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Abstract. Ozone (Q) profiles recorded over Beijing from 1 Introduction

1995 to 2005 by the Measurement of Ozone and Water Vapor

by Airbus In-Service Aircraft (MOZAIC) program were an- Ozone (Q) is a key trace gas in the troposphere owing to
alyzed to provide a first climatology of tropospherig @ver its important roles in atmospheric chemistry, air quality, and
Beijing and the North China Plains (NCPs), one of the mostclimate change. ©determines the oxidizing capacity of
populated and polluted regions in China. A pooled methodthe atmosphere through generation of the principal oxidiz-
was adopted in the data analysis to reduce the influence dhg agent, hydroxyl radical (OH), and it is also an effec-
irregular sampling frequency. The troposphericder Bei-  tive greenhouse gas in the upper troposph€retgen 1973

jing shows a seasonal and vertical distribution typical of mid- Fishman et a.1979 Bojkov, 1988. High concentrations of
latitude locations in the Northern Hemisphere, but has highefOs at ground level is of great concern because of its harmful
daytime concentrations in the lower troposphere, when comeffects on human health and vegetatibitkee 1994 NRC,
pared to New York City, Tokyo, and Paris at similar latitude. 1993. Therefore, the temporal and spatial distribution of tro-
The tropospheric @over Beijing exhibits a common sum- Pospheric @ and the factors controlling its distribution has
mer maximum and a winter minimum, with a broad summer been a focus of atmospheric chemistry research.

maximum in the middle troposphere and a narrower early While numerous studies were conducted in Europe, North
summer (June) peak in the lower troposphere. Examinatiorimerica, and in JaparBgekmann et al1994 Logan 1983

of meteorological and satellite data suggests that the lowet994 Liu et al, 1987 Oltmans et al.1998 Monks, 200Q
tropospheric @ maximum in June is a result of strong pho- Akimoto et al, 1994 Pochanart et 312002, there is lim-
tochemical production, transport of regional pollution, and ited knowledge of the temporal and spatial distribution of
possibly also more intense burnings of biomass in Centraltropospheric @ in China where rapid urbanization and in-
Eastern China. Trajectory analysis indicates that in summegustrial developments have been taken place in the latest two
the regional pollution from the NCPs, maybe mixed with ur- decades. Previous studies of emissions have projected sharp
ban plumes from Beijing, played important roles on the highincreases in the emissions og @recursors in China, espe-
Os concentrations in the boundary layer, but had limited im- cially in the fastest growing coastal regions of eastern China
pact on the @ concentrations in the middle troposphere. A (Akimoto and Narita 1994 Streets et al.2003. Recently
comparison of the data recorded before and after 2000 reavailable satellite data have shown an increasing column con-
veals that @ in the lower troposphere over Beijing had a centrations of nitrogen dioxide, a precursor tg Gver China
strong positive trend (approximately 2% per year from 1995(Richter et al, 2003. Available ground-based measure-
to 2005) in contrast to a flat or a decreasing trend over Tokyoments within China have shown frequen§ @llution during

New York City, and Paris, indicating worsening photochem- photochemically active seasons in sub-urban and rural areas
ical pollution in Beijing and the NCPs. of these regions (e.@Cheung and Wang001 Wang and
Kwok, 2003 Gao et al.2005 Wang et al.20063. Seasonal
cycles of surface ozone were reported at Lin’an in eastern
Correspondence tof. Wang China {Wang et al.200% Luo et al, 200Q Xu et al, 2007,
(cetwang@polyu.edu.hk) a coastal background site (Hok Tsui) and a suburban site
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(Tai O) in Hong Kong [Lam et al, 200 Wang et al. 2005, ment precision oft2 ppbv. The sensors were recalibrated af-
a rural site (Shangdianzi) near Beijing{ et al, 2006, and  ter every 500 flight hoursTthouret et al.1998a2006. More
three mountaintop sites (Mount Tai, Mount Hua, and Mount details of this program can be found on the MOZAIC website
Huang) (i et al., 2007). (http://mozaic.aero.obs-mip.friwgb/

Monthly mean @ concentration was found to reach a In the present study, we mainly draw ong @rofiles
maximum in early summer (May or June) in central and east+ecorded in the ascent and descent stages of the flights dur-
ern China and in autumn in southern China. Vertical distribu-ing 1994-2005 over Beijing and three other mega-cities in
tion of Oz in the troposphere over China has been examinedhe northern mid-latitudes: New York City, Tokyo, and Paris.
using ozonesondes which were launched mainly during in-The raw MOZAIC data have a temporal resolution of 4s,
tensive campaignsChan et al. 2003 Zheng et al. 2004). i.e. about 30 m vertically. We use the reprocessed data with
Using satellite data from GOME (Global Ozone Monitor- a vertical resolution of 250 m below 2 km and 500 m above
ing Experiment),Fishman et al(2003 showed higher tro- 2km. For Beijing, there were about 800 profiles taken by
pospheric @ residual in eastern China than in other mid- this program from March 1995 to August 2005. In other
latitude regions of the Northern Hemisphere. Neverthelessmega-cites, more profiles (about 1300, 4400, and 3300 for
additional data on @are needed in many parts of China, par- Tokyo, Paris, and New York, respectively) were obtained
ticularly the data that give vertical distribution and long-term during 1994-2005.
trend of tropospheric © Figure la gives the geographical coverage of the MOZAIC

In this study we analyze £profiles obtained during 1995— flight routes around Beijing on a topographical and land-use
2005 by the Measurement of Ozone and Water Vapor by Air-map, and Fig. 1b and c show the distribution of the number
bus In-Service Aircraft (MOZAIC) Programhftp://mozaic.  of profiles as a function of month and the local time of day,
aero.obs-mip.friweb/to investigate the climatology of tro- respectively. From Fig. 1a, it can be clearly seen that Beijing
pospheric @ distribution over Beijing. Since 1994,{and is located on the north side of the North China Plains (NCPs),
other trace gases have been routinely measured on boaahd the Beijing Capital International Airport sits northeast to
commercial airliners flying between large cities around thethe urban center with a distance of about 25km. Both ur-
world, including three mega-cities in China: Beijing, Shang- ban Beijing and the airport are embraced by mountains in
hai, and Hong Kong. This program has generated a uniqué¢he west, north and northeast, with heights ranging from sev-
dataset for studying tropospherig.Qn this work, we focus  eral hundreds meters to 3km. Figure la also shows that the
on the Q@ distribution over Beijing and the surrounding ar- MOZAIC aircraft descended and ascended along relatively
eas for the following reasons. First, this region is one of thefixed routes, circling near the airport on the east side. We
most polluted parts of China. For instance, 200-300 ppbwsed the data collected within a box of 3 by & longi-
of O3 has been reported in urban and rural areas of Beijingiude/latitude (115.5-118%, 39.0-42.0N) with Beijing in
(Shao et a].2006 Wang et al.20063. Second, Beijing will  the center of the box (see the blue dashed box in Fig. 1a).
host the 2008 Summer Olympics; poor air quality (including Figure 1b shows that there was large year-to-year difference
summertime photochemicalz®ollution) is of a paramount in the number of profiles recorded, with more data collected
concern of the central and municipal governments. Third, induring 1997-1998 and around 2005. Figure 1c shows that
China MOZAIC data have been collected over the longestmost of the profiles over Beijing were taken in the daytime
period in Beijing. We examine the temporal and vertical dis- (05:00-17:00, local time LT). Other cities may have differ-
tributions of @ and the trend during 1995-2005, and with ent diurnal distributions of sample numbers; in New York
aid of meteorological and satellite data we discuss the role oCity, for example, most of profiles were taken within 10:00—

emission, dynamic transport, and photochemistry. 23:00 LT (Thouret et al.1998H).

2.2 Meteorological and satellite data, and trajectory calcu-
2 Data and methodologies lation
2.1 MOZAIC Oz data over Beijing To help interpret the MOZAIC @ profiles, we use various

meteorological and satellite data, and back trajectories. A
The Measurement of Ozone and Water Vapor by Airbus In-brief description of these data and products is given below.
Service Aircraft (MOZAIC) program has been designed to The meteorological data include twice-a-day (00:00 and
routinely observe @and water vapor along flight routes us- 12:00 Greenwich time) radiosonde data, surface wind and
ing automatic instruments installed onboard commercial airrainfall data measured at Beijing Observatory (from CISL
linersMarenco et al.1998. The five (now three) MOZAIC at NCAR, http://dss.ucar.edu/datasgtshonthly mean sun-
aircraft make near-daily flights between Europe and a varietyshine hours and rainfall data at Beijing (Chinese Sta-
of destinations throughout the world.z@as measured us- tistical Yearbook 1996-2006http://www.stats.gov.cn/tjsj/
ing the dual-beam UV absorption analyzer (Thermo Environ-ndsj), and monthly mean NCEP/NCAR reanalysis data,
ment Instruments — Model 49-103), with an overall measurewith a resolution of 2.5 in latitude and longitude
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Fig. 1. (a) Geographical coverage of the MOZAIC flight routes around Beijing during 1995-2005, presented on topographical map with
urban area colored red, and distributions of the total number of vertical profiles as a fundfi@muainth, andc) of the time of day. The
legend in Fig. 1a shows the scale of terrain.

(from NOAA CDC, http://www.cdc.noaa.gov/cdc/data.ncep. lower troposphere wheredas strong seasonal and diurnal
reanalysis2.html variations. In the present work we adopt a pooled statistical

Two kinds of satellite data were used to provide the re-method introduced byaylor and Cihor(2004.
gional perspective of air pollutants. One is the monthly The concept of pooled statistical analysis is to divide the
mean global tropospheric NOcolumn, with a 0.5 reso-  data into several groups (of same season and/or of same time
lution, obtained by GOME (Global Ozone Monitoring Ex- of day), and then pool their means and standard deviations
periment, 1995-2002) and SCIAMACHY (SCanning Imag- (SDs) together. If the @data at a certain height were defined
ing Absorption spectroMeter for Atmospheric CHartogra- asX, we first divide them into N groups; (i=1, 2... N), and
phY, 2003-present) (data were obtained via TEMiSp:/  then calculate the meai() and SD ;) of each group. We
www.temis.nl/index.html Another one is the nighttime fire then have the pooled average as:
count product retrieved from ATSR-2 (Along Track Scan- _ _
ning Radiometer 2) using Algorithm#at{p://dup.esrin.esa. X,FN Z (X37). (1)
int/ionia/aboutionia.asp.

To help understand the influence of long-range trans-2nd pooled SD as:
port on the vertical distribution of tropospherigQve cal- 2

culated back-trajectories using HYSPLIT (HYbrid Single- S,= /ZSi (Mi — 1). )
Particle Lagrangian Integrated Trajectory, version 4.8) model > (M —1)
of NOAA Air Resources Laboratoryh{tp://www.arl.noaa.
gov/ready/hysplitd.html The formated Final Analysis data
(FNL) with a horizontal resolution of about 190 km, 13 ver-
tical layer and 6-h temporal resolution were used to drive they fp= Z (M;—1). ()
model.

whereM; is the number of data points of thth group. The
value forS, is based on degrees of freedom as

2.3 Pooled statistical analysis 3 Results and discussions
Vertical profiles from the aircraft survey provide “snapshots” 3.1 Overall results over Beijing and a comparison with
of Os distribution for a relatively short period of time. As other cities

shown in Fig. 1b and c, the sampling frequency of MOZAIC

O3 profile is not evenly distributed seasonally and diurnally. Figure 2 gives the vertical distributions oz®elow 10 km
Therefore the conventional averaging method may not trulyusing two different statistical methods: the conventional
represent the overall mean behavior af @articularly inthe  method (i.e. grand average) and the pooled method with data

www.atmos-chem-phys.net/8/1/2008/ Atmos. Chem. Phys., 83,2008


http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis2.html
http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis2.html
http://www.temis.nl/index.html
http://www.temis.nl/index.html
http://dup.esrin.esa.int/ionia/about_ionia.asp
http://dup.esrin.esa.int/ionia/about_ionia.asp
http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html

4 A. J. Ding et al.: Tropospheric ozone climatology over Beijing

10000F 3 higher tropospheric @concentrations than those at mega-
— cities of the similar latitudes in Europe, Japan, and the east-

ern United States. This result is consistent with the work

of Fishman et al(2003 who showed higher tropospheric

8000

O3 residual in eastern China based on an analysis of GOME
data.

— 6000} . s .

E 3.2 Diurnal variation of lower troposphericsO

=

5 Figure 4a to c show mean diurnal patterns gfftom ground

= 4000¢ to 3.5 km altitude over Beijing for whole year, summer, and

winter. The annual mean results (Fig. 4a) are pooled from
—O0— Conventional method data collected in the four seasons (Month F-M-A as spring,
—&— Pooled method ] M-J-J as summer, A-S-O as autumn, and N-D-J as winter).
We define M-J-J as summer to consider the early summer
maxima of lower tropospheric{)see Sect3.3).
, ) ) The PBL G; over Beijing showed a strong diurnal cycle in
40 60 80 100 summer and a much weaker one in winter. In the early morn-
Ozone (ppbv) ing (05:00-08:00 LT) of summer, Owas very low at the
surface €25 ppbv) and had a strong concentration gradient
below 1 km. This is a typical @distribution in nocturnal and
Fig. 2._Distribut_ions of troposph_(_ericg)(MearttO.B s_d 0r+0.55,, morning PBL Kleinman et al. 1994 Hidy, 200Q Cheung
same in other figures) over Beijing using conventional and pooled, 4 Wang2003), which is a combined result of dry deposi-
statistical methods. tion, surface uptake, and chemical destruction (e.qg. titration
of NO) in the stable nocturnal PBLL¢gan 1985 Reiter,

: - . ) 1991 Neu et al, 1994.
being divided into 24 groups (12 month8 periods of day After 08:00 LT, the PBL @ gradually increased with an

05:00-10:00 LT aqd 11:00—1@:09 LT). It. can .be_ seen thatannual mean rate of-3 ppbv i1 and a much higher sum-
the two methods give a very similar vertical distribution of

ih a diff ¢ by in th | mertime rate (6—7 ppbvtl) in the lower PBL where the pre-
Os, with a difference of 1-2 ppbv in the mean values. HOW- ¢ \rsors were often of very high concentrations. The rapid
ever the SDs of the pooled method were obviously smaller03 increase in the morning has been mainly attributed to

especially in the Planetary Boundary Layer (PBL). Given a4, ynward transport of @rich air mass after the breakup
dpcrease of 24 in degrees of freedom_(from a total pf 810 PrOLf the nocturnal PBL Reiter 1991 Mckendry and Lund-
f|Ie§), 'the ppolgd method should provide results with a Iargergrerl 2000 Cheung and Wang2003). In the afternoon,
statistical significance. the PBL & concentrations reached the daily maximum at

Figure 2 shows that the mixing ratio oncreased from  13:00-14:00 LT in summer but at 15:00-16:00 LT on annual
~40 ppbv at ground te-65 ppbv around 8km, and then in- average. The afternoon maximum of PBIlz @ a typical
creased rapidly above 8 km with a larger variability near thefeature downwind of an urban area, and the peak time often
tropopause. Such a mean @istribution is typical for loca-  depends on the distance from the cibp@an 1989 Wang
tions in mid-latitudesl(ogan 1994 Beekmann et al1994 et al, 2001, 2005 20063. The diurnal variation of MOZAIC
Thouret et al. 1998k Cooper et al.2005. In the PBL the O3 in the lower PBL is similar to those measured in summer
O3 concentrations increased sharply below 1 km and then re2005 at a mountainous site about 50 km north of the center
mained fairly constant<52 ppbv) between 1km and 2km. of Beijing (Wang et al. 20063.

Th|$ feature iS mainly related to the diurnal CyCIe Of PB&, O Since the MOZAIC aircraft routes cover a |arge area
which will be further discussed in Se@.2 around Beijing (see Fig. 1) the data can thus provide use-
Figure 3a—c compare the lower troposphericd@er Bei-  ful information on the spatial-temporal variations of PBL
jing with the profiles obtained over Tokyo, Paris, and New O3. Figures 5a to i show the gridded mean summertime
York City using non-pooled method with data collected at all O3 concentrations at different altitudes in the lower tro-

time (Fig. 3a) and the common daytime (10:00-14:00) in theposphere (horizontal resolution:~4 km; vertical interval:
four cities (Fig. 3b), and pooled method with daytime data0.8 km) in early morning (05:00-08:00 LT), later morning
(4 seasons5h (10:00-14:00)) (Fig. 3c), respectively. All (09:00-12:00 LT) and afternoon (13:00-16:00 LT). These
the three figures show the highest meaicOncentrations in  figures reveal that high £xoncentrations generally appeared
the lower troposphere over Beijing. The pooled method, within northeastern and eastern suburban areas of Beijing in sum-
the best statistical significance, shows about 10 ppbv highemer. In comparison, frequentz(pollution episodes have

in the PBL ozone in Beijing. This indicates that Beijing has been observed at the ground level in mountainous areas north

2000¢
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Fig. 3. Comparison of @ distributions in low troposphere over Beijing (3919), Tokyo (35.7 N), Paris (48.8N), and New York City
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the daytime data (4 seasotsh (10:00-14:00 LT), respectively. The total number of valid profiles used in statistics for each city is given in
the parentheses.
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Fig. 4. Diurnal patterns of @ profiles for(a) annual averaggb) summer (MJJ), an¢t) winter (NDJ) in the lower troposphere.

of Beijing during summerWang et al. 20063, which has  sharper early summer peak (in June) was found in the lower
been attributed to mountain-valley breezes transporting urtroposphere (below 4 km).

ban plumes to the north. A broad summer maximum of in the middle tro-

3.3 Seasonal cycles of tropospheric 0zone and their causd¥SPhere has been widely observed in Europe and North
America and was mainly attributed to photochemical pro-
3.3.1 Seasonal changes in tropospheric ozone and their réluction Ciu et al, 1987 Logan 1999 Law et al, 200Q
lations to meteorological conditions Zbinden et al. 2006. Analysis of data in Japan showed
that middle-tropospheric exhibit a summer maximum
O3 throughout the troposphere exhibits a seasonal cycle, anoh northern Japan and a spring maximum and a summer
the exact pattern and the underlying causes can vary at difminimum in the southern partd ¢gan 1989 Austin and
ferent locations flonks 2000. In Fig. 6a, we show the Midgley, 1994 Thouret et al. 1998h Naja and Akimoto
seasonal patterns ofzDpooled from two daytime periods 2004. This phenomenon has been attributed to the influ-
(05:00-10:00 LT and 11:00-16:00 LT), over Beijing at four ence of the Asian summer monsoons which bring maritime
altitude bins. It can be seen that thg €bncentrations had air with low Oz air from the tropical Pacific to southern
a summer maximum and a winter minimum throughout theJapan iLogan 1989 Thouret et al. 1998. In the interior
troposphere: a broad summer maximum (May—August) wagegion of the Asian continent, a summer maximum @f O
observed in the middle troposphere (4 km—-8km); while awas observed over the northeastern Tibet-Qinghai Plateau

www.atmos-chem-phys.net/8/1/2008/ Atmos. Chem. Phys., 83,2008



6 A. J. Ding et al.: Tropospheric ozone climatology over Beijing

{

_LT0500-0800 LT0900-1200 _  LT1300-1600

30 40 50 60 70 80 90 100 110 120 ppbv

Fig. 5. Horizontal distributions of mean{xoncentrations around Beijing at different altitudes of the lower troposphere for different daytime
periods in summer (MJJ).

(Wang et al. 20068, which has been attributed to a pos- mer monsoons. The mean daily sunshine hours decreased
sible source of stratosphere-to-troposphere exchadgwy(  significantly from June to July and August accompanying a
and Wang 2006. For the broad mid-tropospheric summer sharp increase in total rainfall, indicating that the monsoons
maximum of @ over Beijing, another important source may in late summer bring more frequent rainy/cloudy weather
be the biomass burnings in Central Asia and Ruf2aca- conditions to Beijing. The reduced sunlight and increased
nart et al, 2003 Nedelec et a]2005 Qin et al, 2006, whose  rainfall in July and August can partially explain the reduced
plumes can be rapidly transported to middle and even uppe®©3 concentrations in the two month compared to June.
troposphere by warm conveyor beltsgdelec et a).2005 To examine if there was an unusual source of emission
Real et al.2007). contributing to the June £maxima, such as open-field burn-
The June peak of ©in the lower troposphere in Beijing ing of crop residues, we show the monthly mean tropospheric
is most likely the result of photochemical production from NO, column retrieved from GOME and SCIAMACHY satel-
anthropogenic sourcedVang et al.(2001) showed an early lite for June (Fig. 7a) and August (Fig. 7b), and in Fig. 7c
summer maxima of surfaces@n May) at Lin’an, in central-  and d we also present the ATSR-2 total fire count maps for
eastern China just before the rainy season starts in that rehe two months. Here we combined the GOME and SCIA-
gion, while southern China had an annual maximum in au-MACHY data to calculate the average of the NElumn.
tumn (Lam et al, 2001 Wang et al. 2005. The different = The same treatment has been adopted by othersRelgter
seasonal patterns can be explained by distinct meteorologicat al, 2009. Inspection of these figures clearly reveals a dif-
conditions in different parts of China. To learn about the rela-ference in tropospheric Nzolumn and biomass burning ac-
tionship between meteorological conditions and the seasonadilvities between June and August.The very intensive biomass
patterns of @ over Beijing, we examined seasonal varia- burnings in June were mostly related to the harvest of wheat
tions in monthly mean wind, sunshine hours, and total rain-in the NCPs and East Ching/ang et al,2002. Besides the
fall measured at the Beijing Observatory during 1995-2005decreased contribution from the biomass burning emissions,
(Fig. 6b). It shows that the lower tropospheric wind blew the reducing tropospheric N@olumn in August could also
more southerly in summer due to the onset of the Asian sumbe due to a faster removal of NQ@ia hydrolysis and direct

Atmos. Chem. Phys., 8, 13, 2008 www.atmos-chem-phys.net/8/1/2008/
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rainout under more dumid conditions in that month. To fur-
ther estimate the relative contribution from biomass burning, 30 () o
we compared the tropospheric total N€olumn over Bei- —4— 900m-1500m
jing in June (with active fires) and the averaged NedI- i ~— Surface-600m
umn in May and July (with fewer fires), assuming a same

. L Z 60 ¥
anthropogenic emission of NOn these months. The result £° y
suggests that biomass burning contributes about 20% of thes ool . 7" /1 =\ “_
NO_ column in June over Beijing, indicating an important § \\\\\

impact to ozone from the agricultural burnings activities. 40
Besides photochemical production and removal, long-

range transport can also play a role in the seasonal cycle o 30
Os. To see if the there is a change in the Asian summer mon-
soons from June to August, in Fig. 8a—d we show the mean Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
geopotential heights and streamlines at 1000 hPa and 850 hP — T T T T—T T 71— 7200
levels in June and August for 1995-2005. A comparison of (b)

Fig. 8a and ¢ suggests that the southern, eastern and nortt
ern China are dominated by the summer monsoons in both
months: in June the surface winds over Beijing were mostly
from the south in contrast to a southeasterly wind in Au-
gust (see marked arrows). At the 850 hPa level, winds came

mainly from southwest in June and southeast in August (see ]
Fig. 8b and d). The change in the circulations of the Asian =
monsoon system between the two months can be attributed tc u\g K

150

o
o
(W) [eyurey

the northward movement of subtropical high over the Pacific
(Ding, 1994, which can also be seen from the geopotential !
heights given in Fig. 8b and d. These results suggest that Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Beijing was more influenced by regional pollution sources

in the polluted NCPs in June. The more frequent impact_. - _ )

of maritime air masses in August is the main cause of theF'g' 6. S.easonal variations ) O3 concentrations atdifferent tro-
cloudv/rainy weather in Beiiing. In summary. favorable me- pospheric levels over Beijing, and @) wind profiles, mean sun-

yirainy . Jing. Y o d%hine hours and monthly total rainfall at Beijing.
teorological conditions such as stronger solar radiation an
a prevailing southerly wind (facilitating transport of regional

emissions) and more intensive biomass burning activities in _ ) ) )
June could be the cause of the narrow seasopaleé@k ob- ~ '€gionsin the south with low wind speeds. For the higher al-
served in June over Beijing. titudes (Fig. 9b and c), besides the N and S air-mass types in

the PBL, a third air-mass type from west (W) was identified.

3.3.2 The impact of long-range transport on tropospheric! h€ vertical tracks of these trajectories, showing as latitude-
Oz in summer height plots, are given on the right side of these figures.
Based on the trajectory classifications at the three alti-

In this section we use back-trajectory analysis to gain fur-tudes, we calculated the mean frofiles for each air-mass
ther insights into contributions from different source regions group at different vertical layers from surface to 6 km, which
to the @ concentrations at different altitudes of the tropo- are shown in Fig. 10, together with the total number gf O
sphere over Beijing. Three-day 3-D back-trajectories wereprofiles in each category. It can be seen that below 2km
calculated at 07:00-08:00 LT, 11:00-12:00 LT, and 15:00-the profile number of Type N is smaller than that of Type S,
16:00 LT for all profiles collected in summer months (M-J-J) but above 2 km the opposite is true, which indicates that the
during 1995-2005. The endpoints of the trajectories weresummer monsoons mainly influence the lower troposphere.
at 1.2km, 3km and 5km over the airport, representing theBelow 2 km, air masses from the south contained higher O
upper PBL, the lower free troposphere and the middle tropo-concentrations (by 10—15 ppbv) than that from the north with
sphere, respectively. All trajectories were ended at the airthe largest difference occurring at 1 km altitude. This is what
port, not at exact locations on aircraft routes. In Fig. 9a—one expects to see as the air from the north was less influ-
¢, we show the classified trajectories at the three altitudegnced by emissions in the NCPs. Interestingly air masses
based on their origins and pathways. The PBL trajectoriesarriving from the west also contained elevategld®ncentra-
was classified into two categories (Fig. 9a): one group (N)tions in the lower free troposphere (2—4 km). A comparison
was transported from the remote areas in the north with fasof O3 profiles for Categories W and N suggests a larger dif-
wind speeds; the other (S) was originated from the pollutedference in lower altitudes, which suggests that the elevated
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Fig. 7. Climatology of tropospheric N®column retrieved from GOME (1995-2002) and SCIAMACHY (2003—-2005) satellite d4&g in
June andb) August during 1995-2005, and ATSR-2 total fire count mafz)ddune andd) August during 1996—-2005.
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tropospheric ozone, which may be influenced by many pro-
Fig. 9. Clusters of 3-day back-trajectories endingagtl.2 km,(b) ce;ses/spurces such as STE and blo_mass bum'ngs, as well.
3km, and(c) 5km over Beijing during May—July. The right side Thl§ _toplc can be further addressed in the future with the
parts of these figures show the vertical locations of trajectories as &dditional synchronous MOZAIC measurements of carbon
function of latitude. monoxide (CO) and total reactive nitrogen oxides ()@ith

O3 since 2002lgttp://mozaic.aero.obs-mip.friweb/

ozone should be related to surface sources rather than tt@4 Decadal trend of lower tropospherig Gver Beijing
large-scale background. However, the 3-day back trajecotries

do not indicate obvious source for the elevated ozone assd#/ith a rapid industrialization and urbanization, emissions of
ciated with the westerly transport at 2-4 km. Further mod-o0zone precursors in China are thought to have increased sig-
elling study are required to ascertain the origins which couldnificantly (Richter et al, 2005. So far there has been no
be due to long range transport from distant source regiongublished result on the long-term trend o ©n the Chi-
such as Europe, or perhaps to a more local orgin in the NCPaese subcontinent. Here we use MOZAIC data to attempt
which is not resolved well by these back trajectories with ato derive a decadal tendency of lower tropospherico@er
relatively coarse spatial and temporal resolution. Beijing.

In the free troposphere, the mean ©oncentrations of Because the number of MOZAIC samples in some years
Type S decreased significantly and were even lower tharike 2000-2001 are too few to calculate the annual aver-
those from the north and the west above 4km. This furtherage, we made use of the data obtained during two periods,
reveals that the broad mid-tropospheric summer maximunml995-1999 and 2000-2005, to study the decadal trend. Fig-
over Beijing was not caused by anthropogenic emissionsire 11 shows the vertical{profiles for the two periods aver-
convected from the NCPs and the Central-Eastern Chinaaged over year-round data and over summer afternoons only
but probably reflect the overall mid-latitude cycle of mid- (LT 15:00-16:00, May—July). It can be seen that the mean
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~4% for a mean level of 75 ppbv). In contrast, the mean O

Fig. 11. Comparisons of mean4Pprofiles in the lower troposphere . .
over Beijing between 1995-1999 and 2000-2005. The solid lineconcentrations in the free troposphere have not shown such

are annual mean values, and the dashed lines on the right hand si@! increase. The large increase in i@ the boundary layer
represent the data collected in summer afternoons (at LT 15:00.N Beijing is in sharp contrast to the situation in Paris, New
16:00 in MJJ). York City and Tokyo. Figure 12 shows the meag @ofiles

during the same period for those three cities. Variance analy-
sis indicates a statistically significant negative trend in Paris
(below 3km), no trend in New York City, and a small pos-
itive trend (with a rate about 1% per year) below 450 m in
Tokyo.

To investigate the possible influence of year-to-year
difference in meteorological conditions to the ozone
trend depending on the data mostly dominated by the
year of 1997, 1998, and 2005, we examined the
EL Nino index data [fttp://www.cpc.noaa.gov/products/
analysismonitoring/ensostuff/ensoyears.shtmiich show

20 031(())ne (p‘:)(l))v) 50 20 3gzm4(<;pbv)so 20 r:?(ppbvio strong El Nino signal during June 1997-April 1998. We fur-
ther compared the annual sunshine hour, air temperature ob-
served at the surface station and wind flows on different al-

Fig. 12. Comparisons of annual meary @rofiles between 1995 titudes, but did not find significant difference for 1997, 1998
1999 and 2000—2005 in the lower troposphere over Paris, New Yoridnd 2005 over North China when compared to the 10-year
City, and Tokyo. average. More continuous data will be needed to further ver-
ify the ozone trend derived from our analysis.

To see if there exists a relationship between the observed
Os level in lower troposphere has increased substantially inO3 increase over Beijing and changes in emissions 0pNO
the last decade in Beijing. A variance analysis shows thatan G; precursor, in Fig. 13 we show GOME and SCIA-
the difference is statistically significant at a 95% confidential MACHY retrieved tropospheric N@column in the NCPs
level for the year-round averages below 4 km and for sum-(see dashed line box in Fig. 7) and around Beijing 11 box
mer results below 1.5km. The difference is about 5-8 ppbvcentered at 116°%, 40 N), together with the total number
in the PBL with the largest increase at 1 km altitude. Con-of civilian vehicles in Beijing City fittp://www.stats.gov.cn/
sidering 1997 and 2004 as the middle of the two periods (sed¢jsj/ndsj) from 1996 to 2005. It can be seen that in the last
Fig. 1b), the annual rate of change rate is about 1 ppbY,yr decade both regional (NCPs) and Beijing urban emissions
or about 2% for a mean level of 50 ppbv. For summer af-of NOx have sharply increased, particularly in urban Bei-
ternoons, a much larger increase (up to 22 ppbv) was founging (with a rate up to 23%yr'), and the latter correlated
in the PBL with an increase rate of about 3 ppbv Yy or very well with a rapid increase in the total number of civilian

New York

—e— 2000-2005
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Paris Tokyo
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