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In an attempt to elucidate sources of combustion to EC and other incomplete combustion
products, we investigated seasonal variations of PAHs and molecular markers for biomass burn-
ing (levoglucosan: LG, dehydroabietic acid: DH and retene) in fine particulate mountain aero-
sols at the 1100 m declive of Mt. Halla, Jeju Island, Korea. PAHs observed at the site (sum of 3-6
ring parental PAHs: 0.05-7.8 ng/m®) were mostly of combustion origin and showed an intense
signal in winter and several minor maxima in summer. Observations of LG (0.3-840 ng/m®) and
resin diterpenoid markers (DHA: 0.1-127 ng/m®, retene: 2-80 pg/m®) throughout the year evi-
denced biomass to be a significant source of combustion to the study site. Combination of PAHs
isomer pair ratios and biomass-burning tracers revealed that biomass-burning contributions in-
termittently overwhelmed that from fossil fuel combustion. The backward trajectory analyses
showed that the intense signals of LG/PAHs ratio in fall-winter were dominated by airmass
from inland areas while those in summer were ascribed to selective loss of PAHs by photochemi-
cal process. On the other hand, DHA and retene spikes in summer were judged to be from local
Pinaceae combustion sources. Strong influence of westerly for samples with intense signal of
biomass burning (i.e., LG, LG/PAH ratio and PAHs isomer pair ratios) indicates that biomass is
an important source of combustions in the inland of East Asia and its pyrolytic products are
available for long-range transport in winter.

Key words: polycyclic aromatic hydrocarbon, levoglucosan, dehydroabietic acid, biomass burn-
ing, East Asia, combustion source discrimination
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1. U & (C

B OMBEBRE T, PREDBIKE % 89 2o
BB & o TR THERWAER L, Z0—3IHhH
WAL U CEBRITE WAL KE (polycyclic aromatic
hydrocarbon: PAH) 7%, PAH 3% 5 I2E 45 TALL T
F YA XDRFERT T bbb PRI NG, &

OeHERIRFE) F, EWERFIROGE TN L, Hhik
MIRLIZE S35 2 L HE SN TS (Martins et
al., 1998)

PAH (2B OFFHIC I ST EBEMICAER SN S /2
O, BBEERNTORELLTHHEENS Z 2%
Vo FREE BRI X o T PAH O EMERILR 5T
FLAMEDPITEAL L 720, BRI ERT 5
ZEMNBWEINTBY, INEHMHLREEE O
A% CRALNT WS (Bl 21F Daisey et al.,
1986; Yunker et al., 2002) o

PREL % HERR 3 B 15 001 B O B o A 1 D — S
&, BRBEE ISR AR BORL - HIS LD 3A F U TRAH
N ENE DT, BBEERK TICE TN AL
Wix, BEOMEEREAT A0~ — A —& LTH
HATE S, WA T ABBETIZL K DA, BIRRPE
REDRELE % B0 WMEREZRRT 22V T—ZRY
T VDB L o THEKTALERT VIS, Y
J=r7x/—VH, <UREEEIROBREEY T
oL Y VIR SR OB ONA < A
PREBE RS T~ — A — L fEDF 515 (Simoneit,
2002) o

W7 V7 HIIE T OMBHHBREDS S0 b, KR
R T DEELRFEAEFRDO DL HENTWD, EHIZ
B R TR BFHEHIRELooH MK TL B
D, BBEEBK TORIISHI DML TnZE
WP END, L72AoT, WP IV THIRTHET S
PRI B T~ D PRBERS I <2 56 2L IR M IR D B, vk
BROMHITEELZRAETH 5,

HARZEGHT V7 MO BB Bk T o545 &
LT, ThE TR AREOLABRERIE O E %
1819 5 617% £ (Fenget al., 2005; Fk I, 2000;
Okuda et al., 2002; Okuda et al., 2004), /N4 *+ < X
BRBED SO W TIIIREHH T i D SRR 2 & %
RN ORES25HF VY LIFS5NTIT b
7oo WAL, HADOHHIR THEREH O PAH T3 % /N
AF X AMBEOHFGVEREZ N T2 ) B KR
% < (Kanke et al., 2004; Kumata et al., 2006), %

DOHEGRPLICHRT LI EERHBEHINL T D

(Kumata et al., 2006). HEOHBIHTH Wang
and Kawamura (2005) 7 &2 & o THAFMIE T
DRGNS85 1 F < ARBEOBEPEARE SN S
X o TE, TN FE TITHEIMNE Gosan R JH 2
HLERELS LRI VAt s ReFe Fayr s B
PR Eh, FHOENS A M XY M) A
T ABBEICHRT A5 7 0 VIV ORBEHRSEAR S
N727A% (Simoneit et al., 2004), ZFHZH T TIPS
PITEN TV,

A CIBEFNEO N VI INTT 7 ey IV o
EBNZ AT o 70 HMNE EZRICRAE S 2 BRBEHE 5T
= —DLFIREE SN T E LB, €0
PRIGES R M) B R S8 A IR MR O LSRR DAL By % A3 5
T EEMEOHE LT,

2. ABRUTE

2.1 FEHREER

HEGEINE oV 711 (BE 1950 m) o PH A I IS
H % ifEHR1100 m @ = (AL #E361E0657, HAE126HE
08%)) T, B—FRVa—ArIT7H 7T %HTH
F25um DT O 70 )V & APk 7 1 vy —IC
WE L7 A7 1 V7 — 13 F©850°C TI0%5~
e L CHBRI R tZERRZZBRE LD 2 Huv
720 FRIUIAI 1319994E1H ~20034E1H T10~30 H [
A1 T24 L/min O f s TR L, BILL 727 1 v
& — RN P I £ T aRAE L 72 ABEZE T,
20024E4 A ~20034E1 A1 A ) THRI S 722330k
DWTHHT L7z AWFZETIILREH 72 ) O IR
H10~30H [ L W7z, LUTTmRY PAH /51 F
< ABRBET T — 1 — O, RO FRHRIGY
DT ANY—LETORR, BEONELDHHIEESGD
DTEEFLETH b, 271, 3ETHEm I T
5 XA RIE, PAH RS T-~ — 5 —DO#l
WEBOFRER T B/ eEL NS,

2.2 AEE
T7uyVERIYasr—h (F75 L 0-ds, T
Yk V-d, p~F—7 == )—-du, NV R[alT ¥
NI Y—du F27F7TFH U EE-de, p-n—/ =NVT
J—=l—d) ZHEML, —BEW R L 72,
vruauiry s,/ Xy J—) (95:5) T304 % 36
LRI, 252X % 7 — )L T304 % [ E Wk hl
HL7,

PAH: PAH ®%7#1 1% Kumata et al. (2006) D)5k
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BWEE L TTolze YOO RXT Y A5 ) —)b
MHBEONT~8E % 5, 7V —r T v 7HIED
D-PAH (7 V* 5 ¥ F V=dw, XV L v—dw) %K
MU7e WML CHEEE -y ¥ VITEBE L2, R
Y% Y/ N,N-YV XFNVKRNVAT I -SSR
(Mandalakis et al., 2004) D#10%AEHEIL ) #
TV Ir T N THREWZ B, IR FURNRE A N
EYWH (TEF 77 -do, 7 br-dn) ZEGA
VAT VBERTHR LT Az a< 75 7EE
FHCOMT L7ze s — FORINEEIZ25~129% T,
EEHREUEI5~27T%TH o 720 HEMILHETERBHL T
PRI 7230k 2 -l CTHERE L 720 S OB 2 M E D
EKART 7T VI E TN LA E (~K
ng) LWRBEICRD LHIITHML, REBERUFE
THML7ze PAHOYRLASH (n=3) IIBIT5
BEMRENI4~14%72 5 720

NAF < AP T~—— iR o2~3% %
SIWML, EFKRW T CTEESE72, TNE58LY
VTV =Y =TI, YTV v
N,O-tZ2 (FYXF)) MY 7N0FBT7ELIFTIF
Z1:10%E&THRML, 70°C TIHMMEARKS &€ T
LRZ)VayresFe a7 nF Uigs ) AFL
TUNVHEEMRE L7z, BB E BIRICE LSRR T
THZEfR, n—~FHF VIHEMSE, #A7ua<x b7
I 7HBSHFICTHN L7z LR O =7 1
VVEREE W CRERR L 728 0 K LT IC BT 5 B
P (n=4) ZVRZVIY P T11%, FeFare
IF U BETI5%TH 72,

3. MRBLVEE

3.1 PAH OZHZEE)

FEME AV S Lo PM25TT B Va5, 3~6
B F CIL#HIPH O PAH i Sz, ORI T
VENVEHRIN TR, WbWBERTL Y& Liit
EW A ek L, BRBEH K O PAH ICH BN 2 MLEE T
& o7 (Fig. 1), Fig. 2123~68 3\ PAH O & it i i
DFEHEB % /8T, PAHIREIZ11~3H (L8] o F
¥C2.47+1.98 ng/m’, KR & 7% > 72 HC010803
B 71.88+0.65 ngm*TH 0, 4~10H (FE~Fk :
0.65+0.56 ng/m®) (ZHARTHIEETH > 72, 20014F
4~5H 24T b 72 ACE-ASIA Bl Ti&, HIMNE D
Gosan % J{ 38 # I K5, CT0.05~7.8, 0.34~2.4 ng/m’
L) PAH RED#HE SN TS (Simoneit et al.,
2004)o NV T IO T 7 T VIV O PAH i 1Z Go-
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Fig. 1 Molecular composition of PAH in the moun-
tain aerosols from Jeju Island, Korea, aver-
aged for summer (119-304" day of the year)
and winter samples (11-93" and 304-387™"
day of the year). Data are expressed as rela-
tive amount of each component to the sum of
all PAH species quantified in each sample.
Abbreviations are as follows: phenanthrene
(Phe), anthracene (Ant), 4 H-cyclopenta [def]
phenanthrene (4 HCP), methylphenan-
threne (MP), fluoranthene (F1), pyrene (Py),
retene (Ret), benz[a]anthracene (BaA),
chrysene ( Chr ) , benzo [b+j+K]
fluoranthenes (BF's), benzole]pyrene (BeP),
benzol[a]pyrene (BaP), indeno [1, 2, 3-cd] py-
rene (IP), benzo [ghi] perylene (BgP).

san £ ) KL, FHBHELRREEETHDL EE R
Bo B~KICHAMERL ANV (>1ng/m®) DN
N R L R AT 3 N - S B el (Y ) - 3
FEZSE)E, FEAIFEHIS IR DR O ZALITHTIL LT
WhEEZHLN5,

3.2 N FATABBRDPFV—H—DFELE)
Fig. 212354 &< AMBEH K O 5T~ — 7 — DFEH
BE%ERT. VO — ZAOBRGMRERD THEHL RS
VT I L 7220024F4 F LR 23887 & il
BN, FOiEFEI20.3~840 ng/m®7E 5 7. 20024E9 A
DB 5 N THREIC R EE & 72 5 72330KE (HC
091202, HC111702, HC010803) # ki \» 7= 3 fi
1339+55 ng/m°TdH ), ACE-ASIA BB\ THE
HEINZFEINE Gosan (8~74 ng/m®) R L LK
AP oORE (15~40 ng/m®) & —3 L7z (Mochida et
al., 2003; Simoneit et al., 2004), = DFEFEH S FHIM
SRR P gt sy = DVDIR 3 T (O] -7 A B ig
AMRBED R 2 2T THBY, P LI THRICE
DEBENBRE L Z AR ENT,

LRIV IV L3RR B8, &~ APRBEH K0T
X—A—tLT—HoRrLTe FaT S U
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Fig. 2 Seasonal variations of YPAHs, levoglucosan,
dehydroabietic acid (DHA), and retene con-
centrations in fine particulate mountain
aerosols at the western declive of Mt. Halla
in Jeju Island, Korea (a.s.l., 1100 m). #IDs
for selected samples that have intense sig-
nals characterizing the seasonal variation
are indicated.

(200244 H LIBED 1930k 12308 & L7 > (4223
HEH20HE) M E N, Fe Fu TS v
% 1x7H (HC072002; 127 ng/m®) 12, L 5 ¥ iZ5H

(HC050902; 50 pg/m®) & 7H (HC072002; 80
pg/m®) \HFRINCERE L o 23 hIEENFh0.1
~5.6ng/m’, 2~35pg/m’D M THH L, PAH & A
MEMIES A MICEREE o7 T FETET
F VBRI DWW TIE Lk o ACE-ASIA il i2 B v T
HME Gosan RALIE, XETRHFORE (0.1~10.5
ng/m®) 2L ENT2% (Simoneit et al., 2004)
Fe ka7 F vk Ly viE, i~ R
BIRICEENL T ELF VIBOBRERIZ X - TER S
NHAEEWTH5HAY (Scheme I ZSH), N5 DE
JEEBIVLT LD KR Lol SHUTRARHICE -
THAENW L o 7o= I RSB A F < X DBRBEDTE
RREN R -2 2Lk EEL LN,

Retene

2H -4H
270°C 330°C

COOH
COOH

Abietic acid Dehydroabietic acid (DHA)

Scheme I Pyrolytic transformation of abietic acid,
a major component of resin diterpenoi-
des from pine trees (Pinaceae).

3.3 PAH 9FHBBLV/NT F ¥ ABRBEDF~ —
H—DFBITIC L BEEHTE

PAH |213Z%  OFEEDH ) T E AR 7% -
TWwah 7z, FEAERIZBIT 5 PAH KL, BREHR~
BRI N T o O ORESE & IICE/T 5, L
L, [ U EORERREIEED 2B TB
D, FFEECWAE R EORERTREZ 2N T O
22 B0 NEhbFTvRISEVWEEZ LN, ZOD
729, WL O9O PAH O SR ILH3F8 A IR 0 72
DOEEE LTRESNTWS (Bl 21 Lima et al.,
2005; Yunker et al., 2002) % 2 135 T-22020 ¥4
it (FI/Py) 13<0.6THIMHER, 0.6~1THE HHE
H AT ERMRBER R, >1TTHIARBRBER R, fRBk
BEHRTLALHE SR TWws (Lima et al., 2005),
¥ 7250 T ®E2760 Bkt (PP +BgP) 1%, <0.2
THIMEE, 0.2~05THMBBER R, >05THIY
BIOARBBEHETH L EENT5 (Yunker et
al., 2002), 7272L, MU TEORMEKELTHL
LU £ 2HMALT L —H L 2D T, Th
5O RMARIL % KAH PAH ORI ICHENT T 23
HFOULERBROEELZER T LLEND 5, Hl2IX
Masclet et al. (1986) 1, #SHAR LT B/ VICHE
INszINEST 7Y (F)) L4 F/7EL Y (IP)
MRZENZNTT T 5 B L FHEED, PRl
ZRTZEEHE L. $7-Behymer and Hites
(1988) 1, BEENTEIK D ERINHRE I G C [H Bk 5 H
EHTVWE, Ihbid, EINOUEEBR ORI
¥5%&, FI/Pylb IPIP+BgP Ik’ L H$H 2 & %
BT %, Fig. 31245782028 £ U276 0 BYEKR LD
FHIEBZRT, 55 ORMEKL D 11~3H O
WKHWHETHERL, 4~10F O MBI EIMET L
72o TNHOEEE, kb L7 RoRE L X
WDEBNY -2 THhbHrI b, BHIZBIT 2
Fl/Py It % IP/IP + BgP DK T i3t b A2 ot o
B, BEOLLBRERFEOEVIZESTH S SN
DEEHEZDLIENTEL, L7255 T, FI/Py L%
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Fig.3 Seasonal variations of (top) fluoranthene to
pyrene (FI/Py), (middle) indeno [1, 2, 3-cd]
pyrene to indeno [1, 2, 3-cd] pyrene + benzo
[ghi]pelyrene (InP/InP + BgP), and (bottom)
the sum of methylphenanthrenes to phenan-
threne (MP/P) ratios in fine particulate
mountain aerosols from Jeju Island, Korea.
Gray hatched areas and dotted lines indi-
cate ranges for typical emission sources and
source boundary thresholds compiled by
Lima et al. (2005) and Yunker et al. (2002).

IP/IP +BgP D Z#)1311~3H ORI KW & 5
WA RIRBE OB L, 4~107 O W34
MBED BN RL o2 ZRLTWAHEES R b,
BHARTEZVEAF VT F L ET2F Y
MLy offfEl (MP/P) & PAH ORI )L <
AusnTwd, PAH IZABRKEORERNSWIIET
WENVEBAROEGE LR B, BEEH kO PAH
ISR E & D B IEWv MP/P %779 (Limaet
al., 2005), FMEOILHERFA LT T V)L PAH O

MP/P Lt 130.3~1.10 §5 B CHLBE K © PAH 2558
BRlEZERLTWS (Fig.8)o 213 E AL DD
HWHRPILE CHll S /-7 a v i PAH ®» MP/P
o HPH (0.37~1.2; BEH (22>, 2000; Kumata
et al., 2006; F7k(E7*, 2000; Okuda et al., 2002) I
HY, #HHRE F CHEHOFA D S OB E IRT M
RTHDLELEFR Do ARBBERLBARBBEICHET S
PAH ® MP/P lL i3 # N Zh~02, ~03TH5 L &
NTwb (Lima et al., 2005) FHED MP/P k137
HTHOEEZDZL LA RIT L, fRRiE
PR ARBBEDO BN RT 5722 L ERB L, 2hid
Lk o FI/Py % IP/IP + BgP 2RI oz Bh & 3R
M TH 5B, 7272L, EMITHBIT 5 MP/P o L5
D—EX, AFNVT7xFy MLy ETF Y ILUD
S DOEIE > TH b ENLTREDHHDT
HEBEPLETH 5,

Fig 4lCV ATV aH LT vy OlOEH 2R
FTo LEZ VIV U0 — R 5 ELHWNA F~
AEHORBETERLSNLEIDIZFHLLT Vid~v Y
Bt B O MBI L o THEMIZART S
(Simoneit, 2002) DT, ZDHOHEIMENIFETY
BHEY OIRBED BN N L 2R T, FMBENVT
I C¢id5~8H o4l ¥ (HC50902, HC070702, HC
072002, HC081302) TL A7)V ay>y L5 it
H115~300L | B L o ze 2~ Y EHOBA
R IER IV IRBEEBR TR SN LRV Ty v
L LTy oPEAR I (#950~200; Hays et al., 2002;
Schauer et al., 2001) & IZIZFAETHLZ 0D, Z
NS DREBANDINA F < ABRBEREIR & LT~ Y FHe15E
BREECH T D, TOMOEETLERI NV
aY LT VD EV DR Y B LS oBEA R A
B FEELNA T ARBGRRCTH - 72720728 F 2
bhb, LRZVIY Y LT v d REHEOE R
FMPEOEEEZ T 505, BENCHAE L %2 i
fEH$ %729, Fig. 4IRL72 &9 R EH<AH & w
) FEZALOER L1 7% D v, T, BRBESERT
Bon-PERELE S LR vayy Ly
WA SN2 e s, Zh o4k nie
DEBRIIEAEZIT R, RN RBREDY 7 F L
ERMLTWBEEEZ LN,

FEREDIENT 2 LRV at v /PAH HIZOWT Y
THTENTES, LRZIV Y ViZaMmPaROMRK
BETIXAR S\ (Oros and Simoneit, 2000) @
T, ZOHLDMHEIMRN AL BRERBED REBEDS TR Z
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Fig. 4 Seasonal variations of (top) levoglucosan to
retene and (bottom) levogulcosan to>PAH
ratios in aerosol samples. The ranges of
levoglucosan/retene ratios (gray hatched
area) and averaged levoglucosan/PAH ratios
with =1 ¢ (the gray line and the light gray
hatched area) observed in test burning of
various types of wood and foliar fuels (Hays
et al., 2002; Schauer et al., 2001) are also in-
dicated in the respective panels.

ExRT . LlOBBEEBRTIZL RV Y L3~
653X PAH O HE AR B I 138120247 #iis S T
W% (Hays et al., 2002; Schauer et al., 2001), Fig.
AIRTEIHIRXEHOEAB DL L —EHoLHHR
(HC103002, HC112902) &, ZDI Y KX ¥ IN—
WCHRTHFMIZEWL RV ay s /PAH % & 5
TBVLARE DS EE L MR Th 72 L B X 5o
LARZ NV as v PAH A& H - 2 ~4& (HC
091202, HC101802, HC111702, HC010803, HC
012203) @ # K ik, PAH ® FI/Py It % IP/IP + BgP
RoZs) (Fig.3) bdHbE s LW N A4 + < 2 DK
BDWEB LB ZT TSN b, EHORE
(HC062502, HC073102) Td LA 7 )V a4 v/
PAH I 255 5 » 7275 (Fig. 4), FUPy It < IP/IP+
BgP It (Fig.3) »AiMRBEO AR LIz L LF
BT H, LARZIVIH VIZPAH X 0 b KEMTRE
7 (Fraser and Lakshmanan, 2000) 7z®, HE4F=%

HALF A F 25 2 b OEEIT L o T PAH A5HEIRIC
s Tl RIVvayy "PAH LS o 720
BMSH L, THOZEiE, TNHO2RETL 7 Va8
M SN aho/zZ L EBFAMTD %,

34 I7O0VIIOBMEBRREBRBERTF~ —

B — DRIFER & DRIE

IRBEA: L D FS A D IR & HERE S 5 720, FAATHb
2RI HET B 22 O MR R & 127 TR REAT 12
X o THEE LU 2o NI E S BREEIEFE T H R SR B
%tt » % —® CGER METEX (http:/cgermetex.nies.
go.jp/metex/index_jp.html, 20074E4H) % JH 72
BRI 5N T, BRAAHS I EREHR IO & L, PG
IRERE 2 & 1205 f 43123 H [ - 7- o pd F CRERALEE T
FHE L 720 BB oRBUR I Y S % 5 OB %
FhEE U ORAEEIROMEEICH V2.

PAH, A A AMBEGTTF<—Hh—, HDHVIEZ
S DR IFBUINY e BB AR & N7 D% 7 i
PR % Fig. 512 R $. L7 YiIREDS SR L2 HC
050902%°, LF Y IZMATCFe Far7 s VEEd
WRIERE & %2 - 72 HC072002 T3, B B~ i
BED 5\ ITFEM S LR OB Y Filgi R & v o 72 g
HIR CEIPR A & O ZBEILH B L, 201 L TOWH
KRS K22 72 (Fig. be, e) o LARZ Va4~ PAH
N A < AMBED B EZ R L7-E~ (HC
091202~HC101802) 121, &~ TNV ~§fEt B |
Ze b~ I HAE E22 % 5l 5 25O B EIR I
(Fig.5g)o PAH®R L KZ Va¥ v, Fe Fa7eE
IFVBOBENEAL, ZOMEIARCNA T
ST AMRBED B 2 R L7248 (HC012502, HC
111702, HC010803) 23R VE)H DL & 5 $ 1,
HEINEEA SdL, I, #ilE 2 #E % kR H s 5
WL CTw/ (Fig.5a, h, ). $72, EHlicBII5 L
K7V v PAH o KK (HC062502, HC
073102) ZIFH ¥ HERREHRLWE 7 27 HHEH» 5
Bk SN T BMEEREEAI T L 72 (Fig. 50,
2D Z E&iE, HC062502, HCO73102D 23k £} B W
C PAH O 5MEDFFICHEA 72720V R 7V at v/
PAHIt S EH L2 w3 sHiodiimz XHLTw
%o

1. ¥ & ®

BENEMNE VS IR 01100 m B2 BT 5K
AT T ' VOV BRI R BT & 20024E 1 H ~2003
FEIHE T TEHML 72, RERBREKRO ST~ —
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Fig.5 Overlay of 3-days backward trajectory for the air arrived at the study site dur-
ing collection of selected PM2.5 samples (a: HC012502, b: HC021802, ¢: HC
050902, d: HC051902, e: HC072002, f: HC073102, g: HC091202, h: HC111702,
i: HC010803). For the calculation, the METEX developed by the Centre for
Global Environmental Research (CGER) and meteorological datasets from
NCEP were used and isentropic model was adopted.
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