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Abstract: As one of the most seriously suffered cities from acid rain in the north of China, Qingdao

and its coastal area is typical for revealing the formation mechanism of acid rain under the
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representative interactions among sea, land and anthropogenic activities. In this paper, the chemical
characteristics of acid rain in Qingdao coastal area were systematically summarized via the current
status and variation, the formation mechanisms and its affecting factors, and the origins of acid/
alkaline components in rainwater. The results indicated that the acidity and frequency of acid rain
had been decreasing since 1981 but enhanced again from 2006, and the type of acid rain changed
from “sulfuric acid” to “sulfuric-nitric acid mixture”. The emissions of SO, and NO,_ from the local
anthropogenic activities, long-range transport of external atmospheric pollutants, and dimethylsulfide
(DMS) released from marine planktons are the three major sources of acidic substances in the air of
Qingdao coastal area. Meanwhile, concentrations and emission intensity of atmospheric acidic
precursors, contents of buffer or alkaline substances as well as the changeable meteorological
conditions are the three primary factors that control the formation of acid rain in this region. In the
rainwater, the acidic components are mainly anthropogenic, but alkaline components are from crustal
sources. The aerosol originated from sea salt may exert a dilution effect on the acidity of rainwater to
a certain degree. Several suggestions for further studies on acid rain in Qingdao coastal area were put
forward as follows; (1) to focus on the dynamic variation of pH in rainwater and its interaction with
atmospheric suspended particles; (2) to focus on the combined effects of multiple pollutants of weak
organic acids with low molecular weight, heavy metals and organic pollutants in acid rain; (3) to
optimize the acid deposition models for accurately analyzing the contributions of different sources of
acidic components in rainwater; (4) to strengthen the studies on other forms of acid deposition such
as fog, dew and frost and their fluxes. Further studies on the geochemical characteristics of acid rain
in Qingdao coastal areas are not only beneficial to getting a deeper insight into the formation
mechanism as well as the ecological environmental effects of air pollution and acid deposition under
the interactions among sea, land and anthropogenic activities in the developed eastern China coastal
areas, but could also provide theoretical basis on scientific strategies of prevention and control of
acid rain.

Keywords: acid rain, pH value, acidic component, alkaline component, anthropogenic activities,

Qingdao coastal area
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Fig.1 The volume-weighted mean pH values of precipitation and acid rain frequency

in the coastal area of Qingdao during 1981—2010
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Table 1 The equivalent concentration ratios of SO; and NO; in Qingdao and other cities in China

YT Cities AE)) Year [ SOLZ[ 1/[NO3 ] 3CHik References|| 3T Cities Y Year [SO?{ 1/[NO3 ] ik References
HE 1982—1988 13.5 [8] Jest 2001—2005 2.96 [24]
] 1993 7.87 [4] RS 2007—2008 9.03 [31]
Hiy 1997—2001 1.70—13.5 [6] S 2011—2012 3.63 [32]
H 2001—2005 >3.72 [10] 7 M 2003—2004 3.33 [16]
H 2014 3.29 [28] il 2006 3.06 (2]
bt 1995—1998 6.58 [29]
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R A EAE TS T R A R RS o S RN R, 17 S ek i T T ] R 28 5 R 2 A R SR A

3 FREERBASHBR/ MM HIKIR
3.1 RAMEKHE TR BT %

FIRH 7 5 3 R XA s S IR A 19 05 A SO 1) s AR SCAE o A | 218003 23 #r
AR Tk L R R R AR BRI DS LA 2.

R2 R RIS AT 4

Table 2 Source apportionment methods of the components in acid rain

HIRI AT T7 % FIE bR E Jrikle bk 275 3CHk

Methods of source apportionment Criterions Methods attribute References

= P ARG HYSPLIT BRSSO R BIR A K 35 A i i <A S

R Bl 7 oS R 2 8 B 0155 et 32
TESE FLLER T A E‘Jﬁ%ﬁfn%ﬁi%‘?,ﬁﬂ Na® Ay if U8, Ca™ E

FREA T B 5 IR AE, 5 OH B R OB T AT PTG S AT o [52-53]

(Pearson) , AR AR 5 R E A4 /N B i 3 7K F (0.01 5% 0.05) H)5E
AR RS — B — 3
A3 5K Na* Al Ca YRR HEIR ARG IS H 0 E TR B EH T,
Ak U AN A Y U P K S W Dk A =X
EEIERTS EF = [X/Ca® ] wae/ [ X/Ca> ] s T [2]
o, X R E R TR 4 EF T/ T EOEE KT 1, A
N FAAXT T S AR R sl & 4 7 BF (H5 1 360K, WZRoR
ZET FERETZSE R
I FH e KT 22 e TR 7 e BT I AR 95% 805 /K P30S T4~ = il
(— B EE S 1, I F377>0.5) |, MR8 35 00 HE i 2 ek b 4%

ERIT I T T AR, B RO A 2 Ry e [54]
A 85N S VR A AT TR/
W5 Na JE AR A 35 T IO Ak o 2 5 5 T - T8

W R B E (SSF) Rl ¥t 35 95 38 73 (NSSF ) 3 3 A4l 4 23 K H 54 SSF, = e it [55]

[Na® ] i X(X/[Nal,uer ] ) » NSSFy=[Na"] ;- SSFy

X Tl s R, — el Na™ 1 i Eh IR 2% 50 K Y SRR A 805 1 TR 80— 2L (K 440 Y
AR VR BE O O (B S T, RS Bt — RO A BRI AR IR S % 0 R U I

(1) AR Cl7/Na® Fl Mg™ /Na™ (14 24 18 ik B HUAE AR R F 8046 Tl K A N 1.167 F1.0.227, W]
e Na*1E Mg U5 5 7 57

(2)#5 Na*/ClFil Mg™ /Cl™ 9 2 i vk 3 LU (B 0K T 38055 7K AR R B 0.859 10195, W] CI3& A
VR Rt ER U5 7 711
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(3)# Na*/Mg™ Fil CI™/Mg™ ) 248 v J3E FU B 4K K T 8045 T i /K 1 ML (8 4.403 105,126, )35
Mg™ 5 R it ER IR T8 /R 7).

FMI 4 B2 DT YRR 19 R I e 22 S (AT e 45 SR R W, X T3 NI sl 5 i 5 Sy W S £y [XC 3
PL Mg VMR IR 2 % 0 KA B A ARTEFIR Ca® (NSS-Ca™ ) W | fEMS S e M 22 5 RN B 6 P 30 T B A
5 2 6] s 22 50 T L Na* 2% 0 RIS BE. K X T35 5 B S i ek, £l Mg™ 7 b i 55 U5
MS%IL RN AL

IEAh 8% R R 2 AR 2 i F T K i SOT SRIR A MEAT ; [, BX5 45311 BE K NOS >R
JEFE Y 8" N—8"0 XUFRE R 2R ¥k, ke T B — i ] 6" N AU [R] v A Sk AN s 1, AN(] LA S
XA K NOS SRR J A B B0 75 B, 8 7] LA NOS B ELAIE iU A2 | 1T B 5 b 25 i AR AT TR IR
oSN SR RS R A8 R RS 0 FE A R T X A S N O BECIR AT IR AR ST, B 5E SN
0[R2 R IEc K STERAR BE , B BTIZ O IR 16 5 B DGR A A5 B0 . e Ak, #1647 S N L O R R r
HIALERSE Z: B G o, — e BB BRI T i ) .
3.2 ST XA AER At A A 1) SHe U

BB ESE, KRR TR SOT NO; (Cl 2 MR PE B 1, I NH; | Ca™ & 2 A R 1 h A e
T YT B30 5 DX 1993 4F LIRAS [ A0y R /K rf 3222 85 7 o vk B 1 284k (3% 3) , AT LA Y SO Ik
FEAE SR B S PR AR A R A 25 3 B LA AR T 5 T K T St Y SO, s HER Tt 2 V1A 5. [R]
B NO3 A CL e B 52 S il b T 2802 T B e 35 AEXE T SO, NOS X B 7K R B 174 42 1l 4 FH 328 i 4
S8R B K R BT NHG POV VAR T 7 Ca™ Wk B S35 T R, 6B 200k L KR NH; © 4 it
Ca® LR B /K R 1) 32 22 vh s - 5 [ ) Gl 5 W 3 vl A B, 7 8 0 R X3 SO Wk B IR T
UG RE EARKRE H R S TN ST NOS RS LA IR T AR 22 AN, X T CL L S
V3T 110 e X7 I 3Ty 8, v P 2 i T A 3 IR T AR KD R X TR K, B K
Hr Ca® I NH e BE#R A iy i ki ) i S AEBR I A 22 R K.

R3OHD S ENHE K R TR

Table 3 Concentrations of the major ions in precipitation in Qingdao and other cities in China

[X 45, ARy BT Tons concentrations/ (eq-L™") ik
Area Year S0%” NO; cl- NH; Ca?* References
H i 1993 181 23 61 42 97 [4]
] 1998 109.8 24.8 73.0 48.6 72.0 [57]
H i 2002 272.6 64.2 213.8 87.8 110.8 [62]
5 2003 200.6 32.3 167.2 69.4 75.3 [62]
Hi 2014 81.7 24.8 60.5 306.1 27.5 [28]
Kk 2007 168.0 51.4 59.8 107.8 78.9 [15]
B 2006—2008 110 38.4 13.9 79.9 51.9 [63]
b 2011—2012 357 42.6 50.9 346 273 [48]

“2.1 WUAI2.2 ISR T AR K FER B SOy NO; DL B HE F NH; L Ca™ 435l
F S B AT (S0, \NO,) FIBs 4 5t (NH, Fl CaCO, . CaO  Ca( HCO, ), ) 78 K 2t & Z b2
J2 ST PSR DRI e oA SRR Xt 5 ik A g T 1T AR AR KRR 1 AR 3R R AR SRR i A 2 B SR TR H R AT
XoF 7 8 i X R K P B TR R BRI A SR A /0 X S B AR RIS ST O R T ) b X A U T HE
S T5 e R SR TS SRR 7 5 TS Y HE I 32 B0 A i R b= 2B 1Y) SO, S AR b IX R K
FRTER T SOT 1 EBRIE ™ . RS SO X R BE (AT STMRAE vT ik 74.19% 7 ) H A A 1) Bk
P, SRR & BN B T L IX 2006—2008 4EFE K 25 A1 KR4 (81% ) ok A PEILAfEIL HuIX |, FR 7K
1) B R 5 A7 ) R b X P A RN R V5 e 1 5 M R 255 638 FH o 8 R 73k g /s R 9 & B
T ST XK T B Mg™ F C1™ 2 Ah, Jo BB 1 0 R UR STk AR /N 15 Ml X [ SO%
I NO; FHRH AR b AE o B i 4 AR LA SRR R AR Tl R SCHE O 2R IR, T 4 2k | -
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HEHB IR B X RS  Ca™ () 2R UR ™ L5 LT A, 7 800 R DR K 2 2 Y 3+ 44 Ak
5 B LA M XD 22 RN A 975 e ) T2 B g i 306 1 5 20050 ), T 9 56 U500 50T 12 i DX e 7K S 1 A
(FEZE CI7 SOy ) AT —E Y TTH, ™ 2 Hh i — SRy AR 52 B P AT PR TR IR 0 S 2 .

— BRI, BEK P A TR SR LR LR 3 AR IR R IR (K TN RIR/ A% (i sE IR
CEA/ THEAE) IR (A A7 A TR AT R R GE ) 1204 A 5 0 7 A B R K rh 5 A
S SR PSRRI XS SRR A/, 7T DAL Na® RAFAEMEER I e EER F 32 0 R A 20 B [ S 8
XK S T B SRR A T A3 L

SSF = [ X/Na'+ ] sea\\aler/ [ X/Na+ } rainwater x 100% ( 2)
CF=[X/Ca’] /[ X/Ca™ ], .. X100% (3)
AF=100%-SSF-CF (4)

A, X IRTEVNE RS T, SSF (CF AF J3 IR ER IR  H7e IR AN A IR0 B K v B 52023 B9 DRk .

BT R MEE IR ARG SRR AN R TART 075 15300 7 W 7K v 2% 28 1 0 0 A 4
SE AR T LRI AN R B 1 SRR, O 5 B T X 2014 4R55 B TS OK MR SLAE SR T T I
BER I 4.

& 4 v LIE Y, Ca™ EZ AT, C1 2RI, —Wki5 YLt sr SOT Ml NO; EZ 4 AWK,
JEHR NOS W IR AN SE IREAR T LA 22 AT, 5 b SO 858 — B0 7 2048 H AR IR IR SO% (K
TR A AR I R R ) X K R T T 22 ) — B e/ T R, T2 vl YK G PR E 1. T
AR IR, 5 R ZR AT A r R, ELXUT AR, T /K QG 9 A S50 A o Je T 5 B XU B T I
FLAE— 5 WG 7 15 M DX K Pl B 7 A A P2 5 90 2 B 8 S i R AR ) AR A 3 9
P, B EE T SOT MV EEAR =5 (7T 3K 21.56—31.88 mmol L") , £ ¥ /K HURLBR ) 999% LA |7

F 4 ARIEXE IR XK T 4 1 TTER

Table 4 Contribution rates of different sources to ions in rainwater in the coastal area of Qingdao in different years
B W EL U Sea salt source/ % 15T YR Crustal source/% AN Anthropogenic source/%
lons 1993 1997 1998 2002 2003 2014 1993 1997 1998 2002 2003 2014 1993 1997 1998 2002 2003 2014
Ca®* 1.9 0.1 3.3 3.9 47 67.6 98.1 91.9 96.7 96.1 953 3.6 0 0 0 0 0 28.8
Cl™ 78.4 99.8 858 99.7 99.7 99.93 0.5 0.2 0.3 0.3 03 0.07 21.1 0 13.9 0 0 0
S03” 2.8 20.1 6.1 9.0 10.1 264 1.0 1.6 1.2 1.5 1.4 0.2 962 793 927 89.5 885 734
NOj3 0 0 0 0 0 0 0.9 1.0 0.6 0.7 1.0 0.07 99.1 99.0 99.4 99.3 99.0 99.93

AL Y SOL B A 2] 1 By 3 B IX R /K i B R IR SOY k2 )™ A — 5 R JEE O B, AT
SN R K B R FEE 77— B S MR (AR TE B, AP R IR USRS 77 5 30T 17 DX K o Ca™ B ARDXE BT ik
TERER FHRL A, M52 A SRR L BB AR ARG, JEHORAE T K, Ca™ RIS IR KL 4% , 12 KID R ™ H
2 2 R BLIX — R I — PR AWEE. [ I W R IR STk Le 1) &2 it 4 BT e #e, SO iy I 5T
HK A9 B 15 1 3K 26.4% , FRPATETT S e — > = TR AR A TEEIRE ST P V5 T g e T 8 T 7 A £ Y
K ER R IR I 2 X9 B 307 DX /K B R A 7 A i ) AR .

4 BESRZE

BMASKRE i TZBNANES | ARKMF 2 H IR R ERE R M 29, 75 5 3 2 DX R 19
RN E 2 B RFIE. TR IR G 20 tH20 80—90 4FAUAH LL A BT 22 R, {H 2006 4F LAk A BT
SR 3 T 0T DX R T S Y IE W18 < — i 2 TR W O 1) R i 5 R B iR ) e JEE A HE T
JE FRACGE iy 5t B ) T B B LA e B2 24 22 7R B RO R 2R 2% DX SR T B G ) 2 B o TR 35 7
PRy T T A0 44 N A HE T AT B i A B P A 79 5 R P i AR R Y DMS L2 Rk
BR TR — DA BRI, 75 25 R ANTRE AL [R5 T Vb A2 i R OB vk RE R AR 2 7
—EREE_EFEAR Ca® X RRIERE K I ZE PR, FTRE 45 K B pH ™ A —E 5.

JEAE 30 ZARRR T BT 17 X — ST e A S B DX A IR T TR A R S8 4G, (B 1R
T BT B AR AL LA % B R B B4 S YR T 452 TR AT ke = R AN R BT IS , 4 i RIS 1o 4 T 7 LA
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(1) K&K pH BB AE A0 b 5 R UBURE M A AH ELAE

AR T A AN PR R K, 20T RRF pH(ELTE FE SRR Hh 1) AR (a3, 4 75 BRI 1) 3 258 AL AL
Lot HE 2SR B, AR R KO AN [RDREAR R SO B i A FH B HE e R K A =2 41 0 9 SE M ML
JUHE R L AN R B TR B K BRI Y — U AL

) M&> TH YL IR 8 UL S5 ReA LI 52 5 15 Y VR HIBIL IS R R A 520

K LLR X B L o3 RIS 22 3R 45 T TEAILZRL 43 , XA AILZEL 43 Y DG TE A0 T AR R Y BIFSE 3R B, A1
LS PR o AR /K P TR B A AT 5 I BT 207707 AR S A o i Tl X, 7 L35 1R T S B /K 1) S B 8
W AT T K WG B VA, R 22 B AR [ e 8 Y T T AR X A5 2 B AR R A A 7l ol = L
U3 L L DRAFL A T, DRI A AL 583 IR A 327 DX e /K R P )2 il A 2 220 G O T 7 5 3 2 B X R K i Ay
PR A HL BT i AR 6 UL | A7 BI85 PR X e /K R P ) B ik I i o mI R [ i, R ULIE P R S
LGRS 5 15 YA AR RIRLRITFE 1 B R s . DR L i U A IF 5 i 15 i

(3) PEACRR TR IRY O 1 kA AT A TR A SO0 R K I M Al 2 19 B K

AW AR TR AR Y [R] I e 70 B — WY W5 SO, il NO, 5575 Qe Wil Jm R B s 1
VAR pH B AR ARLAEE. - =07 JUITA] , 75 B 2k — 25 A BRI SO, Al NO, 55 R TSR BT 1R 40 (14 HE
T, X s EERALRDT SO, H NO, HEB R I i S5 K SO3 Al NOS ¥ BE /Y B ist. TRl R =UBORL M 4R
R BRI S RS Y, LR R AT 40 23 55 A0 AP B 53 %o B K R A 1) v R 5 A NHL D HE
SIAEARRALRE b 111585 R B K TR P ) v R RE . R, O 1 28 5 IR R A 3, b Z5U0F 5 R UKL ) 11
NH I HE N A A S AR B, FE A TR AT KI5 77 8 30 e X IR ARk /N R
PR R R MG | V2SI JRXT T o R 1605 o 000 AR 4T, 470 S5 PR ARR I e 0o ] B 22 Tl SR A 2.

(4) X RIES 5 §F FESFRRUIIL U RS A L.

PRERFISN , %5 B AL AU R U DU A 2, U X T35 B B — > 2 5 (i e
UL, BRI B E , HIRZS B ™ d, pH {H (3.84) H B ARTRR T 10 4t 187 25 /K 114 88 ¥ VR —
PRI R TR K IR TARRIX . S0, 57K pH (52 2 3 1 9K FAd 2 BRI 1) 52 Wi LA 15 e T g 2K R AS —
A 3 TS AR A E RS B T8 s B K 5 G i R B oz . R B 0 R 55 A
FEARANET32060 ARt Al 22 AN B BB 2 BT R 25 1) 7= A Xt Bl b AN K 8 S R S R K
XoF TSGR AI BT FE 1 7 R AT T
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