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ABSTRACT

Atmospheric particulate matter is one éf the major air pollutants in our country at
present, which has serious damage to human health, visibility, climate, and air
quality. The physical and chemical properties of particles play a very important role in
these processes. Therefore, scholars at home and abroad are paying more attention to
the particle contribution and influence to air pollution ofthe Bohai sea rim
region.However, understanding chemical and physical properties of aerosol particles
in aged air masses after long-range transport from urban areas are rather limitedin the
background areas.

In this study, one regional background site was selectedin Yellow River Delta
(YRD) nature reserve and adopts the online observation and offline analysis methodto
investigatethe physical and chemical properties of atmospheric aerosols.The field
study was conducted from April 2011 to January 2012over a period of four months
comprehensive observation. This study mainly involved the characteristics of
water-soluble ions in PM,s, particle number concentrations and size distributions,
single particle mixing statein different seasons and different weather.Possible
pollution sources and transports were evaluated using the backward trajectories
cluster method and principal component analysis method.

The results showed that the annual average total water soluble ion concentration
was 49.72 pg/m® and SO . NO; and NH," were the dominant ionic spécies
(constituting 93.6% of the total ionic mass) with their annual average concentrations
of 2248 pg/m’, 12.77 pg/m® and 11.21 pg/m’, respectively.These three ion
concentrations were generally lower than those observed in major cities in China but
higher than other rural and nature reserve sites, indicating that the Yellow River delta
facing serious secondary mineral aerosol pollution. Ion concentrations exhibited
significantly seasonal variations, and maximum values were observed in summer.
Solar radiation. O3 concentrations and temperature are the main factors influencing

the daily variation of SO and NO;. About 62.4% of the total
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particleswereacidicand 32.1% of the particles were strongly acidic. Backward air
trajectory analysis found that the short distances air masses from Shandong province
and Beijing-Tianjin-Hebei cities clusterhad the highest ions contribution to the Yellow
River Delta. Prinecipal component analysis results showed that combustion,
secondaryaerosol and dust were the main sources of the local aerosol water-soluble
ions.

The annual average total particle (5-10000 nm) number concentration was 12838
#/cm’, while the concentration was highest in spring and lowest in winter.Aitken
mode particles had the highest proportion (60.7%) of the total particle, followed by
the accumulation mode (25.2%) and nucleation mode (14.1%). Nucleation mode
particles had higher number concentrations in spring and summer, while Aitken mode
particles had higher number concentrations in spring and autumn. The mean growth
and formation rates were calculated as 53 nm/h and 6.6 #/(cm’-s),
respectively.Obviously diurnal variations were observed during the new particle
formation (NPF) periods, suggesting that NPF events had significant effect on the
daily variation of particle number concentrations.With increasing wind speed, the
Aitken and accumulation mode particle numbers decreased obviously, and the particle
sizes were reduced.Higher particle number concentrations (14903 #/cm’) were
associated with southern and eastern air masses, and smaller diameter peaks were
associated with northern air masses.

In this study, aerosol particles were classified into nine particle types using
transmission electron microscopy (TEM) and energy dispersive X-Ray (EDX):
mineral, K-rich, Na/Mg-rich, metal/fly ash, CaSO4/Ca(NQO3),, S-rich, soot, organic
matter, and NaCl particle. Particles in HF days aged through organic and inorganic
gaseous condensate (including the heterogeneous reaction on the surface of the
particulate matter) and physical coagulation during transport. Particles mixed
intensively in HF days with increase of number fraction of the internally mixed
particles but a decrease of externally mixed primary particles. Soluble sulfates and
K-rich particles tend to aggregate with refractory fine particles including soot,

metal/fly ash, organic, and mineral particles. Individual particle analyses clearly
5
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showed significant difference in particle abundance and compositions before, during,
and after the dust storm, indicating that mixtures of various particles and -
heterogeneous reactions of dust mineral particles with acidic gases depended on the
meteordlogical conditions. S-rich particles were the most abundant particles content
in this study, accounts for about 86.8% of the total particulate matter. The number
concentrations of larger S-rich particles (>500 nm) increased significantly in HF days.
Most of the fog particle existed in the form of dropletsanddroplets were beneficial to
the growth of S-rich particles and the strong particle mixing action could enlarge the
S-rich particle sizes.

This paper made comprehensively study of the regional background sites of the
Bohai sea rim region——the Yellow River delta nature reserve.The physical and
chemical properties of atmospheric particulates were investigated to provideeffective
supplement for the research on air pollution in China.The results showed that the
Yellow River Deltasufferedserious air pollution, which reflected the regional and
complexity of current air pollution in our country.Air mass transport has become an
important influencing factor onthe regional air quality.Further study on the physical
and chemical properties of particulate matter inbackground region should be enhanced
in future, which could provide an important theoretical basis for control
countermeasures of particulate matter pollution.

Keyword:Yellow River Delta Nature Reserve; Water soluble ion; Particle number size

distribution; Individual particle mixing statement; Haze-fog
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. CTAK T ERBETLARRE . VR KBRS R P LU H &%,
Na*FEREEEMTIES, M MC ETERAHERTESHBRS. F ¥
EokE HEA T (MK, IS HIK.



IR K M 24T il 3

PM, s R HKE £ T AL REGMEEREMEERRZ —, TRBEMERE T+
MBI IR R L T R BRI C R B WRPEE i s, B X
AP REZNMCRD Z—, FRENENR RERERRKELEN), FEifk

BB TAAREN, fEAXNEREEIER T, KA FRREE KR
SIESIERATHCIE, 8t — 25 SREE A B,
KPR 7 R K AR YT R = RS I E RSy, W BB
W= EIFE R R FARATS . KIE B T IR A th g — 2 H
W, BRER AR AR R RSP EEMBMMEM R Z —, HEEWRAEANEEK,
FHEW, s R ESNRRAE. FbS TREEE TS 3.
ANEERENEERYW, ENICEFRTRBNFATE.

1.2.1.1 RRSEH X B R IAR

BR M X0 BRI TS B B, 32 B EPATE 19984E 3 /3 2 I 52 iR T Bk 4
MRt R (PM Supersites), 7E4 3 [F #3785 SRBRS RN 5 S 108
B, IE1-1FTR. St B R R A S M B R Jo B S B HE AR
EEER, RBRHR 2 16. KS I R O R - A 3 RAR I T 3
R FUTT o, XS MBI R RIS RO, dn B0k S R g Bk 4y )
BEAEMWZERS CBF. BB TEBS). BRAHIOK. BRYEERNZ
SMATCT LR 2 O 2 R PV TS AT . 32 EIFE 2001 4E 3520054
AL BT IR T X PMys 5 1 55 A 89 37 485 LU PMy s ¥R FE 45 1 10 BF 50 I
(PMTACS-NY), PFfh 7 FEL RN ST CSMENERRR, 44
RIRIX B IX LA R O B PM, sfb 22 4 BRI SRIE AT TFR, RIABRIR th7E IR A
MFETIRERR, THRAEESNRBRERE.
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Ly R P 2 1 3

Phase |
Phase lI
() Both Phases

BE1-1 3 E TR i RIPT X3 (http://www.epa.gov/ttn/amtic/supersites.html )

BRI X 7E 19794F 25T T KEE B I 2 RIS 249 (Convention on
Long-range Transboundary Air Pollution), 2 JGFF & T Bk #22 “Ui5 Y 1 BE B 444
W 5954 1/ETE (Co-operative Program for Monitoring and Evaluation of the
Long-range Transmission of Air Pollutants in Europe, EMEP), X%t xf <& KR
A B KTE R SR A M T B , %50 B 2 A% SI5 R A AN PAT R B
%, BYFEEIFERSBRENEEFRUHKERBEER, FRNEHAE
BRI E R A LR, FFN19984F i BB T H I F, 120094 L K&
BT —ANE ST BT R s A % (E1-2). EMEPC 584

CREATE ( Construction, use and delivery of an European aerosol database,

http:/tarantula.nilu.no/projects/ccc/create/general_info.htm ) #1 GAW ( Global
Atmosphere Watch, http://www.gaw-wdca.org/) Z/ER K%M H @IS i
WHmERrZAE, RETRTRERBRMAE. TR, AIK. KEEETF
LA K FEAUBR 0 4E ol S5 4 T A 4504

19894F-1992 FF RR LA & 7 WP i AR 1A & (European communityrespiratory
health survey, ECRHS I), 200046 H-20014F11 H, BRI A0EIR 6 5 & 1
(ECRHS IDPIxH21 MR 17 HIPM, 34T T RS E 2 K BRI A I, &
MARECRIFE . SR EIBRMA R X PM, s EBRBEZHBR,
KE R RS, BARIEMRAE R . PMy s BRI EH N3.7-44.9
pg/m’, AFERWEGEHEES8-69.2 pg/m’ 2 jd], AEFHTHEZE (3.3-23.1 pg/m’),

11



W AR 1l 2R 3

KR $ 4k [X 7£2002-20034EFF F& T PAMCHAR 1% (the Chemical and Biological
Characterization of Ambient Air Coarse, Fine and Ultrafine Particles for Human
Health Risk Assessment Project) ©°7, 7EBR#6 /M i35 5t s st BRI (PM,5)
AR (PMas.0) KR BIREZ UL FHIKEER T OCECHMETR
BHAT T RBATRI B INSEIEY, R T AEH. 40, EANTURI AL 2 A0 AR
AR ZREI, PM,sFIPM, 5.0 5 7 4 5 48.3-30 pg/m’F15.4-29 pg/m’,
PM, s B ZH D N E AL E(28.6-59.7%) —IRFEHLE F(40 %)M
(1.1-10%), &5 miR AT AR AR E L ER T, EREEERE
R A4k R B L E & T 1.

Main components 2009

|

g

v
!va

\ »
NI

el
- A

@ Precip
® Air/aerosol

P 1-2 20095 EEMEP WM 4 p 43 A B (el htp:/www.emep.int/ )

1.2.1.2 EMEREFTIHR

H bR KA F 44 (International Global Atmospheric Chemistry Program,
IGAC) JF /& 7 — RF B KM A 35 (Aerosol Characterization Experiments, ACE )
B8, il R A A T L LA B A R B0 % T Bk PR AR AE VR AR
SRR FE P RIS EME, TR PETMARMELIRTE (ACE-Asia) M F
B PIE ALAR: — I SR A T 2 AR A R Bk R B P R B 2 A

12



LR R 2R

RIB R FEAER R AR SBBSE 5 AN T I BT R A B, R
T8 1R b T 1 DO 5 A AT AR IR B U, AT AL VA R RO R AL TR o A
et R, RIS RS AERIE . T X KIS B0 R 48 (Asian
regional air pollution research network, AIRPET)F20014F 22004 FERHE & . Hl
RrkE. PEIE. BEEE. FREDRH R AFM TR TR
VARG PRI TE BB, B T R RBURL A AE AN B T AT AR ALK, Bt
25 R R IAE B ZPM, FIPM, sHIHE R PM, s E B2 5 AOM. EC. NH, '
NO; MSO,>, WK S EEPM T HETH.

B E X A RBRAI O RAS B, 20t L290F A UG XPM, s
ITEEA RIS, BB AR WAL B, TN, BRI R PM, 5
EHACEAS AR, TEXERERE. N0, KE. BRVEURXIK
He 015, Zhang 01 2 T b BR37N 0 MPM, AL RS (E1-3), SRK
BPM, R EE AL AN KB B FREIER, 251205 SPM BB
FEHI55%F145%, HAPREE. MREMEER =MRFENEFRS: 3718
WG 5 P AL S R BRLS R BE, PM R BIRE @A T71 pg/m’, & T HAR
IR RSB U 4. ChanfllYaol* 45 TP EILE . Bl WYl TNMERSE
Y54 (SO, CO. NO. 03) FFHRIAIGH (TSP. PMio. PMys) 995 RAFAE,
RIKBEEFRREBRADS J i EEA R4, XL 1 D BRI R &
B ER RS, X AL SN EHRE BYTROMI A . Yang B A4 T E A
Hi X PMas 2 HAL A 075 R oL (CnBE1-4) , 45 R R I3 E AL A i fR i
HIPM2s R RIRER R (5100 pg/m®) , Ti— S MZHRKHX (KAL) PMas
JREWRERAR (<40 pg/m®) o FRESIMSS & KBTEREE . AHER S A 2 1B BIR
J3 2 F 5 PMa s JF B R K140%-57% . A FIIINO; /SOs™ i 8 LR I A RIS 44
SV LA K B BV M, o N R BB GRERASE) IE, MEXNE
DIEEE OB ¥, M M19994 %20084F, JLRIHINO; /SO,  tLE 2
DK S, X R PSRN FHEBOH TS i TTRE A 1858 . 8 EIRRTA
A&, B Rio TR X XS B B TR IR T £ B R E TR,
Xt T XA 5 2 A AT R Z
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R R AR 3

AR Chebogue Manchester, UK Hy;‘ th QUEST  Tayunus,
th.;rgn,:’!. pEp Nvl AN Edinburgh qu (Winter).  (Summer] TORCH1,UK TORCH 2, UK infand Findand Germany
18 yg/'m 12 pgm 29 pgm 3Dgm  S2pugm t.u).,g-n 53 g’ 1.6pgm’ !nwm 26 pg'm’ 16 g

". A d2pgm’
7.0 pe! . \
e i 150 2
i A - —70 1
gs . i 1 HL
a8 U - -
z B0 — 460 89 g’ ]
L uan £ H
= (o W
o 50 i |50 :
Eu z ]
E 11
E —~ -
n 1
404 ! 2
19 yg/m’ s ; Ngm' &
L]
LA of
B 3
&
12 g’ 20+ 16pm’
»F T
23 . gt 2
B /50 1§
v ]
£ 2m wgn Mpgm'  28pgm’ BSpgm’ 15w 23ugm 11 ygim’ 13 gim’ Bgm'  1agm’ &
» E g;
i :
: i
12 -

Mexico City Duke Forest ONCoastNE Mace Head  Jungfraujoch
NC us Ireland Switzerland

Cheju island Okingwa lalarnd Fuhue Isdand
Korea Japan Japan

Houston
Lt

E1-3 JEEREBEASE APM, AR (DPREP T RSEARTRAS, KEAREND,
ABARGME, KEARMRE, HoRRgHS, RORKRK (Zhang%™)

Urumgi{LEZ.0 in 2007 winter)  Twyvan{191.4 in 2005 2006) Beijing( 137 in 1999- 2000} Torghao{104.3 In 2005 pring)  Uhenchal Mouwitaln
thet al, 2008 Meng ot ol 2007 Me et al, 001 Shen et al. 2007 li-‘ll- 2007 sumaner )
- 1 n
.o .1 ce BN e P = Irﬂ.m.lly
wi .
- ; e » Crustal
o o '&q lmuml
R O0ers ik B Dhere pttect " Others
imesehoud 1 24 0 in 2805- 2000 a4 '\ Whm’lml
Taa, 7009 ..’ e 1. Fene et ol 2007
g [ e
" TNA : f - 1406
m ke l . LAy . wEC
wurustal R f e,
‘ ) =l 4 I /
) - - : ~d
B Others } 2 A 149 vy uCrhery
J n: o )
o 2 r~ . - ™~ in 2006-2007)
Weawry, 127300 2007 j088) s By Sl 4.5
shenet al, 7010 { s L Yangetal, 2008
LI 2, 3 Y0l A m140C
e b v o L0 1 £4°
—— s { ¢ ~ O
@ " SNA 7 A E 5
: " Ohieer ¢ o e N . Clien
. = S
Chrongdul 156 b 2002 rintor e p 5 ool Shanghai(€0 in 1999 2000)
wng etal, aod —l T Ye et sl 2uud
‘ s La0C J ‘_jw ‘ LRRLS
nf { ‘ LS
bz ) "INk
LT mi"ll St !, 1 ‘ ® Zructal
= i L3 £ . = oties
ummmlum SH00L)  Cuangrihen TOE bn W02 00T Shenrhen(3in mia{mp Hewrgheegp{ 14 I 2002 2007) Manjingléd in 20811
Thanhes 1 ol, 2006 Vi el oL, 200G m €4, 2008 Yarg el ol 2005
LN q m oA LR llll“ LR "als
N A
- Cructal '.: =5 ® “ruceal _ l rast d “f‘lh b
. St ® Sy Mthes » Tthare DT mihers

B1-4 o [ SRR T BB X 3 2PM, s (PEZETTPM,) BB 4L (Yang® )
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WRKFHEEIRX

1.2.1.3 BRETR

KPR IR R BRY EE BT —, BURIYIERFE AT A K<
MR, MR B, RIEVMHIRSEES ARG ETERA), TR
FEVR AT AR K SRR L, TR B HLSIEIR (SOA) IR,
KBREEERENASBRYIE T, £SBAERMREELREE, AT
TEAEANMMEET. Hibinsas KSBRYBRENTR, FBTINERSE
RIYFERRUTPE AR S R SR AT I E AR A, Inix KR Aa 22 R BLAL
FIHEAR, FERTHRESHBRIRFERE, BEKBEREEHFAZBEKS
KRR E M ER,

BRI BEE RS AR E RN R EE . YaoZ Pl #hal /1%
’Fﬁﬁﬁﬁ%@%%BPMzﬁ‘]%‘%)ﬁﬁf%PMz5%@FA§3ﬂﬂﬁ”ﬁqﬂ?§7iﬁ$ﬂ¥ﬁﬁﬁ
R EEUFEXRKKER P REKE, HCR)/CI . HNOs(g)/NO;
NH;(g)/NH, e RSB 4 Bt &2 B SRR E K. KeeneZ ™
B L A I PHAE X SEAL L AR M MRt K I, A EMPHEAM T SHELE
FUREAFIIARR, PHEE, &SRSl b AH,SO0(g)T % KR K
HIAR T o Jang S8 I I B SER A TR IR LA IR 3R T O A AE 7T AT
TE IS INSOASE 19 B, Tanner: "t SLuf S 70 th R IRAEBR M VA VR TR
T B (R S A MR R IR th S, Xt R T BB 5SOARI A
r&ﬁ'?%ﬂ%?\

KAl X S B B EER . RenZ V4 vp E AL 77 ARG 77 5018
R Bk A BRI R R B AL, SRR E 47 o E5 43 WL £ 35
RYREHETET, XERHEIBRNEZRANERZ—. BHONRILEER
BT A RE R 0 SR ARSI Rl Kh R T BR
Mok = BT, TOHLE) MR R B AL E BRI, AL L 20468

I EE BRI, hENBRREFRAE BRGNS, TR mTEE 1
TEFHY K, B E A7 X B8 52 BRI R B R0 . Brook%E *17£1992-1994 5 %¢
&KL RBEHI . BHE A . RTEVEN B =4 VG FE 35 i th (X f) KA BIRL D
B AT T, SRR PIREN X AP E &R, BX R, BERIK.
BEELEHTAAMKHNHKRERRE, WX EARESRNHIKE, LT
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WHRRFHLFEEBL

RSB BNRERRK E RO REFERE, ROREAFTS0.H
W H,S0,, AT FBUR IS X IR E B
BRBREAMAG R 2R, BRMEBRAMAEREFTHRNTEN.
HARGRERNIERAAZM N, BRERS, REZMEIBSE, XRPHERZ
BRI 9 E B R K . Hazi% P W 5L T 440358 X USRI BR BE (X RLAE 20 A
75 R RU/NF 100 nmify B 0B R BE LA UL 3L hLA2 B UL YD R B
B EHSCROCED AR T OREFFERN, RIET LR LA
FTamEmRERS, IS ERKTMBERIK. PathakE A T FHHX A
SEBRYNRE, ERRAEZZHBHYRERIC, MKFER, XA
FHEBX KBRS AKEREREREN, EFREFAHEEREEE,
BHESE B NELR S, MRS, MAEKSFHEERE
Wb, WREMSETERETHEELAE S, RERKLSETHUERRER

o
1.2.2 BORYIEIR BERT SLBR

B T 0 4, BRI B0 B M R AR A R RLAR 2 AR AR XS TR A
BER KA BB RS, SR rRAR oA B R BRI A
HORE . RERIRRE RABURIE OORE A% . 18974F Aitken® WAL T K/
AR BRI ORI 4> AT R T BB A B REEDS, 2 E, BEEMNFER
FIRRE, XFRAPBMATRA T AR ELRGCE AT RER. Hir EZR
BURLDRLAE K /INAT LU BRI A 2K 9B 85 8 (nucleation mode, 3-20 nm) .
FIREL (Aitken mode, 20-100 nm) . FARAEA (accumulation mode, 100-1000
nm) AR FAEA (coarse mode, >1000 nm) 7, Ti—# /N FHIZ100nmHy
BURLYDFR B SRR«

B R AR B R 3 TSR YR TS A BT AR 438 i 35 AH e L B UKL % 40 B B
BRI LRI, TR ERSMN — IRHER R AT RE ™ 4 — & B R GS ARS BN
(581, ZARAA BRI N £ ERE T RREGR M. S SR U R S
RIS | RIS 7 A K AR, AR AR B R VR T B ARSI
KR . R UL R . 1R AU B AR BB Y, TIHLBh %
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WRKFEHEFAR X

A B0 B RS OB AL T A B E B R
WA, AR, T IOHUEER. ATen S,

1.2.2.1 BREMX B FRIR

LA EBX BEF S N2 NPT A/ NERSBR A BURE . KA.
BB AR R KE M T EESTER, W3k E B R KR
McMurry/MA . 32 [EBrookhavenE K SE36 & i Weber/NH . 75 Z /R £ 2 KFH)
Kulmala/NAF1 35 25 & 0 I Dowd /N . 3 [F {8 BA 83 K % Y Harrison/N 4 &
Birmili%. 7 [E 340 JE 2% i Z 5 7 BT Wiedensohler® . LUK e/ Jyepily, it
REMCEAL TR EZEFHERMAGRABIE, HLIMACE-1(2). TraceP. 5<HEH L
MM E . %2 SMEARKBIOFORTI H %™, X8 HiH CAEEMERK
FEMEEXE (WEL-5) . HE REKE KA E Z0 B Hok B KRz
SAAR OB P LR P A, T A PR o th BT LA 07 T 41 b IR AR S O FF PR 5t
b

Kopanakis#**17E i o g 3 (X 34T 7 9 — 4R B R 21 is Je X A<
B T LU 0 O 5 R O R [, A B RS BRI BOR FE AR K
SERERA A R 2 B IR IR MR 5 . Hlussein ™St %46
IRERETFETBETERIA AL, SEFELBABAYM EERIR, FHREH
FAZ B EAN O BHR %I S E N &, MR SAR A BOR Y vl e £ B R K A KK
. KulmalaZPI AR R T R EX RS EESBR N E R E K, Sk
SR, BRI KRR T4 T0.3-20 nmvh, ISHHERIXIE, BRI KE
FiE, ARBRAN TERMABKIOERBAE. Agus% % JEE KL
B AR IBRERHBESNZERESTHY S5NOx. CORFBENLMRXE, ¥
AR EHRRERERESHNERESTRYMEZERIFZ —. Kerminen
Kulmala® 5t 50 7 FBARBURLA0E i S0 B R B R R R, SR K
TURT AR 75 1B R4 O R S 8 B R BRI A B RYIC, TOAME AR Z AL
SARBIFFAEAE A B T 3 8 A ER A K KL 2 . Stainer® ¥ [T 24 4 H BUHL
YEOR BERRLZ AT R R I, R T s O BRLA HOR B I & T AR X b R, R
RN AT HE ORI AR 4 B R e R B e BN A BOR B R IE I E B R .
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T e S A

Laakso %" WE 35 22 A 3t B30 X 3 A0HI 45 B S B R AL S ORI 1 B B 4k
R, ABRAG, BARMAT B EERN REE KR, ik A
B TR e BE 2 S 2 R A BB, 20 X 400 8 R S B A A
M. "

60Nl SoE— e R

30°N

00

1
180°W 120°W 50°W o’ 50°E 120°E 180°W

15 AERERAA BORBERA @A EEWMXL (Kulmala,200472)
1222 THEREFRIR

e v ORI A0 £ B0 BE RORLAR 43 A0 S0 9 5 BT 46 T 20 tH 28 804X AE 1L
PR R M X B 5\ FLA X H s A ). 199748, WREEIL S ITR
T XRLARTEEH0.3-10 pmAIBRAHOR B MZFET . HEULRE[REEK
KAMTIAR, SRZVBROBORE SHMBEEIIEMK, BRI R E
k. SEEIHR T A B R IR B R AR KR 2 A
PR, 45 SR R R I AL B B T RASE A TBTRC T (3-20 n) AU AE AR, AR
FHTRL T HRIE K K 2150-100 nm. WuS' L@ 7E b R MBI AR, KE AT
DS AN [BI AL 4% B SR AV B0 BE Bt IR F) B2 e et 5 A AR S AR L T AR S O 8
FEEORBERBEZ 3, 10 FEARBLAS AR AR 00 BUR A HoR BE A 9 8 A
Yue 3 T M 45 T R0 X 3 S B ORI, 3 X s s B RO 0 A PR Y
KA SIS T 5 SR A, WLBh 2R HE R M 3, i 3t e R A9 B0 B A R
2z —, MKEEHENREME M AMEELHEE. GuoB!'PIntFH LS
MBI, B OR A B R A AR A AR RS BOR RO K PHARST . B HI R
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WRKEB L EMBX

. SRRSO MO0, WehnerSElSie 41 5 4 W0 M & T b 50 T NBURLAZ B
Bk R B, T EL ST BRI B 0 R A R O Lin e R BT
= S X IR SO B RSB A AT T ARBIFA, 3R BZE Bt K e
TR RIRE B . GaoUOSIE 2 J FFRE T — R 58 BRI BOR B
WA TITIR, FHTMS BRI R, KOG UK HER
ERERENEETRE L —. LR T LARIK £ EEE R A
SRR R B B R AT, 45 B IUE 15K -203K 028 7196 B o Bt
R RERN, RS AR B ARELA SR 00/ BRI, R AN O M
ERESRBEEANRER. FEREN SR NN EBRET T
KFFRE T 36 T BORADRL 2001 B 2 S LSR5 . ERRAC BRI HUAL
U B TRV M X R BORIA 0/ Bk BRI 2 4 A A7 T BT T
FEe R0 KT R (AT SO LS, Kiivekas 02 \ZEFFAR IO TC B 5%l
PRI B4 12 nm-570 nmfOBHRAIHET T ABEC, BRI LM A BRI T
AR BE 2992030 #/em’.

1.2.2.3 BOhAE i B K

KA RIBTRAIR T K — e, B Rk B 0 AR R TR,
20034 Kulmala?E Science FIMA T &S 5 BHM A R K OBLIEE. (16
Fim). F o FRETHAETEEY (S0, NH;. VOCs%H) ERFERMT
I O TV S S AR AT R A T8, 50 BRI KRR I K
—RERATE, # BB KT AT BE (CON).

BRI BB R R U4 TR A TR, LR — MR
HEMEEHESNEE. BEH ARG BRA B SRS, 15
Mok =R, BB K SRS, KAENEERE., BTES
BRI, R TR A BRI A R R X KR B o
SR AT, IZE R AL BRI e R R ), S et IR T R ),
D1 A 2 RO A AR (X 2OV X 39 L 0 ST B A R . TR
Yk R R AR T A Y BER, WEKRSHREAT, HRE N mh
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WRKRFFLEAR X

ORI A 9 B 290.01-10 #/(cm’s), TOZETEHH B X LR Tk X T LAXR AU £ &
i%10%-10° #/(cm’ )y A% Y,

BRI 38t R R R T R T A B B R K AR R i
. B LUET AT IR a g KM, R & K A9 B 45 (Condensation of
nucleating vapours). s B 14 #E4% (Charge-enhanced condensation). H 58t 5ER
K- (Growth by self-coagulation). BT &S #I M1 (Growth by other vapors) LA K
% FI4k % R i (Multi-phase chemical reaction)®& . T #7 BRI A BB HCE R A R
CETHEWEER. BRSHERIEKERTEEL-20 nv/h®, FER LR
0 X BRI A 1 K 1] LMK E0.1-1 nn/h'22, 78 B 95 et [X 0w DALY 21
F 10 n/hifssg K RS, ZEFRMRH X 8 KR AR 1-4 nm/h>, #83E100 nm/hi)
18446 53 A JR T LAZE B S AN IS o X 0L B U,

FBRAN S BB RAEREE. TROEXRM, mAERRRETUR
REIISE S, BRI SR R A B R R — U, Hamed %1728 8 KF
RIS R, BESHBRAEREGREMEE S TKESE, MHBHRIEK
A g A A A A B O R R KU A BE SR R ST DU BE R IR LA SO, A O3
Yue SEUPVEILZMIME T 3B A B, HRREARE SHBRYE
FRIE A RIFIIEA R, BB MEES: DR BRI SR AR R AR AL R I KA
BEEF, MERBRMIET, ANDNRFBR KN EZTMET. Guo
000558 A7 70 R IR A5 A RS O SR A SO B2 5 R A A R T AR I 2 0
%, TiH SO, BH TR R G0 BRI A4 B — R TTIR. Wu S
LR 3 nm~10 pm RLAETEE A BRI BUR ERRAR AT T 8 —
SRR, K ILEI R KL 40%3M B &4 T HBRmERF S, FF
REFRRE, BB, X305 R 4 75 KRS BOR EARXHEE R
IRBIHER T o Lee U253 2 W0 3B [8) A J ORI 0 A PR A, TR S
X AT AR IR A B f KBS AR Bl migiR AL, s RE UK
BRmERERSRE, XEAEENEESHE R TRIRIXHE B BRI A R
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AR OA 2 W 28

Thermodynamically
stable clusters
induced

Molecules
.
MNeutral of

Adey lon clusters

an
9

0 nitial
9 growth
9 o steps
Qo

J
)P':'}J-i
4
Further growth 'J)m
Aerosol particles

CCN

-6 BRI R RS R B (Gk BKulmala,2003"")
1.2.3 TR R BRER R RS AR

2 B3 ASA e SR ) 4 B A R, T ST HUBE (Transmission electron
microscopy, TEM) A&7 #f K BB LA IR A RENEEZHZARZ —
(1331351, 5% Bt e B B R AT LUBR LK R K SRR TS . RS IR EPRAE ARG
LR EEEE, XX TR A%, RILE. AMERRETENE
mBA EEE X, FEEKSNEE L B AR A RIF
(R R AT 10,

BT BURLA O TSR AE B B4y » T BAZE @K B BHOK IR R 42 905 P K RE A Xl
SRRBEFE, MERPR. SRBR. VBN, WAk, AYEKRE. B
KA T ST B R 2 (5 B T FU U BRI () 2 AL A R Y D6
B s e A B AU,

1.2.3.1 BRFEHX B SEIAR

S B BURL (T 92 CAERK R X )2 FF /B . Adachi %' ANBFFLRIUMAL
SR (9 Y6 S AR OKHR R T 5 MR AR 0N IR & A0 A LA B R i ) 22 [R)
BERE BRI, 6804800 0L B IR A A HLY SRR £ B RAL RO M
W TESNEOL IR A SR, Praet S B 50 1 18 B 25 A b SR0R I TR RS,
4 R R DA IR 022 S s AR R R BIBURL « A BLBRBURLAN A AR AL A N
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WR R 2AIR

ARG, MAESSERNERELAIREERE. Laskin Z'VIxt AL
HIB SR B, A HUBURL AN £ 385 K AR R RL T R A IR A R A LR E B R
Bz —, HIBAERSEEZITRNBRIENE. BEAML2EMS. Kocbach
ST 52 R IRALBN 25 HE I IV BURLAIR 3 B B /N T AC SR e HE T () LAY
Kife, FLEhZERERE S BRI b £ BO SRS ER, MASRESERS
BT ECSHETE. Nie ZM55 2 K EENS RS TEHR
BB FLRIL, i 0.2-1 pm KRR P B B M BTN R £ B RR 2h BURLA AR
BFRL, VSRR AR ZHX E 45 BIRL (Ca-rich particle) ELIFH 8. Li 2% 4
YR ige A e I BRI R 72 R IR, MRBE IR P R B BRI R R R B R
PUBTRL, T H KA BRI A A T RIBIR, KC Pk EHIE R SRE S,
K,SO4 F KNO; BRI 3= Z HIRZE S5 AT+, X AT FPRAZ IR
KA. Kaegi FU 0Tt o5 IR R A/ I R L BURLRE B 4 R, B RBTRL
(Fe-rich particle) & ZZIEEHMIIIREZ —, MBIEMRIINLTfeL HRHK
IR

1232 EHEREFRAR

LSS P (X 0T HF 0 A S BRI BF 5. Okada %1 %@sd 78
HABMEWIRIL, 60% LA EKITH R EMBH, BERBRNEAEER
0.1-0.5 pm. Ueda %!"*'3f HAE WLk A GMI R IR, 83— i3k v i ik
AR, BRI L E 2 ARE B FERRA SR B A4, Geng %0152
L35 B AW R 0 5 B ORI R R A B BOR A B BBk, RIS A3 T
RRIRRG B R . Coz F N MIBH R ILH I35k i BRI % $0h 37 B HE
AR, KIARTE 220-460 nm {EEM, SRARUEZUFTRYEES, K
RAE 130-360 nm JEFE A .

RE¥ERIE+LEMFET ZHH TEM. SEM S5 RF R SIBKREE
RIIRE S,  T7EER g (X BT 90 T oh T 20 BF AR 0 b X R 1551561,
Shao %32 P PM,o R A ERALYE RAF SR B, A2 R DA R B fh ok
R SRR N N B B A EE TR, WS E AR,
Zhang USSR ISR T 5 R AR A AT R I, 7R SNSRI R SR
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WRKRF LB

YR BRI R S MR A LR, MEURERE, NIREIRR AR
KM X B TRT, FIRMERE NS X E S TR T . Shi EFH
AREES X SRS AT H AN U E M X 0 BB B & BRI AR 43
T RFCSAHE#AT TR, SRKNAEREDRET, CRBRLERE BT,
HALSUHX fBRAIRIAZ 99%8EHF 2.5 um BUF. Li 1 Shao &%t b 54 %
FR&B T T WBRA RN, FRRIMBST VBREF R £, E£FR
HEHEZ R W BRLEIR E 4> BI7E 0.1-0.3 pum A1 1-2.5 ym Kb E G EAE, R ZKIAE
FREAKEBERS T VBRI 2 2 S PR R FER A RERE RS
BRI .

1.2.3.3 BRYRFRRE SRS

FESLFR KSR BRI B B AR A R BN, MEERRE
i, PRIESIRE 5 IWIE (internally mixed) FISHE (externally
mixed) , PIVE— %R S E F — B P AN (R0 B i $9AH B JE A S RE T kA2
HREIR, INE—REBARAFRZAARRESHRES . FRANESRER AT
DLEA B B BRI TR, TR AR A RER R 7= Ak RO, B
Hh REREL AR LA Y ROK B MR, TR RS S A NS R IR KR,
BRI LR B ARE, RERE G SEEBRNB@ N F R,
ST R BRI R T B L RS ) T R L th &4 — e U, kR

A B BRLIR A IR A R T B 4 i B AR S O SR A BRI |

Posfai ZUSH R K ERESRE FRBERABBELTRAONE, €
LR R A R e R R AL BRI E B, RS B R SRR E
BIHEAT BEREMEITERE . Moffet ZUCIHIR KA K2 Bl %
BB, LB S SHELE. A, HRESERIREIEHEL, TFEN

RIS B TR B0 ST LR SEHE TE 3% 1.6 4% . Bauer 1 Koch RIBF AT
U661 0 — EALER ST BOR M JE AR R A R FRRER SR, RN RS S
VB RR & — T A LUR R BN RIS R, PR M BRLEE KR B01F
BN, B 7T AT AR AMNRERER S M AFAE, AT B A R HE R O BR R URL A
mEatemia. Li S FBRKARBRPEBRBR ORI, £BFR SR
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WRRF LA

BRI PO VR IR R T LA 48 Bk RO /K v P, TG 15 m-& B Bkt AR 2t .
1.2.4 ZEEHFTIR

TG AR BT R ASURLY 38 AR PR IR SR s R 5 BUK P A L
&T 10 km, FXHEE/NF 80%MIILE: 55 MR i /Kt A Y Mg s s
SHERSEUKT A LBEET 1km, ARSHER ST 0%MTR: MRUEET 10
km, HXHEEANT 80%M 90%Z H MM R BA IR AHEFIS, fFAN—KFK
E. FMEEHABREMBY, 2EXERE, ARRIEEHXFMESER
REMNEE. FENRETUERYMASHELE. AMEREUESRE
O, 20 IR 4 T BRI AN AR AT EM, HEARE RF S5 Y
) 1930 S fK) EURIRT DB 2 MR 55 B 44 . 1943 EA1 1945 £E A IR L84
FREEM. 1948 FRESERMEFMHUK 1952 EMEECHEZEF. X
LE RN RITREFIER T RNRRZEMAEZBEMZET, FM 19t 70
FRTTIE, REHX EFARLIT R T E BRI A

Trijonis %7V FH 5 B 75 pi 5 25 4F RO A% LEESE LUK 10 4E BRIk B3
BRI, M 19 #EE 50 FERFHE 70 EREPEEBHTOGELE FRET
10%-30%, BT mFER BR ZIRSEE R RBEE ) e LE N RRIREE
SfEM . Chen it X K TGP &R0 X H IR BB K AERT D PMy s R AL 324 45
BIFAURI, SO 7 PMy s L ITE IR T R AL B BT, WUABIRE e R BT,
FHRIESAEM . Chan FU BT 5T R BUMA AL B0RL 5 AR Eh 0 B TR BRI ST AR B
T AR I8 B % B L BE R — B B0« Nemery 7 Txf T 079 28 10 2 36 (G 9T
AR TG RBERX FRRSE M T AR &0 B R B M
& (A0SO, MNO, %), FMERMEEMBRALE, BHAZAFILEYURE
HWRRGHEROANBE LA HENRERD .

MR, KR EAIL TR ERE BN SSE R AN, H
SEE X R B AR 77 X 5 58 RO SR ST TR . Li ZUSOE 3 g RN 8 4R T
e T XEAEMPMSER: (EAST-AIRC), X 7K%E %1 T HIBURIAN R SAKTS Lednidt 17
EABEF; Zheng %257 CAREBeijing HiH, &&XEAFILRHUESFEL
RSN AE REM: Liv E 90 T AR S ESBERAMR; 38K R B
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WARKFH L #M®RY

T B R0t 7045 AR R A B B ik x A dE SR R T Vs Bl EE M. Zhao
ZUSIGE R I IR IR RS B I X IR B Y, R BR A RUE A
TSRy, NatEYmRELRNEERE. Cheng Z'MHIA LN
KT = A HLX 1980-2000 FiX 20 A AL MM 13.2 km FEEE] 10.5 km, HHFR
BIAITEKIT = £ i 0 (X K 58 T2 K P AR 2R R ME A Ma U@ LTI RIS,
BRERRREZEMRNEERER, iRV LBRAMRIEY R KRS R ok
ZRMEERBEZ —. Zhang Z'OFARIEN ORE KR T FEREN T
SR Z IR LI &R LR Liv S50 2011 46 9 AR H—
KX BKEEEA AR SRR ESEM —KISRIOHR. AFERE. K
PR R SR BIB S KR MR B RN X EER. Huang ZU5
ARAEHTUMER MBI RS, BRT KSR (n S0, %) Bk
KISTY (ORRER ) . Sun E'PHEH B E AN PM, s F1 PMyo (LA S
MARNEE KL PM, s PR HEBEN R E2RELIESZE AN 10 15,
EE WA PMys T EZSBRIETW, PM,o N EEZFHBE M.

1.3 AXFEMRAE

AW FT2E T IR AR 36 2 2 VR R < L B Hh XK SR 38 A AIE 5 15 ) I 42 TR
F7(201009001), M 2011 £E 4 AR 2012 £ 1 B, THEEHXXEE R A
—HA = AMEREE AR XN RIBRETHEERN LR, ERSTS
BRI KB F s BRI R R0 . BRI BRLIH
oy iR, SRS RESSHRE. TERFAATNT:

1. M ARETKBHEBEFRKREKEMBERURE KEEETERS
B RS RS RN R R, FRVSRRERNZE RN, HEa/a1H
SRR E R T ik o i T BRI AR R 2 A0S R BERIE, N3
T = F b (X 75 G (K T R B SR YR B FT AR LR 22 B Al

2. MARZEF BRSO E MRAR S ARHE, AR =AMXEH
BB BE A BIHHIE, 858 BHESTUEYE S0 T A F B A2 0SB AR S
FIAIRLAZ 53 A0 IS 5

3. SEEHREBRE = AMBX LB BBROLERD . RERD.
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WHRREE LAY

FUFEAM B S RSEHRRE, HRARRET (FEAD D) BRYGELT
1, Ga B RPE AT R E B AR IS B R B R 2 Y fr B e

4. XL ERMEEREM =AM KB BEAERNER, TR
F 5T

1.4 ARARPEEYFRIBERY

G ORI i X X 5 A —— 3 = A E R R AR R R 3R
RARBRE B IEET L, AR ANQH R TEENEUTFEAFE:

(D FRAFAELBRMEREABL SN TR, 2EFARDERKX X
U B KB KB B T LA 5 SR BOKR B RLA% 0 A B B R T 45
RAE SRR

(2) EBFUBHRADEALRHE SRR 4 & RSN, R
REE RSO RBRIERZ LR X S AEERN AR WS E, £
SR IR0 X SBR[ ok 2 SR AP 1 24 b UKL 075 e 1) R

) AHARAFER[SMBRYEH THEMEZUERE, BREBES,
HAMEE HE], —ARBEUHRXSAEHYNEEREZ —.

H AT A3 KU B SR I L 2 T F A5 Rk A D EERIRIX
BAREERHX, 3 KIEHE 7R 05 MUT TR D . Fiiign X 2REA
HEERR. K5 RRBEIRINX 2 —, 08T X sy S s
AR, & RRIZH X B R S5 s Ll S g%, AR E T E R E
REFGHBR™ R 2 — . B0 = A B R R X R TR X 8 s R 18 e
E%ﬁ?B,A%%%%%ﬁﬁﬁ¢,mm%%ﬂﬁyﬁmzﬁ%ﬂ@%ﬁ@@
UM B B AR R B B . B I TE B = A B R R IX B S e R
RAUERXBHFRZ L, BESITERYNTIKE S AN SORERRZ
5340 B BFR AR A R A M2 57 T U E T MR X S YIS, BRITF T
S X IR TS RA S5 eI SR VR, SRS TR 3 X (X S 5% 5 A 0 A R B 2 4L
TR, AT ERAMB XSS R F AR T B R BRI R
HU, AT X R SRt 5 X 3 5 et X SR AR A4 20 0 09 SRR RO BB 4K
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L FR A2 2 iR

SN RAKBEHARTE

2.1 MR

HI =M THREEL5F X, EHRIESE, &ERX 5L RS0
e, HAKZ 117°15-119°15', 164 36°41'-38°16'2[8), HH-F1H, M=
AL AR, O FRRRA, WHEE, 2R KMRACFERILRLE, &
TR # B KT RAEX .

ARRULRKESMFEN=AMERRZERRY X — T ZF =,
(38°03N, 118°44'E), M =AMERE AR RY XA T LARE RE MR E
TINEE O AL, & MRS S DS AE A RAMBRAE S E 0 RIS AR H
RFF X, NAESmE/N. RPXHELE MTILES), S EE
KAE R TIRE 58 A B RS EATEEN A NIRRT S, REMEL
15 K. AR E WA 2-1 Bi:

[T

Latitude (Deg N)
5 s

- T .I'i \.“
4

 RMERMARN KT

*-
i N
W \

Bl 2-1 S =AM A AR X —TF BB E
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WRKZ G 2AR

2.2 WML S RS R RIE

P = AR AR FEOW I S50 13 F 0 - AN RS 4 N 2R R AN B AN TE 42
A, BERENRFEQHEEE Thermo-Anderson 47 RAAS2.5-400
VUEIE PMy s RAF 4 AR KB-2 BB RRCRAESS: TERMIU B BIRESES
WX . PM,s ZEER B8 F 181X (URG9000B). % 7 F S IARRE AL (WPS).
REMLEEAX (PWD20, VAISALA) KHMBAXAZNSERS (LE2-D.

DUEIE PM, s RAE#S 3 2 REE PM, s JERE f, KB-2 B BBRCR LS R4 IE
S LB 4 T T S ) B BRI o LA PR B SR T A B S N B R AT e
WRE (03, SO, NOy), FHELEFEIE{ (URGI000B) W& PM, s FKE&
MEBFIRE (Na's NH,". K'. Mg, Ca®". F'. CI'. NO;» NO;» SO&), f#
P S ALE AL (WPS) U & A FI R 2 BRI B0 B - R ETARTIR B AL
BRRESE, FHBMNEXESISREMERE (temperature, T). AHXHEE
(relative humidity, RH). AJ5] (wind direction, WD) &R (wind speed, WS).

R 2-1 2011 FHF = MM X TE B R EE LR

wms  WPE b g TS BB R/ RESER

RAAS2.5-400 [ p
1HIE PM, s TSR
KB-2 Al BgRF

M 5 23 h 40 min

2 BIR S IA B 10-100
rese S
3 Thermo 49C 0] 1 min
Thermo 42CY NOy 1 min
5 Thermo 43C SO, 1 min
Na‘'. NH;'. K'. Mg”*. ca®*, F. CI'.
6 URG9000B Ao N R T8 0 o
NO; . NO; . SOy
7 WPS SBRERERE S 8 min
8 BE LAY Be L 1 min
EMEAEHR . . .
9 B, HXEE., XE. K 10 min

Rk
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WRKFE 24X

2.2.1 PM, s BORFF{X 2

% [ Thermo-Anderson 47 ] RAAS2.5-400 TUiEi# PM, s KAE 25343 Ui
i, SRFERED 48 L/min, ZBERE 2519 16.7 L/min. 7.3 L/min. 7.3 L/min.
16.7 Limin, RAYIERIEZR 2.5 pm FIRERIEI L. ALE 1-3 BERA Quartz
TERE (Pall A7), 5B 4 RIEX AR ZEEBEEPall A7), EEARKHA 1 pm,
HZH 47 mm. RAFRT Quartz IEEFLED 340 600°C iR T HLE 2 /M, B
TR B R R MR SRR A6 IR A AT IR AR B A 7 60°C
B TR 1-2 /e, BABIBRZ R B LE X SR 48 RO JERRTEfEAF Righiig
RRSFEERRT, EHREREREREENER, FHERRFE4CH
VKFEP . REERTE MG IR B A ERIE R &4 T (T=20+£1"C, RH=50%+2%)24
N, AR Z—SMESFRF (MES, Sartorius) XHIEMRHEBHITRE.

FESEAE T AR R BRSIRMGRIE: 1. R0, RS, REEXUEEE
TRHATATR, XRRABETRRAUEIE. 2. REEAT. AR, K&
BT BB TR R k. B BRARN.

2.2.2 RESHEMTX

AR SEI AR SO, O3 A1 NO, 247434 A 56 H #4322 7] (Thermo
Electron Corporation)4E 7= f#] Model 43C. 49C #1 42CY RS 445X (LI 2-2).,
TEABRAMTAL (Model 43C) HIRE R ESMEMFH SO, 43T 190-230 nm £
Bk g Sh LB 81 B B HUR EEORA, TR ST Hh 479 330 nm #9556, FIH SO,
WREE 55 BB BE A IE LI % BRI AE SO, IR . RESMTIX (Model 49C)
JE R RE A TR 254 nm T RIS, MIERIA-tL/R 2 o] LB R
B S SR B R T B S SR M REIKEE . NOy 04T (Model
42CY) W AR DGR ERERLY, TREMELETHEELPE 350C
MR A T BT EAE (MoO) ¥ AI NO, #1649 NO fE#tTIE, T NO
B S R B T4 2 R O6E, B NO 5 03 R FIA FRIBUK A I NO,, UK TS NO,
S FLEFGEEMEAE AR B (AR B B RSB S NORE BAMER R, K
I 5E NO HIREE . ZAUERIR HIRA Y 50 pptv (2 min WEE), HEE (20)
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R RFH AR

H 4%, FHEYELN 10%. — BT NO, 7 Hr (it I 3R E A A 7] A
FERA RS (Model 111). SAAFRE (Model 146C) LA J B I FHAFFh 4k
AR T AP FR S PR TR AT bR e, TR0 () 4% 3 RSB EF S AR
VR BE 45 A — YR 5 » T 6 85— U3 X 0 00 S 362 1 J5 3 X S SR BREAT 2 AR €
%t RSN 3 FET— KT AR, S — MU L5 40 5 6 SR
SEAX (49C-PS) SHXBFHMITLRMES Sb5E.

[ 2-2 Thermo Electron SO,. 0;. NOy ST

2.2.3 PM, s FER B T oY

FKIEE RS F 4T 7 v B G B R R S iR AR M A AT ik . B
LR S TR RAE BV IS b AR R ESE IR A KA B FAATIRIL. M4,
EHER TN T KB B F R . SR 1% 575 28 T NHINOs I K 7 2%
U901p) B SAST5 44 (SO2. HNOFINH3%) 7 i % [ i Bk e i1, i
Xt 43 W 48 SR A R, [RIR 4% 496 PO S e BSR4 W V2 SR A G L e ) 3 SR AR,
(5 Ak TG 2 A B Y B 7K S e AR B S R ATL R, T 2 4 M 43 A v T AT 2
GRANZ LSRG, AR URBHF FU R P 2 R LR A 7 26 B A 28 X PM s T R K I ME B 7
AT HATHIA

ELB TR B XA S R EE URG A7 9 URGI000B, AIM T E
HIBEF(SO4>, NOy~, NHg", CIAI KA NI 45 B AE SERE TR 2 181 1R 4T 4R
FKt(R=0.92-0.97)P", & 2-3 Fiim, ZAXBS AT AR E. KIEHE TR
BB T =845 . ML 3 L/imin BB 20T PM, s BEREI 21K 1815
BEAZNFERNT 2.5 pm MERDHANER, £ETHEMSE, Aphidd
FEWE T 6 mmol/L i) HyO, ¥, FAKZPBR SO, NO,. NH; % a] Xt 4 =4
M B SARTS B, S BRI TE — A R BB A R 5 IR R AR 887 AR Ik R
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W FRAFE A 3T

MRS, H R MR, S BEA R EARE, ABHZITERS
BRSBTS, BB EBRBRER/MEH S, SRR
A —/N . BT RAKRBEE Dionex IC 90 Blfai¥{Y, M FEH
Tonpac-AS14A 4x250 mm % B 4. AMMS300-4 mm M| 25, PHE FEH
Tonpac-CS12A 4x250 mm 43 5 4¥. CSRS Ultra Il -4 mm i 8§, 355% B S50
2 BB T e 3.5 mmol/L NayCO3/1.0 mmol/L NaHCOs, #ii# 1.2 mL/min; ,
BRI B #R e A 20 mmol/L FEEHERE (MSA), Ji# 1.0 mL/min. #ZEHECHI%)
f# FH BB R A 18.2 MQ HIELEK (4 Milipore A7k LI #E) . Bl TEALA S T
BFHESNF. CI'. NOy» NOs™. SO~ Na'. NH,'. K'. Mg¥#l Ca**, B
R 502 0.011. 0.022. 0.015. 0.017. 0.084. 0.017. 0.010. 0.090. 0.018
#10.015 pg/m’.

S0 I AR o ARG 3-4 K 5 e — IR RS e ) — 2R 51 B BH 85 7 RO AR v T vt
T —WhRAE IR AR E, SR —HHAREE RIS IR A FAT 1, CLER (RIS B0
oAERE AR M, ARAETEROR B b T B SARHEYD I o O A 7 R o AR il 2R R A
Mot AT LI BB AR 8, — RIIMIAE FArdEiEw, ECmEmE
AT, FARAE TAER RS - & 410 A T AR 2l v S5k BE B (R ARl 46,
MK ZBIDTE 99.9%LL b, EB T XAk e dEl:, RS E.

FC ) eI B HEARAE R SRR R M FE, AR FE RIS S LRt
HEARTASZSBAKAE, JFEFHTHERE. SHLRE, MRk
FRETRR A SRERBEIOETRE, LREEPHEHRERFLE, 55
DB AR E B 459 B A Th AR A, LAARIEX IR AR i Rl

& 2-3 URG-9000B %%
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WHRKEE L ZMHX

22.4 BHREAURRRGEA (WPS)

AH R b & SERABORE KRG X 252 £ E MSP A A5 45~
) B8 V8 RSB A (X (Wide-range Particle Spectrometer 1000 XP, WPS) (111
2-4), WEKAZTEER 5 nm-10000 nm, ZCEEFHECERBR 26T (Laser
Particle Spectrometer, LPS) #ll& 350 nm-10000 nm KA IE R EIR B RI12 5015,
FIRRS A HTX (Differential Mobility Analyzer, DMA) S84 Bkt
##% (Condensation Particle Counter, CPC) HI45& K JI%E 5 nm-350 nm K43 V5 [
IS BEIR BRI A6

ESMGL 1.0 Limin MRELT SEREAFREEANE, Hd 03
L/min fF G BRI BB ST (DMA) SHBRIAI TR R, RIEH
NEEERZITEEE (CPC), 0.7 L/min FIRESA D S ANBOESBRAS 61 (LPS).
WPS HURF RIS ST (DMA) I— BRI, WEET RN —AE
0-10000 R4F ALK HI37%E 5-500 nm KifE BV BRIMI BT 0 . BRE BRI
THEES (CPC) R Akl E4 DMA %125 405 BRI N BORE, CPC BRE
HHAMIETBARRERBOAT HIRNE. S8R CPC B, BRYL
SETEWNARES, BHEAREBEN 10 FREGABRSS, FHRYRE
BREW L MR MBRZ . CPC B AENEM BT, L4556
AW (ETRD RABRERE. FRIHEA CPC T RARTE 03 Limin, B
FFRHSER 3 L/min BFH TSRS, BESBETHL. BSERSHIT

(LPS) REAK. BBRFNEE, 7THFME 350 nm-10000 nm I 5RY)
R AT . SRR L 0.7 L/min #EA LPS /&, HIBOL —RE PR (785
nm, SmW) FERSHEARBRAY L, @B RSER, BORM R 8
— MU AR 200 100° BRI BEEAR SH AT B — b s R b et iy
BRI E SHAABERES, HEESHRAPRNERAT —REBR RS,
B S Ak,

WPS LIES B REENLZ DMA 1 LPS SHERIIRIZ 4 85 (e i,
HEEY (KL 1 F) MEHBITRIE. XBKIEFRA NIST SRM1691 Fl
SRM1963 PSL #R#ESRL (SFI%424 269 nm A1 100.7 nm) . XFFHEBR A
ERTRL, UBRESFEBIELSKT, FREr 8 B BB S SRy

32



R K28 3

% K Bt — s I B R3% 13 2 3T\ DMA Fi1 LPS, # DMA il LPS Ml fRi4% 5
{H5 NiEBRA 00 B SCBUAMNT ., 5+ DMA F1 LPS S ¥GHHTIZIE. R
Ja#X DMA FeA it Ofi . DMA RS O R, LPS ALK FEEOR
B, SRR ITIRE.

Ez4ﬁﬁ@%%ﬁﬁ%&<wﬁ)
2.2.5 SR A FRKEE R R T iEs

AU FUAE K B-2 8! B BRRAE 28, B BLL L/minf i B 203 L2 90.5
mm )RR LT, BURLARE 26 pp  B84E A TR 2SMA GON BRI HRR L (n
E2-5) , HE4ME A3 mm. W18 BB % BE A2 glem®, W THIA290.15 pm
(0 BORL Y B SRR R 950%, A T HZR KT 025 pmi B B RFERE A
100%!"%, SEAERT A AR 24 B il JLIE S g SR, —RBR10 sE 100 sASE, &K
TG So it BB B BRI SR R AN A R R B 5, BRI AR 2
HiES, ENEIRRABRREFRI KL, TRAERENBARFERE, &
BRE, REZERERELBERNMMT. RESREHMBEEFRET, &
fHR (257C) 1Ei8 (20£3%) MITREPRE, BRI FHBEZHLM.

section of sampler

Sampler

B 2-5 BERIRAEES . REFRR AR R A
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W FRAFE M2 iR

75 5286 % o f# A% 41 #2.8% (Transmission Electron Microscope, fAI#XTEM) (4
2-6) FK500-800f% % HE kAT /4T, I3 BRI A B TR E KL gk
%, RERST BB AEFBOBRDER L, B SBRYR & P E R TR R
ARG IA, T4 ST AR A BE RO RIUR . BT BIUH A B S B B
MEFERX, BRESHRABRARKNER, BEQETHRMRELZ GERRESMT
(RN B LR GHM) ERRER, AT AT ES B FREHE
% B A SR U B S AR AE 4 O SOREAT AR RLAR K /N SRAFAE , ORI 75 4 R o F)
SAHAEIE], FBUR— R AL T 4R R O R P9, 7 A 4 F R U o7 - o i £
R BRIEA T RESE (AT HORE S BUR E AR, — RO A BANIL
L8 43 ) 3 = B A A HEAT BB M. FUIXSTERAEIE{X (EDX) & &)
PR e R AR, BRI AT & 2 R R R, BERASIARA
MIBFF, SSPEDXHBIAZINITGE, A VAEBRLAT S FICTo R IE(E A% 5,
A8 TR & BRI AT & ICKE, BT DU IIA IR RICTTR. BRI
(R4 R S AN — AN BN Sl TR R A (A B R R A A B O R B
SRR,

E2-6 B4 TR (TEM) RIXSEA# (EDS)

2.2.6 BEWAE{X (PWD20, VAISALA)

3522 VAISALA A &A=/ PWD20 %Y §i 1 o A WA (LA T R WRE
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W R R e 3

07 R 4 B S B KSR B . SRR MRS,
FIALTR 38 = ARk L FE R A0 AN H SR AU o OB 875 nm B —
RLASMEFAKRA S, BBRRR R AR (0.1L) BIRTFABEHEIC R
HRBMELZE L, HHESE PIN e RS RIBINERE RN S KAk
RERREXROEES, REREFITEN, FRSEHRR KSR
. BRE 3 MIRHERE BT S ETRRAE R A RE, B ()R
ERRRHFER; QBGESTFHRE. BHERSFRBTERERNAIE: (3)
62 5 BSOS B A SO e 3 E bb T U R . (ARG BN 10-20000 me.

~ 7
o

e

2-7 VAISALA 2 847 ) PWD20 B f8 WLEE{X
22.7 BFR R

KASMPRERIBUR R RA 8 A/ # PC-3 B ARG RGBT
KSR, PC-3 BEVARUESEAR PC B S, SMED BRI
B REEAEERES . U A AR .

2.3 BARFA*

2.3.1 FHES AL

J& HEAS I B R — Fh AT LA E W 48 K S i SOk T (AR S s Bh Bk Y
Fik, FERKGEMMO AR AP BB EEZORA. ITHEE
AWML, AXMFERATEXEEBFES KSEHEE (National Oceanic and
Atmospheric Administration, NOAA ) %5 5 ¥ 92 % & (Air Resources Laboratory,
ARL) FFRMBA R B TR HSZE A HYSPLIT (Hybrid Single
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WRKZEH 2R

Particle Lagrangian Integrated Trajectory Model) , h&4<44.9, HYSPLITA R EH
IR RBEcHAR R, ofE LN:
6 =(Ziop=Zmst) | ( Ziop— Zgr)

REZ,ARKTSE, Zo =, Z R T REEROEE,

XEFAENEERREREE, EXBEEBRIOEUERH KB
Zmsg=aK*+bK + ¢

Frha=30, b=25, c=5, MIKNMERE TR EOBEENK. ARSI
AW URHEHEE S BB i —BA10m, EZENTS m, F=FEH200 m,
F20/2 911505 m; LR I7K 43 3 22 M R AR BRI S 507 (97K T R AR e 52 XL Ed
SRR E ML RN, R, F RNy s
%, AP ERERRER TR,

HYSPLITHR R X FE ML RERI SR Y, BIEEIBIR. oz, Eile
BEUEESE. BARENSRZTEZELERE: KFRE (u, v) . SET. &
FEZEEFIP, UUKMREE /1Py, MXHEEMELLEE L. FIABMANSZY
BRI AR REE B B e I ABAR R 4, R E R — 253847
FRES BT E

ARG FRTEHFENT:

B, EHIRAZRFRAE PO EAP®G), TIRTAEEHE—5E
WLLE APt + At), M.

P'(t + At) =P(t) + V(P,t) xAt

HehV(P0RES A B EE N 2P B KEE R . BEtAE 2R T
REABAF O BRAME SR TRHE:

P(t+At)= P(1)+0.5x[V(P,t)+V(P' t+At) JxAt
XFETHE T IEB BT R U,
RTHFHAHAEEEHWE, EMANSEANHELAET BEEE

%, BN UEEFHSKEFHEEERRITEREZS. NWERASEE
M REEEEEY, TR ES N EEEHRBEL - SHHEHHE S
WEEEE, URBRGERHFHNEEEE KT EREEHRE. BESHER
HFIRESNHMEEZS, WENE EEEEETRRR:
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WWRKRFH L ZARX

a a a
__ o _ o
_ at ax ady
Wy = an
dz

ZIR Hdny/dt=0HE T R . HdmEUATRKZ BB IAFRENS
WHE, 5K (Isobaric) #iZk . ol (Isosigma) #iZE, 6% fE | (Isopycnic)
B EMHE (Isentropic) %S, HTXEHNTHYRGEXE —SHEHEES,
FTLEAI X BGERR A Z g0, DA T8 Al Sebr KR R B TH R I =40 .

AT 7T oK N A AR R S HE AR I T RO 3 ] )k SR
KAz sh R4, MBI/ AT K BE B A g KIS R T R R ET5 R oM i IR
Wi TR SRR A = A B R RIPIX(38°03N, 118°44E) L&
50 mm AL, WWEEH=ERME, §— 8%, AERENTZEHET
6] 43 A7 BAREME, ARSI F B XL 43 i 36, BTG JR A A 35
RRIERAEE A T R R AR R,

232 ERTFHTE

F[HE-F4#r (Principal Component Analysis, PCA) &7 KRS H T HY
F BRI RIHIEE R L TCA T . R A R RS R (B TG
SREGET, B ARTS YTk MR 595 R T2 IR RN, i e A
RESHFEZ MEER, R RAREGENR. MEAXRRE, BEA
S I B D T B AR AT ST T 320 L L 55 1 05 eV 24700 B 3
FEFHRE A7 H A AR 10 ST 0 % 4R B0 2 4 B PR D MU LN FE A 95
PRI & RETR. KRS RBE R E -5 LI £ 475 Rug o & i,
HLEEE. B NAREESRAERIMRNEEOBW. EE T
R S BE e BU BT iR B RO E R T, R4 T ERRO TR & 2
BE . ERTFAEEARHAN, REFTHTRQUETAH. AT AEAR
BT, REE TR T
OEHTRE BABEENHFTRIGET, x = (0 xor ..o %) AR
MR, SEREER=0, WiEFECove=y, Bl ERy SHXEHRIA%
(REG BRI T EI) ;
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@F =(F1, Fp ..., Fn) ' (m<p) RATMHHAE, HYEREEF)=0, thiz
FFECov(F) =1, B EFHIE -8R,
Be=(e1, e ..., &) 'SFHEM, HE(e)=0, efIthFEREYR3 A, I
rEeZ [AIRANEISLHY, MR
xi =anFt+apk; +.. . +aimFm + €
X2 = ayFitank; +. . +ayFn t e
Xp = apiF1+ apF) +.. 4+apnFn + e
MRAE TR, TR R B R FR ST, FrC R ARE E
RHETFHEE, BREERERAAT LS. x=AF +e.
Hep:
a11332 A1

a a -ooa
X=(X1,X2,---5Xp)'» A=( 2.1..?.2......?m>, F=(Fix Fav -Fn), e=(ei, €2 - €)'
aplapz ™ apm

XEFRxMIAFEFEERE T, eRxMIFHRET, FEMARFETFHRAERE.
233 BEHHE

BT BEE R T SO N0y M NH, =R/ E 7 5 SKEME S T 90%LL |,
5 PM, s FUBIREEH S0%E AT, SO A1 NO; & PM, s EEMIBMERS, NHS
& PMys EEREMEAS, FEHERAHREET U RX =/E -, 5
Hbr LR AR FRER T EA B BRE (strong acidity, H'gong) FEH
BRE (BARRE, H.). ,

SRR IR R K B HE RIS F 4R & RIT, — @it i+ B B
BT EFEN HHREE A4 nmolim®) , T3 B eI BB RAE SR AN AR
BEEEBM AR P — BB P FEN Bl U HOBRE, BT EE
FENSBERTHEARRE, —BRHARFEREEREASD HHRE
(BA7 nmol/m®)
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IWRREE TR

2.3.3.1 B (strong acidity, H srong) FIHFIE (Neutralization degree, F)

AHAALR SO, NO; 1l NH, #/ N T 199K BE i+ B PM, s M52 BEE (strong
acidity, H'song)» (HRIXFITIEAIE M SHBRL (Ca2' M Mg Sk IER =) kA
HLBRL BB S I 5 . A (Neutralization degree, F) FRFR RSB
R b B MR R FPAIRRSE, — A NHS RI(2xSO4 +NO; ) 9B
mmga@w@:ﬁﬁ:, Bl: F=[NH,")/(2x[SO JH[NOs])

KA [NHS T [SOSTHINOS 1A BIR T & A RBE/RIKE (nmol/m’). %4 F
HILLE R 0 RHR B BRAERRMMR (SO, FINOy) BEFH, HFMHEKT 1
R RER M B T4 NHS 28 M. 24 0<F<1 B, TRERAE H song WRIE 7T LAIEIS BR
W FIREZ ERTE, B

[H'Tswrong=[H T+[HSO4 J=([SO4*"] + [NO3"])~[NH']

2332 HERE (BEAME, H..) # pH

HHBE (RARE, ) RIEECHTRYE FRENITRT, RER
BAFER, BETEIELG AR A SMEBRERR, A RKA
AIM-II #5253 473+ & (http://www.aim.env.uea.ac.uk/aim/aim.htm), HEH T Ei A
S HAIE SO NO; + NHSHI/MNGFHRE. KB HTEE. Honey
HIEREESERNG A BERE (H) « S04 NOy « NH,". HSO, FI/K&
BHESSPRERKE (molm®) . BIBAH HIWRE LUK AT L
B HEBAE PR, 46Tk pH A

pH=-Log[yxH"5i/(Veq/1000)]

Ry IV RRH G HE B AR (nmol/m®) LARMRKIAE (cm’/m®) , &
B BNRBAKFEN FHAIMIERH 7 EEFER, SMREERT
TR RAE (deliquescence Relitive Humidity) B, AIM-TI£AA50H4 2 B
RSP RFEN, HRASEH MM, A BFRILETELEHMH
WAR (BIF>1 , AIM-IIEASERE, FEILEAR RO RIS R
HATRL
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2.3.4 TRV R R KER

BRI YIE L M #EZER (Formation Rate, FR) FIEK# % (Growth Rate, GR) 7F
Kumalaff) 5 7 s A 5 S 4R N 481207 Bk k4% it 3% 46 3% % F Growth Rate (GR)
x&, BEHTEHRBRABE G BRI AN R ERTE KPIYIERE. &

SRS CER I E AR

_Adp dp,-dp,
GRs~20—_At‘”‘"_‘*t2_tl
EARF, 4 o RERAEA dp) A dp, (KIBURYIEOR BEE B B R e 1]
R 5-20 nm LR BBURA Y 4 FRIE 2 (FRs20) IITHEARIT:

dN;. GR5.59*Ns.
dst 20 +CoagS 5-20%N5-20

FRs.20=

dNS -20

R —2R 15520 amH 2B MHF BN EERER, 2RAME

dt

CoagSy 3 *Ns.oo R T8 A K BIRYIHTRE I T4 25 #55-20 nmbL 4% B HIBT BRI,
CoagSy 3 BRI, BAT—AAMEM13 nm FIFRAIRALZRS-20 nmbL 276 H 1

GR

KB ARE T (13 nm 2 5-20 nm ¥ A7 E), A3 E‘J%Elﬁ—%"mﬂz‘%fﬁ BT

15nm

KAR RO 5-20nmA A2 B M BIBURLAD . FoPREFIC BRI F -
CoagSyi3um = Z KijNap;
j

Nupy R 7R KL I BURL Y BOR B, K A R 4% R dp; Fl dp; 22 18] BB 3 & 3
(coagulation coefficient, #A7Nem?/s). tHETEWMT:

~ 2n(D;+D;)(dp;+dp;)
i dpyedp; 80D}
1

1
T R

R DHMDERFRAE SdpMdp I BRIYIT BUR S, HHEFTERN:

kT (5+4Kni+6Kﬁ;+l8Kﬁa)
T 3apdp; \ 5K (80K,
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[ap+1)>-(ap?+i?)™]

2A
K I — =
nt dp. g| 3dp111 dpl
1
8D; 8KT\2
S
e Y

HogMLFRAL Acm, cfIEM Acm/s, mRBRRKZAIKBRYRE, B
frikg, ARPERMHEES: BET=298K, BRYHEp=1.0gm’, 4TF
B HfEr=6.65¢  cm, A EEp=1.83¢* g/(cm's), FREBH k=138,
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E=E HU=AMHER PM, s K RINEETISE

3.1 PM, s KB B T BB AL HHE

3.1.1 PM, s KKEHE B FIR BERE AL

201144 3 220124 1 A 76 3 = A i Hh X 0 PM, s K 3 #3132 4T 7 IO 0
LN, HA20114F4H26H 20115 R4HREFE, 201145FE7H8HEI8A1
AREEZE, 201105 16HZ 11 A7THRERKZE, 20114128 12HZE 201241
A8EARRAT . [3-1HT7 A XA A1) 3R] = £ 1 3 IX PM, 5o & K I PR BS T O B
AFSIE, MNBHRaTLLEL, KBEEEFARZNREELHE, BEEKE=
FHUBKBEYRELRE. ARETHKAEE FRERENSITERNE
-1, BOKEPEES F R B A T 118 949.72449.89 pg/m’, WETEE A
1.17~262.72 pg/m’ . PMus F K BB FHRERBERN SR F K KR
SO, >NO; >NH,">CI>Na">K*>NO, >Ca’*">Mg”, ‘EF R EKIE (ArlERE)
435 922.48+25.18. 12.77+14.49. 11.21+11.68. 1.31£1.76. 0.66+0.54. 0.65+0.44.,
0.33+0.25. 0.19£0.39. 0.10+0.15 pg/m®, F7ZEMLH A Ao BE A6, (R T (XL IH8
WR. HAS07 . NO; HINH, X B IR M fI446.52+48.25 ng/m®, #45
IKEPERE T 1193.6%, HHS0, & ABEMAKEEET, 458 KENETFY
45.2%, FUCHNO; FINH,, CI'. NO, . Na*. K'. Mg*FfICa® ¥k Bz FMY (5 2
KBEHE T H6.4% (E3-2) .

S INO, ™ 5 SO R BVR BE L (8 BT LUB R BT e 8 CHTBME. it
%) MBHE WRERR) MHRKERAFRMEMTTRE 2, A5 500 H
HIEINO; V[SO VR B IR B E T E 20.57, HhHEZEH0.89, FZFEH0.40,
KZEN0.78, XFR0.67. ZHLEES TENKGTRE (044) . FE (0.46) i
H(0.41) L2000, i = AKX MHERETEAL ST TEEHRT
I =AM X AREX, AXHERTE T AN, BN
EARTPM, sTERREL I AR AR . [FIRT B F 3030 = A s X TR I R 8 (g
REMSRMBHELEAR, RERBRBAMRRASHEE M, HRIFLEY
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AR 22T R 3

M T EREVE . AT IINO; 1/[SOL> | B HE B 4F 134 AR AR T 35 B A
(6.9) PRIBAZHLATIX (2) O, 35 15 BA 3 V] = £ 4tk X ) [0 5 Y X6 PM, s ) 5
BREK. NFEWEWKRE, HFHINO, 5S05 M BIKE L RIE, XATAEE
TEFHTESRM A AR MR T T HAF, iR,
HiR e FEUEMRE M AR, ER—ERHEREATK.

S m— |
1 e |
0 1 !
Lo A gothes Y S bt ( 1‘1 bhonge ALLG A
: g-ii_ﬂd“ PR S L O ;fJn;yf,wJ'ﬂ%w-wmm; D gl
" L [ R
2 Rt
[T
[ -\h_--l-.
.
§ - A
- o
200 -l
150
o
: m
$G 83833l iiiiiiEEEEiGoloPo3oRP OB oS sreyyess
S3EEE R RE SRR HIRE TR EERI L R0

P31 SR = A e OCOUR 0 S 1] 7K 1 S B S T5 ek B B (R 384 e 51

1.31% _0.20%
.38%

2.64%

;337 0.66%

! u Chloride ® Nitrite ® Nitrate ® Sulfate ® Sodium

® Ammonium = Potassium  » Magnesium ~ Calcium

B 3-2 50 = MM K KA T E A AR
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R3-1 A =AM XPM, shK S FESENNEFOFHKRE (ng/m’)

cr NO,” NO,~ S0.” Na* NH," K Mg** Ca** BKBHET
Fi51E 1.12 0.40 7.25 8.19 0.75 5.31 0.63 0.14 0.46 24.25
T 14 0. ) . ) . i ) .
£% (N=204) PR PR E 1 23 6.26 5.82 0.41 3.55 031 0.09 0.54 15.98
BAXE 6.10 1.59 31.95 27.20 5.26 16.19 2.64 0.54 2.55 73.80
B/ME 0.03 0.02 0.66 1.00 0.04 0.40 0.17 0.05 0.03 4,08
FHh1E 0.91 0.23 12.10 30.32 0.57 15.06 0.54 0.09 0.09 5991
HERE 1.08 0.16 13.84 30.07 0.17 14.41 0.27 0.03 0.19 57.84
HZE (N=567)
BAE 7.42 1.12 56.73 153.24 131 63.70 1.99 0.29 3.25 262.72
B/ME 0.04 0.02 0.33 2.49 0.14 0.73 0.22 0.04 0.02 5.17
FH1E 1.34 0.34 18.72 23.95 0.71 12.03 0.85 0.13 0.13 58.20
R E 1.56 0.20 17.48 20.76 027 10.67 0.47 027 0.53 47.73
*E (N=446)
RAME 11.28 0.86 . 7735 129.27 3.73 48.92 232 458 8.32 208.60
/ME 0.03 0.02 0.59 0.82 0.26 0.06 0.12 0.02 0.02 447
Fi5{E 2.26 0.42 7.28 19.62 0.70 7.13 0.65 0.05 0.05 38.26
b 2.70 0.39 8. . . . } ) ) .
2% (N=312) HEIRE 11 24 .45 1.03 8.26 0.59 0.04 0.13 42.01
BAME 17.12 4.05 32.35 113.81 17.29 32.61 2.33 0.27 1.27 156.67
B=/ME 0.05 0.02 0.03 0.22 0.12 0.34 0.10 0.02 0.03 1.17
Fig{E 1.31 0.33 12.77 2248 0.66 11.21 0.65 0.10 0.19 49.70
Tt 1.76 0. : ) ) ) . . ) .
ETH (N=1529) R ZE 25 14.49 25.18 0.54 11.68 0.44 0.15 0.39 49 .89
BAAE 17.12 4.05 77.35 153.24 17.29 63.70 2.64 4.58 8.32 262.72

B/ME 0.03 0.02 0.03 022 0.04 0.06 0.10 0.02 0.02 1.17
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IR R A2 AR 3

TR £h (1L (sulfate oxidation rate, SOR ) FIS S £5 %4k % (nitrate oxidation
rate, NOR) HIRRRFISO,MINO, a1 HiBR sh MIBHBR s L, THHETTES N
SOR= SO,* /(SO +802) NOR=NO; /NO,. 7 = £f #if#th [X % il i 7] I Z=SOR
FINOR {42 T E3-37h, MEFATLLEH, PUZ=SORFINORMIEY KT 0.10,
L B 39 = A M X A9 SO,2 FINO; ¥ & & 5k [ SO, MINOy A 4L, E
SORME&H (0.65), iRk BilidAEAH SR L BB AL Fld 12 IR B2
R AR AR A R SR | K PR SR S SR A AIOH [ H B (R ma o),
TR AL E SRR AEAR (H,0,M0,%) A%, BEEEE LK
S (14 51 A R T AR A ORI AL, T 550 e 1 A LA B i O 9K B W0 45 ) T YA
B, B R R A R BLEGE, MM SRR ML ET R T HE=AFEN.
NORM £ ZFE /M (0.57), XFERIK.

I SOR
B N OR

=
(-
I i

SOR and NOR
=
Fe.

0.2 4

0.0 -J
spring sumimer autumn winter

P 3-3 P = A itk X A0 0 34 1] PO 2B SOR 1 NOR 84L&

AT SR = i X PM, s P KB MRS £ IO75 Bk L, AT RIS R
(SO2". NO; FINH,") 5[ Py 5k H B3 K58 Xt sl BF U 45 RATRTEE (R
3-2) o I =AM X PM, s S0 . NO; FINH, ) 5 B vk AU T B A 5%
e G 2 LA e ER S e R, iz i TR HAMBEE MR T X, 5
PR PR — S IR T A 24 5 B BT = A s X T O 7™ B ) IR AL RIB RS s X
AT B8 R BT BR v 1 X AR 1 R L R R L4 B — IKTS B (SO, FINO,) HE
B 7 (0 P 3-4 TR, 3 et X A i R A 27 B S S8V = A A X ) VA R
WA AP AR KR, R R E KN TR LK, e
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WARKFFLZART

BUKEHEFREBENERZ —.
R 3-2 B =AW X 5 Py A HAb s s PMy s R EKIEMER T

S0, NO; I NH, FIF BIRE (ng/m’)

Major ions
. . . 3 References
Site Type Time concentrations (ug/m”)
NO;~ SO/ NH,
Yellow River Rural/
ow v 2 2011-2012 1277 2248 1121 ABR
Delta coastal
Jinan, China Urban  Dec 2007-Oct 2008 1577 3833 2126  Gaoetal,, 2011
Xi’an, China Urban  Mar 2006-Mar 2007 164 356 11.4  Zhangetal., 20117
Guangzhou,
B2 Urban Apr 2007 95 216 73  Taoetal, 2009
China
Beijing, China ~ Urban  June-August2011 124 9 8 Sun et al., 20120
Shanghai, China ~ Urban summer 2010 804 1666 875  Zhangetal,2013P"]
Tianjin,China  Urban 2008 120 191 6.1 H&EE 2013
Taibei
Urban Aug 2003 171 347 204
Summer [218]
- Chang et al., 2007
Taibei
. Urban  Dec2003-Jan 2004 3.66 1201 5.67
Winter
Qingdao, China  Coastal 1997-2000 34 1194 579 Hu et al., 2002
Rural/
Xinken, China Oct-Nov 2004 72 241 92 Hu et al., 2008™'%
coastal
Chongming Rural/
. Jun 2006 1089 23.14 10.28
Island, China coastal
Jianfengling | Li et al.,2010%"7
Rural/
Nature Reserve, Nov 2007 013 217 056
) coastal
China
Saita
attama Urban Jan.2010 567 226 222  Kimetal, 201120
City,Japan
Nov 2004-M.
Cario, Egypt  Urban o 2005 & 61 142 25  Favezetal,2008%2"
Raipur, India ~ Urban  Apr2005-Mar 2006 8.16 46.5 876 Vermaetal., 2010°*"
Dearborn, USA Urban July-Aug 2007 0.81 3.69 Pancras et al.,2013"*")
L. Rural/ (2241
Brigantine, USA Nov 2003 1.26 2.27 1.32 Lee et al., 2008
coastal
Gwangju,Korea Rural Oct.-Nov 2003 289 386 262 Hongetal, 2008”7
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IR K b

bl
n

z
.

Latitude (Deg N)
£ 5

[
o

2

Latitude (Deg N)
£ b

[
»

g

100 10 120
Longitude (Deg E)

E3-4 1 [E20064S0, and NOFHE R #h [X 43 4 2"

3.1.2 PM, s K ¥ P B8 73R B H 2B 4k

X PM, s o 3 KA MBS 1) R S B H ARG B 524 Bh T A IR BTk A4k,
FHSMRERE ., SEAKEHE L. SEAREE - RHEREEROXR. B
3-5 R0 A1) PO 2 BOK B MBS F (SO47 . NOs I NHL ) SIS 34 (SO,
NO, f103) REESKAE GEE. MxHERE) HBLE.

SO/ IR BKEAR . ML EABWIHRIME B RE K H LIS,
SO, R B FEAE H th R B A 1L 2 OF Bl FFeG L7, £E 12:00-13:00 /245 HHER
W(E, HEBMEAERFR BRI, —E4ERF 17:00 £4, KETWEHELER 1-2
NS, RIGHEERE. R FORRES GRE M RAE, SO VR & Hi T 4.
FHRSAKTS B SO, K O ¥R H 2 IRAUA B BB AHE . M3 H A LAHE
FERATAKRME KRB ORE, AP E R EATEE LN
SO . HZ SO/ WH R A B th T 5 (K R AR 5108 & T R MBSk
MR XS, HF SO S B UBBEN TR, ARATHESEY, KESSHAR
ERTREE S, & 5 Kk B R B WA T .

5XFMk, NO; EEEKEANFWHRIE L8 FFRH HBEHE.
KZE NO; R B H G R T &, 76 9:00 2247 tHIRUEAE , 22 J5 # 3 TR PR AR
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AR KA A AR

FE T 18:00 A BACHKEE, BUE NO; R EWRE TR S & . A
3 SRR R B NOy WK H R E BER K . EABR A NOs = Z LKL
W RAFAE, KRB A PRIE ST 3858 LS IR T 5, AR 70 A A AR X
MES, SBAEES 12:00 BIfF NO; WEERFSERRAR, i B2 ) 5L BE P AL i AH X
BEWK, AR TRHESEPRAR NOs H#k, Mifi 3B E NO; W KF & .

NH, EE Rk EH T RAPHEMESE (1 H,80,. HNOs. HCl. HNO,) 5
AARRBAERN R, FshFamRx NHS W H B ES EEm. /£
. . K=EAFH, NHSOFEIKRE HZLS S04 NOy A AHBMM H 42 1Lk
i, B KAE LA IE -80S, BAGAE HIAE T 77 DRItk NHL' # H B LASHESZ SO4™
ANO;y 551, #4718 B 3T = Ay sl it (X K 408024 (NH, ). S O4 T NHANO;

R EENFARR.
N - - pring | “i ﬁ: . e
Pt I o SESTIRERIESaALE:
ii (i lJ*}F.‘ X _{’{é‘§'.i
wl I|-{f' i+: | +
o pprrertyy, UL bbb by, %
Bl tipdgrgt 'H"\i. | H%’HTH{J
‘;'. u{i Antum 2 {‘. i
R R b %
|; bt X! i;,;i':l ‘:$+E§§ i {4 iii+§ié}
: gy | ity gt
ATETEARIT S I ”e1| b gyt S f
) ‘1 ) ' ; “"IX 1 ) !’& ) :-! L] ;a fu] 1 M 3
ke spring | Bl S “].‘_
BE YRR R L0 ; . .
" ‘.{f{'{{! by :: ...... ;a
; S — e
';;::%5+.|ez“‘-!i ““.m
= . i -y
eyt B,
thtagt SESHESE. i SO |
HERSSARSFRNERE. Hetsth] 1 o e |
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16 “8-50, Spring - Spring
" s M
: . / 10
ol g
. " i
P ' 20
)
16 o Suwmmer
Semnwr {30 s
12{ o “oqL
Boa—p-n
~ 3 T T~ 40
H o2 e
s — . ~ S20
o ad [ ] o o
=] gL
o 26 T C o
L Awtumn <
.
20 Auvtuma
20 40
. 15
m
b a 10
Winter J1g
30 "
0 © Winter
S, ..
g w138
» » . 20
20 : - — ,
b 2SO g
10 " 20 10 *
° T ™ ¥ - ™ * T T T g T
[ 2 4 6 ; 0 n 14 16 1 W n o 2 4 L3 s 10 12 14 16 13 20 22
Time Time

A 3-5 BV = A A X WA 18 AR R PM, s R SO NOy I NH MR BREE. A&7
44 (SO, NO,» 03) URSERSH (RE. HAHER) HENE

3.1.3 PMs KB FIREET R

SO RFTEKBHBE FHENRERSN—MET, REREEFHER
22.48+25.18 pg/m’®, W EF B KA 4 153.24 pg/m’, B2 SOZ MR & #(30.32 pg/m?),
IR FIRKE (2395 pg/m®) « ZFE (19.62 pg/m®) MFEZFE (8.19 pg/m’)
SO HERERENRRT R EEAFEMLT (0:) KRERS, FENRKY
KEAES LR B S iEAE R T ARER AR el 5 R A AR IR RS T RE
2 FR A X0 40 0 AR R B R A A, (RS T A P A i e T X 2 A BRI
HREH —ETR. A ZNAREMHEE, HHIERAR, K BAIEIK,
RF|Fi5 Je ey 8, B £ ZREBEE S SHRE ERER SO, FHAEH
SO, VR BE th %

NO; R EIREFETHE N 11.21211.68 pg/m’, WREHKERA 63.70 pg/m’,
HE NOyIRER S (18.72 pg/m’) , HRAHIREZE (1210 pg/m’) « £F (7.28
pg/m®) FFZFE (7.25 pg/m’®) . NOy IR EEZ IR A FFHRUMEWE, B
FEE, EETREN NHNO; F 54, FAIE KR NH; /1 HNO; <k, i
EEREEMBAIREE — R,

NH, R EREETME N 12.77+14.49 pg/m®, RERKIER 77.35 pg/m’,
HE NHSAKRERE (15.06 pg/m’) » HKSFIRKE (12.03 pgm’) « £F (7.13
pg/m®) MFE (531 pgm®) , X5 SO MEFENBAHE. EEEB,
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W R K FEERAR

TG SBEN Y RRS 2 A K - 3B A A HeFsom B, R et P 3-6 A1 3-7 B,
SO,2.NO;™5 NH," 1 5t 84 B WL 3 1] B AR AT (AR R 1, AR R B 5109 0.92
#10.88, EMEEEmKREKN SO HFIT NHy DRI I (NH),S0, A7
7E, KESKREN NO, AT NHUBHRMEAR NHNO; EfFE. BE
NH, MR EHES - FREH T RENAEEE. ESERASK, iR
ER, B8RS NH; B9 Wb R B AR, TS5 NH, TR R E 17T

N
(=]
fa] o

100
y = 0.4266x + 1.2941
~ R? = 0.8449
5 75 -
=
2
X .

Eg 50 - ) 2
il
H
= 25
Z

0

0 50 100 150 200
SO, FiBIRE (ng/m’)

& 3-6 VA = F 0 X VLA IE) PM, 5 B SO>I NH," ) 5 B9k FEAH St

100

y=0.7119x + 1.8689
R2=0.7813

~3
w

wn
o
!

CRRRE (g/m’)

NH,

0 20 40 60 80 100
SO, F B E (ng/m’)
B 3-7 B = Fy A KOWAHAIE PM, 5 th NO, 1 NH, B 5 Bk B S

S0



WARRFH A

3.2 PM, s BRE TLAFAE

AL BARTFIL, LA 1450 A/ EHEE F R OB RRRE, A
d I (Neutralization degree, F = [NH'J/(2x[SOs* J+[NOs7])) FIRFRIBEK
1 SO HI NO; # NH, i sh AR 34 F B 3-8 h . AHBF FOHE F<0.9 HIBUHLY
SURBRYEBRIY, F<0.75 HIBRI & HRRMEBRY . @il i R RER =
19 3t O 00 00 9 1) R TR RO F ARSI 0.89, BB I X RSB R A
— BB EHEFMEZ5 54 35.4%F1 45.6% K BURAY) J9 B 1 BRI (F<0.9),
HAP A 11.1%H 8.9% M BRI AR IEBRY (F<0.75). MAEKFEMLER
HERALEAEHE, 25 50.1%0 62.4%H BRI BB IEBRY, Hb

£ 22.5%H 32.1%H) BP0 9 5 B A R «

BOfF T FT'L T T e
Spring R=0.81 Summer R=094 /
v’/ b3 //..".'I
. /" 09 ine /" 08 line
800 - y o 3000 RN
. . < ’ T
E - Y { Y - ’ R S Y] L
E T, 1 L% Skine | £ -
g gy Vv o : -
* e * M -’ =
:"400— .y T = e 1,".' . -_.:mn— ir e
P - B * |~ ‘;x‘ . — %
r S '~ e ¢
AR :/‘,. o z £
AR B r gt
0 IPAY £
L ;'(P’" Feilg 354% F<D.9 :456%
W < e 1 1000
Foa pret FeT8:111% ; F<0.7S:88%
T e 1s0; T 0;
R L0080, « 150,:4N0,
[ 1 | i 1 L] 1 | L k.
(] 200 100 600 $00 0 1000 2000 3000 1000
250, & 250," +NO; neg/m’ 250," &250,7 +NO, neg/m’
4000 FF T T T A suf T T T //*'
Autumn il A Winter R=0.74 s
ﬁ,ﬁ,, i 09 fine
// 2000 / 1
3000 - g .,/_.'.
/ 3 ® -~ 0,75 line
ATET R o
) /' . 0.75 line gisaof
At £ 2
. ’=
R =
oy Z1000 -
o . - 0
. . - .
£S5 F<.9 :62.4%
<0,75:22.§ S0+ 1
P07 F75:301%
i) 1 o | 1 1 H
3000 1000 0 %00 1000 1500 2000 2500

250,” & 250, +NO, neqm’

250‘: & 250‘:' +NOy Irq;'m’

B 3-8 3] = A MK T RIZFE PM, s FAIBES i B
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IR RFEE LA

it AIM-IT AR RTG53 = A P Ho X WL I 40 8] BR v R (34 850
/NI REER) (9 PH. SRR (H srong) » H HHERE(H 2i)« /K& & (water content)
R EICBER 3-3 . B =AM XTSRRI EERE (H gy « BH
FRRE(H i) FIZK & 8 (water content) BI4E IR BEA 125.28nmol/m’, 25.55 nmol/m’
1 60.80 pg/m’ e KEBMETHRIYIFRIRE (H swong) F1 B HERE H )R E R =,
4319 251.24 nmol/m® A1 76.03 nmol/m’, 4} HIRIKZER 2 71 3 £5. HFEH 3
R 7 15 LA REZEN 4 50 12 5 . T EEREBRA HK S BIRE RS, 5 91.79
pg/m’. FE R H A SOBRBRES RN ER, B = ALK RERER
FABREM TR, bR EEE, mETEL. M.
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& 3-3 WA = AMEK PM, s BREE K 5 B RSP R 8% L

Location Season Har 3 Hs‘m"gl HSO4_3 Water content Reference
(nmol/m?) (nmol/m®) (nmol/m?) (ug/m®)
Spring 6.60+6.37 60.10£50.72 41.07+40.67 7.70+8.45
Summer 11.37+11.36 81.48+96.83 64.49+83.27 91.79+128.92
Yellow River Delta Autumn 24.31+49.86 132.93+183.07 96.32+130.40 48.50+58.88 This study
Winter 76.03+149.37 251.24+358.83 155.43+217.48 24.69+34.39
Annual 25.55+68.34 125.28+197.14 89.09+131.96 60.80+95.42
Mt.Tai, China Spring 2007 25.25£32.23 64.82+75.07 - 47.89+77.14 7Zh L 2012120
Mt Tai, China Summer 2007 35.27+30.38 142.65+115.23 - 78.57£136.99 ouetal, 201
Mt.Heng, China Spring 2009 13.3+15.4 53.4%38.7 - 67.7£143.3 Gao et al., 201227
Beijing, China - 3264421 - 66+89
Shanghal, China Summer 2004-2006 ) 1962201 ) 27224 Pathak et al., 201102
Lanzhou, China - 59449 - 9+12
Guangzhou, China - 90+60 - 60+80
. Spring 2000 - 49 - -
Hongkong, China Pathak et al., 2003
Summer 2000 - 27 - -
Pittsburgh, USA Sept 2002 - 28 - - Zhang et al., 20071}

“r RATHE
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WARKEH AR

F5h, NH,'A SO HIRE /R LLAE[NH, V[SOS 1 % FI BT SLBR of

MU REMENEE, YZHEKRT 15 o, ARLTEERS

(ammonium-rich) , NO;" &3 S AIYAH R M A4 B NH,NO; H‘Jﬁﬁ%%iﬁ%ﬁ“”o
PA[NH, J/[SOs )i BE /R ELAE AT NO; )/[SO  |HIBE /R ILIEME R 3-9, R ER, ®
A= AMX WHBEEES. EENKE 90%LL LIRS, £F 80%HIFE R
fIINH, VSO IHEE T 1.5, B NOy 5 NH/ R EREMAXRZEIET 0.9,
X U B ZE ML A1) NOs~ E E SR /57 NHs A1 HNO; FIBIMR L. T44ZE 20%H)
B R AL T HBORES, [NHSV[SOSTHAEET 1.5, 4% NH W BRE N 7.13
ng/m’, KT EERRE(15.06 pg/m’), £F NH/RERERFERHTLEK
BT NH; (RH, @i 3-8 W41, £EFEIRE TINO;Y[SO, JHIEE |
IR HOAE B, B A A A B SO ZE R NH, F 2 £ S1EF . tn & 3-8 FTw,
KERERE T, AR INO, VSO I EE/R B R 1 (B iR
HAENERH R .

EREER, RBESBEREERE N.Os F3ESHK MR R SN T ER
STERENHRLEAEETR, CREAARY, NERRTREMREEX,
RS, BERTEH NOs KK BRMPP, KR EHAHEER
B, ERENEBELETT, NOs IR R EtbaFAEDY. KESBRREIBRL
H MR N,0s FAESMK R MR ZEXREENER. —HTEHRENEE
LFEERAEFERNKESBULRERNRER, XHEHE T ERRTY
NOs BB, B—FH, SERKETENREHSRESBRKE BERERK,
M AR NLOs R, M 3-10 e LLEH, EREREXRETHRAT, =
MERIBEER, KSBRESE, AMXEERNERRERS, WTTH
FITF N,Os BI7K %, (2t T BR R 2 PR - MK AR 3 A1 NOy(NOy=NOx + HNO; + PAN
+ HONO + NOs+ HO,NO, +N;05) HIBSE R LLEH, SRERHREN R
ERSRBEBKEBURBERER NO, X, ﬁiﬁ%ﬂlﬁﬁtﬁ7kﬁ)iﬁii£ii%ﬁ
PR R TEINEEEM, ARSESTEDRENRIRESEEYRH
BRERROMREE
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LR 18 2 il

101
spring
summer )
= autumn  Ammenium Poor | Smmentim Rich
] i ) -
~ winler
=
=
El
=
—
A 1
=]
N
=
= .
z
ol 8
o By ¢
0.1 —a,

0.1 1 T ”””ltl
[NH,')/[SO,"] Molar Ratio

P 3-9 FIA = £ it X A FIZE 5 PM, s AI[NH, )/[SOL™ THI[NO; 1/[SO4™ ]I BE /R L AH A

6 Water content |ug)‘m")
- 0 2 4 6 8 10 12
E | e
=
3 s
@
& @
= 2 " @ e L]
F4
| °, ¢ ..
0 1 1 1
0 10, 15 20
NOy (ug/m’)
RH (%)
o~ 50 10 20 0 w0 s w0
E i = ©
=
s 4
g |
E L]
- L 5
z . " 0,
0 1 1 I 1 1 1
0 1 2 3 43 5 6 7
Sulfate (ug/m’)

E3-10 #in = At X K E RS TPM, sFPNO; K 5S0," ENOyK &
EARNE A RBRAIKE BE M TR

AW FEAF[HSO, V/[H ] M BE /R & L5 RH s B (B 3-11) , SRR,
% RH €T 60%Mf, [HSO4 J/[H . MIEE/RFAELL2FEE RH K38 AR, 24
RH #F 65%F, [HSO4 V/[H " 4ir] (9 BE /R 5 & LU B A4 34 2B A RH HI38 KT k)
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WARKF 2000

R NE Sl B . RH F38n& SBERAYIK S BT, B X500
KAFAE IR T+ SR, A AT HSOs RAEKME, MR ELMEBH

o

HSO/M',
3

i o i,
i ' Il l: 4 l ‘I’ |' i li l'll[! l |||‘|l|l

0.2 I)'i 0.4 IT,S 0. b IL'I‘ ll.!l I].Q 1 Il
RH

P 3-11 3] = £ i 3t X WL 3 13] PM, s SP[HSO, J/[H . B 5 RH % R E
(Bifa ik PM,s KA #D)

3.3 KEBRGRY PM, KBMEETRENER

AR R AR = AMBX K KB FRENEEREZ —, NT
AR RIE S ek, BATAIA HYSPLIT #8458 T W9 R a6 f5 HE 3 K
(72h) S, SRJEH TR AT A U RIE S BTt b X &4 R AR S
P B e BE S AT K 17 - ST BT I £ BRI A K RSt R 3
EKEMEE F IR T E 3-12 .

HERRWPUETT 28 2 K3, —HSHA (cluster 1) 2 B ALFEHF L,
Y BT DAL 63%, HMIEEK, ®ERE: 5 —FSA (cluster 2)
BEHE, 245 BP0LK 37%, RREEEE, REBK. U8 E LM AFEL
SEAZLEKIEEEH, FHNLERERTE, Fdh. IESH. SEBX U LHE,
RABPEEF = APX . HEBENSANRETRE. F5. ¥, hTE
mEE R, [EMEhEERR, FANSAREREIE, FRKAEESKHIE
Ao 3R 117 s (X HERR R 15 et & I 4% 2 3000 = A X, R cluster 2 Bt i
AR KIETER FIREE (39.22 pg/m’) FHE, ARIEMBKIEESAM 2 F (19.22
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WARKZFE AR

pg/m’).,

EZRRPEA R 4 KE. HFEERSA C(cluster 2) HEFLBHEH
39%, HIRNKEFHLHER cluster 4 (37%). K EH M cluster 1 (17%) PL
KRR E R RAEN cluster 3 (7%). SH 2 ANLFHEIE, SilEEAaEn=
AKX . EERLAEEENTLRY, 2HRENAEE. LI1E, ZR5H
BEE. Fl, AXAMTTHKSEERESEYTEZRA=AMBK, FER
MBI (91.25 pg/m®),

KERSEPLERATI 8 2 KK, —EKKB (cluster 1) £IFELEHEBH
T, AEKFELSRNLEH 33%, ERERK, FERE: 5—XSH (cluster
2) BEMAEL, 4588058 67%, HRIEEEE, RERK. EaltHE
HREHSHALT KES &R, SHLERHBERE. Bdh. AEE. TTURE
B, REFZEA=ZAMBX . EERIELHSANREIRE, TS, B,
REANBTE TEEYJRFX, L5 5 PR R R 2 5 e LRI E 751
BB R . RN TAIEEE, SEAMEsEERE, SARERER, #85
F 56 25 548 BT 425 38 117 b X HETSUK VS e & 7 R =AM X, Rk
cluster 2 B & R LB KEM B FIRE (7519 pg/m®) LRI KIEESAK 5 %
(14.30 pg/m*),

AFEM =AM PSFAYRAES, —EKSE C(clusterl) HEREEEE
K, RABAFE, 2354, Wi, RELTHE, HAFLHEK 68%. 7
—HKA A (cluster 2) FAHIFERIER, NAZR G HREL TEEMX BIERME A,
ZXRSAANBEFTREEE T cluster 1. FRAFESE 2 B CIKE Mz T0
A ) HoA SRR BRI CIVREE, X FIRER B T4 Z Ui 2 X PRI LR HE
UK ER) CI .
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AR KA 2GR

ssF o . : —
T Spring p— Summer A
—~ p R \ _ /
i | ~ L] ’ . et T
S PR T AN e
- A L 2 A1 s . /
2 ) D / ¥k " i
& \\__ 24N s P T Cluster] (17%) \Jy-"
2 . b : k- )
s O . r = g Clusterd (3
- . Ly 8 - - E L
§ ~ ¥ - -
IISE '_rlm!'._-.',_,, B i . (] i . D \ ..- e
™ e Closter2 (37%)° s =;r'_ 5 2P
Wk 5 =:':. "i_ F i ] o im =‘;_“‘ Cluster (39%)
ik e ¢ » : -
e l — ’ ” H [ L
! — i 1500 - 3 st uster3 (
el ol Bl — g = Bow — i
= i . E joool- § o
2 W0 G z i
1000 - 500 - )
0 b |0 et s 1 it
0 L 1 0 I 1 L 1
20 110 120 130 L] 100 1o 120 130
Longitude (Deg F) Longitude (Deg E)
60
Autumn sst- Winter
= Sob L Cluterl (68%h___ Nt 7
_ g 8 = 7 F
- il HC:} N A e
g g s Lo T, 7
- o \ - .
£ 3 Sl
= £ wp w3
H 3 “ Cluster2 (32%) - :
B | p e i ’
¢ c A ; ?
= - 2 .
R - A > -

_\Il (m)
E 2
I
-1
i
ag Ei

B0 90 100 1o 120 130 90 100 1o 120 130
Longitude (Deg E) Longitude (Deg E)

PE3-12 2Tn] = £ 2t U000 90 18) AS 1R 2% 45 I HE LR BNEE B 5 SR 02 o o I i 8 - R E R

3.4 PM, s KB B TR IERHT

FIEFUE = A X KR PM, s KB HE B FRL R IAE R, A E
FKBMEFASRAEGEY (B CI'. NO; . SO . Na'. NH,'. K',
Mg\ Ca**. SO\ NOy. 03) HAT T EEF4H, FAHERFIERIUFEM/K
F 1 MERF, MAERHEHE (Varimax) Xt R-FREETHREHE . & 3-4 4
T = A A DX R ) 4 P AR K S PM, s KB TE S AR AL 3 AN
BRETHALE R

FE—EREFA CI'. NOy. K'Hil SO, HRAKKIIERM REL MHRMESITER
FH CI's NOy. K'Hll SO, Z A F 8AF A EAHRME, X A-FARR 5 %M
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W R R EHEEAB

BT, CI'fl SO, XESMER X, K'EFESAYFBEEXR, NO, FE5KRLE
TRIRERE BB EHERCE 5, LSS — ER TR, ZE 77 EE R
K, HEFTER 46.2%.

BE-TRTEEEEMABNE NO;™. SO Fl NHy", REETRSFE
Rl T REALTE R, I AT R, NOyT. SO A NH, B 1REFHIA
M, LB NH, FEUMBEMHERENERFE, BEZAFRE-RSSE
BR, HETERER 16.1%.

BE=FETFX Mg, Ca¥'F Na B RENERFEY, MM CFES
HAREXR, Na'XERELEE RHUZEFREZEMIIEE, TETREN
13.4%. ‘

bRk, B EETANBLRN=AREERTHERTERREN
75.7%, i 80%, REMSBIFHIRIEFA = ANXMX FENEMEER, WA
43R AR O RIEIR . VR A e AR 3R S 24 3 A R R K Y B T B
FERE.

3 3-4 BMEE = f KRR PM, s IREM EER T

HE R ¥ 811
1 2 3

cr 0.86 0.28 0.09
NO;” 0.38 0.80 0.09
SO 0.29 0.89 -0.02
Na* 0.51 0.20 0.53
NH," 0.28 0.93 0.01

K* . 0.68 0.53 0.27
Mg? -0.02 0.05 0.86
Ca* 0.04 -0.05 0.74
SO, 0.68 0.33 -0.01
NO, 0.84 0.33 0.04

03 -0.68 0.59 0.06

AERE (%) 46.2% 16.1% 13.4%
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3.5 FEAXSHFMT PM, KB E FREZMIFE

351 ZERABERS FASERIAS RS NG

AW AL RE WG R KRS HEER . BER. HPEHEREN
BEERT 10 km FIRTEL, ZERNRRELERT 10km HREEREDLEFER
SR, it giit, B =AMBXRABEERERER 23 K, ZERIK,
AE 2 RREVWEHS; EREEBER 6K, FER 16 K, 7H 8 REMRKRAL:
MEEER 12K, BER 14K, FE3RKAREARE: £FHEHERITR, &
ER12K, BE2RREBRSHR.

R 3-5 AT B = A9 OB R £ 5 EREE RRLT RS R

(SO,. O3 FINOy) LUIRSESH (WS, THRID MEXL, ATUEHES
BERAENSBGRYKRETS TEERSN, NEEFIHERE, SO, 1 NOy
ERERRERME, 2 FUREERE 218 A0 2.29 45, TRENELFRK,
BERREFERN 114 5. NEVWEUKE, SO, ELEYUREFTHMET, £
R EREIL 31.39 ppbv, REFFFHRM 15 1%, XG5 LFSHMIERE
k. 0; ERRERS, HEKSVEERKRESTHEER, MWEEMLEN
RIEERIKEER. NO,ELFKRE R, BEERKESIE 53.57 ppbv, £K
FREBERE 1215, XTRELFESHAERE —EXER.

MEREMRE, BEREAFESHXE, XEFRFEEM0T . ZXE
i RGERAR, XA R SR E RSN PR B RK B PR R AR
HZ—; BEZFERMBERENIALK, ggyﬁiﬂ)ﬁ%%ﬁ%iﬁ% XYL HRE
SHFEM =AM FEOERERMAKR; HNEENREZERVNEA, &
FEXt 5 5 M RS SR E M R EERK R,
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iR G 2183

R3S BA=ANFESEERAASHRY RS LSH00

o F SO, 0; NOy WS T RH
(ppbv) (ppbv) (ppbv) (m/s) (C) (%)
% EE 15.94 37.86 36.58 3.19 18.11 53.04
B 2.03 39.38 23.93 4.04 13.67 41.19
g 2] 10.99 55.20 2031 0.57 27.54 79.10
EE 3.96 47.70 4.47 0.79 27.85 70.07
* 55 19.19 34.51 21.95 0.74 13.53 72.50
&g 5.30 31.50 7.52 0.91 12.94 5891
& EE 31.39 7.47 53.57 0.89 -1.22 62.27
b & 1591 21.81 16.21 1.16 -2.55 54.12
Tk EE 17.30 38.72 26.60 1.00 17.57 71.76
= Hi 7.94 33.91 11.64 1.56 12.60 60.51

352 BENEERAT PMys KSR TR ERE

# 3-6 AHTEHA=AMEXRMHEAARZHHERESHERREMET
PM,s FAABUETFHRERE. ERER, WSS KERETFRERKE
EERUIEHTHEER 0OF G &, K. £) FERGEHRALSKEES
FIRBELLARIR A 1.83. 3.97. 4.73. 4.79, &FETHREHA 4.29. LFHWER
B R H T LEXBEHREHRA RN —KF Y, AN £FERLRERK,
BESTREERE, FRTHEEONT S, NMERAZFEERENTRRTE,
WELFEERFARHE. SKEMBTFREREESERZHRULKKNES>
& EB>KFE-HES, HPE. X, REBLKBEBFHRERERL, &/ T
EENRE.

EERAT SO2 HMREBREFHEUMKALE-ER-HKE-EFF, S0~
KEZERSGEBERSOBARKRKIALZ. K B &, 558572, 441,
3.36. 2.38, SETHLLMEN 4.18, XKE=FHMAR, £ 3-5 GHTH=
AMHX FE K SEEROSEET MUK SESENET R, TUEH, F
# RS T RAXHE A NEY R FRERTRMAEMEE, FHT SO, i,
i EAZEERST SO, H BiZ & T HAZET, A FEE R TRBRIEWR
R

‘a

o
FHERAT NO, WESHEUKA AT EF-LF-HF, NOSKIEF
50

FEREGHEERAHBERRIKKAR. &K & &, 55008 743, 597, 443,
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1.64, EHFILLEN 5.64, FHRIT NH WEFTRUKICHEF>HKE>
XZ>HZF, NHSREZERASHEFERAMLERSEKICIK. &, B, &,
SN 5.56. 4.72. 4.33. 1.54, @FFHER 4.72, NO; Fl NH, I AL I8 &
BI%F SO, JEEH 3-13 AT LAE HH, NO; I NH, &Y & Bl & ALK
BAUHEFRERENE S LERER R TEERS, MREREEUAK, X3
A =AM X SE R P B EN B R RO TRER. CI4EEE
KA BKER G, BRTHFHERERTTH2-3 65, X5L4FREHHE X,

#3-6 B =fAMEE S5HERS PMys KM B T RBRENENE (pgm®)

FH K5 C° NO; NO; SO Na* NHS K Mg ca' i

BT

% 8 133 048 876 1194 090 664 083 0.7 051  31.56

W 0.68 036 534 502 074 432 044 009 020 1721

5 FE 134 028 19.09 4401 060 21.13 066 0.10 0.10 8731

W 027 0.4 257 1310 051 488 037 008 009 2201

” & 178 036 2830 312 073 1767 098 0.18 020 8131

i 064 025 474 705 064 3.18 052 009 007 17.18

% FH 410 073 1586 4635 094 1535 1.18 0.08 023  84.80

X i 143 028 3.58 810 058 325 040 004 004 17.69

FE 1.8 038 2167 3695 071 18.00 0.87 0.12 024  80.79
SEFY .,

i 078 029 3584 884 060 381 043 009 0.15 1885

3.18% _ s

®mChloride  ®mNitrite m Nitrate ®Chloride  WNitrite " Nitrate
= Sulfate = Sodium « Ammonium || ®Sulfate ® Sodium 't Ammonium |

# Potassium Magnesium © Calcium [| ™ Potassium ®Magnesium = Calcium

Pl 3-13 340 = FR DX 25 46 5 3V R UK PE B F B 4 LA A
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IR 1l e 3

B 3-14 440 7 3 = A X A RFYEE R SEHRK IR A
th¥#LE (SOR Fl NOR). METhA]LIE HFE R KT SOR #l NOR ¥ KT
RS, ULIIEEE N SO, Ml NOX M L £ & TiliE Me. SOR AXFEE
FHEM KRR, XEELHTATREIEHBARER SO, BAF R ALY
iR e AR H IS R B SR, I NOR EKBHMKBRUIE, EEK
FHRTELSYN, FFTERBTHRFMMEEAZERAMKBHE, HEKZE
WAHRHEER R, EAFT NO; AERMER.

1.0
I SOR

I NOR
0.8

e
o

SOR&NOR
S
=

0.2 4

0.0 -

W NN OFW NN W MY OFE W
# ] L %
P 3-14 3= P30 X % 4 5 i#%7% K “UF SOR 5 NOR xif L

353 BEAFERST PM.s BREEARFE

F 3-7 41T EI = MAWNIEX B8 57E KA PMas KIS P FRRBE T F35
H, ERKAFERT AW =AM XA VERRR N E R, EXFFERER
ABRBEARENAR, BHRE (H,) EL4FFERLLFHERM 104
fl, RFRFHERE 116 ff, BWRE (Huoe ) ELAFFHRKLLFHHERE 5.6
&, REFHERN 31.8 fF. LFFERENTUERKERE - THLHTE
FRBR T IR HSO, », FILUAELZH HY, RANLFEBKTEIE
FHKE, BRAYKN HORBEERRSE. BT 2T 8RN R
w, FUCEFEERBRYK S RIKERE, A 138.41 pg/m’, 3 H AARGR
WEEM, RUHEFREHEMT LS.
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R 37 WA =AW X B E 5EERS PMys KEHE TRENFIE

= Hair' Hytrong HSO,” Water content
FH 3 (nmol/im®)  (nmol/m®)  (nmol/m®) (ng/m®)
% EE 6.77 86.77 50.93 11.30
T 1.37 15.01 13.64 3.10
g 5 14.92 112.50 92.59 138.41
bEp T 7.59 53.07 38.04 20.05
® EE 27.58 171.47 126.36 7334
E 20.26 74.76 4821 9.98
& E5E 159.09 476.60 305.15 51.51
b s 15.36 85.37 4526 5.13
eI EZE 37.77 182.30 132.62 97.15
EE 13.65 66.27 42.50 13.14
3.6 AMNG

BN T EFA=AMME PM, s FKEMEFREZFET A HRIFHE,
BHR T RBBRERE, A SRS AR £ R s a i T 'R =AMt
XSBER T EekdE. FEERIWT:

OEREXEA = AWM WA EEE. 2. K. £0F PMs KENETF
B3 B SO R PMy s & BB FEKIKIEEE 1, £ 4 S/KENE T 45.2%,
HCANO; FTNH, ", SO NO; At NH, B IR R 7K T B P I 5F B A

ZUKERE R, TR TEE. HRNERRTTABX A, SEK—®
FOIRTTH 2, (5B T VA = A o b IX T e 7 P IR ALV TS B

2. EEHEULBRNES AR T REL, T8EREE LR
B Oy WREMA R TR AL, FULE R R, ML R
BHALE (SOR) mETHE=AFEY, FHEZE SO RERA

3. S0/ MR EBWREAEE . MNL A THRIME & BRH H AL,
NO;, HHEE K =AZFHHRIN L5 TAEHM HBAE, NH, HRERE
HAs4k 5 SO AL B ALAE . KFHAEETAT O IR E A M S0,.° H LK
TERE, MARENARELEMH SO HEKNEERE.

4, RBEM=AHMBXBREBRINLER S, AF 62.4%HFRER
YR, P 32.1%M BRI SRR TE BRI . B = A e X AR MR )
BT RL. bt b, e Tl =M M. WHBE NOo,
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IR KZEHEEAE

FEREHAZ NH; 1 HNO; FI35H R B

5. EE T4 R RV = A M KA TR ERE R R

. SREBREBARLHE,

6. FIFH SRS B =AM PMy s AR S 700 % Bkt
T, BRRVES. RENLSHT=AMIIE B 2R G FE RN
KB A B R L G RIS S K R R A, TES L ES
Wi 2R RV JL 78 S80S A5 U DA R R SR S A . etk B L R4 P
'ﬁﬁﬁmﬁﬁ%ﬁﬁhmw&mzﬁwwgm%%ﬁﬁzE*

. BBERATERREN B TRER, BEE R TR IEREEN
198 THE RS FOHMEE, BT S0, Mk, MALEEHERAT S0,
HMRER T RIS, SHAREEFRT TRIMRBKER.

8. BERS FRARBE TR, LAT RN N E ST b=/ 5%,
KEERMTASMKEN HSO , AM=AETESMH HY, ANASTERAS
BHESMKEE, RS H R RS,
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WHRKEZM 248X

SFUE 350 = AN i X BRI SOR BE ORI 5 76 T

4.1 TR K B R B T LR E

4.1.1 SRR BE B AL HHIE

Pl 4-1- P 4-4 R TSI = i 1 e X SO0 00 390 ) 45 AR S A B AR LS SR A A
BB A BEAE (NPF) R A LI BRAOR B H A4S HERA &, TR R4k
B E R EM (non-NPF) RYRLHIES B4 B R M H A L. NPF Jid, ks
BRSO BOR A TIN5 3 2B E5, B E 7:00 £ 4 TF 46 L7+,
—HFEM KRG, XEERFNBRYEREFERNERENRE. ]
FRFREMERK (26797 #lem’), KFERIEER/IN2298 #em®). B F H & A
B, 1E 8:00 A /5 I WE(E , F AT e () S, 76 13:00 B G HBLI4ME,
XA M TRE A AR, BERE, SRR REM LN MRE,
MAHFFWH BN, EFRERR, BERNES, HEIEFIIEF &8
$Ro MARKENBRMEREM (non-NPF) HIMMN B, B ZAEA KSR
BREARERN, XHIPBRESESTRYIE non-NPF it BEEIREE B BAL
F NPF RAMB . 7£ NPF RAER B, BEBEEBREIRE T =R b
BER SO, RERA®, XRNT HEAEFETHNFHRBRSOBRERE, A
05 BB AR S R M BOR B FH 2224, T #E non-NPF I BB S S B
RYDEOR ) SR T BB SR RIES, X6 R b T RS S BRME X
ARARE, BERBRRERIEK, REYKEZREES. FEE NPF &
BRERESTRDE W E MR RIGE, 52 HTREESTRMKR, THH
TR KT E — e (8], DR AR AR J0RE A0 6 S B 0 1 DA ] b5
BTG LA N )

BIRE SR BRDENRIAR NPF b BAR LB S M RESRE S
BAMHFE, — TR H TRERSBRIRER K, NASZERE KN
M, 53— 7 T B = A X — RHEBR N, RSB TR F ER SR
SEMERRIRE . Wu SV R R AR E A RS BRI R BE R R A B
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WRAKFEELZMR

4.1.2 MR VEKE F T ELAFE

A BRI (9 SR FE T LA IR S B BRI Y SR IR B0 45 B, BRI IR RLAE K
NSRS RS P G BARE. AT EHEMK TR
SR X BRSO, BRATE BRI AR B 2 B G AR (5-20 nm);
ZAREE(20-50 nm. 50-100 nm); FAEREZA (100-200 nm. 200-500 nm. 500-1000
nm) PARHURL FHEZS (1000-10000 nm) . X 4-1 s AR =AHX AR
9 WU 2 B A R RLAZ 6 B S A BRI 0K B /N P 391 - B R B R 30 = £
00X L A 16 5-10000nm 143 75 73 S5 KA T35 40K BE A 12838 #em’. 3
K (15516 #/em® ) BB B A, RN EZE (15488 #em’), EZE (12510
#/om’) FI4ZE (7966 #/cm’) o W fE BB 1E (104907 #/cm’ ) FIBKAE (327 #em®)
HHBEREZE.

AT RIKAZTEESRE, E = A X KB R AR S BRI BOR B 5
AETH S S BRBIRER 60.7%, HIRARMBHES (252%) MEEZRES

(14.1%). BERESBRMEEENEZHORER S, ERESNEERFEN
HERE, RREESKERS. BTHEDERFHIRRERSRES,
WESME B AERT, FHRYA R 5-20nm RiiE T A BB
W i E ESTERE . 20-50 nm AT 50-100 nm FIRLE BRI X AR A
R Bk E TTRIEE R B A =FWN 50% K4, K 20-50 nm KB FTRE
Y53 59%, BE B T HAL = AN B AR ERA BRI EUR E 1121 75%5EH 7 100-200
nm iz B, FHIKH 200-500 nm (23%), 500-1000 nm Fif2 B BRI (5 AR
AN 2%. HBEESBHMERZNERERRTRER TRERENEGSR
KE®E (UWAEER), HEEPHRRAEERSRERT, REESHRY)
BRkELSRNF R, RREEEEREARLES, BEFENHE, WKMT
SRR I i R (18 B B RS BRI IR IR T K E.
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W HRREFHLFAMIRX

F 4-1 | = AR £ E R FBRR AT B R E SR Qh 9, B47: #om’)

Gtol B
Z HARKR & ERES REES
Ol S
(nm)  5-20 | 20-50 50-100 20-100 | 100-200 200-500 500-1000 100-1000 | 5-10000
SEE 2376 | 4575 4609 9184 3190 695 39 3924 15488
B/ME 2.1 64 149 259 103 50 1.8 299 1987
" B 52405 | 26224 35921 57582 | 14606 3252 316 16156 | 94654
FrAEZ 5893 | 3869 3199 5930 | 2380 583 42 2935 11143
EYE 2238 | 3968 3626 7594 | 1978 532 177 2687 12510
g m/ME 10 35 43 78 61 20 1.4 106 327
BOK{E 46504 | 50118 28726 57830 | 12003 2018 837 13547 | 104907
FRAEZE 5310 | 5766 3488 8148 1516 426 190 1957 12670
FHME 1829 | 5390 3821 9211 2833 1560 79 4472 15516
* B/AME 58 | 526 337 1466 130 79 2.1 357 3200
B 37997 | 24858 10876 28555 | 9083 5674 439 13935 | 50498
FRHEE 3868 | 4660 2208 5584 1802 1398 95 3067 7881
EEME 814 | 2515 2711 5226 1603 318 3 1924 7966
& ®m/ME 16 235 369 689 163 20 0.4 183 1948
T BK{H 13768 | 19284 9359 23757 | 5535 2782 393 8322 34219
FRAEZE 1250 | 1659 1463 2544 1136 344 30 1423 3753
i FHE 1817 | 4082 3716 7798 | 2421 751 70 3242 12838

SE ML E S ST TS RAR (R 4-2), B = At X RSB,
BEEZAESBR Y BRER T IERMLE R, ARETEM, K6, FEUX
[FRE il G LT Pitsburgh, XUt BRAEHIRMWERFMHRE, B
BT BAN EEBEHR, REZESTRMEIRE SR TR S X
RESHBIRER T ZHMILR, RRESHBRYEIRE LR T M. LR
BrEa, VLB B = A XA S KR 7, KBRS B BE B A R

SBRENTAZHAE .
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W RK G 2 A S

F 42 B S AWM DB H A ST RN R (REREE. ZRES. BRES) BRERE R #om’)

Sites Types Season Nucleation mode Aitken mode Accumulation mode Reference
5-20 nm 20-100 nm 100-1000 nm
Spring 2376 9184 3924
Summer 2238 7594 2687
Rural/
YRD Coastal Autumn 1829 9211 4472 AT
winter 814 5226 1924
Annual average 1817 7798 3242
Lanzhou Urban Summer 2006 4540* 3550 501 Gao et al., 201111
Beijing Urban Jul.-Sept. 2008 434* 3978 1854 Gao et al., 20123
_ Summer 2006 7374* 2927 481 (235]
Jinan Urban Winter 2006 3839* 11751 1817 Gao et al. 2007
Taicang Urban Summer 2005 15521* 12990 1744 Gao et al., 2009
Nanjing Urban 11581 7543 Kang 2013
Shangdianzi Rural May 2008-Aug. 2009 ( 3_326513111) (25:411)30011]:1) 3470 Shen et al., 201177
Yuf: Rural 2006 2000 9000 5000 Yo (58
a ur. ue et al., 2009
(3-20 nm)
Wali 570 1060 430 o (259]
aliguan Rural Sept. 2005-May 2007 (12-21 nm) (21-95 nm) (95-570 nm) Kivekas et al., 2009
Pittsburgh Rural Jul. 2001-Jul. 2002 4100* 10100 2188 Stanier et al., 2004°%

*FRAETLE Y 10-200m.
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WAR K 5 Arig 3

4.2 RN BN 5 T HHE

B 4-5 45t 7 ST = Ay ot DX 00 00 385 ) KRB R BOR BE L2 A B, AR
hE W, FRNKENTRYEORE A EETEINLS, Hi =AM X0
MiaEE . EFNKFMBRDMRE A3 2 0546, B HIIEZRE
A, BAESHI7E 90 nm. 55 nm. 40 nm PG HI, MAFELENES i, HGE
AL T AR, 4 HU4E 60 nm A1 80 nm BHT, 33— 8 9 3T = f b X K
AEABREERERBETRY &5 ERRERKTRELE B TES PR
R B AR [, ARSI BRI KB E KR 2EE, w
KFEE T BRI R/, X RE S KERRBESFRMBRERAE X, A
Bl Al LA tHAKZE 110 nm-1000 nm 78 [l A SR BOKRBE i i, X sk 5 BOHTBkL
YA Ja T K BRI RO RE W B8, BORL I KRR R R85

18000
= spring

L summer
4 autumn

15000

v winter

=
S
E

6000 <

dn/dl .ugml).[t‘m'))
H
E

3000

L) vy
10 100 1000 10000

Diameter/inm

FE 4-5 38T = 0 R0 M D 7D 28 15 BRI OO R 43 1 P
4.3 e LS R IR 35 R B R

HRRY, R RE R Y mBRYEOR R F ENSZREDY, KRR
AT 5 e RN T KSR (R B0 BE (R, 8 BURi S B0K FE (TPNC, total
particle number concentration, 5-10000 nm ) 1R [a] — [&] 22 il ol R ECEE P ( E4-6) ,
B AR EARR BRI A RIBIRE, 4 EARBIKE RIE0-10000 #/cm?),
B EARBEEEIRE (550000 #/cm®) . HK360° K a5 H364, MR
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Ui K 2 X

#10°, BB KEREZREATGE . mE4-efR, Wl E*KZF
FEERITHEER, MEBMATBRITHICRMABER. SR, X
BRI B B 8 TR AL KU, 7T 6 O BE (104907 #/em®) R AT A R
(176°) B, 33 1 B B B4R 7 b b 3 o2 e 3] = £ W 3t X ¥ J0RSE 490 807K Z TR
Fke MARBIKERE, LFToRMEKE %S T0-10000 #/em’JEE P (L
KI%) , i HoAth 245 ) 3= E4E b T10000-20000 #/em*EHEA (REXIE) .

Spring Summer

Autumn Winter

B 4-6 BT = fiy 3 1 X R0 500 30 1] PO 2 0 B 4 OO E IR BB R
R th 2 B A SR M BOR BE R R A EER FEZ PO, BT EIEMTK
AT ROE R, ARHE FOAS KGR 7 3887 : WS<2 m/s, 4 m/s >WS>2 m/s, WS4
m/se MEA-TATLUE th, 4RSS, SR e SOk B am: 12434 #/cm’
(WS<2 m/s) . 13880 #/cm® (4 m/s >WS>2 m/s) . 16949 #/cm’(WS>4 m/s). K4
WA IO BRI B0 FE th £ B A RS (0 38 i i S s 39, 3 T R ple T XU R K,
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W R Rl 2R AR

PR T3, B BRI A RS A 5 AR X IR B R AP B A KGR
R, FREAMBURBATURY (80K B 2 U B RK, X7 B T RUE A,
ARTRABRAHT B FARRET, BROOREFHBAR, 2X0E
& F2 m/s, dN/dLogDp{E7E50 nm, Ffi#& KUK )42 & B4 m/sLA LAY, We{H FT7E
P BB E/NHRZE (15 nm) o XATRER B FERRER KRB
TR R, B IRELAORE AR F SRR T A B R R BRI .

" WS Ims
® dme WS- 2mis

: \. " WS dms
[}

AN ogDp fem’ )

P 4-7 BT = g e O 00 00 30 ) A ) IR 25 A SR A B0 I3 R A 93 A e

4.4 KEBRERT BRI PR E XN

AR R A = A X SRR R S I EBR R —, AT #
SEARRESERERE, ROFA HYSPLIT S +HE THMMHREMEH 3 K
(72h) SIHNIE, SREH PR A PR Uz pr i R b X 2 46 B LA S
A 0 B2 S AT AT o TR ST A3 1) B U2 LA B A 2R I x5
KRR AT FFE Y 2 T Bl 4-8 .

SRk, SEARAA=R: D T KEERESE (EF. KFENLE
i cluster 1) , XK A EMIEREHE, REEAFIE, L3354, HREEEX,
BG4S s R A =AM, EEFMLAFE S 2) REsdiE
HHESHEH (2 cluster 3, #KZ cluster 2), XX ARE T Hlgalgng, 2idH)
BEDAEI = AMX, KRR i X, 3) kB rEAA I AR
S (FZ cluster 2, % cluster 1, 2, %47 cluster 2), XKS ALk

74



AR R W A AR

M, Higmgged i Bis R E X .

Zitgrit, 3 3 KRR AR H A E R AR BN, T8 14903
#lem’, ALK S AR TAET. KFENLFH cluster 1) BRI EIR
BAK, T4 11462 #em’, XA[RERS 3 RAMEMEEREE, [HAMEshE
AR, U R B B, R8T A S K B i 3 i 1 [X RIS ReRe &
R 2 T = AN X o T b B B A R S B ORI 72 20 A1 25 0
WA, WEEIERIRBE, FFEEL 45 nm, HFE 30 nm, £ZF/E 50 nm.
17 P AP AR Al 4 B S A A ) SRR 0 A AE SE KR AL E (100 nm PR B
Wefl, XA RER BT IXE A migaE, SHEsEEER, FHaed— &%
SRl R AR, TR VR GE, WiRKEMRTSE, BARRN
TR SE A 5 B S A A BE S = A X

55 Spring

Summer

BEEEN

L magitube {fleg | 1 sgitushe (e ¥

P 4-8 BTT = F 3tk DX 0L 00 30 0 S () 2595 5 HE S S 320 B 0032 o e 2 ) FBURLAD L 442 A )
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IR R 2R

4.5 FMAIME AL B R B HCRHE 24T

PR A B (New particle Formation event, NPF) 2B 5Bk M1 500K
RRUHEEEMN, Bal—REARERTERAE - RFRBRE T ok
MAEREM, B BERESTRYBIRERABRR, BFEHm—Bete, 2
Ja & A BRI K G F2MO  BRRIA B4 4 % 22 (Formation Rate, FR)FIETRI#)
HI3B K% #(Growth Rate, GR)R/EF AINPFHA M EES K. N T AR MIHEIX
R, BAVEWPSEARE G B RAER 17 B 8 E A8 8, M TT R EE 5 B ]
SRR 0O R

FEIE, EF 26 KRKAETHBRYEREN (NPF), HPES T X,
BZTR, KFE6R, £F 6 K, A5 AWME K 22%, ZEEFEETERA
fndb s (42.7%), BRIL=AMMIX (26%) FI2EM (33%) ZLH10%108 gy
NPF B4 A R AR A ORI B A i S A K 28 LA B AR RS BLIY O SO,
BEFT RS RS iHRE AR S TR K -5 %% 2 (Formation Rate, FR;.5,)
N 6.6 #/(cm*s), AR 0.3 #/(cm®s), BAMEA 31.9 #/(cm’s), EEEZAB
RV 238 458 #(Growth Rate, GRs20) 4 5.3 nm/h, RAKME KN 2.3 nm/h, H|K
69 12.7 nm/h. ZERE = f 90 Hb X 550R ) 19 B A% 3 AR T b 5T (3.3-81.4
#/(cm’s))1"*!, Akrotiri(13 #/(cm>-s)) P RINEAE 2 K (30-70 #/(cm®s))" 2 V&, & T
I7IN(2.4-4.0 #/(cm’-s))!' Y, B 4-9 T IRAEAKZE NI 18] — A s B A5 BRI A A
RBKREM Q0 A 12 H) , AEFHRILEE, BESESHEREIKE MR
E7: 00 EAFFIEM, EEFRIEAEN—MER, FRBREZBESNBIREE
HERFEBE O; & SO, KIE{E, 05 K SO, HI/INI T 309Kk BE 55k 25 A A5 ) TR 4
ARIFHMRME (R=0.62 71 0.64) , HHERH O3 A SO, KK AH M T kLS %
BABRYMERS. 10 A 12 B 7 A 31 HRBRMHEKER (GRs.,) HHE
BT HAh NPF BB CKF 10 nm/b) , X8 E B R f T XM KSR REC

(coagulation sink) B & & T HAK B (6.5x10* /s 1 6.3x10* /s), EHIREIEIC
AT RS B A BRADRE R K KPT . MR AT LB A ST 5
B IEFE (1.0 #/(cm’s)) B BAL T HABZEH GBEF 10.0 #/(cm’s). BZE 9.0 #/(cm’'s)-
KZE 5.2 #/(cm>s)), XEBERBETAEMEULBIKK 0; F SO, E
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WARKZE LR

FRA4A-3 T = A ORI AR ET B B (NPF) MRS HR

(FRs20+ GRs.20+ T+ RH. SO;. O3)

GRs.20 FRs2p T RH O3 SO,

DR amm)y @em’s) (C) (%) (ppbv) (ppby)
2011-4-1 2.9 33 54 527 472 24
2011-4-2 4.1 8.0 69 409 439 23
2011-4-4 3.7 24 147 347 609 157
_ 2011-4-8 4.7 4.8 155 376 452 29
spring
2011-4-9 5.8 17.2 186 222 398 254
2011-4-12 7.2 319 17.1 37.1 443 270
2011-4-20 3.1 2.6 22.1 334 416 412
Avg. 4.5 10.0 143 369 461 167
2011-7-5 9.5 22.7 306 517 866 184
2011-7-9 2.7 53 316 412 590 49
2011-7-14 32 17.6 314 592 503 8.0
2011-7-16 40 3.0 327 548 858  11.0
summer
2011-7-21 78 39 303 702 375 197
2011-7-23 83 54 323 664 937 270
2011-7-31 127 52 319 600 504 116
Avg. 7.7 9.0 315 576 662 144
2011-10-12 103 4.8 208 576 554 593
2011-10-15 4.6 33 169 439 328 3.1
2011-10-16 4.6 8.1 194 456 335 72
autumn  2011-10-17 3.0 5.4 148 613 302 09
2011-10-25 3.8 6.6 127 429 256 52
2011-11-07 3.9 2.8 128 507 405 16
Avg. 5.0 52 162 503 363 129
2011-12-12 2.3 2.6 50 508 254 08
2011-12-14 2.5 0.3 0.7 493 275 15
2011-12-16 4.6 0.9 34 417 218 43
winter  2011-12-22 3.9 0.9 08 447 286 55
2011-12-24 4.1 0.8 1.1 438 266 8.
2012-1-4 3.4 0.7 3.1 505 264 68

Avg. 3.5 1.0 -0.1 478 27.1 5.5
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W FR R AT

ant (pplw )

Lo pullut
s

s = Ril =

[l ey
1) WU A0 S T S|

B:00  10:00  12:00 1400 1600 K00 20:00
Time Time

Pl 4-9 TR = £ I 1t DCBK 3% S RO BRI A AR B S EE B (2011/10/12)

AW SR BT = A MHX EE 7 A 16 H9 S — RIRR TR+ R &
WREMGHT O, WE 4-10 FroR, BEZESBRYEOREE 12:00 £HFF
SHE RN, JFHLL 4 nm/h BRI KOEE (GRsa) FFEEKKE 14:30.
BRI LAE H, SO 5T Bk B Bl Bk 45 AR A BURLA B0k B (018 % 1T B 3%
. XULHAZE NPF $HFeh, Jeib 2 B0 A K B < (K 354 FAZ it A R e it
ASRBRYMMEENTREE. FARGEESTE S, ZUKEARRENTE
RRA K INth A EER TR,

Diameter (nm)

3

P8 4-10 37 = £ i i X BT 2B g BB Ok 0 AE B E (2011/7/11) BURAAE sk K e e
DS A ESR ¥ € i S L
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R KZH LA

4.6 FEIR S Fet- TRRWER EIFER L

4.61 FRMMEXS TRRDRRE RN BB

AT HEER = ARHX E B R ESERBREIRE LR RS
FEHRER, RINDHFAR T EN=AMNEX ARZNEESBERATHAY
(IBOR B B R AR 3 AR AE o

RA44FHE T HEEZNERESHEFHRRITARAREBRERENS T EGR HER
4-4 TTHI, B =AM I FETIRALAFTERIT 5 nm<D,<20 nm. 20
nm<D,<50 nm. 50 nm<D,<100 nm =AM BRIZ BB E U BAK T HER
., T 100 nm<D,<200 nm. 200 nm<D,<500 nm. 500 nm<D;<1000 nm =8 K
PR BRAABRBURE N R THERAN . HpRSREE (5-20 nm) Fk
PBIKEFERITEES. KE EENLEDHEFER M 6 15, 5.7 5,
23 %M1 23 f%5. WA 4-11 R, BERS[EMET, 5-100 nm Rifz B BRI B
EEAUETEERST, MEEKXST 100 nm<D,<500 nm BUFUR MIE0IK B Bt
HESHERE, FURKEXMHAREANAE. XAE-EBE LHHAT 100
nm<D,<500 nm FL{EERS BB = AMBX FERSMHRIER PR T X
SHYER, T 5 nm<D,<20 nm. 20 nm<D,<50 nm. 50 nm<D,<100 nm FHBHS
VR RCBOR B I RS R R B B B R S KSR AR T AR T I E RS 7 1L

% 4-4 FF =AM & B R RS RZ G BEORE ST (n 39, A6 #em)

Gt Bk
54 Bz # FREE BRES
" wE #s
(nm)  5-20 | 20-50 50-100 20-100 | 100-200 200-500 500-1000 100-1000 | 5-10000
EHE 581 | 3312 4072 7384 | 3725 791 47 4563 12531
¥ & 3487 | 5418 5771 11189 | 1674 312 13 2000 16678
EE 1346 | 2604 3043 5647 | 2557 622 267 3446 10451
2 WEE 3084 | 4398 4153 8551 1105 248 56 1410 13046
BE 546 | 3106 3234 6340 | 4345 2563 145 7153 14049
# W& 3096 | 7175 4520 11695 | 1721 589 17 2327 17120
% e ] 507 | 2383 2508 4891 2007 453 19 2779 7882
h WE 1153 | 3187 2905 6092 919 149 1 1069 8314
e EE 819 | 3114 3140 6254 2761 1115 154 4030 11105
R A 2374 | 4584 4118 8702 1809 329 18 2156 13235
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Wi R 2GR X

] A00-1000nm
1O — e ——n [ 1200-500nm
| = [Tl : 1 100-200nm
Lol e | A T 150-1000m
0.8 - ' = j T 120-50nm
! [ 15-20nm
R i
R 0.6 L] |
B, |
b
ﬂ b :I—
a2l |
0.0 11— T . . : — r—
B I OEE AN %W WS BW WS
¥ - #® %

& 4-11 ARSI BRI T 58042 9 BB A R3Ok B2 1 2 EL R 1 L
WA 4-12 fin, BEAFEHERIT, KOUEBBIRBORR 71 0 ELRFE
AL, RN R B F R ST BN BB A B 2R 12 KRR TT R ),
TSRS TR i 28 AW (8 IAAE 30 nm BT, 1T %4 R (A HBL 100 nm
BRHEC, 3 Ut ] AR MBI A SR AR B R IR SR 0ot 8 9 0 112 BTk v T €
GRS B .

dN/dLogDp

N o
1000 10000

T
10 100
Diameter (nm)

P 4-12 S48 RS R ST BRI 2 A
4.6.2 REFWAMER STRRLYE KA G154

HBRL Y R — BOR AR R A (HRAZE RN A HAkA
AR KR KE, FEMRMAREA 5 KR AR REEFERSIT,
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W AR A 2 A iR 3

Heh 4 REDEES (79, 716, 721, 723), 1 KEAELELFE (1214).

M 4-5 MELERF W, BEREFHERBRY QG CERER, HFEK
R EEEZEROFE, ANE 414 PER, FEABRRESFTRYEK
FETE SR BORE IO LB (26%) BTEER (11%), XHHAFERKK
RIS A B R TR i L R 3 A 1 A K K O BUR BEA TR (Gao
et al., 2009; Kang et al., 2013), i & £ 8RR AR FRA ) FE £ W E— e FLRE B4l
il T BRI A A R R A R B BEFE I v R AN 3 4 R AR AEAE 12:00 /£
HFREIIN, X ] B8R BT IEA- 0 B LA R BGR OKBRAE ST, AR T RE ¥

&JSSZO

24-5 HEIR] = F b DL 3 16 35 G AV R U RSB AE mCEEE (NPF) XS ¥

(FRs.20- GRsag» RH. SO,. 03) #MEE

}E% GRs.20 FRs.20 RH O; SO,
(nm/h) (#/(cm™s)) (%) (ppbv) (ppbv)

5 5.06 3.4 56.4 60.7 14.0

b=t 5.02 73 46.1 41.1 123

1 WS ms Wikt

NNRR g e A TEEERGAN L S e,

il /A 4
B ™ o ke T, W =15 I it | ] S L

(00 600 e 1500 &00 bl 100 1800

000 b 100 1R800 800 GO0 1100 IK:06
" 16 P
Clear davy .lnI) 011

"
I days

B 4-14 BRI G K(7/15 19:00 - 7/17 23:00) FjEiEA(7/12 0:00 - 7/13 23:00) &5 R4
(SO,, 05, NO,). EEKEMBE T(SO, ", NHy', and NO; ). SOR. NOR. BURAEIRE K<

REE GRE. BE. KERGEMAERZ) A ELE
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WARKFB L EAIR

4.7 XM E

A BT EI = A X K SRR T AR A & B AR, B
5T U R UL B SRS BRSOk B AR 4 AR R, R R T AR
T AR A R B BRI KRR . ERERWT:

1. E T = A 9 X U0 A 19 5-10000 nm HE43 1 Rl PSSR F S B0R N
12838 #em®, EFHIRERE, LFRIK. ARFRRZEERE, RN =MA#Hk
X SR RS TR A SR E B, A5 E SBRYERER 60.7%,
HCAREEE (25.2%) MEBEZES (14.1%). BERESBRNYERSM
ERRE RS, ERESNEAERANKEER, HRESKEER.

2 B = Y X 00 00 2 D)k 445 A AR A R B AR AS TR ) E B BRI ) A A
i (NPF) KA RMLIIET BBOR B B AR IE R &, TR R A BRRL A A4
4 (non-NPF) LI BB A B &4 H AR 4L, XU NPF S RRE s
B RBEATR YRS H 2 H W B0,

3 AR EAKE Y E B BT R R, TTEFMATET L RARRE X,
SARRAL, g KU ORI O K B e T RIE XU . R R A AR AR A B AR
SEBAEERERSRY, FEIRN 14903 #em®, TALEKIEE A< EAK
BRBORERAR, FR 11462 #em®. A6HFKEEBAL A0S F KBR AR 2
SrAR SN B Sy A, VIS FE AR, T R O AR B AR S AR TR
T KRAAIE (100 nm PHE) HIEE.

4. TEMIAE, £F 26 RRET M EREMS (NPF), HhHEE 7
K, BZETR, KB 6K, £F6 K, 4 5HEMMRTIAI 22%. BESEZBEEHH
Y E I BRAZEZE R 6.6 #/(cm>s), BRAKIEA 0.3 #/(cm’s), B KA AN 31.9 #/(cm’s),
BRI T A KE A 5.3 nm/h, BRAK(ER 2.3 nm/h, BREA 12.7 nm/h.

5. 100 nm<D,<500 nm FL % BB BAE 3 = A X F 58 R ARITE B2
iR T REM/ER, T 5 nm<D,<20 nm, 20 nm<D,<50 nm. 50 nm<D,<100 nm
SR S S B O PR 1 50 P 3 38 R SR D UFR B A R 8 A R 1 FO A2 A
&,
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WRKFEH AR

SBEE FEA=AMX e NS BRI

B SO P B 37 e G 1 VAR AT T B = A X PMs KRB T B
ARREBRDOERES, AEWRBEIGEENMER, NEFRRIETF R
ST TS MR A REHT TR .

5.1 BRRIRE I SRR B

AU AN R 2011 FHEFMEE, P EFERNNFEXR.
2ANEE R 2 MR RFRE, BEIRE S NFE R 3 AMEERRA . K0T
RN T 5724 ATk, HhHERFERIMT 2366 AT, REZERS
BT 988 N EATR, HFIEIE R 403 NBFRL, FEBHERT 518 BB
FESh. EREEE PMys R P FEKAMBE TRERE . ASBREIKREULAR
FIRLAZ 76 B A SR A BOR B 51 T3 5-1 .

4 LB RAE B BUR SRR IIE] PM, s RT3 B SRR R 2 R

(131 pg/m®) >EE X (81 pgm®) >HEFR (27 pgm’), WERMEER PMy s
FERESE T REZSFREFFER PMys AREETS pg/m’). PMyshEE
KBMEEF (NOy™. SO NHy) BERKFHREREL SERFRADER
{9 4-5 1%, EHERMWAROKRER, BEEREBKEESTE PMs R
FIEBHEFE, 25 PMys 8 53.1%, mTEER (352%) MPLR (7.8%),
XRAEERERT RS THER, TIPERUAER T XS THERR
HISER. SO, M O IREHEEZEERUER THEBERIVAR, NO, WAHE
EREE, BERMYERKEEIL. 5-10000 nm R TEE 0 FHY 2 BORE
BRI T NEE R (15335 #/m’>1E i K (13588 #/m*)>¥W AR K (6456 #/m’), EER
BRI S BRI BOR B, X T AR B FIE R FTBRL AE FE R AR R
wm, SERESESTRMBURER LT T Z RS MR RSS2
EEBERBRERS, WARSTRERSTROERES HRS. ZBRES
FEB = A X RS BRI BOR B P 5 SHAL ARRSR T G BB
W 60%LA 1.

83



LR R 22 AR 3

R S5-1 WN=AMMXEFNRFLFRREMEARARIEMS T EEBURRSERER

i 2 . Sum proportion Nucleation mode  Aitken mode  Accumulation mode
PM, 5 NO; SO, NH, ] SO, (o NO,

Date Episode in PMy 5 (5-20 nm) (20-100 nm) (100-1000 nm)

, (hgm’)  (ugm’)  (ng/m’)  (ng/m’) (%) (ppbv) ~ (ppbv) ~ (ppbv) (#em’) (%) (#em’) (%)  (#em®) (%)
04/14 HF 183 449 35.0 25.0 57.31 20 36 28 621 5.98 5359 51.6 4405 42.42
04/17 Clear 15 0.8 2.7 0.9 29.33 7 26 9 2566  25.02 6338 6181 1350 13.17
04/20 HF 101 3.8 15.2 9.9 28.55 34 38 35 1968 7.03 19745 70.53 6283 22.44
04/23 Clear 52 1.5 3.9 39 17.88 2 40 24 794 _ 8.38 6682 70.57 1991 21.03
. 04/25 HF 47 11.4 8.9 11.1 66.75 31 13 42 589 4.25 9424  68.00 3843 27.73
Spring 04/28 HF 69 9.9 12.5 6.8 42.29 19 65 33 110 1.09 7123 70.52 2865 28.36
04/29 HF 78 18.4 18.0 10.9 60.59 20 48 36 16 0.16 6324  62.71 3743 37.12
04/30 dust 162 3.8 5.8 3.7 8.21 4 31 26 95 1.84 3334 6435 1740 33.59
05/01  After dust 100 22 35 1.6 ) 7.29 5 29 29 91 1.18 6163 79.42 1488 19.18
05/02 HF 62 7.7 11.4 6.5 41.12 18 33 40 51 0.42 8645  70.18 3620 29.39
07/05 HF 67 - 6 18.4 8.8 49.55 14 65 30 6614 17.24 25850 67.39 5884 15.34
07/07 HF 91 14.9 26.8 13.6 60.77 13 42 23 973 9.18 6499  61.32 3107 2931
07/11 HF 51 6 13.3 6.7 50.98 4 36 9 4045 28.06 8262 57.31 2105 14.61
07/12 Clear 30 1.8 6.5 29 37.33 7 30 8 4033  24.18 10749 64.44 1898 11.38

stmmet 07/13 Clear 14 1.4 4.1 1.9 52.86 5 34 3 1581 16.39 7211 74.77 852 8.83
07/14 Clear 23 1.7 5.1 2.1 38.70 6 38 6 8836 4036 10190 46.54 2867 13.10
07/16 HF 103 15.7 33.1 16.1 63.01 6 73 9 1610 19.13 4212 50.05 2577 30.62
07/17 HF 37 24 14.7 6.4 63.51 9 45 20 3161 25.83 6181  50.51 2868 23.44

11 days HF 81 12.8 18.8 11.1 53.13 17 45 28 1796 10.76 9784  61.83 3754 27.34 i

Mean 5 days Clear 27 L5 45 23 3522 6 34 10 3562 22.87 8234 63.63 1792 13.50
2 days Dust 131 3.0 4.7 2.6 1.75 5 30 27 93 1.51 4749  71.89 1614 26.38
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W R R AR X

5.2 B NRLSRAE A 18] SR Pk 5 4

S A R A B = A X BRI LR A RS EEREZ —,
FAFIAH HYSPLIT BAGHE T IR A EHE 3 K (72h) KL, REH
SR KR M 1) 5 — KK T8 T | 5-1 .

ME AT H, 370 = A i X 7E 5 50N R AE 3 ) 35 4 A A6 i < s

(B 5-1 PABEEERRR) —BAEMESRE, BREERC, HERAETM
R, 220 U B X DA S L AR 8 PR TS B LA T, 1 KBTS e BSRRE
BERMAAEERBIHMATR, BAREE—RE0E, [HABIEELEIR,
SRR BB R4 A 30 H 12:00 Z G RAERRET — R ERDERAR,
MODIS & KA BR8N b E LB EILR Y BXIE, BTN
BT R EA = AP X P R R AR EMAR G, L0 5T R XA,
5 BNA T = AHX .

Latitude (deg N)
H

Haze-fog
Phust
—— Clear

b L 1 i L 1 i
1 0% "o 1"s 120 125 130 135
Longitude (deg E)

0430701 Y

o

P 5-1 BT = A X B BURE SRR A 8] 5 HE 3 RS
B s R G b2 RS R MODIS B A

_.‘:6'
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R KFE G A8

53 BEANRSRENTERBGIRAXS KRG TRNERARE

531 EFEFNSHRTERD IR EN

HEZ oW ETRAERRERS, RETRMNEMUEEE, HREEE
EA K9 Fh: HEUKL (mineral particle). E#BiRL (K-rich particle) & #y/8&
Wik (Na/Mg-rich particle). 4 /B/ K KB (metal/fly ash particle). 45 R0k

(CaS04/Ca(NOs);particle) EHBRL (S-rich particle) . AR (soot particle).
AHHUBURL (organic matter particle) FI#E BRI (NaCl particle). FURi45 KR
T B B T AE R — NTR T b B 60% LA L R R 2 SR i e L AA = TR P R o
FE K2 505 T S I0RE A Sk T LA I B0k A B T30 A0 Bl 4 Sk sE Y. BT
FER. FRMIHE. U RARRERBRYNRIESER 5-2 FHMHK,
IX e BT DAE BHERAT S 4 A B 7 T UAT = AR U b IX SS0R A ) 2 AL A R R IR

B BEERA BR KPR ARY, FERSAE. & BeR, FEX
TERIREA T, ELRE IR T B HUSRLR B AR 5% . LRI 2R
BREH AN . R B ) AR 5 R HE R IO 0N, R AR ROUHE A B AL FE R
E-TENANAS, TETEARMNE, ERSPRREENEREER, W
BRRLRE R 1 um LT, RSP EENEEEK, FEABRRHE, KR
A BN,

FER EA AR, FETENEE. B 5. BE Ryt
B&AE-EARKNE, MRUTEFERA. 8. PENRMNEE. &REM
F R BERTY, £ B IR T B BBURLA & 4R A 3 A HUBURL £ Z R N ALK
HRAAARUER, EES5HEPNES.
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AR R 18 b 22 A8 3

3R 5-2 BT = iy i 3t O LI 3 1) A =) K B TR MO B H BIATAE . FEBRAR sl e E SRR

Bry¥k  EER

n = BT -

o a MRS L. BE, KAURLVERAEG. B WEELRZHILEEARAEMEAGL. EEmE. BRES. KEII
VHBkL  Si, Al Ca .

P 2 A WTR

HEER KS.Si RHUNFR AR R R R A

k=4

BOVEEL NaoS R R RIS LR 4 2 AR

A Mg

&g/ Zn,Fe,S &J&:Fe,0;. MnO,. ZnO. PbO &

KHEBH SiALFe &3 TERRIREE R BT RA A TAT LA

ERBHR  Ca S, Si  HURMBEISRIE F AR RTOMMRSS RS, SUCSSIRI LT

EWBR S, K.Si MERESE, RBTZEEKER SR SO, NOL HFilT — IR FE AL A R L
MAEBHK  C,0,S  AREREMRMEPRBUNLECE T E E AR B8 PUBHL W R B A M R R

HHBR  C,0,Si  BMERHNI HH HLBkL W B B A A AR

BHFHK.  Na, Cl L5 AR R SR SR #gE CHhigslmg)
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WRRERT 2B

532 BEFRBREFRBRARSE

5 58 JOURL A VR AR AS 1T LA B 38 B R4 B S U AR VA ORI D B AR 3K
RIS AR AEILEN BT R, BEEERSIRMEEU KRS
RSB AE, AEWEEAR, BRSRIERSERTIRETR ST TER
M2 ZAITRE, FRRREREERTL, BEMIMTREHEANBES. T
FER[EBEL TIRBA. S BRAEREBALAE, ZRBHNEEREESE
RRSAH B &R B KB R EIRE R, XEHBRRSENTES
T BRESE BRI, A KRR ENREERE SR ERS.

B B RAERH R T EANRERBR LB EN, RARSEM T B
KL SRANR & 125 BoR KA X 51 . SRR B & R RR S FE PR AR AT B 5 R R S B3
KLY 5-20)F HILL I INET, EHBR A RSB AEHE — T RN SR
Fi(& 5-2¢). —SBMEBRY (FTRERMAZA) (B 5-22)@i3 M SO, 8 HNO;
IAE I AE R R4 B, CaSO4/Ca(NO3), %45 #h 5l # & Bk (Mg-rich (B 5-2c\f\g).
FACPABRLELL SO, B HNO; #3948 K B A AT AR R B ARBRE (20 NaySO,
A NaNOs). [F X S5 D 7E 4 50 A2 o il 4 2 I S R B 25 e AR 2 LT
R, MTA] LS FE—FBR A AN 5 — R BRI . 54, TEM B} BoRT
¥ Y OB RR £k A 9 BN ) T 5 S 1 3 2 R SR 400 4 95 R 2 Sk (1)
5-2h\i). & &/ RIRBKL(E 5-2b\d\e). BHLBRL(B S-2)\k) A PP SR LS.
PR = MR X 5 58 R VR A RS EE b Adachi AT Buseck (2008) P45 i
EISRMBE PR RREER &, EERETRRR T HLBR. 5
B ELBURL AN A IR IR R .

SHEPRE AR, BERNEERBMEAR, (B 524k, Bi—th
TREARRES THRESTMARE ERBEHSRX S (B 5-21). Li &5 Ry
AES BT LR X 23 HUBTRLAT , X 2475 HLEURL AT g Rk B —IRHERL B A%
TR MTIEMTEIR KX 43 H H9 A DL AT A 2 4 AL BRTE B AR £ B0k 3% T AR B
M ZRENAS, EREIAPTETK. RS LRIERRYIBH ARG EE
WES|H BB AR Y £ B Z R A B, Tis &R A TRE T
TEEFHARI AT A L U £ PR AR B B A AR 5 1242,
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R 2 ie X

EZWSAT, K25 E BUBRE % 23 A PSR AR 5-2k), X%
FEAT R R AL A NI A TE KAV HIRGTE R BB R R YR
MR R MBI S5 5 BRI £ R KR PP, R B3 ATHE R 7E
X R W R P A LA BT R AR AR Eh1E K S AR TR 3L — ELIEAE A0 53 41 S At
KRR, AV, BER A2 IR AR LA AE— DR Y,
(RICEATT AT LAAG X R R 518, 1080 K B 2 i 16 ) 25 4 00k 2 3l it A LA TE AL I
AARE (BIEAFRYEREAAESHERE) MEERT R ELLIR. H
TS YBRREEEH R UBRMRYR, Li YRR R
VOROR 8 I o AR S A AR S S B A R R R PSR . 4 PRI R
AR 2 fa, FURRR A 28N, RV M SE 2 KEA LA S, IR
Rkt 2 A R B .

| ﬂﬂya&hi&n Al Fc) gb) (c)

S I O )
‘ i‘(_
S-rich{K |"“°‘*’°‘33"’°
i organic film organic —

P 5-2 HiR] =i B Hh X B A [F) R RO A B R IR B R (a)bmmz SEEE
Ca(NO;);: (b)& #BURL(KNO; M K,80,) 5 CIRBKIFIR & BN, (o Bk, SEEE
Mg(NOs),: (d)BiMks:. CRMAVUBKARE BN (e)EHBEL. A VUSRI E SRBRL )
BEBKL: (DEREELRNITR, W& ANIERESR CaSO,and Ca(NOs),: (g)HNITE
R B AR G Bk LA B B T R AL B BURL B A T A T8 CaSO, BURL;  (h) & B J50RL 5 A 2 B0k
RIR A B ()BT BBk S R BRI RS, SMNEERN: ()Mn-Si BRI T
HEBHRBRMAVITR: OREHEVSESBRBNES, BBk ZaBEaH

;. (DB F TR NaCl BUBLHE 2 T A0 g5 4 Bk L.

E KRR i (TEM/EDS) AMYREBIR BRI LS. A0 Mk
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th R K 18 AR S

LRA, BRI ABRAOR 25 B . BT AFRREAA R RS2 0K E
BRBRLERAARR, Frodt e @t A B2 E L. B 5-3 R
T ARRRRBRAGR R E, EFFEMIR, 2366 MHRYKRZEHE
40 nm - 5 um, T 87%M ERRBRRLE/DNT 1 um, & FTH BRI 64%(K
5-3a), 7EZH AL 63%MH BRI A4S LR (CaSO./Ca(NOs)) FRIKIFE KT 1
um, /A TEM 2% SR E K RHABHRAY, HRIF /MBS EHRN, &
JB/RIKBRE, MRS BUR AT HUBROR AR/ T 1 pme X AT BER B T KB AR Y
ATRIEE £ IR TRRER SR P (B 5-2b\d\e\i), TIXER4 I EA BoRTER
5-3 1, #HAER, SEANZHSSBRRBRMEENEM, MR RHER
F R 5 B 2 A L BEAIR, T X RN 2 A L 72 2 BSUR IR ) 0 e 2 R I 45

(13s]

tl] haze (b) before dust storm
- - -- - “

rr-'\fu \n. mr.n-w-dﬁn

(c}duri gd l st rml L T8 - ldu'lterd l trm — scted mneral 10

A 5-3 ﬁ?']'_ﬁi ﬂHﬁﬁE%igﬁﬁﬂ?LmﬁPF lﬁTﬂﬂ&&ﬂ*ﬁ%E‘Jﬁiﬁﬁt&@

533 BEFDLXMUDENLHAR

R = AMX 4 A 30 H 12:00 FHEAVERRKE, —HFEEI4 A
30 Hif 23:00. BAVKE T AR, . FHEERAES, B 5-4-5-6 B2RE=
AN () BEAS [ 6 2 O SR A

WRREAEZ AT W AR R 5 KT KR A4 A 30 H 5:00 744, 7E 12:00
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R R G AR 3

2w, KB AAKERNDAEER, BRTHRER/D, HARAER, Bt
XB R E U R RRTB . TEM BoRA SR SMERR HBAE D R R1Z
RZ i mANRKIE FUSRL, PRI AR A SR (B 5-4a-b). B 5-3a-b BART ¥
R Z RIBRER EEAURLAR 43 A7 R 38 0\ BB, ZERE P L um UUF,
ERRBRL G S BRAIE 56%, KT RKERREN 64%, HEINETHAEBRIAIEL
BlA 16%, BT REMIAK 4%. B 5-3a-b & BR KRG VIR B RAT
BB B m T RE MRS, XS EBERBT 4 A 30 HAAILILES,
WRFS. PR XARROSBE@E S-DE/HERRAN, BETRI=
A0 X VR BURL & 2 LB RO ). TEM/EDS A #réE Bt — 2 BREp A8
BRZATEFEENBRDESH . AL, FHEE TR DR R Rk
(B 5-4), XRFEYRREET 3L RSB ROBRYE —ETHR, TRES
FIBEHIOREL 3 A Z GRS HBERTRERER .

VARRER: 4 A 30 H 11:00 ZJEREF M, FEHDERARE
12:00 Z/EFFEAHE. HTEN=AMX FELLgHE, Fikhtrw st
PR R R TR AT LA ZHS . TEM B R WS R BRI 87% k1502 M
Wb B BRL(B 5-52). TEM/EDS S R ERPRIANA LR EF RAOTH
ki, T v BRI X B R B R AR A R A (B 5-3¢0). T4, W
kR B I BN R R TR, B 5-3¢ BonAMNBRIMAL. &8/ WK, R
WU ERI /0T 200 nm, XK 4.5% 8 A AEHBABRIR &£ T
ARG , SX AT B YD AR BRLE I K B B i % 5 AR BRI R A TR
AIE, Itahashi ZPPE HAEKAHE B R ABR 515 RYINR G R EMD L2
GEBL S P

Ahh, EEEHARBHAESLE (CaNOs)) KT WBRIEA £ R H#[H
KM, FIK TEM/EDS &4 % B LTR PH L BMMAFL, SO, KREAE
WARMABCHE. BAENETREFET (RH<35%) Y ABRYRTREIF
HIAR R LM T ORI SO,, FIRERI IR R JL 5 YD AR B 1) I

FELI 3% & IAT Levb R TR S AN S BRLR & (B 5-21 F1E 5-5b), WiXH
ST (R 7E AL 5T A LI B[R] R B, i AR S TR AT e B TR AR
B34 E T = AN X 2 BT S 2ot i I T 1 SR BB 25 ¥ 3R VB AL - VD AR IR 55 1
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R RF 2R3

R VAR B TR At 7 o R R LR AR B2, A B B R
YO AR A AR FORL IR A AU R AE AL 10 e 20 vt 0 1 B SR ALY, IKR]
il R T 2 R 43 ) 4 i 1 i RS A T A 7 SR K B (0 b VAR o T %5 3
FRAVEIARI 25 R AEH TS 27, K43 E B HAZ (D AR 0RL I B0 AN s R A2 TR

.S
M e

DERREZE: WhRTEXBEEFFLT 8-10 AN, fEREESF
&, TRGERRE T, B, BEMRIENEEHRHENL. K51 5RE
TREOBEWARBRAKARN 5 H 1| HOESREAYME, PMs IRETIA
F 100 pg/m®, FIRTH 85%HIR A —AE MDA RS . B 5-3d TniuER i Bk
4 HeAE X B R R T 6 5 52%, RN Bk ol KEE R R E T — &
FIRAHR. B 5-6 BoRRA RGO ENT MBREA T HE, ART
A TR AR, X RFEX LG WERRIRE T KRR, X
PR Gt 76 F 5 2% [ 5K Bl WL ) 30 247-248.2500 R ATY M L 0 445 SR U R IRAB AR T
PR S BRI S A (I SO, HNOs. NO, %) AE A 2 [ R AT AR A AE B A&
YRR AT St R .

BB R BITORL A T BR R T R R B R AR RAE AR A A FR
RN & B RRAMAR, XRHALFELEBR IR E A
YR S Bt A R AR R R TR R R E AR A LR

B 5-4 ¥b b 2 AT A BLASURL S #%'FESE (a)?bﬁ%ﬂ&ﬁﬂuﬁﬁﬁwmﬁ (b) B A5 HLASURL
2 T B A (0 A BUSTRL AN R R ; (o) BRBR 5 & BYBURL IR & UKL (DB LR AR
RAUGRE ) RE T 4T
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W AR AR

i ’ ‘ W " | il
e : 'K .

A 5-5 ¥R WA A0 BIBURL UB S : ()W R BIRL (AL EFkidn) IBIRABNL (REN
Sed87R): (b)BHF A it 2 (1R & FUL

= * reacted mineral "' . .
L
- ks
’? . Na-rich ’ t
4 fresh mineral
a
L

B 5-6 Y02 i e A BRIV ARE: B Ca(NOs ), BLIRAA R/ IR AR BURL (REFTLAER):
R BRI T Sk TR R): B BRI T Sk AR TR BDRL(PR 3 € 7 Sk AR
A); BESR(ERGHTER): E BRI AN k6 )

54 NERNESEROTEXDE FEXXRMAE SRS

541 NERFRNSEREELRE

=AM X SRR R AR ETRD, TEA 6 M EERR.
B BB (S-rich particle )+ 4 FHKL (soot particle ) H #)FFL (mineral particle ).
&BBRL (metal particle). KAKBRL (fly-ash particle) LARAMNUBUEL (organic
particle ).

AL B T il 2 R BoR R =AM XA EE PMys T H 34
30-50%, i i 5 H 14 R th BUR B = A i X BB AE K P RBRFEN
—FhBRIERY . RS R BN E BN E ES AR, EMETR, RATREN
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IR R 2200 3

MR AR . KEE TSR ER, KPR HUR B A 7l B2 i
BRRL. FERSIEA T E R —BOREHR (B 5-7), XEERH TR
RAEBRTRIOBHTREFIH, BT TR TEROERKD UKW A SN2
B R .

542 NEFBRERBAE A RS

ERBNEAHA S BRFERNTH, 2555 86.8%, X 5EF
AT L R AR R T B LA L RAXRL, KB BT s
RERZMERBRRA TR RMBREBR. MARKRMS, EHBRILHESE
REBH R R M, MAEZER KBS ERMBARUWESE LY 1 MRE
MIERRRL, WERBHL. T8, CRABATRWE 5%, EHRAERE
BEEE TRER AN ZRETHERKM T REAEFT LA, K HEH
SRR ERB R, XAMUEF T BRI RE K E A R, T BSk
YIZ RV BB A BN A LU o S8 IR B BRI B B0%6RH [ 5 B BR B B % A MR
HEAR N K I BRL . — BAZ RRIBARI IR, EATREZS 5 Hb TR SR
HEEK vOC. FEEMBAMERL.

B 5-7d BoR HBEBRAMBRRE A RS, XHABESHSETEN
PAFLERRADY, XRECBRA 5@ 5 KPR . R,
ANIE RSB EIR ST I E WA R . BEE S RAFFHOE R B UL K BEVE
)R H ., BER R 2 () SR AR RCR) KSR, T 4B 5 R SRR & R
EATIRE S B AR SR B S B R SR 10 A 2 4502, DRI 22RO H
R SERHRE EENEA . KH S MR KRATR R T EH RBRERE AL,
VLBTRABRRAE RS R BT E T o 1K L A0 A R R 0RY th B AR
RRBIRNE . BEEIX LRI RSP — BT BOFR T, CAMRE TR A 54
TRFFLE X IR i e R R K OB B«

W 5-7d Al 5-7e SR KRBRIR S THRE:, XAMRA AT W KRER
—RESEITR (Fe. Zn %) BRKBHENERBE TS, nERBREER A
WHIfEE . ARYREES B P TR AR, BIR RS 0Bk
B R HARKBALS . B 5-7d Ml 5-7¢ R H KK BR L ERTRHGE
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WARRFE MR

&, fERRMOR T RER AR ESFTE

B 5-7 3 = X B R R A RA R M BN ()% 5 EMRBR K NEBRL: (b)i#s
EHBRAINRER: (WIRT MM EGBR: (d) AR KRB E SRR ()N RN
IR KA B BBURL: (£ AR BIAURL

543 BEERWRRNEDH

E 5-8 B HEAFIR SR T ARKAREBIEE A KBRAY (il 2 & iR
kD ER—RABREEE A, BETAER AR, FE KR TRERN
TR a3t BB T R A PR EUE, 500 nm B ERIARBUEZ IS E
B, X 5H 00 EFRBORE 5SS R R (B KBRS 0K &
B B Tl iE R TSR EOR ) . NPk 2RI, X S-rich/fly ash
A S-rich/metal VR 53 5 o5 SR 8.7%FN 13%, 3X — ELBIFERS i R W f 2
0.9%F1 9.8%, XREHTHERAF TS RWITIR . Na,SO, BRMIFEFIE KK
LB LA B 58 K & 3 6, XS EF AP Na 45 RAERX B

HEZHE KR S1%M & RBRAEERBILR, i /E7E KX — ELBIILE 20%,
XRHEERFRYEMRRY E. EHRPR LS ERLOIRY, EFERS
THFEHRAZER 1.1 pm, RBTEER 0.4 pm-7 pm, FEFHERS T ILOFEREN
0.8 um, FIEEHEAN 0.1 pum-4 pm. EFBRLHR S EHE, XA fkHTE
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IR KM 2R

feimid b, [EANEsHUL SR, BaE B, MR LB A 785 fR ()
5 HoAth R GRS A BRI R & R . BT S B ER £k VR A 543 MR AL ik |
AR L e £ JRURL VRIS M P, ] HIX SR A e MRt e R A
AP, X e gy o B Bl A () B U IR R BE LB, 3 AR B K
B, 54N BB PRI R th S BRI K, W TFBERST
MR R — TR 58 R W RIA KRR AL, X
FERBRR D RN E], XRAUZTERIBEBK, HAHLERAFTREH
SO; FIFRERsh ALK . RS FIURID BIOHBBREIR, X%
BT R RGBT B8 Bk R AR T B R K

HF days Clear days

N=03 N=368 N=214 N=131 V=6 N=lg N=45 N=M0 NeS2 N=2B0 N=106 N=d) Ne2l N=f Ney  NeT

B SrchNa K
i_\-n O
|

0 - :
01as 051 L1t 182 218 183 M o el 0l 6 181 L2828 4 oy
Drameter (pm) Diameter (um)

Pl 5-8 BT = #f i 8t [X B 2% 35 4 R vt R AN IR K L B0k
FEAS [RIRLAE 15 [ 3 O 30K BE 7 20 L

Kl 5-9 &7 T7E 100 nm £ 10 pm Z [BIRFRS KM T 8RB BB R
B, BRANEHERLIEWEN G, WEHIE | um T BEKRE 23
um SHANEPX, H 1 pm U ERREREE K EFRBR SR 23¥m. X
REFERHMAFEEENR: ——EBRPRKHY PN USHRREE, BHEH
FHREEBRBR A, 53 2 pm. —RETEROTRIOEID. X
K MR M AMBRENZ, M T eErrkz.
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R K AR 3

—— HF days

dN/dLogDp

T

100 1000 10000

[hameter (nm)

PE 5-9 BT = i i X B 2 2 4 KRl R O AU SOk BE KL AR 4> A P

5.5 XME

1, JETE ST B R TS & RJTIERT R T ARRRA T BRI
BRRL, RIBENRLRMLS, 2AUT 9 KE: §PRBNL, EHHRL. ¥
PRBRL. EJR/CAKBURL. P ERRL . EERAURL. MRARBURL. A AUBURL AN A £
Fi.

2. FERAPRMENBERENE, @it KRB HIA R S 800 2 A YA
PSS (BFEERRAYREG A MR MYEERT R EELRER.

3. FEAFBHYRATEERZ, BEIMBREHRLANBRE. £F
8 K ] i M O AL R A RO 1 T 5 M B e A ) R ) A 4
Riy SR/CKFRL A USRI YRR 3 R ARG .

4. FEWEBRRERN . REDHEERARNBPOBRYRLY, 58S
HIANTR, X R A R ERBRI IR & LA BED A WRL 5 B M A O 3 [
RERTRREAMBES L.

5+ B BUBRLE B 70 & B B A0BURL, 29 5 BRI B 50 86.8%, 500 nm
AR B B IR SR AL T 8K B B3N . BB R o KE 4Bk 2 LA i 7 K
7€, ZHA T T HER SRRV K3 X, FIRBURLY) 2 855 2 878 & fF A3
T B HRERPRLHIRLE
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WARKZFE AR

BAN SZRERE

6.1 &ip

FEXHAELBUANBEEMIHE SN TFREET T HRE AT X
KBRBRMEARE N RARRK T BT, HF A EREIFERE ST
BYRAARRIR, FER B RBAN T RBR R KR AR, e
YR X B EANHRA T AR R, SXNERLSRUT:

1. PM,s/K¥EHRETF

(1) BT = f 910 [ 0 0 349 ) 2 K Y Y 8 TR 393K B A 49.72:649.89 pg/m®, SO4”
5 LB K T T, 2 SO ST 45.2%, FLKOR NOs A NHL,
SO;2". NO; Fl NH, #I/5R EKER: TKT B P 57 A %2 LUK B
R, BETEE. BAMESEMMIT KBRS, H5EA—LERMITHES,
B T = A B X T W T ) IR TEAL IR IS B

Q) SO A BREARE . KL =AFHHRWME R RIRH HZRLHFLE,
NO; EEEK=ANFWIRIM B4 8 T HERM HRURHE, NH,HRER
B AL SO ARL HASLARE . KBHERSHA O3 R R S0 H
B EERE, TAMRESAERZEMENO, AR FEERK.

() XEHMZ AW X BREBRYNLLERE, 478 62.4%K BRI R MM
By, Hoh 32.1%KER A A RER B . B = AN X A ER TR A
BEETRL. b5t LS, mEFeh. MR M. SRHE NO,™
FERHSA NH; f1 HNO; IR .

@) EEF4 s R RV M =AM X KEEE TR EERXE R,
TREREHEMLE,

) FABHRSRSE T EIES. KENLFRWM=AMK EEZZR AL
77 FAE R 3 B4 BE B 4% B DA B 1L AR 48 P A R B X ) R B B A R T RO
W, T8 2 B L AR AL A A B A S UL R AR B R B IR
Horsk [ 1l ZR 48 PO R BT I B ) 4R B B A 8 S T ke B = A i X ) TR

REH.
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矩形


WARKFE L #A®

©) EERSTHERAPREAERTREER, AEERXTHEAEEENEY
BTHEBERATHHNEE, BFT SO, N, MHLEFERST SO,
A En s T HMEY, SBAEZERATRREKERS. FERAT
ABBREETER, HAFSARBREHES THM=AFY, XFERHT
XZEFWREM HSO,, AILEEZHH, FNAESERKEELESM
KEAE, BRI H M BEIERBSE.

2. BRI B B BB S AT

(7) I =M X R HE 5-10000 nm H743 56 FE P 2 B T E0KR B N
12838 #em’, HEEHRERH, XERK. NAANZEERE, HN=4
WX B R S ERESTRDEORE RS, 2F V5 2B ERER
60.7%, HUMBES (252%) MBERIES (14.1%). BEZESTRY)
ERFEMEFHORE RS, ERESNREFENKERS, REESKE
B ,

(8) FRTT = A ¥ b IX XU 0 07 1) 4 45 A A A5 B AR S UL W TE 37 ORI A R B A
(NPF) KA BISRHIRT BRBURE HRWFHEME, TRAEFBRERE
4 (non-NPF) HINeT B4 B3 B HAEAL, X8 NPF H4n it &%
A ZRBS TR EBORE DR NF B0,

9) MPHR EREYT EBRITRERN, MESMLERTHILRAMRER. &
YRR, fREE X R A BOR BE 2 TR AC X . B30 R R BB B B AL
S B B SR BB, T84 14903 #em’, T b0 PE B A4 A0S
B BRI BOR B BUR, T304 11462 #em®. L3R BE B 4L 4 /< 1B 4 Bk
VIRLAZ S AR N B oA, WM RIS, TR HMRBEEEERHN
SERBESHAEERKAANME (100 nm ) HIEE.

(10) ZEXRAAIE, IH 26 RRE T FBHDEREM (NPF), HOFEFT K,
BEETR, KEO6R, £F 6K, AHBWPMRIEIR 22%. BEZESBHL
MK FIBAZER N 6.6 #/(cm’s), BIKEN 03 #(cm’s), BKMEN 31.9
#(cm’s), BRI FHMKERN 53 nm/h, RIKER 2.3 omh, FREHN
12.7 nm/h, |

(11)100 nm<D,<500 nm RAZRTERERN=AMBX FERIHERIRES
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e e AL 'S

BT REMIEA, M S nm<D,<20 nm. 20 nm<D,<50 nm. 50 nm<D,<100 nm
SERHA A R BOR BE I PRt 1 B 55 B R R KA BEAR TR 74+
S TFEE

3. BERESREERE

(2B B BEREEMTHEENFTERR T RARSEG FTRENMRER
L, RBENRERMBLS, 4RUT 9 KK: FHEH. EHER. B
BNBERIRL. &R/ RBRL. AEELERL. ERRIRL. HAERL. A YUERAE
0 T .

() FBERPHYENREY L, B KEER%NERTR LSBT EHME
PLRS SRS (EIEERRARE M IEM R M) MR K £ E
.

(1) ZBRFHYFREEERT, BEMNMEREETANTRE. EEEX
A B ER S A0 B R T 55 A 00 5 R HE R B B R R R
ERB/IKTRL. BB MBS R ERE.

(IS) W LRRAER . REPRRERARMPHBRIEE, SRRSO
[, XERATNRRBBRYEESURD AT IBRSBRESANIESHER
REEGR TR R EEFRE KT

(16) EFBR R AH RS ERFEMERL, £ 58RY 851 86.8%, 500 nm LA
FHEZRNERBHABEZERHEE M. FRPKEHFHL USRI
ﬁﬁé,gﬁﬁﬂ$ﬁ@@ﬁﬁﬁﬁmﬁk,ﬁﬁﬁﬁwzmﬁﬂmﬁéﬁ
AT BE R SHTR R,

6.2 RE

KRBT A X X R A PM oK BB FRHE. Bk
BERLR I ARRFAE K SRR SRS BT IT, B T 3 = A X i e 2
2tk B, RBEEEMRES, KA WNRNPOHRER, FERKE
MELT WA T AT 3 — B BIR A BT LR 55 3 -

(1) ARG R R TE AL KRB A, AR R AT REFI A
A (WOH. OMEBEMFD , FHHERFIHKREER, STHFERN
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WRREH L ELBX

IR A5

(2) ABFFUIRELT PMa s HIBR BEARFAE, (ER X L K RI/KFF A R BRFETHT T, R
RATLAS R PM, s E SRR &, #E— P IR1G R X RR T RS2 AL i

(3) RRFT E P InEst LR BRI 5 R TS S .
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ARTICLE INFO ABSTRACT

Article history: To investigate haze-fog (HF) formation mechanisms and transport, trace gases and aerosols in the
Received 9 October 2014 aged air masses during regional haze episodes were measured at a regional background site in the
Received in revised form 31 December 2014 North China Plain during 4-19 July, 2011. Mixing state of individual particles, soluble ions of PMy s,
Accepted 7 January 2015 and particle number concentrations were studied using transmission electron microscope,

Available online 13 January 2015 ambient ion monitoring, and wide-range particle spectrometer, respectively. Average mass

concentration of PM, s was 3 times higher on HF days (70 pg/m?) than on clear days (22 pg/m®).

Keywords: The major soluble ionic components (503, NO3,, and NH{) in PM; 5 were over 4 times higher on
Regional background site HF days (40.6 pg/m?) than on clear days (9.1 pg/m?). The high sulfur oxidation ratios (SOR) and
E:;_‘:Dg Epusle nitrogen oxidation ratios (NOR) values during HF days suggest that polluted weather favored
Mixing state transformation of SO and_NO, into sulfates and nitrates compared to clear days. Particle number
New particle formation fraction of the accumulation mode increases from 11% on clear days up to 26% on HF days.
Individual particle analysis shows that secondary inorganic particles (e.g. sulfate and nitrate) as
the most abundant species likely determine internal mixing of individual particles and almost half
of them mixed refractory particles (e.g. metal, fly ash, soot, and mineral) on HF days. These fine
refractory particles were likely emitted from coal fired power plants, heavy industries, and urban
city in Shandong and Hebei provinces. Our results suggest that aged air masses mostly contain
aged particles of long-range transport and some from new particle formation and growth in the

regional background atmosphere.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction mist periods frequently alternate in one day, we call these

mixed periods haze-fog (HF) phenomenon.
HF pollution affects climate, reduces visibility, endangers
public health, and damages natural and agricultural systems

Haze is defined as a weather phenomenon which leads to
atmospheric visibility less than 10 km with relative humidity

(RH) less than 80%, while fog is composed of fine water
droplets and ice crystals suspended in the air near the Earth's
surface (visibility < 10 km and RH > 95%) (Wu et al,, 2009).
When visibility is lower than 10 km and RH is between 80% and
95%, we call it mist (Wu et al., 2009). Because haze, fog, and

* Corresponding author.
E-mail address: liweijun@sdwedwen (W. Li).

http://dx.doi.org/10.1016/j.atmosres.2015.01.002
0169-8095/© 2015 Elsevier B.V. All rights reserved.

(Kim et al., 2006; Li et al, 2013b); such episodes have been
extensively studied (Metzger and Lelieveld, 2007; Quan et al,,
2011). Secondary components, combustion species, and tran-
sition metals appear most responsible for increased mortality
on HF days (Huang et al., 2012). The haze formation may be
affected by anti-cyclone synoptic conditions, primary pollutant
emissions, and planetary boundary layer (PBL) height (Liu
et al, 2013; Zhang et al,, 2013). Secondary aerosol formation
significantly contributes to regional haze (Zhao et al, 2013).
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The long-rang transport and weather conditions are important
factors controlling the formation of HF phenomena in Northern
China (Ji et al., 2014). The growth processes can be enhanced by
the internally mixed particles in haze layers (Liet al, 2011a). In
addition, transmission electron microscopy (TEM) is an
important technique for investigating the physical and chem-
ical properties and mixing state of individual aerosol particles
in HF episode (Li et al,, 2011a; Posfai and Buseck, 2010; Ueda
et al, 2011). )

HF episodes are becoming amajor environmental problem in
North China and have increased in the past ten years (Che et al.,
2009; Zhao et al, 2011). In the Asian monsoon, anthropogenic
pollutants in North China not only seriously influence local air
quality but also affect downwind regions by long-distance
transport, such as South Korea, Japan, and North America (Jaffe
et al., 1999; Kahn et al,, 2004). Therefore, HF phenomena over
North China have been examined by atmosphere scientists
throughout the world. The Bohai Bay city-cluster (including
Beijing-Tianjin, Hebei and Shandong provinces) is one of the
principal economic zones in North China suffering from severe
air pollution. Annual average ground-level PM, 5 at 60-90 pg/m>
in Bohai Bay of eastern China is one of the highest PM;s
concentrations in the world (van Donkelaar et al,, 2010). Many
studies on the chemical and physical characteristics of haze
aerosols have been conducted at urban sites with large amounts
of pollutant emissions in Bohai Bay such as Beijing, Tianjin, and
Jinan (Han et al., 2014; Li et al, 2011b; Ma et al,, 2010; Tao et al,,
2012). The background area of Bohai Bay is frequently influenced
by the regional pollutants of long-range transport from the urban
areas, and the aged air masses mainly influenced air quality of
the background area. However, the study on chemical and
physical properties of aerosol particles in aged air masses is
limited in the background area of Bohai Bay (Li et al, 2014).

In this study, one regional background site was selected in
the Yellow River Delta (YRD) of North China Plain to investigate
the possible formation mechanisms and transport of regional
HF through understanding the physical and chemical proper-
ties of its aerosol particles. The field study was conducted
during 4-19 July, 2011. Online measurements {wide-range
particle spectrometer and ambient ion monitor) and individual
particle analysis (transmission electron microscope) were used
to determine the bulk and microscopic characterizations of
aerosols during HF and clear days. Possible pollution sources
and transport were evaluated using the backward trajectories
cluster method.

2. Experiments
2.1. Sampling site

The sampling site (38°03'N, 118°44'E) was located in the
Yellow River Delta (YRD) Nature Reserve Yi Qian Er Manage-
ment Station in Dongying in Shandong Province. The site is
10 km south of the Bohai Sea and 300 km from the major cities
in Shandong Province and in the Beijing-Tianjin-Hebei region.
Though there are limited primary sources nearby, such as coal-
fired power plants and industrial activities, this site is
frequently under the influence of regional air pollution from
North China (Li et al, 2013a). The sampling inlet of the
instruments was placed on the rooftop of a building 15 m above
ground. The sampling period was 4-19 July, 2011.

22. Instruments and methods

2.2.1. Online measurements

Particle number size concentrations were measured using a
wide-range particle spectrometer (WPS, Model 1000XP, MSP
Corporation) in the range of 0.005-10 um. To verify proper
differential mobility analyzer (DMA) and laser particle spec-
trometer (LPS) transfer function, the DMA was calibrated with
NIST SRM 1691 and SRM 1963 PSL spheres (0.269 um and
0.1007 um mean diameter) and the LPS was calibrated with
four NIST traceable sizes of PSL (0.701 pm, 1.36 pm, 1.6 pm and
4.0 um). An ambient ion monitor (AIM, Model URG 9000B, URG
Corporation) was used to measure hourly concentrations
of water-soluble ions in PM,s, including F~, CI~, NO3, NO3,
S0%~,Na*,NHZ, K+, Mg2*, and Ca® *. Multi-point calibrations
were carried out for the AIM measurement every 4 days and a
NaOH solution (5 mmol L") was used as the denuder liquid to
enhance the absorption of SO,. SO, was measured by a pulsed
UV fluorescence analyzer (Thermo Environmental Instruments
(TEI), Model 43C); O3 by a UV photometric analyzer (TEL
Model 49C); and NO, by a commercial chemiluminescence
analyzer (TELModel 42CY) fitted with an externally placed
molybdenum oxides catalytic converter. The methods used to
calibrate these instruments were the same as those reported in
previous study (Wang et al.,, 2001).

22.2. Filter sampling and analysis

Daily PM, 5 samples were collected on Teflon membranes
using a filter-based sampler (Thermo Andersen, Model RAAS
2.5-400). The sampler collector was cleaned by ultrapure water
(>18 MQ) before sampling and field blanks were collected
before and after the sampling period. The Teflon filters were
put in polyethylene boxes immediately after sampling and
stored at —5 °C. The filters were equilibrated at constant
temperature (20 + 0.5 °C) and humidity (50 4= 2%) for over
24 h before being weighed with an electronic microbalance
(Sartorius-MES, +1 pg). Individual particle samples were
collected on copper TEM grids coated with carbon film using
a single-stage cascade impactor with a 0.5 mm diameter jet
nozzle at a flow rate of 0.5 L/min (Li et al,, 2011a). Sampling
times varied from 40 s to 80 s, depending on the weather and
visibility. Individual particle aerosols were analyzed by a high
resolution transmission electron microscope (TEM, JEOL JEM-
2100) to get the size and morphology of individual particles,
and an energy-dispersive X-ray spectrometer (EDS) was used
to determine elemental composition of targeted particles.

2.2.3. Meteorological data

Meteorological data (including temperature, relative hu-
midity (RH), wind speed, wind direction etc.) were obtained
from an automatic meteorological station. Visibility was
detected by a visibility sensor (PW10, Vaisala). According to
the visibility, sampling periods were divided into haze-fog (HF)
days (visibility < 10 km) and clear days (visibility > 10 km).
Although ambient air temperatures did not vary between HF
(25.5 °C) and clear days (24.7 °C), higher RH (81.9%) and lower
wind speed (0.32 m/s) were observed on HF days than those
on clear days (69.3% and 1.1 m/s). The prevailing wind
directions were southeast and east on HF and clear days,
respectively.
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22.4. Back trajectory analysis

Backward trajectories and cluster analyses were applied to
identify the origins and transport patterns of air masses during
the field study. 72-h backward trajectories beginning at 500 m
above ground level were calculated every hour using the
Hybrid Single Particle Lagrange Integrated Trajectory model
(HYSPLIT) (Draxler and Rolph, 2003). The trajectories were
then clustered according to their similarity in spatial distribu-
tion using the HYSPLIT software (HYSPLIT 4.9).

3. Results and discussion
3.1. PM, 5 concentrations and water soluble ions

Fig. 1 shows the temporal variations of PM; s mass concen-
trations and visibility during the observation periods. The black
dots in Fig. 1 represent the collection time of individual particle
samples. In the individual sampling period, the average daily
PM, s mass concentration in the YRD was 52 pg/m?, much
lower than that in the polluted urban Jinan (129 pg/m3)
in summer of 2006 (Yang et al, 2012) and in urban Beijing
(92 pg/m?) in summer of 2007 (Zhao et al., 2008). However,
this value is about 1.5 times higher than the 24h US NAAQS
standards of PM,s (35 pg/m3). As shown in Table 1, HF
phenomena occurred on five days with an average PM, s mass
concentration of 70 pg/m>, ranging from 37 pg/m> (17 july) to
103 pg/m?> (16 July) and three clear days in 12-14 July with an
average PM, 5 mass coricentration of 22 pg/m>. More specific
pollutants data on HF and clear days will be compared in
Sections 3.3 and 34.

SO3~, NO3, and NHi were the major soluble inorganic
ionic components in PM; s, accounting for an average of 57.6%
of PM,s mass concentration on HF days and 43.4% on clear
days. The average concentrations of SO3~, NO3, and NH{ on
HF days were 213 pg/m? 9.0 pg/m’> and 103 pg/m?,
respectively, 4 times higher than those on clear days,
suggesting that the more pronounced stability on HF days
favored secondary aerosol formation and accumulation. Na*t/
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PM, 5 mass ratio was 2.39% on clear days, 4 times higher than
that on HF days (0.47%), suggesting that sea salts contributed
more to PM, s on clear days. The mass ratio of Nat/S05 ™ in the
YRD was 0.02 on HF days and 0.09 on clear days, both lower
than 3.98 in seawater, suggesting that the sulfates were mainly
from the secondary formation of SO, in the YRD. Water-soluble
inorganic ions are important components of aerosols and are
considered to be a significant contributor to the visibility
impairment in urban areas (Yang et al., 2007). The correlation
coefficients (R) between water soluble inorganic ions (S03~,
NO3’, and NHY) and visibility were significantly negative (R =
—065, —0.72, —0.72, respectively), indicating that water-
soluble ions were a significant contributor to visibility impair-
ment in background area.

SO3~, NO3, and NH{ in ambient aerosols are normally
considered as the transformation products of their gaseous
precursors SO,, NO,, and NHs, respectively. Sulfur oxidation
ratios (SOR, defined SOR = [SO3~)/([SO3~] + [SO.]) and
nitrogen oxidation ratios (NOR, defined NOR = [NO5)/[NO,]
reflect the and the extent of conversion from SO, to SO3~ and
from NO, to NO3 (Gao et al, 2011). In this study, the SOR and
NOR were 046 and 0.22 on HF days, which were higher than
those on clear days (Table 1). The higher SOR and NOR values
during HF episodes suggests that more SO, and NO, can be
oxidized into sulfates and nitrates under the stable weather
conditions. Correlation coefficients of SO~ & NHF and NO5 &
NHZ were further calculated through the hourly SO3~, NO3, and
NHZ eoncentrations through the AIM (Ambient lon Monitor).
Their high R values on HF days indicate that the main sulfate and
nitrate salts are (NH4),S04, NH4HSO,4, and NH4NO; at the YRD
sampling site, consistent with the results on haze days in Beijing
and Shanghai cities (Du et al., 2011; Sun et al., 2006).

32. Individual particle classification, size distribution and
relative abundance

1506 individual particles were analyzed on HF (988) and
clear (518) days through TEM. Based on particle composition
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Fig. 1. Daily PM; 5 mass concentrations and visibilities during 4-19 July, 2011. HF, clear and rainy days are identified and a visibility lower than 10 km (blue line) is used

to define HF and clear episodes.
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Table 1

PM, 5 mass concentrations (jig/m?) and the major water soluble ions (S0 ~, NO3 and NH ) concentrations (jg/m?), proportion in PM; s, O3 (ppbv), SOR. NOR and the
correlation coefficients (R value) between SO3 ~, NO3” and NH7 during HF and clear days-in the YRD.

Site Date Weather PM;s [0 Major water soluble ions in PMa s
3
type (hg/m’)  (PPOY) o= 02— NHi  Sumproportion SOR NOR R R
(bg/m®)  (ng/m’)  (ug/m®)  inPMzs (SO3"&NH{) (NO3& NH{)
Yellow River 7/5  HF 67 63 6.0 184 88 50.0% 031 008 094 091
Delta 77 HF 91 42 149 268 136 61.0% 044 026
711 HF 51 35 6.0 133 6.7 50.6% 056 023
7/16 HF 103 73 15.7 331 16.1 63.2% 068 049
7117 HF 37 46 24 147 64 63.0% 030 0.04
Avg. 70 52 90 213 103 57.6% 046 022 075 077
7/12  Clear 30 34 1.8 6.5 29 36.8% 029 017
7/13  Clear 14 38 1.4 41 19 54.8% 033 026
714 Clear 23 38 1.7 5.1 21 38.7% 024 013
Avg. 2 37 1.6 52 23 43.4% 029 0.9

and morphology, we classified individual particles into six
types: S-rich, soot, mineral, fly ash, organic matter (OM) and
metal (Fig. 2), the same criteria employed in a previous study
(Li and Shao, 2009). Because the particle number of Na-rich
particles is very low, we defined them as others in Fig. 3. S-rich
particles are the most abundant and their sub-rounded shape
with S, 0, and N is distinctive (Fig. 2a). Fly ash particles are
spherical with the principal components being O, Si, Al and
minor metals (Fig. 2b). Soot particles are a complex spherical
chain containing C and O (Fig. 2c). Mineral particles have
irregular shapes and most contain Si and Al (Fig. 2d). Metal
particles have a spherical shape (Fig. 2e) and most internally
mixed with S-rich and K-rich particles. Stable organic matter
(OM) contains organic carbon and has a number of complicated
shapes with different mixtures in individual particles (Fig. 2f)
(Li and Shao, 2010). The majority of aerosol particles were S-
rich particles, accounting for 86.8% on both HF and clear days.

Most of S-rich particles are internally mixed with other
refractory aerosol particles such as metal, fly ash, soot, and
mineral (Fig. 3).

Fig. 4 shows number fractions of different aerosol types in
different size ranges on HF and clear days. The particles ranging
from 0.1 pm to 2 pm in diameter made up about 82% on HF days
and 93% on clear days (Fig. 4). On clear days, the percentages of
the coarse particles containing mineral and Na-rich particles
increased with increasing particle size, with average 50% of
them at the range of 2 um to 7 pm. On HF days, 51% of S-rich
particles were internally mixed and only 20% of S-rich particles
were internally mixed on clear days. This result indicated that
aerosol particles aged significantly on HF days. S-rich/fly ash
and S-rich/metal particles accounted for 8.7% and 13% of all
particles on HF days and 0.9% and 9.8% of all particles on clear
days. The proportions of externally mixed OM and soot
particles in all particles were 3 times and 6 times higher on

Fig. 2. TEM images of individual particles. a) S-rich, b) fly ash, c) soot particle coated by S-rich, d) mineral particle, e) metal particle, f) S-rich-OC, and g) Na;S0,.
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Fig. 3. The mixture of S-rich particles: a) S-rich-Pb (externally mixed), b) S-rich-Pb (internally mixed), ¢} S-rich-mineral, d) S-rich-fly ash-soot, e) S-rich-mineral-fly ash,

and f) S5-rich-Na.

HF days than those on clear days. However, Na;50, particle
proportion was 3 times higher on clear days than on HF days,
which was consistent with the Na™ analysis results in chapter
3.1.

3.3. Possible source regions of particulate pollutants

The three-day backward trajectories and gaseous pollutant
concentrations corresponding to individual particle sampling
durations showed that these air masses arriving at the YRD had
been transported from the polluted source areas into the

HF days
=114 N=131 N=63 N=36 N=45 N=30

N=93 N=368

Relative abundance (%)
2 2

1-1.5
Diameter (pm)
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background area on HF days (Fig. 5). These trajectories were
generally sorted into two types: 1) marine air masses (e.g., 7/12-
13 and 7/14) and 2) continental air masses in Shandong
province (e.g., 7/5, 7/7, 7/11, 7/16 and 7/17). In Section 3.4 the
blue and green lines represent two distinct cases: air masses on
clear days from clean marine, and air masses on HF days from
polluted areas in Hebei and Shandong provinces. The gaseous
pollutant concentrations (10.3 ppbv for SO, 21.3 ppbv for NO,,
and 51.9 ppbv for 03) from the polluted areas on HF days were
1.5-6 times higher than those from the marine air masses on
clear days (5.1 ppbv for SO, 4.3 ppbv for NO,, and 37.0 ppbv for
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Fig. 4. Proportions of different aerosol particle types in different size ranges on HF and clear days. Other includes Na-rich particles besides the six major types.
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Fig. 5. 72-h backward trajectories in the individual particle sampling period and SO, NO,, and 05 concentrations on these days. The 72-h backward trajectories were
calculated to identify the air mass transport paths before arriving at the Yellow River Delta.

05) (Fig. 5). Air quality on HF days was influenced by air masses
passing through several heavily polluted areas: northern Hebei
and western Shandong provinces, where significant amounts of
heavy industrial activities, coal-fired power plant, and cities
cluster are located (Zhang et al., 2012). As the results in chapter
3.2, S-rich/fly ash and S-rich/metal particles from the continental
air masses accounted for about 10 and 1.5 times higher than
those in marine air masses. These results indicate that coal-fired
power plants and heavy industrial emissions from the polluted
area significantly influenced downwind background area on HF
days because abundant nano-sized metal and fly ash particles
are good tracer of coal-fired plants and heavy industries (Li et al,
2011b). The air masses that originated in the Yellow Sea on clear
days brought abundant sodium salts to the YRD and this
contributed to the higher Na* concentrations and higher
proportion of Na-rich particles on clear days.

3.4. Cases study during HF and clear days

3.4.1. Hourly variations of the major ions and gaseous pollutants
on HF and clear day

We compared the physico-chemical properties of aerosols
on typical clear days (case 1: 7/12 0:00- 7/13 23:00) and HF
days (case 2: 7/15 21:00-7/17 23:00) in the YRD. Fig. 6 shows
the hourly variation of major water soluble inorganic ions
(S03~, NO3, and NHJ'), gaseous pollutants (SO;, NOy, and 03),
particle number size concentrations, visibility, and meteorology
(e.g., temperature and RH) in these two episodes. The visibility
was below 10 km starting at 7/16 0:00 and ending at 7/17 14:00
with an average of 7.6 km in the HF episode. Concentrations of
sulfate, nitrate, and ammonium were 23.1 pg/m?, 10.1 pg/m?,

and 10.6 pg/m? on HF days, about 4 times higher than those on
clear days (5.2 pg/m?, 1.5 pg/m?, and 2.1 pg/m?®, respectively).
S03~ can be either produced from the gas-phase reaction of
SO, with OH radicals (Seinfeld, 1986), or from heterogeneous
or aqueous reaction (H;0,/0; oxidation or metal catalyzed
oxidation) (Dlugi et al., 1981; Wang et al., 2012). The gas-phase
reaction between SO, and OH radical is influenced strongly by
temperature (Seinfeld, 1986) and the temperature was close on
HF days and clear days, indicating that heterogeneous reactions
was the major factor for the sulfate formation under different
weather. The correlation coefficient between O3 and SOF~
concentration was 0.75 on clear days and 035 on HF days,
indicating that the ozone played more important role in
heterogeneous reactions for the sulfate formation on clear
days. TEM analysis suggested that abundant metal particles
were internally mixed with secondary sulfates on HF days
(Fig. 4) which totally become liquid phase under RH at 81.9% in
the ambient air (Li et al., 2014). The metal-catalyzed oxidation
in the aqueous reactions could be a more important factor for
the sulfate formation and ozone depletion on HF days. The
similar phenomenon has been observed in polluted urban city
in North China Plain (Li et al., 2011b).

Fig. 6 shows the temporal variation of the particle number
concentrations in different size ranges. The particle number
concentrations in nucleation mode (5-20 nm), Aitken mode
(20-100 nm), accumulation mode (100-1000 nm) and coarse
mode (1-10 pm) were 2392 cm™?,5112 cm ™2, 2595 cm ™2, and
19 cm 2 on HF days, while those were 2918 cm™3, 9140 cm 3,
1422 em™3, and 1 an™3 on clear days, respectively. The
accumulation mode particles on HF days comprised a higher
percentage (26%) of the total particle number concentrations
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(5-10,000 nm) than that on clear days (11%), suggesting that the
stable weather condition on HF days was favorable to accumu-
lation mode aerosols through collision and coagulation of Aitken
mode particles (Gao et al., 2009; Kang et al,, 2013). Nucleation
mode particles increased at 12:00 on both clear and HF days,
which may be ascribed to the higher temperatures and to the
stronger solar radiation, both of which favor photochemical
production and homogeneous nucleation of particles. A new
particle formation (NPF) process was found at noon of 7/16,
when the ultrafine particle number concentrations began to
significantly increase at 12:00 and grew up until to 14:30 at a
rate of 21 nm/h (Fig. 7). This unusually high growth rate
indicated that sufficiently condensable vapors over the YRD
region on HF days favored fast growth of the newly formed
particles. As shown in Fig. 6, the SO;~ concentration on NPF
process increased with a burst of nucleation mode particles,
which suggests that intense photo-chemical activities coincided
with this process and the homogeneous nucleation of sulphuric
acid and water may be an important factor contributing to the
high number concentrations of the nucleation mode particles.
The aged air mass with larger particles transported from the
polluted area lead to the burst of Aitken mode particles (Fig. 7),
which caused the geometric mean diameters to grow further
still after 14:30. This observation is consistent with the
individual particle analysis in the Section 3.3.

3.4.2. S-rich particles on HF and clear days

As shown in Section 3.2, S-rich particles were the most
abundant particles in this study. Size distributions of S-rich
particles ranged from 0.4 pum to 7 um with a median diameter of

1.1 pm on HF days and ranged from 0.1 um to 4 pm with a
median diameter of 0.8 um on clear days. Both cases displayed a
unimodal pattern with a peak at 1 pm (Fig. 8), indicating that
these particles were secondary aerosol particles. The high
mixing of S-rich particles might be due to the slow air mass
transport (as shown in Section 3.3), which would have given
the sulfate particles sufficient time to mix strongly with other
aerosols after chemical reactions or physical processes. Due to
the sulfate formation and the predominance of S-rich particles,
the internally mixed particles can completely change hygro-
scopic properties of hydrophobic soot, fly ash, and metal
particles (Zuberi et al, 2005), and had different optical
properties (Pan et al, 2009). These physical characteristics
could directly and indirectly affect climate and visibility on HF
days and can cause adverse effects to human health (Li et al,,
2011a; Ramanathan and Carmichael, 2008). Moreover, the
internal mixing of S-rich particles probably enlarged particle
size and contributed to the particle growth process on HF days
in the YRD.

4. Conclusions

The average daily PM; s mass concentration of the YRD was
52 pg/m?. HF pollution occurred half the time and the average
daily PM, s mass concentration on HF days was 70 pg/m>. S03~,
NO3, and NHi were the major water soluble ions in PMas,
accounting for an average of 57.6% of PM, 5 mass concentration
on HF days. SO, and NO, were highly oxidized into sulfates and
nitrates on HF days due to high SOR and NOR and the metal-
catalyzed oxidation in the aqueous reactions was considered as
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Fig. 7. Particle formation and growth process on 16 July and the major water soluble ions concentrations on 16 and 17 July of 2011.

an important factor for the sulfate formation on humid HF days.
Water-soluble ions were a significant attribution to the visibility
impairment. The accumulation mode particles displayed a higher
percentage (26%) of the total particle number concentrations (5-
10,000 nm) on HF days than that (11%) on clear days. The aerosol
aged significantly on HF days due to highly mixing state of S-rich
particles compared to clear days. Backward trajectory analysis
showed that the HF pollution in the YRD originated from some
polluted areas (Hebei and Shandong province) and the coal-fired
and heavy industry emissions significantly influenced the
downwind background area on HF days. New particle formation
and growth event and long-range transport internally mixed
particles from polluted continental air together contributed to HF
formation in the background YRD region.
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Fig. 8. Number size distribution of S-rich particles during HF days and clear days
in YRD.
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Abstract Particle number concentration was measured in
2011 in the Yellow River Delta (YRD) of eastern China.
The objectives were to study the number size distribution
characteristics of ambient aerosols and the meteorological
effects on the particle physical characterisation, in addition
to investigating the new particle formation (NPF) events in the
Yellow River Delta. The particle formation rates and growth
rates of the newborn particles were evaluated to identify the
new particle formation events. The annual median total num-
ber concentration (5-10,000 nm) was 10,349 cm™, with a
maximum concentration in autumn and lowest in winter. A
higher number concentration was observed for Aitken mode
particles than for accumulation and nucleation mode particles.
Higher temperature and lower humidity could favour the
homogeneous nucleation. With increasing wind speed, the
Aitken and accumulation mode particle numbers decreased
obviously, and the particle sizes were reduced. Higher particle
number concentrations were associated with southeast local
air masses which passed from polluted area, and smaller
diameter peaks were associated with northern air masses. In
total, 26 new particle formation events were recorded during
the 120 days of measurements, and this frequency was slightly
lower than that observed in other cities in China. The mean
growth and formation rates were calculated as 5.3 nm h™' and
6.6 cm > s, respectively. High SO, and O; concentrations
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might have contributed to the increase in nucleation mode
particles in the NPF events.

Keywords Number sizedistribution - Wind speed - Backward
trajectory - New particle formation - Yellow River Delta

Introduction

In recent years, atmospheric environment and air quality have
drawn increasing attention, especially aerosol particle pollu-
tion. Aerosol particles can affect human health (Ayala et al.
2012; Fann and Risley 2013; Stieb et al. 2002), visibility (Kim
et al. 2006) and climate (Ramanathan et al. 2001; Stott et al.
2000), and the physical characteristics of aerosol particles play
an important role in these process. Some laboratory studies
have also demonstrated that for a given mass concentration,
the health effects are more significant for smaller particle sizes
(Wichmann and Peters 2000). In addition, the growth of nuclei
from a few nanometres to optically active and efficient cloud
condensation nuclei has important implications for visibility
and climate (Kulmala et al. 2004).

The number size distribution is an important parameter of
particle physical characterisation. New particle formation
(NPF) and growth are the main sources of aerosol particles
and important factors in particle size distribution (Gao et al.
2011; Kulmala et al. 2004). New particle formation events
usually occur during daytime when the pre-existing particle
mass concentration is low and under sunny and dry conditions
(Birmili and Wiedensohler 2000). In different seasons and at
different sites, new particle events have different frequencies
(Dal Maso et al. 2005). New particle formation events have
been detected at many different sites with different atmospher-
ic environments (Kulmala et al. 2004): remote boreal forests
(Kulmala et al. 1998) heavily populated urban sites
(Monkkénen et al. 2005), coastal boundary layers (O’Dowd

@ Springer
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et al. 2002) and industrialized agricultural regions (Birmili
et al. 2003). Consequently, it is important to advance our
understanding of the formation and growth processes of new
particles in the atmesphere. In China, studies on particle
physical characterisation have been conducted in recent years,
and the research area mainly covers the large cities of the
Bohai Sea Rim (BSR), Yangtze River Delta and Pearl River
Delta region (Gao et al. 2009; Leng et al. 2013; Wu et al.
2007).

China is one of the largest coal-, iron- and steel-production
countries in the world. The consumption of coal and the rapid
increase of motor vehicles in recent decades have led to large
amounts of PM; 5 emissions (Zhang et al. 2009). The BSR
region is an area with the largest amount of pollutants and
particulate matter emissions in China. The air quality in this
region has worsened, and haze phenomena have occurred
more frequently in recent years. The Yellow River Delta
(YRD) Nature Reserve is an ecological protection zone near
the Bohai Sea, and the environment here, especially the eco-
system, is intact because of the restriction of human activity.
Some industrial cities in the BSR have heavy air pollution,
and the local transmission may affect the air quality. Because
of its positional specificity and environment sensitivity, the
environment of the Yellow River Delta Nature Reserve has
received great attention. Most studies on pollution have fo-

cused on the organic contamination of soil and water, such as

PAH:s and nitrobenzene’s (He et al. 2006; Wang et al. 2011)
and only rarely on aerosol and air pollution. Our group has
conducted a comprehensive evaluation of aerosols, and the
ionic and organic components of PM; s were reported in a
previous study (Yuan et al. 2014; Zhu et al. 2014). In the
Yellow River Delta, the potential mechanisms and compounds
participating in atmospheric NPF and growth remain unclear.
Therefore, it is important to increase the data on particle
number size distribution and to investigate the NPF and
growth processes in this background area.

The aim of this study was to determine the long-term
variation in the physical characteristics of aerosol particles in
the Yellow River Delta, such as the particle number concen-
trations and size distributions, to investigate the meteorolog-
ical and transmission effects on the particle number size
distribution, to gain the particle formation rate (FR) and
growth rate (GR) in NPF events for understanding the particle
physical characteristics.

Experiment and method
Sampling site
The sampling site was a nature reserve management station of

the Yellow River Delta in Dongying, Shandong Province (38°
03’ N, 118° 44’ E, 5 m as.l), (as shown in Fig. 1). This

@ Springer

regional background site is located in the east of the North
China Plain, 10 km away from the Bohai Sea (Fig. 1). Oil
exploration is an important industry of Dongying, and the
Shengli Oil Field is one of the largest oil exploration bases.
Measurement instruments, including a meteorological station,
were set up on the roof of the station building of four floors,
which is 15 m above the ground level. Continuous measure-
ments were collected intensively in 2011, in spring (Apr 1-
May 4), summer (Jul i-Jul 31), autumn (Oct 11-Nov 7) and
winter (Dec 12 of 2011--Jan 7 0of 2012).

Instruments

An aerosol wide-range particle spectrometer (WPS model
1000XP, MSP Corporation, USA) was used to measure the
particle number concentration. The Model 1000XP WPS is a
general purpose, high-resolution aerosol spectrometer that
combines the principles of differential mobility analysis, con-
densation particle counting and laser light scattering to mea-
sure the diameter and number concentration of aerosol parti-
cles in the 5- to 10,000-nm particle diameter range. The

.instrument’s differential mobility analyser (DMA) and con-

densation particle counter (CPC) can measure aerosol size
distributions in the 5- to 350-nm particle diameter range in
up to 96 channels. The laser particle spectrometer (LPS)
covers the 350- to 10,000-nm particle diameter range in 24
additional channels. Overall, the WPS covers three orders of
magnitude of particle diameter with a single, easy-to-use,
compact and energy-efficient aerosol spectrometer. The
CPC has an advanced design that eliminates the tradi-
tional problems of water condensation and collection in
the saturator. A dual-reservoir design ensures the con-
densate is collected into a separate reservoir to avoid
any mixing of condensed water with the butanol in the
working fluid reservoir. The CPC features rapid warm-
up and response time for accurate aerosol concentration
measurements.

The other instruments used for measuring SO, (TEI Model
43C) and O; (TEIL, Model 49C) have been described previ-
ously (Wang et al. 2003, 2006). Meteorological data (includ-
ing temperature, relative humidity (RH), wind speed, wind
direction, etc.) were obtained from the meteorological station.

Methodology

Typically, the sizes of sub-micrometre particles are
categorised into three modes: nucleation mode, representing
quite newly formed particles, and Aitken and accumulation
modes, representing aged particles. In this study, we divided
the size distribution into 5-20 nm (nucleation mode), 20—
100 nm (Aitken mode), and 100-1,000 nm (accumulation
mode). The calculation of the growth rate and formation rate
follows the method described by Kulmala et al. 2012 in
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Fig. 1 Location of the sampling
site in the Yellow River Delta,
Shandong Province, China

Nature Protocols. The growth rate of NPF events can be
expressed as follows:

Adp  dp,—dp,
GR=——="2~1 1
At 1t M

In the equation, dp; and dp, are the representative particle
geometric mean diameter (GMD) at time ¢, and t,, respective-
ly. For the calculation, dp, and dp, are defined as the centre of
the size bin and ¢, and ¢, are the times when the concentration
of this size bin reaches its maximum.

The formation rate (Js-¢) is represented as follows:

dNs-2
dt
" GRs-20 X Ns-39
15 nm

J520 = + CoagSyp—13 am X Ns-20

@)

Where Js_5 is the formation rate of new particles in the
range of 5 to 20 nm. The second item is the coagulation losses
for the nucleated particles (5-20 nm) by large particles, and it
is represented by the loss of 13-nm particles (13 nm is the
geometric mean of 5-20 nm) in this study. The third item is the
growth out of the considered size range.

Backward trajectories and cluster analysis

Backward trajectories and cluster analysis were applied to
investigate the air mass transport effects on the particle num-
ber size distribution. In this study, the backward trajectories
were run using the Hybrid Single Particle Lagrange Integrated
Trajectory (HYSPLIT4) model (Draxler et al. 2003) that was
developed by the National Oceanic and Atmospheric Admin-
istration (NOAA). First, 72-h backward trajectories terminat-
ing at 50 m above ground level in the YRD (38° 03' N, 118°
44' E) were calculated every 1 h during the sampling period.
The trajectories were then clustered according to their simi-
larity in spatial distribution using the HYSPLIT4 software.

The clustering principles and processes are described in the
user’s guide of the software (Draxler et al. 2009).

Results and discussion
Overview of the particle number concentration

Based on the four-season continuous measurements, approx-
imately 120 days of data were available. Table 1 shows some
major parameter of particle number concentrations for differ-
ent sizes: nucleation mode (5-20 nm), Aitken mode (20—
100 nm) and accumulation mode (100-1,000 nm) in the four
seasons. The annual average median value of the total number
concentrations (TNC) for size of 5-10,000 nm was
10,349 cm > and the annual average number concentrations
of 20 and 80 % percentile were 6,123 and 17,825 cm™>,
respectively. A higher median number concentration
(6,105 cm ™) was observed for Aitken mode particles than
accumulation and nucleation mode particles (2,600 and
494 cm | respectively). This might be due to oil combustion
influencing the Aitken mode particles (Harris and Maricq
2001). The particle number concentration (PNC) exhibited
significant seasonal variation with highest median value in
autumn (14,161 cm ) and lowest in winter (7,494 cm ). The
percentage of Aitken mode particles to the TNC increased
from 58 % in autumn to 66 % in winter and this could be
attributed to the lower boundary layer and domestic heating in
winter. The particle number concentrations had significant
negative correlation (R=—0.56) with wind speed, indicating
that high wind speed lead to low particle concentrations.
According to the comparison with other cities home and
abroad shown in Table 2, the particle number concentration in
the YRD was larger than that of Lanzhou, but much lower
than those in urban and rural sites of China, which is due to
strongly local traffic emissions in these stations. Compared to
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Table 1 Median, 20 and 80 % percentile, standard deviation (SD) of particle number concentrations in four seasons in different sizes (cm™)

Spring Summer Autumn Winter Annual average
Nugcleation mode (5-20 nm) Median 609 479 549 441 494
20 % Percentile 69 157 198 206 152
80 % Percentile 2,521 2,142 2,112 1,069 1,843
SD 5,893 5310 3,868 1,250 4,539
Aitken mode (20-100 nm) Median 7,703 5,135 7,687 4,805 6,105
20 % Percentile 4,669 2,593 4,344 3,188 3,600
80 % Percentile 12,828 10,135 13,895 7,070 11,018
SD 5,930 8,147 5,584 2,544 6,056
Accumulation mode (100--1,000 nm) Median 3,157 2,375 3,385 1,516 2,600
20 % percentile 1,523 937 1,758 598 990
80 % Percentile 6,098 4,083 7,329 3,262 4,835
SD 2935 1,959 3,067 1,423 2,640
TNC (5-10,000 nm) Median 12,717 9,037 14,161 7,494 10,349
20 % Percentile 7,511 5,165 9,146 4,730 6,123
80 % Percentile 20,909 15,951 21,139 10,657 17,825
SD 11,143 12,591 7,758 3,753 9,951

the rural sites in Europe and USA, the measured value in the
YRD was 2 to 12 times higher and this may be because the
sampling site in this research was affected by transmission
from the nearby industrial areas. A much higher concentration
of accumulation mode particles in the YRD was observed
compared with other sites. Considering that the sampling site

was a regional background area, the polluted air masses from
nearby industrial and urban cities had a significant impact on
the accumulation mode particles in the atmosphere of the
YRD. In addition, agricultural biomass burning in autumn
might have influenced the accumulation mode particles (Li
et al. 2007), and agricultural burning takes place more

Table 2 Comparisons of mean particle number concentrations (cm ™) and GMD (nm) between this study and other studies

Country Types Period Particle size range  GMD (nm) TNC (cm™>) Reference

YRD China RﬁraVcoas\"al Spring 5-10,000 67 15,488 This work

Summer 80 12,510

Autumn 71 15,516

winter 67 7,966

Annual average 69 12,838
Jinan Urban 2,008 10-500 15,700 (Xuetal. 2011)
Lanzhou Urban Summer 2006 10-500 8,514 (Gao et al. 2011)
Beijing Urban 2004-2006 3-10,000 32,800 (Wa et al. 2008)
Taicang Urban Summer 2005 10-500 29,990 (Gao et al. 2009)
Guangzhou Urban Jul. 2006 20-10,000 29,000 (Yue etal. 2013)
Backgarden of PRD Rural 20-10,000 17,000
Xinken Rural Oct. 2004 3-10,000 16,000 (Liu et al. 2008)
Pittsburgh USA Rural Jul. 2001-Jul. 2002 3-500 40 22,000 (Stanier et al. 2004)
Barcelona Spain Urban 2009 5-1,000 16,847 (Reche et al. 2011)
London urban site UK Urban 2008-2010 19-600 45 6,680 (Bismarck-Osten et al. 2013)
London rural site Rural 19-600 50 3,393
Helsinki rural site Finland Rural 3.4-1,000 78 1,731
Aspvreten Sweden Rural 30-500 1,631 (Asmi et al. 2011)
Mace head Ireland  Rural 30-500 889
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frequently in fields in Hebei and Shandong provinces close to
the YRD in the harvesting seasons with the accompanying
production of larger aerosol particles. The pollutants coming
from those processes might have been transported to our
monitoring site during the sampling period.

Diumnal variations of particle number size distributions

The diurnal variations of the particle number concentrations of
different particle modes were investigated during NPF events
and non-NPF events. During NPF events, the nucleation
modes of particles all displayed a unimodel pattern of particle
number size distribution in four seasons. An increase of nu-
cleation mode particles all began at approximately 07:00 a.m.
and lasted several hours to noon, which were the result of new
particle formation. The peak of nucleation mode particle ex-
hibited the highest number of concentration in spring and the
Jowest value in winter. However, no significant variation of
nucleation mode particle occurred in non-NPF days, leading
to much lower number concentrations of nucleated particles in
non-NPF days compared to those in NPF events. Due to the
nucleated particles growing to larger sizes, the number of the
Aitken mode particles also increased by lagging some hours.
The diumal pattern of the accumulation mode particles was
possibly affected by transport from the surrounding areas, and
the variation was relatively small. The particle number con-
centrations decreasing in the late aftenoon mainly results
from the rising of boundary layer height.

During the NPF events, the moming peak of nucleation
mode particles coincides with the rise of temperature and
polluted gases of SO, (as shown in Fig. 2). This finding
suggests that higher temperature and lower humidity could
favour the homogeneous nucleation of sulphuric acid and
water, which may be an important factor contributing to the
high number concentrations of the nucleation mode particles
(Bismarck-Osten etal. 2013; Gomez-Moreno et al. 2011). The
Aitken mode peak tracked well with the O3 concentration
peak, suggesting that the condensational growth of nucleated
particles contributed to this peak.

The effects of wind direction and speed on particle number
concentration

To understand the function of wind direction on the particle
number concentration, we combined total particle number con-
centration (TNC) with wind direction in a rose plot. Figure 3
shows the wind direction frequency and the mean TNC.
During the sampling period, most frequent winds were from
the southeast (115-155 ©) and northwest (315-355 °), ac-
counting for approximately 28 % of the wind direction; how-
ever, when wind blew from the south (135-225 °), higher
particle number concentrations (13,965 cm™?) were measured
and the maximum concentration (104,907 cm ™) occurred at

176 °. It indicated that south wind correlated with high particle
number concentration and this might be due to higher anthro-
pogenic emissions from south of the sampling sites, where the
urban area is.

Wind speed (WS) also can affect the particle number
concentrations and size distributions (Agus et al. 2007). To
analyse the influence of wind speed on the particle size
distribution, three conditions were chosen to determine the
size distribution variation: (a) wind speed lower than 2 ms ',
(b) wind speed between 2 and 4 m s ' and (c) wind speed
higher than 4 m s~! (plots in Fig. 4). Figure 4 shows that as the
wind velocity increased, the total particle number concentra-
tions increased, varying from 12,434 cm > (WS<2ms ") and
13,880 cm™ (4 m s '>WS>2m ') to 16,949 cm™> (WS>
4 m s~'). The number concentration of the nucleation mode
particles increased significantly with increasing wind speed.
This might be due to the dry and pristine atmospheric condi-
tions under high wind speeds, and new particle formation
events could occur to increase the nucleation mode particle
number concentration in these conditions (Robinson et al.
2007). The Aitken and accumulation mode particle number
concentrations decreased obviously with increasing wind
speed, and the possible reason for this number concentration
reduction is that the higher wind speeds favoured the dilution
and dispersion of the larger particles (Bismarck-Osten et al.
2013). Under different wind speeds, the particle size distribu-
tion was also different. When the wind speed was lower than
2 m s !, the peak of the size distribution in dN/dLogDp
occurred at 50 nm. This peak drifted to a smaller diameter
(15 nm) with increasing wind speed (above 4 m s"). The
explanation for this phenomenon is that high concentrations of
the accumulation mode particles under low wind speed con-
ditions prevented nucleation, and the nucleated particles were
scavenged by strong coagulation.

Relation of particle number size distributions with air mass
history

A total of 2,402 backward trajectories were work out and a K-
means cluster approach was then used to classify the trajecto-
ries into several different clusters (Salvador et al. 2010). As
shown in Fig. 5, the trajectories in spring, autumn and winter
can be classified into two main categories, whereas there were
three categories in summer based on their origins, paths and
latitudes. The air masses generally came from the north,
passing through Inner Mongolia, Hebei and Bohai Sea at a
high altitude or from local Shandong and the adjacent areas in
low altitude before arriving at the YRD in the spring, autumn
and winter. In the spring and winter, the northern airflows
accounted for 53 and 68 %, respectively, of the total trajecto-
ries, and the proportion of northern airflows decreased to 22 %
in the autumn, whereas in the summer, 41 % of the air masses
came from the south (cluster 2), 36 % of the air masses came

@_ Springer
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(%) in NPF events and non-NPF events of four seasons
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Fig.2 (continued)

from the east passing the ocean (cluster 3), and only 23 %
came from the northwest, passing through Beijing and Tianjin
(cluster 1).

As shown in Table 3, air masses from the southem and
eastern short distance transport contributed higher particle
number concentration (average of being 14,903 cm™) than
those from the northern long-distance transport (cluster | in
spring, autumn and winter) (average of being 11,462 cm™>).

Fig. 3 Total particle number i
concentrations in the YRD as a
function of wind direction,
frequency plot. Each bar of the
frequency plot represents 10 °.

The magnitude of the bars shows
the wind direction frequency, and
the colour of the bars shows the
intensity of TNC for a given wind
direction (1-h means)
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The Aitken mode particles had higher number concentrations
than the other two mode particles in all of the trajectories
during the sampling period. The particle number size distri-
butions were all unimodal for the northemn long-distance air
masses with a Aitken mode peak (45 nm of cluster 1 in spring,
30 nm of cluster | in autumn and 50 nm of cluster | in winter).
The particle number size distribution of short distance air
masses from the south and east had a shift to the larger size,
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Fig. 4 Mean particle size
distributions measured during
different wind speeds
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and the peak was observed near 100 nm. These local air
masses passed through some developing cities (e.g. Weifang
and Yantai) with a large number of new buildings and con-
struction projects, leading to building dust emission into the
environment air, which brought more coarse particles to the

Fig. 5 Backward air mass
trajectories of four clusters and
the particle number size
distribution corresponding to the
clusters
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YRD. In addition, these air masses moved slowly and spent
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and east. The regional transport combined with further growth
by condensation may have resulted in the high number con-
centrations of the accumulation mode particles.
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Table3 Mean particle number

concentrations in different back- Cluster Nucleation mode Aitken mode Accumulation mode TNC
ward trajectories clusters in the
four seasons (cm ™) Spring 1 1,965 8377 2,588 12,934
2 2,853 10,050 5,370 18,278
Summer 1 2,006 6230 2,664 10,923
2 2,235 6,427 2,228 10,899
3 2,535 10,915 3272 16,732
Autumn 1 1,082 7973 5,344 14,404
2 4,048 g 12,929 2,043 19,021
Winter 1 961 4912 1,173 7,048
2 629 5899 3,042 9,585

NPF events

Several previous studies have described the NPF event criteria
(Gao etal. 2012; Wu et al. 2007), and, in total, 26 NPF events
(accounting for 22 % of 120 days) were observed during the
sampling period according to the NPF criteria. This frequency
is lower than that for some other sites in China, such as Beijing
(42.7 %), PRD of China (26 %) and Lanzhou (33 %) (Gao
et al. 2011, 2012; Liu et al. 2008). During all of these NPF
events, nucleated particles (5-20 nm) had low concentrations
in the early moming and began to increase at 07:00 a.m. in
spring and summer, 08:00 a.m. in autumn and 09:00 a.m. in
winter. A spontancous burst occurred before noon, and
then subsequently grew into Aitken and accumulation
mode particles at a rate of a few nanometres per hour
until afternoon. These processes were all new particle
formation events displaying a “banana shape”, as pre-
sented in Fig. 6.

These NPF event parameters are shown in Table 4. The GR
at YRD ranged from 2.3 to 12.7 nm h™' with the annual
average value being 5.3 nm h™!, and the FR varied in the
range of 0.3 to 31.9 cm > s ! with the annual average value
being 6.6 cm > s~'. The formation rate was much lower than
that in urban environments such as Beijing (3.3-
81.4 cm? s7') (Wu et al. 2007), Akrotiri (13 ecm™ s7")
(Kopanakis et al. 2013) and Atlanta (30-70 cm™ s7)
(Kulmala et al. 2004) but higher than in Guangzhou (2.4
4.0cm™s") (Yue etal. 2013). The GR of the July 31 and Oct
12 NPF event exceeded 10 nm h™', which was significantly
larger than that of other NPF events. The most likely reason
for this is the strong interplay between the nuclei growth and
their loss by coagulation. The higher the coagulation sink is,
the faster small nuclei must grow to survive the coagulational
scavenging onto larger pre-existing particles (Kerminen et al.
2001), whereas the coagulation sink on July 31 and Oct 12
was higher than on other NPF days (6.5%x107* s™! and 6.3 x

Fig. 6 Diumal variation of
particle number size distribution,
GMD (geometric mean diameter,
black line), gas pollutant
concentrations, RH and
temperature during a NPF event
on Oct 12
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Table 4 The relevant parameters

of the NPF events Dates Growth rate  Formation rate T (°C) RH 03 SO,
(m b {em 5™ ) (ppbv) (ppbv)

Spring 1 Apr. 2011 29 33 54 527 4712 24
2 Apr. 2011 4.1 8.0 69 409 439 23

4 Apr. 2011 37 24 14.7 347 609 15.7

8 Apr. 2011 4.7 4.8 15.5 37.6 45.2 29

9 Apr. 2011 5.8 17.2 18.6 222 398 25.4

12 Apr. 2011 72 31.9 17.1 37.1 43 27.0

20 Apr. 2011 3.1 2.6 22.1 334 416 41.2

Average 4.5 10.0 14.3 369  46.1 16.7

Summer 5 Jul. 2011 9.5 22.7 30.6 51.7  86.6 18.4
9 Jul. 2011 2.7 53 316 412 59.0 49

14 Jul. 2011 32 17.6 314 59.2 50.3 8.0

16 Jul. 2011 4.0 30 327 548 858 11.0

21 Jul. 2011 7.8 39 30.3 70.2 375 19.7

23 Jul. 2011 83 5.4 323 664  93.7 27.0

31 Jul. 2011 12.7 5.2 319 60.0 504 11.6

Average 7.1 9.0 315 576 662 14.4

Autumn 12 Oct 2011 10.3 438 20.8 576 554 59.3
15 Oct. 2011 4.6 33 16.9 439 328 31

16 Oct. 2011 4.6 8.1 194 456 335 72

17 Oct. 2011 3.0 54 14.8 61.3 30.2 09

25 Oct. 2011 38 6.6 12.7 42.9 25.6 52

Average 53 5.6 16.9 50.3 355 15.1

7 Nov. 2011 39 2.8 12.8 50.7 40.5 1.6

Average 5.0 52 16.2 503 363 12.9

Winter 12 Dec. 2011 23 2.6 5.0 508 254 0.8
14 Dec. 2011 2.5 03 0.7 49.3 275 7.5

16 Dec. 2011 4.6 0.9 -3.4 477 278 43

22 Dec. 2011 3.9 0.9 —0.8 447 286 55

24 Dec. 2011 4.1 0.8 1.1 438 26.6 8.1

4 Jan. 2012 34 0.7 =3.1 50.5 264 6.8

Average 35 1.0 -0.1 478 271 5.5

107* s7!). The formation rates were much lower in winter ~ Conclusions

3 s7!) than in other seasons

(average of 1.0 cm™

(10.0 em™ st in spring, 9.0 em™> 57! in summer and
5.2 cm™ s”' in autumn). This might be due to the low
temperature and lower SO, and O; concentrations. The hourly
average SO, and O; concentration on NPF days displayed a
good correlation with nucleation mode particle number con-
centrations (R®=0.41 and 0.39, respectively), which suggests
that high SO, and O; concentration might contribute to
the increasing of nucleation mode particles in the NPF
events. As shown in Fig. 6, a significant increase of
SO, and Oj concentration was observed during an in-
crease of nucleation mode particle number concentra-
tion, which also indicates that intense photo-chemical
activities coincided with these events.

@_ Springer

Particle number size distributions between 5 nm and 10 pm
were measured in 2011 in the Yellow River Delta, China,
using a wide-range particle spectrometer. The annual median
total number concentration (5 nm to 10 pm) was 10,349 cm™.
The Aitken mode particles had higher number concentrations,
and the accumulation mode particles accounted for a larger
proportion of the total surface and volume concentrations. The
particle number concentration exhibited significant temporal
variations, and most of the particle bursts were caused by the
sharp increase of the nucleation mode particles. With increas-
ing wind speed, the Aitken and accumulation mode particle
number decreased obviously, and the particle size was re-
duced. Air masses from the southern and eastern short
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distance transport contributed higher particle number concen-
trations than those from the northem long-distance trans-
port. New particle formation events were observed on
approximately 22 % of the measurement days and were
generally observed under high visibility and sunny con-
ditions. The GR in the YRD ranged from 2.3 to
12.7 nm h™" with an annual average of 5.3 nm h™!, and the
FR varied in the range of 0.3 to 31.9 cm™ 5! with an annual
average value of 6.6 cm 2 s7'. High SO, and O concentra-
tions might have contributed to the increase of nucleation
mode particles in the NPF events.
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Abstract To better understand the pollution characteristics and
potential sources of PM; s ionic components at the Yellow
River Delta (YRD), a semicontinuous measurement was con-
ducted to observe water-soluble ions in PM, s at a nature
reserve in Dongying of Shandong province, China, in 2011.
The results showed that SO,*, NO;~, and NH," were the
dominant ionic species (constituting 93 % of the total ionic
mass) with their annual average concentrations of 22.48, 12.77,
and 11.21 pg/m’, respectively. These three ion concentrations
were generally lower than those observed in major cities in
China but higher than those in other rural and nature reserve
sites. Jon concentrations exhibited large seasonal variations, and
maximum values were observed in summer. SO,2 concentra-
tion presented a daytime peak in summer, autumn, and winter,
while in spring, a relative flat diurnal cycle was observed. NO;~
concentration changed with that of SO,>~ during most of mea-
surement period. Transport from sutrounding areas contributed
to the diumnal cycle of secondary ions. In addition, photochem-
ical reaction and thermodynamic equilibrium played important
roles on the diurnal variation of SO4%~ and NOj ™, respectively.
The aerosol at the YRD was weakly acidic, and it was most
acidic in winter. A cluster analysis showed that fine particle
pollution at the YRD was mainly affected by southwest local
emissions and northemn middle- to long-distance transport.
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Introduction

Atmospheric fine particulate matter (PM, s, with the aerody-
namic diameters <2.5 pm) is one of the most complex and
harmful pollutants in urban atmospheres, and it is the cause of
significant public concern (Borja-Aburto et al. 1998; Schwartz
et al. 1996). Water-soluble inorganic ions, particularly the
secondary ions (e.g., NO;~, SO4>, and NH,"), are the major
components of PM, 5. They play important roles in reducing

‘atmospheric visibility, altering radiation forcing, changing

surface temperatures, and influencing cloud formation and
wet deposition (Fu et al. 2008; Jung et al. 2009; Kim et al.
2008; Ocskay et al. 2006). Ionic composition determines the
acidity of fine particles, which has potential influences on the
ecosystem and environmental materials through deposition
(Zhou et al. 2012). Thus, the seasonal and diumal variations
in the water-soluble ion concentrations of PM, s are important
in studying aerosol characteristics.

China is one of the largest coal, iron, and steel producing
countries in the world. The consumption of coal and the rapid
increase in motor vehicles in recent decades have led to large
amounts of SO, and NO, emissions (Zhang et al. 2009). The
Bohai Sea rim region generates the largest amount of pollut-
ants, especially for particulate matters in China. However,
most previous studies in this area have focused on the aerosol
chemical properties of large cities, such as Beijing and Jinan
(Gao et al. 2011; Sun et al. 2006; Wang et al. 2006). The
Yellow River Delta Nature Reserve is an ecological protection
zone near the Bohai Sea and features a unique environment.
Because of the restriction of human activity in this reserve, the
environment and the ecosystem remain intact. Some industrial
cities near the Yellow River Delta (YRD), such as Zibo and
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Jinan, have significant local emissions and suffer serious air
pollution, which may affect the air quality of the YRD.
Because of its geographic positional specificity and environ-
ment sensitivity, the YRD Nature Reserve has received a
significant amount of attention. Most studies on pollution
have focused on the organic contaminants of soil and water,
such as PAHSs and nitrobenzene (He et al. 2006; Zhang et al.
2011), but rarely on air pollution, especially on chemical
composition of PM, s.

The filter-based measurement and online monitor are the
two primary methods for measuring chemical particle compo-
sition. Traditional filter-based measurement is time-
consuming and is unable to provide finer spatial and temporal
variations. Online measurement can provide highly time-
resolved data for investigating more detailed information,
such as temporal variation, process analysis, and source of
water-soluble ions (Oms et al. 1996; Stolzenburg and Hering
2000; Trebs et al. 2004). In this study, a semicontinuous ion
monitor (URG 9000B) was used for high time-resolution
measurement of PM, s water-soluble ions at a background site
in the YRD. This study presents the overall results for PM» s
water-soluble ions, including their seasonal and diumal vari-
ations and the relationships between water-soluble ions and
gaseous precursors and meteorological parameters.
Additionally, this study investigates the aerosol acidity and
source of pollutants using a backward-trajectory cluster
analysis.

Experimental
Sampling site

The sampling site was chosen at the YRD Nature Reserve
Yi Qian Er Management Station in Dongying, Shandong
province (38°03'N, 118°44'E, 5 m a.s.l.). This regional back-
ground site is located in the east of North China Plain, 10 km
away from the Bohai Sea (Fig. 1) and far away from the major
cities in Shandong and Beijing-Tianjin-Hebei region. There
are rare coal-fired power plants and industrial activities near-
by, and the nearest plant is located in the southwest Dongying
district with 58 km away from the sampling site. Measuring
instruments including an automatic meteorological station
were set up on the fourth floor of the station building, which
is 15 m above the ground level. Four series of measurements
were collected intensively in 2011, in spring (April 26-May
3), summer (July 8-July 31), autumn (October 16-November
7), and winter (December 30 of 2011 to January 9 of 2012).

Instruments

An ambient ion monitor (AIM, model URG 9000B, URG
Corporation) was used to measure hourly concentration of

@ Springer

water-soluble ions in PM, 5. Some previous research
(Gao et al. 2011) has showed excellent correlations
(R=0.92-0.97) between AIM and the traditional filter-based
measurement for measuring the major water-soluble ions
(SO4*",NO;™, NH,", CI", and K*). Ambient air samples were
drawn into the instrument at a flow rate of 3 L min~". The
particles first entered a denuder that removed acidic and
alkaline interfering gases before the particles were collected.
An H,0; solution (6 mmol/L) was substituted for the original
ultrapure water as the denuder liquid to enhance the absorp-
tion of SO, and to avoid interference with the SO,>” measure-
ment from SO,. The particles were then mixed with supersat-
urated steam to form water droplets. The droplets passed
through a condensing tube, and the condensed solutions were
collected into two syringes every hour. The solutions were
injected into two ion chromatographs (Dionex, ICs90) to
detect the major inorganic ions, which included F~, CI',
NO,”, NO;~, SO,27, Na*, NH,*, K*, Mg**, and Ca®*.
Multipoint calibration was performed with standard ion solu-
tions ordered from Dionex Corporation. Standard reference
materials produced by the National Research Center for
Certified Reference Materials (Beijing, China) were analyzed
for quality control and assurance purposes.

Other instruments for measuring SO, (TEI model 43C),
NO, (TEI model 42CY), and O3 (TEI model 49C) have been
described previously (Gao et al. 2005; Wang et al. 2003). The
43C model is based on the principle that SO, molecules
absorb ultraviolet (UV) light, become excited at one wave-
length, and then decay to a lower energy state, emitting UV
light at a different wavelength. NO, was detected with a
modified commercial MoO/chemiluminescence analyzer.
Meteorological data (including temperature, relative humidity
(RH), wind speed, wind direction, etc.) were obtained from
the meteorological station.

In situ acidity

Aerosol acidity plays a particular role in secondary aerosol
formation and can promote the formation of secondary inor-
ganic aerosols by catalyzing heterogeneous reactions
(Underwood et al. 2001). In this study, we adopted the online
version of the aerosol inorganic model (AIM-I) (Clegg et al.
1998) to investigate the acidic characteristics of PM, s with
hourly concentrations of SO4>", NO;~, and NH,". Hourly
measurements of SO4>~, NO;~, NH,*, ambient temperature
(T), RH, and Hsong (' suong =2 X[SO4* ]+ [NO; ]~ [NE, )
were inputted into the model to obtain the aqueous phase
concentrations of free ions including in situ acidity (H',;,),
SO,*", NO;~, NH,", and HSO,~, and water content in the
aerosol droplets. The pH was predicted by the equation of
pH=—Log[y*H " 4/ ¥./1000)), in which -y and ¥, denote the
activity coefficient for H';; and the volume of particle aque-
ous phase in air (cm*/m?®).
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Fig. 1 Location of the sampling site in the Yellow River Delta, Shandong province, China

Backward-trajectory cluster analysis

For a more accurate analysis of the major ion sources, the
backward trajectories and cluster analysis were applied. In this
study, the backward trajectories were run using the Hybrid
Single-Particle Lagrange Integrated Trajectory (HYSPLIT4)
model (Draxler and Rolph 2003) that was developed by the
National Oceanic and Atmospheric Administration (NOAA).
First, 72-h backward trajectories beginning at 50 m above
ground level in YRD (38°03'N, 118°44'E) were calculated
every | h during the sampling period. The trajectories were
then clustered according to their similarity in spatial distribu-
tion using the HYSPLIT 4 software. The clustering principles
and processes are described in the user’s guide of the software
(Draxler et al. 1999).

‘Weather conditions

Weather conditions during the sampling period are shown in
Table 1. The ambient average annual temperature is 13.0 °C,
with the highest monthly average in July at 26.8 °C and the
lowest monthly average in January at —1.6 °C. The RH in
YRD during the period was somewhat high (at an annual
average of 64.4 %), although the largest variations occurred
in summer (78.8 %) and lowest in spring (57.7 %). The
average annual wind speed was 1.3 m/s, with higher speeds
in spring (2.1 m/s) and lower speeds in summer and autumn
(0.80 and 0.78 m/s, respectively). The prevailing wind direc-
tion in winter was northern, from northwest to northeast; in
summer, it was southern and eastern, from southeast to south-
west. Dust storm invaded the sampling site on April 30th and

May 1st during the spring measurement, when the wind speed
increased to 4 m/s.

Results and discussions
Statistics for major water-soluble ions

Concentrations of water-soluble ions over the four seasons are
shown in Table 2 and Fig. 2. The annual average TWSI (total
water-soluble ions) was 49.72 pg/m®, with the highest value
in summer (59.91 pgf‘mj} and the lowest value in spring
(24.25 pg/m®). In autumn and winter, average TWSI concen-
trations were 58.20 and 38.26 pg/m’, respectively. SO,
NO;~, and NH," were the dominant ionic species and
accounted for approximately 93 % of the total ions. CI",
NO,", Na*, K*, Mg®*, and Ca®" contributed approximately
7 % of the TWSI on the annual average. The concentration of
F~ was always below the limits of detection.

Table 1 Meteorological data from different seasons in the Yellow River
Delta during the sampling period

Temperature (°C) RH (%) Wind speed (m/s)
Annual mean 13.0 64.4 1.28
Spring 11.8 57.7 211
Summer 26.8 78.8 0.80
Autumn 14.1 68.5 0.78
Winter -1.6 59.3 0.62
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Table 2 Concentrations of water-soluble ions during four seasons in the Yellow River Dela

cr NO;” NO; S0,*" Na* NH,* K* Mg* Ca** TWSI
Spring 112 0.40 7.25 8.19 0.75 531 0.63 0.14 0.46 24.25
Summer 091 0.23 12.10 30.32 057 15.06 0.54 0.09 0.09 59.91
Autumn 1.34 0.34 18.72 23.95 0.71 12,03 0.85 0.13 0.13 58.20
Winter 2.26 042 7.28 19.62 0.70 7.13 0.65 0.05 0.05 3826
Annual mean 1.31 033 12.77 2248 0.66 11.21 0.65 0.10 0.19 49.72

TWSI total water-soluble ions, pg/m’

S04% was the most abundant ions, accounting for
50.6 % of the total ion mass. It showed clear seasonal
variation with the highest value in summer (30.32 pg/m?),
lowest concentration in spring (8.19 pg/m>). High concen-
tration in summer might be the result of the high RH,
abundant photochemical oxidants, and strong solar radia-
tion, while low emissions and good atmospheric diffusion
conditions caused low levels in spring. The average NO3~
concentration in autumn (18.72 uga"rn3) was much higher
than that in the other seasons. The variation of NH, " coin-
cided with that of SO,%", indicating that NH," largely
originated from ammonia neutralizing acidic species.

The average concentrations of major ions (NO; S0,%,
and NH,") in this research were compared with observations
from other world cities (shown in Table 3). Compared with the
other cities, these three ion concentrations at YRD were lower
than those measured in Jinan, Xi’an, and Raipur, but they were
still higher than those in Beijing, Shanghai, and Guangzhou in
China and the other major world cities. As a regional back-
ground site, the major ion concentrations at YRD were sub-
stantially higher than those in other rural sites, indicating
serious secondary inorganic aerosol pollution at the YRD.
This may be the result of intensive emissions of SO,, NO,,
NHj3, and particulate matters in the Bohai Sea rim region

(Zhang et al. 2009). Effective emission reduction measures
are required to address the severe PM, s pollution in this
region.

The mass ratio of NO; /SO,4% has been used as an indica-
tor to show the relative importance of mobile (e.g., vehicles)
versus stationary sources (e.g., power plant) in air pollution
(Yao et al. 2002). In this study, the value of NOy /SO,* was
0.89 in spring, 0.40 in summer, 0.78 in autumn, and 0.67 in
winter, with an annual mean of 0.57. It was substantially
higher than 0.44 in Jinan (Gao et al. 2011), 0.46 in Xi’an
(Zhang et al. 2011), and 0.41 in Fuzhou (Xu et al. 2012). The
high NO; /S0, values were most likely related to less usage
of coal because petroleum products and natural gas are the
main energy sources in local area, where there are many large
oil and gas fields. However, they were significantly lower than
that in the NO; /SO4>” mass ratio of 2 in downtown Los
Angeles (Kim et al. 2000), suggesting that stationary source
emissions are also very important in the study area. The NO; /
SO4”" exhibited the lowest value in summer, which might
hypothetically be the result of higher SO,* levels and the
evaporative loss of NO;~ with a higher temperature.

Given that the sampling site is a coastal city, sea salt acrosol
is the major source of CI” and Na™. This was verified by the
CI"/Na* molar ratio. The CI'/Na" ratios were 1.01, 1.06, and
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Table 3 Mass concentrations of major chemical components in the YRD and other cities in the remainder of the world (ug/m®)

Site Type Time Major ion concentrations (pg/mz) References

NO;” 50" NH,"
Yellow River Delta Rural/coastal ~ 2011-2012 12.77 2248 11.21
Jinan, China Urban Dec. 2007-Oct. 2008 15.77 38.33 2126 (Gao etal. 2011)
Xi’an, China Urban Mar. 2006-Mar. 2007 16.4 35.6 11.4 (Zhang et al. 2011)
Guangzhou, China Urban Apr. 2007 95 21.6 73 (Tao et al. 2009)
Beijing, China Urban June-August 2011 124 9 8 (Sun etal. 2012)
Beijing, China Urban June—August 2005 55 16.2 (Wu and Wang 2007)
Shanghai, China Urban May-June 2005 58 23.1
Qingdao, China Coastal 1997-2000 34 11.94 5.79 (Hu et al. 2002)
Xinken, China Rural/coastal ~ Oct.—Nov. 2004 72 24.1 9.2 (Hu et al. 2008)
Chongming Island, China Rural/coastal  Jun. 2006 10.89 23.14 10.28 (Li et al. 2010)
Jianfengling Nature Reserve, China ~ Rural/coastal ~ Nov. 2007 0.13 2.17 0.56
Taibei summer Urban Aug. 2003 1.71 3.47 2.04 (Chang et al. 2007)
Taibei winter Urban Dec. 2003-Jan. 2004 3.66 12.01 5.67
Gwangju, Korea Rural Oct—Nov. 2003 2.89 3.86 2.62 (Hong et al. 2008)
Saitama City, Japan Urban Jan. 2010 5.67 2.26 2.22 (Kim et al. 2011)
Cario, Egypt Urban Nov. 2004-Mar. 2005 6.1 142 25 (Favez et al. 2008)
Raipur, India Urban Apr. 2005-Mar. 2006 8.16 46.5 8.76 (Verma et al. 2010)
Dearborn, USA Urban July—-Aug. 2007 0.81 3.69 (Pancras et al. 2013)
Brigantine, USA Rural/coastal ~ Nov. 2003 1.26 2.27 1.32 (Lee et al. 2008)

1.12 in spring, summer, and autumn, respectively, and 1.96 in
winter, while the CI'/Na* molar ratio is 1.17 in seawater. The
ratio was highest in winter, indicating that more part of CI™
was related to nonmarine sources such as coal-fired emission.
CI levels decreased during the summer months as a conse-
quence of its volatilization as HCI during the formation of
NaNO; from gaseous HNO; and marine NaCl.

Secondary formation of SO,> and NO5~

To understand the factor that affected the secondary inorganic
aerosol formation, the diumal variations of sulfate, nitrate,
temperature, RH, O3, SO, and NO, are provided in Fig. 3.
The average sulfate oxidation ratio (SOR) and the nitrate
oxidation ratio (NOR) were used to reflect the secondary
formation of the fine sulfate and nitrate. They are defined as
SOR=[SO,* W([SO4*]+[SO,]) and NOR=[NO; J/[NOy], re-
spectively, to indicate the process and extent of the formations
from SO, to SO4*" and NO, to NO;~ (Wang et al. 2006).
Higher SOR and NOR levels suggest that more SO, and NOy
are oxidized to sulfates and nitrates.

Overall, SO,2" exhibited similar diurnal cycle with SO,, with
a broad day maximum in summer, autumn, and winter, while in
spring with a little diumnal variation. Because the sampling site is
located in the YRD Nature Reserve, it is anticipated that local
emissions were at low levels. Thus, just like SO,, SO,*" diurnal
cycle was possibly affected by the transport from the

surrounding areas concentrated with coal-fired power plants to
this sampling site. In addition, secondary formation may be
another factor in affecting diurnal variation of $O,%". In sum-
mer, autumn, and winter, SO42‘ concentration began to increase
with the rising of sun when SO, and O; concentrations were
rapidly elevated. The enhancing of solar radiation and O; con-
centrations promoted photochemical production of SO,
Generally, sulfates were produced from homogeneous oxidation
of SO, by OH radicals by following subsequent condensation or
from heterogeneous reactions of SO, on surfaces of aerosols or
droplets (Dlugi et al. 1981; Meng and Seinfeld 1994). Thus,
secondary formation of SO,%" depended on SO, concentration,
and the SO, concentration was 12.1, 7.9, 12.7, and 20.0 ppbv in
spring, summer, autumn, and winter. Although SO,>” concen-
tration in the summer was significantly higher than that in the
other seasons, SO, concentration was lowest. This could be
attributed to the higher conversion rate (SOR=0.65) in summer
than that in the other seasons (SOR spring=0.31, autumn=
0.50, winter=0.27). High RH, temperature, and photochemical
oxidants are conducive to the second generation in summer in
YRD. The spring diurnal variation of SO,% with smalt fluctu-
ations also may be related with invasion of dust storm from the
northwest of China (Wang et al. 2005).

NO;~ concentration varied with that of SO,*~ and NO,
during most of measurement period except in summer, sug-
gesting that the transport from source areas may be one reason
for NO;™ diurnal cycle (e.g., the urban cities as Jinan and Zibo).
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Besides, in spring, summer, and autumn, NO;~ showed lowest
concentration in the afternoon when the temperature was
highest in a day, which was driven by the thermodynamic
equilibrium of NOj . It is well known that NH4NO; tends to
decompose into gaseous HNO; and NHj in hot and dry con-
ditions. In winter, due to low temperature, thermodynamic
equilibrium had small influence on NO;™ concentration varia-
tion, while NO;~ was mainly affected by transport in the
afternoon and accumulation during the night. Thus, there were
two peaks, which appeared in the aftenoon and early in the
moming. In addition, the nitrate concentrations varied with
NO, during most of measurement period except in spring with
high correlation coefficient (average of 0.83 in summer, au-
tumn, and winter, 0.45 in spring), suggesting that the NO;~
could be mainly formed by the oxidation from NO,. In our
study, NOR values were obviously higher in summer
(NOR=0.30) and autumn (NOR=0.29) than those in spring
(NOR=0.07) and winter (NOR=0.10). Higher NOR value in
summer and autumn led to high concentrations of NO; .

Aerosol acidity-

Aerosol acidity is an important parameter for investigating the
aerosol phase reactions, acidity-dependent heterogeneous for-
mation of secondary aerosols (Jang et al. 2002; Surratt et al.

2007). The neutralization degree (F=NH, /(250> +NO5))
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~ and NO;™ and related parameters at the Yellow River Delta during different seasons

was defined as the extent to which acidic acrosol is neutral-
ized. In this study, the samples with F lower than 0.9 and 0.75
are regarded as acidic and more acidic aerosols (Zhou et al.
2012). It is noted that this method was not adapted while
mineral ions (e.g., Ca®*, Mg®*, Na’) contributed to a large
proportion of PM, 5, and these data were excluded from this
analysis. Finally, a total of 1,450 sets of hourly data were used
to calculate the neutralization degree, which accounted for
approximately 95 % of the total measurements. Figure 4
shows the neutralization degree (F=NH,"/(250,> +NO;")).

In this study, the aerosol at YRD presented as weakly acidic
(annual average F of being 0.89). In spring and summer, acidic
aerosols (F<0.9) accounted for 35.4 and 45.6 % of all sam-
ples, respectively, and only 11.1 and 8.8 %, respectively, of
PM, s samples presented strongly acidic (F<0.75). In autumn
and winter, more than 50 % of PM, s samples showed acidic
(F<0.9), with 22.5 and 32.1 % being strongly acidic
(F<0.75). These results indicated higher acidities in autumn
and winter than those in spring and summer. Strong acidity
(H wong) and in situ acidity (H' ;) were further modeled for
acidic aerosols with F< 1, and a total of 850 sets of hourly data
were used to model the aerosol acidity. The pH, strong acidity
(H' gtrong), in situ acidity (H',;,), and water content of PM; 5
obtained from AIM-II model at YRD and the other sites of
China are provided in Table 4. The average concentrations of
H'ong and H';, in winter were 251.24 and 76.03 nmol/m’,



Air Qual Atmos Health (2014) 7:143-153

800 F > T T T P 4000 F - T '
Spring R=0.81 o Summer
. T &
. 7 0.9 tine
B00 (- S 3000 |- -1
0.75 line “E
14
4 .5 w00 5
z
F<0.9 :35.4% F<0.9 :145.6%
1000 |-
. F<0.75:11.1% - F<0,75:8.8%
* 250 * 150"
. 2850, «NO, . 280, «NOy
] 1 - o L L 1 +
400 600 #ou L] 1000 2000 30 40
250, & 250, +NO, neqim’ 250, & 280,7 +NO, neq/m’
AD00 T T T A 2500 F T T T T 11
e i
Autumn P ,, Winter Ri=0.74 ///
A line 0.9 line
e 2000 |- o -
L - : A .
3000 7 (-/ ) .
e ; AT e 0.75 line
. 0,75 line " L spon" ot |
e ¢ 1o -
o N = .
¥ =" - -1 -
<o ; ol )
e | = 1000 [~ * .
.- . oy .
FaRRa30,1 % 4 - F<0.9 :62.4%
- “ S00 -
F<0.75:22.5% - F<0.75:32.1%
i .. * 250,
S0, +NO, . 250, NO,
1 i — a 1 1 i 1 L.
2000 3000 4000 0 500 1000 1500 2000 2500

250, &250," +NO, neqim’

Fig. 4 The extent of neutralization of SO,>~ and NO;~ by NH," in PM, 5 in different seasons

- which were much higher than those in the other seasons.
Compared with the other sites in China, the aerosol acidity
at YRD was medium level, i.c., lower than that of Mt. Tai,
Beijing, and Shanghai and higher than that of Mt. Heng,
Lanzhou, and Guangzhou.

In addition, the molar ratio of [NH,']/[S0,>"] was also
used to identify the ammonium sulfate and the reaction

250, & 250, +NOy neq/m’

between nitrate and ammonia (Pathak et al. 2009). When the
ratio is >1.5, the homogenous gas-phase formation of nitrate
was significant by forming nitrate or the nitrate—sulfate salts of
ammonium. After statistical analysis, the molar ratios of
[NH4*J/[SO4%7] in most samples were larger than 1.5 in
spring, summer, and autumn, which suggested that NO;~
was mainly formed by homogeneous reaction between the

Table 4 Aerosol acidity of PM; s modeled by AIM-1I at the YRD and other sites in China

Location Season pH H,i" (nmoV/m®) Hrong (nmol/m?®) Water content (g/m?) Reference
Yellow River Delta Spring —041£1.14 6.60+6.37 60.10+50.72 7.70+8.45 This study
Summer 1.01+0.87 11.37+11.36 81.48496.83 91.79+128.92
Autumn 0.23x1.15 24.314+49.86 132.93+£183.07 48.50+58.88
Winter —0.98+0.60 76.03+149.37 251.24+358.83 24.69+34.39
Annual 0.34+1.19 2555+68.34 125.28+197.14 60.80+£95.42
Mt Tai Spring —0.32+1.38 252543223 64.82+75.07 47.89+£77.14 (Zhou et al. 2012)
Mt. Tai Summer —0.04£1.01 35.27+30.38 142.65+115.23 78.57+136.99
Mt. Heng Spring 0.64+0.96 13.3+154 53.4+38.7 67.7+1433 (Gao et al. 2012)
Beijing Summer - - 3264421 6689 (Pathak et al. 2011)
Shanghai Summer - - 196201 27424
Lanzhou Summer - - 59+49 9£12
Guangzhou Summer - - 90460 60+80

“-" indicates no data
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S€asons

ambient ammonia and nitric acid. While about 30 % of samples
were ammonium poor in winter with their [NH; ][SO4> ]
molar ratios of below 1.5. In winter, the concentration of
NH,* was 7.13 pug/m>, which is much lower than that in

summer (15.06 pg/m’). The low level of NH;" was attributed
to low emissions of NHj; (Stelson and Seinfeld 1982), and NH,
played an important role in the fine aerosol acidity in the Bohai
Sea rim region. Therefore, under poor-ammonium conditions,

sS5

Fig.6 SO, and NO, emissions in
China in 2006 (Zhang et al. 2009)
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heterogeneous hydrolysis of N,Os on the moist surface of the
preexisting aerosols to form fine nitrate was very possible
(Pathak et al. 2009).

Air mass transport

Apart from its secondary formation from gaseous precursors
in local area, the concentration of major inorganic ions
(SO4%", NO5™, and NH,4") might be significantly influenced
by air mass transport. Figure 5 shows the 3-day mean trajec-
tories for clusters and the corresponding mean concentrations
of water-soluble ions during the four seasons. SO, and NOy
emissions in 2006 (Zhang et al. 2009) are shown in Fig. 6, and
different emission intensities are aslo shown along different
paths of the clusters. The trajectories in spring, autumn, and
winter can be classified into two main categories, while four
categories in summer based on their origins, paths, and lati-
tudes. Air masses generally came from the north passing
through Inner Mongolia, Hebei, and Beijing at high altitude
or from local Shandong and the adjacent areas in low altitude in
spring, autumn, and winter. In spring and winter, the northermn
airflows accounted for 63 and 68 %, respectively, of the total
trajectories, and the proportion of northemn airflows decreased
to 33 % in autumn (cluster 1 in these three seasons), whereas in
summer, 39 % of the air masses came from the south, 44 % of
the air masses came from the southeast passing the ocean
(clusters 3 and 4), and only 17 % came from the northwest
passing through Shanxi and Hebei province (cluster 1).
Generally, the air masses from local areas contained the
highest concentrations of TWSI with concentrations being
39.22 pg/m® in spring (cluster 2), 75.19 pg/m® in autumn
(cluster 2), and 91.25 pg/m® in summer (cluster 2). S0,>
levels from the southem air masses were highest in summer
(47.53 ug/m®), and NO;~ of the southern airflows had the
highest concentrations in autumn (25.63 pg/m®). Compared
with the southem airflows, the northern airflows had lower ion
contributions, with the TWSI concentrations being 19.22 pg/m’
in spring, 14.30 yig/m’ in autumn, and 10.52 pg/m’ in winter.
Local high TWSI concentrations might be related to two
main causes: (1) short distance and low altitude and (2) paths
through heavily polluted areas (as shown in Fig. 6). These
local airflows were short and low, which indicated that it
moved more slowly at lower altitude. This caused the air from
these paths to more easily carry pollutant emissions from the
cities to the atmosphere. In summer and autumn, the low-
altitude air mass accounted for 83 and 67 % of all trajectories,
respectively, and it might be an important reason for the high
concentrations of sulfate and nitrate. Significant amounts of
industrial activities and surface primary emission, such as coal
combustion and vehicle emission, led to heavy pollution and
contributed to elevated concentrations of secondary inorganic
aerosol. The southern air mass in summer originated from
Jiangsu and moved over Zibo before ariving at YRD. Zibo

has a long history of metallurgy and chemical industry, which
has led to heavy air pollution. In winter, the path of cluster 2
was also from the north, but it passed over Hebei province
before arriving at the YRD. In 2011, Shandong and Hebei had
the highest emission intensity of SO, and NO in China. Thus,
a significant amount of pollutants, particularly NO,, were
emitted into the air and brought to the YRD, leading to high
ion concentrations. Because of coal-fired heating, chlorine
levels significantly increased to 5 pg/m’® from cluster 2 in
winter, which was more than twice the average value in winter
and 3~5 times the value in other seasons. The western cluster
in the summer passed through several heavily polluted areas,
but because of its high height and low frequency of occur-
rence, the air mass from this direction contributed little to the
YRD. Therefore, the focus for emission reduction of the
primary pollutant should be in the Bohai Sea rim region.

Conclusions

A total of 1530 h of samples were measured in the four
seasons in the YRD at the YRD Nature Reserve. Overall,
the annual average TWSI concentration was 49.72 pg/m>,
and SO,2", NO;~, and NH," were the dominant ionic species
(accounting for approximately 93 % of TWSI). High humid-
ity, O3 concentrations, and strong solar radiation in summer
and autumn, and high emissions of SO, and NO, from coal
combustion in winter led to higher ion concentrations in these
three seasons compared with spring. These three major ion
concentrations at the YRD were lower compared with the
cities in China and abroad; however, as a reserve, the YRD
showed a high pollution level compared with the rural sites.
Stationary source emissions were more important than vehicle
emissions in the source areas, as implied by low ratios of
NO3_/SO4Z_. SO4*™ concentration varied with SO, abun-
dance, exhibited a peak near the noon, and it was significantly
higher in the summer than that in the other seasons.
Photochemical reaction played important roles on the produc-
tion of SO,>". The nitrate concentration changed with that of
SO,% and NOy during most of measurement period except in
summer, which is attributed to thermodecomposition of
NH4NO; under the condition of high temperature. Transport
from surrounding areas contributed to the diumal cycle of
secondary ions. The aerosol in autumn and winter presented
as more acidic, although the high NO;™ and low NH," levels
play major roles in affecting aerosol acidity at the YRD in
these two seasons. Compared with other sites in China, the
aerosol acidity at YRD was medium. A cluster analysis
showed that fine particle pollution in the YRD was mainty
affected by southwest local emissions and northern middle-
long distance transmission. In the summer and autumn, the
higher frequency of southem local and low-altitude air masses
led to high concentrations of sulfate and nitrate.
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