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FEB LR T TRRURLA) (RRLAR o3 AT R T 25028, AT ik — A 4 i 3 T AR A K AR A MR i 6 0 1T s VP ARG JEE o S DA T R
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Abstract

Aims  On the basis of conventional cleaning method (washing + brushing), this study aims to verify the effect of
ultrasonic cleaning on quantitative evaluation of particulate matters with various particle sizes retained on tree
leaves, and further to investigate the size distribution and retention efficiency of these particulate matters, which
will help to improve the accuracy of quantitative assessment of the retention ability of urban trees to atmospheric
particles.

Methods Taking Ginkgo biloba and Pinus tabuliformis as examples of broadleaf and conifer species, leaf sam-
ples were collected 4 days (short dust retention period) and 14 days (long dust retention period) after the rain
(rainfall >15 mm), and then particles retained on these leaves were collected by the means of washing (WC),
brushing (BC) and ultrasonic cleaning (UC). Further, the quality and size distribution of the particulate matters
eluted at each wash step were determined to assess the retention efficiency of tree leaves to particulate matter with
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various particle sizes.

Important findings Taking the result of “washing + brushing + ultrasonic cleaning” process as a reference, with
only washing process, the retention amount of PM; (particulate diameter d << 1 um), PM,5(d < 2.5 pum), PMs
(d < 5um)and PMy (d < 10 um) on G. biloba and P. tabuliformis leaves would be underestimated by around
50% (54%, 53%, 53% and 53%) and 40% (42%, 42%, 42% and 42%), respectively; under washing and
brushing protocols, the dust retention capacity of G. biloba and P. tabuliformis were still undervalued by about
15% (17%, 16%, 15% and 15%) and 20% (21%, 20%, 20% and 20%), respectively. Size distribution of
particulate matters retained on P. tabuliformis showed bimodal curves, whereas the particulate matters retained
on G. biloba exhibited unimodal size distribution. However, the average particle size of particulate matters on
G. biloba leaves were greater than that on P. tabuliformis leaves in both short (G. biloba: 1.68 pum; P.
tabuliformis: 1.16 um) and long (G. biloba: 1.51 pum; P. tabuliformis: 1.19 pum) dust retention periods. The
retention efficiency of P. tabuliformis to PM;, PM,s, PMs, PMy, and total suspended particulate (TSP) were
8.96, 23.92, 23.96, 23.96 and 23.96 mg-m2-d™*, respectively, higher than that of G. biloba by 112%, 73%, 34%,
37% and 42%, respectively.

Key words particulate matter; retention efficiency; diameter distribution; ultrasonic cleaning
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AR . PMAMY BENE 51 S NSRS 8. S
& FICa L3975 %595 9% (Cohen et al., 2005; Chen et al.,
2013; Hofman et al., 2013), i H.AGE0% 5] A1)
T-(Remy et al., 2011; Chen et al., 2013). [, PMi5
Hen) @52 B A2 R0, 2AEZK O RPM
TR WA ] @A Oy B 5Ok e I B AT 5. A%
WEFLR, MY T HAERR AR, &aenyet
T Al 45 ) B 4 A R0 YT e X PMLP™ A — 5 FR IR T
fER(Yin et al., 2011; Nowak et al., 2013; Chen et al.,
2015; Wang et al., 2015b). [, i FH 3 T AR AR e
PM, 328 171 22 fif A0 45 PMY5 G4l 45 5K TRk [ 21
IR ST R S5 (Przybysz et al., 2014; Chen et
al., 2015; 5kEFFEE, 2015), 1 H. 52 2 5% ZEURF
EUREAR S TP S

it o BN I T AR A P P PMIES 94 5 7T 35 B
FEARREE E(H A B ARk T AR AR IPM
Wit Be D BEAT HERAVEAL, 3R Bh IR i = UL A v
G913 b AR F A B PR 4 T AR R T 45 R % A I i
PMiG 4. PRI, 4R [ P AME IR T AR A s 2
Be 1 VA% 5 T T B T K & BT 5T (Dzierzanowski &
Gawronski, 2011; Song et al., 2015; Ffe&%, 2015;
T 2%, 2015), (EIXELHFuH, Jod i 22 gy (B

- FEAR#R S, 2015; YU AT iKSE, 2015). JEMETE
(Dzierzanowski & Gawronski, 2011; Przybysz et al.,
2014; Chen et al., 2015; Sgrigna et al., 2015). /i &
FORLEE TR (RS2, 2014) % BRI 52 7 VR
B T e B Ak SRR T AR I AN TR AR R 4
(PMs (BL42<<2.5 um). PMyo (B2 <<10 pm). HE
TFURL ) (TSP) A5 Y IR & o T IX B8 77V I B
FH J2 S ST AE ] I T ORI AT 50 BESCAR I B Al 2
b, DR, A AH SR B FEAE R AR AR A S B St
R AT IS e LOSCER M gl T H BRI . H AT,
R TE Y T R R KRR (e
¥E)(Dzierzanowski & Gawronski, 2011; 5K ji, 2013;
Chen et al., 2015; Song et al., 2015)F1/K BEmI L4 &
EOK PR _E i AR5 (Beckett et al., 2000; £
4 2006; 4JHFA%E, 2014; F4xEE%%, 2015). SR,
TR FZ4FR(2006). T35 %5(2006). Przybysz%
(2014) F1 F 2> #5 % (2015) U WF 70 &5 S o, X 2L
VEIT IR R I B ORI 78 A e e . AT
I sk A7 A58 R I AE X A ) R iR AT K B AR
J&, A P AT A B A 7S R e U R AE AN BEAR
W ) B A7 YO0 S P i o B B AR, KOK R
e T RORLA) WS B . SR, DG T3 e 7S
B P THT A [R) A% G RN Ay 29 2 B YAk ) 52 i 3
eGSR

BT, K250 VRAL AR i EPM,g.
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PM o B TSP ) iy 44 5 VP 48 A SR VP 3 T 4 A
[ J0KE ) it &4 BE /1 (Dzierzanowski & Gawronski,
2011; Przybysz et al., 2014; FIfe&% 2015), ifixfr:
THLASURE ) AR AR 23 AT DGV AR e D o s |, il
WORLIRLAL 73 A 2 VA R R S B B I S
#1(Cao et al., 2012), K RIUkLA) () FoAth A7) BRI AL,
R SRR S (AT2% 0, 2008), X T H-TH SR
KEAR 3 AT A FE A AT SR 5 B — WA Uk )
HIEH R A5 S, T HIE B 1 5 ANFE
RUEHFHIM(ELSE. REELMY. EDE)
)2 BRBE 7T, AT BE BE LR G RAEM A 2= it & 1)
PTHRE 1. B RTIX 5 T A 7T S AR TR AR AN [R) B A
[B](EVEE, 2007; firs-an, 2008; Szbe et al., 2012;
KPR &5, 2013) LA K AN [\ 23 05 %4 15 5% T (Ottelé et
al., 2010; E£FE%E, 2012; Przybysz et al., 2014)H}
AR TR UKL DR AR 43 A ) 22 S b, TSR A i T
RORLRLAS 73 AT R B A B A R B2 o 4h, |
T REA & P i R N KR BEAN ], SR FH T
UKL i ) B AT AR D 2R e ST VA I, AS RIS
B O OHE 25 SR AT M A 22 . BRI, IR AR
SR FH V- T RBUASE 0 B s 2003 (AR T A Py RS [
P TR RIURL 40 35 40 B ) SR VT Al i 2R A 0 (N 38 A
2013; 4 JHFH%E, 2014; Chen et al., 2015), {H 4K
5, X7 R R AR B =, B 2 B AN [F R
Fh I FEAH AT 78 LA AS [F) B ity 22 B8 70 (0 58 ks P
PEAGHE UL T7 VR T 5 O S

AT LA NE] b 77 3 i AR G 15 Hh s FH P R
Pl £ A5 (Ginkgo biloba) A1 &F i B Al ji 4 (Pinus
tabuliformis) AR 7 R, SREEH L JIAS [F AN
(R AR e BT R AH OCHIE IR, B 9E H AR
D)V A FTE Ve EOK B AKBE+RIGE . ZKPE+RYE
-+ 7 YR )R I T RORLA) BB RFAE, BH R AE H
KU B G720 7R A e A0 NS T %12
WURLAY T 9N B8 B VP Ak BRI 52 IR 2) 0 B 20 i 9 A4
T D ASURL A (R R AR 3 AT RRAE S HBh &8 Ak 3)TF
At AN B 0o AS [ 458 U0 47 PR R 5 R 3R o

1 #HRFAEE

1.1 H@mRE

BRI RAE b SO AL BT 7 LIS ik A . T
20144E10 H 15 H (/1 J5 (B K B:>15 mm) 4K, A%
MR K) A0 H 25 H (WG 14K, FRRKAT AR 1K)
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X AR A AS (R R AR A AR i ) idb AT i AR AR
KA CKFERS, BEAFPSIE RGN ER)EKR
UF i RETC R ARVE AR, R BT AR A
W 7 J2 HH S BT B 104N /NS CRAR I 7 1A 2% 7 b At
TIOR3 ), R JE MM R KRS RIF
HEAARNMEN &M E5F T 15 3 == [l
SEE.
1.2 RIS

B8 AT AR BLAE: BB JE e A 1 T A
T\ 1S1332030N LB A (VR A ot Ay A ity R T
% Y5 [ 0.017-2 000 um; Beckman Coulter, Brea,
USA). KQ-500DBjH  yi i e #s (B %500 W; 751
LK HAXBA R 7], 75M) HILHCP-2I 7t A
T4 (Hitachi, Tokyo, Japan). H 37.E-10103 %5 15548
¥ (Hitachi, Tokyo, Japan). H 37.S-3400N7 4 B 4% (4
#%2%3.0 nm; Hitachi, Tokyo, Japan). MSA225S-1CE-
DAKF-(F50.01 mg; LA 2RI R G A R
A#E], dER). Multifuge XIREE AR O AL (FEE
5000 r-min™', Thermo Fisher Scientific, New York,
USA). DHG9070B H #& T # A (i — TR 24X
BAHMWAF, L), 50 mLAJRIR I E O EPS-
ON Expression 1680%- 4% (Seiko Epson, Nagano,
Japan).
1.3 RWAHE
131 gt

o, WS AN R 2R K R TS R A i A
MIRFAT KB GEYE)(WC) FIFE(BC). M H B L
(UC), K FH 1T JAMIT 7 B i o (%) e B8 P T BEBOR
SR EE A, Hk, MG ER T
R BV R R ) B BT R ARLAR AT AT B &, IF
TE LR b B PP AN RITE BE 7 A AR - T
WS 7 RSURL 47 ot 8 RURE B2 e I RR IR 1) 22 S 15 s,
T YR FRLVER A P T W SRS 470 ERDREARS 73 A R ik S Fe
ANABAHAT M, Il S I AS [FPRLAS R 1)
Wi 38 %
132 MEFNYIWESTRE

FEAEAN B R SRATARS (1) A rh 43 31) B AL e B —
S (P (BRAY60 /1« THIFAQOIR), MRIREILATR
YL IR: 1t iR E RS A 270 mLE B T/KIH)
PR A R I HE60 s, AR K BEMLREI N6 B 0
EH(50 mL); 2)FH & 25 T /KBEF I e et B A
BT R v BRI, NG AT KES:

O Y 4= 25244 Chinese Journal of Plant Ecology



R A T PV U B AR I T URL LA 73 AT -5 R AR BIE e —— LR A kA o 801

PSERETH, K BRI 6AN B0E  (GE A
T7K270 mL); 3)¥H Fr TN AT 270 mL2 B 17K 1
B AT B T R s Ve R, TR AT RIS i e
(A A AR S H A A (BRAY: Th%500 WHEE R
JEVE3 min; JHiFA: THE500 W+ IEREL0 min) R
X Py AT AR R 7 T e (R Hh F B A B ),
SRIE K DL 2 BB N6 B OV

W IR EEANTE VD IR RO A e AT
B0 (B J95 000 r-minY), FELPI3RES L, BEIK
20 min, #IABS O EA R, AH RIEW, EEHE
ANE YD B 6 B O N BRI & R B — AN
O, JFHTFEROEE O KR53 R,
KB OEIBIATO CHAE T =1 E(2924 h),
HIEAE R = PP RERE0S h/E &
(Wy), H5Z R &8 (87K, B+,
RV PHATIR IR 0.5 hE Bk o &) R o £ (W) 22
1B 0 B — 7 1 25 BRI - T SR 40 0k I R R (W —
Wo)e
1.3.3 MEFRATREZE S HNE

1 FIRFRE J5 I RSO R IRIINB0 mLZEEY
TIK, HFEHRE30 min, SR 5 KA EOE R GEAT
WORLYIRLAR Ay AT A, B4 B3R WC, BC. UC
SN DR BT A5 B I AN [RDREAR RO 4 (1 AR AR
o8, K HER N 2 T 4 $(Q)(Cao et al., 2013).
P, R A R Q) TR B RO A [F 4%
G RTRLI I I 2 B 43 L (P)

Wi 'Qi,j
Ziwi 'Qi,j

O, P D BRI i 2 T 43 R 420 1 5k
ELABI (%), WA ot A B8R 11 - T SR 47 5t Bt 22 Q)
Qi I e 20 B BTt ot P RS A7) m A58 S RURE 470 )
i H 7 EU(%); iI9IE B ER(WC. BC. UC); A
7%, AP RANd <1lpm. 1pym<d <25
um. 25 um<d < 5pum.5um<d < 10 um#id > 10
MM
1.3.4 MEFNE

HR 56 it FH i F B df N Expression: 168047 6
I, AR5 F I WIinRHIZO B 23 #8223 b
SRAFHFE R AR S AR . AR AT - T AR &
THECHR265 . AR AL BT ARRHIE (Xing
et al., 2014), FHH IR HFZ AR N F0.545% 3R A

PH = (1)

AT
135 MEMEHEME

BEATLE B R T o, AT FLAS AN
A LR N —ANE AR N6 mmif EE M FE, If
BTAGRTEIP AR, FFE 2Bk TE)E,
SH AT RS, fhE. wid. R)E, HHT
S-3400N A4 494 FL B3 75 TR 30018 1 2% A1 T 4k i
1 by TNEUM. R T RN . A5,
PR BRSO T G, AR TR K R
Fi FTAR IR 45 6 T (0,286 35 mm?) #5545 5]
BT TR S FLAN B AL (A mm ).
14 BRI

AN TR AR I T S A R AR B SR 40 ) i 40
BN IR(WC. BC. UC)X AR R AR ik
Vg B 0T o R PSR R T AR B AR A A
3 (2) 73 T3 T SR A A0 Yl Ko AN [R] A58 B R 40 £ i

T B ZE (AE) .
_Lz;-sz, @
LT —ST

o, LZRISZ ol oK Jadi AR i KR A T AR
F_LjE R i g e, LTRISTA A& A
DR EL, > AL RFAR .

fd FHExcel 20133473 AE s 73 #r . 13 FHSPSS
20.0, RHMSIFEARUS K, 7 BIEA A A KT
X RS R H A BT THT AR Iy () S8 AR B SR A s 440
k4T 2 750 Hr(p = 0.05).

2 #R

2.1 SRE. AR EMGEYHIE

AT E R A 2 AR SR FNAS R Btk
L, PMAKH gy T 5 A v i b, /NiR 45 )
BB L (FI1A). R R FRIIAHDEK
FERRIGEM KB RPOIRRAL, HRATRgRE
WKLY, weAh, o R T b AL AR TE bR
HHA D> EPM T SALNIB(ELB). AHF 5,
ARAVIH N LA FE (90 + 5) A -mm 2,

TRA T T B AT I A SRk, Rk S
Jik 2 () % B R 2 AR TUI AR, v b () AL I W
W, BREER(72 £ 6)N-mm, HU 5rHkFEAT
(1977 1] — M — HEBL P HER U HE B, 1 i ik X 5 ASFL
DX WUAE B oy Ay AERE T B, K385 PMT 3 it
K T ) 26 R A P R I ik, /> S SR 4 I s 8 7
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BE1 AR (A) LR EA(B) FARE S5, iAar F (C) M A1(D) ™ 454 -

Fig. 1 The structure of the up (A) and below surfaces (B) of Ginkgo biloba, and the structure of the concave (C) and bulge surfaces

(D) of Pinus tabuliformis.

SALAE(BELC) . AH PGS T RA I D, ™ T
HA MU MEE R, SAL%E 66 + 6)-mm?
HEH T HIRAR A AL, Wi g ok ) i B A E 3R
W BT (EAD) . SEAk, A SR 4 WA
i FH A AT DL A R4 SR PM (K 4 R 4
2015).
2.2 FREEERAZETIRE GHAAM R HIE
FH I 2AFN2B B ST, X5 AN [R5 2R B 4R (R AR A
W AT fE, H B R GUmURL Y38 T A K B
Jiti(BR 7d > 10 pmEBURIA); ZJa, WP dkat
HEATRIYE, Bl Bd > 2.5 umPgRikiyse ek
ids, (HIEARREE A 2PRd < 2.5 umigtkiyn; SR
M, AR AR e SR AL b, dhalis /s iE vt
Fr, W EFAKd < 2.5 pumif) ok 1 5 4 vk

i, 3 a5 AT A E B A R A TR SE . R
i FH RVBURE A7 ZORE AN [ e It 7 3251 AR A - T kr
D Tt A5 (P s A KT )38 B EAT St
(K2C, 2D), KB # R RAEEEEEEGEM A, W
HPMi. PM,s. PMsFIPM o R & 7] fe =4 (% fiG
Z]—2:(54%. 53%-. 53%F153%), T H5 KKz
BII(d > 10 pm) 5 R AT BE g R AR A %
F W3 —RIE G ¥E, WIPMy PMys. PMsHIPMyg
(I PR s £ DU AT ] RE A AR £915% (17%- 16%.
15%115%); {H 2, # K H WP —m Pk —i 5 iE
VerRIE e, )RR B IR $2 = AR AT v %45 GOk
R R (VAR B

SR E DAL, T e B B K AN [R) i A A
KR AA T R B BRI K R i 4 (I 2B, 2F),

B2 AR A. Co E. G)MKIFARNK(B. D. F. H) P&V SRR (A-D) JHFA(E-H) M A [FZ 28R4

JRE BB F 4 B

Fig. 2 The proportion of particulate matter (PM) retained on leaves experienced for a short (A, C, E, G) and long (B, D, F, H) time

of Ginkgo biloba (A-D) and Pinus tabuliformis (E-H) after rain.
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HXpANRIAZRERYI(d < 2.5 pm)R3eii e s K
FARBRI(2.5 < d < 5 pm); S gk 4347 il
B RE RSP B 5 2 (R, (BT K2R
BRE T R, mHSEAAR, BIYEIEAGER
WRAMFF E25 < d < 5 umBIEki ) 58 4 P i
B2, WEABIBEG, & 50 LOE A IE s, ARt
THT PRI AR UKL A T L 4 30 2 Bt 3 AU i 11
MBI TS . [RIRE, XPAS R 773 T il
T P TR 88 458 R RTOREAA) (140308 ot LG A3 (PR i 2R I G
FF S8BT G (B2G, 2H), KB 5 Hxm Fr
HEATVE VG, W E#AIPM. PMas. PMsAIPMyg
[ 35 T RE B AR £040% (42%. 42%- 42%Fl1
42%); KWL Te—REE VAT BE, WA PMy
PMas PMsHIPM o W 7 5475 1T e 3% K Al 20 20%
(21%- 20%. 20%F120%); 1H &, #F&iE RA“Es
— Il e — 7 I e RIE e, TR OR KR
BRI T = VP AR RS 2
2.3 RAE. HNMHRE AR E S REHE
W37, AR I RSO P kLA 43 A 48 50
T AR AT AR N KR 3 2 g 4, R
7Ed = 1.67 pum#ik; A T b BRI EAS R 2R
IR T B B R Ay A, WEEAE 3 i R EAEd = 0.79
uUmAId =1.67 pmkb, HAK R KNG E IEE &
TR, R A A N AR R o JHRA T R4
[FRLA% 43 AT o R R AS R i AR B K AR, 20 30N
0.08-2.9210.06-2.92 um; A F_E Bk (1) kL
oA Va B KTl ks, HLE A 42 K (0.07-33.01
um) FK i A K (0.07-7.42 um) RAFFERER Z 5o
W2 THD A BORE A Hh 5 A B R B o (R AR 1 53 L
T [7) — i 2R I 0 AS [RR ) LA B[R] — A Fr) A
[ i AR B T S AE AR I IR 2 S (B R A ), P
T & (PR A2 B KT B0~ 357), R A Ay vt
Jr EPMiy PMgs. PMs. PMyofE i JIURi 0 Bt o 11
RFE 3 HL 2y 51 N38%A144%. 91%4199%. 98%FN
100%- 99%11100% . 3 ik 5 25 A A J0URL 0 ) 2 AT
5 EEREAT I35, 49 30 J0 R AR I AR AR A
I S THD UK A7) )~ 350 R0 4% 7 3l 9 1. 16 811168 pum, 1)
FERI AR 7379 1.19411.51 pm.
24 REGHENRN A EEREFRAIINTHEE S ME
LR A AR b, K AR I R AR A AR
CR DAY A W e e e TR /L E e RSN P2
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Fig. 3 Diameter distribution of PM retained on leaves of
Ginkgo biloba and Pinus tabuliformis experienced for a short
and long time after rain.

AEEAR I A FEPMyy PMios. PMaos_s. PMs_1ofIPMsg
{49 W i B 1 o 43 731 42.3 96.1. 40.0. -3.61-5.5
mg-m2, T IR AR 4% 2 1) 1 0 4> i 9 89.6

149.6. 0.5. 0.0F10.0 mg-m=2. FHLT] W, AW %
PR, &Pk R R K (N EAR) G A FAR A i A
RO P R i R T e A IR B LR B K R BEAR,
Gt R, TEA R AR, s fER
A5 HUL T RS PRy oF 5 458 2 OIS 420 1) PR s B 30 TG ¥
75 (p > 0.05)(K4). KIFEAK(2), IHHENEH
s 2R B K B 2 K i 2R B K 7] (2014.10.15 F
2014.10.25) i 7 %5 PM TR i 206, 45 B9 As
XPMiy PMas. PMsy PMyoFITSP i 525 5 45 531
48.96. 23.92. 23.96. 23.96%123.96 mg-m~-d~*, 4>
I FLAR AT I F 85112% (4.23 mg-m™2-d ™). 73% (13.83
mg-m2.d"). 34% (17.84 mg-m2.dY). 37% (17.47
mg-m~2.d™)F142% (16.92 mg-m2-d%).

3 ITIRFILER

WA P 2 T T g PR BT L 5 B A 4 2 5%
F BB s v (P 2 kg« AR L el Rk b
Y BTIESE) 2 B PP A 38 T B AR PMIR i B 77 RS0 (1)
Kealo SR, HACETCBFERELS mm. 52E10
mm-h~ R AT B I B 2R EE e (Pal et all,
2002) [ 5 FUI Fid B 5 i (B — /K ek, Kl
G55 E) FEAS RE N SR T () UL AY) 56 e Tt 4 m A
R (ERLMZEL R, 2006, FEESE, 2006; Przy-
bysz et al., 2014). AHF 51 45 SR B HEAUESE XA
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Fig. 4 The quality of PM with different diameter retained on leaves of Ginkgo biloba and Pinus tabuliformis experienced for a short

(A) and long time (B) after rain (mean + SE).
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FEPIEYE, WA — %58 o MR SR ) K
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KR FEAFAET, B R s, AL AR
A5 AEPMy . PMos. PMsHIPM o IR fiE g (BRAr
TR AR I UKL A2 i 20 52 ) 1T 4 3 4 P 204K Ak £953%
F42% . XS HIRGFAE T, KT E] P8 P
N T RE AU REA T A (47%) AR A5 (58%) M 1 E—3 /¢
H I ERLY ek, (R T 2B A5 (2015) It 73R
B SRS 1E T DI B (5 4 W (G 2R 2 K PRk, 3
TH31.9 mm) JU) XoF e 2 - THD URE 47 1D 5t 255 SR A B
&, {HEER L vi(Ligustrum lucidum) (50%) A0 HHHES
(Viburnum odoratissimum) (62%)%5 i -5 T - A
Wk e — A2 4 . [FIRE, Przybysz4%(2014) &
20 mm RN BE A5 KR 7544 (Pinus sylvestris)it 1
30%—40% (1) BRI M e o FH AT DL, A R R e
TRTRLY) e I R e 2= 2 B PR R . PR RN SR AL
FERT PIIS o Bf7K B4 22 Fi R 2R () 520 (Wang et al.,
2015b; F#5%%, 2015). AHEFLH, X #EAT
TEVE+RIYE, 00 e A R A S A A% 2 ORI
i B I S W T IIRAL £115%H120% . (AL, 7575
W o 37 e Al b 0 N 75 R e T 4 T AR AR PM
Wi e 1 W HERA 8 R VEAS B A, A f5
ZREEM . ShAk, AT, A R
N, TEE I BV BN P E e T

TR R A P T RO 0 1) 5 B AR AR 1 A AR R B R 1)
FRA(12), BRI U0 R R P B e B P TR RS 420 4 £
AR RFEE N X BEIRE 4 5 16T AU 7T
B, AN A A SR o] b o R s AR B G, P REISA
WAL XF P R e 2 S A DA 78 T

HF4r R A g5 i 2 R EOR, FTbA
XFPM WS A AIE 1 B AN IR o 54, fir 2% 401(2008)
WEFCRIVEr« FEI AR I s G0 BORL) (R AR 20 AT 2
SRR, R AR TSR (1)~ 3R AR KT
P, TR (2007) A FU 45 AR R B, & kA o B
T A NEURL), T R PR B A 2 AR IR RE AN — 8
R . 5 I LR F 45 FARL, A 7ot R 0
AT (] AR ) et i 0 RORE 420 B R AR Y L (1 3) A
SRR (1.51-1.68 um) B S8 KT IAA (BT B A -
FrCE¥RI%1.16-1.19 pm), H AR AN K T i%
M3, T AREF, M0 mm ) RI4R A
(694 -mm?) B B ALE M EA KR, HASH
SR N T R VA RS R A (L), R
PR s L1 (92 5 T 5 T A 3 o AR e T 5
BRI RAE H B K 22 57 1) 3 2 D A (e V3 5,
2014; %, 2015).

T2 2K RN PMTUTR . S22 3%
A M AR AL (E 4%, 2011; Wang et al., 2015a)
SR AR, Y R X R i A — A B
AR, Rk, A T RO A B 4 FRLAR
ARRFAELE [R]— A5 K 2R B AN [ s A BA [R) 4 43 8] —
DAEAERRIE e« ATRTLH, B AR ) B,
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THURA RIAR A -2 THI UKL 420 1A s 40 B UKL AR A1 A
BRIV EESESH), X5 E
(2014). Sxbe%%(2012). PrzybyszZ(2014). F itk
(2015) 1 ] 5L - 5 #8 Fhr 45 (2015) £ AS [ iy 248 B
Ko [RIAEBIAS A A 4 BAS R4 43 o 2 R 4 - T
TIOR3 AN AE (R I 5 45 A — 3. (A B FE K
T o5 i A AT BT 1 508, A A T SR A 1)
KA AT 3 W B AL (E VR, 2007; BXFALESE,
2014) . HFLIX Fh 22 57 19 J5 IR T B 55 SR 24 b ()95 e
Wb 2R DA B SN A A DR (5%, 2015).

H AT, K2 800 50k B AL A i BN 42
B (PMy.5+ PM 1o Bk (RIT) T SP) SR 40 1 s 4 B R Al AR
(] A% ot P UKL 0 W i e 77 (Dzierzanowski & Gaw-
ronski, 2011; Wang et al., 2015b; F %%, 2015; £
SEE%%E, 2015), BARLE R — W 5 i8R v AT, H
EAEWEFLIA], BT AR KT REAN ], B DA
FAEAR AR T e 2= . R, A DB TR A
I R A W 35 250 3 R o B o 4D SR 420 R i 6 71
HEAT PR (K32 45, 2013; 4 JBFHEE, 2014; Chen et
al., 2015). %A1, XLeHFEAETH B RN A
— NSRRI S, B 1 B B I R 1 R
Yise A i hE, DTS i R RO AR
R (mg-m 2 d ) = R 45 A R I Y A T
R P b 10 SB0RE ) 5 & (mg-m2)/ 1% I 3 1 R %
(A)(AF(B))o RFZ I IEX A7 O A B 7L %L
PEHEAT 5, AT DA BT TR AR A KT PMys. PMyg
TSP A WS s 258 28 (9 s 2 B 14 S 35 48) 43 31
H40.6. 44.5F145.0 mg-m>-d, IX7ECH IR
25 K4 v (PM, s 0.1-150 mg-m2-d™; PMyo: 1.4-150
mg-m~2.d™; TSP: 1.3-300 mg-m2.d™)( & 4 1 2%,
2007; fr&%4n, 2008; B/ L%, 2008; X ¥4,
2013; WS, 2014; 4 JBFHSE, 2014; Chen et al.,
2015; F 48545, 2015; #MtE4E, 2015; 5K4EHE4E,
2015) 4T HR AR AR I KT AR 7T H I AA KT PM s
PM 1o TSP (14 MR 35 20256 (93 il i 2R ) K 1)~ 35 48)
43 5R46.8. 47.1F147.1 mg-m™-d, XTECAH 1M
A B3 (PMys: 0.41-480 mg-m2d™; PMyg:
3.4-520 mg-m2d™; TSP: 3.9-2750 mg-m2-d™) (&
GHE, 2007; F4x854%, 2015; 25371 524%, 2015; Chen
etal., 2015; Song et al., 2015; Zhang et al., 2015)4 T
BARIIZK A o 1K M 22 57 ] B 3 B HH i ks e
AN B E VA (RIS IS R R A A JEE . FRE I
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5) CSRFE RS R ARG R
EANENEITE S

B R AR 712 3(2)F(3)) T 543 I ¥ At
5 AR R HT A 10 FIORE A IR i 28R HEAT 6 B, AT RA
KO iR (A RE) TR A PMys. PMyoITSP
Wity 2 T E BARL 23 T AR ST (A Q) FH BT
HAH2.9. 252,765, X amAs, 451 h2.0.
2.0F12.01% . FHULAT AHERT, A BT R v Riok:
W R HE P Rz e T B SE, B OO S Al
TG PMIFIR R SR o R, #A IR 7R
FHASL T3 1 (TE XS 28 5 AN [R)is 2R B K PR ol AR
FEIEE R, RHARQ@)THE) T R RURL A I T
TR, DLSREIN AN R b DL B A (R 9 [) [] —
FRPMIL 5 B 7 (kG B X L AT DR A

HAR AT, Y BB 98 PM 3 28
ok R AN R BV B e, R, AR TR
FH 96 35 + il 55+ 38 75 7 1) 7 2 K 22 0 9 o R
Y B+ R 1) 5 1R SEBUBUR ) 5 ik 1 43 1 2
5 HERTEARFR, (H2H R hsr &Iyt
F 0T PMRT 478 77, B S B0 - v 4 R 40
RGBT AR R RE AT o o B AR T AR R
JIH AR R R )7, <5 AR AR Re 70 R
W52 B PR AR B SRR R fS, & — e i
I, BERS-F U AN BRI AT RE 0, T M i AR 2R
B 7748 2 [l T R, AN By 52 KR A E AR
] 2% P 5 M 7 A5 1 22 0 S 5o SR 420 114 o 4 e
DR, 75 VEAl 2 g ORI BE DB, LR 3R BF AT
EI 1 (AN [ 328 B 3 (R vy BORE DSO8R 2, AT
S R I PMAS [F) 2 B3 9N B8 1 RS A VP A . 1
i VPR R e I, FEXS I B ORI
ATWCHERT, SR EURA 52 o B 7K Rl it P55 A 55 10755 1
T, M SEBIN R A 5y T A i 2R RE 0 ) VR A
PR R S AR Re ST, TR X i EAT AR T
MR B0 5 AL i R R s gl . BRI, A )
TE X HE i AR RTRL Y e 1T F AR Gt S, AR AR
FoH PIANE], RO BUE A 1 B 0RE A e b 75 3,
T E— 5 2 e P PR 3 i 1 PR B s
BEEWMB ThAE AKX E (16210211
0090). *F E4 /545 & £(2015M570629).
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