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Abstract: Taking Handan, Xingtai, Hengshui, and Cangzhou, four cities in southwest Hebei Province along the Beijing-Tianjin-Hebei typical transport route, as examples, we
analyzed the variation characteristics of 3a meteorological conditions and PM, ; concentration in winter from 2019 to 2021 and used potential source contribution analysis (PSCF) and
concentration weight analysis (CWT) to identify the transport characteristics of PM, ; in the four cities during the study period. Based on the meteorological air quality model (WRF-
CMAQ) transmission matrix method and transport flux method, the contribution of PM, ; transport between Handan, Xingtai, Hengshui, and Cangzhou and the surrounding areas was
quantitatively assessed; the vertical distribution characteristics of PM, ; net transport flux were revealed; and the two main transport routes of PM, ; pollution were further identified.

The results showed that during the study period, the PM, ; concentration decreased by 45. 85%, 49. 45%, 42.40%, and 31. 65%, respectively. The potential source contribution of
Handan and Xingtai was mainly distributed in south-central Shanxi (Linfen, Changzhi, and Jinzhong) , northern Henan (Xinxiang, Kaifeng, and Zhengzhou), and a small part of
Inner Mongolia (PSCF > 0.9). The potential contribution areas of Hengshui and Cangzhou were mainly concentrated in southern Hebei (Handan and Shijiazhuang) , central Shanxi
(Taiyuan and Yangquan) , and some Shandong regions (PSCF > 0.7), and the CWT results were similar to those of PSCF. During the study period, the local contribution (51. 11%
-62.99%) was slightly higher than the regional contribution (37. 01%-48.89%) during winter in the four cities. Affected by horizontal turbulence and vertical diffusion, the impact
of regional transmission in 2020 was slightly higher than that in other years (0. 50%-9.52%). In 2021, the influence of regional transmission was slightly lower than that of other
years (=2. 15% - =9.52%) due to low PM, , concentration and meteorological factors. For Handan, Xingtai, Hengshui, and Cangzhou, the total inflow (outflow) flux intensity of the
four cities during winter and the surrounding areas was in 2020 > 2021 >2019. For the total net flux, the total inflow (outflow) flux intensity of the four cities in winter was 0. 094,
-0.070, and 0. 087 kt+d" (Xingtai: 0.212, 0.395, and 0. 544 kt*d"; Hengshui: -0. 040, -0. 228, and 0. 185 kt+d™'; Cangzhou: 0.062, 0. 126, and 0. 128 kt*d"). During the
study, Handan, Xingtai, and Cangzhou were mostly used as transport receptors, whereas Hengshui was mostly used as a transport source. In the range of 0-1 260 m, the net
transport flux intensity of PM, ; increased basically with the increase in height, and the maximum net flux of the various cities in different periods was different. The maximum net flux
of Handan, Xingtai, and Hengshui was 252-1 261 m, 817 m, and 252-817 m, respectively. The maximum net flux in Cangzhou was 252-359 m. By analyzing the transmission

characteristics of the four cities, it was found that there were two main transport directions of PM, ,, that is, the northwest-southeast direction (Shanxi = Handan — Henan and

Wi EER: 2023-01-17; 1&iT H#i: 2023-03-14
ESTHE: BEZRELM AT H(2018YFC0213200) 5 1 E 1 1 J5 Bl 3L 435 H (2019M660382) 5 b 5 i -1 J5 i 5% 4k 4: 101 H
TEE B R (1998 ~ ), 5 AW 98 A4, 32 B 9T 5 1) o KRB TS Je A4 5, E-mail : daiwujun@emails. bjut. edu. cn
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Shandong; Shijiazhuang — Xingtai — Handan and Shandong; Baoding — Cangzhou — Shandong) and the southwest-northeast direction (Shanxi — Xingtai — Hengshui —

Cangzhou — Bohai Bay).
Key words: PM, ; potential source contribution function (PSCF)

contribution transmission flux

RATTRY) GRS R E = R E U
KL JUHIRAEA TR LURE DRI S 2 1 v 1 G JR A ik
FIARFI B SRS R 551 & PM, 5 5, KR
GBS W 2 5 Y W R RO L AR SRR A
2013 4 [ 45 Be i A K35 Y B IR AT 3 it Rl) 2 2017
AEAAG CHT R R AR T = 4R 47 s iRl ) UK, PM,,

JeVR B C S T 0 R (H X T a3 K
RN L PM, 45 18 {30 2 B i (PR 458 25 AU
bR AE YA A B9 2 bR UE (35 pgem™) P, PM, T5 YL iR
B DB I T B0 I B A S DX PR R IR B 1
ZWE 5T T T U6 0 X Sl 75 G [m) 8 e I 1 5%

gKKﬂﬁ%";B]XT 2020 4F 12 A 10 ~ 12 H F g i i
ﬂ!lﬁ‘—‘&(%?ﬁ“ RV M BOR R AR R
XTE(G o A I AT AR RS2 i, AR XU {Jkﬁ

IT{JIEFE*M&E&E%E’Jffﬁ]mzﬁfj\ﬁ%
*IE’JE%W%I? [F] B ZQIE]LﬁEZIETJPM“E’J%
%J?ﬁﬂﬁﬁiiﬁﬁﬂéﬁgﬂﬁﬁfﬁﬁmy}:ﬁﬁﬂﬂl’lﬁfa
(HySpht) 71014 1"9‘ f W R 4 BT /fd(pote '
con-trlbutlon ﬁg_ﬁ"cflqn PSCF)™ =15 (f'ﬁﬁﬁ* ﬁ‘*)?:?f
(concentratlon wei,ghted trajctory, CWT) ]'6 20 T J\}% s
T G ML 5 o A b s

@ﬁﬂw&ﬁﬁaﬁmmﬁimﬁkﬂ%%iﬁf“

{*’*T#?Wﬁ?ll Ut HED S RIS bt
@Iiﬁéfé%%ﬁﬁjﬁu&mﬂ‘%ﬂ,?J‘KH"%#”?%
F CMAx-PSAT A5 B, 5 B st 9 5 [X ik Ay B 764 35 e
T B LD 2015 4F B F 4 2 PM,, %5 TR IR, 25 3 3R W]
R U N e N I | s N e e R D
PM, , 5 Bk R 43 9N 3.9%. 9.2%. 0.8% . 4.8% Fl
6. 1% ;2 Z= 5% i 1L PM, 5Tk R 50918 3. 6% . 7. 5% .

0.4%. 3. 4% F1 5. 6%. Wang 5" | Ff MM5-CMAQ #5
W 5T Brute-Force ¥ 227 X 5 HE 3 LR & Y5 L i 17
& A K EFUBEE 2013 4F 1 H PM,  #E47 K IR 4047,
4 5L 3 W IX 8l A% i R R 27, 5% (A R IE) ~ 28. 6%
(HBHE ). #2333 v, A & KA 4. 2% 19 PM,
Sk E & AR R, HEHR A 14. 6% 9 PM, 3K H A R FE
ARG TR 476 19. 5% ) PM, 3K [ 47 5 L FHEBHE
Mk B ooc & 3 T WRF-CMAQ (meteorological air
quality model) , X 5T EZL R = X 2017 4F— K &
SRR ST A3 BT , A A A R R W TRy s 2

SRR = A b X5 G R Hb 5Tk v A B B )
AR V5 Y 4 BB BRN TS Y T O B, R B

concentration-weighted trajctory (CWT) ; meteorological air quality model (WRF-CMAQ)

3 transmission

YR = ATk EEAEE TS P BB, TR
20% ~ 30%, & = F X 5 3 o1 ik S 2 AE 1 S G
W, SRR N 15% ~ 20%. fE SCI SR JE T CMAx-
PSAT #5717 4[5 31 4 17 (AR 5 333 4> b 2Tt
(ZAK)PM, S HoAb S L o AL S R B L AT 1 PM, 15
DX S 2 R A . SCT AP b R 2 B R
FEAF5E B @ F0F & B9 NAQPMS & 45, 4 2013 4E & &
R =R PM, H TS g AR AT AR A R )T
MR 1L 2 DX 36 2 T, o Ll R R A R
SZARIR T % Ll BTk R KA S 2R TR S A YR L Tk
W R ls . K1 & IR AR Ok e R, BTk
7 26% . 24% . 16% . 15% F1 8%. Gao ZF" i JTi
WRF-Chem B %t APEC 39 [l Jb 50 IZHM‘S'PM“
F S ) g XS % 0 17 P 9 2 0L R 15
m%%ﬁ%@ﬁ@r%n%m%wmrﬂﬁmMﬁ
Rk, EIE5ﬁ@%@'ﬁ’@LE’JﬁJJﬁ%&%@ﬁFW%ﬁ@E@'{R
%MEVJ@Z EJBfTAEEd,ﬂ;HIBi l:injziauai.ﬁjm PM,
e ) 41 3,% Eiu%;«f‘%ﬂﬁ WRF 5= I NAQPMS-%%-
s 6 10 M X P B B i 7 B S
507505 8 DS 50 ki P, B S i,
BV 1 63. 4% , TR S R v, g B R T S 9
%‘Y’/I‘?ﬁfi&IZiEPMMEE/ﬁ BTk 2 4 A R 47% .
10% . 17% F 26%. {8 J& W 52 B B 22 4 v T 2 — 3
T TR A R DX 531 DA B S ] 3 7 sk X 3k ] 3 T 95
A EFZ WA, B = X T 2 AW A FAE I g S
BT RRE R 5E 5 R Hr .

DRI, 24 SC D 5t e 3ot 7R 06 33 T 020 ]
A6 VG FE 77 1) 4 T SR L TR & L 7K RN 8 A i 5
X4 T 34E (2019 ~ 2021 4E) & R EH (1 H),
JE T My 1] O EHE L PSCF LA CWT B @ PR 3] T 4
AT PM, W TE R R, N WRF-CMAQ #fF 78 K<
PM, , 5} 25 70 A RGBSR A, 25 6 i A RS 4% iy 3
7 R A ) REATE Y 4 AT 5 R X A A
38 5, LA S TR 5 EE R PM, 78 KT 1) B9 4% i
fiIE, 2GR 4T PM,, 75 Y i A%, LAY Ry f
— A X R0 Y T 5 B e A0 T 5 ol Rk
S .

1 MBR57FE

1.1 Edik i

AT FEHBEE IR E L B KRR 4 A4S 3T A



1 4] PRBR A5« LY i 6 30 T8 9 77 &6 2 P, 35 e 5 42 i A AL R AiE 25

SN EPORITAI A RS I S € JE RS iR S
45, (http : //data. cma. en) , PM, 5088 2Rk B 25437 = 42
vl 5 W % BE (http://www. cneme. cen/sssj/) , H T
WRF-CMAQ & ] 25 3 5 3F . WRF < 42 A% 7 R H
NCEP( & BRI B b0 ) AT 1° x 1° (25 [H]
SrHEAL) L 6 h(IF[R] 4398 %) iy FNL( 42 3K 7543 B % kL)
B H . CMAQ $i (B 455 Y T 7 1 K ST 4 0 HE T 2
FE I R Ml DX BB 8 R A N Oy 15 HE R Sk B AR R
RZL [ F TR ST AT B R 5 B A AR X R
FHIE SR 2= & 19 0. 25743 B 19 MELC HE B 7 5
(http : //www. meicmodel. org).
1.2 BRI E 5 5HE
1.2.1 BEARIE

AR5 R G R WRF4. 2,75 55 2 A5 7l
K H CMAQS. 3.2, AL TF & PM, AL SR fEAfF 58 . A
PUEF B 2019 ~ 2021 -9 1 AE W& KA,
WRE Fll CMAQ £ x0 S Bk ik & N 3% 1 s iR %
B R, S HEE 55 36 km x 36 km A2 km X
Uhnmglﬁﬁ 5 — JEA T 3 e R 50 A ) o

F%maﬁﬁzﬂiu&ﬂrﬁé i 5

ﬁﬁ% fff%UD&V\]mﬁzﬁ\%F}:‘ ﬁxﬂ“ma
J;%’fréﬁw']ﬁ 1, 000 0.994. 0. 988 0 981 6 ’9\

i £
# /:

0.956. 0.944. 0.926. 0.902. 0. 881, 0.852. 0. 828,
0.796. 0.754. 0.704. 0. 648, 0.589. 0.546. 0. 495
0.445. 0.387. 0.287. 0. 187. 0. 136, 0.091. 0. 061 .
0. 020 F1 0. 000.
1.2.2 HBEARIERE

Al WRF-CMAQ B AL , 2% EPA W A
1, R FH AR AL ST 249 0 22 (NMB) | A5 o 16 - 35 5% 22
(NME) FlIAH X 2 E0(COR) X 3AGE it 48 b5, i3 2
FrR , WREF 155 2K G 0% 40 4 b A5 400 /< 5 2 K A ) 22 Ak
S, 77 AE B 35 A IE A OGP, COR ¥ F 0. 62, Horp
R AR LA SR B 4, COR ¥ 7E 0.91 LA |, NMB W
3.55% ~ 19. 17% ,NME N 29. 42% ~ 42.27% , X F1l
AF KT I A5 AP0 4RI TR L B COR A5 7E 0. 62 ~
0. 84 Z ], XU /) NMB 4 10. 08% ~ 28. 96% ,NME
32.80% ~ 38.24% , A1 Xf 1% J& 1) NMB 4 -28.80% ~
-13.92%,NME 2} 27. 55% ~ 30. 88%. 4 >3l PM,
ﬁﬂﬁ%mmﬁ@wagﬁﬁzfjmﬁhT
0.63,NMB Jy- 18 88% k& ~11. 60% , NME Jy'32.79% ~
41.17%), HEEZEHHTT%T%TFZEE’H‘%U% Lk
@i%?ﬁmiu& mﬁg&mW%ﬁﬁﬁﬁ
M&*wm %%%m%%m%rméx@Iﬂé
95 e PM{JF%T%)&—%E’MEH?? ! %?%%@ﬁ"{_%i%

7 ' J "'-:’? Y 4
: F1 *W};P'ﬁ CMAQ%w{ﬁﬁ a/ b U
[l L Tab],ﬂ 1:,. Paraj‘nqtenzatmn schemes of WRF afl @MAQ \_:;:;
il - KE V) ) ik giE K o
J‘i"-"] AV | R l ; LA ’ oA 5.3.2
!¢ P & ama i WSM.@,-// AL ML) CBO5
TR % RRTM SR AL LR AEROS
WRF R % Dudhia CMAQ DRSS In—line
gy =y Noah Kb %
JURTS RS YSU A L NN
AR SR WS Kain—Fritsch IR A % H®ER
41310 Dol gw N
40° |
40°
38
350
36°
. -0 200 km
% I e L

125° E

114° 116° 118° E

E1 #HURBHETE

Fig. 1

Nesting simulation domain of the CMAQ model
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Table 2 Comparison of statistical index between simulated

value and monitored value

4] Seitde b A WEE AXHRE PM,
NMB/% 26.39 19.12 -28.80 -18.88

R #R NME/% 35.23 29.42 30.88 37.80
A R H(COR) 0.78 0.94 0.78 0.68
NMB/% 10.08 3.55 -13.92  -18.50

& NME/% 35.44 4227 27.61 41.17
A R H(COR) 0.65 0.91 0.62 0.63
NMB/% 28.96 4.60 -2525 -11.60

7K NME/% 38.24 39.53 27.55 37.50
K R H(COR) 0.76 0.92 0.84 0.71
NMB/% 18.62 19.17 -19.32  -18.61

Hogl| NME/% 32.80 40.56 27.93 32.79
A ZHL(COR) 0.79 0.91 0.76 0.77
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Table 3 PM, ; transmission contribution rate in Handan, Xingtai, Hengshui, and Cangzhou from 2019 to 2021/%

) Ay e e ik M i 7R s optEREIAL Ak
2019 56.36 7.67 1.67 2.64 10.50 6.40 4.20 9.52 1.04
i 2020 53.57 10.78 2.16 1.27 11.04 6.71 2.95 10.46 1.06
2021 62.99 6.26 1.63 1.20 9.86 6.18 4.45 6.72 0.70
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2021 1.10 1.29 4.14 58.01 2.30 13.52 2.57 16.04 1.03
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