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Abstract: To understand the new variation features of acid rain pollution deeply in typical northern regions
of China, the precipitation pH value and conductivity at Taishan Station during 1993 —2021 and Tai’an
Station during 2007 —2021 are analyzed. On this basis, synchronous intensive observation data of precipi-

tation chemistry which was performed from May 2018 to April 2019 are analyzed to get the contributions of
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below-cloud processes and long-distance transport to acid precipitation in the Mount Taishan Area. Com-
bined with the results of earlier studies, the new situation and causes of acid rain in the Mount Taishan Area
in recent years are investigated. The study results show that the annual precipitation pH value at Taishan
Station varied in the range from 4. 36 to 6. 47 during 1993—2021, while that at Tai’an Station ranged from
4,73 10 6. 66 during 2007 —2021. Owing to the strong below-cloud scavenging effect at Tai’an Station, the
neutralization effect of alkaline pollutants was more pronounced, leading to a significant reduction in pre-
cipitation acidity compared with that at Taishan Station. During 1993 — 2021, the precipitation acidity at
Taishan Station experienced a phased variation process, i. e. , weakening, intensifying, moderately weake-
ning, and relatively stabilizing or slightly intensifying. The neutralization effect of alkaline pollutants exer-
ted an important influence on the long-term variation trend of acid rain pollution. The concentration of
SO?™ in precipitation in the Mount Taishan Area decreased to approximately 50% of that from 2004 to
2008 and the SO} /NO; at Taishan Station dropped from 2. 84 —3. 98 to 1. 21, which indicates that the
source of acid rain had shifted from SO, dominated to SO, and NO, dominated. It is noteworthy that the
NO; concentration in precipitation at Taishan Station and Tai’an Station increased by approximately 47 %
and 20% , respectively, which was contrary to the decreasing trend of NO, emissions in the whole China
and Shandong Province during the same period. Backward trajectory air mass analysis shows that the pre-
cipitation characteristics at Taishan Station were mainly affected by the pollution emissions from Shandong
Province and its surrounding provinces, including the Beijing-Tianjin-Hebei Region and Inner Mongolia.
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Table 1 Variation trends of annual precipitation pH, conductivity and NHC at Taishan Station
during 1993—2021 and Tai’ an Station during 2007 —2021
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P 5 A B s e PR B NHC R W] 2 4
B, U B 8 222l 1 8 e e ) G i 2 9 X
BRF TS Y s 1 E . TR — BN 28 1k B
Sl ) AR 7K R A S 2 AN TR R R e A (R L
TR FAHAEZS X ERBE T RLIREKZ R
HuPE ) = T ol R e B R U R B T 2 A R
Kk BT AR A5 AR B 22 5

(4)2016-—2021 4, 2 1y 3 F1 2 22 3 119 & /K 1R
P 359 A AR G PR/ B O i i A, R K NHC 1
AT RN B TR E AR K IR B R
15 Y ¥ Ry g e B AR AR X T S TS B
RO PG S PR 55 i R 4

25 BRTER L GE S b 2 Sl AS [ B BB K pH
{EL AN NHC {72 46 8 55 2, 7T LU J P 5 4 )
(9 FIVE RIAE 2 A3l B 7K R M 1 1 1913 42 e #oh B
AT ZALR S0, X — 458 5 3R E b U7 H X
TR R B PR — i L A — B (Wang et al, 20125
Zhao et al,2021;Yu et al,2024 ; FEBEFE S5 ,2024) ,

3 BEIKE T Ly

3.1 BAKBFARBERER

F2BHT 201845 HFE 2019 4F 4 H 2 40k
REE KR i v 1) B 7 S Y vk B R 0 A R AE L B K P



%10

BL/INTF A - % L DX K R JEE R T B B B A AR R 1239

1 F BB B 7 SO 1 NO; » EE LR TN
NH{ F1 Ca®" , Wi Fp £ ZRRAR (B 3L 25 7 1 BTk
JEE 20k R AR (B3 B 1 MR BB 11 80 %6 5 Bk 3k 5
VB X W I R T R AR T 2% Ll A 2 Al A e
B 2 R AR B PR L AL A
1.53 1%,

128 2 W] UL 2R 4 3 45 B VR B 1 i T 4R L
Horp Ca®" \SOT \NH; #Il NO; 8 T 258 K.
K*F CL BV B 1 LA (B 220/ 28 1) e K
Sy 5. 63 A1 4. 25, Bt HAE Y 4 FhERAR A
B3 B F (SOT \NO; (NH{ fit Ca™" ) A ¥ ¥ FL(H
7E1.56~2.77,

Sk A B A 2 A R KBS T AL B R
ST T BT, R 2 T, ZR L K
A5 BT 0 DR VR AT B Y — B R 4%
B AT W R PR R T HLA 5 2 L R P R s AT
(RIS 1) 5 28 %8 0l Jry 75 Y (FR 223l ) o0 2) 4
ZHLE K KT CL il NH, B F ok A 5 W B 5t

k. — ML KM ClU & 7 5 2 W R MR e
CUNRS FF R D) HE T FURL P A 56 B AL AS HE BR A
Tl s NHL 2575 40l it IS 15 3l i HF A ¢ .
FLMAT R — D LI RO & i T 4
ZUIRE U SCA R 1 g 32 2 A0 3 7 ll 1y v 45 ik
T3 LB ARG R T A AR 77 Mk B A e 28 22 T #Y Jmy
b Y U e DR A A % . AR SR
RS HE IR R A B . 3 3 AT 26 2 v 1 28 28 i
53 2 SO VE R 23 BT R R

25 LTI B K Z R ol B e L
B 7K v 2% B 1 I VR B2 2 B 8 T A Lk (3R 2) L
KL RGBT 1 pS e em DWE TG (27.0 pS -
em ). S PG BRI B B B R 2 TR
B AELR 90 3l ] A K e R B U B 22 R T
AR R BT RV B 22 B G 5 T ) A 28
il A 7K ) JRy b AR e g o e Y U A
FEAE T SRR T RIRE ) . S Bz K pH
(6. 21 B s T & 1Lk (5. 55)

F2 2018FESAE 2019 F£4 ARLEMHE RiEMEKEFEHREREEE
Table 2 The average concentrations and characteristics of precipitation ions at

Taishan Station and Tai’ an Station from May 2018 to April 2019

o BT E’??%&’fﬁtt\ BNy
2k e RE /RN RISy 1 BRWES 1 BREW S 2
F~ 3.2 peq s L71(2.3%0) 3.7 peq s L71(1. 220 1.16 0. 944 0. 847 —0.213
Cl 13.7 peq « L71(9.8%) 58.2 peq s L71(19.4%) 4,25 0.961 0.821 0.511
NO; 55.6 peq+ L71(39.9%)  87.0 peq+ L71(29.1%) 1.56 0.951 0. 886 —0.077
el 67.0 peq+ L71(48.0%) 150.6 peq+ L™'1(50.3%) 2.25 0.973 0.914 —0.121
MR T 139.5 peq « L1 299.5 peq e L1 2.15 — — —
NH, 108.3 peq « L71(55.1%) 185.3 peq « L71(40.5%) 1.71 0.683 0.793 0.267
K 5.1 peq + L71(2.6%) 28.7 peq + L71(6.3%) 5.63 0. 824 0.572 0.786
Na™ 12.7 peq+ L71(6.5%) 43.7 peq » L71(9.6%) 3. 44 0.925 0. 847 —0.265
Ca?t 62.6 peq+ L1(31.8%) 173.7 peq+ L71(38.0%) 2.77 0. 940 0. 857 —0.218
Mg?* 7.9 peq s L71(4.0%) 25.7 peq + L71(5.6%) 3.25 0.968 0. 852 —0.367
B 3 B 196.6 peq» L7! 457.1 peq » L! 2.33 — — —

TE A5 5 A BT R T RRAR CIRCRE) B 1 RO L (19 05 L — 737 A A b R 3 e i

3.2 BABTHARMNKAZLES

K5 25t T 2004—2019 48 2 Al FE K B 741
B AL IR T A B R EE R AR AR (U T
F~  Mg™" (185 v B AH A AR HL AR fb i 4 45 55
AR JE/R) . 2004—2008 4F $i 4% ok W F SCiik CF #a
&E 2006a; Wang et al, 2008; Li et al,2011), ¥ 6
Z5HY T 20002021 4 4 [ AL AR A KA SO,
NO. #HEHCE & .

HITE 5 AT DL, b5 BRI 45 SR L. 2 A il B K o
SOT BTN U R RERE S A0y
8], 4% 1w B K o SOT B 1 B2 24 Oy 2004—2008
AR 480 L T 284 il W 2418 2006—2008 4E ) 5096
2T REIE R — B mE 6 AT RN ig R e
[ if 2 1 A4 2004—2008 4F SO, HE i 7 #f2 21
TH 22 AR Y di e IF B . 7 4 [ 8 — P 3R BT 15 e AR
RHBURMES N 2 E R AR A 1 SO, HEME# 5
TR tA, 3] 20182019 4F 43 51 % & 2004—2008 4F
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= E-id
& S °
& =
= 100 - # 100 - —
o o
« ] bl
e -+
o LS —t |
2004 2006 2008 2010 2012 2014 2016 2018 2004 2006 2008 2010 2012 2014 2016 2018
FofBr o
TE U N & B F IR BE I 4R %
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Fig.5 Variation trends of concentrations of precipitation (a) anions and (b) cations at
Taishan Station and Tai’an Station during 2004 —2019
30 @ -, 2.5 ) = o,
= —- NO, - —— NO,
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g 20 - E o sL
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o >N
| | | | | 0 | | | | |
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
£y =
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Fig. 6 Total emissions of SO, and NO, in (a) the whole China and (b) Shandong Province during 2000— 2021

[ 25 % Fl 17 % (2018 4F, 2019 4F 4 F SO, Fl NO,
B HE IR 43 1 LA 2017 4F (2020 4E B85 B A0
2 A ulREK R SO B W B2 T Bl B2 /b T 4
LR A 1RSSO, HERCE N FE IR EE

Rk SO Bk BN B #AOARH L NO;
B BE DU S NI R (B 5) . N NOs B+
WRE A XIS i BF L2 D uh LR R R 2 B T
FALZu 1) NO; 8 7 S vk B it & T 2 ok, R
ZEIu Rk NO; B F /A 40 b K R0 2
F . DRSO ) 2% 1Lk B K NO; B ik BE A
2004—2008 4F 2y K T 479, £ 2 ¥ #2006
2008 AFELIEK T 25 20% , I 6 AT W, 4 [E AL AR
A NO, HFjk i W & BAE 2010 15 . 2018—
2019 4E ., 4 NO, HECE T E 2004—2008 41

61% Il R4 T E 2006—2008 4F (1) 88 % (%
RN ZR A 2004 4EF 2005 4E NO, HERCEE)
FE4E K ILARE NO, HEscR TR 20T .2 A
FEKd NO; B FilkEEZ i K @, SO, fil
NO, 25 B K iR Ak 1 B 5 280 AT A Y, RS
VG Y WA B A /AR A S A e B 2o R b A AR R
MIPRE] . 38 4 G R . A SO, 1 3k 5 K i 9 2D
Jei s 3 B K R Ak 1 32 2 P25 RUR I ML & AR T 4
NO, HEEH E AL e 5 R0R A 1T REAS 213 55
HOR G SRR R [ K O B G5 e H 2 2
O, W ET &, R A AL 3 5% (Chen et al, 2024),
A NO, B LRS- T 5 ik 2 P AR A] g A
T2 UL 0 () 2 1L i X R K A NOS B T W
20042008 4F 5 30 K JR B L KRR K R 1k

* 42[H 20002021 4F SOz Fl 20112021 4F NO. HEBE s R A = KGR 2 A0 Bl hiep: /. www. stats. gov. en/sj/ndsj/ s &2 [F 2000—2010 4 NO, S
HEBE K H Shi et al(2014) 5111 %4 2000—2021 4E SO Fl 2011—2021 4F NO, HEj B =250 5k A http: // tjj. shandong. gov. en/col/col6279/index. html; I K 4
20062007 4 NO, HEHE 280 ok B O PREEAFE 48, 20082010 48k [ 1l AR 48 #5858 Bt R A 22 40D .
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IR 5 KT Y i HE 2 18] R B A7 A i sk b i — 3
F4) ] SO 50N 5 s B 1 — 25 DA B K TR b 2o B AL
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i 5 FroR, 5 2004 4F DLR AR L, 28 1 ol Rl 2
i o RN R e o Y s X N AR o SRR
55, Horp Ca™ B Wk B A M B/ 1 385 1 OF 39 4848
BN 0.2% «a "H0.4% «a D) ;NH BTk
FE 0] SRy AN () A 55 40 0 e, Rl al o B O K
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a D, BA K CIT UK fI Na ™ B 1
JE 35 2 IR s /b o i 2% 2 i D) S R B A K O 8
AEAS P W N 5.4% «a 1.6.3% «a '.4.9% -
a . A2 P T N, 2004 4F E
2018—2019 4 48 ¢ [ Ho J] i db K A7 4 — DB B
B KT Cl KA 4 09 HE s &

B 7 HE— 45 T AR AR BE AR Y 2006 4R
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W L (R, 1 NH | Ca®" B 7 ¥ ¥ /Y b (H
(R.o) s LA K o3 AN 4 301 188 7K A 25 W0 32 5% 1)
e Ll —— R JE LY Ra R AE . 28 1l 4b A
A6 5 ik JE 1L 4R R 2400 m) 7 T 75 Fg Hi X 4 7Y
JI M0 %, )5 1l Gl A 1165 m) fir T KT R 3
HLIX o 3 A~ 3 R K G b 2 PR o AT DA sl 3 A X ek g
R 1 B 7K BRI

A SCHIFFE A 8] 5 28 % 3l B K 1) R, (1. 73) @& F
ZRyh (1. 2D, R, (1. 0D R F Z= 1 35 (1. 73), BoR
R K b SO F Ca® ™ B 1 Wk 5 AH N 48 5
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2 A R AR T, 2004 4ELISE 2 AN R 1
AR A AR R AR — B A A — 0,17 a” Al
—0.21 a ', DEEAZE I M IX R K B B0 TS Yl A A
WE LM SO, K FEEA N SO, 5 NO, F&E., fk)E
i R, M 20 40 80—90 4L 19 16. 1, & &
2017—2019 4F 1 1. 4, H1 [a] 1) 7 35 45 A8 R 4 0
—0.45 a "5 JA I Ra A 20 28 90 4 40 1 1
3.2, B8 % 20182020 41 0. 5, J [] fif - 35 4 745 %
Yy h—0.10a ' 3 A E LSRR KA R, B BT P
RS E 21 g 10 R HFEIKE 0.5~
1.4, SO, xf 3% E i B /K B 16 51 Bk B 2% B A% 1M
NO, BsTEkA Xt EFF. % F 3 A ms i kR
FEARRME XA S 5 R E 20 42 90 FFAR LA
SR FE S KA B H B A sk it SO, Wk HETT 2h A
AR g b — BOME X 1Y 78 4 BB T R B KRS eI B
BT B

o1 F 20 fH 20 ik JE 1L L B K Ak 2E BIF ST R Y
NH, F1 Ca®" 8 F 5 ik (&L 7D R R I IX 2 A4
S K R B AR B, 3 A R
K R, JEFETE 0. 48~2. 80, M ARAR fk #4341 OR I 2
ZE 1L IR JE L A ¥ R4y B0 1. 63,2, 10,
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Fig. 7 Variation characteristics of (a) R, and (b) R,. in precipitation at Taishan Station,

Mount Emei Station and Mount Lu Station during 1987 —2021
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Fig. 8 The clustered backward air mass
trajectories of precipitation at Taishan
Station from May 2018 to April 2019

LR SURFEAr M. 3% 3 0 5 4% EBEHLIE A R K
QS RIENEERS IV O W i €T U NI
Lyt g K 2 22 AL L 7R R ot el DX P e
U2 ] A Sty — Sty LR B T B0 T Y R SR
FE 5 2% EELE P RO SRR B 3 R
WA Bl 3ok AL TS L BB R R L B Bl
JEE dre PR o 7B YT DU 5 38 AV 3 X5 B R o LA
5 Z Bl e A (15. 58 %0) o HGF I 19 B K & o oA
D GE R 2.9290) 5 BT B K Rl 7K B g AiE
L R BAELHF T 2 W E AT K5 E X
U A2 MR AT REE K I LI UK Y 4% T T ik
BEAE 5 APl dwe g » FLREOK pH L 5 3 (6. 10) .
L7/ R QNS I s B R R B = R IR Rl
15. 7906 76 5 ZR 3L R AR . B 5 i DAL 2 L K A

A7 H A U (38,15 %60) » 47 i i B E B K =L 7E
5 SR b i 1R 5 K I R K B TR K R R AE - 4y
B, R RO i L3 B /K I 45 B IR A 5 2%
B B I LR K pH B RAR BRYE R . Bl 3
580 4 W REOK B Tk B S O AR R S S
(2006b) —, HA 3 & Bk 1. 5030 2 53 6)
PN N E W S Wi | oyl W= el e I S Sl e et
M. sl S X, Bl BE B R
19.39% .26. 66% 1 21. 47 % , B K & 5 EL 40 51 H
6.71%.,40.59% 1 11.50% , % 3 &H B &K1 E
T BE KT (B K pH EA THLEE 3 ML 4 Z [h),
EZHE 2 3K pH (E # (5. 98) , Bl 1
AL 6 B pH AEEAK . 4304 5. 52 1 5. 34,
FARIBW R, R...R.,(ClI” BFY5 Na" &7
W 22 EE) BT LR R AT s e A5 B A I 25
SACFEAE. 765 KRB,k 4 9 Radem, H
1,63, Hofth 4 2580 R, 7€ 0. 93~1. 18, L3l 4 1y
R JRFE R fe @ (2. 56) .t FHLE 4 FROKI & 8T
W PE YO0 B A R 1 R B 55 v » 6 B ZOKk U 1
R K A LR K B2 B s PRl s T il
WAL T R o ) UM TR AV IS AR . E B 2 3Ll
W ok A S D 1 I ELE 1 ORTELEE 3 1Y R.F R,
AR — B ) At B 1 R AE S B R, AIG
3508 0.69 F10.32),3F H R AEF 1(451% 0. 92
F0.75) . id B RE K v 4 B A R, HLAR AR
A ) ST A0 R B AR B T R R b P o R
IKFRAE . B 2 AT 6 Fa KA IR X 32 2B s T
AU BT X K 11 2R 350 0 L IX L O 2 1ol A K Y 32

®3 2018FE5AE2019 F4 ARMERKEESAREREHER EHE FRES ITHE
Table 3 Statistical characteristics of average ion concentrations of precipitation at Taishan Station
in terms of different backward air mass trajectory clusters from May 2018 to April 2019

E Y ik 1 Bl 2 il 3 il 4 il 6

BB AR 5/ % 19. 39 26. 66 15. 58 15.79 21. 47

R 7K 2 5 B/ 20 6.71 40. 59 2.92 38.15 11.50

sk pH 5.52 5.98 6.10 5.17 5.34
B3R/ (uSsem™ D) 35.4 31.6 76.6 13.5 37.1

Fo BT/ (peq s L7 1.1 3.4 7.7 1.9 1.6
Clo B FWEE/(peq » L) 21.4 13.6 47.2 8.1 18.3
NOs B FWE/(peq « L1 72.5 67.6 185. 2 21.7 76. 1
SOi B THEE/(peq » L) 81.5 80. 0 172.1 35.3 86.3
Na® B FH B/ (peq « L1 23.3 10. 8 62.8 7.3 16.4
NH, & FWE/ (peq » LD 82.3 159. 4 108. 9 55.1 117.3
KB FHE/ (peq » LD 8.2 4.8 15.6 3.0 8.0
Mg?" B TR/ (peq « L1 13.8 8.1 38.9 3.3 10. 3
Ca®" B FUSE/(peq« L1 119.5 66. 1 335.9 21.5 74.1
R 1.12 1.18 0.93 1.63 1.13

R.. 0. 69 2.41 0.32 2.56 1.58

Ren 0.92 1.26 0.75 1.10 1.12
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A 55 R X CRUBE S Ee 5 3o 48, 13 %6, B K i
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1. 58,7 5 £ 81300 v b F 4 i 7K1 bt B 7R B /K < A
76 i 1 U DX B B A A Al B A AT Ml Y 2
75 Y HE R O R4, 2023) 5 Bk 2 FIBLEE 6 19 R.,
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4 g FiTie

(1)1993—2021 4FEZ& 11 v 7K pH 45 #4815
4.36~6.47, 20072021 4FZR LW TE 4. 73~6. 66,
Fb [ 35 28 1 3 S ¥4 85 0. 92(0. 25~2.19), 1993—
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2016 4RI 2 A 3l 1) B K R M 2 B K AR L 1Y 2
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FHAE 2 3 DX R 7K TR 1 00 A8 b e i A vh B
3 A

(2) AR FEAE 25 11 o F1 2% 22 0 T & 1 g 30— 4F
0] SR S VR O S T e 7 ] ¥ o D L
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Xof B K R P 1 v AR
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16, PR 21 42 10 4FACH 1 24 (0. 5~1.4) , B
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T R AR RS g SO, WHE R B0 LR A

B2 IR NO, s HEvR 3 B
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P52 FFAE o 520 2% L1k A K A dee 32 IR DX AT A
TETAC A LR A A X YR 92 X R K
R e o S Bt A b T 28 T G U5 58 5 8 43 TR
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R.FI R AR RIS 5y 52 U 28 52 ) | e 7K i T 4
JO7 55 0 G5 7 450 55 PN ol R A K I R ALE 5 5 0 TR ) BT
IV 7 1) 1 e KBS AR B I B I AR A
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BT b G R BE A R A SR S 0 b e 4
23R T BRI B AR AT B 7 5 B U 7 RE 5 SR 4 AN BT 7 T
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