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Abstract. Ground-level observations, reanalyzed meteorological fields and a 3-D global chemical and transport model 

(GEOS-Chem) were applied in this study to investigate ozone (O3) pollution events (OPEs) in North China (36.5N-40.5N, 

114.5E-119.5E) during 2014-2017. Ozone pollution days (OPDs) were defined as days with maximum daily averaged 8-h 

(MDA8) concentrations over North China larger than 160 μg m-3, and OPEs were defined as periods with 3 or more 

consecutive OPDs. Observations showed that there were 167 OPDs and 27 OPEs in North China during 2014-2017, in which 15 

123 OPDs and 21 OPEs occurred in May-July. We found that OPEs in North China occurred under a typical weather pattern 

with high daily maximum temperature (Tmax), low relative humidity (RH), anomalous southerlies and divergence in the 

lower troposphere, an anomalous high-pressure system at 500 hPa and an anomalous downward air flow from 500 hPa to the 

surface. Under such a weather pattern, chemical production of O3 was high between 800 and 900 hPa, which was then 

transported downward to enhance O3 pollution at the surface. A standardized index I_OPE was defined by applying four key 20 

meteorological parameters, including Tmax, RH, meridional winds at 850 hPa (V850) and zonal winds at 500 hPa (U500). 

I_OPE can capture approximately 80 % of the observed OPDs and OPEs, which has implications for forecasting OPEs in 

North China. 

1 Introduction 

Ground-level ozone (O3) is generated by photochemical reactions involving nitrogen oxides (NOx) and volatile organic 25 

compounds (VOCs) (FinlaysonPitts and Pitts, 1997; Sillman, 1999). Enhanced surface O3 concentrations increase premature 

mortality (e.g., Bell et al., 2006; Anenberg et al., 2010; Lelieveld et al., 2015; Nuvolone et al., 2018) and reduce crop yields 

(e.g., Fuhrer et al., 1997; Krupa et al., 1998; Ainsworth et al., 2012; Mills et al., 2018). O3 pollution events (OPEs) occur 

frequently in megacities with sufficient O3 precursors during summertime when solar radiation is strong (Solomon et al., 
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2000; Wang et al., 2006a; Wang et al., 2006b; Roy et al., 2008; Carro-Calvo et al., 2017; Fix et al., 2018). As a result, the 

formation mechanisms of and prevention strategies for ground-level O3 has been a focus in many countries around the world. 

Ozone concentrations are influenced by meteorological parameters. High temperature can change O3 concentrations by 

accelerating O3 chemical production rates and enhancing natural emissions such as biogenic emissions and NOx from soil 

(Jacob and Winner, 2009). Blommer et al. (2009) analyzed observed O3 from 1987 to 2007 across the rural eastern US and 5 

showed that as temperature increased by 1 K, O3 concentrations increased by an average of 3.2 ppbv prior to 2002 but 

increased by an average of 2.2 ppbv after 2002 because of the reduction in anthropogenic NOx emissions. Rasmussen et al. 

(2012) used observed O3 and temperature in the eastern US during 1988-2009 to characterize the sensitivity of summer time 

O3 to temperature. These authors showed that the sensitivities were 3-6 ppbv K-1 over the northeast, 3-4 ppbv K-1 over the 

Great Lakes, and 3-6 ppbv K-1 over the Middle Atlantic states. Relative humidity (RH) is also found to be an important 10 

parameter for O3 formation. Zhang et al. (2015) showed that values of RH for days with top 10% O3 concentrations were 

lower compared to those for days with bottom 10% O3 concentrations by examining continuous observations of O3 and 

meteorological parameters in Guangzhou during March 2013 to February 2014.Zhang et al. (2015) showed that days with 

the highest 10 % O3 concentrations were associated with lower RH than days with the lowest 10 % O3 concentrations in 

Guangzhou by examining continuous observations of O3 and meteorological parameters during March 2013 to February 15 

2014. Kavassalis and Murphy (2017) reported a negative correlation between summer-time O3 concentrations and RH on the 

basis of observed O3 and RH from 1987 to 2015 at 101 rural sites in the US. Moreover, cloud fraction influences O3 

concentrations by changing the near-surface solar radiation and hence photochemical reaction rates. Jeong and Park (2013) 

showed, by using a 3-D global chemical and transport model (GEOS-Chem), that the increases in O3 concentration in East 

Asia from 1985-1989 to 2002-2006 could be explained in part by the decreases in cloud cover. 20 

In addition to the local meteorological parameters, O3 concentrations are also influenced dynamically by large-scale 

circulations. By analyzing 11 years of ozonesonde data, Zhou et al. (2013) showed that the interannual variability of O3 over 

Hong Kong was closely associated with the East Asian monsoon; circulations during monsoon season influence the transport 

of continental pollutants to Hong Kong. By using the GEOS-Chem model, Yang et al. (2014) examined the interannual 

variation of summertime O3 and found a positive correlation between the strength of the East Asian summer monsoon and 25 

summertime O3 concentration averaged over China because of the monsoon-driven variations in transboundary transport. 

Liao et al. (2017) carried out composite analysis on observed surface O3 concentrations in the Yangtze River Delta (YRD) 

during 2013-2016 for ten typical circulation types identified by the automated Lamb weather type approach (Jenkinson and 

Collison, 1977). These authors found that O3 concentrations in the YRD were high under the influence of westerlies, which 

occur frequently in summer associated with the subtropical high. Under such conditions, high temperatures and strong solar 30 

radiation in the YRD, together with the transport of biogenic VOCs from the mountain areas of Anhui and Zhejiang 

provinces, led to high O3 levels in the YRD. Zhao and Wang (2017) reported that the daily variability of West Pacific 

subtropical high (WPSH) can influence the daily variability of surface-layer O3 over eastern China in summer of 2014-2016. 

They found, by using observed O3 and reanalyzed data, that O3 concentrations decreased in South China and increased in 
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North China during days with a high WPSH-I index, which is an indicator of the intensity of WPSH at the 500 hPa level. A 

strong WPSH leads to moist, cloudy weather and low temperatures in South China and dry, sunny weather in North China.  

Previous studies also reported that OPEs are influenced by meteorological conditions. Zhang et al. (2017), utilizing 30 years 

of O3 observations and meteorological variables over the US, showed that O3 extreme days (location-specific 95th percentile) 

overlapped with 32 % of temperature extreme days, along with low RH and low wind speed. By using both observations and 5 

a regional chemistry-climate model, Pu et al. (2017) showed that a heat wave event in YRD during the summer of 2013 led 

to a severe O3 pollution episode with a peak O3 concentration of 160.5 ppbv as a result of the accelerated chemical reaction, 

low cloud fraction and stagnant conditions. By using the GEOS-Chem model and observed O3 concentrations, Zhang and 

Wang (2016) showed that extreme drought events also led to three high O3 episodes (with peak concentrations of 70 ppbv) in 

October 2010 in the southeast US by the enhanced emissions of biogenic isoprene from water-stressed plants. Moreover, 10 

regional transport of O3 and precursors (such as NOx mand isoprene) are important for OPEs. For example, Whaley et al. 

(2015) used the GEOS-Chem model with tagged-O3 to identify the sources of O3 for 15 OPEs in Toronto during 2004-2007 

and found that O3 in the northeast US contributed 26 % to O3 in Toronto during OPEs. They also used the GEOS-Chem 

adjoint model to examine the sensitivities of O3 concentrations during OPEs in Toronto to emissions of precursors in 

different regions and found a strong sensitivity to the southern Ontario and US fossil fuel NOx emissions and natural 15 

isoprene emissions. Currently, previous studies on OPEs in China were focused on one single observational site or a few 

episodes (e.g., Wang et al., 2006c; Shen et al., 2015; Li et al., 2017a), and few studies have systematically examined OPEs in 

a regional scope, especially for North China (36.5°N-40.5°N, 114.5°E-119.5°E), where the highest O3 peak concentrations 

were observed (Wang et al., 2017).  

The scientific goals of this work are as follows: (1) to characterize the frequencies and intensities of OPEs in North China, (2) 20 

to identify key meteorological parameters that can be used to define a typical weather pattern for OPEs in North China, and 

(3) to quantify the contributions of different chemical and physical processes to OPEs under such a typical weather pattern. 

The integrated process rate (IPR) analysis is a widely used method to quantify the contributions of different processes to O3 

(Goncalves et al., 2009; Jiang et al., 2012; Li et al., 2012). In Sect. 2, observed O3 concentrations, reanalyzed meteorological 

data, a model description, and the IPR analysis method are briefly introduced. Section 3 presents the observed frequency and 25 

intensity of OPEs in North China during 2014 to 2017.Section 3 presents the observed and spatiotemporal distributions of 

OPEs in North China during 2014 to 2017. Section 4 describes the key meteorological parameters that lead to OPEs and the 

definition of a standardized index to represent a typical weather pattern for OPEs. Section 5 examines how the typical 

weather pattern leads to OPEs by IPR analysis in the GEOS-Chem model. 
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2 Methods 

2.1 Observed ground-level O3 concentrations 

The ground-level hourly O3 concentrations are obtained from the national air quality monitoring network of China 

(http://datacenter.mee.gov.cn/websjzx/queryIndex.vmhttp://datacenter.mep.gov.cn/websjzx/queryIndex.vm), which was 

established in 2012 by the Ministry of Environment Protection of China. O3 concentrations from this network have units of 5 

μg m-3. Under the condition of 25°C and 1013.25 hPa, 1 μg m-3 of O3 is approximately 0.5 ppbv. Hourly O3 concentrations 

are available at 1582 sites during 2014-2017. For each site, the maximum daily 8-h average concentration (MDA8) of O3 is 

calculated by utilizing an 8-h moving average window for each day. To ensure the data quality, the 8-h moving window has 

to contain more than 6-h valid observations, and the number of days with valid O3 MDA8 has to be more than 15 for each 

month. As a result, 740 among the 1582 sites in China (62 sites among the 101 sites in North China (36.5-40.5N, 114.5-10 

119.5E), Fig. S167 sites among the 114 sites in North China (36-40.5N, 114.5-119.5E)) are selected and used in this 

study. The spatial distribution of these selected sites and the region of North China are shown in Fig. 1.  

The China National Ambient Air Quality Standard (GB3095-2012) states that O3 concentration exceeds the national air 

quality standard if the MDA8 O3 concentration of a location is higher than 160 μg m-3. In this study, we aim to investigate O3 

pollution over a large area rather than at a single site; we define O3 polluted days in North China as the days with MDA8 O3 15 

concentrations averaged over North China exceeding 160 μg m-3. We also define an ozone episode in North China as three or 

more consecutive days of regional O3 pollution. 

2.2 Reanalyzed meteorological fields 

Meteorological fields are taken from Version 2 of Modern Era Retrospective-analysis for Research and Application 

(MERRA2), which was generated from the NASA Global Modeling and Assimilation Office (GMAO) by using Version 5 20 

data assimilation system (DAS) of the Goddard Earth Observing System Model. Compared with the first version of MERRA, 

MERRA2 has assimilated more observations and made many improvements and updates in DAS. The original MERRA2 

data has a horizontal resolution of 0.5° latitude x 0.625° longitude and 72 vertical layers (Molod et al., 2015). The GEOS-

Chem model has the same horizontal resolution over the nested domain but the GEOS-Chem support team has lumped the 

72 vertical layers into 47 layers to save computational resources. The lumped vertical levels are within the 32th model layer 25 

(about 190 hPa) and the top of atmosphere (about 0.01 hPa). (Molod et al., 2015). The MERRA2 reanalyzed meteorological 

dataset in the Extended Asia domain (11S-55N, 60E-150E) has a horizontal resolution of 0.5 latitude × 0.667 longitude 

and 47 vertical layers up to 0.01 hPa. The temporal resolution for surface meteorological parameters (such as 2-meter air 

temperature) is 1 h and that for atmospheric meteorological parameters (such as relative humidity and wind) is 3 h. To 

investigate the key meteorological factors that lead to OPEs, daily maximum 2-meter temperature (Tmax), daily mean 30 

relative humidity (RH) at the surface, daily averaged meridional and zonal winds at 850 hPa and 500 hPa (U850, V850, 

U500 and V500, where westerlies and southerlies have positive values) during 2014-2017 are utilized. In addition, due to the 
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lack of geopotential heights in the MERRA2 dataset, daily mean geopotential heights at 850 hPa and 500 hPa from the 

National Center for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) global 

reanalysis at a resolution of 2.5° latitude by 2.5° longitude are utilized. The daily time series of a meteorological parameter x 

at a specific model grid cell over May to July of 2014-2017 is standardized by： 

[𝑥௜] =
௫೔ି 

∑ ೣ೔
೙
೔
೙

௦೔
                                                                                                                                                                             (1) 5 

where xi indicates the parameter x on day i, n is the total number of days over May to July in 2014-2017, si indicates the 

standard deviation of the daily time series. [xi] is the standardized anomaly for parameter x on day i.All the time series of 

meteorological parameters have been detrended first and then standardized by their respective standard deviation to remove 

interannual or seasonal variability. 

2.3 GEOS-Chem model 10 

The hourly O3 concentrations from May to July for 2014-2017 are simulated by the nested version of the 3-D global 

chemical transport model (GEOS-Chem, version 11-01) driven by the MERRA2 reanalysis meteorological data. Over the 

nested domain (11S-55N, 60E-150E), the model resolution is the same as that of the MERRA2 dataset, as described 

above. Concentrations of all tracers in lateral boundaries are provided by the global GEOS-Chem simulation with 2° latitude 

×2.5° longitude horizontal resolution.  15 

The GEOS-Chem model employs a fully coupled NOx-Ox-hydrocarbon-aerosol chemistry mechanism (Bey et al., 2001; Park 

et al., 2003; Pye et al., 2009) to simulate concentrations of gas-phase pollutants (such as NOx and O3) and aerosols (including 

sulfate, nitrate, ammonium, OC and BC, sea salt, and mineral dust). The LINOZ scheme is used for stratospheric O3 

chemistry (McLinden et al., 2000). The vertical mixing in planetary boundary layers (PBL) is calculated by a nonlocal 

scheme (Lin and McElroy, 2010). The anthropogenic emissions of CO, SO2, NOx, NH3 and VOCs in the simulated domain 20 

are obtained from MEIC emission inventory, which includes emissions from industry, power, residential and transportation 

sectors from 2014 to 2017 (Li et al., 2017b; Zheng et al., 2018). The biogenic emissions in GEOS-Chem employ the 

MEGAN v2.1 biogenic emissions with updates from Guenther et al. (2012). 

2.4 IPR analysis method 

Five major processes that influence O3 concentrations include net chemical production, horizontal advection, vertical 25 

advection, dry deposition, and diffusion (vertical PBL mixing process in GEOS-Chem model). Integrated process rate (IPR) 

analysis is used to evaluate the daily relative contributions of individual processes to an OPE in the studied domain by using 

the following formula (Goncalves et al., 2009): 

𝑃𝐶௜(%) =
௉஼೔

∑ ௔௕௦(௉஼೔)೙
೔

× 100 %,                                                                                                                                           (12) 
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where PCi is the percentage contribution of process i to O3 mass in the specific domain and abs(PCi) is the absolute value of 

PCi. n is the total number of processes (n is 5 in our analysis). PCi (%) is the relative contribution of process i to O3 mass. It 

is noted that the sum of process contributions (PCi(%)) is not 100 %, but the sum of the absolute values of PCi(%) equals 

100 %. The IPR analysis method has been applied to identify the key processes contributing to extreme air pollution 

episodes as well as the interannual and decadal variations (Mu and Liao, 2014; Lou et al., 2015; Shu et al., 2016). 5 

3 Frequencies and intensities of OPEs in North China 

3.1 Spatiotemporal distributions of surface layer O3 

Figure 1 shows the monthly mean MDA8 O3 concentrations averaged over 2014-2017 at the 740 observational sites. 

The MDA8 O3 values show obvious seasonal variations in eastern China. The monthly mean MDA8 O3 values at most sites 

in eastern China were lower than 100 μg m-3 during November to March, while the values were generally high during April-10 

October, especially in North China and the YRD region. North China had the highest MDA8 O3 concentrations from May to 

July. In June, the most polluted month, the MDA8 O3 concentrations at 40 % (25/62) of observational sites in North China 

exceeded 160 μg m-3, in which four sites (two sites in Baoding, one in Hengshui and the other in Zibo) even exceeded 180 

μg m-3.   

Figure 2a shows the seasonal and interannual variations in MDA8 O3 concentrations averaged over all 62 sites in North 15 

China. The MDA8 O3 concentrations in North China peaked in June and had relatively high values from May to July. In 

2016 and 2017, a secondary peak of concentration showed up in September, but it is difficult to conclude whether this was a 

general or accidental feature with the limited four years of data. With respect to the interannual variation, MDA8 O3 

concentrations in most months exhibited an increasing trend from 2014 to 2017. The MDA8 O3 concentration over North 

China reached the highest value of 182 μg m-3 in June of 2017. This increasing trend indicates that the strict emission 20 

reduction measures in China in recent years had little effect on O3 pollution in North China. 

3.2 Ozone polluted days and the frequency of OPEs 

Figure 2b shows the O3 polluted days in North China (the days with an average MDA8 O3 concentration over North China 

exceeding 160 μg m-3) in different months of 2014-2017. From 2014 to 2017, there were 167 O3 polluted days in North 

China, in which 123 days (70 %) occurred in the months of May to July. In 2014, July and August had the highest number of 25 

O3 polluted days (10 days). In 2015-2017, the number of O3 polluted days was the highest in June and kept increasing. 

Ozone polluted days in North China had values of 11, 16 and 20 days in June of 2015, 2016, and 2017, respectively.  

Figure 2c shows the number of OPEs in North China in each month of 2014-2017. An O3 pollution event in North China is 

defined as three or more consecutive days of O3 pollution. There were 27 OPEs in the studied time period, and 21 of these 

OPEs occurred in May to July. Except for June of 2014, North China suffered 13 OPEs per month in May to July of 2014-30 
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2017. As shown above, O3 pollution in North China was the worst in May to July. The 21 OPEs in these three months of 

2014-2017 are further analyzed in the following sections. 

3.3 Intensities of OPEs in North China 

Figure 3 shows the mean and maximum MDA8 O3 concentrations as well as the duration of 21 OPEs over May to July in the 

years of 2014-2017 in North China. The averaged MDA8 O3 concentration for OPEs is 193.0 μg m-3, indicating high 5 

intensities of OPEs. The maximum MDA8 O3 concentrations for a single day during OPEs can even reach 243.8 μg m-3, and 

over half of the episodes (11/21) have at least one day where MDA8 O3 concentrations exceed 200 μg m-3. Moreover, OPEs 

last for many consecutive days. The mean duration of OPEs is 4.3 days, while some episodes can last for one week and even 

longer (e.g., the episodes starting from June 16th, 2016 and June 14th, 2017). Understanding the kind of weather pattern that 

leads to these long-lasting OPEs with high O3 concentrations is quite necessary. 10 

4 A Typical weather pattern for OPEs 

4.1 Composited weather pattern for OPEs 

Figure 4 shows the composited weather pattern for 21 OPEs identified in North China (36.5°N-40.5°N, 114.5°E-

119.5°E) during May to July of 2014-2017. We examine the composited Tmax, RH, winds and SLP at the surface, winds 

and geopotential height at 850 hPa, winds and geopotential height at 500 hPa, vertical pressure velocity and divergence. All 15 

these daily parameters in May to July of 2014-2017 are standardized by utilizing Eq. (1). All these daily parameters in May 

to July of 2014-2017 are detrended first to remove interannual or seasonal variability. Then, for each parameter, we calculate 

the standardized anomalies by using the following formula: 

[𝑥௜,ௗ] =
௫೔,೏ି௫ഢതതത

௦೔
,                                                                   

(2) 20 

where xi,d indicates the detrended value for parameter i on day.  𝑥పഥ  and si indicate the mean value and the standard 

deviation of the detrended daily time series for parameter i, respectively. [xi,d] is the standardized anomaly for parameter i on 

day d. During OPEs, positive Tmax anomalies (Fig. 4d) and negative RH anomalies (Fig. 4e) occur in North China, 

indicating hot and dry weather conditions at the surface. The wind and pressure fields show a similar pattern at the surface 

(Fig. 4c) and at 850 hPa (Fig. 4b). Anomalous southerlies prevail in North China, accompanied by anomalous high pressure 25 

in the east and anomalous low pressure in the west. At the 500 hPa altitude, North China is under the influence of an 

anomalous anti-cyclone (high pressure) (Fig. 4a), which causes high temperature and low RH at the surface. 

The composited pressure-latitude cross-sections of vertical velocity and divergence for 21 OPEs from 1000 hPa to 500 hPa 

averaged over 114.5°E to 119.5°E, the west and east boundary of North China, are shown in Fig. 4f and 4g, respectively. 

Except for the north of 39°N under 850 hPa, North China shows a downward airflow anomaly from 1000 hPa to 500 hPa 30 
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during OPEs, which is a typical feature of the high-pressure system. In fact, the upward anomaly under 850 hPa in the 

northern domain is a fake signal because the elevation sharply increases to approximately 1000 m at Yan Mountain to the 

north of 39°N, which leads to the surface pressure being lower than 900 hPa (~1000 m) or even 850 hPa (~1500 m). As a 

result, the vertical velocity under 850 hPa for the reanalyzed dataset is unreliable to the north of 39°N. Figure 4g shows the 

divergence anomaly during OPEs in North China. Strong divergence occurs between 950 and 850 hPa. The anomalous 5 

downward flow transports air to the lower troposphere and leads to the anomalous divergence. 

4.2 Correlations between meteorological parameters and O3 concentrations 

To identify the key meteorological factors associated with the MDA8 O3 concentrations in North China, we examine the 

correlation coefficients between the MDA8 O3 concentration averaged over North China and the meteorological parameters, 

including daily Tmax and daily mean RH, planetary boundary layer height (PBLH), surface level pressure (SLP), and 10 

meridional and zonal wind speed at 1000 hPa (U1000, V1000), 850 hPa (U850, V850) and 500 hPa (U500, V500). These 

parameters at each grid cell are detrended first and then standardized as described in Sect. 4.12.2. Figure 5 shows the 

correlation coefficients between daily MDA8 O3 concentration in North China and the ten standardized meteorological 

parameters. MDA8 O3 concentrations in North China exhibit positive correlation with Tmax (Fig. 5a), PBLH (Fig. 5c), 

V1000 (Fig. 5f) and V850 (Fig. 5h) in the vicinity of North China and with U500 (Fig. 5i) in the north and V500 (Fig. 5j) in 15 

the west of North China. MDA8 O3 in North China has a negative correlation with RH (Fig. 5b), SLP (Fig. 5d), U500 (Fig. 

5i), and V500 (Fig. 5j). MDA8 O3 is found to have a weak correlation with U1000 (Fig. 5e) and U850 (Fig. 5g). It should be 

noted that some meteorological factors are closely related. For instance, previous studies have revealed that PBLH is 

positively correlated with surface temperature (Zhang et al., 2013) but negatively correlated with SLP (Seidel et al., 2010; 

Guo et al., 2016). Winds at 1000 hPa and 850 hPa are usually highly correlated and show similar patterns. As a result, four 20 

meteorological factors are selected to represent the key meteorological conditions for high MDA8 O3 concentrations: Tmax 

represents the thermal condition, RH indicates the humidity condition, 850 hPa zonal meridional winds indicate circulation 

in the lower atmosphere and 500 hPa meridional zonal winds describe the dominate large-scale circulation. 

4.3 Definition of I_OPE 

As described above, the weather pattern associated with high MDA8 O3 concentrations in North China can be characterized 25 

by high Tmax and low RH at the surface, anomalous southerlies in the lower atmosphere, and anomalous high pressure at the 

500 hPa level. We can then define an index I_OPE to represent such a weather pattern and to examine how many O3 polluted 

days and OPEs in North China occurred under such a weather pattern. For a specific day, I_OPE is defined as follows: 

𝐼_𝑂𝑃𝐸 = [∑ 𝑖𝑛𝑑𝑒𝑥_𝑥௫ ],                                                                                                                                                   (3) 

where x indicates Tmax, RH, V850 or U500, and the square bracket indicates standardization. The four index_x values are 30 

calculated by: 
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𝑖𝑛𝑑𝑒𝑥_𝑇𝑚𝑎𝑥 = ൣ∑ 𝑇𝑚𝑎𝑥௜,௝
ଷହ°ேିସହ°ே,ଵଵ଴°ாିଵଶ଴°ா
௜,௝ ൧,                                                                                                          (4) 

𝑖𝑛𝑑𝑒𝑥_𝑅𝐻 = −ൣ∑ 𝑅𝐻௜,௝
ଷହ°ேିସହ°ே,ଵଵ଴°ாିଵଶ଴°ா
௜,௝ ൧,                                                                                                                (5) 

𝑖𝑛𝑑𝑒𝑥_𝑉850 = ൣ∑ 𝑉850௜,௝
ଷହ°ேିସହ°ே,ଵ଴଻°ாିଵଶ଴°ா
௜,௝ ൧,                                                                                                            (6) 

𝑖𝑛𝑑𝑒𝑥_𝑈500 = ൣ∑ 𝑈500௜,௝
ସହ°ேିହହ°ே,ଵ଴ହ°ாିଵଶହ°ா
௜,௝ ൧ − ൣ∑ 𝑈500௜,௝

ଷସ°ேିସ଴°ே,ଵ଴ହ°ாିଵଶହ°ா
௜,௝ ൧,                                                  (7) 

where i and j indicate latitude and longitude of the grid cell, respectively. Tmaxi,j, for example, is the Tmax in grid (i, j) on a 5 

specific day after the time series is detrended and standardized, as described in Sect. 4.12.2. Domains with strong correlation 

between each parameter (Tmax, RH, V850, or U500) and MDA8 O3 concentrations in North China are shown in Fig. 5 by 

red rectangles. Since RH exhibits a negative correlation with MDA8 O3 concentrations, index_RH has a negative sign in Eq. 

(5).  

Figure 6 shows the time series of MDA8 O3 concentrations in North China and the five indexes (index_Tmax, index_RH, 10 

index_V850, index_U500 and I_OPE). The OPEs in Fig. 6a (pink rectangles) are captured by the five indexes. Among all 

the indexes, index_Tmax has the strongest correlation with MDA8 O3 concentrations, with a correlation coefficient (r) of 

0.520.56. The correlation coefficients between index_RH, index_V850 and index_U500 and MDA8 O3 concentrations are 

0.320.30, 0.350.37, and 0.410.44, respectively. It is interesting that the correlation coefficient between I_OPE and MDA8 O3 

is 0.640.67, which is higher than that between each individual index and MDA8 O3, indicating that MDA8 O3 concentrations 15 

in North China are influenced by multiple meteorological factors rather than a single factor.  

Figure 7 S2 shows the composite patterns of anomalies of meteorological fields (Tmax at the surface, RH at the surface, 

winds at 850 hPa, and winds at 500 hPa) for OPEs (Fig. 7aS2 a-d) and for days with I_OPE >0 (Fig. 7eS2 e-h). The 

similarity in patterns between these two types of composite analyses indicates that I_OPE can capture the weather pattern 

associated with OPEs, including the high Tmax, low RH, anomalous southerlies at 850 hPa, and the anomalous anti-cyclonic 20 

winds at 500 hPa. From May to July over 2014-2017, there were 123 days with regionally averaged observed O3 

concentrations of greater than 160 μg m-3, in which 82.183.7 % days (101103/123) occurred under the condition of I_OPE>0. 

Conversely, 54.355.0 % days (101103/186) with I_OPE>0 and 72.575.0 % days (37/5142/56) with I_OPE>1 were observed 

for O3 pollution days in North China. Among the observed 21 OPEs (90 days), 17 OPEs (69 71 days) occurred under a 

weather pattern with I_OPE>0. Therefore, I_OPE can be used as a meteorological predictor for OPEs in North China. 25 

5 Simulated OPEs and IPR analysis 

5.1 Simulated OPEs 

We have identified a typical weather pattern associated with OPEs in North China, as presented in Sect. 4. Here, we use the 

GEOS-Chem simulation of O3 in May-July of 2014-2017 to quantify the contributions of different chemical and physical 
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processes to OPEs under such a weather pattern. Figure 8 7 shows the time series of observed and simulated daily MDA8 O3 

averaged over North China. The correlation coefficients between the observed and simulated MDA8 O3 are 0.53, 0.64, 0.61, 

and 0.71 in 2014, 2015, 2016, and 2017, respectively, indicating that the GEOS-Chem model can simulate the daily variation 

in MDA8 O3. Compared to observed MDA8 O3 concentrations, the simulated concentrations have a mean bias (MB) 

(normalized mean bias (NMB)) of 2.4 μg m-3 (1.7 %) in 2014, 6.7 μg m-3 (4.9 %) in 2015, 1.8 μg m-3 (1.2 %) in 2016, and -5 

12.5 μg m-3 (-8.4 %) in 2017. For all the data samples in May-July of 2014-2017, the observed MDA8 O3 concentration 

averaged over North China is 146.8 μg m-3, and the simulated mean value is also 146.8 μg m-3. The linear regression by the 

least squares method through the origin between observed and simulated MDA8 O3 has a regression coefficient of 0.96 (Fig. 

S3), indicating the capability of the model in simulating the MDA8 O3 concentrations.The linear regression through the 

origin between observed and simulated MDA8 O3 has a regression coefficient of 0.96, indicating the capability of the model 10 

in simulating the MDA8 O3 concentrations.  

The GEOS-Chem model, however, has some difficulties in capturing the peak values of MDA8 O3, as reported in previous 

studies by Zhang and Wang (2016) and Ni et al. (2018). During May-July of 2014-2017, for the O3 polluted days with 

observed MDA8 O3 > 160 μg m-3, comparisons of simulated values with observations show an NMB of -14.6 %. As a result, 

if the same threshold (160 μg m-3) is applied in the model to define O3 polluted days, only 8 9 OPEs (highlighted by pink 15 

rectangles in Fig. 87) among the 17 OPEs with I_OPE>0 can be captured by the model. Considering that the model has an 

NMB of -14.6 % for the days with observed MDA8 O3 > 160 μg m-3, a revised lower threshold of 136.6 μg m-3 (160*85.4 %) 

is adopted to define the O3 polluted days in the model, and consequently, 6 more OPEs are identified (highlighted by light 

blue rectangles in Fig. 87). Therefore, among the 17 OPEs (69 71 days) under the typical weather pattern, 14 15 episodes (59 

63 days) can be identified by the model. We then carry out IPR analysis for these 14 15 episodes (59 63 days) to understand 20 

how the typical weather pattern leads to OPEs in North China. 

5.2 IPR analysis 

The vertical profile of simulated daily O3 concentrations averaged over May to July in 2014-2017 as well as that composited 

over the 15 OPEs are shown in Fig. 8a. For both profiles, the O3 concentrations are highest between 950 hPa and 850 hPa 

and are relatively lower at the surface due to the titration by high NOx concentrations. When OPEs occur, O3 concentrations 25 

are higher from the surface to 700 hPa (about 3 km altitude) but change little above 700 hPa, indicating that the enhancement 

of O3 concentrations during OPEs occurs not only at the surface but also in and above the boundary layer.  

Five processes that influence O3 concentrations are analyzed, including net chemical production, horizontal advection, 

vertical advection, dry deposition, and diffusion. Note that wet deposition is not considered because of its small contribution 

to O3 budget (Mickley et al., 1999; Liao et al., 2006). All of the processes are diagnosed at every time step and then summed 30 

over each day in the simulation. To avoid the discrepancy in O3 budget because of different lasting days of OPEs, the daily 

mean O3 mass flux (MF (Gg O3 day-1))net change in O3 mass (Gg O3 day-1) is presented for each process. We also calculate 

PC(%), as described in Sect. 2.4, to examine the relative percentage contribution of each process. The horizontal domain for 
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the IPR analysis is North China (36.5N-40.5N, 114.5E-119.5E). We diagnose first the vertical profiles of net changes in 

O3 massMF for the model layers from the surface to 500 hPa averaged over all days in May-July of 2014-2017 and then 

quantify the anomalies inanomalous net changes in O3 massMF during OPEs relative to the seasonal mean flux to identify 

the major changes in processes that lead to high O3 episodes. Finally, mechanisms that lead to OPEs in North China are 

discussed on the basis of process analysis. 5 

5.2.1 Vertical profiles of net changes in O3 massMF averaged over May-July of 2014-2017 

Figure 9a 8b shows the vertical profiles of net changes in O3 massMF for each process over North China averaged over all 

days in May-July of 2014-2017. Note that the MF of each process at a specific level indicates the net O3 mass change within 

this level rather than the flux across this level, especially for the vertical processes such as diffusion and vertical advection.  

Net chemical production at the surface is a large negative value (-2.5 Gg O3 day-1) (Fig. 9a8b) as a result of the O3 titration 10 

effect by high NOx concentrations at the surface. In the upper layers, because of the decreases in NOx concentrations and the 

stronger radiations, net chemical production has positive contributions to O3 concentration over North China, with high 

values exceeding 1.4 Gg O3 day-1 at approximately 900 hPa and 800 hPa. Note that net chemical production is practically the 

only process that increases O3 between 930 hPa and 800 hPa. Above 750 hPa, net chemical production decreases due to the 

decreases in O3 precursors. 15 

Diffusion process in GEOS-Chem model describes the mixing in the boundary layer, which transports O3 along the 

concentration gradient. Since O3 concentrations are higher at 950 hPa to 850 hPa than at the surface (Fig. 8a), the diffusion 

transports O3 from the upper boundary layer downwardly to the surface. As a result, the IPR analysis shows that the net mass 

change in O3 by diffusion is negative between 950 and 850 hPa but positive at the surface (Fig. 8b). Note that the net 

changes in O3 mass over North China by diffusion process should approximately equal to zero (Table 1) if we integrate the 20 

change in O3 mass by diffusion from the surface to 850 hPa because diffusion is an internal vertical transport. The downward 

transport of O3 by diffusion was also reported in previous IPR analyses (e.g., Khiem et al., 2010; Li et al., 2012; Tang et al., 

2017). 

Diffusion is a process that mainly occurs in the boundary layer, which transports O3 along the concentration gradient and 

mixes O3 evenly. The sum of the mass fluxes of diffusion from the surface to 850 hPa is small (0.36 Gg O3 day-1), indicating 25 

that diffusion has a small effect on the total mass of O3 in the boundary layer. However, the diffusion process is important in 

the boundary layer, which has negative contributions between 950 and 800 hPa but a positive contribution at the surface (Fig. 

9a). Since the mass flux of diffusion for the whole boundary layer is small, it is indicated that O3 aloft is transported 

downward to be mixed at the surface by the diffusion process. Such downward transport and mixing of O3 were also reported 

in previous IPR analyses (e.g., Khiem et al., 2010; Li et al., 2012; Tang et al., 2017).  30 

Vertical advection exhibits negative net changes in O3 massMF values from the surface to approximately 750 hPa and then 

becomes positive in the upper layers (Fig. 9a8b), indicating that O3 is transported from the lower to upper atmosphere by 

vertical advection under the seasonal mean condition. Horizontal advection increases O3 from the surface to approximately 
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900 hPa but decreases O3 at the upper levels (Fig. 9a8b). Dry deposition occurs at the surface and has an net change in O3 

massMF of -4.9 Gg O3 day-1 under the seasonal mean condition.  

5.2.2 Comparison of processes during OPEs with the seasonal mean values 

Figure 9b 8c shows the profiles of the anomaly of each process during OPEs relative to the seasonal mean value over May-

July of 2014-2017. During OPEs, net chemical production at layers from the surface to approximately 800 hPa is enhanced 5 

significantly, generating O3 in North China. The largest enhancement occurs between 950 hPa and 800 hPa, exceeding +0.3 

Gg O3 day-1. With respect to diffusion during OPEs, both the positive contribution at the surface and the negative 

contributions in the upper layers increase (Fig. 9b8c), indicating that more O3 is mixed from the upper levels to the surface to 

increase the surface O3 concentration during OPEs. 

The vertical and horizontal advections during OPEs are the processes that have the largest changes relative to the mean 10 

condition. Anomalous vertical advection increases O3 from the surface to approximately 800 hPa but decreases O3 above 700 

hPa. A large amount of O3 is transported from aloft to the lower atmosphere by vertical advection, which will be examined in 

detail in Sect. 5.2.3 below. Horizontal advection reduces O3 from the surface to approximately 800 hPa, which will also be 

explained in Sect. 5.2.3. 

Since O3 concentrations at the surface are determined by the processes in the boundary layer, we show in Table 1 the 15 

seasonal mean net changes in O3 massMF, the absolute net changes in O3 massMF during OPEs, and their difference for 

each process in the boundary layer (from the surface to 850 hPa) over North China. Relative to the mean condition, net 

chemical production, diffusion, dry deposition, horizontal advection, and vertical advection during OPEs change by 3.3, -1.1, 

-0.4, -9.1 and 8.13.3, -1.2, -0.4, -11.4, and 10.4 Gg O3 day-1, indicating that net chemical production, horizontal advection 

and vertical advection are the most dominant processes that lead to OPEs. During OPEs, net chemical production and 20 

vertical advection increase O3 in North China, while horizontal advection reduces O3 in this region.  

5.2.3 Mechanisms for the typical weather pattern leading to OPEs 

The typical weather pattern for OPEs in North China has been identified in Sect. 4, which is characterized by hot and dry air 

at the surface, anomalous southerlies and divergence in the lower troposphere, anomalous high pressure at 500 hPa and 

anomalous downward airflows from 500 hPa to the surface. The hot and dry air under the high-pressure system accelerates 25 

chemical production of O3 in and above the boundary layer (e.g., Zhang and Wang, 2016; Pu et al., 2017). Moreover, hot and 

sunny weather during OPEs increases the vertical concentration gradient (stronger chemical production at and above the 

upper boundary layer), leading to more O3 transported downward to the surface as described in Sect. 5.2.2.Moreover, the hot 

air is beneficial for developing the mixed layer, leading to more O3 mixed downward to the surface during OPEs, as 

described in Sect. 5.2.2.  30 

The diagnosed vertical advection anomaly during OPEs can be explained by Fig. 10a9a, which shows the pressure-latitude 

cross-section of simulated daily mean O3 concentrations as well as the anomalous vertical pressure velocity profile averaged 
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over North China during OPEs. Note that the regional mean vertical velocity near the surface is interfered by the Yan 

Mountain, as described in Sect. 4.1, so we will not discuss the vertical air flow below 950 hPa. The anomalous downward air 

flow is high at 850 hPa, and the net chemical production of O3 is still strong above 850 hPa (Fig. 9b8c), leading to the large 

transport of O3 to the boundary layer to form OPEs (Table 1).  

Figures 10b9b-d show the anomalous winds and the simulated daily mean O3 concentrations at 850 hPa, 950 hPa and the 5 

surface, respectively. The patterns of wind anomalies are similar at these three levels, all of which show a divergence of 

winds over North China, and anomalous southerlies prevail in this region. The divergence is caused by a high-pressure 

system at 500 hPa and is represented by index_U500 in the definition of I_OPE. Because O3 concentrations in North China 

are the highest during OPEs, horizontal advection associated with the divergence has an effect of decreasing O3 

concentration in North China, as shown by the IPR analysis. 10 

Currently, among the four indexes that are utilized to define I_OPE, the mechanisms for three of them (index_Tmax, 

index_RH and index_U500) have been demonstrated. It is of interest to understand the role of index_V850. On the one hand, 

the anomalous southerlies are associated with the high-pressure system. As Fig. 4b and Fig. 5h show, the strongest southerly 

anomalies at 850 hPa during OPEs are presented in the west of North China, which is consistent with the southerlies at the 

west boundary of the anti-cyclone circulation at 500 hPa. On the other hand, the southerlies are likely to have an effect of 15 

increasing the O3 concentrations by transporting O3 during OPEs. Figure 11 10 presents the composite daily mean O3 

concentrations and winds at the surface, 950 hPa and 850 hPa for the first day and the last day of the OPEs. In the 

composited first day of the OPEs, O3 concentrations in the south of North China are high (Fig. 11a10a-c). However, when 

the episodes are ending, O3 concentrations decrease in the south domain but increase in North China (Fig. 11d10d-f), 

indicating that the O3 transport strengthens OPEs with the southerly winds. 20 

6 Conclusions 

In this study, we utilized ground-level observations, reanalyzed meteorological data and a 3-D global transport and chemical 

model (GEOS-Chem) to understand the ozone pollution events (OPEs) over May-July of 2014-2017 in North China and 

their relationships with the weather pattern. O3 polluted days in North China are defined as days with an average MDA8 O3 

concentration exceeding 160 μg m-3, and OPEs are defined as episodes where O3 pollution lasts for three days or longer.  25 

Ground-based observations showed that North China had the worst O3 pollution in China. There were 167 O3 polluted days 

and 27 OPEs in North China in the years of 2014-2017, in which 123 O3 polluted days and 21 OPEs occurred in May-July. 

The mean MDA8 O3 concentrations for OPEs in May to July were 193.0 μg m-3.  

A typical weather pattern was identified for OPEs in North China in May–July (Fig. 11), which is characterized by high 

Tmax and low RH at the surface, anomalous southerlies and divergence in the lower troposphere, an anomalous high-30 

pressure system at 500 hPa, and downward air flow from 500 hPa to the surface. The hot and dry air accelerates chemical 

production of O3 in and above the boundary layer. The anomalous downward air flow under the high-pressure system 
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transports O3 formed in the upper layers to the boundary layer. The anomalous southerlies associated with the high-pressure 

system transport O3 from the south to North China, enhancing the intensity of OPEs. Four parameters, including Tmax, RH, 

V850 and U500, were selected to define a standardized index I_OPE to represent such a weather pattern. In May-July of 

2014-2017, 83.7% (103/123)82 % (101/123) of O3 polluted days and 81 80.9% (17/21) of OPEs occurred with I_OPE>0, 

indicating that I_OPE has the potential to be used for forecasting OPEs in North China. 5 

Integrated process rate (IPR) analysis was applied in the GEOS-Chem model to quantify the contributions of each process 

(including net chemical production, diffusion, dry deposition, horizontal advection and vertical advection) to OPEs in North 

China. Relative to the mean condition, net chemical production, diffusion, dry deposition, horizontal advection, and vertical 

advection during OPEs change by 3.3, -1.1, -0.4, -9.1 and 8.13.3, -1.2, -0.4, -11.4, and 10.4 Gg O3 day-1, indicating that net 

chemical production, horizontal advection, and vertical advection are the most dominant processes that lead to OPEs. In 10 

North China, during OPEs, net chemical production has a high value at altitudes of 900 to 800 hPa and O3 generated is 

transported downward to increase O3 at the surface, whereas horizontal advection reduces surface O3. 
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Tables 

Table 1: Net changes (NC) in O3 massMass flux (MF (Gg O3 day-1)) and percentage contributions (PC (%)) of different processes 
to O3 in North China (36.5N-40.5N, 114.5E-119.5E) from surface to 850 hPa.  

 Average a OPEs b OPEs-Average c 

 NC 

(Gg O3 day-1) 

PC 

(%) 

NC 

(Gg O3 day-1) 

PC 

(%) 

NC 

(Gg O3 day-1) 

Net Chemical production 9.6 41.2 12.7 46.3 +3.3 

-1.1 

-0.4 

-9.1 

+8.1 

Diffusion 0.4 1.6 -0.7 -2.6 

Dry deposition -4.9 -20.9 -5.3 -19.3 

Horizontal advection 1.7 7.2 -7.4 -27.0 

Vertical advection -6.8 -29.1 1.3 4.7 

 
aAverage indicates the mean MF NC in O3 mass and PC averaged over May to July of 2014-2017. bOPEs indicate the averaged MF 5 
NC in O3 mass and PC for the 14 15 OPEs that are captured by the GEOS-Chem model with I_OPE>0. cOPEs-Average indicate 
the differences in MF NC in O3 mass between OPEs and Average.  
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Figures 

 

Figure 1: Monthly MDA8 O3 concentrations (μg m-3) averaged over 2014-2017 at 740 observational sites. The green solid lines 
enclose the North China region. 
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Figure 2: (a) Monthly variation in MDA8 O3 concentration (μg m-3) averaged over North China for 2014 to 2017. The boxes 
indicate the maximum and minimum MDA8 O3 concentrations for 62 observational sites in North China. Dotted solid lines denote 
the averaged values in North China. The purple dashed line indicates the threshold of 160 μg m-3 for O3 polluted days. (b) Monthly 5 
variation of O3 polluted days in North China for 2014-2017. (c) Monthly variation of the number of ozone polluted events (OPEs) 
in North China for 2014-2017. 
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Figure 3: Mean (blue bars) and maximum (red bars) MDA8 O3 concentrations (μg m-3) averaged over North China for each of the 
21 OPEs that occurred during May-July of 2014-2017. The dotted yellow line indicates the persistence (days) of each OPE. 
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Figure 4: Composites of (a) wind field and geopotential height at 500 hPa, (b) wind field and geopotential height at 850 hPa, (c) 
surface wind field and SLP, (d) Tmax at the surface, (e) RH at the surface, (f) pressure-latitude cross-section of vertical pressure 
velocity (ω, positive value indicates downward air flow), and (g) pressure-latitude cross-section of divergence (positive value 
indicates divergence) for the 21 OPEs in North China. The data shown are composited over the detrended and standardized time 5 
series during May-July of 2014-2017 (see Sect. 4.12.2). The green solid lines enclose North China. The red vectors in (a)-(c) and 
black dots in (a)-(g) are significant winds and parameters at 95% confidence.The red vectors in (a)-(c) highlight the important 
circulation features for OPEs. The cross-sections are averaged over the longitudes of 114.5°E-119.5°E. 
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Figure 5: Correlation coefficients, for May to July of 2014-2017, between daily regional mean MDA8 O3 concentrations in North 
China and daily mean (a) 2-meter Tmax at the surface, (b) RH at the surface, (c) planetary boundary layer height, (d) surface level 
pressure, (e) meridional winds at 1000 hPa, (f) zonal winds at 1000 hPa, (g) meridional winds at 850 hPa, (h) zonal winds at 850 5 
hPa, (i) meridional winds at 500 hPa, and (j) zonal winds at 500 hPa in Asia. Correlation coefficients with black dots are 
statistically significant above the 95% confidence level. Colored regions are correlation coefficients that are statistically significant 
above the 99 % confidence level. The red rectangles in (a), (b), (h) and (i) denote the regions for calculating index_Tmax, 
index_RH, index_V850 and index_U500, respectively (see Sect. 4.3). The green rectangle indicates the region of North China. 
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Figure 6: Daily variations in (a) MDA8 O3 concentrations (g m-3) in North China, (b) index_Tmax, (c) index_RH, (d) index_V850, 
(e) index_U500, and (f) I_OPE for May-July of 2014-2017. Observed OPEs in North China are highlighted by pink rectangles. 
Correlation coefficients between MDA8 O3 concentrations and different indexes are shown above the top right corner of each plot. 5 
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Figure 7: Weather conditions for OPEs in North China. Left column shows composites of weather conditions for observed OPEs 
(on the basis of observed O3 concentrations) for (a) anomalous Tmax, (b) anomalous RH, (c) anomalous wind vectors at 850 hPa 
(shades indicate meridional flow) and (d) anomalous wind vectors at 500 hPa (shades indicate zonal flow). (e)-(h), the same as (a)-
(d), respectively, but show composites of weather conditions for days with I_OPE>0. The data shown are composited over the 5 
detrended and standardized time series during May-July of 2014-2017 (see Sect. 4.1). The green solid lines enclose North China 
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Figure 87: Daily variations in observed (black dots) and simulated (red solid lines) regional mean MDA8 O3 (g m-3) in North 
China during May to July of 2014-2017. The blue and purple dashed lines indicate the thresholds of 160 g m-3 and 136.6 g m-3 
for observation and simulation, respectively. OPEs captured by the GEOS-Chem model with I_OPE>0 are highlighted by pink 5 
rectangles (OPEs with simulated MDA8 O3 concentrations larger than 160 g m-3) and by blue rectangles (OPEs with simulated 
MDA8 O3 concentrations larger than 136.6 g m-3 but including days with simulated MDA8 O3 smaller or equal to 160 g m-3). 
Correlation coefficient between observed and simulated MDA8 O3 concentrations for each year is shown above the top right 

corner of each plot. The mean bias (MB) and normalized mean bias (NMB) are calculated by  𝑴𝑩 =
𝟏

𝒏
∑ (𝑺𝒊 − 𝑶𝒊)

𝒏
𝒊  and 𝐍𝑴𝑩 =

∑ (𝑺𝒊 − 𝑶𝒊)𝒏
𝒊 / ∑ 𝑶𝒊 ∗ 𝟏𝟎𝟎 %𝒏

𝒊 , where Oi and Si indicate the observed and simulated MDA8 O3 concentrations on the i day, 10 
respectively, and n indicates the number of days.  
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Figure 98: (a) Vertical profile of simulated daily O3 concentrations (μg m-3) averaged over May to July in 2014-2017 (blue line and 
triangle) as well as that composited over the 15 simulated OPEs with I_OPE>0 (red line and triangle) in North China. (b) Vertical 
profile of net change in O3 mass (Gg O3 day-1) over North China for each process that is averaged over all days in May-July of 5 
2014-2017. (c) Anomalous vertical profile of each process during the 15 OPEs relative to the mean value of May-July of 2014-2017. 
The vertical axis is the same for all the panels with a unit of hPa.(a) Vertical profile of O3 mass flux (Gg O3 day-1) over North 
China for each process that is averaged over all days in May-July of 2014-2017. (b) Anomalous vertical profile of each process 
during the 14 OPEs relative to the mean value of May-July of 2014-2017.  The 14 OPEs are captured by the GEOS-Chem model 
with I_OPE>0 in North China. 10 
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Figure 109: (a) The pressure-latitude cross-section averaged over the longitudes of 114.5°E-119.5°E of simulated daily mean O3 
concentrations (g m-3) during the 14 15 OPEs that are captured by the GEOS-Chem model with I_OPE>0. The red line with 
asterisks shows the anomalous profile of the regionally averaged vertical pressure velocity (ω, Pa s-1, positive value indicates 5 
downward airflow) in North China. The purple dashed line indicates the position where the standardized ω is zero. (b)-(d) show 
anomalous winds and the simulated daily mean O3 concentrations during OPEs at (b) 850 hPa, (c) 950 hPa and (d) the surface. 
The green solid lines enclose North China. ω in (a) and winds in (b)-(d) are composited over the detrended and standardized time 
series during May-July of 2014-2017 (see Sect. 4.12.2). The red vectors in (b)-(d) are significant winds at 95% confidence. 
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Figure 1110: Winds (m s-1) and the simulated O3 concentrations (g m-3) averaged over the first day of the 14 15 OPEs that are 
captured by the GEOS-Chem model with I_OPE>0 at (a) 850 hPa, (b) 950 hPa and (c) the surface. (d)-(f) are the same as (a)-(c) 
but are averaged over the final day of the OPEs. The green solid lines enclose North China. 
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Figure 11. A schematic diagram of the typical weather pattern showing the mechanisms for the formation of OPEs in North China 
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Response to Comments of Reviewer #1 

Manuscript number: acp-2019-263 

Authors: Cheng Gong and Hong Liao 

Title: A typical weather pattern for the ozone pollution events in North China 

General comments:  

This study examined the possible mechanisms for the ozone pollution events (OPEs) 
in North China during 2014-2017 using GEOS-Chem model together with an 
integrated process rate (IPR) analysis. They found that OPEs in North China 
occurred under a typical weather pattern with high daily maximum temperature, low 
relative humidity, anomalous southerlies and an anomalous downward air flow 
caused by an anomalous high-pressure system at 500 hPa. The topic is of interest, the 
method is sound. I would suggest for publication after addressing my comments 
below.  

Response: 

Thanks to the reviewer for the helpful comments and suggestions. We have revised 
the manuscript carefully and the point-to-point responses are listed below. 

Specific Comments: 

Page 2 Lines 11 -13: Please reframe this sentence 

Response: 

We have reframed this sentence as:  

‘Zhang et al. (2015) showed that values of RH for days with top 10% O3 
concentrations were lower compared to those for days with bottom 10% O3 
concentrations by examining continuous observations of O3 and meteorological 
parameters in Guangzhou during March 2013 to February 2014.’ 

Page 4 Lines 14-15: I don’t think the original resolution of MERRA2 data is the same 
as GEOS-Chem model. The meteorological data authors used are modified to fit the 
model resolution. 

Response: 

We have revised the sentence to clarify: ‘The original MERRA2 data has a horizontal 
resolution of 0.5° latitude x 0.625° longitude and 72 vertical layers (Molod et al., 
2015). The GEOS-Chem model has the same horizontal resolution over the nested 
domain but the GEOS-Chem support team has lumped the 72 vertical layers into 47 
layers to save computational resources. The lumped vertical levels are within the 32th 
model layer (about 190 hPa) and the top of atmosphere (about 0.01 hPa).’  

Page 4 Lines 23-24: How did the authors detrend the meteorological parameters to 
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remove interannual or seasonal variability? Please specify the method or provide 
formula they used. 

Response: 

Following the reviewer’s comments, we have compared our analyses with and 
without detrending and found small impact on our results because of the relatively 
short time period (only 4 years over 2014-2017). To avoid confusion, we have 
removed the detrending process and updated the table and figures in the revised 
manuscript. The description here has been revised as follows: 

‘The daily time series of a meteorological parameter x at a specific model grid cell 
over May to July of 2014-2017 is standardized by： 

[𝑥௜] =
௫೔ି 

∑ ೣ೔
೙
೔
೙

௦೔
                                                       (1) 

where xi indicates the parameter x on day i, n is the total number of days over May to 
July in 2014-2017, si indicates the standard deviation of the daily time series. [xi] is 
the standardized anomaly for parameter x on day i.’ 

Page 5 Line 7: The annual emission from 2014 to 2017 are applied in the simulation, 
but the authors did not rule out the impacts of changing emissions on the OPEs 
selection and IPR analysis, although the changes in emissions in the four years are 
not likely to be very large. 

Response: 

We use emissions from 2014 to 2017 in the model to obtain OPEs with realistic 
changes in emissions. Following your suggestion, we have carried out a new 
simulation by fixing anthropogenic emissions at year 2014 levels. Twelve of the 17 
observed OPEs with I_OPE >0 can be identified by applying the same threshold 
(136.6 μg m-3) in the model (Figure R1). Compared with the simulation with 
year-by-year changes in emissions from 2014 to 2017, three OPEs (one in June of 
2015, one in July of 2016, and one in May of 2017) are missed in the run with fixed 
emissions. The results from IPR analysis with fixed emissions are similar to those 
with changes in emissions except that the simulation with fixed emissions has lower 
changes in O3 mass by net chemical production due to the changes in NOx/VOCs ratio 
(Li et al., 2019). As a result, the changes in emissions have little impacts on the OPEs 
selection and IPR analysis (Figures R1 and R2 and Table R1).  
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Figure R1. The same as Figure 7 in the revised manuscript but with fixed emissions at 
2014 levels. 

 

Figure R2. The same as Figure 8 in the revised manuscript but with fixed emissions at 
2014 levels 

 

Table R1. The same as Table 1 in the revised manuscript but with fixed emissions at 
2014 levels. 

 Average a OPEs b OPEs-Average c 

 NC 

(Gg O3 day-1) 

PC 

(%) 

NC 

(Gg O3 day-1) 

PC 

(%) 

MF 

(Gg O3 day-1) 

Net Chemical production 4.6 21.8 7.5 28.8 +2.9 

-0.3 

-0.5 

-11.5 

+9.9 

Diffusion 2.4 11.4 2.1 8.1 

Dry deposition -4.3 -20.4 -4.8 -18.5 

Horizontal advection 3.5 16.6 -8.0 -30.8 

Vertical advection -6.3 -29.8 3.6 13.8 
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Figures: All the figures and analysis are lack of significance test. Please add in.  

Response: 

We have added the significance test with 95 % confidence in Figures 4, 5, 9 and S2 in 
the revised manuscript and supplementary material. 

Page 7 Line 9: I on day ‘d’.  

Response: 

The ‘d’ has been added. 

Page 8 Line 9: It should be 850 hPa ‘meridional winds’ and 500 hPa ‘zonal’ winds. 

Response: 

Corrected. 

Page 11 Line 9: Before analyzing vertical profiles of each process, the authors should 
give vertical profile of O3 concentrations in terms of seasonal mean and anomalies 
during OPEs. 

Response: 

Following the reviewer’s suggestion, we have added a new panel in Fig. 8 (Fig. 8a) in 
the revised manuscript to show the vertical profiles of O3 concentrations in terms of 
seasonal mean and anomalies during OPEs. We have also added the following 
sentences to describe these vertical profiles of O3 in the text: 

‘The vertical profile of simulated daily O3 concentrations averaged over May to July 
in 2014-2017 as well as that composited over the 15 OPEs are shown in Fig. 8a. For 
both profiles, the O3 concentrations are highest between 950 hPa and 850 hPa and are 
relatively lower at the surface due to the titration by high NOx concentrations. When 
OPEs occur, O3 concentrations are higher from the surface to 700 hPa (about 3 km 
altitude) but change little above 700 hPa, indicating that the enhancement of O3 
concentrations during OPEs occurs not only at the surface but also in and above the 
boundary layer.’ 
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Figure 8．(a) Vertical profile of simulated daily O3 concentrations (μg m-3) averaged 
over May to July in 2014-2017 (blue line and triangle) as well as that composited over 
the 15 simulated OPEs with I_OPE>0 (red line and triangle) in North China. (b) 
Vertical profile of O3 mass flux (Gg O3 day-1) over North China for each process that 
is averaged over all days in May-July of 2014-2017. (c) Anomalous vertical profile of 
each process during the 15 OPEs relative to the mean value of May-July of 2014-2017. 
The vertical axis is the same for all the panels with a unit of hPa. 

Page 11 Line 24: ‘horizontal advection’ is the compensating from the increasing 
ozone from the figure. I don’t think it should be listed as the dominant processes that 
lead to OPEs, although the negative value is large. 

Response: 

‘horizontal advection’ has been removed. 

References: 

Li, K., Jacob, D. J., Liao, H., Shen, L., Zhang, Q., and Bates, K. H.: Anthropogenic 
drivers of 2013-2017 trends in summer surface ozone in China, Proceedings of the 
National Academy of Sciences of the United States of America, 116, 422-427, 
10.1073/pnas.1812168116, 2019. 

Molod, A., Takacs, L., Suarez, M., and Bacmeister, J.: Development of the GEOS-5 
atmospheric general circulation model: evolution from MERRA to MERRA2, 
Geoscientific Model Development, 8, 1339-1356, 10.5194/gmd-8-1339-2015, 2015. 
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Response to Comments of Reviewer #2 

Manuscript number: acp-2019-263 

Authors: Cheng Gong and Hong Liao 

Title: A typical weather pattern for the ozone pollution events in North China 

General comments:  

General comments: Ozone pollution in China is becoming a noticeable problem 
particularly in summer season. This paper focuses on this problem in north China 
region. Two parts of work have done. One is a long term (4 years) analysis of the 
ozone pollution status. Ozone pollution days and events are defined and identified in 
the research years. Using these days/events, the so called correspondent weather 
pattern are composited. The second part of work is to establish an index to identify 
the ozone pollution day/event. Using GEOS-Chem model, simulation results for these 
4 summers are used to support the index. 

The ozone pollution status is clearly shown. The related weather pattern seems a 
reasonable but anticipative result. The GEOS-Chem simulation provides results not so 
informative 

Response: 

Understanding the weather pattern that leads to OPEs is important for better 
understanding the formation of OPEs and for forecasting OPEs on daily scale. 
Previous studies that examined OPEs and the associated weather patterns in China 
were generally focused on one or two episodes of high O3 concentrations at specific 
locations, such as Mountains Tai and Huang (Wang et al., 2006), Hangzhou (Li et al., 
2017a), Shanghai and Nanjing (Shu et al., 2016). Our work reports a typical 3-D 
weather pattern for OPEs in North China on the basis of national air quality 
monitoring data and reanalyzed meteorological fields for 2014-2017, which is a more 
representative and systematic investigation compared with previous studies.   

The typical weather pattern is characterized by high temperature and low humidity at 
the surface, anomalous southerlies and divergence in the lower troposphere (from 
surface to 850 hPa), high pressure system at 500 hPa and downward air flows from 
500 hPa to the surface. Although high temperature and low humidity have been 
reported in previous studies (e.g. Zhang and Wang, 2016; Pu et al., 2017; Zhang et al., 
2017), we find some new features for the formation of OPEs in North China (such as 
the downward airflow and southerlies). 

We carry out process analysis using the GEOS-Chem model to identify the dominant 
processes that lead to OPEs, which, to our knowledge, is the first study to have such 
quantitative examination of the weather pattern to understand the mechanisms for the 
formation of OPEs. Our analyses show that the net chemical production is the most 
dominate process for the seasonal mean condition, however, when OPEs occur, the  
most dominant process is vertical advection that leads to the largest net increase in O3 
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mass from the surface to 850 hPa. We have added a schematic diagram of the typical 
weather pattern showing the mechanisms for the formation of OPEs in North China (a 
new Fig. 11 in the revised manuscript). 

 

Figure 11. A schematic diagram of the typical weather pattern showing the 
mechanisms for the formation of OPEs in North China 

Specific Comments: 

1. It is well known that the ozone pollution is related to sunny days, high 
temperature, precursors, boundary layer process, etc. Once the high ozone 
events are selected, the statistics of weather pattern is just a conditional 
sampling result, so that the features are anticipative. 

Response: 

See our responses to your general comments.   

2. The selection of Index_U500 seems quite arbitrary. What does it mean by the 
wind speed difference of two zones? What is the reason to choose these two zones? 
Is it ok the zones larger or smaller? 

Response: 

The main purpose of using index_U500 is to represent the high-pressure system at 
500 hPa level during OPEs relative to the seasonal mean conditions (Fig. 4a). Since 
the high-pressure system is characterized by anti-cyclone circulation, the index_U500 
is defined as the difference in zonal winds (westerlies are positive) between the 
northern region (supposed to be westerlies) and the southern region (supposed to be 
easterlies) of the typical high-pressure system (Eq. (7)). As a result, the index_U500 
can be used to describe whether the high-pressure system exists (index_U500 >0) or 
not (index_U500<0). Higher index_U500 indicates stronger anti-cyclone circulation 
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and stronger high-pressure system. A similar method has been used in the previous 
study of Cai et al. (2017).  

The regions for the calculation of index_x (including index_U500) in Eq.3 are 
selected on the basis of the correlations between MDA8 O3 concentrations in North 
China and the corresponding meteorological parameters (Fig. 5). Figure 5i shows that, 
for correlations between MDA8 O3 concentrations and the zonal winds at 500 hPa, the 
correlation coefficients are the largest in the two regions enclosed by red rectangles; 
therefore these two regions are used for the definition of index_U500. 

3. GEOS-Chem simulation of ozone concentration does not agree to the observation 
satisfactorily in Figure 8. 

Response: 

The GEOS-Chem model has been used to simulate O3 in China and been evaluated 
extensively in previous studies (Wang et al., 2011; Yang et al., 2014; Lou et al., 2014; 
Lou et al., 2015; Ni et al., 2018; Li et al., 2019; Lu et al., 2019; Sun et al., 2019), 
which shows the GEOS-Chem model can capture fairly well the daily, monthly, 
seasonal, and interannual variations of O3 in China. In our work, we evaluate mean 
bias (MB) and normalized mean bias (NMB) of simulated MDA8 O3 concentrations 
averaged over North China by comparing with measurements. For the daily time 
series of MDA8 O3 concentrations over May to July in 2014-2017, simulated 
concentrations have a mean MB (NMB) of 2.4 μg m-3 (1.7%) in 2014, 6.7 μg m-3 
(4.9%) in 2015, 1.8 μg m-3 (1.2%) in 2016, and -12.5 μg m-3 (-8.4%) in 2017 (Figure 
7), indicating that the GEOS-Chem model has a good performance. We do find that 
the GEOS-Chem model has difficulties in capturing the peak values of O3 
concentrations, which is a common issue in the GEOS-Chem model (Zhang and Wang, 
2016; Ni et al., 2018), WRF-Chem (Tie et al., 2009) and WRF-CMAQ (Shu et al., 
2016). In our analysis, the threshold for OPEs in the model has been revised as 136.6 
μg m-3 (160*85.4 %) by applying the NMB of -14.6 % for the days with observed 
MDA8 O3  > 160 μg m-3 . This modification enables us to identify 15 of 21 observed 
OPEs with I_OPE>0. 

4. The role of diffusion or mixing on ozone mass flux is not clearly described. At 
first, the authors declare "Note that the MF of each process at a specific level 
indicates the net O3 mass change within this level rather than the flux across this 
level, especially for the vertical processes such as diffusion and vertical 
advection", but at later, they state "it is indicated that O3 aloft is transported 
downward to be mixed at the surface by the diffusion process", and " Vertical 
advection exhibits negative MF values from the surface to approximately 750 
hPa". We need to clarify it is the "mass flux" or the "mass flux divergence", the 
former indicates mass across the level, the latter is the net mass change. 

Response: 

Thanks for the comments. To avoid confusion and also to take into account your 
comment on too many acronym (Other point #0), we have replaced ‘mass flux’ or MF 
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in the text by ‘net change in O3 mass’ when we describe IPR for each process in a 
specific model layer.   

5. I think the ozone production is mainly within the atmospheric boundary layer, not 
above it. So it is not true: "hot air is beneficial for developing the mixed layer, 
leading to more O3 mixed downward to the surface during OPEs" 

Response: 

As shown in Figure 8, O3 production is large not only within the boundary layer (from 
850 hPa to the surface) but also between 850 and 800 hPa, especially during the OPEs. 
We highlight that the vertical concentration gradient caused by O3 chemical 
production at and above the upper boundary layer and chemical loss at the surface 
leads to downward transport of O3 by diffusion process. We have revised this sentence 
to clarify: 

‘Moreover, hot and sunny weather during OPEs increases the vertical concentration 
gradient (stronger chemical production at and above the upper boundary layer), 
leading to more O3 transported downward to the surface as described in Sect. 5.2.2.’ 

Other points: 

0. too many acronym, someone not necessary, for example, mass flux: MF. 

Response: 

We have replaced ‘mass flux’ or MF in the text by ‘net change in O3 mass’ when we 
describe IPR for each process in a specific model layer. 

1. Page 1 line19: “chemical production of O3 was high between 800 and 900 hPa”, 
what height? 

Response: 

The GEOS-Chem model describes vertical layers by hPa (see 
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_vertical_grids). We 
have clarified here ‘chemical production of O3 was high between 800 and 900 hPa 
(approximately 0.8-1.8 km altitudes)’.  

2. Page 3, line 22: “Section 3 presents the observed and spatiotemporal 
distributions of OPEs in North China during 2014 to 2017”, sentence not very 
clear. 

Response: 

This sentence has been revised as: 

‘Section 3 presents the observed frequency and intensity of OPEs in North China 
during 2014-2017.’ 

3. page 3: (http://datacenter.mep.gov.cn/websjzx/queryIndex.vm), no linkage. 

Response:  
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Since the name of Ministry of Environmental Protection (MEP) was changed to 
Ministry of Ecology and Environment (MEE), the website address is now 
http://datacenter.mee.gov.cn/websjzx/queryIndex.vm. 

4. page 4, line 2:“(67 sites among the 114 sites in North China (36°-40.5°N, 
114.5°-119.5°E)) are selected and used in this study.” Need more details or 
figure to show the 67 sites. 

Response: 

Sorry for the inconsistent border over North China here, which should be 
(36.5°-40.5°N, 114.5°-119.5°E). We have added a new figure (Fig. S1) in the 
supplementary material to show these 62 sites. The sentence in the text has been 
revised as: ‘As a result, 740 among the 1582 sites in China (62 sites among the 101 
sites in North China (36.5°-40.5°N, 114.5°-119.5°E), Fig. S1) are selected and used in 
this study.’ 

 

Figure S1. Distribution of the observational sites in North China. The gray dots 
indicate sites eliminated by the data quality control (see Sect. 2.1 for details). The red 
and blue dots indicate the selected sites inside and outside North China, respectively. 
The green rectangle encloses North China. 

5. Page 4, line 20: “MERRA2 dataset, daily mean geopotential heights at 850 hPa 
and 500 hPa from the National Center for Environmental Prediction 
(NCEP) . . .”, MERRA2 and NCEP dataset, consistent? At least the resolution is 
different. 

Response: 

The NCEP dataset is only used in Figure 4 for geopotential heights due to the lack of 
geopotential heights in MERRA2 dataset. In Figure 4, all of the meteorological 
parameters from MERRA2 and NCEP dataset have the same time period (May to July 
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over 2014-2017), time resolution (daily). The only difference between MERRA2 and 
NCEP datasets is the different spatial resolution (0.5° latitude x 0.625° longitude for 
MERRA2 and 2.5° latitude x 2.5° longitude for NCEP). However, it is not a problem 
in Figure 4 because the drawing software (NCAR Command Language, NCL) we 
utilized is able to contour the map automatically according to the resolution of the 
dataset.  

6.  page 4, line 24:“All the time series of meteorological parameters have been 
detrended first and then standardized by their respective standard deviation to 
remove interannual or seasonal variability”, what is the performance and 
result? 

Response: 

Following the other reviewer’s comments, we have compared our analyses with and 
without detrending and found small impact on our results, because of the relatively 
short time period (only 4 years over 2014-2017). To avoid confusion, we have 
removed the detrending process and updated the table and figures in the revised 
manuscript. The description here has been revised as follows: 

‘The daily time series of a meteorological parameter x at a specific model grid cell 
over May to July of 2014-2017 is standardized by： 

[𝑥௜] =
௫೔ି 

∑ ೣ೔
೙
೔
೙

௦೔
                                                       (1) 

where xi indicates the parameter x on day i, n is the total number of days over May to 
July in 2014-2017, si indicates the standard deviation of the daily time series. [xi] is 
the standardized anomaly for parameter x on day i.’ 

7. page 6 line 1: “all 62 sites”, previously 67 sites! 

Response: 

The previous ‘67 sites’ has been revised as ‘62 sites’. 

8. page 6, line 24: “last for many consecutive days. The mean duration of OPEs is 
4.3 days, while some episodes can last for one week and even Longer”. Can be 
interpreted by sub-tropical high, in summer. 

Response: 

Climatically, the onset of sub-tropical high occurs in central and southern Indochina 
Peninsula in early May. Then sub-tropical high migrates northward in a stepwise 
fashion, characterized by two northward jumps in mid-June (to 20°-25°N) and in late 
July (to 25°-30°N or even north ) (Ding and Chan, 2005; Su et al., 2014). As a result, 
the sub-tropical high can barely influence North China during our studied time period 
of May to July.  

In synoptic meteorology, the regions with geopotential height larger than 5880 m at 
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500 hPa level are considered being controlled by sub-tropical high. By applying this 
definition and the NCEP dataset, the locations of sub-tropical high for each OPE in 
our analysis are represented (Figure R1). None of the OPEs in North China occurs 
under the sub-tropical high. Also, by comparing the geopotential height at 500 hPa 
averaged over May to July in 2014-2017 and the 21 OPEs, we find that the location of 
sub-tropical high change little (Figure R2, sub-tropical high is highlighted by the 
black dots). We believe that the high pressure system identified in our study is 
irrelevant with the sub-tropical high.  

 

Figure R1. The mean geopotential height (m) at 500 hPa level for each OPE in North 
China. Only regions with geopotential height larger than 5880 m are colored to 
represent the locations of the sub-tropical high. 

 

Figure R2. The geopotential height (m) at 500 hPa averaged over May to July in 
2014-2017 (left) and over the 21 observed OPEs (right). The locations of sub-tropical 
high (geopotential height larger than 5880 m) are highlighted by the black dots. 

9. page 8 line 10: “850 hPa zonal winds indicate circulation in the lower 
atmosphere and 500 hPa meridional winds describe the dominate large-scale 
circulation”, why take zonal winds at 850hPa? 

Response: 

It has been revised as ‘850 hPa meridional winds indicate circulation in the lower 
atmosphere and 500 hPa zonal winds describe the dominate large-scale circulation’. 
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10. Figure 5: why the calculation region for V_850hPa differently? 

Response: 

As we explained in our response to your ‘Specific Comment #2’, the selection of 
calculating region for the index_V850 depends on the correlations shown in Fig. 5h. 
The strongest correlations between MDA8 O3 concentrations and V850 occur in 
North China as well as the west region (enclosed by 35°N-45°N, 107°E - 120°E, the 
red rectangle in Fig. 5h).    

11. Figure 7, similar to Figure 4? 

Response: 

Figure 4 shows the typical weather pattern for observed OPEs by composite analysis. 
Figure 7a-d is the same as Fig. 4d, 4e, 4b and 4a, respectively. However, Figure 7 is 
utilized to verify that the I_OPE, which is defined by meteorological fields only, can 
well represent the typical weather pattern obtained from observed OPEs. To address 
this concern, we have moved Figure 7 to be Figure S2 in the supplementary material. 

12. Page 9 line 21: “indicating that the GEOS-Chem model can simulate the daily 
variation in MDA8 O3”, but the simulation not agree well to the observation in 
Figure 8. 

Response: 

See our response to your ‘Specific comments #3’. 

13.  page 9 line 26: " The linear regression through the origin between observed 
and simulated MDA8 O3 has a regression coefficient of 0.96, indicating the 
capability of the model in simulating the MDA8 O3 concentrations." Need to be 
clarified. 

Response: 

We have added Fig. S3 in the supplementary material to clarify the linear regression 
between observed and simulated MDA8 O3 concentrations. The sentence has been 
revised as: 

‘The linear regression by the least square method through the origin between observed 
and simulated MDA8 O3 has a regression coefficient of 0.96 (Fig. S3), indicating the 
capability of the model in simulating the MDA8 O3 concentrations.’ 
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Figure S3. The linear regression through the origin between observed and simulated 
MDA8 O3 concentrations (μg m-3). The black dots indicate the daily observed and 
simulated MDA8 O3 concentrations averaged over North China from May to July in 
2014-2017, and the correlation coefficient between them are given at the top-right 
corner. The red line indicates the regression line through the origin calculated by the 
least square method.  

14. Page 10, line 29: “diffusion has a small effect on the total mass of O3 in the 
boundary layer. However, the diffusion process is important in 30 the boundary 
layer, which has . . .”, confused. 

Response: 

Sorry for the confusion. We have revised the second paragraph of Sect. 5.2.1 as: 

‘Diffusion process in GEOS-Chem model describes the mixing in the boundary layer, 
which transports O3 along the concentration gradient. Since O3 concentrations are 
higher at 950 hPa to 850 hPa than at the surface (Fig. 8a), the diffusion transports O3 
from the upper boundary layer downwardly to the surface. As a result, the IPR 
analysis shows that the net mass change in O3 by diffusion is negative between 950 
and 850 hPa but positive at the surface (Fig. 8b). Note that the net changes in O3 mass 
over North China by diffusion process should approximately equal to zero (Table 1) if 
we integrate the change in O3 mass by diffusion from the surface to 850 hPa because 
diffusion is an internal vertical transport. The downward transport of O3 by diffusion 
was also reported in previous IPR analyses (e.g., Khiem et al., 2010; Li et al., 2012; 
Tang et al., 2017). 

15. ’page 10 line 31: “mass flux of diffusion for the whole boundary layer is small, it 
is indicated that O3 aloft is transported downward to be mixed at the surface by 
the diffusion process”, very strange explanation. 

Response: 

See our response above (our response to #14 of your Other points).   



 15

16. Page 11 line 13: “both the positive contribution at the surface and the negative 
contributions in the upper layers increase”, ok. “indicating that more O3 is 
mixed from the upper levels to the surface to increase the surface O3 
concentration during OPEs”, why mixing/diffusion increase surface O3? 

Response: 

As we explained in our response to your 'Other points #14’, for the seasonal mean 
condition, O3 chemical production at and above the upper boundary layer leads to 
higher O3 concentrations there than at the surface, causing the downward transport of 
O3 by diffusion. During OPEs, hot and sunny conditions enhance O3 chemical 
production at and above the upper boundary layer and hence more O3 is transported 
from the upper boundary layer to the surface.  

17. Page 12 line 1: “beneficial for developing the mixed layer, leading to more O3 
mixed downward to the surface during OPEs”, O3 produces in the boundary 
layer, no need to mixing down from upper layer above ABL. 

Response: 

See our response to your ‘Specific comments #5’.  

18. page 13 line 14: “horizontal advection, and vertical advection are the most 
dominant processes that lead to OPEs”, but horizontal advection contributes 
negative mass flux? So, not lead to OPEs, but depress the development of OPEs. 

Response: 

The ‘horizontal advection’ has been removed in the revised manuscript.  
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