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Abstract. Photooxidation products of biogenic volatile spheric SQ, Oz, NO,, NOy, as well as CQ, at the Chang-
organic compounds, mainly isoprene and monoterpenesai site were found. The secondary OC due to isoprene
are significant sources of atmospheric particulate matter irwas relatively high in tropical Hainan (0.2&C/n?) where
forested regions. The objectives of this study were to ex-isoprene-emitting broadleaf species are dominant, but was
amine time series and diel variations of polar organic tracerscomparable in boreal Changbai (0,3§C/n?) where conif-

for the photooxidation of isoprene amdpinene to investi- erous species are prevalent. The contribution of malic acid,
gate whether they are linked with meteorological parametersvhich may have both biogenic and anthropogenic sources, to
or trace gases, and to determine their carbon contributiongdhe OC mass was comparable at the four sites.

In addition, the biogenic secondary organic carbon contribu-
tions from isoprene were estimated. P particulate mat-
ter with an aerodynamic diametef.5.m) aerosol samples
were collected from forests in eastern China and compare
with data from forested sites in Europe and America. Aeroso'Vegetation releases numerous volatile organic compounds

sampling was conducted at four sites located along a gradient/ocs) into the atmosphere, particularly isoprene, monoter-
of ecological succession in four different regions, i.e. Cha”g'penes, and sesquiterpenes, as well as a series of oxygen-

bai Mountain Nature Reserve (boreal-temperate), Chongggntaining compounds (Fehsenfeld et al., 1992; Sharkey and
ming National Forest Park (temperate), Dinghu Mountainyepn 2001). Knowledge of the atmospheric fate of these
Naturg Res_erve (sub_troplcal). and Jlanfenghr_wg Nature Rebiogenic VOCs (BVOCs) is important because of the large
serve in Hainan (tropical) during summer periods when thegantities emitted globally compared with those of anthro-
meteorological conditions are believed to be favorable forpogenic VOCs as well as their high reactivity (Hoffmann et
photochemical processes. Fifty BMsamples were col- 5 "1997: Griffin et al., 1999). Secondary organic aerosol
lected; eighteen organic compounds, organic carbon (OC)goA) is formed in the troposphere from the oxidation of
elemental carbon and trace gases were measured. Resuig/ocs through reactions with ozone and OH or N@di-
indigate that the concentration trends of the secondary orygis where the resultant low-vapor-pressure oxidation prod-
ganic compounds reflected those of the trace gases and M5 partition between the gas and aerosol phases or undergo
teorological parameters. Very good correlations between the,,iner heterogeneous reactions in the aerosol phase (for a
sum concentrations of isoprene oxidation products and atmoyeyiew see Kanakidou et al. 2005). SOA produced over
forests has received considerable attention for different rea-
sons: it impairs visibility and may affect climate by scat-
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s 75 60 65 90 G5 0D Ans 110 115 4m 135 130 13 E and Smith, 1967; Bieleski, 1982) (arabitOL mannit0|), plant
S pollen (Pacini, 2000) (glucose and fructose), wood com-
bustion (Simoneit, 2002) (levoglucosan), and the oxidation
of unsaturated fatty acids (Kawamura and Ikushima, 1993;
Yu et al., 2005) (malic acid), were measured. As regards
to oxidation products of isoprene, the following marker
compounds were included: 2-methyltetrols (2-methylthreitol
and 2-methylerythritol), €-alkene triols [2-methyl-1,3,4-
trihydroxy-1-butene dis and trans) and 3-methyl-2,3,4-
trinydroxy-1-butene] and 2-methylglyceric acid. Both the 2-
methyltetrols (Claeys et al., 2004a) and thedlkene triols
(Wang et al., 2005) were first characterized in fine tropical
O rainforest aerosol collected from the Amazon basin, Brazil,
Talvean while 2-methylglyceric acid was first reported in rural fine
Crson aerosol collected from a deciduous/coniferous forest site in
K-puszta, Hungary (Claeys et al., 2004b). In subsequent lab-
oratory studies (Edney et al., 20050@e et al., 2006; Sur-
Fig. 1. Location of the sampling sites (denoted with filled circles). ratt et al., 2006), it was confirmed that these compounds are
formed from the photooxidation of isoprene. As regards to
marker compounds for the photooxidatiornepinene, pinic
Chinais comparable in size to Europe; hence, the isoprengcid, norpinic acid, 3-hydroxyglutaric acid and 3-methyl-
and monoterpene emissions from China’s ecosystems may bg 2, 3-butanetricarboxylic acid were considered. These com-
nearly the same as those for Europe (Klinger et al., 2002). Sgounds have been reported in both field and smog chamber
far, detailed organic speciation studies including oxidationstudies (Claeys et al., 2007); however, it is worth noting that
products of isoprene ang-pinene have mainly been con- the chemical structure of 3-methyl-1,2,3-butanetricarboxylic
ducted for forested sites in Europe and America, e.g. Hunzacid, which is believed to be a stable end-oxidation product
gary (lonetal., 2005), Germany (Plewka et al., 2006g8et  formed through further oxidation of pinonic acid, was only
al., 2006; Kourtchev et al., 2008a), Finland (Kourtchev et al.,recently elucidated (Szmigielski et al., 2007).
2005; Kourtchev et al., 2008b), the United States of Amer-
ica (USA) (Edney et al., 2005; Xia and Hopke, 2006; Cahill
et al., 2006; Clements and Seinfeld, 2006; Lewandowski e Experimental section
al., 2007) and Brazil (Schkolnik et al., 2005). Information
is available on the chemical composition of urbanZ2N\or- 2.1 Site descriptions and sample collection
ganic aerosol from Beijing (He et al., 2006), Shanghai (Feng
et al., 2006), Nanjing (Wang et al., 2005), inland and eastStudy sites were located in four forests in eastern China along
coastal China (Wang et al., 2007), and 14 cities in China (Hothe north latitude from 42to 18 (see Fig. 1). The boreal-
et al., 2007). However, detailed organic composition studiesemperate Changbai Mountain Forest Ecosystem Research
on fine aerosol from forested sites in China are lacking, ex-Station (4224'N, 128 28E, 763 ma.s.l., Jilin Province) is
cept for a very recent study carried out in Hong Kong (Hu etsurrounded by 200 kfof condensed pine/hardwood for-
al., 2008). est (the region of Changbai Mountain Nature Reserve) with
The objectives of the current study were to obtain in- dominant species as pin®ifus koraiensis oak Quercus
sights into aerosol sources and source processes that le&i@ongolicg, spruce Picea koreanpand maple Acermonyg,
to fine aerosol formation above Chinese forests, and to asetc. Itis about 680 km to the west of Changchun (with a pop-
sess the biogenic secondary organic carbon (SOC) from isodlation of about 7 million), the capital city of Jilin province.
prene. With regard to the latter contributions, estimatesThis site is called Changbai, hereafter.
were made based on the measured SOA tracer concentra- The temperate site was inside a water fitetasequoia
tions and the laboratory-derived tracer mass fraction re-glyptostroboides Hu and Chephglantation in the Dong-
ported by Kleindienst et al. (2007). Day- and night-time ping National Forest Park (860N, 121°40E, ~Oma.s.l.,
and also 24-h PMs aerosol samples were collected along Chongming island, Shanghai). It has an area of about® km
latitude in boreal, temperate, subtropical, tropical ecosys-and is surrounded by orchard and grassland, and is 28 km
tems, during summer periods when the meteorological conaway from Shanghai Municipal center (about 20 million in-
ditions are favorable for photochemical reactions of BVOCs. habitants). This site is called Chongming, hereafter.
The concentrations of oxidation products of isopreneand The subtropical Dinghu Mountain Forest Ecosystem Re-
pinene as well as of other marker compounds that providesearch Station (230N, 11232E, 320 ma.s.l., Guangdong
information on aerosol sources, i.e. fungal spores (LewisProvince) is a monsoon evergreen broadleaf forest with some
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needle tree species covering an area of about 1 Kihe (TEI 42C) and a gas filter correlation analyzer (TEI, model
vegetation mainly consists of hairy chestn@aétanopsis 41C), respectively. The Shanghai Environmental Monitoring
chinensis Hancde Chinese cryptocary&fyptocarya chinen-  Center supplied concentrations of IO, and G for the
sig), white gironniera Gironniera subaequalis Plnantland ~ Chongming site.

schima Gchima superba Gardn. Et Chajnplt is situated

about 85 km to the west of Guangzhou (the capital city of2.3 Aerosol analysis

Guangdong Province with a population of 7.5 million). This
site is called Dinghu, hereatfter.

The fourth site was in the Jianfengling Long-term Re-
search Station of Tropical Forest Ecosystem °4D8N,
10849E, 820ma.s.l., Hainan Province). It is a tropica
evergreen monsoon forest with an area of 475 kdomi-
nated by the species nariggtica mangachapdiwhite olive

Filter samples were analyzed for OC and elemental carbon
(EC) by a thermo-optical transmission (TOT) technique
(Birch and Cary, 1996). For analysis of polar organic
|compounds by gas chromatography/mass spectrometry
(GC/IMS), the samples were spiked with appropriate
amounts of internal recovery standards (IS), i.e. 400ng
(Canarium albuand white teaCoelodepas hainanengis  Methyl:B-D-xylanopyranoside (MXP, Sigma) and 750
It is about 315 km from Haikou, the capital city of Hainan N9 deuterated Pmalic acid (DMA, CDN isotopes,
Province. This site is called Hainan, hereafter. The centrapanada)’ e.xtractedlwnh methanol, ar\d derivatized with
and western parts of Hainan island are mainly mountainousm_emyl'N -tr|methyIS|IyItrlquoroaceta_mlde (MSTFA)+1%
The whole mountain area has an unsymmetrical circular dis_trlme_thylchlorosnane (TMC_:S) (Pierce) and anhydrous
tribution, which makes that the sampling site is situated in aPYNdine (2:1, v/v).  Details about the sample workup
rain forest basin. Therefore, the concentration of SOA fromProcedure can be found in Kourtchev et al. (2008b).

the photooxidation of isoprene is expected to be high at thisThe GC/MS instrument consisted of a Hewlett-Packard

site. unlike at coastal sites. model 6890 gas chromatograph equipped with a DP-5MS

All sampling periods were selected taking into account the(szmxlo;[fimrﬂ Iocli O'i%rggg?h;ggknesz)' colupled lto
meteorological conditions and the maximum solar radiation,a ewlett-Fackard mode quadrupole analyzer.

as well as high temperatures. The sampling periods were 23_Data were acquired and processed with ChemStation

29 July 2007 in Changbai, 12—19 June 2006 in ChongmingS0ftware (Hewlett-Packard). ~ The temperature program
2-14 August2006 in Dinghu, and 20-27 November 2006//2S as follows: initial temperature at D held for
during the dry season in Hainan. In the case of Dinghu, th(%> m'm’tr? grgglcl:ent_ Sfl mT'nsmlép rtlole(f)GCZ, h?'d _It?]r
sampler was installed at the hilltop of the Dinghu Mountain min, then min-= up to , neldtor < min. 1he
Biosphere Reserve, which is a station supported by the Mainass spectrometer was.operated in the electron ionization
and the Biosphere Program of the United Nations Educa/M'0de & 70V and an ion source temperature of200

tional, Scientific and Cultural Organization; only 24-h sam- ::lfj” §dc:an| mode Waz used in .Lhe tr.r;.azs gamje 50_.650' f
ples could be collected at this site for safety reasons. ndividual compounds were ldentiied by comparison 0

For each site, o high-volume Pid air samplers mass spectra with those of authentic standards or literature

(Graseby-Andersen) operated at a flow rate of 1.38mim 1 data (Claeys et al., 2004a; Wang et al.,, 2004; Wang et

were used, one collected day-/night-time samples (06:30 toal" 2005; Claeys et al., 2007). Selected ion monitoring

18:00 for day-time, 18:30 to 06:00 for night-time sampling), vrcggel\ggsr#:edézrsgugrr']t'?;vfnzziyzfs aggiognzwgli;'me
while the other collected 24-h samples, except at Dinghu ' 9 /2

. for MXP, levoglucosan and sugars;/z 219 and 277 for
where only 24-h samples were obtained. Whatman quart .
fiber filters of 20.%25.4 cm were used. Blank filters were Zz-methyltetrols,m/z 231 for G alkene triols, m/z 233 and

obtained in the same way as the samples except that the co?—07 for malic acid,m/z 236 and 310 for DMAn/z 217

o ; and 319 for arabitol and mannitokz/z 349 for glutaric

lection time was only 15 s. No aerosol collection was per-_ . . .
. : acid andm/z 405 for 3-methyl-1,2,3-butanetricarboxylic
formed on rainy days. Intotal, 50 field samples and 12 blanks_ . ; - : oo

. acid were monitored. For quantitative analysis, calibration

were obtained. . .

curves were constructed by using authentic standards that
were processed as described above. For the quantifica-

tion of compounds that no standards were available the
Meteorological parameters (i.e. temperature, wind speed, rel€SPonse factors of the following surrogate compounds were

ative humidity, and altitude) were measured by a KestrelUS€d: erythritol for 2-methyltetrols ands&@lkene triols,
4000 Pocket Weather meter (Nielsen-Kelleman, USA). In thePiNic acid for norpinic acid, 2-hydroxyglutaric acid for
case of the Changbai site, measurements Hf S, NO, 3—r_1ydroxyglutar|c acid, and 1_,4—cycIohexar_nedlcarboxyllc
NO,, NO, and CQ were performed simultaneously with acid for 3-methyl-1,2,3-butanetricarboxylic acid.

Thermo Environmental Instruments: an ultraviolet light ab-

sorption @ analyzer (TEI 49C), a fluorescence S&halyzer

(TEI 43C), a chemiluminescence NO-MOIOy analyzer

2.2 Meteorological parameters and trace gases
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100 sponding night-time average concentration was 113 fAg/m
n and 50 ng/m, respectively. This phenomenon can be re-
RAT 8 garded as evidence for the fast photochemical formation of

2-methyltetrols from locally emitted isoprene. Interestingly,
the contributions of the 2-methyltetrols to the OC mass were
quite comparable for the two sites despite the differences
in the vegetation (i.e. for Changbai: 2.3% during day-time,
1.9% at night; for Hainan: 2.2% during day-time, 1.6% at
night). This indicates that at both sites the highest contribu-
tion of the 2-methyltetrols to the OC mass was found dur-
ing day-time. It is also noted that the highest 24-h average
Fig. 2. GC/MS total ion current chromatogram for the 24-h sam- concentrations were found for these sites (Table 1). The day-
ple collected on 5 August 2007, in Dinghu: (1) 2-methylglyceric time maximum 2-methyltetrol concentration in Hainan was
acid; (2) 3-methyl-2,3,4-trihydroxy-1-butene; (3) malic acid gD 86 ng/n¥, while the night-time maximum was 92 ngineor-
malic acid (IS)); (4) erythritol; (5) 2-methylthreitol; (6) 2- responding to % contributions to the OC mass of 2.9% and
methylerythritol; (7) 2-hydroxyglutaric acid; (8) 3-hydroxyglutaric 1 69, respectively, which is in full agreement with the diel
acid; (9) methylg-D-xylanopyranoside (IS); (10) levoglucosan; yariation trend pointed out above. While the day-time av-
(11) arabitol; (12) 3-methyl-1,2,3-butanetrlcarboxyll<_: acid; (13) erage concentration of the 2-methyltetrols of 60 r@tm
fructosq; (14) fructosg; (15) glucosg; (16) mannitol; (17) the tropical rain forest site Hainan is similar to the day-time

glucose. Other intense peaks are from column bleeding. The su concentration of 65 ng/ﬁwln Balbina, Brazil (Claeys et al.,

ipts 1 and 2 after fruct dgl denote different isomers. : .
SCIIpts 2 and = afier fruicfose and giicose den I ! 2004a), the day-time average 2-methyltetrol concentration
of 131 ng/nt in boreal-temperate Changbai is much higher

3 Results and discussion than that of 15.7 ng/fhin boreal forest at Hyyila, Fin-

land, during a 2005 summer period (Kourtchev et al., 2008b).
Figure 2 shows a typical total ion current GC/MS chro- This also holds for the night-time 2-methyltetrol concentra-
matogram for the 24-h sample collected on 5 August 2007tion, 113 ng/m, which is much higher than the concentra-
in Dinghu. It can be seen that intense peaks are detion of 10.3 ng/ni in Hyytiala at night. This may be due
tected for malic acid, 2-methylthreitol, 2-methylerythritol, 3- to differences in latitude, vegetation types, leaf surface area
hydroxyglutaric acid, levoglucosan, arabitol, 3-methyl-1,2,3-and concentrations of trace gases in the atmosphere. The
butanetricarboxylic acid, fructose, mannitol and glucose.lower latitude of Changbai (424'N) compared to Hyy&la
Small peaks corresponding to the other analytes could bé61°51'N) implies that there is more solar radiation and a
visualized with extracted ion chromatography (not shown).higher temperature in Changbai (average 25.ih Chang-
A summary of the average concentrations and concentratioRai, 15.9C in Hyytiala, see Table 1). As to isoprene emis-
ranges of OC, EC, organic Compounds, and trace gases f(ﬁions from the Vegetation, Yan et al. (2005) estimated that the
24-h, day-time and night-time PM aerosol samples, and annual biogenic isoprene emission is about 4.8 Tg C in whole
meteorological data for the four forest sites is listed in Ta-China, and found that its spatial distribution corresponds

LN B e e e e B LN A S s S B S B B S S S
12 16 20 24 28 32 36 min

ble 1. with that of the vegetation. The highest annual emission
flux exceeded 5000 kg C/khin northeastern China, includ-
3.1 Isoprene oxidation products ing Changbai Mountain, and in Hainan island (southeast). As

to trace gases, the concentration of,S®hich is photooxi-

Significant amounts of the 2-methyltetrols, marker com-dized to sulfuric acid and thought to be crucial in the forma-
pounds for the photooxidation of isoprene, were observed irtion of 2-methyltetrols, was 2.29 ppbv in Changbai compared
boreal-temperate Changbai, subtropical Dinghu and tropicato 0.04 ppbv in Hyytala. Therefore, the combined effects of
Hainan with average concentrations of 49 n§y/®5 ng/n¥ higher isoprene emissions, higher photo-activity and higher
and 41 ng/m, and concentration ranges between 22—concentrations of SOmay explain the fairly high maximum
109 ng/n?, 3.5-84 ng/m, 16—67 ng/m for 24-h samples, 2-methyltetrol concentration (282 ng?min Changbai dur-
respectively. These values are comparable to the averagaeg day-time.
concentration of the 24-h Hi-Vol samples from Potsdam, Furthermore, the &alkene triols, compounds related to
NY, during June and August of 2005-60 ng/n?) (Xiaand  the 2-methyltetrols, were also detected at the four study
Hopke, 2006), and of the 48-h low-volume samples fromsites. Their diel variations roughly follow those of the 2-
Hyytiala, Finland during a 2004 summer period (26 ngym methyltetrols. Recently, £alkene triols and 2-methyltetrols
(Kourtchev et al., 2005). were both reported to be generated from isoprene under low-

For the Changbai and Hainan sites where 12-h sample8lOy conditions and are believed to be formed through reac-
were collected, the day-time average concentration of the 2tion of isoprene with the OH radical. In addition, the forma-
methytetrols was 131 ngArand 60 ng/m, while the corre-  tion of Cs-alkene triols was explained through rearrangement

Atmos. Chem. Phys., 8, 7507518 2008 www.atmos-chem-phys.net/8/7507/2008/
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Table 1. Average concentrations and concentration ranges of OC, EC, organic compounds, trace gases for day-time, night-time and 24-h
PM, 5 samples collected in Changbai, Chongming, Dingdu and Hainan, and meteorological data.

. 24-h Day-time Night-time
Species
Average Conc. Range Average Conc. Range Average Conc. Range
Boreal-temperate, Changbai (23—29 July 2007)
n=5 n=5 n=4
OC (ug/nd) 438 3.6~5.7 5.6 3.3-6.7 6.1 5.16.9
EC 0.41 0.320.52 0.48 0.280.58 0.52 0.440.59
Organic compounds (ngn
2-methylthreitol 16.7 4437 35 14.2-80 26 6.9-45
2-methylerythritol 32 17672 96 55~202 86 24-118
> 2-methyltetrols 49 22109 130 69~282 113 31+144
Cs-alkene triols 4.4 0.1911 10 0.23-28 1.2 n.d-3.3
2-methylglyceric acid 0.50 n-e2.5 3.0 n.d-12 - -
> isoprene oxidation products 53 2320 140 69-290 114 31166
3-hydroxyglutaric acid 17 7927 16 * 25 *
3-methyl-1,2,3-butanetricarboxylic acid 14 8.58 22 * 16 *
> a-pinene oxidation products 31 186 38 * 41 *
malic acid 44 3163 77 65-88 109 *
levoglucosan 42 3267 38 266 68 23103
arabitol 6.9 0.9911 11 n.d-35 5.3 n.d-16
mannitol 30 12-66 32 24-46 49 2+-87
fructose 5.2 3.87.2 15 6.5-25 96 4.6-278
glucose 51 16149 77 2111 323 25-672
threitol 1.3 n.d-4.1 0.57 n.g-1.5 29 n.d-8.8
erythritol 1.9 0.054-4.4 1.2 0.7322.01 4.9 n.d-14
2-hydroxylglutaric acid 15 1318 48 * 18 *
SUM 239 99-343 384 252532 730 108-1479
Trace gases (ppbv)
SO, 2.04 1.A~7.1 2.3 1.74.1 1.8 1.72.6
NO 0.35 0.15-1.8 0.28 0.152.8 0.4 0.15-2.8
NO, 0.47 n.d-6.4 0.66 n.d-4.2 0.60 0.024.2
NOx 0.67 0.05-6.4 0.92 0.057.0 0.93 0.247.0
O3 31 0.25-60 43 12-75 25 0.25-53
COs (ppmv) 456 447473 436 421448 485 476-501
Meteorological parameters
Temperature9C) 25 22227 26 2427 23 2-24
Wind speed (m/s) 0.27 0.20.48 0.57 0.091.2 0.17 0.16-0.25
Relative humidity (%) 59 4474 64 56~76 72 63-77

reactions of hydroxyhydroperoxy radicals that are formed inwhile the formation of 2-methyltetrols likely mainly involves
the initial photooxidation reaction of isoprene (Surratt et al., low-NOy conditions (Surratt et al., 2006) at the tropical

2006). The maximum sum concentration of the three C Hainan site, that at the more polluted Changbai site may also
alkene triol isomers was 10 ngfrand 19.3 ng/min Chang-  involve additional pathways such as sulfuric acid-catalyzed
bai and Hainan, respectively. The ratio of the concentrationdormation (Edney et al., 2005; Surratt et al., 2007b) (see fur-
of Cs-alkene triols and 2-methyltetrols was 1:13 in Chang- ther discussion). 2-methylglyceric acid, another marker com-
bai versus 1:3 in Hainan. The highest ratio and highest conpound for the photooxidation of isoprene, was only found at
centrations of 2-methyltetrols were thus found for Changbai.very low concentrations in this study (Table 1).

A possible explanation for this observation is that different

mechanisms may result in the formation of 2-methyltetrols;

www.atmos-chem-phys.net/8/7507/2008/ Atmos. Chem. Phys., 8, 75082008
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Table 1. Continued.

. 24-h Day-time Night-time

Species

Average Conc. Range Average Conc. Range  Average Conc. Range

Temperate, Chongming (12—19 June 2006)

n=4 n=4 n=1%
OC (ug/md) 9.9 5.8-15 10.5 6.4-17 5.0 *
EC 1.7 0.98-2.6 1.8 1.:2.8 0.84 *
Organic compounds(ngﬁm
2-methylthreitol 14 0.8%72.3 1.7 0.4-34 1.6 *
2-methylerythritol 3.0 2243 4.3 1.48.1 4.2 *
>~ 2-methyltetrols 4.4 316.6 6.0 1.8-12 5.8 *
Cs-alkene triols 0.09 n«0.23 0.10 n.d-0.22 0.7 *
2-methylglyceric acid 0.33 n-e0.95 - - -
> isoprene oxidation products 4.8 31.8 6.1 1.8-12 6.6 *
3-hydroxylglutaric acid - - - - - -
norpinic acid 1.8 n.¢3.6 - - - -
3-methyl-1,2,3-butanetricarboxylic acid — — — — - —
> a-pinene oxidated products 1.8 nd.6 - - - -
malic acid 58 3788 79 16173 32 *
levoglucosan 143 20212 40 2.5-112 17 *
arabitol 0.72 0.2814 2.9 0.18-8.4 0.69 *
mannitol 1.9 0.434.6 5.8 1512 1.3 *
fructose 1.3 0.782.1 4.3 2.:8.3 1.9 *
glucose 2.4 0.734.2 10.3 2.6-25 2.1 *
threitol 0.95 0.073-1.7 0.39 n.d-1.0 0.042 *
erythritol 0.61 0.46-0.90 0.80 0.052.2 3.3 *
SUM 74 82-111 109 25242 48 *
Trace gases (ppbv)
SO, 10 7.0~17 16 8.0~27 23 *
NO» 22 13-22 25 18-34 36 *
O3 43 3357 34 15-54 21 *
Meteorological parameters
TemperaturedC) 29 29-30 27 26-28 27 *
Wind speed (m/s) 0.7 041.2 0.5 0.320.78 0.25 *
Relative humidity (%) 68 6075 73 64-80 82 *

The sum concentration of the 2-methyltetrols in 24-h sam-measured as 2-methyltetrols with the derivatization GC/MS
ples from Changbai shows a good correlation withoSO method employed in the present study (Surratt et al., 2007a,
(r?=0.9455) (Fig. 2). In addition, 2-methyltetrols are well 2007b, 2008; @mez-Gonalez et al., 2008).
correlated with ozone-8=0.982) during day-time, and with

NO; (~“=0.9618) and NQ (r“=0.8805) at night. Similar i5ng of the 2-methyltetrols and NGt night, a recent smog
.result.slwere obtalqed for the Chongming §|te (not Shown’chamber study by Ng et al. (2008) demonstrated that ni-
msufﬁment_data points). The good correlatlon_ be_twee_n thegrate derivatives of the 2-methyltetrols can be formed through
concentrations of the 2-methyltetrols andS@hich is oxi- gk time NG radical chemistry: these nitrate derivatives
dized to sulfuric acid) is consistent with sulfuric acid playing i not pe stable upon derivatization GC/MS and will also be
a crucial role in the formation of the 2-methyltetrols (Ed- . \oosured as 2-methyltetrols. Interestingly, the day-time 2-
ney et al., 2005; Surratt et al., 2007b). It cannot be ruledy ey itetrol concentrations show a reverse correlation with
out that part of the 2-methyltetrols were originally present CO, (Fig. 3; r2=0.9467). A good correlation was found
in the samples as sulfate esters which are also known 10 0Geqyeen the 2-methylthreitol and 2-methylerythritol con-
cur in ambient aerosol; these sulfate ester derivatives will b&.qntrations for the four sites (the value for Changbai

As regards to the good correlation found for the concentra-
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Table 1. Continued.

. 24-h Day-time Night-time

Species
Average Conc. Range Average Conc. Range  Average Conc. Range
Subtropical, Dinghu (2—-14 August 2006)
n=7

OC (ug/m3) 5.1 1.88.0

EC 0.69 0.251.1

Organic compounds (ngﬁm

2-methylthreitol 5.7 1.313

2-methylerythritol 20 2.270

3" 2-methyltetrols 25 3583

Cs alkene triols 0.62 0.141.51

2-methylglyceric acid 0.09 n-¢0.18

> isoprene oxidation products 26 4.84

3-hydroxylglutaric acid - -

norpinic acid - -

3-methyl-1,2,3-butanetricarboxylic acid — -
> «-pinene oxidation products - -

malic acid 29 4.262
levoglucosan 25 0361
arabitol 2.8 0.927.7
mannitol 5.0 2.6-12
fructose 8.8 1.337
glucose 6.2 20819
threitol 0.21 n.d-0.51
erythritol 3.1 0.22-18
SUM 81 15~178
Meteorological parameters

TemperaturedC) 24.2 24-28
Wind speed (m/s) 0.57 0.28.90
Relative humidity (%) 735 6082

Chongming, Dinghu and Hainan was 0.87, 0.94, 0.85 andL,2,3-butanetricarboxylic acid could only be detected in 24-h
0.81, respectively) is consistent with their formation through samples, while norpinic acid was found at a concentration of
the same aerosol source process, i.e. photooxidation of isd ng/n¥, lower than 22.2 ng/freported for the Finnish sam-
prene. ples. The concentration of 3-hydroxyglutaric acid in Hainan
was 2.4 ng/r, again lower than Changbai (17.2 nginand
Finland (16.1 ng/m). These differences can for a part be ex-
plained by differences in the vegetation along latitude with
. - isoprene-emitting species dominating in tropical regions and
(oidaton o pnene, L6, 3 ycoryghtarc acd and 3. Fnen-emiting speces being prelent n borecl regions
g?s;h?rloﬁziﬁebEﬁgﬁt&?ﬁ?gg ag']i’nvgg;? Csiﬁtee_Ctﬁdiénlfggdabqratory experiments_,, could on!y'be detected at trace lev-
that at this site the concentration of taepinene oxida- e!s in all sample_s. In this r_es_pect3 itis notegl that low to rather
tion products is much lower than that of the isoprene ox—hlgh concentrations of pinic acid (range: 0.4-135 rij/m

S i have been reported in field studies conducted at European
idation products. The average 24-h concentrations of 3- b P

hydroxyglutaric acid and 3-methyl-1,2,3-butanetricarboxylic and USA sites, including Pertouli in Greece (Kavouras et al.,
acid were 17.2 ng/fand 13.5 ng/r, respectively, close to 1999a), Bbua in Portugal (Kavouras et al., 1999b), Hgti

_ in Finland (Kourtchev et al., 2005; Kourtchev et al., 2008b),
the values of 16.1 ng/fand 13.5 ng/rduring July and Au- ; o .
gust 2005 in Hyy@la, Finland. In tropical Hainan, 3-methyl- the Blodgett forest in California, USA (Cahill et al., 2006),

3.2 «-pinene oxidation products

www.atmos-chem-phys.net/8/7507/2008/ Atmos. Chem. Phys., 8, 75082008
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Table 1. Continued.

. 24-h Day-time Night-time

Species

Average Conc. Range Average Conc. Range Average Conc. Range

Tropical, Hainan (20—27 November 2006)

n=5 n=8 n=7
OC (ug/m3) 2.4 1.445 2.7 1.9-3.7 3.1 1.5-5.8
EC 0.20 0.12-0.38 0.23 0.170.32 0.20 0.120.38
Organics compounds (ngfn
2-methylthreitol 12 4720 17 8.%~28 12 2.8-20
2-methylerythritol 29 1248 43 2765 38 8.2-71
3" 2-methyltetrols 41 1567 60 36-86 50 1192
Cs-alkene triols 9.3 2319 19 8.1-32 17 0.33-42
2-methylglyceric acid 0.74 0.211.2 0.66 0.1%1.2 0.74 0.26-2.4
> isoprene oxidation products 51 487 80 49-119 68 12123
3-hydroxylglutaric acid 2.4 144.4 3.1 3.6-3.2 2.8 2234
norpinic acid 5.0 0.388.7 17 16-17 0.29 *
3-methyl-1,2,3-butanetricarboxylic acid 2.1 0487 - - - -
> a-pinene oxidation products 9.4 635 20 19~20 2.9 2234
malic acid 24 1534 33 18-456 46 15122
levoglucosan 107 19398 29 14-41 153 4.4-437
arabitol 15 7.6-42 10 8.5-11 8.7 5.6-15
mannitol 16 7.947 15 1123 8.6 3.8-18
fructose 12 4.643 10 6.912 4.7 1.4-14
glucose 22 9561 20 9.9-33 7.1 4.3-13
threitol 0.89 0.36-2.9 0.55 0.39-0.80 1.0 0.1%2.3
erythritol 3.6 2.6-5.7 9.9 5.8-18 24 0.62-4.0
2-hydroxylglutaric acid 4.6 2:409.6 6.8 5.8-7.8 3.1 1.26.3
SUM 154 94132 189 166-219 149 5%120.
Meteorological parameters
Temperature?C) 22 20~25 24 2x27 23 20~26
Wind speed (m/s) 0.48 0.19.85 0.90 0.22.3 0.45 n.e-0.85
Relative humidity (%) 80 6988 72 4787 82 6991

* the compound was detectable in one sample, no concentration range was available.
— not detected, the detection limit wa$0 pg/n?® for pinic acid,~20 pg/n? for norpinic acid.
# one night sample was collected due to rain at Chongming.

the Fichtel mountains in Germany (Plewka et al., 2006), K-3.3 Other identified compounds

puszta in Hungary (Claeys et al., 2007), afidich in Ger-

many (Kourtchev et al., 2008a). At the Chongming site, In contrast to isoprene and-pinene oxidation products,
only norpinic acid could be detected at low concentrationthe concentrations of malic acid for Changbai, Chong-
(1.8 ng/n?), while the relatively low sum concentration of ming, Dinghu and Hainan were comparable, i.e. 43.5Ag/m
isoprene oxidation products (4.7 ngiis probably due to  58.3ng/n¥, 24.9ng/n? and 24.1ng/r# respectively, simi-
isoprene emissions from surrounding orchards and less frorfar to 46 ng/nt in Hyytiala, Finland (Kourtchev et al., 2005),
coniferous water fir. Nax-pinene oxidation products could 39ng/n¥ in K-puszta, Hungary (lon et al., 2005), 22 ng/m
be detected in subtropical Dinghu, which is not surprisingin Balbina, Brazil (Claeys et al., 2004a), and 39.1 ngim

since the vegetation mainly consists of isoprene-emittingdilich, Germany (Kourtchev et al., 2008a). The sugar alco-
broadleaf tree species. hols, arabitol and mannitol, showed sum concentrations of

36.9ng/ni, 2.8 ng/nt, 7.8 ng/n? and 30.8 ng/mfor Chang-
bai, Chongming, Dinghu and Hainan, respectively. The
sum concentrations of fructose and glucose were 55.8%hg/m
3.6 ng/nt, 15.9 ng/n? and 33.7 ng/m, respectively. Both the
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10 Sampling date in Hainan (20-27 August 2006; D=day, N=night)
0 50 100 150 200 250 300 350 Fig. 4. Time trends for the concentrations of OC and selected com-
isoprene oxidation products (ng/m?) pOUﬂdS, ie., isoprene oxidation produmtspinene oxidation pl’Od-
ucts, malic acid, mannitol and glucose for day/night samples col-
450 lected from Hainan.
A
445
< 440 y =-0.1023x + 451.69
2_ . . .
§ 45 R = 09467 2-methyltetrols, malic acid and mannitol have been reported
& 4% for K-puszta, Hungary, during a 2003 summer period (lon et
O 425
420 al., 2005).
45 ‘ ‘ ‘ ‘ ‘ ‘ ‘ The higher OC/EC ratios{12) for Changbai and Hainan
0 50 100 150 200 250 300 350 indicate pristine forest regions that are mainly influenced by
isoprene oxidation products (ng/m”) biogenic emissions, while the lower OC/EC ratios (5-6) for

Chongming and Dinghu can be explained by EC contribu-
Fig. 3. Scatter plots of atmospheric concentration of,36r 24- tions from traffic exhaust or biomass combustion. It is noted

h (top), concentrations of $(middle) and CQ (bottom) for the thaF both Chongmmg.an_d Dinghu are in f:lensgly populated
day-time versus the respective mass concentration of isoprene oxl9i0ns that are heavily impacted by traffic. With regard to
dation products (25-57 ngfhior 24-h, 69-294 ng/fhfor day-time  the Chongming site, we could also conclude that the site was
sample) in Changbai. affected by biomass combustion during the sampling period,
since high concentrations of levoglucosan, a wood combus-
tion tracer (Simoneit, 2002), were measured (Table 1; av-

latter sugar alcohols and sugars thus revealed substantial coarage concentration 24-h samples, 143 rig/range: 20—

centrations, as could be expected for ecosystems that are a212 ng/n?). In addition, the high OC concentrations (on av-

tive during the considered periods. erage 9.9.g/m?) found for Chongming can also be attributed
to biomass burning.

3.4 Time series, OC/EC ratios, species attribution to OC, Figure 5 shows the percentages of the OC attributable
and secondary organic carbon contributions from iso-to the carbon in the organic compounds or groups of com-
prene pounds for 24-h samples in Changbai, Chongming, Dinghu

and Hainan. It can be seen that the OC attributable to iso-

Figure 4 shows time series for OC and the measured specieprene SOA tracers is the highest in Changbai and Hainan

isoprene and-pinene oxidation products, malic acid, man- (i.e. 0.49% and 0.91%), while that due depinene tracers

nitol and glucose, in Hainan. Isoprene oxidation products,is the highest in Changbai (0.30%), as could be expected for
mannitol (similar to arabitol) and glucose (similar to fruc- a boreal forest site. The contributions of malic acid to the OC
tose) gave the same diel pattern with the highest concentrdor the four sites were comparable, while those of the sugars
tion during day-time. Enhanced day-time isoprene oxida-and the sugar alcohols were also the highest for Changbai
tion products are consistent with the light- and temperature-and Hainan, consistent with active forest ecosystems.
dependent isoprene emission. Malic acid did not show The secondary organic carbon (SOC) contributions from
day/night variations and followed closely the OC, indicat- isoprene were estimated using measured tracer concentra-
ing that its formation involves a longer time scale than thattions and the laboratory-derived tracer mass fractifigc(

of isoprene oxidation products. Similar time series for the of 0.155+0.039 reported by Kleindienst et al. (2007). The
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1 o extractable in methanol or not detectable by GC/MS such

& Ghongming as oligomeric humic-like substances and biopolymeric ma-
08 bommmee el oo & Dinghu
B Hainan

****** terial likely constitute a major fraction of the unidentified

organic matter. More research is warranted to better char-
acterize the latter large missing portion of the organic mat-
ter using analytical methodology that is complementary to
GC/MS such as, for example, liquid chromatography/mass
spectrometry with electrospray ionization detection. Consid-
ering that SQ emissions are quite high in China, it would be

e very worthwhile to measure organosulfates of isoprene and
Sisoprene  To-pinene  Malicacid  Sugaralcohols  Sugars a-/B-pinene oxidation products that have only recently been

Percent of OC
o
o

I
~
T

0.2

Dok oroducrs reported (Surratt et al., 2007a, 2008; linuma et al., 2007;

Gbmez-Gonalez et al., 2008). In general, the chemical con-
Fig. 5. Percentage of the OC attributable to the carbon in the organicstituents of SOA and their concentrations depend on the veg-
compounds or groups of compounds for 24-h samples in Changbaitation area, plant species, meteorological conditions or trace
Chongming, Dinghu and Hainan. gases. The correlation between S&hd isoprene oxidation

products supports that sulfuric acid plays an important role

_ _ in the formation of isoprene-related SOA.
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