
 1

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 ] =
 
∑

                                                       (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).   
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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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