteorological conditions associated with ozone 

pollution at the end of the 21
st
 century; thus, we also calculated OWI-LE from CESM-LE datasets and 

first verified its performance in the historical period (HIST, 1979–2018). On the one hand, when more 

simulation members are used in the ensemble mean, the external forcing would account for an increased 

proportion, and the projections would be more reliable (Lu et al., 2019). On the other hand, many 

members would excessively exclude the internal variability in the climate system (Lu et al., 2019). To 

find a better balance, we calculated the impacts of the number of members on the internal variance. 

Consistent with Lu et al. (2019), the simulations converged rapidly when the number of members used 

was more than 5 and plateaued when the number was more than 20 (Figure S3). Finally, according to 

the correlation coefficients with OWI-ERA, the OWI-LE was established with 23 members. The 23 

members could balance the need for convergence and the need for a high correlation between 

CESM-LE simulations and reanalysis data. This result means that our OWI-LE will be as similar as 

possible to the results based on all 40 members, with correlation coefficients of 0.94 between them over 

122 years. 
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Summer mean OWI-LE perform well in capturing OWI-ERA features, with a correlation 

coefficient of 0.48 (above the 99% significance level) during 1979–2018 between them. OWI-LE also 

have the same mathematical symbol in 72.5% summers, relative to OWI-ERA (Figure 2). Over the past 

40 years, OWI-ERA showed an insignificant downward trend (i.e., 0.031). This trend was also found in 

OWI-LE with similar slope rates (i.e., 0.023, Fig 2). Furthermore, both OWI-ERA and OWI-LE have 

sectional upward trends during 1979–1983, 1988–1992, 1998–2005 and 2014–2018. There are also 

comparable downward trends during 1983–1988, 1992–1998 and 2005–2014 in both of them (Figure 2) 

The increasing trend from 2014 to 2018 is also precisely consistent with that of measured ozone (Figure 

2). Both the long-term and the staging trends were quite similar, indicating the good performances of 

the CESM-LE simulations in reproducing the decadal-multi decadal variations in ozone-related 

meteorological conditions. 

In addition to the reproduction of trends, the related physical mechanisms were also revealed in the 

CESM-LE simulations. Composites of regional weather conditions successfully capture the 

meteorological systems related to ozone accumulation (Figure 3). A large-scale positive temperature 

difference between 850 hPa and 200 hPa was found in ERA-Interim over BTH (Figure 3a), which 

presents sufficient local solar radiation and an anomalous anticyclone over BTH (Yin et al., 2019 a,b). 

Consistently, this positive temperature difference also occurred in the CESM-LE simulations (Figure 

3b). The anomalous anticyclonic circulations over BTH resulted in reduced cloud cover and 

corresponded to warmer surface air temperature (Figure 3c). Although the anticyclonic circulations 

shifted southward and became weaker, the southerlies to the west of BTH, which prevent the intrusion 

of clear and cold air from the north, are found in the CESM-LE simulations (Figure 3d). Reduced cloud 

cover and descending motions were unfavourable to rainfall over BTH. The characteristics of decreased 

rainfall days are also presented (Figure 3e, f), indicating weakened wet deposition and strengthened 

photochemical reaction. This situation will lead to more ozone production by photochemical reactions 
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but less wet deposition. Thus, it is reasonable to project ozone-related weather conditions in the future 

via CESM-LE simulations. 

4 Future variations in OWI and physical mechanisms 

4.1 Future variations in OWI 

Since 2030, meteorological conditions have become increasingly beneficial for controlling ozone 

pollution, i.e., the OWI-LE values are persistently negative (Figure 4c). There are two sharp drops in 

OWI-LE around the 2030s and around the 2060s according to the 11-year running average. The value 

almost maintains a similar level in the rest of the 21
st
 century before the 2080s. The amplification of 

OWI-LE also strengthened in the future (Figure 4a). The standard deviation of OWI-LE in the late 21
st
 

century increases, which means that ozone weather conditions will change over a large range in the 

future. The mean OWI-LE is −1.73 in the mid-21
st
 century (2020–2059), and the OWI-LE is close to 

the negative area in Figure 4a. The decreasing trend becomes more significant in the last 40 years of the 

21
st
 century (Late-21C), with a mean OWI-LE value of −4.27. Illustrated by the frequency of OWI-LE, 

the OWI-LE moved to negative values in the 21
st
 century (Figure 4a). This result means that 

meteorological conditions were more unfavourable to ozone production in BTH during the late 21
st
 

century. 

Meteorological conditions change largely in the 21
st
 century under RCP 8.5. The differences in 

climate conditions between Late-21C and HIST are significant in most areas of East Asia. The eddy 

geopotential height at 850 hPa decreases over most of the East Asian continent. Wind over BTH became 

more cyclonic in the lower atmosphere during Late-21C (Figure 5a), indicating more active convections 

in the lower atmosphere. Specific humidity increased from the surface to the high troposphere (Figure 

5b). The convectional precipitation in East Asia increased (Figure 5c). However, large-scale 

precipitation decreased approximately north of 31°N. Statistically, the increase in convectional 
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precipitation is 4.37 times the decrease in large-scale precipitation in the BTH region; thus, total 

precipitation increased during Late-21C compared to HIST precipitation (Figure 5c). 

To determine the reasons for the negative OWI-LE in Late-21C, its components (sub-index) were 

analysed, which show different varying features (Figure 6a). The decrease in OWI was mainly due to an 

increase in precipitation (Figure 6d). This decrease also comes from temperature differences and 

cyclonic circulations in the lower atmosphere (Figure 6b, c). The wind index (i.e., V850pI–V850nI) 

decreases before 2080 and then increases (Figure 6c). The change in wind is responsible for the increase 

in OWI-LE over the last 20 years (Figure 6c). The temperature difference between two layers was used 

to describe the impacts on photochemical reactions and dynamic anticyclones in the high troposphere 

over BTH (Yin et al., 2019a). Although the temperature in the atmosphere significantly increased with 

global warming (Figure S4 a, b), the trends of T200 and T850 counteracted when calculating the OWI 

(Figure 6b). 

The negative values of OWI (mean value =−2.03) can also be simulated without PI during 

Late-21C (Figure 5b, c). It is clear that the change in precipitation shows a more dramatic decreasing 

trend and plays a more important role than the other two sub-indexes (Figure 6). As mentioned above, 

the increase in total precipitation mainly comes from convectional precipitation. A decline in large-scale 

precipitation reduces the increasing trend of total precipitation. The changes in precipitation are similar 

to those in specific humidity and relative humidity in the lower atmosphere. The specific humidity at 

850 hPa increased, but the relative humidity decreased at 850 hPa (Figure S4). To explore the linkages 

between the two kinds of precipitation and humidity, we calculate the correlation coefficients between 

them from 1979 to 2100 (Figure 7). High specific humidity significantly corresponded to an increase in 

convectional precipitation (Figure 7a). However, high relative humidity favours large-scale precipitation 

in BTH (Figure 7b). According to the Clapyron-Clausius equation, a high air temperature will enhance 

the ability of the atmosphere to retain water. Global warming will increase the specific humidity but 
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decrease the relative humidity (Lu, 2013), which is consistent with the abovementioned variations and 

contributes to increasing convectional precipitation and decreasing large-scale precipitation. 

4.2 Changed precipitation and associated physical mechanisms 

What happens in the atmospheric circulations that are linked to the change in precipitation? The 

declines in large-scale precipitation are attributed to the eastward shift of the western Pacific subtropical 

high and the southward shift of the South Asia High (SAH) (Figure 8). To clarify the north-south shift 

of the SAH, we calculate the Ins as the difference in the area-averaged eddy geopotential height at 100 

hPa over in the region of 27.5°–32.5°N, 50°– 100°E and the region of 22.5°–27.5°N, 50°–100°E (Xu et 

al., 2017). Similar to many previous studies, the SAH will shift to the south during the 21
st
 century with 

global warming (Qu et al., 2016). The Ins mean value was 31.23 during 1979–2018 and will be 22.61 

from 2061 to 2100. Combined with the southward shift of the SAH, the eastward shift of the western 

Pacific subtropical high (Figure 8) and anomalous cyclone over southern China (Figure 5a) weaken the 

large-scale water vapour flux to northern China (Figure 9). Thus, more water will be detained in 

southern China. The correlation coefficients between Ins and relative humidity over BTH at 850 hPa 

were calculated. This value is 0.56 during 1979–2100, which is above the 99% confidence level, and 

illustrates that the southward shift of the SAH will decrease relative humidity over the BTH area. This 

result explains why large-scale precipitation increases in southern China and decreases in northern 

China (Figure 5c). 

We regressed the large-scale precipitation onto omega at 850 hPa and then subtracted it from the 

total simulated omega to clarify the vertical motions related to convective precipitation. We found that 

the southward shift of the SAH exhibited a strong relationship with anomalous vertical uplift at 850 hPa 

over BTH (Figure 9). As mentioned above, with global warming, the specific humidity will increase in 

the atmosphere (Lu, 2013). The enhanced ascending motions associated with the changes in the SAH 

and increased specific humidity in a warming environment jointly strengthened the convectional 
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precipitation over the BTH region (Figure 5c). 

5 Conclusions and discussions 

In this research, the CESM-LE data were introduced to project future ozone weather conditions in 

BTH, which was not focused on in previous research. A high emission path, RCP 8.5, was taken as the 

possible future emission scenario. During the historical period, OWI calculated from CESM-LE 

perform well in reproduction of long-term trend and sub-trends in reanalysis data. Future atmospheric 

circulation conditions favour the control of ozone pollution in the BTH region. OWI will decrease −4.27 

in late 21
st
 Century. The OWI without precipitation was also calculated. It will decrease in the 21

st
 

Century, with a mean value of −2.03 from 2061 to 2100.Thus, the OWI decrease is mainly due to 

regional precipitation changes. Temperature difference between 850 hPa and 200hPa and wind at 850 

hPa partially contribute to part of its decrease. Because South Asia High will move to south ward and 

Western Pacific Subtropical High will move to eastward under global warming, large-scale precipitation 

will decrease in the future. Although large-scale precipitation will decrease in 21
st
 Century, change of 

convective precipitation is 4 times large-scale precipitation reduction. Its increase comes from 

increasing specific humidity and upward anomalies related to southward shift of South Asia High under 

global warming. Thus, total precipitation will increase in the future. Enhanced shading (related to cloud 

cover) and wet deposition effect of precipitation will unfavour ozone pollution. Furthermore, CMIP5 

data set were also introduced to our research and consistent results (including the change of 

precipitation, cloud and OWI) were obtained (Figure S6). 

In this study, we used precipitation instead of cloud cover because of their highly cross-correlations. 

We also modified OWI by taking both information of precipitation and cloud cover into it. Some 

important points should be noticed. Without convective precipitation, OWI performance will 

significantly get worse (Table S3). Climate model show large uncertainties on simulating about cloud 
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cover (Kate et al., 2015), while CESM-LE could capture trend of observed precipitation in North China 

(Li et al., 2017). With calculating cloud cover into OWI, the highest correlation coefficient is 0.41 

(above 95% confidence level) and the highest same mathematical symbol is 67.5% (Table S3). Both of 

them are worse than OWI we adopted. Even so, projection was also made of taking both cloud cover 

and precipitation into OWI. It also show changes of atmospheric circulations will benefit ozone control 

(Figure S7). 

Previous ozone pollution projections mainly simulated the ozone concentration by driving 

atmosphere chemical pollution models (Lei et al., 2012; Wang et al., 2013; Kim et al., 2014; Lee et al., 

2015). Few studies have explained atmospheric circulation changes and its effect on ozone weather 

conditions in north China. It led to uncertainties in projecting impacts of atmospheric circulation on 

regional ozone pollution. Some of the studies pointed out that climate change will lead to an increase in 

surface ozone concentration in eastern China (Wang et al., 2013; Kim et al., 2014). However, Wang et al. 

(2013) thought that the centre of ozone increase was located in southeastern China, while Kim et al. 

(2014) found that the centre was located in northeastern China. It is difficult to say whether there will be 

an obvious change in the ozone concentration because BTH is located at the junction of areas that 

exhibit increases and decreases (Wang et al., 2013; Kim et al., 2014). According to our research, 

changes in weather conditions related to ozone pollution will not favour ozone increases in BTH. 

Compared with previous studies, we could make an inference that ozone pollution will become more 

serious if there is no inhibition of meteorological factors. 

At the global or continental scale, correlations were illustrated between global mean climate 

factors and the global mean ozone concentration (Kim et al., 2014). At this scale, it is reasonable that 

precipitation was not indicated as an important factor in the ozone projection. However, it is important 

to consider precipitation when talking about ozone pollution over a small area. The increase in water 

vapour in 2050 will accelerate the destruction of O3 in low NOx regions (Wang et al., 2013). In areas 
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with high NOx supply, sufficient water will make O3 pollution serious. If the roles of VOCs are removed, 

the surface O3 concentration will decrease in the 2050s (Wang et al., 2013). This finding also means that 

the effect of climate on ozone pollution will change with anthropogenic emissions and become 

nonlinear. The effect of regional weather conditions in recent years is smaller than that in the future 

because of increased greenhouse gas concentrations (Lee et al., 2015). This research aimed to project 

the climate over a small but extremely important region, and the projections possibly included some 

uncertainties. We tried different statistical approaches and different combinations of meteorological 

sub-indexes and reached consistent results, which indeed reduced the uncertainties. Research to 

subdivide the roles of climate change and variability under different emission levels should be 

conducted in the future to better understand the effect of climate on surface ozone pollution. 
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Table 1. Correlation coefficients between the MDA8 and ERA-calculated meteorological 

index. 

 DTI V850pI-V850nI T200I 

MDA8 0.52** 0.34** -0.35** 

 PI T850I  

MDA8 -0.40** 0.30**  

All indices are normalized area averages of daily meteorological data. T850I, and T200I 

are temperature at 850 hPa (35°N-50°N, 110°E-120°E) and 200 hPa (35°N-50°N, 

110°E-130°E), respectively. DTI is the normalized difference between T850 and T200. 

V850pI-V850nI is the normalized difference between the normalized area averaging 

meridional wind at 850 hPa over 32.5-42.5°N, 105-112.5°E and 40-50°N, 92.5-100°E. 

SSRI is downward surface solar radiation (35°N-45°N, 110°E-122.5°E). PI is total 

precipitation (37.5°N-42.5°N, 113°E-120°E). Indices in bold font were used to fit the 

model. ‘**’ indicates a confidence level above 99%. 
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Figure 1. Variations in OWI and MDA8, and their correlations in observed sites. (a) Daily and (b) monthly observed MDA8 

(green) and ERA-calculated OWI (blue). The dashed line indicates zero values. (c) Correlation coefficients between the daily 

OWI-ERA and MDA8 in Beijing-Tianjin-Hebei from 2014 to 2018. ‘+’ indicates that the value is above the 99% confidence 

level. Panel (c) shows Beijing-Tianjin-Hebei region 

 

 

Figure 2. Standardized OWI-ERA (blue line), OWI-LE (orange line) during 1979-2018 and standardized BTH mean MDA8 

(green line) during 2014-2018. Black triangles indicate that OWI-ERA and OWI-LE share the same mathematical symbol. 

Orange (OWI-LE), blue (OWI-ERA) and green (Obs) dashed lines are short-term trends. Long straight lines are the 

long-term trends of OWI-LE (orange) and OWI-ERA (blue) during 1979-2018. The dashed black line is the 0-line. 

‘Corr=0.48’ is the correlation coefficient between the summer mean OWI-ERA and OWI-LE from 1979 to 2018. 
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Figure 3. Composition of (a) (b) the temperature differences between 850 hPa and 200 hPa (shading), (c) (d) wind at 850 

hPa (vector, shading is the meridional wind), and (e) (f) total precipitation (shading). The composite years were chosen by 

OWI-ERA, and OW-LE exceeded ±0.8 standard deviations. (a) (c) (e) Calculated from ERA-Interim and based on 

OWI-ERA. (b) (d) (f) Calculated from CESM-LE simulations and based on OWI-LE. The white dots denote that the CC was 

above the 95% confidence level. Black boxes indicate area used to calculate indices, (a) (b) for DT, (c) (d) for V850p and 

V850n, (e) (f) for precipitation.. Black irregular outlines show Beijing-Tianjin-Hebei region 
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Figure 4. Frequency of (a) OWI-LE with PI and (b) without PI during 1979–2018 (red bar), Mid-21
st
 century (2020–2059, 

blue bar), Late-21
st
 century (2061~2100, orange bar). (c) Historical (1979-2018) and projected (2019-2100) OWI-LE with PI 

(orange solid line) and without PI (black solid line). The shadow ranges from the 75% to 25% quantiles. The dashed red line 

is the 11-year running average of OWI-LE with PI. 

 

Figure 5. Difference between the mean of 2061-2100 and the mean of 1979-2018 (2061-2100 minus 1979-2018) for (a) the 

temperature difference between 850 hPa and 200 hPa (shading) and wind at 850 hPa (arrows), (b) 113°-117°E mean latitude–

high wind (arrows) and specific humidity (shading) and (c) convectional precipitation (shading) and large-scale precipitation 

(contour). Black dots in panel c indicate that the value of total precipitation (convectional + large-scale precipitation) is 

positive. Boxes indicate area used to calculate indices, (a) black boxes for T850, green boxes for V850p and V850n and (c) 

for precipitation. Black irregular outlines show Beijing-Tianjin-Hebei area. 
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Figure 6. (a) Variation in the temperature difference between 850 hPa and 200 hPa (black line), difference between V850pI 

and V850nI (red line) and –PI (blue line); (b) variation in the temperature difference between 850 hPa and 200 hPa; (c) 

variation in the difference between V850pI and V850nI; (d) variation in –PI. The shadowed areas are for the ranges from the 

75% to 25% quantiles for the indices calculated from all CESM-LE simulations. 

 

Figure 7. Correlation coefficients between (a) large-scale precipitation and relative humidity and (b) those between 

convectional precipitation and specific humidity during 1979 to 2100. The linear trend was removed. Black irregular outlines 

show Beijing-Tianjin-Hebei area. 
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Figure 8. Difference between the mean of 2061-2100 and the mean of 1979-2018 (2061-2100 minus 1979-2018) for the 

eddy geopotential height at 100 hPa (shading) and at 500 hPa (counter). Purple boxes indicate the area used to calculate Ins. 

 

Figure 9. Correlation coefficients between -1xIns and water vapour flux at 850 hPa (vector) and omega (subtracting the 

omega regressed on large-scale precipitation) at 850 hPa (shading). White dots indicate that the correlation coefficients 

between -1xIns and omega are above the 95% confidence level. Black irregular outlines show Beijing-Tianjin-Hebei area. 
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Highlights: 

 Ozone weather index was established which can effectively extract climate anomalies affecting 

ozone from climate simulations. 

 Atmospheric circulation will favour the control of ozone pollution in the Beijing-Tianjin-Hebei 

region. 

 Changes in moisture and dynamics with global warming lead to increasing convective 

precipitation that weakens surface ozone. 
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