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Abstract: Halocarbons are hot topics in the atmospheric environment and climate change research. Combining observational
data from six field campaigns at the summit of Mount Taishan (36.25N, 117.10<E, 1534 m above sea level) with the
backward trajectory and the receptor source analysis, this study analyzes the long-term trends and major emission sources of
halocarbons in the regional background atmosphere of the North China Plain (NCP) from 2003 to 2018. Results show that
volume fraction of species eliminated by the Montreal Protocol (MP) showed a significant downward trend, but the
MP-controlled and unregulated species showed an overall upward trend. Meanwhile, the median volume fraction of the
MP-controlled and unregulated species at Mount Taishan were significantly higher than the mid-latitude median background
values in the northern hemisphere. Mount Taishan air was mainly affected by four types of air masses, of which the air mass
originated from NCP accounted for the highest proportion (41%). The major sources of halocarbons were biomass/biofuel
burning (38.1%), refrigeration (26.2%), industrial and domestic solvent use (21.7%), solvents use in electronic industry
(8.7%), and leakage of chlorofluorocarbons (CFCs) banks (5.3%). This study fully demonstrates that MP has been



effectively implemented in China, and provides evidence and recommendations to further reduce and control volume
fraction of halocarbons.
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Fig. 1 Location of the Mount Taishan site and the major surrounding cities
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Table 1 Summary of halocarbon sampling at Mount Taishan
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Table 2 Statistics of halocarbon volume fraction at Mount Taishan from 2003 to 2018

B i)
At 2003 F-H KT 2007 -2 2014 -5 ZF 2017 42 2018 4-HF7F
CFC-12 551 (551+16) 554 (556+18) 532 (53249) 521 (52249) 528 (527+11)
CFC-11 265 (26549) 298 (295+18) 263 (267421) 246 (248+10) 247 (251415)
CFC-113 83 (8342) 107 (10626) 74 (7441) 76 (7744) 74 (7544)
CFC-114 15 (15+1) 14 (1440.4) 17 (174) 17 (1740.4) 16 (1740.4)
H-1211 5.5 (6.343.7) 4.6 (4.740.2) 4.4 (4.440.2) 3.3 (3.440.1) 3.4 (3.440.2)
HFC-134a 38 (45421) 44 (4442) 91 (9249) 104 (10346) 112 (11329)
HCFC-22 184 (187+413) 220 (229428) 371 (369262) 304 (30635) 332 (325442)
HCFC-142b 17 (1843) 20 (22+44) 33 (3244) 26 (2743) 27 (2948)
HCFC-141b 21 (2242) 23 (2343) 40 (4046) 31 (3448) 43 (4348)
CHCls 21 (2247) 180 (164464) 71 (77431) 82 (111482) 165 (183120)
CHsCCls 26 (2742) 16 (161) 4.0 (4.040.3) 2.3 (2.440.2) 2.4 (2.440.1)
CCls 100 (10249) 115 (11429) 87 (88+4) 87 (8747) 86 (857)
CH:Cl. 57 (72437) 41 (49423) 82 (83423) 216 (231295) 366 (3914274)
C2HCls 3 (413) 36 (37+18) 4.6 (5.543.9) 7.3 (12.8412.8) 7.4 (11.149.7)
C2Cla 13 (1445) 203 (165474) 15 (1748) 9 (944) 12 (21436)
CHsCl 650 (680125) 706 (7644211) 1183 (12224397) 763 (801+163) 784 (8484262)
CHsBr 11 (114) 9 (1145) 11 (1142) 9 (94) 12 (1242)
CH:Br2 1.0 (1.040.2) 1.4 (1.440.1) 1.0 (1.140.3) 1.0 (1.040.1) 0.8 (1.020.7)
co 402 (4902260) 355 (423:+198) 393(398+141) 385 (454266) 478(488+183)
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Fig. 2 Median enhancement of halocarbons at Mount Taishan compared with the mid-altitude background in the northern hemisphere
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Fig. 3 Long-term trend of atmospheric halocarbons based on the halocarbon to CO volume fraction ratios at Mount Taishan from 2003 to 2018
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Fig. 4 Long-term trends of major halocarbons over China and in the mid-latitude background stations of the northern hemisphere from 2003 to 2018
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Fig. 5 Comparisons of halocarbon volume fraction at Mount Taishan and the mid-altitude background values in the northern hemisphere in summer,

winter, and spring
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/NT0.001). B 2 s H 2010 4F CFCs #Ik LA, Zg1ll HCFCs #ll HFCs (1) LA 73 FokH T
JEERE SR AR > B ni %, i+ HCFC-22. HCFC-141b. HCFC-142b fll HFC-134a Hi{# 1A
TR E R 0E 23 51y 19.8%~53.9%. 19.9%~67.8%. 12.9%~38.4%71 2.0%~3.2%. F%[E HFC-134a.
HCFC-22. HCFC-142b Fil HCFC-141b AR B35 K R AK N 4.4>1072, 5.6x102, 0.9<1072 il
1.0<10"2 at (WK 4), FRULXLLY) LR E T3R8 72 . HCFCs F1 HFCs &5 CO #8173 £ 1)
Ot —H R R EEKES (B 3 « HZXN, XSy bR sl St I s 20
Pt mass . Soe e 7F 2013 4% HCFCs 178 PR 45 7E 2009~2010 4E- P14 /K P2k LE |, 7F
2015 “FJk/D 10%, £ 2020 4EiEZ> 35%, Tt 2030 4 7E 4 ERE Fl A v vk HoAd T, 92 HFCs
ST AERARE IEEIR, 2016 4F (SRFFURUCE D GEMAMEIEZ)D) BN T % HFCs 5 A4 (1) 1
B4, Pl EwFTss BE W, FE HCFCs Al HFCs RUHEBU AR 75 B o I .

K 5 SorZE1 KA H HCFC-22 fil HCFC-142b AR S A A HENZT 2R, “HEEZEN
R R, BEAE BRI (r=0.73). HCFC-22 #)V2 FIVE S A & A7), BRIt

WA R FRP B s R B2 1 TR 26078 . sAh, EZF HCFC-141b AR it m T
KHEZ.

2. 1. 3 RIINVE B EIZRF
AR, ARV E RS CHCl AR B7E 2013 S 2RI IN, 25 th THECEAR XA E
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Hia#a TP Rals 370, Nk 2 fion, ZR1KSH CHoCly AT 0 H M 2014 4E (1) (83423) =102 1
N3 T 2018 FEHY (3914274) <1072 (M4lEJy 371%; P<0.001). & 2 F£HIZE 1L CH,Cl, i E 4 FR 4
B E AL B3R S P B AR AR 0 B8N T 43%~427%, [RII & 3 tE R T CH2Cl/CO R /0 $ ol —
HERE LS (RIZEA 0.65). DL Egh Rt EIF R X AF7EE B CH2Clz HEBUR .
CHoClp LAAL, HoAtise 5 R B PR AR R 4 BB AE RF 4L T 7 CoCla CH3CI Al CHC5 ) A B A4
I3 E AL BRI B AR 20 B05 35.9%~915.9%( [ 2), 8] 4 IR [E CHSCI 36K 2 (9,110 at)
TG L ER Y 5t CHaCl B KR (0.7x10%? at), H'5 CO MR B tbfi th 2 8 2 LT
(L 3, RIZYPNIEED, REAHAY 2 H I B A RS HESCE .

Wk 5 s, BT CHaCl BORIF E 2 A ke, KR FMARR D Ukim; CHoCl, CHCIs
A CHCI3 # TllAL 5, KT RVER S BORRT 8L, X5 Simmonds 508552 /R 22 Mg g4
ATRBRA A% EEL AR A - S ORI &5 2R — 2. BR ORISR T 22 5200, LAt vl e 5 2 AU AR
DR TRUMNRIEA IR KM RAEEES (- OH MBI ED MG F R =ESE. B, 18
HESCEAM RIS OUR e A i 52 s A A T s AU OB /Y T e KSR RE 0 T 2 fie
B AR 22 o i, T R AR R AR AR 2

2.2 KiEBEHIEHE

il 6 frws, SREEIIAIRAZR L BRI 700y 4 25 5 1 2Bk B 3RE L X 1800 m i
7, QA ZEEE A AR L 5 2 RABINES 3 28R Aok B PE AR AE A BT 7E A 3500 m
M, BAAEE . W WA TE ST X AR 5 4 28Uk B R IE AR AEHLX 3000 m
A, BAREFM X ENEZR L. REEHIE, ok B3R EEILH X 1) TR L s S
H, (A 41%; HUGRREEERIEHLX (27%) FIZ Hiai <73 (19%); K ERE R Ibh
XTSRS (183%).

6 Mk Lk RE 4 X5H

Fig. 6 Four types of air masses affecting the halocarbons at Mount Taishan

TSR B R 1L KR s AR AR AR 3 Hi sz e, R AN [R) A R i 1) i A AR AR 40 Bt
1T 17 G Mr, @R NE 3. RILBH RGN CO M HUEA /KT 5, H HCFC-22.
HCFC-142b. CH3Cl. CHsBr 1 CO (135 1 73 Hm T H 4 3 AN (P<0.002), KXY Fh{E
bR X RS IR B0 . PR AR 2 v 58S 1 1) CHLCl, AT CFC-114 ~F34ARS
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T edb A Ab <4, F£H CHCl Ml CFC-114 7E_ B3R PAARIE . k% 307 76 55 K SRR A2 s X K
SRR B . A6 CoClsw CHCls. CFC-113. CFC-11. CCly A1 CHCI3 f-F- 4R FH
ST T 3 AR, R LR A E R A X H TR 4 1 B B X AR R e . LA
AR ANFEERIE A E P ) AR A H B E AR AR B 22 5, RREE AN F X 1 AR
A AN 75 R AEFIHE SO -

*® 34 XX ESFAPHERBRERS gL Y

Table 3 Statistics of halocarbon volume fraction associated with the four types of air masses arriving at Mount Taishan

TiH el PEARAE S e e A ARALAH
CFC-12 53444 538420 529416 533+1
CFC-11 268421 262420 251416 275428
CFC-113 Ve 82+13 7849 84417
CFC-114 16.440.9 16.1+.8 16.2+1.0 15444

HCFC-22 365493 288484 292483 336490
HCFC-142b 31+ 2646 2749 2948

CHCls 111492 108492 105475 124485

CHsCCls 5744 10.2+0.2 7.348.7 74355

CCl4 92+0 96+13 9143 96+14
CH:ClI: 157+139 1974262 1844135 6929
C2HCls 10H1 11+42 849 2124

C2Cls 21423 44474 30459 105+147

CHsClI 11664379 8164306 7164118 10054342
CHsBr 17424 1143 11+43 1144
CcO 453+164 4314212 415482 399+199

D HERRFIMESRERZ: CO ML 10°, HARKIHEA 10712
2.3 REENKEFRIFERET

K PMF BEAYERT 1 28 1L R s AR I R BRI, 25 R 7 . £E PMF BARLZAT 2 Hii ik
5E 16 Fp AUk CO AT A M s AR AR AR FR 2 B AR g, Ferb CO A NIRBEREZ Y o
1T — 28 s AR O 3 A AR, A BRAN DX Iy S5O0t HARR 70 Bty A B35 50, TR A Y A 3Ry ¢
BRI CULIIAAAR 53 B 22 AR ECE BB AR B0 SRl Brax s maiol, xof T b4 3R AR
o3 B R A5 N B AELEY 596 0 LR NS SRR 80 A B AR IR T SRR BUR LU,
VU 70 5 g FL R M BR AR AR 2 By 172121 4% B8 IR U7, IRZE T 5 Al AR I 1 S HEROE

K7 1 (R CFC-11 1 CFC-12 BITTmRER &, 20 A DTk T — 3 SR FR 73 31 60%F1 51%.
XU CFCs Ok 7B 10a, (HS&7E e AR RmT BT 2E 7= 1) CFCs R i A7 7E B & A= v, I
AIREMIR RIS R . Rk, HERET 1 OSSR E R . K 2 FRIE2& HCFCs (HCFC-22
M HCFC-142b) WoThk%Em. 1F 8 CFCs B FEEA M, HCFC-22 #7772 F T ZX F A ki 4 DL &
FHIGHRES 1T A 7718, HCFC-1420 1 Dyt i A FH 1) iyl )4 751, (RIS g P AR A Tk}, 32 %2
AR CFC-11BY, b4k, CHCIs A /NS4 7 LU FL Bz, Fow B AL 2  Ris i Bok), fe
B &2 SR E R N A HCFC-22, 78+ [E K% 75%(1) CHCIs # FH{E2E 7= HCFC-221, &3 1
iR, HERT 2 NHEIAF. BT 3 CCly (80%) A1 CoHCIs (55%) MITTERE o CoCla 4 32
PEHF Tl 1 OB SR SR BARFIAT-2ERI55E0: CoHCl 3 B HE PRI L Tl R
TE 58 7510 AR 37 77 1 DAL MK 3 — SRl i s Ay fL 1 T 7 4« IR 7 4 wh 245 3 B A8 1K) CHBCI(72%)
Al CO. CHSCl H # B /EEM R RER 48R 723, CO A2 MREEIR I M R R 277, BB R T 4 HIE N
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EMIBIREEIR . T 5 ' CHoClp (86%) [ITTHREL . P CHCl REI R Z M A AL S, #it™
Z AR AN ) Canmg 55500 R TEGR] AL TR 2R S Mg SR RS Ve 55D IRl Tl
VERIRERE 24, Rk, e R T 5 o kK S ATAE R AL -

1.CFC-12, 2.CFC-11, 3.CFC-113, 4.CFC-114, 5.HCFC-22, 6.HCFC-142b, 7.CHCl;, 8.CH;CCl3, 9.CCls, 10.CH,Cl,, 11.C;HCl3, 12.C,Cly,

13.CHCl, 14.CHBr, 15c0; CO HFRAI AN 10°, H AR HAL N 1012
7 EF PMF ER N RILIMX A S @R EIERTIER (2013~2018 £4)
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Fig. 7 Source profiles resolved from PMF at Mount Taishan (2013-2018)

8 Pz AN A 10 28 L KA AR AR 7 iy k. &l 8 (a) Fios, 2003~2018 4F,
AP TR BER Ze L KA AR I DTk AR (38.1%) , HLUGRHINA R (26.2%) Tk & KA
i (2L7%) « L TARIEFIEH (8.7%) MRS FEN (5.3%) . thh, Zl Kkl
(R SRVEAL) A 52 3 L B S ) R AR AR 8 (b)) 1 8 (o) 1o Hrh AW A beiliifE B 2% 1 DT kR
i (H7F 58.4%. BT 12.6%) , X5HEZR IR KIHARIL A 3 ALY BRI 1A kM0, &)t
IR TR (33.2%) MBFERTAHESE (17.3%) , XRFEEHEFEHEK T RMEHL RS
(S DA iR R PR 58 N VR R B B R A 9% T M AR ¢ P A P A A R 0 e AU )
TR R, (5L 46.3%. B CFCs BBk Ja, S A it a0t s U S AR AR 2 J i) ik =2
TR, B DU T REHATIOE F R

8 FHRUREXM RILAS 2B RIB AR S BT

Fig. 8 Contribution of each emission source to atmospheric halocarbons at Mount Taishan

A RAAEEMAHERIRSE R (B 9), KIVEY TR IR = 2k A4k (50.4%), LA FIRIE
Fiviss, 17HHE N B, NBARILRMEHX, FHk S 55 Rmas s, sk ik ™ E
e AT Gy, AT DA RE AR AL S A = AR AR 73 B CH3CI. CHsBr #il CO. [AIR, AL HIH 1)
HA T et T H AR 3 AN, A ERRZ R B R RE AR 0 0 HCFC-22 F1 HCFC-142b. Tk
T % PR AR A P IR S R R B VG AR ), 5 A R R AR 2 0 0 S RS B s AR R B
CH.Cl, 1 CFC-114 —£; i FEF~ Lok A8 YR 22 Kk 3 RALHLIX (31.7%), RALKHENEE Ui
FHLX, SR X G Y E, RS 55 R A, 7 CURR AR LS s AR R B R BE ) (CoClas
CoHCls A1 CFC-113). b2 B s B KA i AR I SRR AT 7 BA S5 (R B ) R0 25 () o) A AR, RSR 1) M
B i e 9 AT BT R A T
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9 4 EAFRIFHISE P EHBREA S 2 Ea KR AR S A5k

Fig. 9 Contribution of each emission source to atmospheric total halocarbons volume fraction in the four types of air masses

3 4

(1D (GHRFARBGES) KPR AR BOK 50 2 T sy, UEse 1 B R RAEZ
PR AT R0sE . (SRR UBCE ) R AR R D BOKT m T bRk i ], RS
NEZERYIR AR B2 B ke sy, RORT Bt — DXt HCFCs Al HFCs [ 1%, JF55 1 3 HF
DS BBIA TR S IR TR = OB R R — A AR

(2) RS AR IR B R 2320k B R E AL IX . PEAARIEH X, 42 v s A3
[ AR AL DX F) 4 Fb i RSB M s, 2SR T R By 2 2 A U I A AR 0 SR 22 4 il 1
FFto

(3) AEWpRGE . BT Tl R SR AT FL7 T 778 DA R S U i 12 1 it e
R AR R AU A E BRI, HA B BRIl s AR R sk B oK. Bk, Sema K<
I R AR 3 B0 DA R 2 A S 35 P R ) A A AP0 23 ) 22 5, AR SRR DR AU ) 8 R 2 ) 5 2 1R
I PR 7 55

B BT ARBE R LR R RMER IS G010 TAEN SRR A T RS R 5 18, Bag
TN K 2 IR 75 43 % Ronald Blake 2% Xt x1 A% & 4R 1 43 o m il w2 5 40 s BT 96 [/ [/ X
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