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A B S T R A C T   

In recent years, ozone pollution has attracted wide attention from the scientific community, policymakers and 
the public. Previous studies have already confirmed the effects of meteorological conditions on regional ozone 
pollution events in the last two decades. However, due to the lack of historical ozone observations, the rela
tionship of climate variability and ozone pollution has been less discussed. In our study, we use the NCEP/NCAR 
Reanalysis data and modeled historical surface ozone from CMIP6 (Coupled Model Intercomparison Project 
Phase 6) to explore the impact of climate variability related to Tibetan Plateau on summertime (June, July and 
August) ozone in Central China during 1950–2019. The results show that in interdecadal timescale, the annual 
summertime ozone over Central China is significantly correlated (R = − 0.52; P-value <0.05) with the springtime 
(March, April and May) thermal forcing, indicated by total atmospheric energy (TPE), over Tibetan Plateau. In 
high TPE years, the East Asian monsoon (southerly wind flow) and vertical ascending motion have been 
enhanced in summer. It is conducive to both the diffusion of ozone and its precursors and occurrence of cloudy 
and high humidity weather. These processes lead to lower ozone concentrations up to 6.97 ppb (compared with 
values averaged during 1950–2019) over Central China. On the contrary, in low TPE years, summertime surface 
ozone concentrations have been increased by 2.96 ppb (the mean value is 49.00 ppb and the standard deviation 
is 11.75 ppb for 1950–2019) on average of Central China, due to the weakened East Asian monsoon and 
weakened vertical ascent, thus the stable weather with low humidity and small near surface wind. After the year 
2000, the TPE has increased with a rapid growth rate of 3 × 104 hPa J kg− 1 yr− 1. However, similar to the re
ported surface ozone increments based on the modeling results and observations, the CMIP6 summertime surface 
ozone has shown an increasing trend in the last two decades (0.45 ppb yr− 1 and 0.25 ppb yr− 1 over Central China 
and entire China during 1950–2019, respectively). While a decline trend (0.18 ppb yr− 1) of ozone from 1980 to 
2019 over Central China is calculated after the removal of emission-attributed trend. These results indicate that 
the ozone increasing trend dependent on the changes of precursor emissions has offset the ozone mitigation 
attributed to the climate.   

1. Introduction 

Tropospheric ozone (O3) is produced via photochemical oxidation of 
volatile organic compounds (VOCs) and nitrogen oxides (NOx ≡ NO +
NO2) (Sillman et al., 1990; Shen et al., 2019). It is a vital component in 
the atmosphere that participates in the oxidation of chemically and 
climatically relevant trace gases (Lelieveld et al., 2000; Wang et al., 

2017), as the strong oxidizing hydroxyl radicals (OH) formatting along 
with ozone. Surface ozone is one of the serious air pollution issues in 
China over the past decades (Ma et al., 2012; Ma et al., 2016; Sun et al., 
2019; Yan et al., 2021), and its damage to agriculture, forests and 
grasslands has been reported to be increased (Krupa and Manning, 1988; 
Tai et al., 2014; Emberson, 2020). It also has a harmful effect on human 
health, especially leading to premature respiratory mortality (Fu and 
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Tai, 2015; Lelieveld et al., 2015). 
Surface ozone pollution is not only attributed to the anthropogenic 

emissions of VOCs and NOx, but it is also influenced by meteorological 
conditions (Emberson, 2020; Fu and Tai, 2015; Yan et al., 2018a; Yan 
et al., 2019). Temperature, relative humidity, solar radiation and at
mospheric circulation are highly correlated with ozone variability 
(Davies et al., 1992; Jacob and Winner, 2009; Xu and Lin, 2011; Zhang 
et al., 2015; Wie and Moon, 2016; Kavassalis and Murphy, 2017; Yan 
et al., 2018b; Xu et al., 2018; Cheng et al., 2019). Cloudless sky, high 
temperature and low humidity are conducive to the formation of ozone 
pollution (Duan et al., 2008; He et al., 2017; Jacob and Winner, 2009). 
In addition to the local meteorological factors, the distribution and 
variation of ozone are also affected by regional weather conditions 
controlled by synoptic-scale and large-scale atmospheric circulation 
(Zhang et al., 2012; Shu et al., 2016; Pu et al., 2017; Liao et al., 2017; 
Gong and Liao, 2019; Li et al., 2020; Han et al., 2020). These previous 
studies have emphasized that different levels of local ozone pollution are 
closely related to the dominant synoptic or atmospheric circulation 
types in the specific region, which have strong impacts on the dispersion 
and regional transport of pollutants. 

Many studies have also discussed the relationships between ozone 
and different natural climate systems, such as solar cycle, El Nino 
Southern Oscillation (ENSO), Quasi-Biennial Oscillation (QBO), Arctic 
Oscillation (AO) and East Asian Summer Monsoon (EASM) (Zhou et al., 
2013; Yang et al., 2014b; Chen et al., 2020). By using the tropospheric 
column ozone (TCO) datasets of Ozone Monitoring Instrument/Micro 
wave Limb Sounder (OMI/MLS; 2005–2017) and surface ozone mea
surements (2006–2016) of 16 observation sites in Southern China, Chen 
et al. (2020) have shown a large impact on TCO (by 2–7 DU) and on 
surface ozone (by 3–8 ppb) from solar cycle, while an insignificant effect 
on tropospheric ozone trends by ENSO, QBO and AO. By analyzing 
ozone measurements over Hong Kong for 11 years, Zhou et al. (2013) 
have shown that the interannual variation of ozone is closely related to 
the East Asian monsoon. By using the GEOS-Chem chemical transport 
model, Yang et al. (2014b) have also found a statistically significant 
positive correlation between the intensity of EASM and summertime 
ozone concentration on average in China during the period of 
1986–2006. In Southern China, the Asia summer monsoon contributes 
to 24.8% and 81.5% of summertime TCO and surface ozone variabilities, 
respectively (Chen et al., 2020), by influencing the precipitation and 
wind fields. To investigate the effects of local synoptic conditions and 
large-scale climate environment on historical surface ozone change is of 
great significance to accurately assess the trend of ozone pollution in 
China in the future. 

The Tibetan Plateau (TP) is strongly interacted to global atmospheric 
climate systems (Xu et al., 2013; Yang et al., 2014a; Pepin et al., 2015) 
due to being as the roof of the world, with an average elevation above 
4000 m (almost to the mid-troposphere) and about one sixth (2.5 × 106 

km2) of the total land area of Asia. The TP is referred as a giant air pump 
in the central-eastern Eurasian and exerts strong thermal forcing on the 
atmosphere over Asian monsoon region, with an elevated atmospheric 
heat source (AHS) in summer, while negative AHS in winter (Liu et al., 
2009; Yang et al., 2014a; Wu et al., 2017). This mechanism plays an 
important role in weather and climate over China and regulates the 
seasonal variation of Asian large-scale atmospheric circulation (Liu 
et al., 2017; Zhou et al., 2009; Wu et al., 2017). For a long period of time, 
the thermal forcing over the TP has varied and is an indicator of climate 
change (especially over China) induced by natural variability and 
anthropogenic activities (Lau et al., 2010; An et al., 2015; Wu et al., 
2017). Xu et al. (2013) have reported that the AHS anomalies in spring 
over the TP significantly influence the summer precipitation in China. 
Particularly, with the interdecadal weakening (1973–2003) of the 
thermal forcing over TP, the EASM was weakening as well, along with a 
dry-trend belt in the northern-central China and more precipitation in 
southern China. 

Previous studies have also observed that the thermal forcing of the 

TP will impact the meteorological factors in some parts of China (Zhao 
and Chen, 2001; Duan and Wu, 2005; Wang et al., 2014; Ge et al., 2019). 
Thus the distribution, variation and trend of air pollution have a close 
linkage with the thermal forcing of the TP (Xu et al., 2016; Zhao et al., 
2020). Xu et al. (2016) have indicated that the wintertime haze over 
central-eastern China (CEC) is highly correlated with the AHS of the TP. 
When TP gets warmer, there are frequent haze events in CEC, as a result 
of a weakened winter monsoon and an increased atmospheric stability. 
While the warming TP improves winter air quality in Sichuan Basin, due 
to the enhancement of easterly wind and planetary boundary layer 
height (PBLH) and the decline of relative humidity (RH) in the basin 
(Zhao et al., 2020). In addition, many previous studies have confirmed 
that the springtime TP thermal forcing will strongly influence the at
mospheric circulation and precipitation over China in the following 
season (Zhao and Chen, 2001; Duan and Wu, 2005; Zhao et al., 2007; 
Duan et al., 2011; Xu et al., 2013; Wang et al., 2014; Cui et al., 2015; Ge 
et al., 2019). To explore the effects of springtime thermal forcing of TP 
on the forthcoming meteorological factors and then surface ozone is of 
great significance to improve the accuracy of ozone pollution prediction. 

In this study, we will explore the impact of climate variability indi
cated by the thermal forcing of Tibetan Plateau on historical summer
time surface ozone for the period of 1950–2019 over Central China 
(108–118◦E, 24–36◦N). Central China is located in the downstream of 
the TP and remarkably influenced by the thermal forcing. For its special 
geographical position, it is a regional pollutant transport hub with sub 
basin topography (Zheng et al., 2019; Yu et al., 2020; Shen et al., 2021; 
Yan et al., 2021). In addition, Central China has increasingly suffered 
severe ozone pollution due to high precursor anthropogenic emissions 
(Zeng et al., 2018). Firstly, we use the NCEP/NCAR Reanalysis dataset to 
calculate the annual springtime total atmospheric energy (TPE) over the 
TP. Then we discuss the relationship between the high/low TPE years 
and the difference of meteorological conditions in summer over Central 
China. Finally, the effects of climate variability indicated by the TPE of 
Tibetan Plateau on summertime ozone are evaluated by CMIP6 histor
ical ozone simulations in Central China. 

2. Data and methods 

2.1. Data 

We use the monthly mean reanalysis data (with a horizontal reso
lution of 2.5◦ longitude × 2.5◦ latitude and 17 vertical layers) generated 
by the National Centers for Environmental Prediction/National Center 
for Atmospheric Research (NCEP/NCAR; https://psl.noaa.gov 
/data/gridded/data.ncep.reanalysis.pressure.html/). This dataset has 
been evaluated by previous studies (Decker et al., 2012; Bracegirdle and 
Marshall, 2012; Xu et al., 2013) and has been widely used to analyze the 
global and regional climate variability and its affecting factors and im
pacts (Wang et al., 2010; Bromwich et al., 2011; Garreaud et al., 2013; 
Woollings et al., 2015; Li et al., 2016; Butler et al., 2017). In order to 
evaluate whether NCEP/NCAR reanalysis data is suitable for this work, 
we also use the monthly averaged data on pressure levels (with a hori
zontal resolution of 0.25◦ longitude × 0.25◦ latitude) generated by Eu
ropean Centre for Medium-Range Weather Forecasts (ERA5; https 
://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5/) to 
conduct a comparison (see details in supplementary section 1). 

Due to the lack of historical ozone observations, we use the modeled 
hourly surface ozone (SFO3; 1950–2019; 1.25◦ longitude × 1.25◦ lati
tude) from CMIP6 (https://cera-www.dkrz.de/WDCC/ui/cerasearch/ 
cmip6?input=CMIP6.CMIP.MOHC.UKESM1-0-LL.historical/). More
over, in order to conduct a model-observation comparison, we use the 
ozone satellite retrieval data (2005–2017; 0.25◦ longitude × 0.25◦

latitude) from the space-based Ozone Monitoring Instrument (htt 
ps://www.cfa.harvard.edu/atmosphere/) and in-situ observation data 
from the China’s Ministry of Ecology and Environment (https://data. 
cma.cn/). The modeled summertime SFO3 (modeled surface ozone 
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data from the CMIP6) over Central China has reproduced the spatial 
distribution of observed near surface ozone from both in-situ measure
ments and retrieved from OMI (satellite retrieval surface ozone data 
from the space-based Ozone Monitoring Instrument) (Fig. S1), although 
an underestimation over Northern China Plain and an overestimation 
over Western China are found. The correlation coefficients between re- 
gridded modeled surface ozone data (SFO3) and measured ozone (OMI; 
MEE: in-situ observation surface ozone from the China’s Ministry of 
Ecology and Environment) are statistically significant (Fig. 1; P-value 
<0.05). Specifically, correlation coefficient between SFO3 (from 1.25◦

× 1.25◦ to 0.25◦ × 0.25◦) and OMI from 2005 to 2017 over the entire 
China is 0.46. Also, the correlation coefficient of 2016–2019 SFO3 (from 
1.25◦ × 1.25◦ to 1◦ × 1◦) and MEE (from station coordinate to 1◦ × 1◦ by 
spatial interpolation method; noontime ozone between 12:00 and 15:00 
based on 8-h moving averages) is 0.26. In addition, the trend of modeled 
SFO3 over Central China during the period 2005–2019 is consistent with 
that detected from merged ozone measurements (Fig. 1). In order to 
evaluate the OMI ozone, we have added a comparison between OMI and 
MEE in the period 2016–2017. The results show that they are signifi
cantly correlated, with R = 0.81 (P-value <0.05) (Fig. S2). Moreover, 
the modeled historical surface ozone we used is highly correlated with 
four long-term observational stations, especially significantly correlated 
with the station of Mauna Loa, Hawai’i, USA (MLO, 19.5◦N, 155.6◦W, 
11 m.a.s.l., 1957–present), with a temporal correlation of 0.74 and a 
mean normalized bias error of 2.5%. (Griffiths et al., 2021). 

In order to exclude the effects of anthropogenic emission changes on 
surface ozone trend, we use a statistical model of Kolmogorov-Zurbenko 
(KZ) filter (Seo et al., 2018) to differentiate the anthropogenic effects 
from the contribution of climate variability (see details in supplemen
tary section 2). The KZ filter method indicates that the surface ozone 
long-term trend (0.45 ppb yr− 1 and 0.25 ppb yr− 1 over Central China 
and entire China during 1950–2019, respectively; Fig. S3) is mainly 
contributed by anthropogenic emissions, while there is small trend in 
time series of meteorological-contributed ozone (Fig. S4). We use the 
time series of annual summertime ozone after removal of emission- 

attributed trend to analyze the effects of climate variability in the 
following text. 

2.2. The thermal forcing of Tibetan Plateau 

We calculate the atmospheric energy of each layer over Tibetan 
Plateau (25–37.5◦N, 80–105◦E) by the following formula: 

TPE = Es +Ep +Ek +EL = cpT+ gz+
1
2

V2 +Lq 

Here, Es is the sensible heat energy, Ep indicates the geopotential 
energy, Ek is defined as the kinetic energy, and EL represents the latent 
energy. Then the column-integrated total atmospheric energy in the 
troposphere from 1000 hPa to 300 hPa is calculated to characterize the 
thermal forcing of Tibetan Plateau by: 

TPE = − cp

∫ p1

p0

Tdp+ g
∫ p1

p0

zdp+
1
2

∫ p1

p0

V2dp − L
∫ p1

p0

qdp  

where T is the air temperature, z is the geopotential height, V = (u, v) 
indicates the horizontal wind vector, p is the pressure, and q is the 
specific humidity. p0 and p1 are the first layer (1000 hPa) and the layer 
of tropopause (300 hPa), respectively. In addition, cp represents the 
specific heat capacity of air at constant pressure (1.0 KJ kg− 1 K− 1), g is 
the gravitational acceleration (9.8 m s− 2) and L is defined as the latent 
heat of water vaporization (2257.2 KJ kg− 1). 

From April to September, the Tibetan Plateau acts as a heat source. 
Using the monthly averaged meteorological data (1961–1995), Zhao 
and Chen (2001) have indicated that the strongest atmospheric heat 
source is in June (78 W m− 2). Here we calculate the springtime TPE of 
Tibetan Plateau to explore the climate effects on summertime surface 
ozone over Central China, due to the time-lagged impact of spring heat 
source over the TP on the summer meteorological anomaly in Central 
and East China. The springtime TP thermal forcing has been confirmed 
as an important factor that influences the Asian summer monsoon and 
rainfall belt in central and eastern China (Zhao and Chen, 2001; Zhao 

Fig. 1. (a) The correlation between SFO3 (modeled 
surface ozone data from the CMIP6) and OMI (satel
lite retrieval surface ozone data from the space-based 
Ozone Monitoring Instrument) over entire China from 
2005 to 2017 (R = 0.46, P-value <0.05). (b) The 
correlation between SFO3 and MEE (in-situ observa
tion surface ozone from the China’s Ministry of 
Ecology and Environment) over entire China from 
2016 to 2019 (R = 0.26, P-value <0.05). (c) Time 
series of annual mean summertime surface ozone 
concentration in Central China (108–118◦E, 
24–36◦N) from 1950 to 2019.   
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et al., 2007; Duan et al., 2011; Xu et al., 2013; Wang et al., 2014; Cui 
et al., 2015; Ge et al., 2019). For instance, Duan and Wu, 2005have used 
the NCEP/NCAR Reanalysis diagnosis to indicate that the stronger the 
TPE over Tibetan Plateau in spring is, the more rainfall will happen in 
the following July over the Yunnan-Guizhou Plateau and the middle 
reaches of the Yangtze River and Huaihe River, while in the North and 
South China will be less than normal. The results imply the relationship 
between TPE and the atmospheric circulation as well as the precipitation 
in the forthcoming season. 

In order to find the high/low TPE years, we compute the fitted 
average by locally weighted linear regression method and the mean 
value of TPE, respectively (Fig. 2). When the fitted average of TPE > the 
mean value of TPE, we define the year as high TPE year (HY). When the 
fitted average of TPE < the mean value of TPE, we define the year as low 
TPE year (LY). 

3. Results 

3.1. Springtime thermal forcing of Tibetan Plateau during the period 
1950–2019 

Fig. 2 shows the time series of annual springtime total atmospheric 
energy over Tibetan Plateau from 1950 to 2019. The fitted average of 
TPE depicts the interdecadal trend of climate variability. There is a slight 
upward tendency from the year 1950, and the TPE reaches a maximum 
of 7.17 × 107 hPa J kg− 1 in 1969. Then it gradually descends, with the 
minimum value of 6.93 × 107 hPa J kg− 1 in 2000. After 2000, there is a 
rapid increasing trend, and the maximum TPE is 7.17 × 107 hPa J kg− 1 

in 2016. Thus the time series of TPE can be effectively divided into three 
periods: 1950–1969 (upward), 1970–2000 (downward) and 2001–2019 
(upward). The trends are 1.1 × 105 hPa J kg− 1 yr− 1, − 0.4 × 105 hPa J 
kg− 1 yr− 1, 0.3 × 105 hPa J kg− 1 yr− 1, respectively. Zhao and Chen 
(2001) have also shown a decreasing trend of springtime thermal forcing 
of the TP since 1960s investigated by 1961–1995 monthly meteoro
logical observation data from 148 stations. Moreover, our results of TPE 
change are similar to the study of Xu et al. (2013), which has used the 
springtime NCEP/NACR Reanalysis data (1950–2010) to divide the TPE 
into three periods: 1950–1973 (upward), 1973–2003 (downward) and 
2003–2010 (upward). From 1980s to 2000s, the Tibetan Plateau have 
experienced surface air warming, humidifying, solar dimming, and wind 

stilling (Yang et al., 2014a). The warmer and more humid air will form 
more clouds, which will lead to solar dimming and reduce solar radia
tion received by the surface. In addition, the surface sensible heat will 
decrease. Since the surface has received less heat and radiation, and the 
still wind has slowed down the transportation, the Tibetan Plateau has 
less atmospheric energy in this period. 

Then, we use the fitted average and the mean value of TPE to define 
the high/low TPE years (Fig. 2). The high TPE years (HY) with the fitted 
average > the mean value are 1950–1971 and 2010–2019, while the low 
TPE years (LY) are from 1972 to 2009. 

3.2. Effects of the thermal forcing on summertime meteorological factors 
over Central China 

To investigate the influence of springtime thermal forcing on sum
mertime meteorological factors over Central China, we calculate the 
differences of meteorological fields averaged over the study period 
(1950–2019) and the high/low TPE years over Central China. The 
meteorological variables we discussed are from 1950 to 2019, including 
surface air temperature (1000 hPa), specific humidity (1000 hPa), 
horizontal wind fields (1000 hPa, 850 hPa and 500 hPa), and vertical 
velocity (1000 hPa, 850 hPa and 500 hPa). 

The differences of horizontal wind fields are shown in Fig. 3. Aver
aged over the period 1950–2019, the East Asian summertime monsoon 
(southerly wind flow) is clearly visible (Fig. 3a), with the average wind 
speed of 3.40 m/s at 850 hPa over Central China. For the HY, we find 
anomalous southerly flow, especially at 850 hPa in the area of Central 
China. While in the LY, anomalous northerly flows are shown over 
Central China. The average anomalous wind speeds over Central China 
are 0.99 m/s and − 0.93 m/s at 850 hPa in high and low TPE years, 
respectively (Table 1). The results indicate that the East Asian summer 
monsoon is enhanced in the HY and weakened in the LY. Ding et al. 
(2008) have shown that the East Asian summer monsoon is related to the 
summer precipitation in China. Our results are consistent with previous 
studies and show that when the EASM has become weaker, the north and 
northeast of China suffer severe and persistent drought, while the 
Yangtze River Basin and South China experience much more severe 
heavy rainfall/flood events (Fig. S5). 

In addition, the 1000 hPa vertical velocity over the most part of 
Central China is anomalous negative in the HY, while anomalous posi
tive in the LY (Fig. 4). The average vertical velocity is 42.02% (35.53%) 
lower (higher) in the HY (LY). However, for the HY (LY), as shown in the 
850 hPa and 500 hPa, the vertical velocity becomes anomalous positive 
(negative) in the southern part of Central China. The average vertical 
velocity is 13.62% and 2.98% (15.96% and 3.48%) higher (lower) in the 
HY (LY) at 850 hPa and 500 hPa, respectively (Table 1). These results 
show that there are stronger instable air convection and convergence 
upward movement in low troposphere over Central China in the HY. By 
contrast, due to the weakened ascending air flow and enhanced vertical 
subsidence in low layers and the enhanced vertical upward motion in 
high layers, the atmospheric environment is more stable over Central 
China in the LY. 

The results of horizontal wind fields and vertical velocity illustrate 
that the Tibetan Plateau sensible heat works as an air pump (TP-SHAP) 
and regulates the atmospheric circulation from the lower troposphere to 
the upper troposphere (Wu et al., 2007), which significantly impacts the 
climate variability over Central China. In the HY (Fig. S6), the TP-SHAP 
is stronger, and the thermal adaptation results in weak cyclonic circu
lation near the surface and strong anticyclonic circulation in the surface 
layer over TP (Duan and Wu, 2005), significantly enhancing the local 
monsoonal meridional circulation and intensifying the lower layer’s 
south air flow over the Asian monsoon area (Wu et al., 2016), especially 
over Central China. By contrast, in the LY (Fig. S7), the southern wind 
and the vertical ascending motion are much weaker, making the atmo
spheric stability stronger. Therefore, both of the horizontal wind fields 
and the vertical velocity anomalies are concordance to the anomaly of 

Fig. 2. Time series of springtime TPE (106 hPa J kg− 1) over the TP from 1950 
to 2019 (black curve). The fitted average of TPE is marked by the red curve, 
depicting the interdecadal trend. The mean value of TPE is marked by the blue 
dotted line, which is the marks to distinguish the high TPE years (fitted average 
> mean value) and low TPE years (fitted average < mean value), respectively. 
(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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Asian monsoon, relating to the total energy over Tibetan Plateau. 
The effects of thermal forcing on summertime surface air tempera

ture and specific humidity are shown in Fig. 5. To avoid the impact of 
global warming on surface air temperature, we use the detrended 
reanalysis 1000 hPa air temperature data to conduct analysis. The 
removed long-term trend (0.02 ◦C yr− 1) is according to the V3.3 Remote 
Sensing Systems lower-tropospheric temperature series (http://www.re 
mss.com/data/msu/monthly_time_series/; over the fully sampled global 
landmass in 1979–2008) (Parker, 2011). After the removal of long-term 
trend in surface air temperature, a clear positive (negative) difference 
over Central China can be seen in the HY (LY). The averaged difference 
between the HY (LY) and the period 1950–2019 is 0.12 ◦C (− 0.15 ◦C), 
which is much greater than the influence of global warming on tem
perature. The 1000 hPa specific humidity (Fig. 5) is higher (20.00 versus 
19.87 g kg− 1) in most area of Central China in the HY than that averaged 
over 1950–2019, whereas lower (19.75 versus 19.87 g kg− 1) in the LY 
(Table. 1). 

The warming Tibetan Plateau promotes upward movement of sen
sible heat flux, which induces convection and more precipitation. At the 
same time, the precipitation releases more latent heat, which 
strengthens the South Asian High (Rodwell and Hoskins, 2010). As a 
result, the westerly jet flow at north TP and the easterly jet flow at south 
TP become stronger in upper troposphere. Meanwhile, there is a 
downward flow at northwest TP and an upward flow at northeast TP, 

which enhance more precipitation in East Asian region, further 
strengthen the East Asia monsoon (Wang et al., 2008b). Shi et al. (2008) 
have also demonstrated that the thermal forcing over the TP signifi
cantly enhances the surface heat flux and the general eastward propa
gation of heat source to China. Moreover, the monsoonal airflow is 
related to the West Pacific subtropical high (Ding and Chan, 2005; Wang 
et al., 2008a), which brings warm air full of water vapor, and then re
sults in rainfall. In brief, the higher the TPE is, the stronger the heat flux 
transports, the stronger the EASM is, the more the specific humidity is, 
the stronger the latent heat of water is, the higher the surface air tem
perature is (Fig. S8). 

3.3. Effects of the thermal forcing on summertime ozone over Central 
China 

In our study, after removing the emission-attributed trend, we focus 
on the effects of meteorological factors affected by thermal forcing over 
the TP on the ozone formation and transportation over Central China. 
The difference of detrended summertime surface ozone averaged over 
the study period (1950–2019) and the high/low TPE years is shown in 
Fig. 6. In the HY, ozone mixing ratios are much lower than climato
logical annual mean concentrations (49.00 ppb for 1950–2019), with 
the maximum difference being up to 6.97 ppb (14.22%). However, 
averaged over Central China, ozone concentration in the LY is higher 

Fig. 3. The spatial distribution of horizontal wind fields at 1000 hPa, 850 hPa and 500 hPa (a). The differences of summertime horizontal wind fields averaged over 
the study period (1950–2019) and the high/low (b/c) TPE years at 1000 hPa (P-value = 0.20/0.21), 850 hPa (P-value = 0.04/0.10) and 500 hPa (P-value = 0.42/ 
0.46). The red frame draws the area of Central China. (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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Table 1 
The statistics of summertime meteorological factors (surface air temperature, specific humidity, horizontal wind speed and vertical velocity) and ozone concentrations 
averaged over the study period (1950–2019) and the high/low TPE years over Central China.  

Variable 1950–2019 High TPE years Low TPE years  

Max Min Ave Max Min Ave Max Min Ave 

Surface air temperature 
(◦C) 

27.39 24.27 26.04 27.60 
(0.21; 0.77%) 

24.21 
(− 0.06; 
− 0.25%) 

26.16 
(0.12; 0.46%) 

27.14 
(− 0.25; 
− 0.91%) 

24.21 
(− 0.06; 
− 0.25%) 

25.89 
(− 0.15; 
− 0.58%) 

specific humidity (g kg− 1) 21.57 15.67 19.87 21.65 
(0.08; 0.37%) 

15.94 
(0.27; 1.72%) 

20.00 
(0.13; 0.65%) 

21.55 
(− 0.02; 
− 0.09%) 

15.36 
(− 0.31; 
− 1.98%) 

19.75 
(− 0.12; 
− 0.60%) 

1000 hPa wind speed (m/s) 2.23 0.60 1.44 2.67 
(0.44; 19.73%) 

0.93 
(0.33; 55.00%) 

1.87 
(0.43; 29.86%) 

2.01 
(− 0.22; 
− 9.87%) 

0.12 
(− 0.48; 
− 80.00%) 

1.04 
(− 0.40; 
− 27.78%) 

850 hPa wind speed (m/s) 5.55 2.14 3.40 6.72 
(1.17; 21.08%) 

2.82 
(0.68; 31.78%) 

4.39 
(0.99; 29.12%) 

4.41 
(− 1.14; 
− 20.54%) 

1.13 
(− 1.01; 
− 47.20%) 

2.47 
(− 0.93; 
− 27.35%) 

500 hPa wind speed (m/s) 7.56 2.49 4.86 7.47 
(− 0.09; 
− 1.19%) 

2.48 
(− 0.01; 
− 0.40%) 

4.87 
(0.01; 0.21%) 

7.85 
(0.29; 3.84%) 

2.19 
(− 0.30; 
− 12.05%) 

4.97 
(0.11; 2.26%) 

1000 hPa omega speed 
(10− 3 s− 1) 

5.12 − 33.61 − 11.09 2.84 
(− 2.28; 
− 44.53%) 

− 42.58 
(− 8.97; 
− 26.69%) 

− 15.75 
(− 4.66; 
− 42.02%) 

9.57 
(4.45; 86.91%) 

− 25.37 
(8.24; 24.52%) 

− 7.15 
(3.94; 35.53%) 

850 hPa omega speed 
(10− 3 s− 1) 

7.42 − 27.65 − 8.52 11.80 
(4.38; 59.03%) 

− 33.20 
(− 5.55; 
− 20.07%) 

− 7.36 
(1.16; 13.62%) 

3.35 
(− 4.07; 
− 54.85%) 

− 22.56 
(5.09; 18.41%) 

− 9.88 
(− 1.36; 
− 15.96%) 

500 hPa omega speed 
(10− 3 s− 1) 

− 0.62 − 62.46 − 37.95 − 4.39 
(− 3.77; 
− 608.06%) 

− 57.29 
(5.17; 8.28%) 

− 36.82 
(1.13; 2.98%) 

3.19 
(3.81; 
614.52%) 

− 67.16 
(− 4.70; 
− 7.52%) 

− 39.27 
(− 1.32; 
− 3.48%) 

Suface ozone concentration 
(ppb) 

71.13 31.70 49.00 65.37 
(− 5.76; 
− 8.10%) 

30.07 
(− 1.63; 
− 5.14%) 

45.50 
(− 3.50; 
− 7.14%) 

75.97 
(4.84; 6.80%) 

33.05 
(1.35; 4.26%) 

51.96 
(2.96; 6.04%)  

Fig. 4. The spatial distribution of vertical velocity at 1000 hPa, 850 hPa and 500 hPa (a). The difference of summertime vertical velocity averaged over the study 
period (1950–2019) and the high/low (b/c) TPE years at 1000 hPa (P-value = 0.33/0.40), 850 hPa (P-value = 0.66/0.70) and 500 hPa (P-value = 0.78/0.86). The 
red frame draws the area of Central China. (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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(6.04%; 2.96 ppb) than the climatological annual mean ozone mixing 
ratio (Table 1). Such low (high) level ozone concentrations in the high 
(low) TPE years are attributed to the meteorological conditions unfa
vorable (favorable) to the photochemical formation of ozone but also 
favorable (unfavorable) to the ozone and its precursors diffusion. 

As analyzed in Sect. 3.2, in the HY, there are enhanced EASM, 
stronger shallow air convection and upward movement, higher surface 
air temperature and specific humidity over Central China in summer. 
The strong southwest wind is not only conducive to the ozone diffusion, 
making against the local ozone accumulation, but also favorable to the 
pollutant dispersion of ozone precursors, leading to low-level ozone 
concentrations. In addition, the vertical ascending air in Central China 
brings ozone and its precursors to the higher layer of troposphere, which 
is further beneficial to diffuse in atmosphere. Furthermore, the 
enhanced EASM carries a large amount of warm and humid airflow from 
the ocean to Central China. Although the temperature rises, the photo
chemical generation efficiency of ozone decreases due to the frequent 
occurrence of cloudy and rainy weather (Jiang et al., 2012). These 
processes lead to lower ozone concentrations by 3.50 ppb (compared 
with values averaged during 1950–2019) on average of Central China. 
On the contrary, in the LY, summertime surface ozone concentrations 
have been increased up to 5.87 ppb (49.00 ppb for 1950–2019) over 
Central China (Fig. S9). The enhanced ozone is attributed to the weak
ened East Asian monsoon and weakened vertical ascent in low tropo
sphere, thus the stable weather with low humidity and small near 
surface wind. These meteorological conditions will enhance the photo
chemical formation of ozone and local accumulation of pollutants. 

The time series of detrended annual summertime ozone concentra
tion averaged over the area of Central China is shown in Fig. 7. From 
1950 to 1980, the ozone concentrations have a general increasing trend 
(0.23 ppb yr− 1), and reach the maximum as 28.06 ppb in 1977. After 
1980, although there is a slight pick-up around 2000, the overall ozone 
mixing ratios show a decreasing trend (0.18 ppb yr− 1), with the mini
mum ozone concentration as 20.07 ppb being in 2018. 

In order to discuss the problem that in which timescale the connec
tion between the springtime TP heating and the summertime ozone of 

Central China is robust, we have also analyzed the correlations of the 
annual springtime TP heating and annual summertime ozone of Central 
China to show their connection on an interannual timescale. The cor
relations between the time series of annual summertime meteorological 
factors (Fig. 8) and annual springtime TPE (Fig. 2) over the TP are weak, 
with the correlation coefficients of 0.07, 0.07 and − 0.15 (P-value are 
0.58, 0.58, and 0.23, respectively). In addition, the annual summertime 
ozone (Fig. 7) is weakly correlated with the time series of annual sum
mertime surface air temperature (R = − 0.06; P-value = 0.61), specific 
humidity (R = 0.03; P-value = 0.78) and vertical velocity (R = 0.17; P- 
value = 0.15) over Central China (Fig. 8). Therefore, the annual sum
mertime ozone of Central China has a relatively weak linkage (R =
− 0.13; P-value = 0.29) with the annual springtime TPE. However, after 
fitting, the correlations are significant (P-value <0.05). The correlation 
coefficients between fitted annual summertime ozone (Fig. 7) and fitted 
annual summertime surface air temperature, specific humidity or ver
tical velocity are − 0.73, − 0.88 or 0.44, respectively (Fig. 8). In addition, 
the correlation coefficients between the fitted summertime meteoro
logical factors (Fig. 8) and fitted springtime TPE (Fig. 2) are 0.48, 0.66 
and − 0.70, respectively. Thus, the fitted summertime ozone of Central 
China is significantly correlated with the fitted springtime TPE (R =
− 0.52; P-value << 0.05). Our results show that the correlation between 
the TP heating and ozone of Central China on an interdecadal timescale 
is more robust than that on an interannual timescale. It is noted that 
further analysis is needed to verify this conclusion with the meteoro
logical field and ozone data from one model, which is not achieved in 
this study due to the missing data of meteorological data provided by the 
model in the lower levels over the TP affected by the topography 
(Fig. S10). 

4. Discussion and conclusions 

Many previous studies have already investigated the effects of 
meteorological conditions on summertime high-level ozone pollution 
events in the last two decades. However, the linkage between climate 
variability and ozone levels has been less discussed as the lack of 

Fig. 5. The spatial distribution of surface air temperature at 1000 hPa (a). The difference of summertime surface air temperature averaged over the study period 
(1950–2019) and the high/low (b/c) TPE years (P-value = 0.40/0.34). The spatial distribution of specific humidity at 1000 hPa (d). The difference of summertime 
specific humidity averaged over the study period (1950–2019) and the high/low (e/f) TPE years (P-value = 0.58/0.60). The red frame draws the area of Central 
China. (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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historical ozone datasets, especially over China. Our study explores the 
effects of climate variability indicated by the thermal forcing of Tibetan 
Plateau on summertime ozone in Central China during the period of 
1950–2019, using the NCEP/NCAR Reanalysis data and modeled his
torical surface ozone from CMIP6 simulations. The results show that, in 
interdecadal timescale, there is a significant correlation between annual 
summertime ozone of Central China after removing emission-related 
trend and the springtime thermal forcing, indicated by total 

atmospheric energy, of Tibetan Plateau. The effects of the thermal 
forcing on ozone over Central China can be explained by the impacts of 
Tibetan Plateau on the meteorological factors in the downstream area. 
With the increase of springtime thermal forcing, the East Asian monsoon 
and vertical ascending motion will be strengthened in summer, leading 
to the southerly air flow deeper and further with more warm air full of 
water vapor from the ocean to Central China. Thus the ozone concen
trations decrease in Central China, for that the meteorological factors 
are favorable to the diffusion of ozone and its precursors and unfavor
able to the photochemical formation efficiency of ozone. By contrast, 
with the decrease of springtime thermal forcing, the East Asian monsoon 
and vertical ascent are weakened. As a result, the atmospheric stability is 
increased with low humidity and small near surface wind, leading to 
higher summertime surface ozone concentrations on average of Central 
China. 

Our results show that the thermal forcing of Tibetan Plateau can 
remarkably impact the large scale atmospheric circulation, especially 
the East Asian summer monsoon, which are consistent with the previous 
studies (Harris, 2006; Zhao et al., 2007; Duan et al., 2011). The climate 
variability has been widely recognized as an important role in deciding 
the regional atmospheric environment, since both the formation and 
transportation of air pollutants have strong relevance to its affected 
meteorological conditions. For example, the interannual to decadal 
variations of winter haze in North China have a strong response to 
external forcing factors (e.g., the sea surface temperature in the Pacific 
and Atlantic, snow cover, soil moisture, etc.) (Zhang et al., 2020). While 
the wintertime haze over central-eastern China and Sichuan Basin are 
highly correlated to the thermal forcing of Tibetan Plateau (Xu et al., 
2016; Zhao et al., 2020). In addition, over large regions of the U.S., the 
ongoing changes in climate are expected to favor formation of ground- 
level ozone and thus aggravate associated health and environmental 
impacts, by altering atmospheric chemistry and transport (Jacob and 
Winner, 2009). 

Our results show that, in Central China, the surface ozone concen
tration is significantly affected by local meteorological conditions that 
are further influenced by the large-scale atmospheric circulation related 
to the thermal forcing of Tibetan Plateau. After removing the emission- 
related trend (0.45 ppb yr− 1), the interannual to decadal variations (up 
to 6.97 ppb) in summertime ozone levels on average of Central China 
due to the fluctuations in thermal forcing of Tibetan Plateau are 
remarkable. In the last two decades, a prominent growth rate of 0.3 ×
105 hPa J kg− 1 yr− 1 is shown in the springtime thermal forcing over 

Fig. 6. The spatial distribution of detrended summertime surface ozone con
centration (a). The difference of detrended summertime surface ozone averaged 
over the study period (1950–2019) and the high/low (b/c) TPE years (P-value 
= 0.01/0.05). The red frame draws the area of Central China. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 7. The time series of detrended annual summertime SFO3 in the period 
1950–2019 over Central China. The fitted average of SFO3 is marked by the red 
curve, depicting the interdecadal trend. (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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Tibetan Plateau. Although the meteorology-contributed ozone concen
trations over Central China have been declined these years, our modeled 
summertime surface ozone data from CIMP6 are consistent with previ
ous studies by observations and simulations, of a significant increasing 

trend (Dentener et al., 2006; Avnery et al., 2011; Wang et al., 2017). 
These results indicate that the ozone increasing trend dependent on the 
changes of precursor emissions has intensified in these years over Cen
tral China, offsetting the ozone mitigation attributed to the climate 
change. 
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