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Abstract

Using a combination of ozonesonde data and numerical simulations of the Chemi-
cal Lagrangian Model of the Stratosphere (CLaMS), the trend of tropospheric ozone
(O3) during 2002–2010 over Beijing was investigated. Tropospheric ozone over Beijing
shows a winter minimum and a broad summer maximum with a clear positive trend in5

the maximum summer ozone concentration over the last decade. The observed sig-
nificant trend of tropospheric column ozone for the entire time series is 4.6 %yr−1 for
a mean level of 52 DU. This trend is close to the significant trend of partial column
ozone in the lower troposphere (0–3 km) during summer (3.4 %yr−1 for a mean level of
23 DU). Analysis of the CLaMS simulation shows that transport rather than chemistry10

drives most of the seasonality of tropospheric ozone. However, dynamical processes
alone cannot explain the trend of tropospheric ozone in the observational data. Clearly
enhanced ozone values and a negative vertical ozone gradient in the lower troposphere
in the observational data emphasize the importance of photochemistry within the tro-
posphere during spring and summer, and suggest that the photochemistry within the15

troposphere significantly contributed to the tropospheric ozone trend over Beijing dur-
ing the last decade.

1 Introduction

Ozone (O3) is a critical trace gas in the troposphere, playing an important role in atmo-
spheric chemistry, air quality and climate change. Tropospheric ozone has two sources:20

photochemical production within the troposphere and downward transport from the
stratosphere (Danielsen, 1968). The combined effects of these two sources and the
transport processes within the troposphere control the temporal and spatial distribution
of tropospheric ozone. These processes render the spatial and temporal ozone varia-
tions rather complex, especially in strongly polluted regions where ozone precursors,25

in particular NOx (NOx = NO+NO2) and hydrocarbons (Sillman et al., 1990; Kleinman
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et al., 2002; Wang et al., 2006; Hogrefe et al., 2011), cause enhanced ozone concen-
trations during photochemically active seasons.

In China, accelerating urbanization and industrial developments are accompanied
by a strong increase in emissions of tropospheric pollutants. As a consequence of in-
creased industrial and traffic activity, NOx emissions have risen in recent years (e.g.,5

Wang et al., 2004; Ohara et al., 2007), and a significant increase in tropospheric NO2
concentrations from year to year is observed from satellite observations, especially in
the fastest growing region of central east China (e.g., Richter et al., 2005; Van der A
et al., 2006; Zhang et al., 2007). As a result, an increase in the frequency of ozone pol-
lution events has been observed in the lower troposphere during the photochemically10

active seasons in these developing suburban and rural areas, suggesting significant
detrimental effects of pollution on regional air quality (e.g., Gao et al., 2005; Wang
et al., 2006; Dufour et al., 2010). Increasing surface ozone concentrations in the urban
and background atmosphere over China, together with an enhanced spatial and tempo-
ral variability are apparent in long-term records from surface and aircraft observations15

(e.g., Ding et al., 2008; Xu et al., 2008; Wang et al., 2009a).
There are fewer long-term records and studies of tropospheric ozone trends for

China than for other regions of the Earth. The current understanding of the anthro-
pogenic (versus natural) perturbation to tropospheric ozone in China is far from com-
plete. In this work, we analyzed ozone profiles obtained between 2002–2010 by a20

Global Positioning System (GPS) ozonesonde sensor (GPSO3), the only ozonesonde
station routinely making measurements once per week in North China from 2002 to
the present (Bian et al., 2007). Observations of tropospheric ozone concentrations
were compared to the output of a multi-year simulation from the Chemical Lagrangian
Model of the Stratosphere (CLaMS) (McKenna et al., 2002a, b; Konopka et al., 2004),25

a chemistry transport model, to investigate the decadal trend and the seasonality of
tropospheric ozone over Beijing.

In Sect. 2, we describe the GPSO3 sonde data, the chemistry transport model and
the simulation scheme. In Sect. 3, we use ozonesonde profiles and the simulation
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results to explain the decadal trend of tropospheric ozone and its formation. Section 4
provides a discussion and summary.

2 Ozonesonde data and chemistry transport model

2.1 Ozonesonde data

The GPSO3 instrument was developed by the Institute of Atmospheric Physics (IAP)5

of the Chinese Academy of Sciences (CAS). Descriptions of the sensor and the
performance of the new system, including inter-comparisons with established sen-
sors, are well documented (Wang et al., 2003; Xuan et al., 2004; Zheng and Li,
2005). Comparison between the GPSO3 and Vaisala ECC sensors showed that the
GPSO3 ozonesonde yielded a 20–30 % greater mixing ratio for the troposphere (be-10

low 200 hPa) and 5–10 % lower mixing ratio for the middle stratosphere (above 60 hPa)
but shared a similar variability with ECC ozonesondes, particularly in the UTLS re-
gion (Bian et al., 2007). The correlation coefficients for profile by profile between the
GPSO3 ozonesondes and the Vaisala ECC ozonesondes are greater than 0.99 (Xuan
et al., 2004). Further, in the UTLS region, the agreement between the Atmospheric In-15

frared Sounder (AIRS) and the GPSO3 ozone measurements is largely with 10 % (Bian
et al., 2007).

The ozonesonde data used here were measured with the GPSO3 sensor at regular
intervals, once a week at about 14:00 local time (06:00 UTC) over Beijing (116.47◦ E,
39.8◦ N), from September 2002 to December 2010. During some intensive observation20

periods (e.g., 24 March to 10 April 2003), GPSO3 ozonesondes were launched every
day. Here, all the ozonesonde profiles were scaled to an independent measurement
of the ozone column observed by a Dobson ozone spectrometer at Xianghe station
(117.00◦ E, 39.77◦ N; 55 km east of Beijing) (WMO, 1995, 1998). If there are no ob-
servations available from the Xianghe station, we used total column ozone derived25

from the Ozone Monitoring Instrument (OMI), the Global Ozone Monitoring Experi-
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ment (GOME) or the Scanning Imaging Spectrometer for Atmospheric Chartography
(SCIAMACHY) satellite. The maximum altitude for the GPSO3 profile depends on the
altitude at which the balloons burst; this is typically between 25 and 35 km. To integrate
the column ozone for GPSO3 profiles above observational heights, we use satellite-
derived ozone climatology by McPeters et al. (1997). The correction factors (CFs) of5

this scaling are commonly used as a quality check of ozonesonde measurements (Lo-
gan, 1994). Here, the CFs are in the range of 0.8–1.2, with no statistically significant
trend. The mean value of the CFs is 0.97±0.09 (mean ± standard deviation).

The OMI daily determined total column ozone data used to calculate the CFs were
downloaded from the NASA (National Aeronautics and Space Administration) earth10

data website (http://disc.sci.gsfc.nasa.gov/giovanni/overview/instances atmospheric.
html, Level 2G data set: 2◦×1◦ box average). GOME and SCIAMACHY data were
obtained from the Institute of Environmental Physics, University of Bremen (http:
//www.iup.uni-bremen.de/gome/wfdoas/). We use observations centered at Xianghe
station using a collocation radius of 300 km.15

2.2 Chemistry transport model

CLaMS is a modular Lagrangian chemistry transport model (CTM) system that was
originally developed for the stratosphere (McKenna et al., 2002a, b; Konopka et al.,
2004). Recently, CLaMS was extended through a hybrid coordinate to the surface,
incorporating the entire troposphere (Konopka et al., 2007, 2010). Because of the La-20

grangian representation of transport, with the intensity of mixing being driven by the
strength of flow deformation, the model is particularly well suited for the simulation of
tracer transport in the vicinity of strong transport barriers and the associated tracer
gradients.

In this paper, we use CLaMS to isolate and quantify the long-term trend of tropo-25

spheric ozone caused by transport from the stratosphere. Thus to isolate the transport
effect in the model simulation, a CLaMS simulation without ozone chemistry (CLaMS-
PO3: passively transported ozone) is considered. CLaMS-PO3 is set to zero within

11179

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11175/2012/acpd-12-11175-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11175/2012/acpd-12-11175-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://disc.sci.gsfc.nasa.gov/giovanni/overview/instances_atmospheric.html
http://disc.sci.gsfc.nasa.gov/giovanni/overview/instances_atmospheric.html
http://disc.sci.gsfc.nasa.gov/giovanni/overview/instances_atmospheric.html
http://www.iup.uni-bremen.de/gome/wfdoas/
http://www.iup.uni-bremen.de/gome/wfdoas/
http://www.iup.uni-bremen.de/gome/wfdoas/


ACPD
12, 11175–11199, 2012

Tropospheric ozone
trend over Beijing
from 2002–2010

Y. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the lowest model layer near to the surface. All air parcels above θ = 500K ozone are
prescribed from the Halogen Occultation Experiment (HALOE) climatology (Grooß and
Russell, 2005). The HALOE climatology includes seasonal changes of ozone with inter-
vals of one month and does not introduce any interannual variations in our simulation.
We repeat the first year of the CLaMS simulation (e.g., 2001) 20 times. With this iter-5

ation, we start the simulation with self-consistent values. The distribution of passively
transported ozone is solely determined by transport from the stratosphere that was val-
idated by comparison to the aircraft- and balloon-borne measurements (Konopka et al.,
2004, 2007; Vogel et al., 2011). Therefore, the passively transported ozone offers a re-
liable reference to quantify changes in ozone concentration in the troposphere caused10

by transport from the stratosphere. Because transport of ozone from the stratosphere
might be slightly overestimated (see below) in CLaMS, the passively transported ozone
allows the maximum contribution of transport from the stratosphere to be estimated.

The CLaMS simulation was carried out for the entire period from 2002 to 2010 and
output simulation results daily, with the model’s transport driven by the European Cen-15

tre for Medium-range Weather Forecasts (ECMWF) meteorological ERA-Interim re-
analysis (Simmons et al., 2006; Uppala et al., 2008), using the forecast total diabatic
heating rate to calculate the vertical cross-isentropic velocity (Ploeger et al., 2010). The
specific model setup employed here follows closely the setup described by Konopka
et al. (2010), with a horizontal resolution of about 100 km. The model has 45 vertical20

levels with a maximum vertical resolution of about 200 m in the tropopause region. For
the comparison with the ozonesonde measurements, the model results were sampled
at the time and location of the ozonesonde observations.
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3 Results

3.1 Time series: measurements versus simulations

Figure 1 shows ozonesonde (Sonde-O3) and CLaMS (CLaMS-PO3) monthly mean
ozone mixing ratios from the surface up to 20 km over Beijing from 2002–2010, to-
gether with the heights of the first (LRT1) and the second thermal tropopause (LRT2),5

calculated from ozonesonde temperature profiles using the definition based on the
lapse rate criterion (LRT) (WMO, 1957).

Throughout the troposphere, ozone concentration detected by ozonesonde (Fig. 1a)
exhibited a strong seasonal cycle with a winter minimum and a summer maximum. Dur-
ing winter, the shorter daylight hours and larger solar zenith angles greatly reduce the10

rate of photochemical ozone production. In the lower troposphere and in the boundary
layer, the observed winter minimum ozone concentrations are less than 30 ppbv. Sum-
mer maximum ozone concentrations frequently exceed 120 ppbv and in a few cases
reach 160 ppbv. The enhanced ozone concentrations are comparable to other studies
of the region (e.g., Wang et al., 2006, 2009b; Chou et al., 2009), that also consider15

photochemical ozone production as the primary reason for the elevated concentra-
tions. For example, a 1-h ozone mixing ratio, frequently exceeding 120 ppbv and with a
maximum level of 286 ppbv, was observed near the surface during June–July 2005 in a
mountainous area north of Beijing. These high mixing ratios are caused by emissions
from the Beijing urban area (Wang et al., 2006). In the middle and upper troposphere,20

the Sonde-O3 shows a broad summer maximum with clearly increasing values over the
last decade.

Both LRT1 and LRT2 (Fig. 1) reveal strong seasonal cycles with low and high
tropopause in winter and summer, respectively. The distance between LRT1 and LRT2
decreases from winter to summer. As we will discuss later, LRT1 is co-located with25

a strong increase in the vertical ozone concentration gradient, marking this region as
the main transport barrier separating the stratosphere from the troposphere. Near the
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tropopause, downward propagation of enhanced ozone values from the lower strato-
sphere to the upper troposphere was frequently observed during spring and summer.

The CLaMS results at the time and location of the sonde measurements (Fig. 1b)
reproduce the main characteristics of the Sonde-O3, in particular from the middle tro-
posphere to the lower stratosphere. Even the detailed structures are resolved fairly5

well. Consequently, stratospheric ozone is an important source of ozone in the upper
troposphere over North China (Chan et al., 2004). The CLaMS-PO3 overestimates the
Sonde-O3 data in the middle troposphere and the lower stratosphere for the entire
period because of the two possible reasons: first, as a result of the too strong Brewer-
Dobson circulation in the ERA-Interim data driving transport in CLaMS (Ploeger et al.,10

2010). In ERA-interim the rate of upward transport is almost twice as fast as indicated
by observations in the tropics (Dee et al., 2011), which leads to an overestimate of
the high latitude downward transport and thus to an overestimate of the contribution of
stratospheric ozone to the tropospheric ozone in the extratropical region. Second, due
to the absence of tropospheric ozone chemistry in the simulation that allows ozone15

destroyed from the middle troposphere (e.g., mainly via reactions with water vapor,
hydrogen peroxy and hydroxyl radicals) (Stevenson et al., 2006).

Differences between CLaMS-PO3 and observations in the troposphere are likely due
to the absence of tropospheric ozone chemistry in the model. As discussed above,
chemistry is excluded for the CLaMS-PO3. Enhanced values of CLaMS-PO3 can only20

originate from the stratosphere. In particular, during spring and summer, ozone-rich
air is strongly transported downward from the stratosphere into the troposphere. The
values of CLaMS-PO3 in the middle and upper troposphere are of the same order of
magnitude as the values of Sonde-O3, indicating that transport rather than chemistry
drives the seasonality of tropospheric ozone in the middle and upper troposphere.25

From comparison between observation and simulation, both photochemical produc-
tion within the troposphere and stratospheric downward transport can contribute to the
high ozone concentrations in the troposphere. In the following, we will separate these
two effects.
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3.2 The seasonality of tropospheric ozone

The seasonality of tropospheric ozone and its vertical gradient derived from
ozonesonde measurements is compared with the CLaMS simulation in Fig. 2. The
Sonde-O3 (Fig. 2a) and the CLaMS-PO3 (Fig. 2b) show the same seasonality with a
pronounced maximum in summer and a minimum in winter, although CLaMS overesti-5

mates the absolute ozone concentration values, as discussed above. In addition to the
ozone mixing ratios, we calculated the vertical gradients (Fig. 2c, d), which displayed
exactly the same annual cycle for CLaMS and measurements around the tropopause.

Throughout the year, both LRT1 and LRT2 follow the lines of the strongest change
of the gradients (about 80 ppbvkm−1), identifying in this way the transport barriers.10

From winter to early summer, a layer with an enhanced ozone gradient (2–4 km) exists
above LRT1, and a thin layer with a reduced ozone gradient is located below LRT2.
This layer of enhanced ozone gradient suggests frequent intrusion of ozone from the
lower stratosphere to the troposphere. These remarkable features suggest a key role of
dynamical processes in modulating the distribution of tropospheric ozone over Beijing.15

The sharp peak of high ozone concentrations in the lower troposphere in June
(Fig. 2a) is consistent with the ozone enhancements in spring over Beijing measured
from aircraft (Ding et al., 2008), which are attributed to photochemical production. In
particular, a clear signature of enhanced ozone concentrations (Fig. 2a) and a nega-
tive ozone gradient (values with the dark blue contour reach −16ppbvkm−1 in Fig. 2c)20

are found in the lower troposphere but are not present in the CLaMS passive ozone
field. These results emphasize the importance of photochemistry within the lower tro-
posphere during spring and summer.

The relative contribution of stratospheric ozone to the tropospheric ozone budget is
a controversial issue and has been debated for many years (e.g., Kim and Lee, 2010;25

He et al., 2011). Our analysis shows that both stratospheric downward transport and
photochemical production within the troposphere influence the distribution of tropo-
spheric ozone over Beijing. In particular, in the lower troposphere, enhanced ozone
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concentrations in spring and summer are most likely to originate from the photochem-
ical production. We show in the next section that, for Beijing, these enhanced ozone
concentrations also result in a positive trend in tropospheric ozone (Fig. 1a) during
spring and summer over the last decade.

3.3 Tropospheric ozone trend5

To separate the tropospheric production of ozone from the effect of stratospheric
sources, we integrated the Sonde-O3 and the CLaMS-PO3 data from the surface to
LRT1 for each profiles and averaged the integrated tropospheric column ozone (TCO)
to monthly means. Logan (1994) studied trends in the vertical distribution of ozone
using ozonesonde data and showed that with weekly sampling representative monthly10

means can be obtained. For our research, most of the months have 3–5 soundings and
this roughly meets the criterion. We compared monthly mean TCO from the Sonde-O3
and OMI satellite (±1◦ box average centered at Beijing ozonesonde station and sam-
pled more than 20 times per month) during 2004–2008. The high correlation coefficient
(R = 0.89) and small relative mean bias (less than 19 %) between sonde and OMI sug-15

gest that the sonde observation agrees well with OMI observation. The mean of sound-
ings for each month can thus be assumed to represent a monthly mean. It appears that
some months during the observation period only have 1–2 soundings. We have tested
that the trends in ozone are not sensitive to the sampling size in our case by removing
those months with only 1–2 soundings.20

The TCO for ozonesonde (SondeTCO) includes photochemical production within the
troposphere and downward transport from the stratosphere. The TCO for CLaMS
(CLaMSTCO) is only influenced by transport from the stratosphere and thus does not
contain any contribution from tropospheric chemistry. Because the values of TCO
strongly depend on the column height, we also calculated the trend of LRT1. There25

is a strong seasonal cycle in ozone and tropopause height. For the trend calculation,
each data set was deseasonalized by subtracting the average of all monthly data for a
given month from the original data of the same month, and the trend was calculated by
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linear regression using the deseasonalized data. Figure 3a shows the time series and
the trends of TCO and LRT1 from 2002 to 2010.

The high correlation coefficient (0.82) between the SondeTCO and the CLaMSTCO
indicates that the main characteristics of tropospheric ozone are well captured by the
model. The trends of the SondeTCO and the CLaMSTCO are 2.4 DUyr−1 and 0.8 DUyr−1

5

or 4.6 %yr−1 and 1.5 %yr−1 for a mean level of 52 DU, respectively. Here, the mean
level is the average value of the SondeTCO during 2002–2010. Only the trend of
SondeTCO passes the 95 % significance test, according to the Student’s t-test.

To quantify these trends for different altitudes, the troposphere is divided into three
layers: 9–15 km (upper troposphere and lower stratosphere), 3–9 km (middle tropo-10

sphere) and 0–3 km (lower troposphere); the Sonde-O3 and the CLaMS-PO3 are in-
tegrated within these layers. Figure 3b–d shows the integrated partial column ozone
(PCO) of the observation (SondePCO) and simulation (CLaMSPCO) for each layer. The
large correlation coefficients (0.91, 0.65 and 0.61, for the three layers, respectively)
between the SondePCO and the CLaMSPCO demonstrate that the simulation repro-15

duces the main characteristics of tropospheric ozone concentration from the lower
stratosphere to the surface. Especially the good agreement in the 9–15 km layer (Fig.
3b) suggests that CLaMS successfully simulates cross-tropopause transport. The cor-
relation coefficients decrease, and the differences between the SondePCO and the
CLaMSPCO become larger with a decrease in altitude, especially during spring and20

summer. These observations suggest that the photochemical ozone production be-
comes increasingly important with a decrease in altitude within the troposphere.

Table 1 summarizes the trends of monthly mean PCO from the observation and the
simulation. In the 9–15 km layer, the trends of the SondePCO and the CLaMSPCO are
similar and weak. In the 3–9 km layer, the trends of the SondePCO and CLaMSPCO are25

1.5 DUyr−1 and 0.7 DUyr−1 or 5.2 %yr−1 and 2.4 %yr−1 for a mean level of 29 DU,
respectively. In the 0–3 km layer, the trends of the SondePCO and CLaMSPCO are
0.7 DUyr−1 and 0.3 DUyr−1 or 4.1 %yr−1 and 1.8 %yr−1 for a mean level of 17 DU,
respectively. In the lowest two layers, all the trends pass the 95 % significance crite-
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rion, but the trends of SondePCO are much stronger than the trends of CLaMSPCO. The
trends of CLaMSPCO are probably caused by the accelerated Brewer-Dobson circula-
tion which was lead to an increase in stratosphere-to-troposphere ozone flux with a
maximum positive trend between 2000 and 2030 (Hegglin and Shepherd, 2009).

SondePCO values for the 0–3 km layer (Fig. 3d) were low in the summer of 2008. This5

is likely because the Olympic Games took place in Beijing from August to September
2008 and strict controls were placed on pollutant emissions from industry and road
traffic in Beijing and the surrounding provinces. Satellite measurements over Beijing
between July and September 2008 showed a 43 % reduction in tropospheric column
NO2, compared to the previous three years (Witte et al., 2009). The related reduction10

in emissions of ozone precursors, significantly contributed to the observed decrease
in ozone during August 2008 (Wang et al., 2009c). Furthermore, the average ozone
concentration in the plumes observed at a rural site about 50 km north of the center of
Beijing decreased by 8.2 % in 2008 compared with 2005 (Wang et al., 2010).

The best agreement between SondePCO and CLaMSPCO values was found in the up-15

per troposphere and lower stratosphere. Values of SondePCO and CLaMSPCO are com-
parable in the lower and middle troposphere during winter, but the differences between
them are much greater during summer. To discuss these differences in more detail,
we divided the whole time series into two time periods: winter (December–March) and
summer (May–August).20

Figure 4 shows the PCO trends and time series for the two seasons in the lowest
two layers. The CLaMS simulations reproduce the general characteristics of the obser-
vations during winter. This is shown by the high correlation coefficients (0.79 and 0.61)
in both layers due to the key role of dynamical processes modulating the distribution
of tropospheric ozone through this period. The high correlation results from the capa-25

bility of CLaMS to realistically simulate ozone pattern caused by downward transport
from the stratosphere, because photochemical ozone production is limited by the weak
sunlight intensity during winter. We attribute the poor correlation coefficients (0.40 and
0.08) between observation and simulation during summer to the increase in sunlight
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intensity and the photochemical ozone production within the troposphere. It is worth
noting that the simulated values of the PCO are larger in the 3–9 km layer and smaller
in the 0–3 km layer compared to the observations. The elevated and depleted ozone
concentrations of the model are caused by the absence of tropospheric ozone chem-
istry in the simulation; this allows ozone to be destroyed and thereby removed from the5

middle troposphere (e.g., mainly via reactions with water vapor, hydrogen peroxy and
hydroxyl radicals) (Stevenson et al., 2006) and created in the lower troposphere (e.g.,
when carbon monoxide and hydrocarbons are photo-oxidized in the presence of NOx)
(Crutzen, 1973; Liu et al., 1980). The seasonal comparison shown here highlights the
importance of ozone chemistry within the troposphere during summer.10

Table 2 summarizes the trends of PCO during winter and summer. All the trends
of SondePCO calculated for winter and summer pass the 95 % significance criterion.
The trends of CLaMSPCO, on the other hand, are much weaker and only the winter
trend (1.6 DUyr−1 or 5.8 %yr−1 for a mean level of 26 DU) in the 3–9 km layer passes
the 95 % significance criterion. This significant trend in the simulation during winter15

indicates a trend of downward transport ozone from the stratosphere, as discussed
above (Hegglin and Shepherd, 2009).

By subtracting the CLaMS trends from the sonde trends, we infer the trends result-
ing from the photochemical production within the troposphere to be 3.1 %yr−1 for the
tropospheric column ozone, 2.3 %yr−1 for the partial column ozone in the lower tro-20

posphere and 2.8 %yr−1 for the partial column ozone in the middle troposphere for
the entire time series. The largest photochemically produced trend occurs in the lower
troposphere (3.0 %yr−1) during summer.

4 Conclusions

Using ozonesonde data and a chemistry transport model (CLaMS), the long-term trend25

of tropospheric ozone over Beijing from 2002–2010 was quantified and the processes
causing the trend were investigated. Tropospheric ozone concentrations show a win-
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ter minimum and a broad summer maximum with a clear positive trend over the last
decade. The significant trend of tropospheric column ozone for the entire time series is
4.6 %yr−1 for a mean level of 52 DU. The significant trend of partial column ozone in the
lower troposphere in summer is 3.4 %yr−1 for a mean level of 23 DU. This constitutes
with the largest photochemically produced trend. A similar positive trend in ozone in the5

lower troposphere was recently found by Ding et al. (2008) from aircraft observations
over Beijing (approximately 4 %yr−1 for a mean level of 75 ppbv during May–July from
1995 to 2005), in contrast to a flat or a negative trend over Tokyo, New York City, and
Paris. The model results show trends that are weaker than those seen in the obser-
vations. These model trends come from the increased downward ozone flux from the10

stratosphere. This is particularly true for the middle troposphere during winter and this
trend partly overlays with the trend in the observations.

The comparison between observation and simulation indicates that transport rather
than chemistry drives much of the seasonality of tropospheric ozone. However, trans-
port processes alone cannot explain the significant trend of tropospheric ozone in15

the observations. We have shown that photochemical ozone production strongly con-
tributes to the tropospheric ozone increase during spring and summer. Although photo-
chemistry is neglected in the model, the simulated ozone values show a weak positive
trend. This trend can be explained by an increase in the downward ozone flux from
the stratosphere. It also contributes (by ∼56% in the middle troposphere and ∼13 %20

in the lower troposphere) to the trend in the observations during spring and summer,
especially in the middle troposphere during winter (by ∼75%).
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Table 1. Trends of monthly mean partial column ozone from observation (Sonde) and simulation
(CLaMS) during 2002–2010a.

Layer Mean (DU) Absolute trend (DU) Relative trend (%) R

Sonde CLaMS Sonde CLaMS Sonde CLaMS Diff

TCO 52 51 ∗2.4±0.3 0.8±0.4 ∗4.6 1.5 3.1 0.82
9–15 km 39 36 ∗1.0±0.3 0.6±0.3 ∗2.6 1.5 1.1 0.91
3–9 km 29 33 ∗1.5±0.2 ∗0.7±0.3 ∗5.2 ∗2.4 2.8 0.65
0–3 km 17 12 ∗0.7±0.1 ∗0.3±0.1 ∗4.1 ∗1.8 2.3 0.61

a Absolute trends (slop± standard error) for the whole troposphere (TCO), 9–15 km layer, 3–9 km layer and
0–3 km layer are shown in the table, together with the correlation coefficients (R) between Sonde and CLaMS.
The trends with symbol “*” pass the 95 % significance criterion. The relative trend column list
Absolute(trend)/Sonde(mean)×100 % and the difference of relative trends (Diff) between Sonde and CLaMS.
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Table 2. Trends of monthly mean partial column ozone from observation (Sonde) and simulation
(CLaMS) in winter (w: December–March) and summer (s: May–August) during 2002–2010a.

Layer Mean (DU) Absolute trend (DU) Relative trend (%) R

Sonde CLaMS Sonde CLaMS Sonde CLaMS Diff

3–9 km (w) 26 26 ∗1.6±0.3 ∗1.2±0.6 ∗6.2 ∗5.8 0.4 0.79
0–3 km (w) 13 9 ∗0.6±0.2 0.3±0.2 ∗4.6 2.3 2.3 0.61
3–9 km (s) 33 46 ∗1.6±0.3 0.9±0.7 ∗4.8 2.7 2.1 0.40
0–3 km (s) 23 15 ∗0.8±0.2 0.1±0.3 ∗3.4 0.4 3.0 0.08

a Absolute trends (slop± standard error) for 3–9 km layer and 0–3 km layer are shown in the table, together with
the correlation coefficients (R) between Sonde and CLaMS. The trends with symbol “*” pass the 95 %
significance criterion. The relative trend column list Absolute(trend)/Sonde(mean)×100 % and the difference of
relative trends (Diff) between Sonde and CLaMS.
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Fig. 1. Monthly mean ozone profiles from (a) ozonesonde observation and (b) CLaMS-PO3
(passively transported ozone) from the CLaMS simulation at the time and location of the mea-
surement, during 2002–2010 in Beijing. LRT1 and LRT2 are shown as a thick line with solid
dots and stars, respectively. There were no observations available during September 2007 and
August 2008.
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Fig. 2. The seasonality of ozone from (a) ozonesonde observation, (b) CLaMS-PO3 (passively
transported ozone) from CLaMS simulation at the time and location of the measurement, and
their corresponding (c, d) vertical gradients during 2002–2010 at Beijing. LRT1 and LRT2 are
shown as a thick line with solid dots and stars, respectively. The error bars are standard devia-
tions (±σ).

11197

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11175/2012/acpd-12-11175-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11175/2012/acpd-12-11175-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11175–11199, 2012

Tropospheric ozone
trend over Beijing
from 2002–2010

Y. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

                  
      0

     40

     80

    120

    160

    200

6
12

18

T
ro

po
pa

us
e 

H
ei

gh
t(

km
)

(a) Surface-Tropopause
Slope [Sonde: 2.4 ± 0.3 DU/yr*, CLaMS: 0.8 ± 0.4 DU/yr, Tropopause:  0.1 %/yr], (R=0.82)

Sonde CLaMS Tropopause  

                  
      0

     25

     50

     75

    100

C
ol

um
n 

oz
on

e 
(D

U
)

 

 

 

 

 

 

(b) 9-15 km
Slope [Sonde: 1.0 ± 0.3 DU/yr*, CLaMS: 0.6 ± 0.3 DU/yr], (R=0.91)

                  

     25

     50

     75

 

 

 

 

(c) 3-9 km
Slope [Sonde: 1.5 ± 0.2 DU/yr*, CLaMS: 0.7 ± 0.3 DU/yr*], (R=0.65)

Jul Jan-03 Jul Jan-04 Jul Jan-05 Jul Jan-06 Jul Jan-07 Jul Jan-08 Jul Jan-09 Jul Jan-10 Jul Dec
Time

     10

     20

     30

     40

 

 

 

 

 

(d) 0-3 km
Slope [Sonde: 0.7 ± 0.1 DU/yr*, CLaMS: 0.3 ± 0.1 DU/yr*], (R=0.61)

Fig. 3. Trends of monthly mean partial column ozone for (a) the whole troposphere (surface–
tropopause), (b) 9–15 km layer, (c) 3–9 km layer and (d) 0–3 km layer from observation (Sonde)
and simulation (CLaMS) during 2002–2010, together with LRT1 (tropopause). The numerical
values for the slopes with symbol “*” pass the 95 % significance criterion. The number R is
the correlation coefficient between observation and simulation. There were no observations
available during September 2007 and August 2008.
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Fig. 4. Trends of monthly mean partial column ozone for 3–9 km layer and 0–3 km layer in
winter (December–March) and summer (May–August) from observation (Sonde) and simulation
(CLaMS) during 2002–2010. The numerical values for the slopes with symbol “*” pass the 95 %
significance criterion. The number R is the correlation coefficient between observation and
simulation. There were no observations available during August 2008.
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