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Abstract. We conducted an intensive field campaign at thebon (BC), and instrument inter-comparisons are also sum-
summit of Mt. Tai (36.26N, 117.12 E, 1534 m above sea marized. The observed BC levels must have a strong impact
level), Shandong Province, located at the center of centrabn the regional climate.

East China, during the period 28 May to 30 June 2006, to
study seasonal maxima of regional air pollution with re-
spect to ozone (§) and aerosols. The specific objectives,
campaign design, and major findings are summarized. Hight  Introduction

concentrations of @and its precursors, and aerosols, were

detected and studied in the context of annual variationsASian regional air pollution is a major element of global
Most importantly, we identified that emissions from regional- & pollution (Akimoto, 2003) and is of great interest from
scale open crop residue burning after the harvesting of winthe viewpoints of urban and rural air quality, trans-boundary
ter wheat, together with photochemical aging, strongly in-air pollution, hemispherical air pollution, and climate im-
creased the concentrations of,@erosols, and primary pol- Pacts. Central East China (CEC), covering the North China
lutants in this month of year. Studies of in situ photochem-Plain (NCP) and the Yangtze River delta region, stands
ical activity, regional source attribution ofsDOz—aerosol ~ Out as the most highly polluted area in this region, as evi-
interactions, validation of satellite observations of tropo- denced by satellite observations of NQvhich is regarded
spheric NQ, behaviors of volatile organic compounds and @S representative of air pollutants (Beirle et al., 2004; Mar-

organic/inorganic aerosol species, loss rates of black carin et al., 2006), and aerosols (Chin et al.,, 2004). It has
also been observed that the tropospheric column density of
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NO» has been increasing rapidly since 2000 (Richter et al.,O3 and its precursors from the Yangtze Delta that caused the
2005). Measurements of the aerosol optical depth (AOD) athigh-Os episode at the two sites, with contributions of 20—
550 nm, performed by the satellite sensors MODIS/Terra and0 % during the episode. However, the lack of measurements
MODIS/Aqua from 2000, suggest that the NCP has one ofof Oz precursors prevented detailed studies.
the highest AOD values. The observed AOD has seasonal Gao et al. (2005) reported30and CO observations at
variations, with a maximunr¢{ 1.0) in June—July and a min- the summit of Mt. Tai during the period June—November
imum (~ 0.5) in November—January. In contrast to satellite 2003, showing average concentrations oft586 ppbv for
remote-sensing data, however, ground-based in situ obse3; and 393+ 223 ppbv for CO during the study period.
vational data (except in urban or near-urban areas) are venpnother paper reported precipitation chemistry at Mt. Tai
scarce, and information on the actual circumstances of refWang et al., 2008b). Observations at Shangdianzi (a ru-
gional air pollution, particularly for ozone (), aerosols, and ral site in northern CEC) showed that the average maxi-
their precursors, has not been available for this region. mum hourly G concentration in June exceeded 120 ppbv
Among the regional air pollutants in CECz@nd black  (Lin et al., 2008). Xu et al. (2008) summarized surface O
carbon (BC) are of particular importance in the context of data from the Lin’an regional background station, Zhejiang
global climate change, since they are short-lived climateProvince, in the Yangtze Delta region, during six periods be-
forcers with positive radiative forcing (RF), and are thought tween August 1991 and July 2006 (Luo et al., 2000; Wang
to contribute as much as long-lived greenhouse gases do tet al., 2001, 2004). The seasonal cycle shows two peaks at
global warming (IPCC, 2007). High concentrations of O around 40-50 ppbv, with the primary peak in May and the
are very toxic to humans (WHO, 2003) as well as to nat-secondary peak in October. A maximum hourly mean O
ural ecosystem and agricultural crops (Fuhrer et al., 1997¢oncentration of 156 ppbv occurred in June 2006. Intensive
USEPA, 2006). In this context, to obtain in situ observationalfield campaigns including measurements @f, GO, NG,
data of air pollutants such ags(BC, other aerosol compo- SO, and VOCs were performed at Lin’an, in 1999-2000
nents, and their precursors, the Frontier Research Center fand in spring 2001 (Wang et al., 2002, 2004) and key emis-
Global Change (FRCGC) of the Japan Agency for Marine-sion factors (e.g., CO/NQ were studied. They observed the
Earth Science and Technology (JAMSTEC), and the Insti-highest CO/N@ ratios (30—40 ppbv ppb!) in September—
tute of Atmospheric Physics (IAP), Chinese Academy of Sci- December 1999 and June 2000. Based on the good correla-
ences (CAS), organized a field campaign named MTX200&ion between CO and a biomass burning tracer in fall, they
(Mount Tai Experiment 2006) at the summit of Mt. Tai suggested that the burning of biofuels and/or crop residues
(36.26 N, 117.12 E, 1534 ma.s.l.) in Shandong Province, was a major source for the elevated CO observed at their site
China, in June 2006. Mt. Tai is located at the center of the(Wang et al., 2002).
NCP, and is expected to provide regionally representative To our knowledge, there have been no other papers report-
data for CEC. The obtained data and their analysis are preing measurements of{and its precursors in 2006 or earlier
sented in this special issue. at regionally representative sites in the NCP that can be used
Prior to the MTX2006 campaign, we identified seasonalfor comparisons with results from regional or global chem-
variations in surface @at three mountain sites in CEC: ical transport models. MTX2006 is therefore the first inten-
at Mt. Tai, Mt. Hua (34.48N, 110.08 E, 2065ma.s.l., sive campaign to provide a comprehensive set of near-surface
Shaanxi Province), and Mt. Huang (30°16, 118.26 E, air pollutant concentrations at a regionally representative site
1840 ma.s.l., Anhui Province), as shown in Fig. 1. From thein the NCP.
results, we found that the {concentration was highest at  The MTX2006 study is a component of theg@nd BC
Mt. Tai, with a monthly peak in June, followed by Mt. Hua project sponsored by the Global Environmental Research
and Mt. Huang, for which the peaks were smaller and ap-Fund of the Ministry of the Environment, Japan. This pa-
peared earlier, i.e., in late spring (Li et al., 2007). The highestper presents an overview of the campaign and the obtained
concentration of @at Mt. Tai was in accord with the spatial results, and a synthesis of the individual papers presented in
distribution of emissions of @precursors, N§, and volatile  this special issue on MTX2006, encompassing from field ob-
organic compounds (VOCSs), obtained in the emission inven-servations to modeling, remote sensing, and laboratory stud-
tory database (Ohara et al., 2007). The data show that Mt. Taes. Also, we newly explore comparisons 4CO/ANOy,
is in the middle of the highest emission area, Mt. Hua is at theAOs/ ANO,, and NO /NQ ratios between observations and
western edge, and Mt. Huang is just outside the heavy emismodel simulations (in Sects. 6.1 and 6.4), correlations be-
sion area. We therefore selected Mt. Tai as our campaign sittwveen VOCs and levoglucosan (in Sect. 6.6), dependence
and chose June as the study period, to represent the most se OC mass concentrations on air mass age (in Sect. 6.9),
rious regional air pollution in CEC. and fractions of OC that were molecularly identified (in
Z.Wang et al. (2006) simulated a regional high-«pisode  Sect. 6.9).
observed at two mountain sites (Mt. Tai and Mt. Huang) in
May 2004, using the nested air quality prediction modeling
system (NAQPMS), and found that it was the transport of
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Fig. 1. (a) Geographical locations of Mt. Tai, Mt. Hua and Mt. Huang superimposed on EDGAR v.4.2 emission inventory mag of NO

(2006).(b) Terrain of CEC and the major source regions used in the NAQPMS model simulations (see Sect. 6.3 for more details). Location

of Mt. Tai is indicated by a triangle.

2 Specific objectives of MTX2006 8. How reliable are the satellite observations of Nih

CEC? Do they agree with MAX-DOAS (multi-axis-

The general objective of MTX2006 was to quantifys,O differential optical absorption spectroscopy) observa-
aerosols (including BC), and their precursors in the middle tions?

of the NCP. To attain this objective, the specific aims were to
answer the following questions.

1.

. How much of the Qis transported to Mt. Tai from other

. How fast is the in situ photochemical production of

9. What are the effects of aerosols on spectral actinic
fluxes andJ values (photolysis frequencies) of several

What are the concentrations of surfacg @erosols (in- atmospheric molecules relevant to photochemistry?
cluding BC), their precursors, and related species at the1. can we identify sources of OC (organic carbon) aerosol
top of Mt. Tai, located in the middle of the regional pol- particles using levoglucosan as a biomass and biofuel
lution area of CEC, in the highest pollution season of tracer, lignin products as tracers for pine trees, and
June? hopanoid hydrocarbons as automobile tracers? What are

their temporal variations? What is the fraction of OC

. Why does the surfacegoncentration peak sharply in that we can identify molecularly?

June, as opposed to showing a broad plateau in the sum- . . .
mer as observed in Europe, another continental sourcuring early June, we easily recognized that the atmospheric
region? composition at the field site was strongly influenced by large-

scale post-harvest open crop residue burning (OCRB, winter
wheat). As a result, a large number of the papers in this issue
are devoted to studies of the impact of open biomass burning
on O;, its precursors, and aerosol compositions, although this
o Was not specifically targeted in the planning stage.

regions, and how much is produced locally?

at Mt. Tai? Is the @ production regime NQlimited or
VOC limited? 3 Geography of Mt. Tai

. What are the characteristics of the VOC composition The campaign site is the meteorological observatory at

compared with those of other urban/rural areas? the summit of Mt. Tai (36.26N, 117.12E, 1534 ma.s.l.),
which is located in the Shandong Province in the NCP in

. How well do the BC concentrations measured using dif-CEC. Figure la shows the location of Mt. Tai, superim-

ferent techniques agree with each other? posed on the emission inventory map of N@EDGAR v.4.2,
source: EC-JRC/PBL EDGAR version 4 Ritp://edgar.jrc.

. What is the major constituent of the aerosol particles?ec.europa.ey2011) for the year 2006, showing that the cam-

Are secondary organic aerosols and oxygenated VOCpaign site is located in the middle of a high BN@mis-
(OVOCs) such as HCHO present abundantly, as inferrecsion area of CEC. Shandong Province is mostly flat in ter-
from the high Q levels? rain (Fig. 1b); only its central part is relatively hilly, and
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Table 1. Observed species and methods, and investigators responsible for observations.

Observed species Method Investigator, Affiliation

O3, CO UV absorption, NDIR P. Pochanart, JAMSTEC

O3 UV absorption T. Wang, J. Gao, Shandong Univ.

NO/NO«/NOy LED/Molybdenum converter/ H. Tanimoto, NIES
Chemiluminescence

NMHCs Canister/GC-FID/GC-MS S. Kato, Tokyo Metropolitan Univ.

NMHCs Canister/GC-MS Y. Wang, IAP

NMHCs, VOCs PTR-MS H. Tanimoto, S. Inomata, NIES

CO, NDIR Y. Komazaki, JAMSTEC

NO, VCD & AOD from mountain MAX-DOAS H. Irie, Y. Kanaya, JAMSTEC

NO» VCD & AOD from foothill MAX-DOAS H. Irie, Y. Kanaya, JAMSTEC

Actinic flux & J values Spectral radiometry Y. Kanaya, JAMSTEC

T, RH, P, wind Conventional instruments Meteorological observatories

Black carbon (PM, PM> 5) Multi-angle absorption photometry ~ P. Pochanart, JAMSTEC

EC/OC Thermal-optical-transmittance Y. Komazaki, JAMSTEC

Black carbon Particle soot absorption photometry Y. Komazaki, JAMSTEC

Black carbon Aethalometer T. Wang, J. Gao, Shandong Univ.

lons and metals of size segregated aerosol particles ~ Cascade impactor/post analysis Y. Wang, IAP

lons and metals of TSP and BM Sampling/post analysis G. Zhuang, Fudan Univ.

Organic gases/aerosols High volume air sampler, filter K. Kawamura, Hokkaido Univ.
pack collections/post analysis

PAHSs/size segregated aerosols Sampling/ post analysis G. Wang, Nanjing/Hokkaido Univ.

Mt. Tai is the highest and isolated peak located in a UNESCOKawamura et al., 2013a, b), and ionic composition (Deng et
(United Nations Educational, Scientific, and Cultural Organi- al., 2011; Xu et al., 2009). COmeasurements (LI-840, LI-
zation) World Heritage site. Although there are several smallCOR biosciences, Lincoln, NE, USA) were made to assist
restaurants, shops, temples, and hotels for touE®0m  discussion on sources of aerosols and gases. Conventional
away in the mountain top area, emissions from these sourceseteorological parameters were also obtained. In addition
are thought to be too small to affect the observational datato in situ measurements, remote sensing measurements of
Mt. Tai is about 6 km north of the city of Tai'an (popula- NO- vertical column density (VCD) and AOD were made by
tion in its central region: ca. 1.5 million) and is about 60 km MAX-DOAS instruments located both at the top and foothill
southeast of the provincial capital city, Jinan (population: ca.of the mountain (Irie et al., 2008). The foothill site is located
4.3 million). So, although the air mass at the top of Mt. Tai at 36.16 N, 117.18 E, 126 ma.s.l.
would be affected by regional emissions when the boundary In addition to the main organizing institutes, namely FR-
layer builds up, covering the top of the mountains in the af-CGC/JAMSTEC and IAP/CAS, scientists from several other
ternoon, as will be described later, the site is believed to bauniversities and research institutes participated in the cam-
free from local anthropogenic pollution, and is expected topaign. As seen from Table 1, these included the National In-
provide regionally representative data. stitute for Environmental Studies (NIES), Tokyo Metropoli-
tan University, and Hokkaido University in Japan; and Shan-
dong University, Fudan University, and Nanjing University
4 Measured species, campaign period, and in China.
meteorological conditions The MTX2006 campaign was conducted during the pe-
riod from 28 May to 30 June 2006. The actual measurement
Table 1 lists the measured species and parameters along witkeriod depends on the instrument. The meteorological con-
methods, responsible investigator(s) and affiliation. Detailedditions are summarized in Fig. 2. On 9, 15, and 29 June, low-
descriptions of each instrument are included in companiorpressure systems passed over the region. During the periods
papers of this special issue. They includegl ®O,/NOy, of passage, the wind direction was north. During the period
NMHC (non-methane hydrocarbons), VOCs, CO and spec22-25 June, the main wind direction was east, as a result of
tral actinic flux (see Kanaya et al., 2009; Suthawaree et al.a high-pressure system located in the east, near Japan. The
2010; Inomata et al., 2010), and composition of aerosols inwind direction in the other periods was normally south or
cluding BC/EC (elemental carbon) and OC mass concentrasouthwest. Precipitation was recorded on 7, 13, 14, 21, 22,
tions (Kanaya et al., 2008), molecular composition of organic26, 28, and 29 June. The average daytime maxinigND,)
aerosols (Wang et al., 2009; Fu et al., 2008, 2010, 2012and J(O'D) (27 sr) were 7.4< 10~ and 2.8x 10°s71,
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burning on @, CO, BC, and OC over CEC (Yamaiji et al.,
2010), and to study the impact of the Asian monsoon gn O
and precipitation acidity in eastern and central China (He et
al., 2008; Ge et al., 2011).
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e h" N ‘?‘3“‘ ‘? ‘F”’F ‘?2“‘ RRUBRBABNN 2, ics and overviewed. First, in Sect. 6.1, after showing overall
o [ Ml time series of major species, we compare their concentration
levels, their ratios (e.9ACO/ANOy), and air mass ages
with those reported for past regional and urban studies, to
o ; : ; T it s s highlight chemical conditions and their features during the
TTNey T (OD)” MTX2006 field campaign. Then, key findings from compan-
< oo | ion papers are given in an integrated manner in Sects. 6.2—
Soom| || ﬁ ﬂf ; HM W M J 6.9. Moreover, in Sects. 6.4, 6.6, and 6.9, we added origi-
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- MiedGyerheint cosan, dependence of OC mass concentrations on air mass
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3000

NCAAR AV A TR RIS VAT A A AR A SWITAVATATAYAAYAN 6.1 High concentrations of Q and aerosols at Mt. Tai,
R and related features
Fig. 2. Time series of atmospheric pressure, temperature, RH, preFigure 3 shows the overall temporal variations ig, GO,
cipitation, wind direction and speed(NO,), andJ(O'D) values, ~ benzene, C@ NOy, NOy, BC, OC, sulfate, and nitrate
and mixed layer height. concentrations during the campaign period. For individual
species, see Suthawaree et al. (2010) for benzene, Kanaya
et al. (2009) for other gas species, Kanaya et al. (2008) for
respectively. The temperature and relative humidity (RH)carbonaceous aerosols, and Deng et al. (2011) for water-
ranges were 9-28C and 20-100 %, with averages of 1@ soluble ions for more details. Table 3 lists their average, max-
and 67 %, respectively. The mixed layer height (GDAS1,imum, and minimum concentrations. In Fig. 3, two high-
Air Resources Laboratory, NOAA) was about 240 m during concentration episodes are clearly seen for most gases and
night and reached maxima (around 2500 m) at 14:00LT (LTaerosols during the periods 6—7 and 12-13 June. These
= UTC + 8 h). The observation site was typically within episodes are caused by the strong impact of OCRB, as will
the planetary boundary layer during daytime and within thebe discussed later. A regular diurnal pattern with a daytime
residual layer during nighttime. maximum and nighttime minimum can be seen, particularly
for NOy, BC, and OC in the latter half of the campaign pe-
riod. This pattern is the result of a polluted air mass being
transported to the mountain top during the daytime; this is
associated with the buildup of the planetary boundary layer.
Modeling activities were included as part of MTX2006 as During the night, on the other hand, the observed air mass
post-mission analysis. Table 2 lists the modeling systemss isolated from pollution sources. It should be noted that
used, targeted subjects, and principal investigator and affilthe nighttime observations were generally made within the
iation. A one-box model was used to study photochemicalresidual layer, and only occasionally in the free troposphere,
production and loss of ©by fixing the key species and considering that the daytime boundary layer height often ex-
parameters to observed values (Kanaya et al., 2009). Twaeeded the altitude of the observation site (see Fig. 2).
different three-dimensional chemical transport models (3-D Very high Q3 concentrations, with an hourly maximum of
CTM) were used; one is NAQPMS, developed by Z. Wang 160 ppbv and a monthly average of 82 ppbv, were observed
et al. (2006), and the other is Community Multiscale Air at the top of Mt. Tai in June 2006 (Fig. 3, Table 3). There are
Quality Modeling System (CMAQ), developed by Byun and not many reports in the literature of similarly high hourly
Ching (1999). The NAQPMS was used for studying sourceconcentrations of @ detected by continuous observations
attribution and outflow of @ at Mt. Tai (Li et al., 2008a). in China, even if sites influenced by urban plumes are in-
The CMAQ was used to evaluate the impact of crop residuecluded. In the north outskirt region of Beijing, for example,

5 Modeling activities
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Table 2. MTX2006 modeling activities.

Model Type Model Name Horizontal Research Subject PI, Affiliation
Resolution
0-D Box Model RACM NA Photochemical Y. Kanaya, JAMSTEC
production
3-DCTM NAQPMS/ MM5 27x27kmnested  Source attribution of @ J. Li, JAMSTEC/ IAP
into 81 km grids
3-DCTM CMAQ v.4.4/ RAMS v.4.4  8&80km Impact of crop residual K. Yamaji, JAMSTEC
burning on air quality
3-DCTM CMAQ v.4.4 20<20 km nested Impact of Asian monsoon V. J. He, JAMSTEC
into 80 km grids on O3
3-DCTM CMAQ v.4.4/RAMS v.4.3  8&80km Impact of Asian monsoon B.Z. Ge, IAP

on acidity of precipitation

Table 3. Average, maximum, and minimum concentrations af O o0
CO, NO, NOy, PMp 5, TSP, BC and OC, sulfate, and nitrate at the  _ =0+
summit of Mt. Tai in June 2006. I
g
Species Average Maximum Minimum 2002282‘93031 1 294 9875 0101124814 15 16 17 18 19 2021 22 23 24 25 26 27 20 29 0 { 2

O3 82 ppbv 160 ppbv 12 ppbv § ol SO w e
CoO 560 ppbv 1769 ppbv 90 ppbv 2 1000 ::: s
NOx 1.1 ppbv 8.8 ppbv <DL gﬁ; 500 w2
NOy 6.7 ppbv 21.6 ppbv <DL g o w0
PM, 5 123.1pgnT3  235.7pugnTt3  48.0pugnt3 N

TSP 135.0pgm3  276.9pugm3  49.2ugnt3 3o

BC (PMy) 34pgCntd  295pugCm3 <DL 5,

OC (PMg, NIOSH)  9.2pugCm3  76.7pgCm® 1.4pgCms " of WROUACT SIS AL AAMUEA
Sulfate (Pl\&5) 21.0 g r‘r‘T3 45.1 ug rrT3 4.0 ug m73 ;:282‘93031 1234 906078 © 1011124314 151617 181920212223 24 252627 282030 1 2
Nitrate (PM.5) 85ugm3  216pgm3  1.8pugm3

[NOyZ] (ppbv)

< DL indicates below detection limit. Py% and TSP: 2-30 June.

20 — NOy-
15 —NOz]
10 ) 4
5 ]
oL W o, SRR B VM Y N SN A WW

282930311 2 3 456 7 8 9101112131415161718192021222324252627282930 1 2
e B e e B I ReAEE
40 B

BC(PM2.5)_MAAP
30 BC(PM1)_MAAP
| EC(PM1,NIOSH)
i —— EC(PM25NIOSH) |
| EC(PM2.5MPROVE)

T. Wang et al. (2006) presented; @ata for a mountainous
area (Changping) 50 km north of Beijing, for June—July 2005
with a monthly average of about 60 ppbv and an hourly max- o bos s I e B A AN AL N A e ]
imum record of 285 ppbv. Wang et al. (2008a) reported an [t Alan M ”iz;;f:;f’j;j;‘" 1
hourly maximum of about 170 ppbv with monthly averages OC(PMZ 5 MPROVE) |
of about 67 ppbv at Miyun, a rural site 80 km northeast of
Beijing, for June, July, and August 2006. The monthly maxi-
mum concentrations occurred in June, the same as at Mt. Ta
The monthly average £mixing ratio at Mt. Tai is there-
fore even higher than or similar to those at the two sites in ]
the outskirts of Beijing. Ding et al. (2008) analyzed @ro- 0 Lottt T 0 Ttk Sl T
files obtained over Beijing from 1995 to 2005 by the Mea- Day of May, June, and July 2006
surement of Ozone and Water Vapor by Airbus In-Service
Aircraft (MOZAIC) program. The maximum of ©concen-  Fig. 3. Overall time series of @ CO, benzene, C& NO, NO,
trations in the lower troposphere: @ km) over Beijing was ~ NOx, NOy, NGz, BC, OC, sulfate, and nitrate. Hatched areas indi-
about 110 ppbv in summer. cate two episodes with strong influences from OCRB.

The monthly mean mixing ratio of CO at Mt. Tai, 560 ppbv
(Fig. 3, Table 3), is about the same as the 600 ppbv and
600-700 ppbv levels reported at Miyun and Changping, re-at Mt. Tai, with average and maximum values of 6.7
spectively. The maximum level of 1769 ppbv at Mt. Tai and 21 ppbv, were much lower than those at Changping,
is also in a similar range to that in the outskirts of Bei- i.e., 15 and 50 ppbv, respectively (T. Wang et al., 2006).
jing (~1500ppbv). In contrast, the mixing ratios of NO The ACO/ANOy ratio at Mt. Tai, around 50 ppbv ppbv,

[BC] or [EC] (gC/m°)
8

[0C] (ugC/m®)
5

[ions/PM, 5] (Hg/m°)
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2000 —— 2000 ——— Mexico City plateau of between 0.11 and 0.83. From these
@) @ O, (ppbv) findings, it was concluded that air at Mt. Tai is affected less
A 1 e ol by emissions of NQ but more by emissions of CO, and is
£ ) / 100 photochemically more aged, than is the case for air in stud-
8 'T - 1T 60 | ied regions surrounding the megacities of Beijing and Mex-
g 500 Lt Fadn 1 ol // 20 | ico City. It should be noted that CEC is not simply a source
BT e s0s3)xe(223425) S v=esapearan region; photochemical aging has great importance there.
0 L R=057, ol REOTE, The mean concentrations of BC (RMEC (PM;, NIOSH
o & 10 15 20 25 0 5 10 15 20 25 (National Institute for Occupational Safety and Health) tem-
INOY] (ppbv) INOY] (ppbV) perature protocol, 2—20 June 2006), and OC (the same as
S P R B O EC) at Mt. Tai were 3.4, 2.6, and 9.2 ugC A respectively
1500 L 1 1500 L O (ppbY) | (Fig. 3, Table 3). At Shangdianzi, the average BC mass con-
N ) 12 centration from April 2003 to January 2005 was 2.1 pgCm
é 000 F T, 1 1000 | 400 (Yan et al., 2008). The mass concentrations of EC and PM
= ’ -y & OC were found to be 1.3 and 5.1 ugC#in summer 2004
O so0 { 500 | 20 1 (Yan et al., 2012). At Xianghe, located southeast of Beijing,
T ' Yang et al. (2009) reported that EC and OC mass concen-
T . 4 e T . .+ e trations were~5 and~ 15ugCnt3 on average in March
INOX] (ppbv) INOX] (ppbv) 2005. Lin et al. (2009) anq Pathak et al. (2011) reported
160 I 160 R that the average concentrations of EC and OC were 4.5 and

140 [©) 1 140 L CO (ppbv) - 10 pgC M3 in Beijing in summer (June to September) 2006

) . {1 120} / 505 and 4.9 and 8.2 ugCni at Changping in June—July 2005,
< 100 . ke 3, 1 100 F el ] which are comparable to those at Mt. Tai. However, it should
g wfha .. 1 = ﬁ 19901 be noted that time series plots of BC and OC at Mt. Tai
é 22 /‘i’ v ] 32 i %00 show episodically very high conqentration events, as seen in

20 [¥=G850 5ys528824), X210 | 20 _‘Yz(moﬁ)xﬂw‘m_7) fcw Fig. 3. Two prominent events during the periods 6—7 and 12—

o [R=04¢, . . o LR=os . 13 June gave peak concentrations of 29 (22) and 77 ugC m
o 5 10 15 20 o 5 10 15 20 for BC (EC) and OC, respectively; these can be ascribed to
[NOZ] (ppbv) [NOZ] (ppbv) the plumes of OCRB, as will be described in Sect. 6.2.

The mean concentrations of BM and total suspended
Fig. 4. Observed correlations betweg) NOy and CO concentra- particles (TSP) during the campaign period were 123 and
tions, (b) NOx and CO concentrations, a@) NOz and Gy concen- 135 g 013, respectively. These values are even higher than
trations. Symbols are golored bys@oncentrations fofa) and(p), the average values of 78 and 115 mﬁmbserved in down-
?nnoddgéggssgﬁt?;gg:sons for CQ@-f) same aga-c)but using 4, Beijing in summer 2007 (Deng et al., 2011). The mass
' concentrations of sulfate and nitrate (both for Z§¥lduring
the campaign period were 21.0 and 8.5 ugtDeng et al.,
2011), which were similar to 22.5 and 9.7 ug#mat Chang-
shown as the slope of Fig. 4a, is 1.4 times that at Lin’an (30—ping in June—July 2005 (Pathak et al., 2011).
40, Wang et al., 2002, 2004), about twice that at Changping In conclusion, @ and aerosol concentration levels at the
(20-30, T. Wang et al., 2006) and in a plume from Mexico top of Mt. Tai are comparable to those in the outflow re-
City (20.6, Kleinman et al., 2008), and five or more times thatgion or even the central urban area of Beijing, although pho-
in US vehicular emissions (6—10, Parrish et al., 2002; Partochemical age must be different. Such high concentrations
rish, 2006). The larga&ACO/ANOj ratio at Mt. Tai could be  would prevail over the central area of CEC.
attributed to open biomass burning. However, the ratio was The high pollutant concentrations recorded during this
similar for the latter half of the campaign, where the influ- campaign are evident in the year-round observational records
ence from biomass burning was minimal. Figure 4d showsof O3 and BC at Mt. Tai (Fig. 5). The §concentration peaks
that the highACO/ANOy ratio is well reproduced by the in June at Mt. Tai in 2004, 2005, and 2006 are all steep.
CMAQ model simulation (Yamaji et al., 2010). Figure 4a The peak timings are generally later than those at Mt. Huang
and d also indicate that highs@oncentrations are associ- and Mt. Hua, mentioned earlier (see locations in Fig. 1), and
ated with relatively high CO and Noncentrations. that at Mondy in East Siberia, Russia (5.6 101.00 E,

The median NQ/NOy ratio of 0.15, and the 15 and 85 2000m a.s.l.), an EANET (acid deposition monitoring net-
percentile values of 0.07 and 0.27 at Mt. Tai, are much lowemwork in East Asia) background remote site. The BC con-
than the values at Miyun, predicted by a model to be 0.4-0.7%entrations at Mt. Tai and Mt. Huang were high in winter,
(Wang et al., 2008a). Our range is even lower than that of thespring, and autumn, and low in summer (Fig. 5b). The BC
NOx /NOy ratio reported by Kleinman et al. (2008) over the concentration levels were higher at Mt. Tai than at Mt. Huang
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Month tant mountains about 5 km away (labeled as B-D) are clearly

visible, when aerosols are not abundantly present. Once re-
ygional pollution occurs, as shown in the middle panel, the top
boundary of the polluted layer is clearly visible below the
mountain altitude level in the morning. The distant moun-
tains (B—D) became invisible, and the nearby peak about 900
m away (labeled as A) is also masked by haze. The pollu-
throughout the year. The BC level at Mt. Tai in June 2006 wastjon |layer develops in the later hours, as shown in the bottom
one of the highest monthly averages. panel, and then the mountain top is incorporated in the pol-
Figure 6 shows the average diurnal variations of selecteqted layer, at around noontime.
species. Ozone showed a broad peak in the late afternoon The high concentrations of BC must have important im-
(14:00-19:00LT) as high as 92-94 ppbv. Nend CO had  piications for the regional climate in CEC. Here, the RF is
earlier peaks in the afternoon, coinciding with the transportroughly estimated. First, we simply estimate its column con-
of pollutants from lower altitudes with respect to the buildup centration (5.2mgm?) by multiplying the monthly mean
of the boundary layer. The peak of BC in the early morn- concentration (3.4 ugCni) observed at the mountain top
ing (04:00-06:00LT) was influenced by very high concen- py the altitude (i.e., 1534 m), assuming a box-shaped verti-
trations occurred in these hours on 7 and 13 June, Wh|Cra;a| prof”e_ Then, by mu|t|p|y|ng a factor of 085’ assuming
are ascribed to OCRB. After 16 June3,GCO, NG, and  that 85% of BC is anthropogenic (Bond et al., 2011), and a
BC commonly showed diurnal patterns with single after- sensitivity factor (1.25 W mgt, IPCC, 2007), we obtain an
noon peaks (Fig. 6). For£and BC, the amplitudes of the RF as high as 5.5 W n?. Although only roughly estimated,
daytime increase for this period are similar to those for thethis value far exceeds the RE from gCestimated to be
whole period, while the concentration levels are lower. For~ 1 6 W n12. The regional-scale BC air pollution therefore
CO and NQ, the daytime peak concentrations and the am-greatly affects the radiative budget. More detailed studies us-
plitudes of the diurnal variations are larger after 16 June. OGng radiative transfer models and chemistry—climate coupled
showed relatively flat diurnal variations in the early period models are needed.
(until 20 June, when the NIOSH temperature protocol was
used with PM sampling), but showed regular diurnal varia- 6.2 Importance of OCRB and regional transport
tions with early afternoon maxima in the latter period, when
an IMPROVE (Interagency Monitoring of Protected Visual Figure 8 shows backward trajectories starting from 1500 and
Environments)-like protocol was used with BMsampling. 750 m at Mt. Tai for six selected times: 12:00LT on 6, 9,
CO, showed a regular daytime decrease, mainly in responsé?2, 14, 19, and 27 June 2006. The kinematic backward tra-
to the source/sink provided by vegetation. Figure 7 showgectories were calculated using the CGER-METEX program
three photographs looking westward from the observatory athttp://db.cger.nies.go.jp/metéxiising the National Centers
the summit of Mt. Tai. In the upper panel, the outlines of dis- for Environmental Prediction meteorological reanalysis field

Fig. 5. Year-round observations @) O3 and(b) BC at Mt. Tai and
other mountain sites. Data for Mt. Tai in June are surrounded b
squares.
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prominent pollution episodes are seen during the periods 6—
7 June and 12-13 June, when the backward trajectory passed
over the burnt areas. These characteristics strongly suggest
the impact of OCRB on air quality at Mt. Tai. Suthawaree et
al. (2010), Yamaji et al., (2010), and Fu et al. (2012), on this
issue, similarly report the impact of burning using backward
trajectories that passed over hotspots. On 8-10 June, the wind
was from the north and thus the influence was small, although
hotspots were continuously found south of Mt. Tai. Pan et
al. (2012, 2013) combined the geographical distribution of
the hotspots with backward Weather Research and Forecast-
ing (WRF)-FLEXPART model simulations and found that
the influential source area was 3323 and 116-118E,

(b) about 300 km south of the observatory. They also suggested
that the transport time of the air mass from the source region
ranged from 10 to 50 h. The observed evidence of burning,
in addition to high CO and BC concentrations, were elevated
concentrations of levoglucosan and other anhydrosugars (Fu
et al., 2008), K, and oxalic acid in PMs (Xu et al., 2009;
Deng et al., 2011), C§CI (Suthawaree et al., 2010), GEN
(Inomata et al., 2010), and lowered stable carbon isotope ra-
tios (1°C) of organic aerosol particles (Fu et al., 2012). Fig-
ure 9 simultaneously shows their temporal variations.

The impact of OCRB on § CO, BC, and OC concen-
trations over CEC during MTX2006 was evaluated using a
regional chemical transport model, CMAQ, employing esti-
mated daily emissions from OCRB, based on hotspot data
obtained by MODIS (Yamaji et al., 2010). The impact of
OCRB on regional emissions during the period 6-9 June
amounted to 31-44 % (N@, 47—61 % (CO), 50-63 % (EC),
and 5669 % (primary organic aerosols) of the total sources
in CEC. After 17 June, the impact of OCRB was almost zero.
Figure 6 in Yamaji et al. (2010) demonstrates that the daily
emissions from OCRB conveyed by southerly winds were an
essential factor in reproducing atmospheric concentrations of
pollutants during MTX2006. These emissions have a large
Fig. 7. Phqtographs t_al_<e_n from the ob_servatory looking westward.impact not only on primary pollutants but also on secondary
(a) Day with good visibility. (b) Pollution layer seen below the - o1 ytants, such as£in the first half of June. The run with
mountain in the morning(c) Polluted boundary layer builds up in - 5-Rp emissions (06DS) clearly captured the observed vari-
the morning and covers the mountain top before noon. ) . - . )

ations in daily average $>concentrations, with a correla-

tion coefficientR of 0.61 between the model and the ob-

servations, which is much better than that obtained without
as input. They are shown together with geographical distri-burning (NOCRB;R = 0.34). The monthly @ concentration
butions of hotspots detected by sensors on board NOAA andimulated using 06DS (80.8 ppbv) was much closer than that
FY-1D satellites during the preceding five days. The color-obtained using NOCRB (73.9 ppbv) to the observed monthly
coded map shows the winter-wheat harvesting period. Thes®3 concentration. The average impacts of OCRB emissions
figures are based on those produced by SEPA (State Envirorcontributed 6 % of @, 20 % of CO, 43 % of EC, and 53 % of
mental Protection Administration, currently Ministry of the OC concentrations over CEC for the whole month of June;
Environment) of the Chinese government. As seen in Fig. 8for the episodic period 6-9 June, the impacts increased to
the winter-wheat harvesting region shifts from the southern12 % for G, 35 % for CO, 56 % for BC daily emissions, and
part in April/May to northern and western areas in June/July.80 % for OC over CEC. The real cause of the sharp rise in
June is the most active burning season south of Mt. Tai, aftethe O; concentrations in June at Mt. Tai (Fig. 5a), which had
the harvesting of winter wheat. Figure 3, particularly for BC been a mystery, was therefore identified as biomass burning,
and OC, clearly shows more polluted days in the first half andby conducting a comprehensive field campaign covering the
cleaner days in the latter half of the campaign period. Twoprecursors of @and related species.
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Fig. 8. Backward trajectories with starting altitudes of 1500 (black) and 750 m (gray) at six different times (YYMMDDHH in LT, shown
above individual panels). Plus marks indicate the locations of air mass every 12 h. Hotspots detected by satellite sensors during the 5
preceding days are shown in red (numbers indicate the detection day in June). Harvest areas of winter wheat in different months are showr
by colored areas.

6.3 Attribution of near-ground O 3 over Mt. Tai to the the western Pacific rim (PAC), Korea (KOR), Japan (JPN),
transport from other source regions and Southeast Asia (SEASA). The “Local” represents a re-
gion including Tai'an and Laiwu cities and Mt. Tai, with a
A regional chemical transport model, NAQPMS, with an on- 1 x 10° km? area. Source attributions from the regional scale
line tracer tagging module, was used to study the source ardown to sub-province levels were therefore made.
eas of near-ground £at Mt. Tai during the MTX2006 pe- In general, regional photochemical production o O
riod (Li et al., 2008a). During this time period, CEC was Within CEC was the most important mechanism, showing
covered with air masses with highs@oncentrations (65— @ contribution of 51.4ppbv (60.2%) to a monthly mean
85 ppbv) in the model simulation. Mt. Tai was at the center O3 mixing ratio (on a 24 h basis) of 85.4ppbv (Li et al.,
of a high-Q region with the prevailing wind from the south. 2008a). Specifically, the largest fractions of @ere formed
The source regions were divided into CEC and outer regiond" SSD, AH, and JS (32.4 ppbv or 37.9 %), influenced by
(Fig. 1b, see also Fig. 1 of Li et al., 2008a). The former high emission rates (including those from biomass burning)
consists of Local, South, East, and North Shandong (SSpand favorable meteorological conditions in these areas. They
ESD, and NSD), Hebei/Beijing/Tianjin (HBT), Shanxi (S5X), concluded that local photochemical production (9.8 ppbv or
Henan (HN), Anhui (AH), Jiangsu (JS), and East China Seal1.5%) is a minor contribution, suggesting that emissions
(CHNSEA). The latter consists of Siberia (SIB), Northwest from local cities (e.g., Tai'an) could be of minor impor-
China (NWCHN), Southwest China (SWCHN), South China tance. The calculated in situs@roduction rate was in good
(SCHN), East China (ECHN), Northeast China (NECHN),
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Fig. 9. Time series of selected biomass burning tracers. Hatched areas indicate two episodes with strong influences from OG&B. Panel
shows correlations between levoglucosan concentrations from TSP filter samples (plus markg} &7dandm /z 42 (CHzCN) signals
(colored solid lines) derived from continuous PTR-MS measurements.

agreement with the results of Kanaya et al. (2009), whiching 100 ppbv, and low-@days (all hourly values are below
will be described in Sect. 6.4. 100 ppbv), and they argued that the difference was not large,
Li et al. (2008b) showed that the same NAQPMS modelsuggesting that @transportation is more important than in
was able to reproduce the observed diurnal variationsgin O situ photochemistry for accumulation ofz@ > 100 ppbv.
at Mt. Tai, and studied the roles of chemical production andThe net production rate of Qwas estimated to be 6.4 ppbv
vertical transport. They suggested that the photochemistry itn—! as a 6 h average (09:00-15:00LT), in rough agreement
the surrounding region accounted for most of the increases iwith the in situ production rate~5 ppbv 1) estimated in
O3 mixing ratios from morning to mid-afternoon and that the a three-dimensional regional-scale modeling study (Li et al.,
role of vertical transport was minor. Li et al. (2011), using 2008b). These values fall within the range of the rates esti-
a similar model framework, studied the impact of aerosolsmated for the boundary layer over major cities in the United
on Oz photochemistry through the reduction of ultraviolet States, 3.5-11.3 ppbvh (Kleinman et al., 2002).
(UV) radiation over this period, with a strong influence from  The estimated 6h averages &—D(O3) suggest that
biomass burning. They estimated that tH®'D) values and 58+ 37ppbv of Q are potentially produced in 1day
OH concentrations are reduced by 37 and 40 %, respectivelyKanaya et al., 2009). A sensitivity model run was made, in-
in the middle troposphere over CEC, leading to lower O corporating heterogeneous loss of H@n aerosol particle
concentrations (by a maximum of 9 % in highly polluted re- surfaces, which could impede photochemicalg@oduction.
gions). Pure water extracts of aerosol samples collected on quartz
filters were used to regenerate aerosol particles in an aerosol
6.4 Photochemical Q production processes over CEC flow tube in the Iaboratory, to StUdy the loss kinetics szHO
in June 2006 radicals as a result of heterogeneous reactions on the aerosol
particles (Taketani et al., 2012). The uptake coefficiepts (

An observation-based box-model approach was undertakehalues), determined for real atmospheric aerosol particle
to estimate concentrations of OH, HCand RQ radicals, samples £ 10 samples) for the first time, had an average
and the net photochemical production rate of ©e., F— value of 0.25, larger than the values determined for parti-
D(0O3), the difference between the rates of gross formationcles with major single components (e.g., ammonium sulfate),
[F(O3)] and loss P(O3)] (Kanaya et al., 2009). The model suggesting the possibility that minor components of aerosols
calculation was constrained by measurements §f{B0, play !mportant rgles. When thls_ heterogeneous loss of HO
CO, NO, N@, hydrocarbons, HCHO, and GBHO concen- ~ Was included with an assumption thap® was not pro-
trations, and temperature aiczalues. Figure 3 of Kanaya et duced, although still uncertain (Mao et al., 2013), the daily
al. (2009) shows the calculatét{O3), D(O3) and F—D(Os3) mtegra_l of F—D(0O3) fell from 58 to 39 ppbv. Thls quant!ty
separately for high-@days, with at least one hour exceed- Was still larger than the observed daytime increases in the
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O3 concentration observed at the mountain top, 23 ppbv on 1 — , , ; |
average (Fig. 6), suggesting that the daytime buildup could —@— obs

be still explained by photochemistry. Another sensitivity box 0.8 F i ;2::2 g ibiTstars: B, joss
model run with altered N@and hydrocarbon concentrations = & ratio B (w, hetero. HO, loss)

by 10 % (Kanaya et al., 2009) suggested thatp@duction % 0.6 ’ o
occurred normally under N@limited conditions. Here we =

show in Fig. 4b that NQis almost depleted by photochem- S 04arT .
ical aging (in comparison with Fig. 4a, using M@s thex - ;

axis), and thus the abundance of NMHCs, correlated with CO 0.2 -
and used for the axis in Fig. 4b, becomes relatively high,

resulting in NQ-limited conditions. This is consistent with 0

the box-model analysis (Kanaya et al., 2009). An exception & 8 10 12 14 16 18

was 10 June, when fresh pollution from the north affected the
site and the @ production was VOC limited (Kanaya et al.,

2009). This analysis suggests that thellution over the Fig. 10. Average diurnal variations of the observed NO /N@tio

_CEC regi_on will become even worse whe_n N@nissions (black) compared with theoretical values assuming photostationary
increase in the future. Here we also show in Fig. 4e the modsiates for the first-half period (till 15 June). For the theoretical val-

eled dependence off®n NGy and CO. Although the mod-  yes, observed (NO,) and G concentrations, and peroxy radical
eled dependence is similar to the observations (Fig. 4b), theoncentrations calculated with box model simulations were used.
model tends to underestimate CO and therefore the CQ/NOThe error bars represent ranges of day-to-day variations. See
ratio. Because the £concentration is positively dependent Sect. 6.4 for more details.

on the CO concentration (see color codes in Fig. 4e and b),

an increase in CO in the model to reproduce the observed .
levels will increase the ©concentration. ratio B = J (NO2)/ (ka[Os] + k2[HO2] + Zkai [RO21). - (2)

[Figure 4c shows that hourly oconcentrations increase \yherek,_s are the rate coefficients of the NO reactions with
with NO; ([NOz] = [NOy]-[NO]-[NOz]) up to about o, Ho, and RQ (organic peroxy radicals), respectively.
10 ppbv, but saturation occurs with further increases inNO The observed daytime NO/NQatios are typically in the
This feature is consistent with the above-mentioned analyyange of 0.2-0.4, relatively lower than other field studies. As
sis using a box model, which suggested generatN@ited i approximation, this is virtually explained by very high
conditions (Kanaya et all., 2009). The slopfOs]/ A[NOz] - o, concentrations converting NO to NGefficiently. Fig-
was 5.8+ 0.5 ppbv ppbv™ when the NQ@ mixing ratio was re 10 shows that the observed NO /Névels agreed fairly
below 10 ppbv, implying efficient @production from NQ. || with the three calculations within uncertainty (typically

This is quite similar to the value of 3-6 ppbvppBvsug- 21 and 24 % (#) for ratios A and B, respectively). including
gested for selected episodes studied at Changping, near Bele ratio B considering heterogeneous loss 0bHO
jing under NQ-limited conditions (T. Wang et al., 2006),

and to that of 6.2 ppbv ppb¥ found for the Pico de Tres 65 NO, measurements by MAX-DOAS: comparisons
Padres (PTP) site near Mexico City (Wood et al., 2009). The with satellite and in situ observations
observed slope is lower than the modeled slope (Fig. 4f,
slope= 8.7+ 0.5ppbv ppbvl). This suggests either that During the campaign period, MAX-DOAS measurements of
the O production efficiency per unit NOmolecule oxi-  vertical profiles of NQ were performed from the top of
dation is slightly lower than that predicted by the model Mt. Tai as well as from the foothills in the city of Tai'an
or that the model underestimated formation of N@- (Irie et al., 2008). The mean difference between the N@-
though not shown, high £concentrations are sometimes ume mixing ratios measured by MAX-DOAS instruments at
associated with aged air masses (In(J¥NOy]) > 2 or Tai'an and Mt. Tai and from in situ data based on chemi-
[NOx]J/[NOy] < 0.14). luminescence detection coupled with a photolytic converter
Figure 10 shows the comparison between the observed awere as small as-0.01+0.60 and—0.294+ 0.65 ppbv, re-
erage diurnal variation in the NO/NQatio and those in the  spectively (see Fig. 5 of Irie et al., 2008). The mearpNGI-
three theoretical values derived from photostationary stataime mixing ratio for the 0—1 km altitude layer above the sur-
analyses, considering NO-to-N©onversion by @only (ra- face derived from the MAX-DOAS measurements at Tai’an
tio A) and by & and peroxy radicals whose concentrations was about 4 ppbv.
were calculated in the box model run (ratio B), with and with- ~ The MAX-DOAS measurements showed complete diurnal
out heterogeneous loss of HO@espectively, for the first-half  variations in the tropospheric NO/CD in the daytime. Typ-

Time of day (hour)

period (till 15 June): ically, the value was highest, at15 x 10'° molecules cm?,
in the early morning (06:00—09:00 LT) and dropped to a min-
ratio A = J(NO2)/(k1[Oz]) (1)  imum of~ 7 x 10 molecules cm? at 13:00-15:00 LT. This
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indicates that the OMI measurements (at about 13:40 LT)of formaldehyde during the whole observation period. This is
were made when the tropospheric NOCD was lowest in contrast to the finding that the mixing ratios of formalde-
in its typical diurnal cycle, and that the systematic differ- hyde are generally higher than those of acetaldehyde in Bei-
ence between tropospheric NQCDs derived from OMI  jing (Shao et al., 2009) and other urban, suburban, and ru-
and those observed by SCIAMACHY and GOME?2 in the ral sites in the world, suggesting the possibility of primary
morning could be explained by this strong diurnal varia- emission of acetaldehyde. The concentrations of methanol
tion. Critical comparisons between tropospheric2NCDs were high,~ 10 ppbv on average, compared with aldehydes
derived from MAX-DOAS and OMI were made for the and acetone. This result is similar to that observed in Bei-
first time in CEC, with different spatial coincidence cri- jing (Liu et al., 2009) and near that of biomass burning (Karl
teria. It was revealed that the use of a stricter coinci-et al., 2007). The HCHO concentrations derived from PTR-
dent criterion of 0.1 resulted in better agreement, within MS were in good agreement with those from MAX-DOAS
(+1.6+0.6) x 10 molecules cm? (+20+8%) (OMI mi-  observations (Inomata et al., 2008).
nus MAX-DOAS). Here we newly show that the PTR-MS signal rafz
97 showed a strong positive correlatioR £ 0.95) with
6.6 Volatile organic compound and oxygenated volatile levoglucosan concentrations in the TSP samples (Fig. 9c).
organic compound (VOC/OVOC) compositions and  See Fu et al. (2008) for details of the analysis of levoglu-
concentrations cosan. The correlation coefficient was even larger than that
for CH3CN and levoglucosanR = 0.89). Karl et al. (2007)
The relative concentration ratios of individual NMHCs (10 studied tropical biomass burning and assigned the peaks at
alkanes, six aromatic compounds, seven alkenes, and acety:/z 97 to substituted furans and furfurals. This may be valid
lene), normalized by ethane, at Mt. Tai, derived from daily for our study. However, ourn{/z 97)/(m/z 42) ratio of
canister sampling followed by gas chromatography-flamel.6 ppbv ppbv?! was slightly lower than the value of 2.4—
ionization detector analysis, were compared with those ob3.2 ppbv ppbv?! reported by Karl et al. (2007); this suggests
served in the Beijing city center on 20 November 2005 (seethat either the furans were removed by fast OH reactions dur-
Fig. 7 of Suthawaree et al., 2010). Here, the average coning travel for 10-50 h, and the original emission ratio was
centration of ethane at Mt. Tai was 2.4 ppbv, comparablemuch higher, or that the species we detectes At 97 was
to those in other areas of China (Barletta et al., 2005), redifferent and had more chemical stability, resulting in the
flecting its long lifetime and the absence of local sources.high correlation coefficient. Additionallyz/z 85 andm/z
As expected, they found that the ratios of major alkanes and@7 also showed strong correlation® £ 0.90) with levoglu-
alkenes to ethane are much lower for observations at Mt. Tacosan; therz/z 85)/(m/z 42) and (z/z 87)/(m/z 42) ra-
than they are in Beijing, reflecting the fact that the air masstios were 1.2 and 1.6 ppbv ppb¥, respectively, assuming a
at Mt. Tai is isolated from sources and is more aged. Thetypical ion-molecule reaction rate constant of 20~% cm?
measured benzene/toluene ratio at Mt. Tai wast3120, molecules!s~1. These analyses were made possible by the
much higher than those (0.6) for other Chinese cities (Bar-comprehensive coverage of gas and aerosol species during
letta et al., 2005) and other parts of the world, where vehicu-this MTX2006 field campaign. More studies are needed in
lar emissions make significant contributions. A high ratio to the vicinity of biomass-burning sources for better characteri-
ethane was also found for acetylene, probably reflecting theation.
contribution of biomass/biofuel combustion in the surround- Kawamura et al. (2013a) used a two-step filter car-
ing areas. The analysis of halogenated compound€l¢C  tridge sampler to collect particulate and gaseous carbonyls
CHasCl, CH3Br) by gas chromatography—mass spectrometryon quartz filters (impregnated with O-benzylhydroxylamine
and flame ionization detection showed low concentrations o BHA) for gas collection) and analyzed them with a gas
C.Cly4, 8 pptv on average, suggesting insignificant impactschromatograph after derivatization. The gas-phase concen-
of industrial emissions, and relatively high concentrationstrations of glycolaldehyde (range 0-1271nginaverage
of CHsCl, 990 pptv on average, suggesting the influence of555 ng nT3), hydroxyacetone (0—707 ngth, 163 ngnt3),
biomass burning (Fig. 9a). The isoprene concentrations werand glyoxal (198-1396 ngni, 720ngnT3) were among
209 pptv on average: (= 25) for daytime samples (collected the highest ever reported in the urban and forest atmosphere,
at~ 14:40LT), suggesting that biogenic activity was moder- and were more than 10 times more abundant than particulate
ate and less active than in other mountainous areas in Chinearbonyls.
(e.g., 480 pptv at Mt. Jianfeng; Tang et al., 2007).
Real-time measurements of NMHCs and OVOCs were6.7 BC measurement comparisons andBC/ACO ra-
made using a PTR-MS (proton-transfer reaction-mass spec-  tio analysis
trometry) instrument during the period 12—-30 June 2006, the
latter half of the campaign period (Inomata et al., 2010). Oneln addition to the year-round observations of BC using a
of their major findings is that the observed mixing ratios of multi-angle absorption photometer (MAAP, model 5012,
acetaldehyde were approximately 1.6 times higher than thos&hermo Scientific, Waltham, MA, USA) instrument at the
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summit of Mt. Tai, we installed several more instruments, Age (days)

namely a particle soot absorption photometer (PSAP; Ra- assuming [OH],.=1.8x10°cm™
diance Research, Shoreline, WA, USA) and an ECOC (el- L L I I ! !
emental carbon—organic carbon) semi-continuous analyzer 0 05 1 15 2 25

(Sunset Laboratory, Tigard, OR, USA), operated either with e ' ' '
IMPROVE-like or NIOSH temperature programs, for the % 0025 - .
purpose of instrument inter-comparison during the campaign :;»}3 0.02
period (Kanaya et al., 2008). These instruments were op- & &
erated either with PM or PM,5 cyclones, depending on S« 0015
the time period. An aethalometer (AE-21, Magee Scientific, ?; S 0.01
Berkeley, CA, USA) was also operated for several days dur- £ £
ing the first part of the campaign. Q ~ 0.005
The regression analysis for each pair showed that the cor- = 0

relations were strong, and the slopes ranged from 1.03 to
1.54 for the first period (before 20 June), with Pgam-
pling, and from 1.07 to 1.46 for the second period (after 20

June), .usm.g the IMPROVI.E_“ke temperature program for ECFig. 11. A[OC]/ A[CQ] ratio during the latter period of the cam-
analysis W'th PM-5 Sampl,'ng (see Fig. 8 of Kanaya et al., paign (from 16 June 2006), without influence from biomass burn-
2008). Considering that disagreement up to a factor of 4 (e.g.ing, plotted against In((NGJ/[NO]) (lower x axis) and the con-
Jeong et al., 2004) was reported in the United States amongerted air mass age (upperaxis), calculated with the average OH
similar instruments, the spread at Mt. Tai was thought to beconcentrations during this period. The CO background concentra-
relatively narrow. They therefore obtained BC concentrationtion, [COJyg, was assumed to be 90 ppbv. Dashed line and dashed-
data suitable for constraining BC emission rates from Chinadotted line represent the theoretical decays with assumed OC life-
whose uncertainty was thought to be large (e.g., factors ofimes of 6 and 1.8 days, respectively.
4-5; Bond et al., 2004; Streets et al., 2003).

They also found that enhanced MAABRC/EC ratios
(e.g., higher than 2) occurred only when low NNOy, ra- inated in spring. This ratio in summer is much higher than
tios were recorded, implying that aging is related to largethose in other cities in China (0.27-0.68), indicating that the
MAAP _BC/EC ratios. Given that the tendency to underesti-air mass at Mt. Tai is chemically very aged, consistent with
mate EC is not straightforwardly explained in terms of aging, other evidence discussed earlier.
it is reasonable to conclude that the BC particles are coated Water-soluble ions contributed 10.8 % of TSP and 24.0 %
by transparent materials after aging and that the MAAP re-of PM, 5 by mass in spring, compared with 40.9 and 41.1 %
sults based on absorbance measurements gave overestimatagring MTX2006 (Deng et al., 2011). Sulfate, nitrate, and
possibly as a result of a lens effect induced by the coating. ammonium ions were the major water-soluble species in

Pan et al. (2013) studiedABC/ACO ratios in detall, us- PMz 5, accounting for 61.5 and 72.7 % of the total measured
ing CO as a conservative tracer, during the biomass-burningons in spring and during MTX2006, respectively. Also,
events and found that the ratio had a clear tendency to dehigher concentrations of K a tracer of biomass-burning
crease with increasing transport time of the air mass from thesources, were observed during MTX2006, accounting for
biomass-burning source area. Here, the transport time wa8.3 % of the total ions in TSP, with high correlations with
estimated using the WRF-FLEXPART model. The estimatedBC (R = 0.90) and oxalic acidR = 0.87).
lifetime of BC was ca. 4.1days, near the lower limit of the  Xu et al. (2009) reported size-segregated water-soluble

In([NOYJINOX])

range suggested by past studies. ions and metals in aerosol particles. Sulfate, ammonium, and
Kions, and Pb, Zn, and Ti peaked in the accumulation mode
6.8 PM and inorganic ion/element concentrations (0.43-1.1um). Ca, Mg, Fe, Al, Ba, and Mn had peaks in the

coarse mode (4.7-5.8 um). In contrast, nitrate, Na, and Cl
The daily mass concentrations of TSP and J2Mand ions, and Co, Ni, Mo, and Cu showed bimodal distributions
their ionic and element compositions, were measured during0.43—-0.65 and 4.7-5.8 um).
MTX2006 and compared with the data obtained in spring
(from March to early May) 2006 and 2007 at the same site6.9 Organic aerosols: photochemical formation and
(Deng et al., 2011). The concentrations of TSP ancBM molecular composition
determined using the filter-weighing method, ranged from
49 to 277 pg me and from 48 to 236 ug e, respectively,  Figure 11 shows the dependence of thgOC]/ A[CO] ra-
during MTX2006. The average PM/ TSP ratio was 0.37 in  tio on the In([NGQ]/[NOy]) value, as an index of air mass
spring and 0.91 in summer in 2006, indicating that fine par-age, during the latter period of the campaign (from 16 June
ticles dominated in summer, whereas coarse particles dom2006), with negligible influence from biomass burning. Here
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CO is considered to be a relatively inert chemical species 70 1 — T
and its background concentration ([G@]was assumed to & 60 TN R 1
be 90 ppbv. TheA[OC]/ A[CO] ratio is almost unchanged & >0 [ S fenmsuo
with photochemical aging, and shows a trend clearly dif- 2 5, —— total identiffied (165 species)
ferent from a decay with a lifetime of 6 days assumed g 20

for primary organic matters in chemistry—climate models = 10

(IPCC, 2007), or a decay with an even shorter time con- 0

stant of~ 1.8 days, suggested from the analysis for the air
masses influenced by biomass burning during the first-half

period of MTX2006 (Pan et al., 2013). Th's_ clearly 5“9' Fig. 12. Time series of OC concentrations measured for TSP filter
gests that carbon mass flux from gas-to-particle conversioRamples (green) and size-segregated OC concentrations 4Rt/
is present for the studied timescale. Robinson et al. (2007)3M25) measured using a semi-continuous ECOC analyzer (red).
assumed that SVOC and IVOC (semi-volatile and interme-The sum of molecularly identified OCs (165 species) for TSP sam-
diate volatility organic compound) vapors are oxidized via aples is shown in blue. The time intervals of the TSP samplings are
gas-phase OH reaction with a rate constantef®11cm®  usedin all cases.
molecule 1 s71, to yield next-generation compounds that are
10 times less volatile, and calculated larger partitioning from
gas-to-particle phases. The assumed reaction rate is abofield burning of wheat straw, during transport to the sum-
four times faster than the oxidation of N@ NOy. To cover ~ mit of the mountain. Fu et al. (2010) quantified the oxida-
eight generations, corresponding to the eight orders of magtion products from isoprene (e.g., 2-methylerythritol)s-
nitude range in volatility considered in their model study, a pinene (e.g., 3-hydroxyglutaric acid), agdcaryophyllene
In([NOyJ/[NOy]) range between 0 and 2 needs to be stud-(e.g., 8-caryophyllinic acid) in the filter samples and sug-
ied. The study at Mt. Tai actually covered this range and thegested the importance of isoprene-derived secondary organic
data are suitable for the quantitative investigation of possiblecarbons. Fu et al. (2012) studied the diurnal variations in
increases in OC with photochemical aging. 12 organic compound classes consisting of more than 130
Fu et al. (2008) summarized the organic molecular com-species, and their stable isotopic compositions. During the
positions (except dicarboxylic acids) of TSP samples col-biomass-burning period in early June, the diurnal trends of
lected on quartz filters using a high-volume air sampler,most of the primary and secondary organic aerosol trac-
and analyzed their temporal variations. They found that ers were characterized by concentration peaks observed at
alkanes, fatty acids, fatty alcohols, sugars, glycerol, poly-midnight or in the early morning, similar to BC peaks in
acids, and phthalate esters are the major species, and théte early morning (Fig. 6), whereas in late June (without
lignin and resin products, sterols, aromatic acids, hopaneghe influence of intense biomass burning) most of the or-
and polycyclic aromatic hydrocarbons (PAHS), are minorganic species peaked in the late afternoon. A strong anti-
species. They showed the importance of plant emissionsorrelation was found between levoglucosan afC val-
of waxes and soil resuspension, as well as biomass burndes, again suggesting the importance of crop residue burn-
ing, as source processes. From the same TSP sampleésg (Fig. 9). Altogether, 165 molecularly identified organic
Kawamura et al. (2013b) reported that the water-solublecompounds, including diacids, oxo/ketocarboxylic acids, di-
OC (WSOC)/total carbon (TC) ratio was 0.410.09 in carbonylsn-alkanes, fatty acids, fatty alcohols, sugars, ph-
average, which is larger than 0.35 or less observed fothalates, polyols, polyacids, aromatic acids, lignin and resin
PM, 5 samples at Changping or other Chinese cities suchproducts, sterols, hopanes, PAHs, and biogenic secondary
as Shanghai, Lanzhou, and Guangzhou (Pathak et al., 20119rganic aerosol tracers (Fu et al., 2012; Kawamura et al.,
Kawamura et al. (2013b) also reported that very high con-2013b) accounted for 1#6 % of the total OC mass in
centrations of saturated and unsaturated diacids-Qg, the TSP. The OC mass concentrations in the TSP were
up to 6.1pugm?3) were detected among WSOC (ranged 2.6+ 0.8 times larger than those in RNbefore 20 June, us-
from 1 to 37 pg m3), with a predominance of oxalic (¢ ing the NIOSH protocolg = 46) and 2.4+ 0.7 times larger
acid followed by malonic (g and succinic (¢) acids, as than those in PMl5 (after 20 June, IMPROVE-like proto-
well as G—Cg w-oxocarboxylic acids, pyruvic acid, and col, n = 22) analyzed using a semi-continuous ECOC ana-
dicarbonyls (glyoxal and methylglyoxal). The highest con- lyzer (Fig. 12). This suggests the presence of coarse organic
centrations of total diacids>6 pgnT3) found at Mt. Tai  aerosol particles, and the presence of molecularly unidenti-
were several times higher than those reported at groundied organics, even in PM
levels in Chinese megacities. The temporal variations in Wang et al. (2009) investigated the size distributions of
diacids were interpreted to be caused by a combination ofi-alkanes, PAHs, and hopanes collected using an Ander-
direct emissions from field burning of agricultural wastes, sen eight-stage air sampler during the period 22—-29 June
and secondary photochemical production, via oxidation of2006. The size distributions were compared with those sam-
volatile and semi-volatile organic precursors emitted frompled in winter at the summit of Mt. Tai and those sampled

Day of June 2006
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in the marine boundary layer and urban atmosphere. DurBeirle, S., Platt, U., Wenig, M., and Wagner, T.: Highly resolved
ing MTX2006, bimodal distributions with peak sizes of 0.7—  global distribution of tropospheric Nfusing GOME narrow
1.1and 4.7-5.8 um were recorded for both plant-wax and swath mode data, Atmos. Chem. Phys., 4, 1913-1924, 2004,
anthropogenioz-alkanes. All the PAHs had maximums in _ http:/www.atmos-chem-phys.net/4/1913/2004/

the range 0.7—1.1 pm. Hopanes showed bimodal distribution§°nd. T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo,

with peaks in the ranges of 0.7-1.1 pm an@.3 um. J.-H., and Kllmont, Z:A techr.loI(_)gy-based global |n_ventory of
black and organic carbon emissions from combustion, J. Geo-

phys. Res., 109, D14203, db2.1029/2003JD003692004.
Bond, T. C., Zarzycki, C., Flanner, M. G., and Koch, D. M.: Quan-
tifying immediate radiative forcing by black carbon and organic

. . : . matter with the Specific Forcing Pulse, Atmos. Chem. Phys., 11,
MTX2006 was the first field campaign performed at a site 1505-1525, dok0.5194/acp-11-1505-2012011.

geographically representlng regional air pollution pver t.heByun, D. W. and Ching, J. K. S. (Eds.): Science algorithms of the
NCP. Comprehensive measurements and model simulations’ cpa vodels—3 community multiscale air quality (CMAQ) mod-

of Oz and its precursors, and aerosol chemical species were gjing system, EPA/600/R-99/030, USEPA NERL, Research Tri-
performed. The period of the study (June) was chosen to tar- angle Park, USA, 1999.

get high @Q concentrations (monthly average 82 ppbv). To- Chin, M., Chu, A., Levy, R., Remer, L., Kaufman, Y., Hol-
gether with high @ levels, we found very high concentra-  ben, B., Eck. T., Ginoux, P., and Gao, Q. X.: Aerosol
tions of organic aerosols, probably as a result of extensive distribution in the Northern Hemisphere during ACE-Asia:
photochemistry. We found that OCRB after the harvesting of Results from global model, satellite observations, and Sun
winter wheat was one of the most important factors leadingto Photometer Measurements, J. Geophys. Res., 109, D23S90,
these high concentrations, and this was supported by coinci- t0i-10.1029/2004JD004829004. _
dent observations of peak concentrations of biomass-burning€"9: ©-» Zhuang, G., Huang, K., Li, J., Zhang, R., Wang, Q., Liu,

T.,Sun, Y., Guo, Z., Fu, J. S., and Wang, Z.: Chemical character-
tracers such as Ievoglucosanﬂ(Cchl, and CHCN, and ization of aerosols at the summit of Mountain Tai in Central East

by low §13C values of organic aerosols. A large fraction of China, Atmos. Chem. Phys., 11, 7319-7332, HB194/acp-
high O; was photochemically produced in CEC, generally  11.7319-20112011.

under NQ-limited conditions, with some slowing effects as ping, A. J., Wang, T., Thouret, V., Cammas, J.-P., aréiMec, P.:

7 Summary

a result of @—aerosol interactions through value reduc- Tropospheric ozone climatology over Beijing: analysis of aircraft
tion and heterogeneous chemistry. The validation of satellite- data from the MOZAIC program, Atmos. Chem. Phys., 8, 1-13,
based observations of tropospheric N¥CDs was per- doi:10.5194/acp-8-1-2002008.

formed using MAX-DOAS observations. Instrument inter- Fu, P. Q., Kawamura, K., Okuzawa, K., Aggarwal, S. G., Wang, G.

comparisons were made for BC measurements, which pro- H- Kanaya, Y., and Wang, Z. F.: Organic molecular composi-

vided better constraints for BC emission rates from this re- 1ons and temporal variations of summertime mountain aerosols
. L . . . over Mt. Tai, North China Plain, J. Geophys. Res.-Atmos., 113,

gion. Strong positive RF by BC was implied. The BC life- ]

f . . . D19107, doi10.1029/2008JD00990Q008.

time in the atmosphere was estimated using the transport | ; 20! 0

. f bi burni he i . av P. Q., Kawamura, K., Kanaya, Y., and Wang, Z. F.: Contribu-
time from biomass-burning source areas. The inorganic an tions of biogenic volatile organic compounds to the formation

organic compositions of aerosol particles were studied in de- ot secondary organic aerosols over Mt. Tai, Central East China,
tail. Molecularly identified organic compounds accounted for  Atmos. Environ., 44, 4817—4826, 2010.
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