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Abstract. Measurements of gaseous pollutants — includ-long-range transport from the northwesterly direction, espe-
ing ozone (@), sulfur dioxide (SQ®), nitrogen oxides cially at the higher altitudes. Three factors that influenced the
(NOx = NO+ NOy), carbon monoxide (CO), particle num- size distribution of particles — i.e., air mass transport direc-
ber concentrations (5.6-560 nm and 0.47-30 um) — and metion, ground source emissions and meteorological influences
teorological parametersT( RH, P) were conducted dur- - are also discussed.

ing the Campaigns of Air Quality Research in Beijing and
Surrounding Regions in 2008 (CAREBeijing-2008), from
27 August through 13 October 2008. The data from a total
18 flights (70 h flight time) from near the surface to 2100m 1  Introduction

altitude were obtained with a Yun-12 aircraft in the south-

ern surrounding areas of Beijing (38-49, 114-118E). The air quality in Beijing and the surrounding area has wors-
The objectives of these measurements were to characteriZn€d since the introduction of motor vehicles in the 1950s,
the regional variation of air pollution during and after the continuing industrialization and widespread use of coal for
Olympics of 2008, determine the importance of air massPoOWer production. The 2008 Olympic Games brought the fo-
trajectories and to evaluate of other factors that influencefus of the world onto Beijing and its pollution problem. The
the pollution characteristics. The results suggest that theréederal, provincial and city governments have been address-
are primarily four distinct sources that influenced the mag-ing this problem with the introduction of many new pollution
nitude and properties of the pollutants in the measured recontrol measures in an attempt to reduce emissions in gen-
gion based on back-trajectory analysis: (1) southerly transeral and particularly in Beijing due to the publicity generated
port of air masses from regions with high pollutant emis- Py the Olympic Games (Beijing Organizing Committee of
sions, (2) northerly and northeasterly transport of less pol-the XXIX Olympic Games, 2005; Streets et al., 2007). Many
lutant air from further away, (3) easterly transport from mar- studies have been conducted to study the air pollution in Bei-
itime sources where emissions of gaseous pollutant are led§d and surrounding areas (Dickerson et al., 2007; Garland
than from the south but still high in particle concentrations, €t al-, 2009; Guinot et al., 2007; Huang et al., 2010; Jung et
and (4) the transport of air that is a mixture from different re- al., 2009; Streets et al., 2007).

gions; that is, the air at all altitudes measured by the aircraft However, the air pollution in Beijing is a regional problem
was not all from the same sources. The relatively long-liveddue to different sources mixed together from local and sur-

CO concentration is shown to be a possible transport tracer gfounding areas (Garland et al., 2009; Jung et al., 2009; Mat-
sui etal., 2009). An international field campaign “Campaigns
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of Air Quality Research in Beijing and Surrounding Regions
in 2006 (CAREBEeijing-2006)", was conducted in the sum- 1
mer of 2006 to evaluate the magnitude of the pollution prob-
lem. These studies confirmed that the air pollution was a
regional problem on a scale of up to 1000 km (Garland et
al., 2009; Jung et al., 2009; Matsui et al., 2009) and high-
pollution periods were usually associated with the trans- *|
port of air masses from the south (Takegawa et al., 2009;
van Pinxteren et al., 2009; Yue et al., 2009). Another study -/
(Streets et al., 2007), based on model results, estimated tha
sources outside of Beijing contributed 34 % of the particulate
mass with an aerodynamic diameter less than 2.5 ympy M
and 35-60 % of ozone during high-ozone episodes. They alsc
found that the neighboring Hebei Province could contribute Henan
50-70 % of Beijing’s PM 5 and 20—-30 % of ozone contribu- o T eT wE e e o b
tions during sustained wind flow from the south (Streets et
al., 2007). Fig. 1. The three flight routes during the aircraft sampling periods
Aircraft measurements provide the means to study thgZJC, AC, ZZ, BD, and SJZ mean the start and end sampling sites
vertical structure of the pollution over large horizontal dis- Zaojiacheng, Anci, Zhuozhou, Baoding and Shijiazhuang).
tance and relatively short timescales. An airborne measure-
ment platforms allows rapid deployment to multiple areas
of interest, and the vertical mobility provides insight into
boundary layer dynamics, vertical layering of pollutants, ver- al., 2007).

tical stability and provides measurements of a more statis- The aircraft measurements mentioned above were con-
tically relevant area (Taubman et al., 2006). A number ode;](_:ted or\:er ccr)]astalbarea? or the northwestern regrllons O.f
aircraft field campaigns have been carried out in or down-China. There have been few measurements over the Bei-

wind of China. The Asia Pacific Regional Aerosol Charac-1ind region 'exc'ept for case study of aerosols (Zhang et al.,
terization Experiment (ACE-Asia; Kawamura et al., 2003; 2006) and in situ aircraft measurements from 2005 to 2006

Huebert et al., 2004; Simoneit et al., 2004) made aircraft_(Zhang et al., 2009) before _the control measuremer_ﬂs were
measurements over the Yellow and East China seas, an oul{_rjpleme_nted for the (.)Iymp.luc Games. The C?‘mpa'gf?s of
flow region for pollutants from China, as well as the spatial 2 Quality Research in Beijing and Surrounding Regions
and vertical distributions of pollutants over coastal and in-N 2008 (CA.REBeumg-ZOOS) was a follow-up |nt'ernat|c.)nal
land China (G. Wang et al., 2007). An international project, field campaign of CAREBeijing-2006 led by Peking Univer-
the Atmospheric Brown Cloud East Asian Regional Exper—s'ty' which fo__gused on C_haracterlzmg the air quality during
iment (ABC; Wang et al., 2005, 2008a), has been running€ 2008 Beijing Olympic Games (Huang et al., 2010). As
in China since the early 1990s, and many domestic project?art of CAREBeijing-2008, this presentation here summa-

supported by the Chinese Science Foundation have also Coﬂzes the rggional variations in gaseous and particulate pol-
laborated in many aircraft field campaigns. The size distribu-Utants during and after the Olympics of 2008 from 18 mea-

tion of airborne particles over eastern coastal areas (W. Wan urement flights and discusses the factors that influenced the

etal., 2005), vertical ultrafine particles profiles over northerntharacteristics of these pollutants.

China coastal areas during dust storms (Wang et al., 2008a)

and gaseous and particulate pollutan_ts over Pea_rl River Deltg Experimental

(Wang et al., 2008b) have been studied. Other aircraft obser-

vations from the Transport and Chemical Evolution over the2 1 Flight information

Pacific Experiment (TRACE-P; Tu et al., 2003) showed sub-

stantial concentrations of S@ver the Pacific downwind of A Yun-12 aircraft with a cruising speed of approximately

China (Dickerson et al., 2007). Another Chinese—American50 ms™! was used for all the flights. The aircraft measure-

joint project, EAST-AIRE (the East Asian Study of Tropo- ments were conducted from 27 August to 13 October 2008

spheric Aerosols: an International Regional Experiment; Liover the area to the south of Beijing in Hebei Province and

et al., 2007) investigated the vertical distribution of pollu- Tianjin. The 18 flights, totaling 70 h in the air, were made

tants and dust over east Asia from eight flights under a va-over three different flight routes, as shown in Fig. 1. More

riety of weather conditions in northeastern China centereddetailed flight information is summarized in Table 1.

over Shenyang, a large industrial city 650 km northeast of All the flights were conducted in “linear” patterns between

Beijing, shedding light on the mechanisms of long-range pol-different sites. Along flight route L1, 10 flights were car-
ried out between the cities of Zaojiacheng (ZJC>BBBN,

13°F 114°F 1157} 116° 117K 118°F 119°F 120° F
L n ! L 1 L L I

F41°N

10° N4
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lutant transport out of east Asia (Li et al., 2007; Dickerson et
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Table 1. The flight time, range, pattern, area and related information for different flight lines.

Line Flight Date Time Altitude Range Pattern Flight Area
L1 I-1 27 Aug 2008 10:35-14:25 2100-900-600 Linear, back ZJQBN, 11727 E)
and forth to AC(393Y N, 11642 E)
-2 2Sep 2008 14:13-17:53 2100-900-600
-3 3Sep2008 09:41-13:33 2100-900-600
I-4 11 Sep 2008 09:09-13:04 2100-900-600
I-5 12 Sep 2008 08:50-12:43 2100-900-600
I-6 25Sep 2008 14:00-18:04 2100-900-600
I-7 27 Sep 2008 09:07-12:16 900-600
-8 11 Oct 2008 09:15-13:20 2100-900-600
1-9 11 Oct2008 13:46-17:40 2100-900-600
I-10 13 Oct2008 12:50-16:42 2100-900-600
L2 -1 29 Aug 2008 09:04-12:54 2100-900-600 Linear, back ACEIN, 11642 E)
and forth to ZZ(3929 N, 115°58 E
-2 1Sep 2008 08:44-12:37 2100-900-600
-3 20 Sep 2008 10:06-13:20 2100-900
-4 21 Sep 2008 09:09-14:30 2100-900-600
L3 -1 28 Aug 2008 08:57-13:06 2100-600 Linear, back ZJCto ACto ZZ,
and forth to BD(3852 N, 115°28 E)
to SJZ (383N, 11431 E)
-2 1Sep 2008 15:04-18:25 2100-600
-3 8 Sep 2008 13:55-17:27 900-600
-4 15 Sep 2008 13:25-17:18 2100-600
L1 Total 10 flights, 2283 min (38 h), 3 heights
L2 Total 4 flights, 970 min (16.2 h), 3 heights
L3 Total 4 flights, 887 min (14.8 h), 3 heights

11727 E) and Anci (AC; 3931 N, 11642 E) at three dif- The flights covered most of the area of the southern regions
ferent altitudes of 2100, 900 and 600 m. For the flight routeclosest to Beijing. The aircraft departed from Binhai Airport
L2, four flights were conducted between the cities of Anci (BH; 39°8' N, 11721’ E) in Tianjin and then flew to ZJC in
(AC; 39°31I'N, 11642 E) and Zhuozhou (ZZ; 329 N, Tianijin, followed by AC, ZZ, BD and SJZ in Hebei Province.
115°58 E) at the same three altitudes as L1. All the flights Most of these cities are located to the south of Beijing. The
of L1 and L2, at the three altitudes, were conducted at leastities of BH and ZJC are in the province of Tianjin and the
two or three times between the end points during each flightother four cities are in Hebei Province. The biggest suppliers
The flight route L3 includes five different cities, conducted of power for the megacities of Beijing and Tianjin are ap-
in the sequence of Zaojiacheng, Anci, Zhuozhou, Baodingproximately 20 large, coal-fired electric power plants located
(BD; 38°52 N, 11528 E) and Shijiazhuang (SJZ; 38 N, in Hebei Province. Additionally, several interstate highways
11431 E), with the linear pattern flight from one city to the crossed beneath the flight routes. This region has a high den-
next one. The three altitudes were selected based upon thaty of small towns and villages as well. As a result, the emis-
average depth of the boundary layer in the morning and afsions from automobiles, coal burning, cooking and other in-
ternoon. The 2100 m flight level puts the aircraft in the free dustrial processes are major contributors to the regional layer
troposphere but below the maximum altitude where the flightof pollutants.
crew would require oxygen masks (the aircraft is unpressur-
ized) and also at a low enough pressure altitude such tha2.2
the instruments would function properly. The flight levels at
600 and 900 m placed the aircraft at two different altitudes,Several commercial instruments were mounted on the air-
well within the mixed layer, where more than 90 % of the craft to measure the concentration of, Oy (NO + NO),
pollutants are contained. Comparison of the 600 and 900 O, SG and CQ, as well as particle number concentra-
concentrations allowed for an estimate of the rate of mixingtions of condensation nuclei (CN). Ozonez{@vas measured
and dilution between the mixed layer and free troposphere. with a UV (ultraviolet) photometric analyzer (Thermo Envi-
ronmental Instruments Inc. (TECO), model TE/49i) with a
detection limit of 0.5 ppbV and a precision &fl ppbV. It

Instrumentation on the aircraft
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operates using absorption by ©f UV light at a wavelength  than 0.5 um) were calculated as the sum of the number con-
of 254 nm. The measuring range was set as 0.5 to 200 ppb\¢entration of all channels.
with automatic temperature and pressure correction. NO- The TSI aerodynamic particle sizer spectrometer (APS)
NO,-NOy was monitored with an @chemiluminescent (TSI Corporation, USA, model 3310) was used to sample
trace level analyzer (TECO, model TE/42i) with a detection particle size distributions from 0.47 to 30 um. It uses 57 chan-
limit of 0.4 ppbV. It operates on the principle that nitric oxide nels and gives number size distribution automatically. The
(NO) and ozone (@) react to produce a characteristic lumi- surface and mass size distribution are calculated on the as-
nescence with an intensity that is linearly proportional to thesumption that sampled particles have the same sedimentation
NO concentration. The NO and N@oncentrations calcu- rate as spherical particles with a density of 1 gémas well
lated in the NO and N@modes are stored in memory, and as the same diameters (W. Wang et al., 2005).
the difference between the concentrations is used to calcu- To keep a constant flow rate and sampling pressure, a
late the NQ concentration. Sulfur dioxide (SPwas mea- dome was adopted to introduce air into the sampling tube.
sured with a pulsed UV fluorescence analyzer (TECO, modeAll the gas-phase instruments were calibrated before the field
TE/43i) based on the principle that $@nolecules absorb campaign by injecting a span gas mixture of zeroed ambi-
UV light and become excited at one wavelength and then deent air and standard gases. Standard gases such as NO, NO
cay to a lower energy state emitting UV light at a different CO and SQ were purchased from the Beijing Hua Yuan Gas
wavelength. The detection limit of the analyzer is 0.5 ppbV Chemical Industry Co., Ltd. ©standard was made from the
for a 5min integration with a precision of 0.2 ppbV. Carbon ozone primary standard (TECO, model TE/49i-). The stan-
monoxide (CO) was detected with a gas filter correlation COdard gases were diluted by zero-air sources with the instru-
analyzer (TECO, model TE/48i), and is operated on the prin-ment dynamic gas calibrator (TECO, 146i & 1160 dynamic
ciple that carbon monoxide (CO) absorbs infrared radiationgas calibrator). The detailed calibration procedure has been
at a wavelength of 4.6 um, using an internally stored calibra-described by W. Wang et al. (2005).
tion curve to accurately linearize the instrument output.

The aerosol particle number concentrations were mea2.3 Meteorological conditions and backward
sured with a condensation nuclei counter (CNC, TSI Corpo- trajectories
ration, USA, Model 3020). It is designed to condense butanol
vapor on particles in a continuous flow and uses a photodeThe meteorological state parameters temperatfijefres-
tector to determine the grown particles. It operates by pro-sure ) and relative humidity (RH) were recorded every
ducing a supersaturated vapor that condenses on the nuclsecond. The high-sensitivity sensors of temperature and rel-
in order to grow them to a large, detectable size. For aerosahtive humidity (VAISALA, model Hnp-13Y) were slightly
concentrations <Hrm™3, it is used in the single-particle adjusted for the aircraft measurements. The pressure sensor
counting mode. For concentrations >*10n3, it operates  used was purchased from Global Water Ltd. (model WE-
in the photometric mode. Typically, it is set to a flow rate of 100). The meteorological data from the surface, including
300 mL min %, trigger level of 400mV and pulse width of Beijing, Tianjin and Shijiazhuang, were obtained from the
30 us. Under these conditions, the CNC counting efficiencywebsitewww.wunderground.com
is nearly constant for particles with a diameter >20nm and Back trajectories are a standard tool for determining the
decreases with size for smaller original particles (Su et al. source regions and transport patterns of air parcels observed
1990). For smaller particles, the counting efficiencies are sig-at receptor sites. They can provide good representations of
nificantly low, as the counting efficiency for diameter <5 nm the general three-dimensional wind flow and are useful in
is <0.1 (Agarwal and Sem, 1980). Also, the counting effi- identifying particular synoptic situations (Taubman et al.,
ciency of the CNC is a function of pressure and flow rate due2006). All the backward trajectories were computed using
to changes in heat and mass transfer rates, and varies muthe trajectory model of Hybrid Single-particle Lagrangian
due to the changes of pressure and flow rate. The cut sizentegrated model (HYSPLIT 4) of NOAAs Air Resources
of the CNC was sensitive to the temperature difference but.aboratory (Draxler and Rolph, 2018ttp://ready.arl.noaa.
relatively insensitive to the flow rate and the saturator tem-gov/HYSPLIT.php.
perature (Zhang and Liu, 1990). In addition, the forecast dispersions of both the gases and

The patrticle size distributions were measured with an en-particles are calculated by the dispersion model of HYS-
gine exhaust particle spectrometer (EEPS) (TSI CorporaPLIT (Draxler and Rolph, 2013http://ready.arl.noaa.gov/
tion, USA, model 3090). It measures the number concentraHYSPLIT.php assuming either puff or particle dispersion.
tion of particles ranging from 5.6 to 560 nm with 32 chan- In the puff model, puffs expand until they exceed the size of
nels at 10 Hz frequency (TSI, 2013). According to the infor- the meteorological grid cell (either horizontally or vertically)
mation provided by TSI, this instrument is not sensitive to and then split into several new puffs, each with its share of
pressure changes below the altitude of 3000 m (W. Wang ethe pollutant mass. In the particle model, a fixed number
al., 2005, 2007, 2008a, b; TSI, 2006). Size-resolved parti-of particles are advected through the model domain by the
cle number concentrations of RN (particles with sizes less mean wind field and spread by a turbulent component. The

Atmos. Chem. Phys., 14, 301316 2014 www.atmos-chem-phys.net/14/301/2014/
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model’s default configuration assumes a three-dimensional

2100 m 900 m 600 m 2100 m 900m |  600m

particle distribution (horizontal and verticabjt{p://ready.arl. 5, G1 6263646162 63 Ga 61 G2 63 G ., G G263 G4G1 G263 G461 G263 G
noaa.gov/HYSPLIT.php so, o
404 120 H F120
3 Results and discussion 4 ] éA :
204 . 50-5 = Ll : 60
3.1 General description of the pollution levels at 0] iiA % L
different altitudes Bl L ,

As previously described in Sect. 2.1, three different flight
routes were used during the sampling periods. Aircraft
monitoring above Beijing City was not allowed during the

Olympic periods; thus the flight routes were chosen to be
around Tianjin and Hebei Province in the southern part of
Beijing. For every sampling period, 48 h back trajectories
were computed at three different heights of 600, 900 and
2100 m above the starting point located at ground level. ZJC

and AC sites for flight L1; AC and ZZ sites for flight L2; and on o] . Lo
ZJC, AC, ZZ, BD and SJZ sites for flight L3 were computed. 1| 3 T 7%5,7
Also, 12 h forecast dispersions for both gases and particles ] . % & I

404 NOx co

304

Concentation for Gases and particles

were calculated for each flight, ending at the point sources | ‘
of ZJC, AC, BD, SJZ and ZZ during the field campaigns. 1

100 i £ 100

Global Data Assimilation System (GDAS) archived meteo- "1 T

rological data have been used as input for both the back- 1 : 10
trajectory and dispersion model (Draxler and Rolph, 2013; [hwiais hibitube Mibstat ol oA R Rt
http ://ready. arl . noaa.gOV/HYSP LlT php The flight altitudes information of different groups

For each flight, the average concentration of gases and par-
ticles were shown in Table 2. In general, the concentration of 19 2. The box-and-whisker plots for gaseous pollutants, condens-
pollutants decreases with increasing altitude. able nuclei and Pll5 at different altitudes for each group.

In order to discuss the detailed trends and variations for the
flights, different groups of flights were classified in relation ] ] )
to the patterns in variation of back trajectories and forecas€dge is the 25th percentile and the upper edge is the 75th per-
dispersions of each flight, as well as the different characteris¢entile. The whiskers in the plot represent the error bars. The

tics of gases and particles, as the following section will show.follovging discussion will be in the same order as the group
numbering.

3.2 Characteristics of gaseous pollutants at different

flight routes 3.2.1 Flights of G1: air mass origin from the southerly

transport of pollution

Based on both the back trajectory and the archived disper-
sion model analysis, the flight routes were classified into fourMost of the flights showed significantly higher concentra-
groups relating to the origin of the air masses in the regiontions than other flights especially for NOSO, and G at
where flights were conducted; these four origins were fromall three heights, as shown in Fig. 2. The back trajectories
the south, north and northwest, east, and a mixture of ori-and dispersion results of FI-1 and FllI-1 are shown as ex-
gins. It should be noted that the back trajectories and disperamples in Fig. 3, indicating the influences of southerly trans-
sion results did not always show consistent patterns for allportation. We have performed Studetests between G1 and
flights; hence, the dispersion results and the adjacent variether groups for gases and particles at different altitudes, as
ation of sampling were carefully considered for grouping. shown in Table 3. The results confirmed the significant differ-
The flights that correspond to the four groups are (1) flightences between G1 and other groups for all gases and patrticles
I-1 (FI-1), FlI-1, FlI-2, FllI-1 and FIlII-2 for group 1 (G1); at the three altitudes. These flights, and the associated back-
(2)FI-2, FI-3, FI-6, FI-8, FI-9 and FlI-4 for group 2 (G2); (3) trajectory and dispersion analysis, indicated the probable in-
Fl-4, FI-5, FI-7 and FII-3 for group 3 (G3); and (4) FI-10, fluence of emissions from the many large cities to the south
FllI-3 and FllII-4 for group 4 (G4). For each group, the box- on the research area. The gaseous pollutants showed signif-
and-whisker plots of S& NOy, O3, CO, CN and PMs are icantly higher concentrations between G1 and other groups,
shown in Fig. 2 at 2100, 900 and 600 m, respectively. Theparticularly in the air with high concentration of 3@nd G,
box part represents the central 50 % of the data, the loweas shown in Table 2. This may be due to air stagnation under

www.atmos-chem-phys.net/14/301/2014/ Atmos. Chem. Phys., 14, 38116- 2014
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Table 2. The average concentration of gaseous pollutants and condensable nuclei concentrations at different heights for each flight. (The unit
of CN, PMyg are N cm3,COis ppmV, and other gases are ppbV.)

Group 1 Group 2 Group 3 Group 4

Height  Flight -1 1I-1 1I-2 -1 -2 1-2 1-3 1-6 1-8 -9 1I-4 I-4 I-5 I-7 1I-3 1-10 -3 -4

2100 NG 16.36 9.42 8.93 11.36 6.09 4.42 3.88 2.20 1.20 2.54 4.60 8.37 6.44 - 4.63 2.43 - 7.68
NO 0.52 0.35 0.35 0.42 0.39 0.37 0.44 0.39 0.35 0.44 0.43 0.39 0.41 - 047 0.76 - 0.44
NOx 16.88 9.77 9.28 11.78 6.48 4.79 4.31 2.59 1.55 2.98 4.88 8.76 6.84 - 5.10 3.20 - 8.12
SO, 4.85 6.73 0.21 2.50 0.34 0.38 0.13 0.42 0.69 0.03 1.05 0.34 0.33 - 272 3.86 - 122
O3 58.64 66.85 46.60 58.87 49.36 51.82 47.15 39.66 4339 4547 51.63 4215 4414 — 59.00 55.25 53.65
co 0.12 0.05 - 0.13 - 0.33 - 0.70 0.52 0.15 0.33 0.53 0.24 - 0.46 0.83 - 0.35
CN 3637 - 2109 - 8507 8518 - 1112 - - 734 1381 - - 3763 3900 - 8496
PMps 16888 4438 2928 3873 5528 5258 - 3068 1498 2006 3066 2709 2143 — 7049 6151 - 5922

900 NG 1854 10.81 8.47  11.48 - 9.62 1242 4.04 0.63 586  13.07 16.18  13.01 312 6.67 6.62 11.08 -
NO 1.49 0.56 0.47 0.45 - 0.46 1.28 0.54 1.95 1.23 0.84 0.48 0.65 045 047 0.50 0.58 -
NOx 20.03 11.37 8.73 11.93 - 10.08 13.70 4.58 2.58 7.10 13.91 16.66 13.66 3.56 7.14 7.12 11.65 -
SO 11.10 1454 0.83 7.64 - 337 1793 0.65 0.62 0.99 9.62 1.19 1.33 054 4.82 7.41 8.62
O3 67.03 73.59 44.88 63.69 - 69.31 88.26 32.89 35.61 39.44 69.77 48.69 46.69 34.76 67.77 74.73 74.80 -
Cco 0.48 0.09 - 0.06 - 0.18 0.35 0.49 0.37 0.14 0.56 0.30 0.26 043  0.65 0.53 0.76 -
CN 8288 - 2824 - - 16353 11508 20770 8918 5941 9384 14880 8916 964 1805 9193 15141 -
PMos 13438 11482 10106 7917 - 17481 — 24835 10125 11474 - 13934 9326 6839 5287 12768 20176 -

600 NG 2215 2056 1430 17.33 1217 1417 15.61 5.02 9.31 10.35 7.83 17.06  16.91 8.68 - 17.49  16.06  18.92
NO 1.13 0.78 1.58 0.74 0.56 0.45 0.90 0.39 3.68 0.74 0.48 0.51 0.49 3.27 - 0.63 0.80 0.82
NOx 23.28 21.34 15.88 18.07 12.73 14.62 16.51 5.41 12.99 11.09 8.31 17.58 17.40 11.96 - 18.12 16.86 19.74
SO 11.68 11.83 2.29 12.88 3.56 5.19 21.99 0.78 2.14 1.75 7.18 2.49 1.05 13.60 - 23.11 7.68 20.30
O3 7325 8277 49.98 68.80 60.59 81.13 9565 3219 34.81 41.72 66.97 55.16 4891 29.21 - 102.69 67.48 104.68
co 0.61 0.19 - 0.62 - 0.11 0.32 0.38 0.42 0.18 0.63 0.21 0.15 0.89 - 1.15 0.90 1.00
CN 8829 - 6936 - 6453 13034 12280 13547 35725 10954 5402 25835 7662 16439 - 17016 15508 20945
PMps 16244 15369 19230 13763 14784 21554 — 18317 31443 13922 11675 17238 10915 75533 - 21287 21436 33111

conditions of low wind speeds and highly active photochem- For Oz, this group showed concentrations similar to the

istry; the urban emissions of both primary compounds andother groups at 2100 m, which may be the regional level

precursors for secondary ions lead to an additional pollutantf this height, as shown in Fig. 2 and Table 2. However, it

on top of the already elevated regional level (Van Pinxterenshowed more variation between different flights at lower al-

et al., 2009; Streets et al., 2007). This may be shown frontitudes especially 600 m, which may suggest the differences

the higher concentration of particles, especially forgzNh of the ground transport or dispersion, as shown in Fig. 3. For

Gl1. NOy pollution, all the flights showed a significantly higher
As the three sites of ZJC, AC and ZZ are in the same re-contribution of NGQ, which contributes to more than 90 % of

gion, their back trajectories are similar at the same height ofNOy.

each flight; hence the midpoint of the two sites ZJC and AC,

AC and ZZ were used as a representative site of the back trag 2.2 Flights of G2: air mass origin from the north

jectories for line 1 and 2. For line 3, three sites were used and northwest

at the same time, i.e., the midpoint of ZJC, AC, ZZ, BD and

SJZ. The back trajectories varied little during the same ﬂight'Most of the G2 flights showed generally low concentrations

SO only_one is shown. The back tr_ajectorles and the forecgs(gf gaseous pollutants at all three different heights compared
dispersion of both puffs and particles for G1 are shown iy, the gther groups, as shown in Table 2 and Fig. 2. The back
Fig. 3 as Fl-1 and Flil-1 are representatives of G1. trajectories and dispersion results of FI-2 and FlI-4 are shown
For G1, the gases and particle pollutants come mostly fromy g’y amples in Fig. 4, indicating the influences of northerly
sources close to the south, as the back trajectory and the for%(nd northwesterly transportation. We have performed Stu-
cast dispersion shows in Fig. 3. In addition, the levels of 98%ent: tests between G2 and other groups for gases and par-
pollutants in G1 are significantly higher than those in Otherticles at different altitudes, as shown in Table 3. The results

groups, especially for SONOy and Q. The higher the al- - ;o ified the significant lower variation between G2 and other
titudes, the more variation between flights of G1 and othery . s for all gases and particles at the three altitudes. These
groups, as shown in Table 2 and Fig. 3. It is obvious that thegg s indicated the possible influences of transport from the
higher concentration of Sespecially in 2100m may be & qrherly or northwesterly direction of air that generally has
good tracer for the southern sources from regional transporty, ey concentration of pollutants due to fewer sources of gas

As an example, SPmeasured from Fl-1 has shown to be g narticles, as shown in Fig. 4 (Guo et al., 2004: Van Pinx-
tens to hundreds of times higher than the average of Othe(eren et al., 2009).

flights (4.85 compared to 0.03-0.69 ppbV) at 2100 m, 2—
18 times higher at 900 m (11.1 compared to 0.62-3.37 ppbV)
and 2-30 times higher at 600m (11.7 compared to 0.78
5.19 ppbV). NQ showed similar variation with S

NOyx and SQ showed significantly lower concentrations
n G2 compared with other groups, especially G1. The aver-
“age values of NQand SQ measured during the G1 flights
were 30-65 and 25-75%, respectively. Faster flowing air
with fewer pollutants from the north-northwest can clear out
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Fig. 3.48 h back trajectories and 12 h forecast dispersions for flights I-1 and IlI-1 of G1.

more local pollutants (Guo et al., 2004; Van Pinxteren et al.,for CN and~ 1.3 times higher for Pls. The inverse char-
2009). acteristics of gases and particles may again verify the char-
The number concentration of CN and BM however, acteristics of transport from the northerly or northwesterly
showed different characteristics than the gases. The concemlirection, i.e., lower gaseous pollutants at all heights and
tration measured by the G2 flights were higher than thosdower CN at high altitudes but higher at lower altitudes.
in G1 at 900 and 600 m. The average values measured byhe contribution of dust may be the reason for these, as
G2 flights were~ 3.2-3.8 times greater than the G1 flights many studies on dust events in Beijing and surrounding areas
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Table 3.Independent test of gas and particle pollutants at different altitudes between the four groups.

2100m 900m 600m
G1-G2 G1-G3 G1-G4 G2-G3 G2-G4 G3-G4 G1-G2 GI1-G3 G1-G4 G2-G3 G2-G4 G3-G4 G1-G2 GI1-G3 G1-G4 G2-G3 G2-G4 G3-G4
NOx ¢ (2271) (9.27) (8.63) 1282 1367  0.53 (9.71) (829) (8.65) 312 090 (1.76) (19.74)  (6.70)  1.06 1094 1758 650
p 0000 0000 0000 0000 0000 0.596 0.000 0000 0000 0002 0369 0.079 0.000 0.000 0289 0000 0000  0.000
SO, t+ (1434) (6.45) (3.42) 651 1447 418 (8.17) (18.69) (267) (6.33) 512 16.80 (511) (5.97) 11.65 (1.15) 1442  12.30
p 0000 0000 0001 0000 0000 0.000 0.000 0000 0008 0000 0000 0.000 0.000 0.000 0000 0250 0000  0.000
03 ¢ (1659) (8.35) (2.39) 216 1315 621 (6.25) (10.01)  7.56 (1.03) 1155 18.14 (7.28) (22.43) 1663 (8.09) 1857  28.47
p 0000 0000 0017 0031 0000 0.000 0.000 0.000 0000 0305 0000 0.000 0.000 0.00 0000 0000 0000  0.000
co i 970 1165 1265 3.04 58  3.24 210 650 11.27 6.62 1269  7.81 (2.51) 138 2600 3.66 3354 19.63
p 0000 0000 0000 0003 0000 0.001 0.037 0000 0000 0000 0000 0.000 0.012 0168 0000 0000 0000  0.000
CN : (276) (225 1077 032 1026 12.97 1205 321 1504 (11.60) (1.11)  8.79 2010 2453 2611 110 239 118
p 0006 0025 0000 0749 0.000 0.000 0.000 0001 0000 0000 0269 0.000 0.000 0.000 0000 0271 0017 0.238
PMgs ¢ (31.54) (15.25) (3.22) 1312 32.85 25.10 2773 (33.90) 2543 (63.20) (5.70) 6255 3458 7228 5396 5555 3027 (35.63)
p 0000 0000 0001 0000 0000 0.000 0.000 0.000 0000 0000 0.000  0.000 0.000 0.000 0000 0000 0000  0.000

have shown (Zhang et al., 2010; Sun et al., 2010). Thoseicle mode ¢ < 0.3 um), which comprises 90-95 % of par-
studies reported the great increases of dust particles duticle numbers but only about 5% of the total mass, con-
ing dust events in Plk, as well as the dust transportation sists primarily of non-sea-salt sulfate (nss-sulfate) (Fitzger-
routes from northerly and northwesterly direction. Also, Park ald, 1991). In addition, the mixing with local pollutants may
and Kim (2006) and Kim et al. (2007) reported the number significantly increase the number concentration of particles,
distribution of dust aerosol, which showed bimodal modesas shown in Table 2.

with the geometric mean diameters of 0.36 and 1.12 um and As for the size distribution, the submicron portion of the
shifted toward the smaller size compared with that of theparticle size distribution is bimodal, with peaks at 0.03 pm
mass concentration (Park and Kim, 2006), and showed littleand 0.1 um radius (Fitzgerald, 1991). Differential mobility
variation for the number concentration in 0.3—0.5 um duringanalyzer measurements showed that the submicron aerosol
dust events. Thus the transport direction may cause a greatesize distribution in clean marine air over the remote oceans is

contribution of dust particles. bimodal, with one peak in the range of 0.02—0.03 um and the
other in the range of 0.09-0.15 um (Haaf and Jaenicke, 1980;
3.2.3 Flights of G3: origin of the easterly transport of Hoppel et al., 1986). Few studies have been done on the num-
pollution ber concentration of marine aerosol near the east coast of
China.

The G3 flights took place in air that had come from the east,

especially at 600 and 900 m. This particular air featured mix-3.2.4  Flights of G4: origin of the mixing of
ing with the easterly sea sources and urban pollutants, as transport

shown in Fig. 5.

For gaseous pollutants, especially Nénd SQ, the av-  The G4 flights showed inverse transport directions between
erage concentration levels were found between the G1 anllack trajectories and forward transport, as shown in Fig. 6.
G2 flight groups, as shown in Table 2 and Fig. 2. The Taking FllI-3 and Flll-4 as examples, the G4 flights showed
particle concentrations, however, especially J2Mshowed  easterly or southeasterly and westerly or northwesterly di-
higher levels at 600m than most flights in other groups,rections for the back trajectories, while they showed inverse
as the average number concentration of gBMeached directions for the forecast transport, i.e., westerly or north-
3.5x 10*Ncm3, compared with 1.& 10* for G1 and  westerly for FlII-3 and easterly or northeasterly for Flll-4.
2.0x 10*Ncm2 for G2, as shown in Fig. 2 and Table 2.  In addition, these flights showed the influences of the
This may verify the influences of eastern sea sources, the lackixture of different transport directions for the pollutants
of gaseous pollutants but more sea salt particles, as the moatong the flight paths. This mixture causes the pollutants
dominant sea salt aerosols (ammonium sulfate and acidito have different characteristics than the other groups; that
sulfate) were dominant in a median diameter of 0.14 umi,is, the transport at lower altitudes was more from the pol-
and sea salt particles concentrated with modes at 0.2-0.6 pimted southerly direction but at higher altitudes more from
(Mcinnes etal., 1997; O’'Down et al., 1997). Additionally, the the cleaner northerly direction, as shown in Fig. 6. Similar to
mixing of local sources during transport contributes more toother observations (Van Pinxteren et al., 2009), the lengths
the gaseous pollutants. of the back trajectories are much shorter for slower mov-

Fitzgerald (1991) showed in a review that the number con-ing air arriving from the south at lower altitudes, favoring
centration of background aerosol in the boundary layer ovethe accumulation of pollution in a stagnant mixed layer be-
the remote oceans is in the range of 100-300%mvhich  fore arriving at the sampling sites. The back trajectories from
is a normal range. For the east coasts of North America andhe northerly or northwesterly directions are much longer at
Asia, the number can be increased to 4000—-6000°ai- higher altitudes, and these faster moving air masses from
ter mixing with the anthropogenic particles. The fine par- cleaner regions are evident in the gas concentrations. The
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Fig. 4.48 h back trajectories and 12 h forecast dispersions for flights FI-2 and FlI-4 of G2.

concentration of gases at 600 and 900 m from the G4 flights3.3 Variation of the long-lived gas CO

are similar to the G1 flights when the air was from the same

southern sources. The particle concentrations are puzzling atne trace gas CO is different from the reactive gases,NO

2100 m because CN and BMlevels are higher than forthe 5o, and Q@ as it is longer lived and less reactive. It can be

other three groups of flights at this altitude. transported over longer distance and is a potential tracer of
long-range transport. However, local sources of CO can com-
plicate the interpretation of CO as a tracer of air mass ori-
gin. The variation at the three flight levels showed different
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Fig. 5.48 h back trajectories and 12 h forecast dispersions for flights I-5 and I-7 of G3.

characteristics even within the same groups. Figure 7 give®00 m, (2) higher concentration at 2100 m but lower at 600

an example of the variation of CO concentration from sev-and 900 m, and (3) similar at all altitudes.

eral flights at three altitudes. The back-trajectory analysis for the type 1 CO concen-
For L1, three types of CO-related of flights were identified: tration showed longer transport at 2100 m (air mass from

(1) CO concentration lower at 2100 m but higher at 600 andthe northwesterly direction on 27 August and northerly on
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Fig. 6.48 h back trajectories and 12 h forecast dispersions for flights 111-3 and I1I-4 of G4.

3 September) and shorter, i.e., regional sources, at lower abs illustrated in Fig. 4a. The northwesterly direction at lower
titudes (air mass from the south and more local sources omltitudes had a “cleaning” effect on the local and regional
27 August and 3 September). CO pollution, similar cleaning effects to particles have been

The back-trajectory analysis for the type 2 flights showedreported by Guo et al. (2004). The high concentration of CO
that air originated in the northwest for all three flight altitudes at 21200 m may show the transport effect from the northwest-
but that the air had come from a longer distance at 2100 merly direction at a higher altitude. This shows that CO may be
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Fig. 7. Variation of CO concentration at different heights for different flights.

a good tracer for the northwesterly direction at 2100 m whenwith lower anthropogenic emissions. Thus air masses from
all heights show the same transport direction with regard tathe southern areas are influenced by high pollutant emissions
the group 1 flights. and those from northern areas have been less impacted by
The third group of flights included the flight in the morn- such emissions. Secondly, wind speeds are often lower dur-
ing and afternoon on 11 October and 13 October. Theséng southerly advection (Wehner et al., 2008), as was the case
flights showed similar CO concentrations at the three al-for the current study. Similar to other observations (Van Pinx-
titudes: 0.3~ 0.52, 0.14~0.18 and 0.53-1.15ppmV at teren et al., 2009), the lengths of the back trajectories are
2100 m, 900 and 600 m. The back trajectories showed thenuch shorter for air masses from the south (see Figs. 3 and
combination directions of group 1 and group 2 flights above.6), and the slower movement of this air favors the accumu-
However, it is different for flights on 11 and 13 October, i.e., lation of gases and particles before arriving at the sampling
the same transport direction and similar transport range asites.
the three heights on 11 October, but the longer transport in The size distribution of particles does not necessarily fol-
the westerly direction at 2100 m and the southwesterly direclow the same trends as were seen with the gases regarding
tion at 900 and 600 m. The “cleaning” effect from the north- air mass origin or altitude. Figure 8 shows the variation of
westerly transport direction caused the CO level on the aftersize distributions with the three altitudes. Shown in the upper
noon flight to be significantly lower than the morning flight, panel is the size distribution of 5.6—-560 nm. The size distri-

as shown in Fig. 7 and Table 2. bution at 2100 m has the peaks concentrated between 20 and
30 nm. At the lower altitudes, the peaks fall between 80 and
3.4 Size distribution of particles and its influencing 120nm. At 2100 m the width of the size distribution, cen-
factors tered around 20 nm, remains fairly constant, whereas at 900

and 600 m the width fluctuates, with several periods showing
The concentrations of particles were always higher whenlarger increases at sizes between 25 and 80 nm, suggesting a
the air masses were from the south, consistent with previmixing of the air in the mixed layer with the free tropospheric
ous observations (Van Pinxteren et al., 2009; Guinot et al. air.
2007; Y. Wang et al., 2005; Wehner et al., 2008). Van Pinx- Local emissions and regional transport may be the most
teren et al. (2009) investigated two primary factors that in-important factors affecting the size distribution of particles.
fluence particle properties. Firstly, the surrounding areas ofAir masses originating from different directions and at dif-
Beijing show different characteristics; for example, in the ferent heights will bring aerosol particles that originate from
southerly direction the region is highly populated and in- varying sources and then also age differently, e.g., the north-
dustrialized, whereas in the northerly or northwesterly direc-westerly direction at 2100 m and southerly direction at 900
tions, and partly in the east, there are mountains or desert8nd 600m on the 27 August flight, as shown in Fig. 3.
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Fig. 8. Variation in size distribution for fine (5.6-560nm) and
coarse (0.47-30 um) particles with altitude for the 27 August flight.

Correspondingly, the size distribution of 5.6—-560 hm parti-
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Fig. 9. The average size distribution of 5.6—-560 nm particles at dif-
ferent heights for the 27 August flight.

the changes during 04:05-04:08, 04:12-04:16, and 04:43—
04:49 GMT in this flight, the average size distribution of the
changes have been listed in Fig. 9 for 900 m, as well as the
averages of the sizes at different altitudes. As can be seen,
the size distributions peaked at 81 nm at 900 m on average
for special flight areas, and 93 nm on average for flight areas
at both 600 and 900 m. As the aircraft measurements were
conducted along linear tracks between two sites, after care-
fully checking with the flight time and flight areas, it can be
seen that several highways and freeways below contribute to
the differences in peak size. Fig. 9 shows the average size dis-
tribution of particles at different heights for flight FI-1, and
here the distribution above the highway has been specially
denoted as “900-Highway”.

However, we did not observe similar 81 nm peaks dur-
ing other flights over the same flight areas. The meteorolog-
ical conditions may have contributed to this. For example,
there was moderate rain due to a thunderstorm on 27 August
(www.wunderground.coin The wet deposition helps scav-

cles showed peaks of 20-30 nm at 2100 m and 80-120 nm &nge the aged particles (Nilsson, et al., 2001; Elperin et al.,
900 and 600 m. However, it showed no peaks at 2100 m an¢011). Fresh emission from vehicles was observed, consis-

showed peaks of 0.7 um at 900 and 600 m in the size range

tent with the results of Wang et al. (2011). Those authors

of 0.5-20 pm, as shown in the lower panelin Fig. 8. This mayperformed measurements of on-road emissions by individ-

indicate the influencing effects of the different transport di-

ual diesel vehicles in and around Beijing by means of a mo-

rections, i.e., the cleaning effects of the northwesterly transjje platform equipped with fast-response instruments such
portation and polluted effects of the southerly transportationas an EEPS, and found bimodal modes peaking around 10
which may be consistent with other ground-based studiesind 80 nm, close to the result of 81 nm obtained in special
(Van Pinxteren et al., 2009; Guinot et al., 2007; W. Wang flight areas in this study. This confirms the potential impacts

et al., 2005; Wehner et al., 2008).

of vehicle emissions from highways or freeways in addition

Local sources mostly impact the particle characteristicsto the meteorological factors.
below 1000 m, while aging and photochemistry impact those
in the free troposphere at 2100 m. As shown in Fig. 8, the
size distribution of particles 5.6-560 nm varied substantially
over the time periods when the aircraft was at 900 and 600 m,
and the peaks of size distribution showed a tendency to-
ward smaller sizes at 04:05-04:08, 04:12—04:16, and 04:43—

04:49 GMT at 900 m. Similar results are shown for size
distribution at 600 m. In order to show the differences of
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