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Abstract. Tropospheric ozone is both a major pollutant and a short-lived greenhouse gas and has therefore
attracted much concern in recent years. The ozone profile in the troposphere and lower stratosphere over Beijing
has been observed since 2002 by ozonesondes developed by the Institute of Atmospheric Physics. Increasing
concentrations of tropospheric ozone from 2002 to 2010 measured by these balloon-based observations have been
reported previously. As more observations are now available, we used these data to analyze the long-term
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variability of ozone over Beijing during the whole period from 2002 to 2018. The ozonesondes measured
increasing concentrations of ozone from 2002 to 2012 in both the troposphere and lower stratosphere. There was
a sudden decrease in observed ozone between 2011 and 2012. After this decrease, the increasing trend in ozone
concentrations slowed down, especially in the mid-troposphere, where the positive trend became neutral. We used
the Chemical Lagrangian Model of the Stratosphere (CLaMS) to determine the influence of the transport of ozone
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from the stratosphere to the troposphere on the observed ozone profiles. CLaMS showed a weak increase in the
contribution of stratospheric ozone before the decrease in 2011–2012 and a much more pronounced decrease after
this time. Because there is no tropospheric chemistry in CLaMS, the sudden decrease simulated by CLaMS
indicates that a smaller downward transport of ozone from the stratosphere after 2012 may explain a significant
part of the observed decrease in ozone in the mid-troposphere and lower stratosphere. However, the influence of

25

stratospheric ozone in the lower troposphere is negligible in CLaMS and the hiatus in the positive trend after 2012
can be attributed to a reduction in ozone precursors as a result of stronger pollution control measures in Beijing.

1 Introduction
Tropospheric ozone is an important pollutant and is detrimental to both human health (WHO, 2006) and the
productivity of vegetation (Ainsworth et al., 2012; Emberson et al., 2013; Feng et al., 2015). It is also an important
30

greenhouse gas (IPCC, 2007) and influences radiative forcing (Wang et al., 1976; Lacis et al., 1990; Seinfeld et
al., 2006). It is therefore crucial to understand and monitor the long-term variability in tropospheric ozone.
Tropospheric ozone mainly originates from photochemical reactions involving precursors such as nitrogen oxides
(NOx) and volatile organic compounds (VOCs) (Monks et al., 2009; Su et al., 2018; Tan et al., 2018). The
exchange of ozone between the stratosphere and the troposphere which transports stratospheric ozone into the
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troposphere and tropospheric ozone into the lower stratosphere (Dufour et al., 2010, 2015; Neu et al., 2014).
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Human activities have significantly increased tropospheric ozone since the industrial revolution as a result of
increased concentrations of ozone precursors (Hough and Derwent, 1990; Parrish et al., 2012). The reduction in
surface UV radiation due to high aerosol concentrations has important impacts on the production of photochemical
ozone (Deng et al., 2011). Studies have shown a dramatic positive trend in the concentration of tropospheric ozone
40

in China since the 1990s due to rapid economic development and urbanization (Wang et al., 2012; Cooper et al.,
2014; Chen et al., 2015; Verstraeten et al., 2015). Increasing ozone concentrations have been observed both at the
surface (Cooper et al., 2014; Ma et al., 2016; Wang et al., 2009a) and in the lower troposphere (Ding et al., 2008;
Shen et al., 2012; Sun et al., 2016; Wang et al., 2017).
Air quality controls have been implemented in China as a result of the recent increases in atmospheric pollutants,
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especially in the North China Plain, and the emissions of SO2 and NOx have been successfully reduced in recent
years (Ma et al., 2016; van der A et al., 2017; Li et al., 2017). Using the Infrared Atmospheric Sounding
Interferometer (IASI) onboard the European Space Agency’s (ESA) MetOp series of polar orbiting satellites,
together with surface and ozonesonde measurements, Dufour et al. (2018) reported the trend in tropospheric ozone
concentrations over the North China Plain for the time period 2008–2016. They found that there were two distinct
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periods: (1) 2008–2012 with no significant trend; and (2) 2013–2016 with a significant negative trend in lower
tropospheric ozone.
Ozone sounding has been carried out over Beijing on a regular basis since 2002 and is the longest observation
period of the ozone profile over the North China Plain (Zhang et al., 2014). As a unique long-term series of
ground-based observations, this dataset is the best candidate with which to reveal the long-term variability in
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tropospheric and lower stratospheric ozone over the North China Plain and especially over Beijing. Wang et al.
(2012) used this dataset to show a positive trend in tropospheric ozone during the time period 2002–2010.
However, it is not yet known whether the concentration of tropospheric ozone has increased since 2010. As an
extension of the work by Wang et. al. (2012), we got more years of data since 2010. In this work, we used the
whole time series (2002–2018) of ozonesonde observations to explore the variability in ozone concentrations over
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Beijing in the last two decades.

2 Data and model
2.1 Ozonesonde
Ozone concentrations from the Earth’s surface up to ~30 km were measured over Beijing using an ozonesonde
developed by the Key Laboratory of Middle Atmosphere and Global Environment Observation of the Institute of
65

Atmospheric Physics (IAP) (Zhang et al., 2014). The IAP ozonesonde is based on an electrochemical method
which is well documented in relative studies (Wang et al., 2003; Xuan et al., 2004; Zheng and Li, 2005). The
ozonesonde has previously been compared with the widely used electrochemical concentration cell (ECC)
developed by Komhyr (1969) and the Brewer spectrophotometer (Zhang et al., 2014) and was able to capture the
ozone profile. The mean difference in the ozone partial pressure between the IAP and ECC ozonesondes was <0.5

70

mPa in the troposphere and <1 mPa in the lower stratosphere. The correlation coefﬁcients for proﬁles by IAP
ozonesondes and the ECC are greater than 0.99 (Xuan et al., 2004). The total ozone columns measured by the IAP
ozonesonde and the Brewer spectrophotometer were in good agreement with a relative difference of 6%. The
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ozonesonde data has been used to validate satellite measurements (Bian et al., 2007) and model products (Wang
et al., 2012).
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The ozone profiles have been observed about once a week since 2002 at 14:00 local time (06:00 UTC). In some
intensive observation periods (e.g., 24 March to 10 April 2003), ozonesondes were launched every day. However,
there was no observation (gaps in Figure 1) in two periods (July 2008 and January 2013). The ozonesondes were
released from Beijing Observatory (39.81°N, 116.47°E; 31 m above sea level). The maximum altitude for the
ozonesonde proﬁle, which depends on the altitude at which the balloons burst, is between 25 and 35km.
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2.2 Chemical transport model
The Chemical Lagrangian Model of the Stratosphere (CLaMS v1.0) chemical transport model was used to
quantify the variation in tropospheric ozone caused by transport from the stratosphere. The CLaMS contains a
comprehensive set of reactions of relevance to the stratosphere, including full chlorine and bromine chemistry, 36
chemical species, and 115 reactions (including 27 photolysis and 11 heterogeneous reactions) (McKenna et al.,
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2002). The model chemistry integrations are based on A Selfcontained Atmospheric Chemistry Code (ASAD)
Carver et al. (1997). The chemical reactions (gas phase and photolysis) are summarized by McKenna et al. (2012).
Based on a Lagrangian representation, CLaMS is well suited to simulations of tracer transport (McKenna et al.,
2002, Konopka et al., 2004, 2019).
We used the 40-year CLaMS transient simulation starting on 1 January 1979 and driven by horizontal winds and
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the diabatic heating rates (vertical velocities) derived from the ERA-Interim reanalysis (Dee et al., 2011). The
configuration and model initialization followed the model setup described in Wang et al. (2012) and Pommrich et
al. (2014) (100 km horizontal/400 m vertical resolution around 380 K). The first 10 years of the CLaMS transient
simulation can be considered as the model spin-up time. To isolate and quantify the long-term trend caused by
transport from the stratosphere, a CLaMS simulation without ozone chemistry in troposphere is considered. The
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ozone values in the lowest model layer were set to zero. CLaMS comprises three main modules: Lagrangian
advection; mixing; and stratospheric chemistry. Because there is no tropospheric photochemistry in CLaMS, the
tropospheric ozone simulated by CLaMS mainly descends from the stratosphere. The daily output of CLaMS was
interpolated at the ozonesonde locations in Beijing for all observed profiles.

3 Comparison between the ozonesonde data and CLaMS simulation
100

The concentration of tropospheric ozone has strong seasonal variations with a minimum in winter and a maximum
in summer. To better estimate the ozone trend, we used the average percentage method to remove the seasonality
from the time series, leaving the deseasonalized ozone data. Figure 1 therefore shows the deseasonalized ozone
mixing ratio measured by the IAP ozonesondes and simulated by CLaMS in the troposphere and lower
stratosphere during the time period 2002–2018. The ozonesonde observations (Figure 1a) show that the

105

concentrations of tropospheric ozone increased in the period 2002–2012. This positive trend is consistent with
the study of Wang et al. (2012) in which the same ozonesonde data were used. They suggested, in agreement with
other studies (Wang et al., 2006; Wang et al., 2009b; Chou et al., 2009), that photochemical ozone production is
the primary reason for the increase in ozone concentrations in the troposphere. A sudden decrease in the ozone
mixing ratio occurred in the upper troposphere and lower stratosphere (UTLS) from late 2011 to early 2012. The
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concentrations of tropospheric ozone have not increased since 2012. The tropospheric ozone mixing ratios have
remained stable and are almost equal to the levels in 2005–2006.
The ozone mixing ratio simulated by CLaMS (Figure 1b) captures the main characteristics of the deseasonalized
ozonesonde observations in the mid-troposphere (3–9 km) and the UTLS (9–15 km). In particular, the CLaMS
ozone mixing ratio below 10 km in the period 2009–2012 was larger than the ratio before and after this period.
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However, the CLaMS simulations in the lower troposphere (0–3 km) were much smaller than the observations.
To quantify the differences between the ozonesonde measurements and the CLaMS simulations, Figure 2 shows
the correlations between the respective partial columns (9–15, 3–9 and 0–3 km) in four seasons (winter:
December–January–February; spring: March–April–May, summer: June–July–August and autumn: September–
October–November). In the lower troposphere, the ozone columns simulated by CLaMS were much smaller than
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the those measured by the ozonesonde (Figure 2c). This is because there is no tropospheric ozone chemistry, the
main source of ozone in the lower troposphere, in CLaMS (Monks et al., 2009). In the mid-troposphere, transport
from stratosphere is the main source of CLaMS ozone because of the lack of tropospheric ozone chemistry in the
model. The CLaMS simulations in the mid-troposphere are much closer to the ozonesonde measurements (Figure
2b). CLaMS overestimates the transport of ozone from the stratosphere to the troposphere, which is strongest in
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spring. The destruction of ozone in the mid-troposphere is not completely included in the model as a result of the
absence of tropospheric ozone chemistry. A larger production of ozone is expected as a result of reactions
involving water vapor, hydrogen peroxy and hydroxyl radicals (Stevenson et al., 2006). The CLaMS simulations
in the UTLS agree well with the ozonesonde observations and only slightly overestimate the observations in spring
(Figure 2a).
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4 Long-term variations in ozone concentrations
To quantify the long-term variations in ozone concentrations, the deseasonalized partial column of ozone observed
by the ozonesonde and simulated by CLaMS are shown in Figures 3 and 4 for the lower troposphere, midtroposphere and UTLS. Figure 6 explores the seasonal dependence of the respective partial columns and their
trends. Based on the ozonesonde observations, two features determine the variations in ozone concentrations after
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2012: (1) the sudden decrease in ozone from late 2011 to early 2012; and (2) the hiatus in the positive trend after
2012. The sudden decrease is defined as the period in which the most significant decrease in Gaussian-weighted
deseasonalized ozone was observed (the period between the two blue dashed lines).
The variations in the precursors of tropospheric ozone have dominant roles in the long-term variability of
tropospheric ozone. In recent years, the Chinese government has started to invest time and resources in controlling

140

air pollution. We use the version 3 of Aura Ozone Monitoring Instrument (OMI) Nitrogen Dioxide (NO2) standard
product (Krotkov et al., 2018) to discuss the influence of precursors on the long-term variation of tropospheric
ozone in Beijing. The deseasonalized tropospheric columns of NO2 measured by OMI from 2004 to 2018 are
shown in Figure 5. Tropospheric NO2 was increasing from 2004 to 2010, especially in 2009, leading to the increase
of ozone in lower and upper troposphere. As Chinese government start to control air pollutions, tropospheric
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columns of NO2 were in a condition of relatively large fluctuation in the period of 2010-2013. Tropospheric NO2
over Beijing experienced two major fluctuations in this period, as shown by Gaussian-weighted means. Then
tropospheric NO2 was gradually decrease since 2013, result in the hiatus of ozone increase in lower and upper
troposphere.
4
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Some other precursors may also play roles in the long-term variations of tropospheric ozone over Beijing. A
150

review of 20 years of air pollution control in Beijing (UN Environment 2019) reported a reduction in NOx and
VOCs during the period 2013–2017. Tropospheric NO2, one of the precursors of tropospheric ozone, has gradually
decreased over Beijing in recent years (Vu et al. 2019). A clear decreasing trend in NOx emissions has been
observed since 2012 (van der A et al., 2017). Zheng et al. (2018) reported that emissions of NOx in China decreased
by 21% during the time period 2013–2017. Wang et al. (2019) reported that NOx emissions in eastern China
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decreased by ∼25% from 2012 to 2016.Even if a massive reduction in the precursors of tropospheric ozone results
in a local decrease in ozone in the lower troposphere, the transport of ozone from the stratosphere to the
troposphere is widely considered to be an important source of tropospheric ozone. We used the CLaMS
simulations to show the role of the transport of ozone from the stratosphere in modulating the concentration of
tropospheric ozone (Figure 4). Because there is no photochemical reaction in the troposphere in CLaMS, the
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simulated variations in tropospheric ozone can only be transported from the stratosphere. As a result, the ozone
columns in the lower troposphere simulated by CLaMS (Figure 4c) are much smaller than those measured by the
ozonesonde (Figure 3c). The observed sudden decrease in ozone in the mid-troposphere and UTLS is also clear
in the CLaMS simulations, which means that this decrease originates in the stratosphere. Because the decrease in
ozone in the stratosphere and the start of pollution control measures in Beijing occurred at roughly the same time,

165

we have to separate the two variations to understand the trends in ozone concentrations. An exploration of the
seasonal dependence of the respective partial columns (Figure 6) will help to narrow down this problem.
Tropospheric ozone chemistry dominates the trends in the lower troposphere in summer and autumn. The
contribution in CLaMS is so small here that any stratospheric influence can be neglected. We call this range the
“troposphere-dominated range”. By contrast, the stratospheric influence is dominant in the UTLS in winter and
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spring and the tropospheric contribution can be ignored. We call this range the “stratosphere-dominated range”.
All the other combinations of seasons and altitudes are a superposition of the troposphere- and stratospheredominated ranges and we call such combinations the “superposition range”.
The sudden decrease in ozone concentrations in the troposphere-dominated range in 2011–2012 ended the positive
ozone trend that had been observed since 2002 and was most prominent in lower troposphere during summer and
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autumn (Figure 6g and 6j). The trend after the decrease was almost neutral, indicating that air pollution control
measures effectively reduced the concentration of ozone in the lower troposphere. In the stratosphere-dominated
range, both the ozone trends observed by the ozonesonde and those simulated by CLaMS became negative after
2013, most clearly during winter and spring in UTLS (Figure 6c and 6f). In the superposition range, most of the
observed increasing trends weakened rapidly after 2012 (all other panels in Figure 6). Almost all the trends

180

simulated by CLaMS became negative. The increasing trend simulated in the mid-troposphere by CLaMS in
spring was almost parallel to the trend observed by the ozonesonde before the decrease (Figure 6e). However, the
trend simulated by CLaMS became negative after the decrease when the trend observed by the ozonesonde was
still slightly positive due to the upward influence of the positive trend in the lower troposphere. Thus changes in
the trends in the superposition range can only be understood as an interaction between the impact of air pollution
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control and the changing influence of the stratosphere.
Table 1 summarizes the (linear) ozone trends before and after 2012 in ozone concentrations calculated for all four
seasons. The first column gives the mean values of ozone (MO3, units: DU) observed by the ozonesonde and
simulated by CLaMS. All the numbers are broken down to the altitude range and season considered. The ozone
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trends (TO3) are calculated in DU/year and the relative ozone trends (Trel) are defined as the percentage of TO3 in
190

MO3, i.e., Trel = TO3/MO3 (%).
The change in the ozone trend (Δrel) was calculated as the difference between the relative trends after and before
the decrease, i.e., Δrel (%) = Trel (after the decrease) − Trel (before the decrease). For example, in the lower
troposphere, where the most significant change in ozone occurred in the autumn, the mean concentration of ozone
was 13.18 DU. The trend was 3.34 DU/year (25.3% relative to 13.18 DU) before the decrease and −0.33 DU/year
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(−2.5% relative to 13.18 DU) after the decrease. The reversal of the relative trend can therefore be quantified as
the absolute value of Δrel, i.e., |Δrel| = |−2.5% − 25.3%| = 27.9%.
In this paper, we only discuss time evolution of the ozone columns with absolute values of Δrel >20%, which
typically describe the reversal in trend from positive before 2012 to neutral or negative after 2012. Thus, the most
apparent change in the lower troposphere occurred in autumn (27.9%). In the mid-troposphere, the largest changes

200

in trend were observed in spring (19.6% by ozonesonde and 47.7% by CLaMS) and autumn (27.4% by ozonesonde
and 36.2% by CLaMS). In the UTLS, the highest values were observed in spring (23.0 and 34.2% by ozonesondes
and CLaMS, respectively).

5 Quantified ozone trends
The quantified trends show us how significant the variations in ozone were over Beijing during the time period
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2002–2018. The trend after 2012, the period and the magnitudes of the decrease varied with the atmospheric layers
(Figure 3). The ozone columns measured by ozonesonde in the lower troposphere showed an abrupt decrease of
5 DU from late 2011 to mid-2012, which is estimated by the Gaussian-weighted means of the deseasonalized
ozone concentrations (red curves). The increasing trends, estimated as 0.06 DU/month before the decrease, slowed
to 0.02 DU/month (Figure 3c). A similar magnitude of decrease occurred in the mid-troposphere from mid-2011
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to 2012 (Figure 3b). The hiatus in the increase of ozone was more pronounced at this level. The ozone column in
this level showed a rate of increase of 0.08 DU/month before the decrease and this positive trend became neutral
(0 DU/month) after the decrease. The mean ozone columns in both the lower and mid-troposphere after 2012
returned to levels almost equal to the columns in 2005–2006. The decrease in the ozone column in the UTLS
(Figure 3a) occurred in a period from mid-2011 to the end of 2011 and the ozone levels recovered to those
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observed before the decrease in early 2012. The increasing trend of 0.05 DU/month became neutral (0 DU/month)
after the decrease.
The ozone trend simulated by CLaMS was almost zero in the UTLS until a sudden decrease in 2011. The
concentration of ozone in the UTLS then decreased at a rate of −0.11 DU/month. In the mid-troposphere, where
ozone is a result of downward transport, the increasing trend was 0.05 DU/month before the decrease (Figure 4b).
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This increasing trend was slower than its counterpart measured by the ozonesonde (0.08 DU/month) as a result of
the absence of tropospheric ozone photochemistry in CLaMS. For the same reason, instead of remaining neutral
as in the ozonesonde measurements (Figure 3b), the CLaMS ozone in the mid-troposphere decreased at a faster
rate of −0.07 DU/month after the decrease in 2011 (Figure 4b). The ozone columns simulated by CLaMS in the
lower troposphere (Figure 4c) were much smaller than those measured by the ozonesonde (Figure 3c) as a result
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of the absence of tropospheric photochemistry. This comparison indicates that the decrease in ozone and the hiatus
in the increase of ozone in this troposphere-dominated range is the result of the air pollution control measures
started by the Chinese government.
6
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The increasing trends in the troposphere-dominated range became slower after the decrease in 2011–2012 (Δrel =
−17.3% in summer and −27.9% in autumn). The trends changed from 3.91 to 0.39 DU/year in summer and from
230

3.34 to −0.33 DU/year in autumn, proving the influence of air pollution control measures on the hiatus in the
increase in ozone. The positive ozone trends observed by ozonesondes in the stratosphere-dominated range
became negative, with Δrel = −9.6% in winter and −23.0 in spring. The changes in the trends simulated by CLaMS
were more dramatic (Δrel = −23.0% in winter and −34.2% in spring).
Most of increasing trends weakened rapidly (negative values of Δ rel) in the interaction range or even began to
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decrease after 2012, except for the trend in the lower troposphere in winter, which increased by 9.4%. Of all the
interaction ranges, the most significant change in ozone concentrations occurred in the mid-troposphere in spring
and autumn. These trends observed by ozonesondes changed by about 5 DU/year with Δrel = −19.6% in spring
and −27.4% in autumn. Their counterparts simulated by CLaMS changed even more dramatically, with Δrel =
−47.7% in spring and −36.2% in autumn. All the trends simulated by CLaMS became negative, except in winter

240

in the mid-troposphere when the trend was 0.67 DU/year. However, although they decreased a lot after the
decrease in ozone concentrations, most of the actual trends simulated by ozonesonde were still positive. These
comparisons between the ozonesonde and CLaMS results shows that the concentrations of ozone should have
decreased since 2012 if we only consider the influence of transport from the stratosphere. However, the actual
trends after 2012 in the mid-troposphere did not decrease as much as in CLaMS because they were affected by
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the much slower, but still increasing or almost neutral, trends in the lower troposphere.
In general, the quantified ozone trends revealed the hiatus in the increase in ozone over Beijing. Although
influenced by chemistry and stratospheric transport, the changes in the ozone trend varied with both altitude and
season. In most situations, the increase in ozone has been moderated since 2012.

6 Discussion and conclusions
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We observed tropospheric and lower stratospheric ozone columns in Beijing once a week from 2012 using
ozonesondes developed by the IAP. Using these data, Wang et al. (2012) found a positive ozone trend during the
time period 2002–2010. We extended these data to 2018 and found that the evolution of this trend after 2010 was
strongly determined by two factors: (1) a sudden decrease in mainly stratospheric ozone from late 2011 to early
2012; and (2) a decrease in mainly tropospheric ozone caused by reduction in air pollution in the Beijing region.
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The Chinese government has taken action to reduce air pollution since 2012 and the precursors of ozone have
decreased gradually in recent years (Vu et al., 2019; Zheng et al., 2018). A review of 20 years of air pollution
control measures in Beijing reported a reduction in NOx and VOCs during the period 2013–2017 (UN
Environment 2019). Other studies have also shown that the precursors of ozone have decreased in recent years in
eastern China (Ma et al., 2016; van der A et al., 2017; Li et al., 2017; Wang et al., 2019). This is considered to be
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the main reason for the hiatus in the increase in ozone in the troposphere, especially in the lower troposphere.
The decrease in stratospheric ozone has a more global origin. Diallo et al. (2019) reported that a strong La Niña
phase of the El Niño–Southern Oscillation around 2011 caused an anomalous increase in ozone in the lower
stratosphere of the tropics. The related weaker upwelling in the tropics coincided with weaker downwelling in
extra-tropical regions and, as a consequence, less transport of ozone from the stratosphere to the troposphere,
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especially at the latitude of Beijing. Because there is no tropospheric ozone chemistry in CLaMS, this is clearly
manifested as a decrease in ozone in the CLaMS simulation interpolated along the ozonesonde profiles (Figure 4a
7
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and 4b). The CLaMS simulations were much closer to the ozonesonde measurements in the mid-troposphere, but
CLaMS seemed to overestimate the transport of ozone from the stratosphere to the troposphere in the UTLS.
Because pollution control measures in Beijing began around the same time as the decrease in stratospheric ozone,
270

it is difficult to separate quantitatively their contribution to the observed reversal in trend. However, it is possible,
at least qualitatively, to separate two ranges using CLaMS: (1) a tropospheric range in which the influence of
stratospheric ozone is negligible; and (2) a stratospheric range where this influence is substantial. Thus the control
of air pollution in the troposphere-dominated range effectively reduced the concentration of ozone after 2012. By
contrast, the ozone trends in the stratosphere-dominated range observed by the ozonesondes or simulated by
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CLaMS both became negative after 2012. In the superposition range, most of the observed increasing trends
weakened rapidly after 2012. Almost all the trends simulated by CLaMS became negative. The changes in the
trends in the superposition range can be understood as an interaction between the impact of air pollution control
and the changing influence of the stratosphere.
We conclude that the abrupt decrease and the deceleration of the increase in ozone in the troposphere and lower
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stratosphere is the result of two overlapping effects: (1) the environmental protection measures implemented in
recent years; and (2) variations in the transport of ozone from the stratosphere. Although the reduction in
tropospheric ozone precursors played a dominant part, the effect of the transport of ozone from the stratosphere
to the troposphere should not be ignored. More observations are needed to investigate the variations in
tropospheric ozone precursors to fully understand the long-term variations in tropospheric and lower stratospheric
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ozone. More details of the transport of ozone from the stratosphere are expected to be revealed by comparing the
CLaMS simulations of ozone with other observations. The observations of ozone over Beijing by IAP
ozonesondes will be continued and we expect more improvements in reducing tropospheric ozone pollution.

Acknowledgments
This work was supported by the Strategic Priority Research Program of Chinese Academy of Sciences (Grant No.
290

XDA17010105). This research was also supported by the National Key R&D Program of China
(2017YFC0212800).

References
van der A, R. J., Mijling, B., Ding, J., Koukouli, M. E., Liu, F., Li, Q., Mao, H. and Theys, N.: Cleaning up the
air: effectiveness of air quality policy for SO 2 and NOx emissions in China, Atmos. Chem. Phys., 17(3), 1775–
295

1789, doi:10.5194/acp-17-1775-2017, 2017.
Ainsworth, E. A., Yendrek, C. R., Sitch, S., Collins, W. J., and Emberson, L. D.: The effects of tropospheric ozone
on net primary productivity and implications for climate change, Annual Review of Plant Biology, 63, 637–661,
doi:10.1146/annurev-arplant-042110-103829, 2012.
Bian, J. C., Gettelman, A., Chen, H. B., and Pan, L.: Validation of satellite ozone proﬁle retrievals using Beijing

300

ozonesonde data, J. Geophys. Res., 112, D06305, doi: 10.1029/2006JD007502, 2007.
Carver, G. D., Brown, P. D., and Wild, O.: The ASAD atmospheric chemistry integration package and chemical
reaction database, Comput. Phys. Commun., 105, 197–215, doi: 10.1016/S0010-4655(97)00056-8, 1997.

8

https://doi.org/10.5194/acp-2019-1145
Preprint. Discussion started: 20 March 2020
c Author(s) 2020. CC BY 4.0 License.

Chen, X., Huang, F. X., Xia, X. Q., Cao, J. and Xu, X.: Analysis of tropospheric ozone long-term changing trends
and affecting factors over northern China, Chin Sci Bull, 60, 2659–2666, doi:10.1360/N972015–00155, 2015 (in
305

Chinese).
Chou, C. C. -K., Tsai, C. Y., Shiu, C. J., Liu, S. C. and Zhu, T.: Measurement of NOy during Campaign of Air
Quality Research in Beijing 2006 (CAREBeijing-2006): Implications for the ozone production efﬁciency of NO x,
J. Geophys. Res. 114, D00G01, doi:10.1029/2008JD010446, 2009.
Cooper, O. R., Parrish, D. D., Ziemke, J., Balashov, N. V., Cupeiro, M., Galbally, I. E., Gilge, S., Horowitz, L.,

310

Jensen, J. -F., Naik, V., Oltmans, S. J., Schwab, J., Shindell, D. T., Thompson, A. M., Thouret, V., Wang, Y., and
Zbinden, R. M.: Global distribution and trends of tropospheric ozone: An observation-based review, Elem. Sci.
Anthr., 2, 000029, doi:http://doi.org/10.12952/journal.elementa.000029, 2014.
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A.,
Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C.,

315

Dragani, R., Fuentes, M., Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L.,
Kallberg, P., Koehler, M., Matricardi, M., McNally, A. P., Monge-Sanz, B. M., Morcrette, J. -J., Park, B. -K.,
Peubey, C., de Rosnay, P., Tavolato, C., Thepaut, J. -N., and Vitart, F.: The ERA-Interim reanalysis: configuration
and performance of the data assimilation system, Quarterly Journal of the Royal Meteorological Society, 137,
553–597, doi:10.1002/qj.828, 2011.

320

Deng, X. J., Zhou, X. J., Wu, D., Tie, X. X., Tan, H. B., Li, F., Bi, X. Y., Deng, T., and Jiang, D. H.: Effect of
atmospheric aerosol on surface ozone variation over the Pearl River Delta region, Sci China Earth Sci, 54, 744–
752, doi:10.1007/s11430-011-4172-7, 2011.
Diallo, M., Konopka, P., Santee, M. L., Muller, R., Tao, M. C., Walker, K. A., Legras, B., Riese, M., Ern, M.
and Ploeger, F.: Structural changes in the shallow and transition branch of the Brewer-Dobson circulation induced

325

by El Nino, Atmos. Chem. Phys., 19(1), 425–446, doi:10.5194/acp-19-425-2019.
Ding, A. J., Wang, T., Thouret, V., Cammas, J.-P. and Nédélec, P.: Tropospheric ozone climatology over Beijing:
analysis of aircraft data from the MOZAIC program, Atmos. Chem. Phys., 8(1), 1–13, doi:10.5194/acp-8-1-2008,
2008.
Dufour, G., Eremenko, M., Orphal, J. and Flaud, J.-M.: IASI observations of seasonal and day-to-day variations

330

of tropospheric ozone over three highly populated areas of China: Beijing, Shanghai, and Hong Kong, Atmos.
Chem. Phys., 10(8), 3787–3801, doi:10.5194/acp-10-3787-2010, 2010.
Dufour, G., Eremenko, M., Cuesta, J., Doche, C., Foret, G., Beekmann, M., Cheiney, A., Wang, Y., Cai, Z., Liu,
Y., Takigawa, M., Kanaya, Y. and Flaud, J.-M.: Springtime daily variations in lower-tropospheric ozone over east
Asia: the role of cyclonic activity and pollution as observed from space with IASI, Atmos. Chem. Phys., 15(18),

335

10839–10856, doi:10.5194/acp-15-10839-2015, 2015.
Dufour, G., Eremenko, M., Beekmann, M., Cuesta, J., Foret, G., Fortems-Cheiney, A., Lachatre, M., Lin, W. L.,
Liu, Y., Xu, X. B., and Zhang, Y. L.: Lower tropospheric ozone over the North China Plain: variability and trends
revealed by IASI satellite observations for 2008–2016, Atmos. Chem. Phys., 18, 16439-16459, doi:10.5194/acp18-16439-2018, 2018.

340

Emberson, L. D., Kitwiroon, N., Beevers, S., Buker, P., and Cinderby, S.: Scorched Earth: how will changes in
the strength of the vegetation sink to ozone deposition affect human health and ecosystems? Atmos. Chem. Phys.,
13, 6741–6755, doi:10.5194/acp-13-6741-2013, 2013.

9

https://doi.org/10.5194/acp-2019-1145
Preprint. Discussion started: 20 March 2020
c Author(s) 2020. CC BY 4.0 License.

Feng, Z. Z., Hu, E. Z., Wang, X. K., Jiang, L. J., and Liu, X. J.: Ground-level O3 pollution and its impacts on food
crops in China: A review, Environmental Pollution, 199, 42–48, doi:10.1016/j.envpol.2015.01.016, 2015.
345

Hough, A. M. and Derwent, R. G.: Changes in the global concentration of tropospheric ozone due to human
activities, Nature, 344(6267), 645–648, doi:10.1038/344645a0, 1990.
IPCC Climate Change 2007: The Physical Science Basis, Contribution of Working Group I to the Fourth
Assessment Report of the IPCC (ISBN 978 0521 88009-1 Hardback; 978 0521 70596-7 Paperback), Cambridge
Univ. Press, 2007.

350

Komhyr, W. D., Electrochemical concentration cells for gas analysis, Ann. Geophys., 25, 203–210, 1969.
Konopka, P., Steinhorst, H. -M., Grooß, J. -U., Günther, G., Müller, R., Elkins, J. W., Jost, H. -J., Richard, E.,
Schmidt, U., Toon, G., and McKenna, D. S.: Mixing and ozone loss in the 1999–2000 Arctic vortex: Simulations
with the three-dimensional Chemical Lagrangian Model of the Stratosphere (CLaMS), J. Geophys. Res., 109,
D02315, doi:10.1029/2003JD003792, 2004.

355

Konopka, P., Tao, M., Ploeger, F., Diallo, M., and Riese, M.: Tropospheric mixing and parametrization of
unresolved convective updrafts as implemented in the Chemical Lagrangian Model of the Stratosphere (CLaMS
v2.0), Geoscientific Model Development, 12, 2441-2462, doi: 10.5194/gmd-12-2441-2019, 2019.
Krotkov, N. A., Lamsal, L. N., Marchenko, S. V., Celarier, E. A., Bucsela, E. J., Swartz, W. H., and Veefkind, P.:
OMI/Aura Nitrogen Dioxide (NO2) Total and Tropospheric Column 1-orbit L2 Swath 13x24 km V003, Greenbelt,

360

MD, USA, Goddard Earth Sciences Data and Information Services Center (GES DISC), Accessed: [Data Access
Date], 10.5067/Aura/OMI/DATA2017, 2018.
Lacis, A. A., Wuebbles, D. J., and Logan, J. A.: Radiative forcing of climate by changes in the vertical distribution
of ozone, J. Geophys. Res., 95, 9971–9981, doi:10.1029/JD095iD07p09971, 1990.
Li, M., Liu, H., Geng, G., Hong, C., Liu, F., Song, Y., Tong, D., Zheng, B., Cui, H., Man, H., Zhang, Q. and He,

365

K.: Anthropogenic emission inventories in China: a review, Natl. Sci. Rev., 4(6), 834–866,
doi:10.1093/nsr/nwx150, 2017.
Ma, Z., Xu, J., Quan, W., Zhang, Z., Lin, W. and Xu, X.: Significant increase of surface ozone at a rural site, north
of eastern China, Atmos. Chem. Phys., 16(6), 3969–3977, doi:10.5194/acp-16-3969-2016, 2016.
McKenna, D. S., Grooß, J. U., Günther, G., Konopka, P., Müller, R., Carver, G., and Sasano, Y.: A new Chemical

370

Lagrangian Model of the Stratosphere (CLaMS): 2. Formulation of chemistry scheme and initialization, J.
Geophys. Res., 107, 4256, doi:10.1029/2000JD000113, 2002.
Monks, P. S., Granier, C., Fuzzi, S., Stohl, A., Williams, M. L., Akimoto, H., Amann, M., Baklanov, A.,
Baltensperger, U., Bey, I., Blake, N., Blake, R. S., Carslaw, K., Cooper, O. R., Dentener, F., Fowler, D., Fragkou,
E., Frost, G. J., Generoso, S., Ginoux, P., Grewe, V., Guenther, A., Hansson, H. C., Henne, S., Hjorth, J.,

375

Hofzumahaus, A., Huntrieser, H., Isaksen, I. S. A., Jenkin, M. E., Kaiser, J., Kanakidou, M., Klimont, Z., Kulmala,
M., Laj, P., Lawrence, M. G., Lee, J. D., Liousse, C., Maione, M., McFiggans, G., Metzger, A., Mieville, A.,
Moussiopoulos, N., Orlando, J. J., O'Dowd, C. D., Palmer, P. I., Parrish, D. D., Petzold, A., Platt, U., Poeschl, U.,
Prevot, A. S. H., Reeves, C. E., Reimann, S., Rudich, Y., Sellegri, K., Steinbrecher, R., Simpson, D., ten Brink,
H., Theloke, J., van der Werf, G. R., Vautard, R., Vestreng, V., Vlachokostas, Ch., and von Glasow, R.:

380

Atmospheric composition change–global and regional air quality, Atmos. Environ., 43, 5268–5350,
doi:10.1016/j.atmosenv.2009.08.021, 2009.

10

https://doi.org/10.5194/acp-2019-1145
Preprint. Discussion started: 20 March 2020
c Author(s) 2020. CC BY 4.0 License.

Neu, J. L., Flury, T., Manney, G. L., Santee, M. L., Livesey, N. J. and Worden, J.: Tropospheric ozone variations
governed by changes in stratospheric circulation, Nat. Geosci., 7(5), 340–344, doi:10.1038/ngeo2138, 2014.
Parrish, D. D., Lamarque, J. -F., Naik, V., Horowitz, L., Shindell, D. T., Staehelin, J., Derwent, R., Cooper, O. R.,
385

Tanimoto, H., Volz-Thomas, A., Gilge, S., Scheel, H. -E., Steinbacher, and M., Froehlich, M.: Long-term changes
in lower tropospheric baseline ozone concentrations at northern midlatitudes, Atmos. Chem. Phys., 12, 11485–
11504, doi:10.1002/2013JD021435, 2012.
Pommrich, R., Müller, R., Grooß, J. -U., Konopka, P., Ploeger, F., Vogel, B., Tao, M., Hoppe, C. M., Günther,
G., Spelten, N., Hoffmann, L., Pumphrey, H. -C., Viciani, S., D'Amato, F., Volk, C. M., Hoor, P, Schlager, H.,

390

and Riese, M.: Tropical troposphere to stratosphere transport of carbon monoxide and long-lived trace species in
the Chemical Lagrangian Model of the Stratosphere (CLaMS), Geoscientific Model Development, 7, 2895–2916,
doi: 10.5194/gmd-7-2895-2014, 2014.
Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and Physics: From Air Pollution to Climate Change,
Wiley Interscience, 2006.

395

Shen, L. L. and Wang, Y. X.: Changes in tropospheric ozone levels over the Three Representative Regions of
China observed from space by the Tropospheric Emission Spectrometer (TES), 2005–2010, Chin. Sci. Bull., 57,
2865–2871, doi:10.1007/s11434-012-5099-x, 2012.
Stevenson, D. S., Dentener, F. J., Schultz, M. G., Ellingsen, K., Noije, T. P. C. v., Wild, O., Zeng, G., Amann, M.,
Atherton, C. S., Bell, N., Bergmann, D. J., Bey, I., Butler, T., Cofala, J., Collins, W. J., Derwent, R. G., Doherty,

400

R. M., Drevet, J., Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A., Horowitz, L. W., Isaksen, I. S. A.,
Krol, M. C., Lamarque, J. F., Lawrence, M. G., Montanaro, V., Müller, J. F., Pitari, G., Prather, M. J., Pyle, J. A.,
Rast, S., Rodriguez, J. M., Sanderson, M. G., Savage, N. H., Shindell, D. T., Strahan, S. E., Sudo, K., and Szopa,
S.: Multimodel ensemble simulations of presentday and near-future tropospheric ozone, J. Geophys. Res., 111,
D08301, doi:10.1029/2005JD006338, 2006.

405

Su, R., Lu, K. D., Yu, J. Y., Tan, Z. F., Jiang, M. Q., Li, J., Xie, S. D., Wu, Y. S., Zeng, L. M., Zhai, C. Z., and
Zhang, Y. H.: Exploration of the formation mechanism and source attribution of ambient ozone in Chongqing
with an observation-based model, Science China Earth Sciences, 61, 23–32, doi:10.1007/s11430-017-9104-9,
2018.
Sun, L., Xue, L., Wang, T., Gao, J., Ding, A., Cooper, O. R., Lin, M., Xu, P., Wang, Z., Wang, X., Wen, L., Zhu,

410

Y., Chen, T., Yang, L., Wang, Y., Chen, J. and Wang, W.: Significant increase of summertime ozone at Mount
Tai in Central Eastern China, Atmos. Chem. Phys., 16(16), 10637–10650, doi:10.5194/acp-16-10637-2016, 2016.
Tan, Z. F., Lu, K. D., Dong, H. B., Hu, M., Li, X., Liu, Y. H., Lu, S. H., Shao, M., Su, R., Wang, H. C., Wu, Y.
S., Wahner, A., and Zhang, Y. H.: Explicit diagnosis of the local ozone production rate and the ozone-NOx-VOC
sensitivities, Science Bulletin, 63, 1067–1076, doi: 10.1016/j.scib.2018.07.001, 2018.

415

UN Environment 2019: A Review of 20 Years’ Air Pollution Control in Beijing. United Nations Environment
Programme, Nairobi, Kenya, ISBN: 978-92-807-3743-1 Job No.: DTI/2228/PA, 2019.
Verstraeten, W. W., Neu, J. L., Williams, J. E., Bowman, K. W., Worden, J. R. and Boersma, K. F.: Rapid
increases in tropospheric ozone production and export from China, Nat. Geosci., 8(9), 690–695,
doi:10.1038/ngeo2493, 2015.

11

https://doi.org/10.5194/acp-2019-1145
Preprint. Discussion started: 20 March 2020
c Author(s) 2020. CC BY 4.0 License.

420

Vu, T. V., Shi, Z. B., Cheng, J., Zhang, Q., He, K. B., Wang, S. X., and Harrison, R. M.: Assessing the impact of
Clean Air Action Plan on Air Quality Trends in Beijing Megacity using a machine learning technique, Atmos.
Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-173, 2019, in review.
Wang, G., Kong, Q., Xuan, Y., Wan, X., Chen, H., and Ma, S.: Development and application of ozonesonde
system in China, Advance in Earth Sciences, 18, 471-475, doi: https:// doi.org/10.1007/s00376-013-3104-1, 2003

425

(in Chinese).
Wang, N., Lyu, X., Deng, X., Huang, X., Jiang, F., and Ding, A.: Aggravating O3 pollution due to NOx emission
control in eastern China, Science of the total environment, 677, 732-744, doi:10.1016/j.scitotenv.2019.04.388,
2019.
Wang, T., Ding, A. J., Gao, J., and Wu, W. S.: Strong ozone production in urban plumes from Beijing, China,

430

Geophys. Res. Lett., 33, L21806, doi:10.1029/2006GL027689, 2006.
Wang, T., Wei, X. L., Ding, A. J., Poon, C. N., Lam, K. S., Li, Y. S., Chan, L. Y. and Anson, M.: Increasing
surface ozone concentrations in the background atmosphere of Southern China, 1994–2007, Atmos. Chem. Phys.,
9(16), 6217–6227, doi:10.5194/acp-9-6217-2009, 2009a.
Wang, W. C., Yung, Y. L., Lacis, A. A., Mo, T., and Hansen, J. E.: Greenhouse effects due to man-made

435

perturbations of trace gases, Science, 194, 685–690, doi:10.1126/science.194.4266.685, 1980.
Wang, W.-N., Cheng, T.-H., Gu, X.-F., Chen, H., Guo, H., Wang, Y., Bao, F.-W., Shi, S.-Y., Xu, B.-R., Zuo, X.,
Meng, C. and Zhang, X.-C.: Assessing Spatial and Temporal Patterns of Observed Ground-level Ozone in China.,
Sci. Rep., 7(1), 3651, doi:10.1038/s41598-017-03929-w, 2017.
Wang, X. S., Li, J. L., Zhang, Y. H., Xie, S. D., and Tang, X. Y.: Ozone source attribution during a severe

440

photochemical smog episode in Beijing, China. Sci. China Ser. B, 52, 1270–1280, doi:10.1007/s11426-009-01375, 2009b.
Wang, Y., Konopka, P., Liu, Y., Chen, H., Müller, R., Plöger, F., Riese, M., Cai, Z. and Lü, D.: Tropospheric
ozone trend over Beijing from 2002–2010: ozonesonde measurements and modeling analysis, Atmos. Chem.
Phys., 12(18), 8389–8399, doi:10.5194/acp-12-8389-2012, 2012.

445

WHO: Health risks of particulate matter from long-range transboundary air pollution, available at:
http://www.euro.who.int/__data/assets/pdf_file/0006/78657/E88189.pdf (latest access: 19 June 2018), 2006.
Xuan, Y., Ma, S., Chen, H., Wang, G., Kong, Q., Zhao, Q., and Wan, X.: Intercomparisons of GPSO3 and Vaisala
ECC Ozone Sondes, Plateau Meteorology, 23, 394–399, 2004 (in Chinese).
Zhang, J., Xuan, Y., Yan, X., Liu, M., Tian, H., Xia, X., Pang, L. and Zheng, X.: Development and preliminary

450

evaluation of a double-cell ozonesonde, Adv. Atmos. Sci., 31(4), 938–947, doi:10.1007/s00376-013-3104-1, 2014.
Zheng, B., Tong, D., Li, M., Liu, F., Hong, C. P., Geng, G. N., Li, H. Y., Li, X., Peng, L. Q., Qi, J., Yan,
L., Zhang, Y. X., Zhao, H. Y., Zheng, Y. X., He, K. B. and Zhang, Q.: Trends in China’s anthropogenic emissions
since 2010 as the consequence of clean air actions, Atmos. Chem. Phys., 18(19), 14095–14111, doi: 10.5194/acp18-14095-2018, 2018.

455

Zheng, X., and Li, W.: Analysis of the data quality observed by the ozonesonde system made in China, Journal
of Applied Meteorological Science, 16, 608–618, 2005 (in Chinese).

12

https://doi.org/10.5194/acp-2019-1145
Preprint. Discussion started: 20 March 2020
c Author(s) 2020. CC BY 4.0 License.

460

Figure 1. Deseasonalized monthly mean ozone mixing ratio (units: ppmv) over Beijing (a) measured by the IAP
ozonesonde and (b) simulated by CLaMS. There was no ozonesonde observation in July 2008 and January 2013.
CLaMS is unable to calculate ozone mixing ratio in July 2013, because the information of balloon locations were lost
during this period.

465

Figure 2. Validation of ozone columns simulated by CLaMS (in Dobson units, DU) by comparison with the IAP
ozonesonde in (a) the UTLS, (b) the mid-troposphere and (c) the lower troposphere during 2012–2018. Each point
represents the average of one month of measurements. Measurements in different seasons (winter: December–
January–February; spring: March–April–May, summer: June–July–August and autumn: September–October–
November) are shown as different colors.
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470
Figure 3. Deseasonalized monthly mean partial columns of ozone over Beijing (black solid lines and dots) measured by
the IAP ozonesonde and the corresponding Gaussian-weighted means using a half-width of 12 months (red curves).
The blue solid lines estimate the linear trend before and after the decrease in ozone during late 2011 and early 2012.
The periods of decrease are represented by the time between the two blue dashed lines.
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475
Figure 4. Deseasonalized monthly mean partial columns of ozone over Beijing (black solid lines and dots) simulated by
CLaMS and the corresponding Gaussian-weighted means using a half-width of 12 months (red curves). The blue solid
lines estimate the linear trend before and after the decrease in ozone during late 2011 and early 2012. The periods of
decrease are represented by the time between the two blue dashed lines.
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Figure 5. Deseasonalized monthly mean columns of tropospheric NO2 (black solid lines and dots) and the corresponding
Gaussian-weighted means using a half width of 12 months (red curves). The blue lines estimate the linear trend before
and after the sudden decrease of ozone during late 2011 and early 2012.
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Figure 6. Trends of monthly mean column ozone (DU) from the ozonesonde observations (black) and CLaMS
simulations (red) in four seasons.
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Table 1. Trends in the monthly mean partial column ozone (units: DU/year) at three altitudes in four seasons.

Ozonesonde
Before 2012

CLaMS

After 2012

Before 2012

MO3

9–15
km

3–9
km

0–3
km

Δrel

After 2012

MO3

TO3

Trel

TO3

Trel

Winter

39.22 0.02

0.0

−3.73

−9.5

−9.6

Spring

39.26 6.66

17.0

−2.37

−6.0

−23.0 48.48

Summer 24.09 2.92

12.1

0.02

Autumn 20.61 0.49

2.4

Winter

18.38 2.43

Spring

Δrel
TO3

Trel

TO3

Trel

−0.5

−9.90

−23.5

−23.0

3.87

8.0

−12.71 −26.2

−34.2

0.1

−12.0 24.50 −1.65

−6.8

−1.77

−7.2

−0.5

−1.57

−7.6

−10.0 16.05 −1.07

−6.7

−4.35

−27.1

−20.5

13.2

1.08

5.9

−7.3

19.46

2.64

13.6

0.67

3.4

−10.1

22.77 7.43

32.6

2.97

13.0

−19.6 27.30

7.68

28.1

−5.34

−19.6

−47.7

Summer 25.57 4.16

16.3

0.55

2.1

−14.2 26.69 −0.27

−1.0

−6.80

−25.5

−24.5

Autumn 20.04 3.35

16.7

−2.15

−10.7

−27.4 12.34 −0.01

−0.1

−4.47

−36.2

−36.2

Winter

9.55

0.93

9.7

1.83

19.2

9.4

3.87

Spring

15.94 4.10

25.7

2.90

18.2

−7.5

5.46

Summer 20.38 3.91

19.2

0.39

1.9

−17.3

4.57

Autumn 13.18 3.34

25.3

−0.33

−2.5

−27.9

3.14
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