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RFEH, RHET 2018—2021 4F NO, W2 T REfa%, Z N NIEHE R AL E £, IR NO, 15 4
FEEPRERZTA 10 AR 11 HMALZM 12 AM 1A, WES G4 R AR IR AR IE AR R = s, TR
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Spatio-temporal characteristics and source apportionment of
NO, in Handan

WANG Qing HAN Junduo SUN Yan ™ LUO Jinghui
SUN Shaojing LI Xuli QI Tianye
(College of Energy and Environmental Engineering, Hebei Key Laboratory of Air Pollution Cause and Impact, Hebei Engineering

Research Center of Sewage Treatment and Resource Utilization, Hebei University of Engineering, Handan, 056038, China)

Abstract Nitrogen dioxide (NO,) pollution poses a serious threat to ecological environment,
growth of vegetation crops and human health, due to the significant increase of NO, emissions in
most areas with the development of urbanization and the rapid increase in motor vehicle ownership.
To understand the temporal and spatial variation and the source of NO, pollution in Handan City, the
NO, data obtained from 18 counties in Handan City from 2018 to 2021 were analyzed. Inverse

distance weighted and wavelet analysis were adopted to explore the characteristics of the spatial and
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temporal distribution, and backward trajectories were performed to investigate the transmission path
of NO, The results indicated that the concentration of NO, exhibits a decreasing trend from 2018 to
2021, which is affected by the anthropogenic sources and meteorological factors. Besides, the NO,
pollution was mainly concentrated in October and November in autumn and December and January
in winter, during which the meteorological characteristics were low temperature, low humidity, low
wind speed and high pressure. As for the spatial distribution, the concentration of NO, showed an
agglomeration trend. The average concentration in the urban area was higher than that in the
surrounding counties, the NO, concentration in the western and central area is high and that in the
southeast counties was low. Moreover, the transmission path of NO, was investigated by backward
trajectories. The results of the cluster analysis of air flow in different seasons showed that the air flow
trajectory is mainly from northwest region in winter, mainly from south and southeast region in
spring and summer, and the north of Hebei province in autumn, respectively.

Keywords NO,, spatiotemporal characteristics, influencing factors, wavelet analysis, cluster

analysis.

UL AR, Bifi 2 R Tl A AU AR A Pk & J, BRBE TS Yk ] B H 25 7 E . NO, & —Fp E B RS T5
ey, VER PM, s AL EUE B FZERTIRY), 5 — R PVAEE R RAT 5CR L KA NO, AMUEZ A VR
AL, 23X N A R 15 AN RS M, B8 00 B L O L2 et o B R A5 REU XU, DA
S e R BT %10,

H 2013 4538 FE 4 8 CRST5 J B ia AT sl ) Lk, NO, ¥ BETE 2015 & 2019 4E [0l FRE T 5%, {2
AT T IRBE 25 AR Gk B BRI 18 AR AR AT A B U | R 4 () 40 HE R F A R T 1 AR 3, S IX
3 RO RS Y i B i T T HE AR HE . Xie S50 R H OMI T2 S B8, X 7 VI3 i iy NO, 15 4%
R 23 AR AT T I ST, WA T 7 e B IR X YT s U R R R, A AT T LR T
LT NO, SRR B R G %A% TRk pREESFSE T RE IR 4 — A (EGT) Hi X X 2 NO, A AR fb s
W] 43 A3, T 454 2 T BUIRAR T 28 5% T 2R 0 IX 8 NO, v B A 3R 51 R 25, & I 485 0 7l Ak 1) 3 4 il 45 4%
NO, HEBCIER &7 L & A= 28k, WR¥e 504 & BT - I NO, T B MR BE T 2012 4R A B T IFAE 2 J5 52 8
TR, B2 NO, W i AI, & Zfm HA M 210 3.6 1%, U TE VIR NO, Il HEZE S i i 25 38K,
X S R Hi X AN B RS TR T DA R LR A (B AR Sk (BT SR — SR e M, 2 B 5 )2
%5 5 55 KA ) 23 5 B8O 2 FUali i S 19, 2R Rk Oy A0 ) R T W U BSCHE PR 5T NO, W B 7Y 52 i [
KR, NO, 51 BUME S e o, 15 YA 7 X B NO, £ 5 PEAH b I5 YA 47 IX B B 4. Bassani 2507 3
b 1T W 55 R 9 2 TROPOMI VCD B KA I B4 & 3, 37 e 32 175 01 1] NO, AK - 38 B, Il
AT 22T B 26%, WL 0] 15 YL Wy 5 I A I AN J2: DR A5 IR R S ), e RS2 W) of DR 4 B0 [ 3 ol
TE DR HE RO D XA TG YK AN 32 7R i HE IR 2 i, 348 AZ 4K BE B AP R A% i i s e UL ) G EE
ZEU F) FH WRF-CMAQ #1775 Y W i I AE 40, % B NO, & 224 WAL i b7 te e K, M 26.02%—76.96%,
et 2 hdumrg. B amx HBERTH KA NO, BB 2 RRAE | 520 PR R A5 e ul sk /DA fiil .

AR SCHE T HE R T 18 /> 23 4 3 H2 W i 3 2018—2021 4F 75 48 Wa W5 92, 15 F Arcgis B4 %of R T
NO, ¥ FEFFE K B 25 230 A5 FEAESEA T 50 B, FFAR I /NI 73 A 45 SR 4805 NO, W B2 B 7 AR AR AREAE, 43 B 75 G
YR E S5 FZRIPSCR, FE3ETF 2021 4EHRHEHT GDAS A 84, FIH Meteoinfo 3K {4 #1130 vk
J LA YR NO, B IR FIEE RS o B2 A7 2R 28, 28 057 7T e 5% HHE T NO, e BE R IR X, T i K<
NO, 15 Y RRAE FIHEBOIEVE AL IR DX, LUEA IR T R S0s JoAs dib E  fe =%

1 #MBLE )7 (Materials and methods)
HBHETT (36°20'—36°44" N, 114°03'—114°40" E) {3 T 5B KA 5 Yo 14 i 1 1 «24+267 3k 17 /4

i, TR ZY 12066 knv?, b [ 74 ) A2 S Bir BRI e, i 220800k, MU IR 20 20 (&1 1) 3R IX
AAE NG X BRI D, B2, 7 DAL AE FRIX AR X E & IXFNEER™ X, Ho 2o B 5
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Fig.1 Distribution of environmental monitoring points in Handan
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15:00, 18:00 s} (b s s 8] ) 313505 ) 050 . % 5 20 HIS M vy A J) 0 s IX () KA AL 2 i B, O T /b s
T X} P A 6 AR &8 SR AR R ), i T IS 3B A B LS B 14k 500 m.
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2 ZER 5408 (Results and discussion)

2.1 NO, it 58 53 A Ak
211 ARARARRRIE

2018—2021 4EHFHE T NO, ¥ B 1 40.61 pg-m™ T[4 % 29.88 pg-m™, F[&H %N 2.68 ug-(m>-a)”!
(E 2). HEHR T X NO, ¥k & 4 4E (B A8 Ak hr, 17 07 20 B R Bl %6 2.85 pg-(ma) 7!, %X
(44 pg-m ) KX (43 pgm*)NO, 15 Y5 ™ 5, F-HEAR = T 40 pgm ™ 5 HZ DR LT 1
T XA, AGX (35 pgm™), HBIIX (35 ugm™), fE S X (32 pg-m™) FIIEIER" X (34 pg-m) W EER
K. HBERTT B3, NO, W BT M R R 2.60 pg- (m=-a) !, HA i EIG AU ok 3%, NO, W T %
15.17 pg'm, BT NO, R I 5 (43 pgem ), SH DU . SCIR R e i 7=l 4544 S22 HK 3R, NO, ik
BE 4 FEIME AT 40 pgm = WA #EE, LR NO, W AR (31 pg'm™). #EHE 4 -8 NO, “FH#k i H
TFREIRE R, 2018 4EREE 5 T (RE B KA YL AR B = AR IR ), SSAT b R iR B IR
T L AR SR A P G, A B I S V5 e T 1Y) X s A o ISR T A v L % G I A P R )
LXK, B T Z TN A B HE R R R, 3 5 X 8 T 22 A7 ] 3k T R S A R % 1 R g 324,
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Fig.2 Interannual variation of NO, in different stations in Handan city from 2018 to 2021
W5 R T B 23 43 A R AIE, B 2018—2021 4F NO, ¥ B 246 #E 17 25 (4 {8 20 Br (181 3), %% X &
NO, i P AR LA 25 S 45 /N, H 25 53 AR BUAE NO, W B 20 A, T XMk i v 1 il i Bk i, &2
HhCs 1] Ji 120 B SRR SRR O AT R AR v BE e (i T AR P AR S 4 IX | AR DX LA R iR 22 T 3 DX, X 2R X
ELARSP 1 B vk 2 4 5 [ K — b oM, NO, 20k H T Tlb A 7 FISE il iz i, 2018—2021 45 HSHK 1l
NO, e B AR TR RS, P U T [ 10.73 pgem™. [ 2018 4F 7 A (4T il K Of TLR = 4R AT 8 it
)BTRS, ST g (0 A Btk S T A AR, I R RE IR ARG ) 0 B, B AR IR 4 AU AU 4=, 2
2023 AFJiE, AT RE IR EE AU 58 AR S R 1k 21 3000 45, (A3 BN NO, R BN i
2.1.2 HZAEALRHE
Oy k5 23 A HISEER T 451X B NO, 23 [ 8 A8 6 Jay F15 Y I B, X 2018—2021 AR HRHE T 18 4~ IX E
(9 NO, H 2k BE 4 Hf 2547 IDW 25 (A (R, AR (E S5 R A0 (] 4) . NO, W AL 8, 75 4 32 AR vh 7E Bk
ZE(10 AA 1 )& Z(12 A1 H), B4 H NO, Z8 M1 /0 22 e AN RAH MR B 22 B b, Ui 2 A
R NG RIRBI 0A SR A MRHR T 5 e oy BEREAS Sy RS A 5, o B A6 75 i R DR AR A1
I, AR BEZ BN, Horb 13 & IR A0k B e, 57 pngem s 7 MR, 4 20 pgrm s 4%
DCE A 2L A B R s (43 pgem™), R4 BT SRR (31 pgrm™) . & FURK, FEK D, A
T35 W B DTRR S P12, T 2 A NO, ¥ BE il /b T fE 5 45 19 1 J5 2 80T B fs 1k ol AR 7= A
oKs B 215 K B S A IR A 2 R AR IR BUR AR A BN, -OHL A AR S —Fh AL R 5 NO, 2
A AR, YRR . /K BRIk AT T BUMk, I AR NH; 7776 A9 25 14 T b i HE Bt R 46 45 — IR LA
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Fig.3 Spatio-temporal patterns of NO, concentrations of Handan from 2018 to 2021
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Fig.4 Spatio-temporal patterns of NO, monthly concentrations of Handan from 2018 to 2021

2.2 NO, B F AL 5317

I FHZINUE A3 AT 7 % 2018—2021 4F NO, ¥ FE R His i A7 AL B, LU 7R K BT NO, B S A& HRRIE, /)
BTt AN 5. 7N S A S5 (B 2R 1 T LS I NO, i B 7 AS Ti] Bsf [] )RUEE b g Js 00 ek 2 A R A Bt
S (4 oA, SR AT LUBG S NO, #e 2 78 [ B ] RUBE 1 (8 RSk AR Ak 34, /N 43 BT O 25 &1 mT LA e vk
JEE AR Ak i A 5 1 3 3.

5Ca) 7R T HEHE T NO, e B2 AR b (%) 22 Bisf ] RUBEARAE. /N 3R B0 S A 26 18] Sl /s A2 3 ]
AE Ay I 1] R 268—273 ., 541—547 K 863—869 d, Hirp 541—547 d Yk ] )RS HLA B B 00 A 300 A8
b, O RUBETE 546 d 247, S ILHT 09“fIk- w3 (R Y 38 AR AL RRAIE. 268—273 d Fll 541—547 d 142 )m)
PR SS . /INUE bl RUBE A AR AR AR R /N T 22 1, OB T AR5 i s i e St 1 40 A 5 RUBE . BRI, /D 22 &
A8 A5 5 AN 6] RUBEPIE 20 (0 AR X6 3 88 A A 1) 32 B2 ) RUBE, B S 22 . A /N 22 R P oA
1E 3 AR, o 5 Ry 546 (55— £ JE)) L 868 d(2F —F A ) . 269 d(ZE = F AW, X 3 1A
WIR PSR T 2018—2021 4 NO, e B BB AUARFAE. 1E 17 /NI R 800 6 41 0 1 A 2848 i, /N &R
B 2 XA ARG % A R F AR iy 2 3 v, INIEL SCa) ] LA R, /N RECH Z 1 8 Sk 58748
R 02 NO, W BEARAL 53 5. 38 — S, 848 i R BUAE 3 M 8 224y, /Nl S5 R B (i 1
IUAE R A b, AR A2 AE SR 2 103 e T 2 A ) RUBE P9 N, 17N 3 $507E 1E B7RE 37 (] 9 A8 AL 22 12
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Fig.5 Wavelet analysis of NO, concentration in Handan from 2018 to 2021, (a) Contour map of the real part of wavelet

analysis, (b) Wavelet analysis variance diagram

2.3 NO, 53R M 7 Z [0 1A

KA NO, e B 5 5 5540 1 28 A %5 VI AH O, W5 B8 L+ X 32 0 IR e TA A 2 e 8 30 b TG
NO, ¥ £ A5 fb 1 B 2R 5 I R 220 S5 HIR T 1T 2018—2021 4F NO, I E 5B N E MK &K, i H
SPSS # A i#47 Pearson FHICHE 43 HT (1] 6), BT A G B0 R SR i H 24854, HEHR T 2018—2021 45 [
NO, ¥ £ 5 5 ( R=0.575) 2 IE #1 5¢, 5 F ¥l E (R=-0.598) . & & (R=0.173) . [% K &
(R*=—0.206) . H B} %7 (R*=0.386) "< JE (R*=0.575) S i M 2. NO, et BHOE BR 5 5 ml LA P24 04, 5
O WA B AR, 17 28 SRR FE R KT NO, 2345 1l PM, 5, fE 8 R AT 0 A i, 35 ) IRk
SINETG Y Y, IR S NO, 2 AR, B shiE NO, FZHE .

2018 2019 2020 2021 Spring Summer Autumn Winter

0.70
PRES Aok wok
SUN - o 0.40
PRC ok ok 0.10
RH *k ' ok ~020
7' ook * ook
-0.50
ws| ** *k 'Y ' *% *k *% '
-0.80

6 2018—2021 4FHRHR T NO, ¥ &5 TR P 7 A AH Gk
TE: PRES #/R [E38; SUN #/R H IRITEG PREC FR Bk i RH R IBEE TRl WS FR M *F0R P<0.05; *#F R P<0.01
Fig.6 Correlation of NO, and meteorological elements in Handan from 2018 to 2021
Note: PRES stands for pressure; SUN stands for sunshine duration; PREC stands for precipitation; RH represents humidity; 7" stands for

temperature; WS stands for wind speed; * means P < 0.05; ** means P<0.01.

B3 7 S 5 b DX ) B X I DR SR S A2 P B W A R TR AT O W 2P, AR R AT L X, K15 44
F PE ALy ik ok, i NO, W BE BT, 0 28 BE 52 I NO, 1y — A A8 &, HOR/NMER KR
JFE LR TG G ) ELYHORE S RN b TR I AL, BE R R ARG AR S BB n, 5 A G
B, 15 Y Lk, AEAS T S YR B T B SR S NO, AR IE A G, AT RE & A KRR S
R4 TR EE, AFITF NO, BRI L

HRYE IR T NO, e B 505 PR R AH S 40 B 45 5 vl 11, ARG 2R X NOy, W B i 52 il AN [+,
534 T B G S AR B AR DG, e B IR A AR RS2 . O R TS e SRR IR
MHFR, RHZ A L0 )73, @7 BT 2018—2021 4F NO, 53R N K CEHEE (1) . Kk
(WS) ., {2J¥ (RH) . HRIFE(SUN) ., [k (PREC) . JE3E (PRES) 22 [H] A4 e A (B AR A, B 2% [ ) 5
T4 : NO,=-0.5507-4.039 WS-0.203RH-2.434SUN-0.28 IPREC+77.335, i RIiH %4 |5 R> Jy 0.449, 4Dl 2
BT, RWPEERREE L X 18 H BB B K &5 AT DU R NO, 1Y 44.9% MY AEfk i
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2.4 SHAFERIEH
SRR R T = AL A, 36T 2020 4F 12 H—2021 4F 11 A NO, /N B 55 il GADS <4
B, B Meteoinfo A4 43 M 44 48 h J& ) B3840 45, SR J5 R FH TrajStat 975 4 X3 HIS 8 117 4% 25745 Sk ik
TR M (R 1), UIRR SAER T AR RZA SR HGE T & Eo BRI NO, ¥R K-
FT 1 BB U Z4 R PLE ST 45 R

Table 1 Seasonal statistical analysis results of various trajectories in Handan

A LT
S Bk AR R, All trajectories
Season Trajectories Pathway area B H(NO,) /(ng+m )"
Frequency of occurrence
1 ST ST A S5 v e PRI P I B P e 21.84 4433
2 PR SE TH PG TR PG r S L Y T 25.51 33.23
A 3 PSP AR T S AL AR P AL AR 1L P R A 20.71 43.40
4 WS AR L YL AR 11.53 59.36
5 BT 1) LU AR LR AL R 20.41 46.15
1 S PR L P AR 13.32 27.00
2 WS ARERITAE AL AR LT 7.61 25.33
% 3 T R P 7 2527 29.41
4 PR PR PTG 8 LL P e 19.57 25.06
5 AR AR AT LR 27.99 25.48
6 A5 P AR P AL L v 6.25 24.20
1 TR TR 36.68 18.35
- 2 A5 PG AR P AL AR i 12.23 24.90
3 T AL R 26.36 17.16
4 VLI ARFBILIZR R 78 24.73 16.31
1 AL 37.09 29.98
» 2 PG PR L P IL R 14.29 35.54
3 TR TR 25.55 41.02
4 PR 5 Tty PRI P AL 1L 7 vl 23.08 41.92

A BZ VAR 25 K520, R A P67 I Bl i 2 (Bl 1. 2. 3. 4), 25 2l 79.59%.
K H NS PEES, R B IRARBEVG IR L S TR AR PGE 2 28, SRR T A 2 R EAL I, %R
Wi 25.51%, BT R, R\ ZAMRE, ARG AR Y 098, 1Ly 3
BT IR R, Horb b b X Tl AR AR B s, N %% B R, AR AR HE G 3. ok FLIR P I, i 5l
B S PE R AL P R R AR 4 R D, AR T E AR 11.53%, X VR IR K, %28
SR, KE B K, A T2 075 fe M 8L 52 BRI S B HOl &3k, 72 AR &Y
VT A 0 T 5 s i kS i A F A i NO 28 R AR ), NO #4840 5 43 4 B NO,.

%52 BRI NO, 1 M 35 BMERAR UK R 3> 1555246, i 25 IR R 5 R b
Z, HEFEPILH 27.99%, ARG R AL KA, FRHEHANE, 5 r A Y E S e 2
A TR A B AL G Y, b WAEIRE: 7T LLiE— 2556460 NO, S5 R/ Ak, il U i i A AE 2
A A A S ORI . A, ARSI &L UrRE L ED SRR, R AL S Tl T, Tk RS
Yt NO, V5 Y /K A8 R KA. ok [ T RS e B A 5 3 8B X 107 1) NO,, ¥ B f e, i IX gkl &
ik, B ZEREFHR B S 8 NO, HEH =34 .

B 7 NO, WRE fe X, BRA LW EZ sk, g8, BT T LA — i Bok 9t 4 BRI
RAAAIURE . 25 IR 1 NO, e BE A BRI Oy 2>1>3>4, Horhr, >k AP r . 52t = A P9 AL J 1)
B3I 2 % N 1 NO, MR BERSET. 55 3 JEFNEE 4 RPNl >R 1M UE 0T, X 45 000 o B 2 RO e B 1Y
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51.09%, 3 A W Il T R AR Ik, A3z 2 v 10 b DX 3T 25 A< G 0 T ORI, BRAUAA Al ik o i Al
SR A AN BT PR I A A HRCW 2 7 A R R B NO,.

FR PP F2 2ok [ LI B A4 4, 2% LI XS B NO, ¥ BEAR I O 4>3>2>1, ok AL JL# iy <
T2, A 37.09%, #51F NO, W JE fe ik, 28 52 1 MR P8 XS SR X 1, AW HERD . ok [ 0w o
AL SRS 3 BT L, T L NO, 9 JBE 5 vy, RS JH 2 T 2 1 STl X AL, 3% sl IR HEI T e X0 NO,
SO, BR A AN A R A TR I U, BT 8 B A A NO, kR By, TRT L R S e XX S R
NO, e M HEK.

3 458 (Conclusion)

(1) HEHETT 2018—2021 4F- NO, ¥ B S A S R AT/ e 4, T XOP-S40k B v F J i Bk i, &2
HhUC [ J 1 B PR A AR AR, T5 e ol B AE R 24X AR X DL K i T, e A XA A
SR T PG AR a2 T | B RN 241X, NO, AIRAE X B4R Hh 78 WIS R 77 AR R 3 R 44 BT - B NO, e b
AR AL B, V5 Y R B TP AE AR 12 AR 1 H B 10 A 11 A NO, IRER P A8 3l R 22
546 d(55— T JEH) . 868 d(45 — M) . 269 d(55 = T A ) 33X 3 MRAE I A RS A4 s

(2) NO, ¥ i 5 e S EAH O, SR . W . Bk E . H BRI B0 A% 2 U5, Hidor
TR RN A AR M . SR AP 2ot I Uy ik, 1531 NO, 534 R f At [B1A )7 #2  NO,=-0.5507-
4.039WS-0.203RH-2.434SUN-0.28 1PREC+77.335. HB 8 i1 by X A 7 G (B 52 1) NO, J5 2t Vi 5 25 [H) 4 Jaj 1Y)
HERI N E.

(3) WB¥R T A WAL 5 AR AL A7 AE W B 00 2 3 R AE . & Z I35 232 P AP R 094 25 AR B i), <00 32 8ok
H TS PR b, K7 [ AP ILE A 325 B A LUR A TTIR ARH0 . LU AR R 3B An) 5 R 30 A0 Ak 5
k2R R B RO o EE A
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