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Abstract

It is of important practical significance to reveal the evolution law of urban haze for the prediction
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of haze concentration as well as the prevention and control of haze. In this article, we selected the
daily average concentration index data of PM2.5 in four cities in the Yangtze River Delta region of
China from 2019 to 2020, including Shanghai, Hangzhou, Ningbo, and Suzhou. Then, we used the
visualization method to establish the PM2.5 state transition network of each city. The four state
transition networks were analyzed, and it was found that the fully connected basic graph is the
important motif in these four transition networks. The diffusion entropy index of the position se-
quence of the motif was further calculated, and it was found that there was a long-range correla-
tion between the appearance of the motif. Finally, the similarity degree of PM2.5 concentration
evolution between cities was compared by methods such as matrix similarity, and it was found
that Ningbo and Suzhou had high similarity in PM2.5 concentration evolution law.
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1. 5|8

BEE WA T AL PO R R, FERAS RS H R R . FERIREOE L . ERAnES
RSB T PM2.5 (BB EA/NTET 2.5 um FIAERA) [ 14T L4 B ikisr 2 H
WA NS T T B FE T At 7, o ads PM2.5 Bk FE RORLAR [ 25 0 AR e 70 T 4%
(IR R J PM2.5 JRAEMTAIT 7055 2], PM2.5 HAk 224 SRR HE AR A e 2 A0 L LR il 2 Rl AR F I
gEOL, DUk, ZANERIA) B A e BEHLIE R SRR 3], X PM2.5 IR T AT R AT 5
SIRT RN AR R, AU R T B3 R I % 3 RS TR, IniRxd 55 58 3 ALe A0 T
25 E AR AT S BORKHE, AR T m KI5 R MpaRE A, T TR R KT G
HIBTEHIE.

EL T XA [ B 23 RS T 1 55 5 B 9 R 225 PR B L S A KA SR I SR m B4R X, %%
SCHRYSHE HBIE 5 55 5 1) 23 () S TRARRAE RAR (] DX 355 1] 55 38 R 1) 22 S P o ML 458 4 ) 5% 0 VAT v i vl 1D B 2
FRMEBTI T, RIZMIX PM2.5 9 B A I 02 M EREE, JERHIHE. £Fm, 2. KER
(RS o AR AR [S TR 25 (] T A BRI 7 1 s b B 58 S5 S I R 3, 48 B 3 B HE O SR IR AE
XS [6]45 & Dagum )8 RECR! Tapio BLAL, HFFE 1 HE 2015~2020 45 55 3K FE 1A X I 2 7 DL H 5 X
HWREIRR, RIS KETX MK PM2.5 IREIHE TR, H2IH “Ibmml, Revul” mrks.
RGN (71090 7 P S A 55 5 T G R I X S A St . SRR, XIUR RS T i
ERFEBEFER. AT T FE N S AR KRR TR, BRI TS R 23 )
THEBANEIE T B R RS R, ERARRERT I BT 5 P A A R s .

¥ 53 J I 48 5 T A0 90 5 I 2 RORE T 199 55 38 R P88 B ) 80 1 R S [ 3R T 2 TR 55 5 PR R ELAE FH OR
R GEE B UL B AR o 3 B LS 1 N 2% 11 53 mT A o L 8 BT S MO 38 AN R B s R
MAEFIBER[8]. B ZEZE (O INTITIA PM2.5 Y JE HIAH S AR AR E M IS T E3R T PM2.5 Ik 45,
53 T HEAS [F) 250 R0 DX 3 PRy o DA RS R, Q R 50x I 2% AT Rl 3 WF T 485 SR 5 B 1 4 HE 1 =
X7SHE” KREHF . Jin Z[10]N AR ML 1 G FIEHFFL T HE 2005 £ 2014 45 PM2.5 HERU &8
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R E A, 3R — KN ARG 0 PM2.5 HECSAH B2 . 5 1 11 AR s A S I T
PM2.5 $#i 2 A1) Pearson AHIC REUESL 1 oI 4%, RAIFE. B RH. M FELE TR T
LN RV EL Bk o IS 2] R RS T A T A I 8 AR, 6 8 A5 A B X 2% (R S M R JEE
BEAT 0T e H B [13 155 NI 0T 90 268 R o 1k o A s B s AR X ) AR S5 A o PR AT 203 At 3 5
YT, ARG AT R A RERILR . 5KIe 5 [14]55 AR A L8 N ZERE R S T3 PM2.5 4 B 2% A5
PR 3T 2R EIRHT T PM2.5 BOSCHR, TR FIEIM M2 M R M 4% . IX S5 55 17 S Y
WRASE] 7 N EEAMLE, B RUADL I A R R, (RN T 55 T A A BB F SRR, A
REA RO Sk HH 2 2% R G R B AT 9 S AL L

N R 25 X 268 TEE A I 2R G2 N B 3 /0 SRR AIE ) 17 L, Lacasa [15]558 A FR H AT AL B D — g i 8] 172
B B2 (7, 275 TR PR DU Z B0 /1 25244k . McCullough [16]%42H T —
ZuIE I T e A NE Y o 1 1T R DA N W s B e 1V 2 P S SR K e oL AP 27 Dy
Bewiss /N, IR RSN B D90t I ) BN RS #6538 . Mutua [17]55 78 AT B RO LAl B3 AT
M EERIRE He R W 4, X 70 804 W3E 3 BL R B2 T 37 ORI U 3% W 8 1 T AL PR 5 ey o ] 5 5107
HrERE WA B IUR 28 R Gt B A RFAIE .

Bk, ASCHTRIRMS IR, HATAVNERDE, REEE DCEN 5 /PR, [FIRPRE EE AT
ML T TR PGAIRTT PM2.5 WREZF ST 2 A TN, BRI BT SR ZRR 7 R 2%
TSRS AL WG AN T R BB FEAE EEANAS 39 AL B AU Hurst 545, 19 2128451
NIRRT RIS 18 B JE A B ARG R B FE R AR GV RN ) 45 T B T ST AR LS, R I T
P TN R BRI AR DA B s

2. BIRERZE
2.1. BuE

AT B = A R B G A DY R T it B T R, E 2019 4F 1 H 1 HE 2020 4
12 H 31 H 17373 A5 PM2.5 WRFEEHE . £l RV T RS E 77 Mk (http:/www.tiangihoubao.com),
Ao = R P 2R A 58 R /) I DA A TP AR 22 Bk, e T 2R — /NI P AR 58 5000 e P 47 (B B0 b 5
B JE AL 25 0.98% % -

2.2. AT EIIEIR

AL (visibility graph, VG)SHEH I FSEMUR 8] 7 51 A9 A BS503R AH WL 8] 77 7 R S5 A4 S A
VG Mg 4k 1 IR (8] 5 530 125 [17]. VG BRERHRIED RIS . B, K el isE—
AN RS ORI ) — AN G AR)E S5 R T R T 4 O T A AT AR 6 AR
R A EATTZ IR R S AT AT AT 7 3K A i 2 TR A B, I Al o “mTAL” . R AT AL
W2 bR PSR R R PSR AR R R — g “ATAL” , BRUAEA T2 I8B0H HAt s s . VG
ST AL 40

t_
b g<b<c )

a

Hor, 6,20 T 1, t ZRIFERS S,
CLFEL 1 A, A a1 4 UK B 1) 2 50 R ) 6 AN AN A P SRR A, 6 )\ Sk 2k, AR Ul 5 T
L7 F 4 HAGE 5
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Figure 1. Schematics can be viewed

B 1. AREREE

R BRI R B T A R 5 R, T A DU PR S MO ) R N 2 T . ]
MEFER T — A e P ATIE S, AR T —MEZhE N s wmhENTH, A E N
FIFP 1 AT P EIE 5, AR S S5 IRIRR 2 iz i DTN B DAL T R, s 5T 6, ATl
NEE 6 AN, 8 K TLMIL. AN T — MRy N IS TE 51, KA BIN/S] ([ 18 OB N iE
e/ NE o AT AT DA T 20 B R GEE 4 Bt RFZIBPIRZS . £, WTHVNELRAE 7 1Y
25 R

2.3. REHEBREIER

E?ﬂGﬁggﬁg&ﬂJ¢,m%%&%%&m%,Mﬁﬁﬁ%ﬁME,m%m%@%mm&%
EREEE[18]:

& 78 7> 8n_su 2

i RS EE NG, A7 MU RPRES, WAL JOR S 44 o i RE W LA BRE R IPRE, IRk R
PRZS RE SN2 0, ATH S 18] 3 51 BRI BN IR &5 e A2 R 2% 197

RS FEAL 26 B 288 15 s B ORI (MBI UK, 28 74 o 2 T332 10 B DU 52 Xk AR A 2 T F) e
P RB, 9 R Z [AETL I TT [ AR IR T 1] o A SOR AR SR ACIEIAE 1 51 1 B AR BV O e % 0 2% 11
T R B (Degree), SR B ARSI 2% 1) BEAEL 5 1 S BEALJE 0F 12 (K719 i A 2B BUABL O B ABLEL o TR, N
TEFTX, EAAEF, M “4im” RGBT, M “fwa” .

2.4. I BUGEER

I #UE 43 #1 77 ¥ (Diffusion Entropy Analysis) [20]5& —F3E TFrE 18, 18 H & & (Shannon Entropy)
(21 RZN bR BEAN AR [22] 00 3 AT 77V AR BEANAS PR JOBE T 41 24 i (B 26) ) EUA it e K B ML AR B S5
P 8] 7 0 AR SR BUE 2 AR B2 o FERENLY oS REd, B —ANRT&ad i) A A #% (10 26 2% FiE iR 4
W ek
X

" (0<s<1) 3)

xt =L§F[

MFRAZBE AL FE i R BEAN A o DU, 12 B ML 2 A A AR Ji 006 A2 -
S(t) = —J.j:op(x,t)ln( (

1))dx=A+51n(z) 4)
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Hr A W&,

H1 (AT LA Y, R ZETH 5 A I ) FUBE IS 2 (R A A0, (S vl i e M S 15 BUbR LA . Ly
HUR T A RE SRR E A A S RAE, 38 W] URE S B AL 2R . 7 1098 & B sk 1 R AL
R ARG W B RE L . 7 — D RENLE R A AT BE 2, D e A O BR S 2 5 19 31 HoAw
69 0.5; FHHREMEKRT 0.5, WRIZEFEAER AR ERA WL E, RIVEA VR T )5 — I 211
FEA% A Gy AT AT — I 2B LA o AR AR/ T 0.5, WEA AFEHE R, RUTIEI 2R 5 A0 <RI 20 1)
FEA% A 5 A A S

2.5. EXFRHIH

NT RIS PM2.S WR S 7 HU AR AR FE S i — 3D 0 LU R W48 1T Ji5 22 5, IR IR /Kb AH DG R 8
Wl R AR E R B 5 ARALLE = 23 M T VR T SEAR S o B /R A 58 SR B[ 23 & — )32 HI T B g A AR B (1)
ANEARIER TV o 12353 T2 (K 07 22 R RER PPA P A 1) B2 W) 50 RIK R . T8, PN E
[AJ ) B R AR 5% R EON -
cov(al.,a.)

P(al.,aj) = - ®)

var (a,)x var aj)

Hohcov(a,.a, ) RITTE, var(a,) R a, 7%, var(a, ) IR a, 7%,
FERERBLEE T, THHEARWT

e ZfZ’}(XU—)?)(K/—?) (6)

Iz -3y (2 - 7))

Horb X, Y, R AR AR RS R, 2% 5 B
HAMPULIJEPA TR L PN E B ROk 2 SRS A B8 . THE AT

g 2e 7
e +e,
Hrr, e NEBUH, e Me, 73RN MLE A RIEL S B AR AHE -
22:: Z;:I]I E;:(a)=E; gl E;(a)#
' ! {Ey(@)=E; (0)] " {Ey(a)20) )

Z::1Zj:1]1{5,,(a)¢0} + 27:12;1]1{5”(1))#0}

b, TARERA, B0 A 1, AR &R 00 B, A4 5 i 8 B, n
S 2% E S B AN B
3. W PM2.5 iREFESI9SHT
3.1. AT/ E R

ASCHAL T VBT 110y 2 31 24 /N (ED 2 1) 24 ANHOHE 0 /NI 25 Fy R 2 /N BRI 50 L B 2 1A
(RS K RAEH T, M LNF S, ANESEHMEEED. fitn, s = 48, £ 10 FORF A0 [ 4
H, AT, WA BN, HRE AR MEOAT 5, MEGHMHEE L. i, s=6
W, A 132 FORFERNE, k2 i/ B S EUEA N E B AR AN, W e 2 N E I G S —
BERTRREEN, %8 s KTRUNT S (0150, 55 e IR A1 57 11 s = 5 /NBE, R DU JRE 38R 7 11 552
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Figure 2. 25 network structures for basic diagrams
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3.2. HBMEHIRE L HM R

M ENE 1 s = 5 X PYA T B L BE LIS 15 51 00 53 A LA R X2, 06T 1K R 2854 7 X 245 1)
FEAE S BEAE LA bR B R A0SR Bk AT i b, b 3. B 4y 5 Fow, o a N B, b RO, ¢
NTW, d R

il 3 Fon, EEARKE 1. 12, 24 TR T AR W2 b B BLKCEO 8. 2 TP SITERENIAT AL S, =
FhIE A B PR ONRE AR (Motif) [24], F£20 5164 9 motifl. motif2. motif3. EAAKHE, motifl iR ZE L5 Ky
NAEIE, RPEEA B AN G AT R R A s AT L, X R N SRR SRR AR DN U B A
motif2 1 motif3 X FREEN, motif2 TEANAT AHARIZE L (LAt b b 58 — AN B sUR0 28 = AN B8l s,
B motif2 [ FLANEE RURIINTESE AN R R, S8 =AN/ NI B2 T/ & TP AR, motif3 7EAUA FHAD
I SR o 1 5 = AN K SRR AN A, B motif3 (R p R BN — BB =/ P AR,
SEVU/NET B, SIS AN S BTt 1% =R AT IS 5 5 R B AR AR A PM2.5 YR T A R
A PM2.5 IR FELE T/ N3 WARAE Ly IR ETPROE L ETE . SRS T . BT AE T B S IR
Wbl B RSP AR LR R R
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HNBE— R RS 2 SRENLIN S, 14 4 ToR 780wl S0 BB 415 md AR B . e BT,
R BN T IRME SR LU AR R AR A XU TR HIRROREAE L, AT T 3 AR
MR, FEAR BN B motif]l FEEL LD 3.5 A4 DU T 2R —, motif2. 3 8 DYk iy o 1 BEAE LE 4R
NP BE R ELAE | A I U SR N S RENLN & P B R, BE(EAE 1 R
FELORBR, U T R AR e R I 4 S AL I 2 v (Y FEAE ZZ B . ANIET 4(b)rh, T UOR IUBUMI 2 51
BERLFT LA X b 22 BE fe K 3T

5 . 5 ; ; . :
(@) a (b)
44 A75=1.37+0.091
4 1 ZA z 0
3 R 31
y 2 7=1.19+0.031
21 ) |
6=0.96+0.022
. 14 ) -
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o motif2 6*07410011 } motif2
0 |~ motif3 01 | | 4 motif3|]
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Figure 5. The diffusion entropy of the position sequence of the mold
B 5. RIKRGLE FFIRNY S

RE— BT 3 MR R M BEALAE PM2.5 WREEF AR B, ARSCHRE T motifl s 2. 3 fEJR 751
DAL E R EIRG, TR — ML E IR F 5, @l 38U 7 BT (DEA) T Hurst (FIFR H)FRECR L. 3
H=0.5, WRBEFEFHZEINGEDLRE; 5 0.5 <H, WIEFPHNE REEYLIGE, 3 H5 50 R A A KRR IE
s 50 < H <05, WHFRARGAEKEAMIE. BHIE S B, TUESHRTT motifl () Hurst #5403 23
B KA . _EHE motifl () Hurst 8508 0.96 +£0.02, #5H motifl ) Hurst #8 50N 0.99 £ 0.01, Hi/H
FF P ) motifl AREFEECH B BEIL R o Hrp A motifl AR FEFREURTH S E D78 KT K4 12.25 /NS,
R KA, bREFEEH 0.74 £ 0.01 229759 1.19 + 0.03; T I% motifl FrFEEFEE I HHHE & O KT K4
6.25 /NI, RER R AL, FREEFEEUH 0.46 £0.01 254 1.00 £ 0.03. PUNTTHT motif2. 3 M EBLIESE
S AT HLA FRPIRZS ) F e A AP R3] 9 JR2 3 T 1) moti£2 A F H AE 5 100 & o B motif2 (IAREFE N 0.69
£0.00, MIFHEEORT 12,5 MG, FREFRECN 0.69 £0.001; FM motif2 FIFRFEFRECH 0.69 + 0.01,
MUHEE R T G4 1.40 £0.005, i motif3 HIAREEHE N 0.88 +0.01. X Ut B motifl [[A]& /741 9 H (ki

DOI: 10.12677/aam.2022.1111804 7603 IR Esid


https://doi.org/10.12677/aam.2022.1111804

R 5%

BEHLIFEIERE, JFHAFAEEAR, SRR ERENIIG, FRER 7 Motifl £7 £ K& BB
JE, 7B T motifl 1) EHH#B I SZIEA RN motif2. 31X IRIBE 7 FUAAE B 43 38 7 A I BE WL AE
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ASCAE PR B WA 2% (TR X A B IREAT T 5, R4 1 DU 25 % 25 AR FREHERE . fERAT
VO B Fe R RS B S, R R BN, RILBUE RIS E 3T 08 22, TR HAF NI 57

fE[21], KT 22 BIBUEIL N 0, 752138 SRR RS AR FE R I 46 (251, LAB X R REALF 8148 A AH IR 7 ik
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Figure 6. Sequence-enhanced, state-shifted network after the original sequence, completely random
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VU 3 T ) e s e AR, i T A 1075 8 20, BUEN 565 BUIM: 1A 157145 20, 14
BUES 64 T8 19 1o 1, WEUEN 1185 5 : 11, JAUESY 111. VYRR AT Y A5 1 (motifl)
HAFAE BELEIE T motifl FIHILEA LA, M KEBRBIR . MIREHEBNE SIS 1.
11y 20 =AY AN PZE 0 S BT A, RPN RS N B, 3% SRR D) 2 B ot P R A PR 22 [) fr B 78
MERR . B aR S HBM%d, 10 11, 22 =AY S HE 2 OERNIRER:, BlR— =03
s BUMBF TR 10 11, 20 =SB 2 IR IRORIER:, 2 =100R; 730 1,
7. 11 = A E R EGRIORER:, E=0K, H o1 7. 1 =AW SRR RED, HAisl
g B motifl o G5 HEFRI, 1A% 1 (R4 s AR /NP AR S 1 8% I 2 v i 25 A, el L]
B sE T DA, 49 a0 1 ARER I PM2.S BUE AR B AEE LE s B b R I — I SHORT%, RSk
bR PM2.5 IRFEAL LN : IFHTHGE R ETE . B IR N BB B R N B SRR LT, 45
motifl f77E IEAHSCAFAE FEL P A58, UL PM2.5 3R 7 51 i 42 BB DA =R AR AL UL o

W S8 A BENLS IR PP 5148 F A (R34 J5 19 B Y sR0IR S e R I 2, R IOCERT mURAE T 0%, AR T
() (¥ 22 S B B, DU IR T (R P 28 AR, SRR AR B T A 1L, Al 7. 204 22 JERORIL
MR, H 7. 11, 22 5 STEDEASIR T A ARAEAE F . s T LTS B s b, R A 1
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3.4. MXRABIH

e, AT 1K DU EES T 2 RV PM2.5 S ALAALLYE o A B R AR SRR TR 2 1 A kT
(K1 PM2.5 JEF7 9 [ AR OGVEREE,  SRJA 73 BT 1 e RS R B AR QM I VA AN S AR ik oo b 17 AR
AT HAL N 2% (B AR SRR E, 53R INEE 1 BT

Table 1. Similarity analysis

= 1. B2

g L Tk g TN B T
B IR AEAH A 0.78 0.69 0.78 0.79
R AR G 0.48 0.65 0.76 0.58
HEAEFLEE 0.36 0.33 0.36 0.34

R TEAS B EBRR RS AR SR, IR 0 FORTERAAAHIH | TR R K. B =M
TR INE R R SR B 270, B S —Mit RONER R ST =2 s 2B, TS IR
URLSE R A s i S TN B AR L BEAN ey, (R B AR AOUSE A S ARACLE A8 Ll e v 0 T3 7
BRI PM2.5 SEASUEAFAE AR AP ARSI =Fh 5 V52 A B L AT H AR UL B

4. g

AR SCAE AT R P B0 K = A 1 D DU SRR Tl PM2.5 IR R A RIRAS e A I 2%, T BlOR Skt 53
BARGL B P11 Hurst F50, SEIGEE IR B, PM2.5 WREEF 51 A AALE W Rl LB B33 AR 1) motif] B
R A BUR 2) motifl M HBLEA LA, AFAE RBERI B A2 . S5 UEse a0/ B 7 3 AT
ok T R K BIR ITTE, A ROMIZHE T ()75 N B S 4R . PM2.5 IR A1 vh 22 BT
HIES ML S EOR T TR WARAE DS 3R, AESEPR 5 BRI AL Ry B Pk
o ETE BTSN L B SAR T BE R B RE LT ARAUUE 3 A 5 SRR T B RN IR M AR W A
RIS R DU A AR A, e MR S e S AR AU RE B s, T R 53 J A
U AR

AL B SEEAE i 18] 3 81 B A0 D9 52 2% W% 1) — R B B2 05925, DRI 5 5 1 1) ) PR 4 g AT A A
SRttt — A AFT R B RE o IRSFAL N B 1R IMAEIL T TN JEAT i 1A R R, KRR
NFBI NSRS R, Do AL a8 7 5] SR TN 55 4 I BE A2 rh BRF R SR BGR 2 % . i), IR
AT L (10 R B JSE R X 245 T 25 P2 S8 PRI 17 3 11 1) B 58 5P LR (0 A B E S oA R AR O ARMLLE , 3o Skl
AR R T5 SR 0448 % DAL PR b ] B 5 35 BV R B — € MBS . 1T PM2.5 IR P4 B A Toks
FEVERT, FEARRBIBTFTH, BE— PR PM2.5 IR AR FA N 8] RIS AT RO, JF#E7m ) PM2.5 IR
MBS R 2 R
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