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H I G H L I G H T S  

• The EMAC model is evaluated against surface ozone measured at the WMO/GAW background stations in China. 
• The contributions of ozone originating from various latitude bands simulated by EMAC are analyzed. 
• Regional representativeness of surface ozone variation at the six Chinese WMO/ GAW stations is investigated.  
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A B S T R A C T   

Six World Meteorological Organization (WMO)/Global Atmosphere Watch (GAW) stations are located at back
ground sites in China, which constitute a network for monitoring surface ozone, including its long-term temporal 
variation. In this study, we evaluated the seasonal variation in surface ozone simulated by the ECHAM/MESSy 
Atmospheric Chemistry (EMAC) general circulation model with the measurements made at these WMO/GAW 
background stations for the period of 2010–2012, and investigated the regional representativeness of each 
station with respect to the seasonal variation in surface ozone. We determined the contributions of ozone 
originating from various tropospheric and stratospheric latitude bands based on EMAC simulations using a 
tagged tracer approach. The results showed that the predominant contribution to surface ozone was from the 
troposphere in northern middle-high and tropical latitudes. For each station there was a large surrounding area 
in which the yearly ozone maximum occurred in the same month as it did at the station, reflecting the regional 
characteristics of the seasonal variation in surface ozone recorded at the WMO/GAW background stations. 
Surface ozone in China was found to generally peak in summer over non-monsoon and mid-latitude monsoon 
regions and in spring over low-latitude monsoon regions, indicating that the regional representativeness of ozone 
variability in China is significantly influenced by the Asian summer monsoon.   

1. Introduction 

Ozone is a central trace gas in tropospheric photochemistry. As the 
major precursor of hydroxyl radical (OH), ozone concentrations affect 
the lifetime of a large number of trace gases through photolysis (Levy, 
1971; Weinstock and Niki, 1972; Wofsy et al., 1972). Ozone acts as a 
greenhouse gas with the third strongest warming effect after carbon 
dioxide (CO2) and methane (CH4) (IPCC, 2007). In addition, ozone is an 
efficient oxidant and plant toxicant, and has a negative impact on 
human health and terrestrial vegetation (Heck et al., 1982; Lee et al., 

1996; Shindell et al., 2012). 
Key factors that influence the levels of ozone in a specific region 

include its photochemical production and destruction, stratosphere-to- 
troposphere transport, and inflows and outflows of air pollution via 
long-range transport (Lelieveld and Dentener, 2000). While pollution 
episodes usually happen in populated and industrialized areas, high 
concentrations of ozone and its precursors can occur due to transport 
through atmospheric circulations, influencing the tropospheric ozone 
levels downwind of the emission sources. Research over the past two 
decades has clearly shown that ozone and its precursors are regularly 
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exported from their emission source to receptor regions far downwind 
on the regional, intercontinental, and even hemispheric scale (HTAP, 
2010; Monks et al., 2009; Stohl, 2004). These transport pathways are 
predominantly from west to east at mid-latitudes, with in situ and 
satellite-based observations showing that pollution plumes (anthropo
genic and biomass burning) not only travel from North America to 
Europe, or from East Asia to North America, but can also circle the globe 
(Jacob et al., 1999; Jaffe et al., 1999; Lewis et al., 2007; Wild et al., 
2004). 

China has a pronounced monsoon climate, with the Asian monsoon 
affecting the meteorology by changing atmospheric circulations, water 
vapor, clouds and radiation, influencing the seasonal and spatial con
tributions of ozone and its precursors by dilution, transport, photo
chemistry, and deposition processes. Ozone levels in China are affected 
mostly by the Asian summer monsoon (ASM) that prevails during June 
and August, providing various transport pathways of ozone and its 
precursors. First, moist air masses containing low levels of ozone are 
transported from the northwest Pacific Ocean to southern China through 
ASM circulations, and there is also an ozone suppression effect due to 
increased cloudiness and precipitation, resulting in low ozone levels in 
southeast China (He et al., 2008; Liu et al., 2009; Ma et al., 2002a; 
Safieddine et al., 2016; Tang et al., 2013; Zhao et al., 2010). For 
example, Zhou et al. (2013) conducted a study in Hong Kong and Tang 
et al. (2013) undertook research at an agricultural site in Yangtze River 
Delta, and both studies have reported an ozone decline in summer that 
was associated with an influence from marine air masses. In addition, 
the South Asian summer monsoon (SASM), which is linked to the ASM 
(the other part being the East Asian monsoon), transports pollution 
plumes that enhance the ozone levels of the southeastern Tibetan 
Plateau in spring (Ma et al., 2014; Yin et al., 2017). Ma et al. (2014) 
conducted in situ observations and plume trajectory model simulations, 
which showed that polluted plumes from southern Asia before or at the 
beginning of the ASM season led to a spring ozone maximum in 
Xianggelila, a station located in the southern Tibetan Plateau, while the 
increased cloud cover and precipitation along with the decrease in the 
mixing layer height as a result of the ASM led to an ozone minimum 
during summer. In addition, because of the ASM circulation, pollution 
plumes are transported to downwind regions from the industrial cities in 
southeastern and central China, reaching areas of northern and north
eastern China that are less affected by the ASM and leading to a gradual 
northward enhancement of background ozone levels in eastern China 
(He et al., 2008; Liu et al., 2019; Liu and Ma, 2017; Ma et al., 2002a). 

Network monitoring has provided a basis to study the spatial dis
tribution and long-term temporal variation in surface ozone. The WMO/ 
GAW has been one of the key international initiatives in the long-term 
monitoring chemical and physical properties of the atmosphere. In 
China, there are six WMO/GAW stations, including one global (Wali
guan) and five regional (Xianggelila, Akedala, Lin’an, Shangdianzi, and 
Longfengshan) stations, which are hereafter referred to as WLG, XGLL, 
AKDL, LN, SDZ, and LFS, respectively. WLG, XGLL, and AKDL are in 
remote areas of western China, with WLG and XGLL located in the 
northeast and southeast of the Tibetan Plateau, respectively, and AKDL 
located in northwestern China. LN, SDZ, and LFS are located in eastern 
China. Long-term observations at the six stations have shown that the 
levels of ozone differ not only among stations but also seasonally at the 
same station (Lin et al., 2008, 2010; Liu et al., 2019; Ma et al., 2002b, 
2014, 2016; Xu et al., 1998, 2008, 2009, 2016; Xue et al., 2011; Zhu 
et al., 2004). Compared to other stations, surface ozone levels at WLG 
are higher throughout the year, with a peak in summer, the reasons for 
which are under debate (Ding and Wang, 2006; Li et al., 2009; Ma et al., 
2002a, 2002c, 2005; Xue et al., 2011, 2013; Yang et al., 2014; Zhu et al., 
2004). 

XGLL exhibits an ozone mixing ratio trough in summer, as a result of 
fewer ozone containing air masses and much more cloud cover and 
precipitation caused by the ASM (Ma et al., 2014). Persistent enhanced 
ozone levels have been observed at AKDL from February to June, due to 

strong stratospheric ozone intrusions in spring at high latitudes (Hsu and 
Prather, 2009), followed by a decline in July. There are two peaks at 
Lin’an during the year: A major peak in May and a minor peak in 
October, which are associated with active photochemical production in 
the spring and autumn over the surrounding region (Xu et al., 2008). 
Compared to other stations, the summer ozone mixing ratios at Lin’an 
are lower, mainly due to the influence of clean marine air masses from 
the northwestern Pacific brought by the ASM (Ma et al., 2002c). Surface 
ozone at SDZ shows a summer peak in the annual cycle. Under the 
control of the ASM, ozone and its precursors are transported continu
ously from the southwest of North China to the station and they accu
mulate in the SDZ region. This accumulation is accompanied by 
photochemical production (Lin et al., 2008; Liu and Ma, 2017; Sun et al., 
2016; Wang et al., 2006; Xu et al., 2011). Similarly, LFS has an ozone 
peak in June due to the influence of transport from North China and the 
mid-southern region of northeast China (Liu and Ma, 2017; Xu et al., 
2009). Although ozone variation at these GAW stations has taken on 
regional characteristics, it is still not clear that to what extent the area 
surrounding a specific station can show the same seasonal ozone vari
ation as the station itself and what are the dominant sources of the ozone 
contributing to the regional surface ozone in the various seasons. 

Generally, the factors controlling the seasonal variation in surface 
ozone is different between western and eastern China. Surface ozone 
levels in western China are primarily influenced by atmospheric dy
namics and long-range transport, whereas in eastern China they are 
controlled by photochemistry and regional pollution transport (Ma 
et al., 2002c). Compared to western China, eastern China has lower 
background ozone levels. However, the ASM can transport photo
chemical pollutants from the southern to northern areas of eastern 
China, leading to a northward gradual enhancement of background 
ozone levels at the eastern GAW stations (Liu et al., 2019). Modeling 
studies of surface ozone in China have mainly focused on local photo
chemical or regional chemical reactions and transport, paying less 
attention to the contributions of background ozone transported from 
long distances outside China. Some studies report that ozone exported 
from Europe and North America reaches a minimum in summer, while 
the ozone exported from southeast Asia exhibits a maximum in summer 
over eastern China, and the seasonal switch in monsoonal wind patterns 
plays a significant role in determining the seasonal background ozone in 
China (Wang et al., 2011). Others concluded that Europe (particularly 
during spring and summer) has the largest impact on China’s surface 
ozone, followed by India, the Middle East, Southeast Asia, Siberia, and 
mid-Asia (Li et al., 2014). It was also found that North American ozone 
mainly influences northern China (>30◦N) with the peak in winter and 
trough in summer, and limited influence on southern China (<30◦N) 
(Zhu et al., 2017). In view of these ambiguities, the influence of ozone 
from various sources on the seasonality in various regions of China 
needs further analysis. 

In this study, we investigated the contributions of ozone originating 
from various latitude bands to the seasonal variation in surface ozone at 
the six GAW stations in China, and explored the regional representa
tiveness of each station using the ECHAM/MESSy Atmospheric Chem
istry (EMAC) general circulation model. Section 2 describes the EMAC 
model used in this study and the six GAW stations in China, and Section 
3 evaluates the ability of EMAC to simulate the seasonal variation in 
background surface ozone in China. In section 4, we show the seasonal 
variation in the influence of ozone originating from various latitude 
bands, as tagged in EMAC, on surface ozone at the six GAW stations. In 
Section 5, we present the regional representativeness of each station for 
surface ozone seasonal variation. The conclusions are given in Section 6. 

2. Observational data and model 

2.1. GAW stations in China 

The geographical locations, latitudes, longitudes, and altitudes of the 
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six Chinese GAW stations are shown in Fig. 1. WLG was established in 
1989 and is located in Qinghai Province. It is one of global baseline 
stations in the WMO/GAW network and the only one in the hinterland of 
the Eurasian continent. WLG is situated on the summit of Mount Wali
guan at the northeastern edge of the Tibetan Plateau in an area with a 
very low population density, little industry, and other anthropogenic 
sources of ozone precursors within 30 km. However, some impact of the 
long-range transport of anthropogenic pollutants from the NE–SE sector 
cannot be excluded, particularly from the major cities of Xining (about 
90 km northeast of WLG, with a population of around 2.13 million) and 
Lanzhou (about 260 km east of WLG, with a population of around 3.1 
million). Such impacts, if they occur, may be significant only during the 
warm period (May–September) (Ma et al., 2002b; Xu et al., 2016). 

XGLL was established in 2006 and is located about 450 km northwest 
of Kunming in Yunnan Province at the southeastern rim of the Tibetan 
Plateau. It is considered weakly affected by local anthropogenic activ
ities because there is almost no significant anthropogenic source of 
ozone precursors surrounding the station and the nearest township, 
Xianggelila, is about 30 km from the station. The climatology at XGLL is 
mainly controlled by the ASM circulation that brings abundant precip
itation (Ma et al., 2014). 

AKDL was established in 2006 and is located in the Xinjiang 
Autonomous Region about 30 km from the nearest township in the 
northwest direction. The prevailing wind is from the SE sector in winter 
and NW sector in other seasons (Lin et al., 2010). 

LN was established in 1983 and is located in the Yangtze River Delta, 
one of the leading regions of China in terms of economic growth. There 
are a few large cities in the sector to the E–NNW of LN, with the nearest 
and largest being Hangzhou (about 50 km to the east) and Shanghai 
(about 210 km to the northeast), respectively. About 10 km to the south 
of LN is the Lin’an Township, with a population of approximately 
50,000. It has a typical subtropical monsoon climate, with distinctive 
seasonal characteristics (Wang et al., 2001; Xu et al., 2008). 

SDZ was established in 1981 and is located in the northern part of the 
North China Plain in the Miyun County of Beijing. It is about 100 and 55 
km northeast of the urban areas of Miyun Township and Beijing, 

respectively. Within 30 km of the site, there are only small villages in 
mountainous areas with a sparse population and insignificant anthro
pogenic emission sources. SDZ has a semi-moist monsoon climate and 
the prevailing winds are from the NE and SW sectors (Lin et al., 2008). 

LFS was established in 1981 and is located on the edge of the 
Changbai Mountains and at the southeastern edge of the Songnen Plain. 
LFS is 2 km from the nearest township and there are no significant in
dustrial emissions in the surrounding area (Xu et al., 1998). The main 
pollution transport occurs from the S–SW sectors at low latitudes, 
although wind speeds are low (Xu et al., 2009). 

2.2. Model description and configuration 

The EMAC model is a chemistry–climate model that combines the 
5th generation European Centre-Hamburg general circulation model 
(ECHAM5) with the Modular Earth Submodel System (MESSy) Atmo
spheric Chemistry system (Jöckel et al., 2006, 2010) to simulate and 
predict atmospheric processes from the troposphere to middle atmo
sphere and their interactions with land and oceans. EMAC has been 
extensively used at a range of spatial resolutions and has been evaluated 
against surface site, aircraft, and satellite measurements of trace gases 
and aerosols in both the troposphere and stratosphere (Brühl et al., 
2012; Jöckel et al., 2006; Kirner et al., 2010; Lelieveld et al., 2007; 
Pozzer et al., 2012). ECHAM is based on the temperature, vorticity, 
divergence, and surface pressure in spectral coordinates, and specific 
humidity, cloud water, and cloud ice in grid point coordinates, with a 
mix of coordinates in the vertical direction (Jöckel et al., 2005). MESSy 
submodels calculate atmospheric chemical concentrations (Sander et al., 
2005), aerosol loadings (Kerkweg et al., 2007; Pringle et al., 2010; Tost 
and Pringle, 2012), cumulus convection (Tost et al., 2006), pollutant 
emissions, vegetation emissions, and ozone tagging via ozone tracers 
produced in different regions at various latitudes and altitudes (Jöckel 
et al., 2016). For this study, we used version 5.3.02 of ECHAM5 and 
version 2.52 of MESSy, the emission inventory of which is the Repre
sentative Concentration Pathways scenario 8.5 (RCP8.5) for fossil fuel 
combustion and biomass burning emissions (Jöckel et al., 2016). The 

Fig. 1. Six GAW stations in China. The black line distinguishes the area affected by the monsoon (the east part) from the non-monsoon region (the west part). Blue 
dots refer to major cities including Shenyang (SY), Beijing (BJ), Shanghai (SH), Wulumuqi (WLMQ), Lanzhou (LZ), Xi’an (XA), Lasa (LS), Chongqing (CQ), and 
Guangzhou (GZ). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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RCP8.5 global emission inventory has a horizontal grid resolution of 
0.5◦ × 0.5◦ at monthly intervals and vertical distributions as described 
in Pozzer et al. (2009). The monthly cycle of RCP8.5 emissions in 2010 
was used in this study. The natural emissions of non-methane hydro
carbons (NMHCs) were based on the Global Emissions InitiAtive (GEIA) 
database (Bouwman et al., 1997). Nitrogen oxides (NOx) produced by 
lightning were calculated online and distributed vertically based on the 
parameterization of Pringle et al. (2010). The nitric oxide (NO) emis
sions from soils were calculated online according to the algorithm used 
by Yienger and Levy II (1995). 

In this study we performed a 3-year simulation for the period from 
2010 to 2012 with EMAC, with a strong ASM year in 2010 and weaker 
ASM years in 2011 and 2012 (China Meteorological Bureau, 2015). 
Thus, the results reflect the influence of typical atmospheric circulation 
patterns on global pollutant transport. In accord with the modeling 
scheme of Ma et al. (2019), the model spectral resolution used in this 
study was T106L90, which corresponds to a horizontal grid resolution of 
approximately 1.125◦ × 1.125◦ and 90 vertical layers extending from 
the surface to an altitude of 0.01 hPa (~80 km). In the simulation, the 
meteorology was nudged by Newtonian relaxation towards the Euro
pean Centre for Medium-Range Weather Forecasts (ECMWF) opera
tional re-analysis data for the period of 2010–2012. The prognostic 
variables nudged towards the realistic meteorological conditions (i.e., 
the re-analyses) were temperature, vorticity, divergence, and surface 
pressure, and the nudging weights were chosen such that the meso
sphere and upper stratosphere and the boundary layer were not directly 
influenced (Lelieveld et al., 2007). The nudging was exerted with 
maximum weights at the model levels from 37 (~10 hPa) to 83 (~706 
hPa), leaving the highest thirty (upper middle atmosphere) and the 
lowest three (boundary layer) model levels free (apart from surface 
pressure). 

3. Model evaluation 

Jöckel et al. (2016) showed that all free-running simulations by 
EMAC overestimated tropospheric partial column ozone during 
1980–2011 (by up to 3% in the tropics), and the mean biases were 
largely reduced by including the model nudging to global temperature 
fields. Evaluations of surface ozone levels in China based on EMAC have 
not been conducted so far. Among the six Chinese GAW stations, similar 
evaluations in China based on other atmospheric chemistry models have 
only been conducted at WLG (Li et al., 2009; Ma et al., 2002b, 2002c, 
2005; Zhu et al., 2004) and LN (Wang et al., 2011). 

Due to the elevation differences between the GAW stations and 
model terrain, it is necessary to take the altitudes of the various vertical 
layers in EMAC into account, even though the model applies a terrain- 
following coordinate system near the surface (shown in Table 1). The 
altitudes of the four low surface stations (AKDL, LFS, SDZ, and LN) in the 
model grid at the lowest (90th) layer were very close to their respective 
real altitudes, while the altitudes of the elevated stations were closer to 
the height of the 89th layer (the second lowest layer) for WLG and the 
height of the 88th layer for XGLL. However, simulated ozone concen
trations at the 90th layer appeared to be more representative to surface 
observations than those simulated at the 89th and 88th layers for WLG 

and XGLL, respectively (not shown). Furthermore, the regional distri
butions of the simulated ozone concentrations differed little among the 
90th, 89th, and 88th layers (figures for the 89th and 90th layers are not 
shown). Therefore, in this study we used the calculated results at the 
90th layer in EMAC, i.e. the middle of the lowest layer of about 60 m, to 
conduct the following analyses. Monthly surface ozone mixing ratios for 
the years 2010–2012 at WLG, XGLL, AKDL, LFS, SDZ, and LN between 
the simulation and in situ observations are shown in Fig. 2. The simu
lated results were shown to successfully reproduce surface ozone levels 
and their seasonal variation at the stations. The simulated monthly 
ozone levels at SDZ and LN were very close to the observations, and the 
simulated monthly ozone levels at WLG, XGLL, and LFS had similar 
seasonal variation patterns to the observations. Ozone levels in spring 
and summer were overestimated at all stations except LN, which might 
result from a common bias in atmospheric chemistry models due to their 
limitations in reproducing cumulus convection (Ma et al., 2002a) and 
ASM (Li et al., 2014; Wang et al., 2009), or a bias associated with the 
boundary layer parameterization (Jöckel et al., 2016; Liu et al., 2006). 

The correlation coefficients for the relationship between simulated 
and observed monthly surface ozone concentrations were 0.94, 0.91, 
0.90, 0.88, 0.78, and 0.49 at SDZ, LN, WLG, XGLL, LFS, and AKDL, 
respectively. These significant associations confirmed that the simulated 
surface ozone concentrations could reflect the seasonal variation in 
surface ozone at the Chinese GAW stations. 

4. Source tagging on surface ozone at the Chinese GAW stations 

The characteristics of the six Chinese GAW stations, i.e., geographic 
location, altitude, and the predominant source of polluted air masses 
and hence the relative influence of anthropogenic sources are mentioned 
in section 2.1. Because the levels of ozone in various source regions are 
different and ozone may undergo diverse chemical and physical pro
cesses during long-range transport, trajectory analyses is limited in 
determining the ozone sources at a station. One the other hand, the 
method of simply adding/omitting a certain pollutant source has been 
widely used in model studies of tropospheric ozone, particularly its 
perturbation by human activities. However, the turning on and off 
method is not so efficient in the study of various processes in a specific 
atmosphere. For instance, if one investigates the significance of strato
spheric ozone intrusions to the source of tropospheric ozone using 
turning on and off method, it would be difficult to quantify the relevant 
contribution, since the concept of the atmosphere with stratospheric 
ozone source being turned off is not clear. An atmospheric chemis
try–general circulation model (AC-GCM) can be a useful tool for the 
quantitative calculation of ozone fields originating from various sources. 
In an AC-GCM, tagging a pollutant from specific sources can identify the 
relative contributions of various sources to tropospheric pollutant levels. 
Tagging simulations are superior to the method of simply opening/ 
closing a certain pollutant source due to the constant physical and 
chemical features after tracers are included in the model, which may 
provide more robust results (Ma et al., 2002c). 

Ozone tagging simulations by EMAC were conducted via 14 ozone 
tracers (O3ONHTS, O3OTRTS, O3OSHTS, O3ONPLS, O3ONMLS, 
O3OTRLS, O3OTRMS, O3OSMLS, O3OSPLS, O3ONPUS, O3ONMUS, 

Table 1 
Locations and altitudes of the six Chinese WMO/GAW stations.  

Station name Abbreviation of station name Latitude (◦E) Longitude (◦N) Altitude (m) Model terrain altitude (m) Model layer altitude (m) above ground 

90th layer 89th layer 88th layer 

Akedala AKDL 87.93 47.10 562.0 518.53 29.74 / / 
Waliguan WLG 100.54 36.17 3816.0 3624.66 30.30 135.89 / 
Xianggelila XGLL 99.73 28.00 3580.0 3099.86 31.07 140.92 377.09 
Longfengshan LFS 127.60 44.73 330.5 302.10 29.03 / / 
Shangdianzi SDZ 117.12 40.65 93.2 158.13 29.56 / / 
Lin’an LN 119.72 30.30 138.6 141.39 31.62 / /  
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O3OTRUS, O3OSMUS, and O3OSPUS) that formed at various latitudes 
and altitudes. Each ozone tracer was produced only in one specific re
gion: northern mid-high latitudes troposphere (NHTS), tropical tropo
sphere (TRTS), southern mid-high latitudes troposphere (SHTS), 
northern polar lower stratosphere (NPLS), northern mid-latitudes lower 
stratosphere (NMLS), tropical lower stratosphere (TRLS), tropical mid
dle stratosphere (TRMS), southern mid-latitudes lower stratosphere 
(SMLS), southern polar lower stratosphere (SPLS), northern polar upper 
stratosphere (NPUS), northern mid-latitudes upper stratosphere 
(NMUS), tropical upper stratosphere (TRUS), southern mid-latitudes 
upper stratosphere (SMUS), and southern polar upper stratosphere 
(SPUS) (Grewe, 2006; Jöckel et al., 2016). 

To determine the contributions of ozone from various source fields at 
each Chinese GAW station, we further combined the stratospheric fields 
at each latitude, defining the NMLS and NMUS as the northern mid- 
latitudes stratosphere (NMST), the NPLS and NPUS as the northern 
polar stratosphere (NPST), and the TRLS, TRMS, and TRUS as the 
tropical stratosphere (TRST), respectively. All southern hemispheric 
fields were ignored due to their negligible contributions to the ozone 
levels in China. Then the ozone source fields were divided into five 
sections, i.e., the NHTS, TRTS, NMST, NPST, and TRST, as shown in 
Table 2. Note that the top boundary of TRTS is higher (100 hPa) than 
that of NHTS (200 hPa), and the two tropical regions of TRTS and TRST 
have different latitude and longitude ranges. The percentage contribu
tions of the five ozone tracers to surface ozone at the six Chinese GAW 
stations are presented in Fig. 3 for hourly values and Table 3 for 3-year 
mean plus/minus standard deviation values. In general, the NHTS and 
TRTS were the predominant contributors to surface ozone at each sta
tion. As in previous studies (Lin et al., 2010; Ma et al., 2002a, 2002c, 

2014; Xu et al., 1998), our results showed that the contributions from 
stratosphere-troposphere exchange (STE) to surface ozone were not 
ignorable, with the NMST presenting the most significant contribution at 
AKDL and WLG (more than 7%), and the NPST presenting the most 
significant contribution at LFS (approximately 3%). LFS received more 
ozone from the stratospheric fields than the other stations because it is 
located in an area directly below the jet stream, and is therefore 
significantly influenced by the ozone transported downward in synoptic 
weather systems (Ma et al., 2002c). 

Because the stratospheric sources contributed less than the tropo
spheric sources, we further combined the NMST, NPST, and TRST to 
represent the whole stratosphere (ST). Fig. 4 presents the contributions 
of the NHTS, TRTS, and ST tracers to the monthly variability in surface 
ozone at the six Chinese GAW stations. Surface ozone levels at AKDL 

Fig. 2. Comparisons of the monthly surface ozone mixing ratios (unit: ppbv) between the EMAC simulation (blue line) and in situ observations (red line, vertical bars 
are standard deviations) at each GAW station during 2010–2012. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Five ozone sources tagged in the EMAC.  

Abbreviation of ozone 
source 

Full names of ozone source Latitude Altitude 

NHTS Northern mid-high latitudes 
troposphere 

30.7–90.0◦N ≥200 
hPa 

TRTS Tropical troposphere 30.7◦S- 
30.7◦N 

≥100 
hPa 

NMST Northern mid-latitudes 
stratosphere 

19.5–61.4◦N <200 
hPa 

NPST Northern polar stratosphere 61.4–90.0◦N <200 
hPa 

TRST Tropical stratosphere 19.5◦S- 
19.5◦N 

<100 
hPa  
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Fig. 3. Hourly contributions (unit: %) from various ozone sources to the surface concentration at each Chinese GAW station during 2010–2012.  
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predominantly originated from the NHTS, with significant seasonal 
variability, i.e., higher contributions in summer and lower ones in 
winter. They were also weakly influenced by the TRTS and ST, with a 
peak contribution in spring. Similarly, surface ozone at WLG predomi
nantly originated from the NHTS, with a summer peak, and some 
contribution from ST from late spring to early summer. Surface ozone at 
XGLL predominantly originated from the TRTS, with a maximum in 
spring and a minimum in summer. This was because XGLL is located at a 
low latitude and is generally influenced by low level ozone air masses 
that accompany the ASM (Ma et al., 2014). Surface ozone at the three 
stations in eastern China also predominantly originated from the NHTS. 
The summer peaks at LFS and SDZ were due to the significant photo
chemical formation and transport of ozone in the troposphere at 
northern mid-high latitudes (Lin et al., 2008; Liu and Ma, 2017; Xu et al., 

2009, 2011). For LN, the primary and secondary peaks of the NHTS 
contributions occurred in spring and autumn, respectively, resulting 
from the local intensive photochemical formation of ozone (Xu et al., 
2008). In general, surface ozone at the six Chinese GAW stations is 
influenced by ST with peak contributions during April and June, later 
than the peak contributions during February and March at a 
mid-latitude station, Goose Bay, shown by Wang et al. (1998), who 
performed a 1-year simulation for the 1990s with a global 
three-dimensional chemistry-transport model including separate tracers 
for ozone produced in the stratosphere and in different regions of the 
troposphere. 

5. Regional representativeness of surface ozone at the Chinese 
stations 

5.1. Seasonal variation in surface ozone 

Large parts of China are under the influence of the Asian monsoon. 
The northernmost border of the ASM region, which is bounded by the 
Daxingan, Yinshan, Helan, Bayankala, and Gangdise mountains, is 
generally considered the boundary between the monsoon and non- 
monsoon regions (see Fig. 1). The area east and south of the line is the 
monsoon region (MR), while the remaining area is the non-monsoon 
region (NMR) (He et al., 2012). Based on the position of this bound
ary, we further defined that in China, 0–30◦N represented the 
low-latitude MR (LMR), 30–55◦N represented the mid-latitude MR 
(MMR), and the remaining area was the NMR. 

Calculated monthly variation in surface ozone mixing ratios and 
wind fields at 850 hPa (the altitude where the ASM appears most 
significantly) during 2010–2012 over China are shown in Fig. 5. 
Generally, surface ozone concentrations were lower in winter and higher 

Table 3 
Percentage contributions (3-year mean and standard deviation) of the five ozone 
tracers (see Table 2) to the surface ozone concentrations at the six Chinese GAW 
stations.   

NHTS TRTS NMST NPST TRST 

AKDL 70.23 ±
13.53 

17.60 ±
11.19 

7.33 ±
3.34 

2.74 ±
1.66 

1.62 ±
1.03 

WLG 58.17 ±
17.37 

31.44 ±
16.67 

7.07 ±
3.57 

1.79 ±
1.49 

1.36 ±
1.00 

XGLL 11.61 ± 8.51 83.88 ±
10.14 

3.06 ±
2.17 

0.68 ±
0.70 

0.58 ±
0.55 

LFS 79.56 ±
11.09 

12.11 ± 8.18 5.23 ±
2.92 

1.26 ±
1.23 

1.70 ±
1.40 

SDZ 76.77 ±
14.96 

14.18 ±
10.73 

6.11 ±
4.05 

1.63 ±
1.41 

1.22 ±
1.03 

LN 61.56 ±
24.83 

33.64 ±
25.77 

3.24 ±
2.75 

0.87 ±
1.08 

0.63 ±
0.64  

Fig. 4. Contributions of various ozone tracers to monthly variability in surface mixing ratios (unit: ppbv) at each Chinese GAW station during 2010–2012.  
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in spring and summer. Geographically, ozone levels were higher in 
western China and lower in eastern China (except for summer), with a 
year-round high level over the Tibetan Plateau. Compared to western 
China, eastern China experienced more significant seasonal variation in 
surface ozone. Ozone over the MMR reached a maximum in June, with a 
high concentration centre in the North China Plain, which proceeded 
northward in July under the influence of the ASM. 

Fig. 6 shows the regional distribution of the month during which the 
maximum surface ozone concentration occurred, determined from the 
calculated monthly results for 2010. The influence of the ASM on surface 
ozone variation in China can be clearly seen in the figure, with the 
maximum appearing in spring within the LMR and in summer within the 

MMR and NMR. Over the Tibetan Plateau, an ozone maximum was 
apparent from south to north from March to June. WLG and the sur
rounding area in the northeast-southeast direction, which is located at 
the northeastern edge of the Tibetan Plateau within the MMR, experi
enced an ozone maximum in June. XGLL and a large region to its south, 
which is located in the southern Tibetan Plateau within the LMR, had an 
ozone maximum in March during the onset of the SASM. AKDL, together 
with a large region to its south, which is located within the NMR, 
experienced an ozone maximum in July. In eastern China, ozone levels 
at LN and the area within a distance of 200 km experienced an ozone 
peak in May, near the onset of the East Asia summer monsoon (EASM). 
Ozone at SDZ and the whole of the North China Plain and at LFS together 

Fig. 5. Simulated regional distributions of monthly surface ozone mixing ratios (shaded, unit: ppbv) in China and the overlayed wind fields (vectors) at 850 hPa 
during 2010–2012. Numbers represent the six GAW stations shown in Fig. 1. 
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with the whole of the Northeast China Plain, both of which are located in 
the MMR, consistently peaked in June. 

5.2. Contributions of various ozone sources 

The regional distributions of tagged ozone from the three sources 
(NHTS, TRTS, and ST), as described in Section 4, at the surface for each 
month are presented in Figs. 7–9, respectively. In the MMR, ozone was 
predominantly from the NHTS, which peaked in June, with a maximum 
of 30–75 ppbv. In the same month, ozone from the NHTS contributed 
over 50 ppbv to the levels at SDZ and the whole of the North China Plain, 
and accounted for 90–95% of the surface ozone concentration. It 
contributed homogeneously to levels at LFS and the middle-south area 
of the Northeast China Plain, with concentrations between 50 and 60 
ppbv, accounting for around 91% of surface ozone concentration. This 
matched the percentage contribution from ozone photochemical pro
duction in the summer of 1995 over China, which was simulated pre
viously using a tagging method (Ma et al., 2002c). It was found that the 
NHTS made a predominant contribution to the ozone levels in the MMR 
of China, with the main sources being from the region itself. In addition, 
polluted air masses in the MMR can be transported downwind by ASM 
circulations and increase the background ozone levels in downstream 
regions (Ma et al., 2002c). 

In June, ozone from the NHTS contributed 50–60 ppbv (70–75%) to 
the levels at WLG and its surrounding area in the northeast-southeast 
direction. The ozone from the TRTS and ST contributed 10–15 ppbv 
(14–18%) and 8–10 ppbv (less than 12%), respectively. The contribu
tion from the ST at WLG estimated in this study was less than half of that 
reported by Ma et al. (2002c), who estimated a 28% contribution. Ozone 
from the stratosphere contributed much more to ambient levels over the 
Tibetan Plateau than in other regions, particularly during spring and 
summer, with contributions up to 14 ppbv over the western part of the 
Tibetan Plateau with a percentage of approximately 20%. Compared 
with the results of Wang et al. (1998), ozone from the stratosphere in 
this study contributes much less to mid-latitudes, especially in winter. 

Unlike the MMR, ozone in the LMR was not dominated by NHTS 
sources. In May, the ozone contribution from the NHTS (20–25 ppbv, 
accounting for about 51%) to the levels at LN and the region approxi
mately 300 km to its south and west was slightly higher than that from 
the TRTS (15–20 ppbv, accounting for about 38%), the sum of which 
was far more than the contribution from the stratosphere. The ozone 
contributions at LN are in accord with those found by Ma et al. (2002c). 
In March, ozone from the TRTS made the dominant contribution at XGLL 
and a large region to the south of the station, with a maximum of more 
than 60 ppbv (>84%), whereas the NHTS contributed less than 10 ppbv 

(<12%). The ST contributed less to this region than to the rest of the 
Tibetan Plateau region (including WLG). Surface ozone concentrations 
in the LMR, particularly over the southern Tibetan Plateau, were 
significantly influenced by ozone from the tropical troposphere over 
south and southeast Asia. The results agree with those of Li et al. (2014), 
i.e., indicating that emissions from India increase surface ozone most 
significantly towards the southern part of the Tibetan Plateau during 
spring. 

In July, ozone from the NHTS contributed to the levels at AKDL, and 
at the local scale it contributed to the ozone peaks south of the station 
during the year by more than 45–50 ppbv (>70%), being far more than 
the contributions from other sources. Figs. 7–9 also show that compared 
to the relatively small region surrounding AKDL, larger areas in the 
south received contributions from all three ozone sources, including the 
NHTS, explaining the particular ozone variation at AKDL and the small 
region surrounding the station. In general, ozone from troposphere 
contributes much more than shown by the results of Wang et al. (1998) 
with percentages of 10–50%. 

Fig. 10 shows the regional distributions of the month in which the 
maximum monthly average surface concentration of tagged ozone on 
each grid in 2010 occurred for the three ozone sources, i.e., NHTS, TRTS, 
and ST, respectively. The regional representativeness of the contribu
tions for various ozone sources at the GAW stations was identified. The 
overall distribution pattern of the month of occurrence for the maximum 
tagged ozone concentration from the NHTS (Fig. 10a) strongly resem
bled that for the regular ozone concentration shown in Fig. 6. There was 
a single significant discrepancy in that ozone from the NHTS was most 
significant in August over the region south of AKDL (Fig. 10a), whereas 
the total ozone concentration was most significant in July over the large 
region around AKDL (Fig. 6). It was concluded that the “August 
maximum region” was the result of ozone transport from the Middle East 
or to a lesser degree Europe, in agreement with the results of Li et al. 
(2014), i.e., influence from mid-Asia and Europe to western China 
peaked in spring and summer. The maximum monthly ozone concen
tration from the NHTS consistently occurred in June over large regions, 
including SDZ and the whole of the North China Plain, LFS and the large 
region in the middle-south of the Northeast China Plain, and WLG and 
the surrounding area in the northeast-southeast direction. This indicates 
that the stations in the MMR are regionally representative with respect 
of the seasonal variation in ozone from the NHTS. Similarly, the 
maximum monthly ozone from the NHTS occurred in May at LN and the 
surrounding area and in July at the AKDL, together with the region to 
the east and southeast of the station, reflecting the regional represen
tativeness of LN and AKDL for the seasonality in ozone levels originating 
from the NHTS. The maximum monthly ozone contributions from the 
TRTS (Fig. 10b) and ST (Fig. 10c) at XGLL and the large region to the 
south of the station occurred in March, reflecting the regional repre
sentativeness of XGLL for the seasonality in ozone levels from the TRTS 
and the whole ST in the southern part of the Tibetan Plateau. 

6. Conclusions 

We investigated the regional representativeness of the Chinese GAW 
stations with respect to the seasonal variability in surface ozone using 
the EMAC model. The ozone contributions originating from various 
tropospheric and stratospheric latitude bands, simulated by EMAC using 
the tagged tracer approach, were analyzed. Surface ozone at the six 
GAW stations predominantly originated from the NHTS and TRTS in 
summer and spring. Ozone from the NHTS contributed predominantly to 
surface ozone in the MMR of China and peaked in summer, with the 
main sources coming from the region itself. Polluted air masses in MMR 
were transported by ASM circulations, resulting in high regional back
ground ozone concentrations. 

There was a large area surrounding each Chinese GAW station in 
which the ozone maximum occurred in the same month as it did at the 
station, confirming the regional representativeness of the surface ozone 

Fig. 6. Regional distribution of the month of occurrence of the maximum 
surface ozone concentration in each grid in an annual cycle in 2010. Numbers 
represent the six GAW stations shown in Fig. 1. 
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seasonality observed by the Chinese GAW stations. The results will 
provide a scientific guidance for the construction layout of surface ozone 
monitoring network in China. In the MMR, the monthly surface ozone 
maximum occurred consistently in June at SDZ and the whole of the 
North China Plain, LFS and the Northeast China Plain, and WLG and a 
northeast-southwest band of the Tibetan Plateau. Tagged ozone from the 
NHTS also peaked in June and accounted for 90–95%, 91%, and 70–75% 

of surface ozone concentrations over the three regions, respectively. 
In the LMR, the monthly surface ozone maximum at XGLL and the 

large region to the south of the station occurred in March during the 
SASM, with ozone from the TRTS peaking in March and accounting for 
more than 84% of surface ozone concentration over the region. Surface 
ozone at another LMR station, LN, and the area within 200 km of the 
station peaked in May at the beginning of the EASM, with ozone from 

Fig. 7. Simulated regional distributions of the monthly ozone contributions (unit: ppbv) from the NHTS during 2010–2012. Numbers 1 to 6 represent the six GAW 
stations AKDL, WLG, XGLL, LFS, SDZ, and LN, respectively. 
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the NHTS peaking in May and accounting for approximately 51% of 
surface ozone concentration over the region, somewhat higher than that 
of the TRTS (39%) in the same month. The NMR station AKDL and a 
large region to the south of the station experienced a surface ozone 
maximum in July. However, in the same month tagged ozone from the 
NHTS peaked only in a small region to the east and southeast of AKDL, 
with a contribution above 70%. 

In general, surface ozone in China generally peaked in summer over 
the NMR and MMR, and in spring over the LMR, which shows that the 
regional representativeness of ozone variation in China is significantly 
influenced by the ASM. 

Fig. 8. Same as Fig. 7, but for the TRTS.  
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