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Abstract

Today’s cities require deeper understanding of the thermal environment and PM, as their management becomes more critical. Based
on these circumstances, this study investigated the Granger causality between the thermal environment and PM,, of the 25 districts of
Seoul, the most populous and urbanized city in Korea. The results of the Granger causality test on the thermal environment and PM;, were
classified into 12 types. Except for type 12, the temperature and urban island heat intensity of the other 11 types operated as a
Granger-cause to each other in both directions. Temperature operates as a Granger-cause of urban island heat intensity in type 12. The
PM;, level and urban pollution island intensity operated as a Granger-cause to each other in all districts. For types 1 and 2, thermal
environment operated as a Granger-cause to PM;, in one direction, and type 3-type 12 confirmed that thermal environment and PM;,
operated as a Granger-cause in both directions. Findings reveal the intricate causalities between thermal environment and PM,, at the
district level and suggest mitigation strategies that are more location based.
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Fig. 1. Annual temperature change trends in Seoul (1908~
2020).
Data source: National Climate Data Center

T H7| e d2 mARIR QIR ARsA) o8] St
ofAkje] wrg Fo= WAsk, A Al ZAHL
2 353 ==l 53] o9 "7l ed = 3 vl
HA(PM0) 9] 7F- 50 A&l 2 =S Holil &
shEde M=o vt 557] Aeke AR Fele
2 APdof| whe wAR o] HiRk 9ok 2ilo] Alel]
o2 Fopglrk A&l vidA] sies ALSiA AlA

Fig. 2. Trend of PM, in 5 years in Seoul.
Data source: Air Korea
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Fig. 3. Comparison of Seoul PM,, and PM, s with major
overseas cities in 2016.
Data source: e-National Index
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Fig. 4. Locations of meteorological stations(ASOS, AWS) and PM,, measurement stations in Seoul and suburb.
Data source: KMA National Climate Data Center and Air Korea
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Table 1. Data description

Variables Obs Mean Std. Dev. Min Max
Temperature () 45650 13.5 10.5 -17.3 34.4
Thermal environment
UHII (T) 45650 0.9 14 9.2 9.8
PMio (ug/m) 45650 454 27.7 3 634
Air pollution
UPII (yg/m’) 45650 1.8 11.8 -83 129.5

2} Granger Q171714 AFgaIICk

Granger QITFAAL 3 A4 X7} The Al YE
o3k B 4891 olys AAske B4 Zhtolct
Vel 77 kS AMSI0] Yol WA kS ollEah 2R
o} X2) ) A 3 ﬁqo}oq Yo s A 4=
oL, W Xz Yol Qlikd] TS ZH 0w B4
Uk o] BLE “HeEX= HLV\ Yol Granger Q1zsH
3 SIKKim et al,, 2009; Zheng et al., 2018).
Granger S1¥}AAS X517 ¢l5te] cheat 242 &= o}

FMPA Tt

m

Eaz, ¢+Eﬁyt i Ty (D

Ty = ZW@#Z@Z/H*U% 2
i=1 i=1

T2} Granger 172 a4 A] F-2JafioF & A}
gJo| ZA3ich A% A3}t Granger JILA7} 245}
Sl ek, o= 3t ¥Hapo] A Flo| thE o] o5
B ho] 2 Aol Aol AL ol 2 oy
S F=THKim, 2006; Lee and Lim, 2018). “EH4>
X7} J4= Yo Granger QI = 22 344 Xgho]
AR Yk 28t Gk vixitk= ou|E, AEAel
HR-Ate] QA | Bt Al8)- 33 o] A = itk
k= Zlo] 28t H(Kim, 2006; Lee and Lim, 2018).

A7 A= 72 Ax|AE & 7]2-UHIL, vAEA] 5
L-UPIL, 71 2-mA[HA] 5L, 712-UPIL, vA[HA] 5
I=-UHII, UHI-UPI 2] 041 Z572] WS40 tsto]
AXghe} 2 Al Gt niAHA] Afo]o] Qlula
AE ofetoh= A 3= vk 1eu g3 §ial
71232} UHIL, vNHA] 34221 ulAR] 5=2k UPH

Afo] Et QAT EAYS Aoz wrhEo] dghy
A0} mAEA] B 21 LAl istoe] Z7gsiict
Xé A= 12 A% TARE] felEe] 0.05k 2

2 749 AL 712510] fLoIE QAL A
& Bl

3. Zut { nF

3.1, 718 24

BAZO] QIAA AA] A, A-SEHA] G54 2l )
AR Wis2] 712EAS BRIslIk Table 1 2.
24517 wael 71 o] W 1350 Uehieh et
Tl gkl ~17.3CE Hglon, Setoa] U
2121 34.4CE ¥tk UHIIE= B4 0.9C 2 vlathArel
ool wls) AL B 718 e RO Fls)
Pom 2o 2l47kel 9.2CE Hirtk UHILS]
25k 0.8 7, 723} o] FollA Lk, o
MR] FE= Hat 45.4 yg/mio|H, FES T2 Al
e, S, A 2B S8 70 FellA
3.0 ignto = Aﬂkg g, ] A4S o
A 634.0 pg/miS RT) UPIIE Bt = 1.8 yg/m's
FEETt *13*]4 Bt vAHA] ST S o R
Uehdh. 2ghe ATl 83 i, A 5
20]4 129.5 ug/m'S Bk

3.2, Granger Q1utzd ZA
QA AATEE B Bl mIAHR] Hof] wfsto] 2} AL
X|FHEE Granger Q1FAAS AAEHECE AHA Aol
oFo] vfe- WrishE, Yt =o1E ffelf 2 Qe
oK BAHOR felebl vehd Zapr elsigint
(Table 2~7).
AA, 7123} UHII| tigk Granger Q1337 2,
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Table 2. Granger causality test results of Temperature and

UHII
District Hy: Tem = UHII Hy: Tem <= UHII

Gangnam 88.008*** 107.1%#*
Gangdong 99.279%** 105.6***
Gangbuk 106.89*** 115.87%%*
Gangseo 88.26%** 17.048**
Gwanak 82.853*++* 33.236%***
Gwangjin 04.715%** 104.05%#*
Guro 87.597*** 58.479%**
Geumcheon 81.065*** 73.02%**
Nowon 41.358+** 25.353*%*
Dobong 96.915%** 68.582%**
Dongdaemun 94.68+** 121.47%**
Dongjak 110.53**+* 45.903*#*
Mapo 91.687+** 73281 %+
Seodaemun 100.61*** 69.943%**
Seocho 101.49%** 86.658***
Seongdong 111.6%** 110.94***
Seongbuk 85.126%** 97.699***
Songpa 106.77*** 121.75%**
Yangcheon 94.99%** 81.147***
Yeongdeungpo 83.67*** 85.782%+**
Yongsan 79.787*** 83.881***
Eunpyeong 35.205%** 10.805
Jongno 96.569%** 102.39%#*
Jung 87.518*** 91.097***
Jungnang 78.183*** 114.23%#*

% p<0.03, #* p<0.01, *** p<0.001

“7]2-2 UHII®| Granger Q13314 gF=t}. "= AH7}
Aof| tiste] HA)| 257) EellA] 712¥ste] 7]-0] UHIL
Granger Q1IokS ERRIsHGI) g1, “UHIl= 7|29
Grnager Q17517 QF=r} = RIS OH1E 7
QJek 2474 roflA| 712kste UHIIZ} 71:2-9] Granger 1
I} Q1 W= Ut wheba 230] - 7120]
UHII®| HY3EC0 2 Granger Q1i}shy, SH1LE A2
St 247) FLollA] 7] &3} UHII= 9FaE0 &2 Granger 21
IS Table 2).

E4), u|AHA] %9} UPI 7H] Granger Q1334
oflif= BE ARRIFRA ol e ERISIAT: “ulAlH

Table 3. Granger causality test results of PM,o and UPII

District Hp: PMI10 = UPII Hy: PM10 <= UPII

Gangnam 37.563%** 67.334%**
Gangdong 43.302%** 58.15%**
Gangbuk 68.752%** 61.114%**
Gangseo 25.13%** 51.894%**
Gwanak 55.41%%* 66.74%**
Gwangjin 50.616%** 50.857***
Guro 42.355%** 60.106%**
Geumcheon 96.954*** 59.293%**
Nowon 30.332%** 52.086%**
Dobong 46.778%** 54.926%**
Dongdaemun 53.082%** 80.225%**
Dongjak 48.955%** 58.427%**
Mapo 40.888*** 61.009%**
Seodaemun 65.699%** 77.948%**
Seocho 44 565%** 32.921%**
Seongdong 59.608%** 71.646%**
Seongbuk 48.804%** 56.387***
Songpa 95.204*** 62.781%**
Yangcheon 45.908*** 55.287***
Yeongdeungpo 29.768*** 59.574%**
Yongsan 67.606%** 64.298***
Eunpyeong 79.051%*** 62.192%**
Jongno 86.934*** 94.985%**
Jung 81.111%** 65.221%**
Jungnang 75.393%** 77.423%**

* p<0.05, ** p<0.01, *** p<0.001

A &%= UPIIY] Granger QI1}81A] Qb=t}."= H57}
Axl, wkf] AEPdel “UPHE mAHA] o]
Granger Ia}5HA] gh=rt = #AF7Md B5F fojgs
0.1% WollA 71Z813dek olof whet mlAHA] F=9f
UPII= P3RS = Granger {151, AlSA] oA
HMHA] FEet UPIE 37 welsh Hasdo] 4xd
H(Table 3).

A, 71231} HA] 52| Granger 174 2
1f, “7]2-2 vlAHA] s=o] Granger QISHA] Q=
ch.7 o] ARTPAS ZAA| FollA 71zt 7o) ulAd
A Lol Granger 991 4= 2R3}k Rt 75
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Table 4. Granger causality test results of Temperature and

49

Table 5. Granger causality test results of Temperature and

UPII
District HO: Tem # UPIl HO: Tem < UPII
Gangnam 13.573* 10.603
Gwangjin 16.267* 7.9077
Guro 16.554* 14.845%
Geumcheon 14.25* 13.487*
Nowon 12.521 13.704*
Dongjak 14.393* 6.3088
Mapo 19.389** 14.407*
Seodaemun 10.424 18.683**
Seocho 10.063 12.712%
Seongdong 17.917** 6.8461
Yangcheon 14.606* 15.362*
Yeongdeungpo 22.464%* 12.795*
Eunpyeong 9.1888 20.958**
Jongno 6.0144 15.156*

PM;

District HO: Tem # PM,;, HO: Tem < PM;,
Gangnam 21.831%** 7.6903
Gangdong 23.579%* 11.097
Gangbuk 15.717%* 9.2615
Gangseo 27.268*** 16.201%*
Gwanak 29.126%** 13.249%
Gwangjin 27.984%** 9.1628
Guro 31.106%** 12.635%
Geumcheon 28.61%** 9.398
Nowon 33.256%** 21.092%*
Dobong 12.341* 15.085%*
Dongdaemun 24.603*** 7.6645
Dongjak 29.509%** 12.884*
Mapo 27.33%** 11.495
Seodaemun 23.466%* 9.9006
Seocho 24.037%* 9.5209
Seongdong 28.668*** 8.3924
Seongbuk 22.736%* 11.084
Songpa 13.313* 7.4775
Yangcheon 30.191*** 7.8173
Yeongdeungpo 28.869%** 10.831
Yongsan 22.492%* 8.1592
Eunpyeong 36.205%** 7.1581
Jongno 13.036* 8.2524
Jung 21.159%* 5.1252
Jungnang 17.742%* 6.6927

* p<0.05, ** p<0.01, *** p<0.001

7Vae A e A e el A T
Z0] 671 ol 7|20l slfef A|HollA ulAHA] &
L7} 7)) Granger QST of2iet A= 9l 6
7 el 712t npAHA] FETF e R sl
2 o A9 712 vAA] =S SOl e
B aAS Hehdick 71 £19] 197 59| 79 7]20] mA|
A Fieol| HEe R ANIAIE HolHR Ve ¢
A o= arejsfjoR o A0 & ket Table 4).

YA, 7123 UPIE] Granger QIFRHAI= 7P, &
A s el SA A=A AT AR
TR, B UL A FeE 287 14

* p<0.05, ** p<0.01, *** p<0.001

7R rof| A EAfSIGITt. <7122 UPIIf Granger {135}
A) QT FRA M AT, BT, 5T 51
T TR A, TR PR Y] o
ol 712kElo] e Xl 710] UPILS] Granger
oL} ol W42 2hgalgick ity FRslde] Ao
G, = AT, AR SR S8 TR
QP LT, 2572] 107] FollA| 7|2kelo] UPII
7} 7} Granger Slteleick. kel A 21o] 11
7 oAl 7120k UPII ok 2 771 fo
S Wolld 712151 FSE, Qlakek glo] A= =
AL selsigick olo] uje} 7} UPIIS] ol
A7k el TR, SR v, R, e
o= 71 UPILE A arefsfioR & Zlovt 3,
7]:20] UPIIo|| sHRgke =2 Qlafsh= 2, X, 4
S5 &2 7 I 712 HelrE UPLE| 2d]le]
g Qo Ve pAlF o Hfsfof si, UPI
7} 7120 HER ke e, M AT F
25, 28 UPHE 9412 o= defdd gaio] ¢l
tH(Table 5).

Ch3A, ulAlA] =9} UHIIO) gt Granger 917}
779 ), o] Aol oS shelaisict
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Table 6. Granger causality test results of PM; and UHII
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Table 7. Granger causality test results of UHII and UPII

District HO: PM10 # UHII HO: PM10 < UHII District HO: UHII % UPII HO: UHII < UPI
Gangnam 7.9743 35.918*** Gangnam 38.273*** 7.3278
Gangdong 6.3949 34.032%** Gangdong 38.899%** 7.9074
Gangbuk 4.9701 32.701%%** Gangbuk 35.17%*+* 12.682*
Gangseo 7.4538 13.849* Gangseo 17.048%* 5.201
Gwangjin 8.1598 36.288%** Gwanak 13.784%** 2.9797
Geumcheon 7.4975 13.037* Gwangjin 32.207*** 12.273
Dobong 5.6186 16.13%* Guro 16.247%* 8.5263
Dongdaemun 6.9074 38.797%** Geumcheon 20.021** 7.7232
Mapo 9.1437 20.616%* Nowon 16.341* 6.1507
Seodaemun 8.5835 15.009* Dobong 12.639* 6.0668
Seocho 11.008 18.45%* Dongdaemun 44.503*** 12.788***
Seongdong 9.6295 24, 13%** Dongjak 17.386** 5.8614
Seongbuk 9.6122 18.942%* Mapo 31.171%** 6.564
Songpa 5.3868 15.492%* Seodaemun 14.445% 8.0905
Yangcheon 8.9242 20.153** Seocho 27.478%** 7.3686
Yeongdeungpo 10.024 18.994** Seongdong 34.68%** 4.9348
Yongsan 6.8992 20.797** Seongbuk 30.854%** 17.183**
Jongno 5.0249 19.412%* Songpa 18.35%* 2.5565
Jung 4.021 31.833%** Yangcheon 29.573*** 12.446
Jungnang 5.2076 22.893*** Yeongdeungpo 33.116%** 12.533
* p<0.05, ** p<0.01, *** p<0.001 Yongsan 31.187*** 11.566

Eunpyeong 14.831* 7.9075
“UHIIE B]7) 5120] Granger Aafslx] ghzeh e 2905 27
= F5710] dfsio] Table 6014 Q1gHel 5207 o) pa o

Jungnang 21.357** 9.5798

A 712 =82, UHIZL v)NHA] 5o Granger {13t
gt} ey vk AFR7HER] “rlNHA] s UHII
o]l Granger QNSHA] SRtk = o)== ollA] 712t
Sz Aol glomg, AEA] A A Yelx] mA|A] &
L= UHII®] Granger Q13 9131 H=2 2R85}1X] b=
o} webA felet 1 AaE 2ol 207 = B
UHIIZ} v]AHA] Eof Granger ¢Q17}sl= HUSF
AE 2=ttt o2f3t AnE 33l offF A= UHIIE
Ao e Fasdo] ZiETh ShA, AXER|
Q2 PO, e, SRR, R, 2] 57K el
A= vAHA] et UHIO) gl 45 A7 PdS 2
T 7128HA] SRR, A 7hof] QlatA| glo] HHA
¢l Ao = RIFTH Table 6).

upR|eko 2 UHIIQF UPII Granger Q1314 Avl=

% p<0.05, ** p<0.01, *** p<0.001

t}e3} 7t “UHII= UPHY Granger QIT151A] k=
o} = AR HEE A ollA] 712kekel o, B 5
7191 “UPII= UHIIY]| Granger Q17}8}14] ¢F=r}9]
73 7FE FHRE A S SRR 57K el
A 712kt &, 9bA o 571 = UHIIR}F UPH
7} YO = Granger QIFpshH, 1 919 207l =
UHIIZ} UPIIof] HAEEO & Grager Q173IC) o= 7}
T ST ST T8 SOl EAIEA T A
S A 7t -sAlol AlsElojof o I e AdS Hojaem,
71 Q)] AN TA|EA TS Aol SR F
oo 71 © 2 It Table 7).
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Table 8. Types of Granger causality test results

Type 1

Type 2

Type 4

Tem &——> UHIl

|

PMiw €——> UPII

Tem &——> UHIl

Lo

PMiw €——> UPII

Tem &——> UHIl

PMiw €——> UPII

Tem &——> UHI

| 1

PMiw €——> UPII

Gangdong - Songpa -

Gangnam - Gwangjin -

Gangbuk - Dongdaemun -

Yongsan - Jungnang Seongdong Gwanak Seongbuk - Jung
Type 5 Type 6 Type 7 Type 8
Tem <——> UHII Tem <——> UHII Tem <——> UHII Tem <——> UHII
PMw <——> UPII PMw <———= UPI PMw <———= UPI PMw <———= UPI
Gangseo - Dobong Nowon Dongjak Guro
Type 9 Type 10 Type 11 Type 12
Tem <—— UHI Tem <—— UHI Tem <—— UHI Tem ————= UHII
PMw <—— UPI PMiw €——= UPII PMiw €——= UPII PMiw €——= UPII

Seodaemun - Seocho Jongno

Geumcheon - Mapo -

E
Yangcheon - Yeongdeungpo unpyeong

3.3. S84 Granger 111HA|

3.2.4olA] A% Granger Qb7 2y}, Hebdnt
HAHA] 7H) QITAIS R R vehd 4= Jlglom,
YT QA ol Wt F 127 o= st
ACKTable 8). FFHRE W= 7H] TRt Granger 21
AP} epgoLt, olEASt UPIE E §30]
A o5EO 2 Granger 1119tk 71-&at UHIIS] 4
T ZHTE AlQlRE 2470 Frollx R I EAIE
Heom, 23golx 7]&o] UHIC| Granger {175}
= W BAIE =ik
1>l sidok= s, S BANL S
79 UHIIZ} 0} .9} UPIIo] w52 olajals
e, 722 vAHA] FEofgt qlaskar UPIY
Z3A 0 & Granger 21T3}A] YLt
<FF2>ol sfFoh= Aah FR e te 7
T} UHIIZ} Z¥2E u) A RA] 5522} UPIof| X% Granger
QLTS FIsick. M vite] A9 ol 7A)

» 1o
A

fr

S BRI Hslo] <R 1>} vl A2 Agt v)
AHA7} HHsEC & Granger Q19}51= A0 & ujoldt
= ek

<FE3>0] &3k Pl 7|23} nlAHA] 5= 7t
of| $-2l3} Granger Q1FTAY} ko= e},
UHIIZ} UPII®|| Granger ¢l¥}s}3ic) <8&3>2 HE
& T s 71 9 nAA] Freet e e 71
of| BAIS Hol#] ¢e- f-3dolch

<ol S T BORT, ART, T
+ 7123t UHIIZ} mlA|R] o] Granger {13},
UHIIL} UPII7} FakC 2 Granger Q3FsF3iTt

<HF5>2 7B ARt et s, 7]t
o HA] %71 A2 Granger Q12151911 UHIIE= u]
AHA] 5=t UPHof sHY3k0 & Granger Q1aFsioiTh

<FE6>ol H3h= YT, <> T <7
g§>0] IRIL y|ed) vNHA LUt gRom
Granger ¢13}5}%13L UHIIZ} UPLIY|| #3F wAIS
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Hltth ESF <§g6>2 UPIIZ} 7|-29] Granger 213}
5= WHH, <§3@7>2 7]:20] UPIIe| Q513 <+
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7120 sz 2 o' UpER T

<FR10>0] sz T2 7120] nAHA] 5
of Granger HY3FO 2 2135101, UHIIL}F UPII 71|
oFIeFO 2 Granger Q18RS ER13IQITCE T3 UHIT
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T v, R, e X
=, 7]2o] wlAHA] Fk=of Granger 1513
UHII= UPIIS} U|A|HA] 5=0f Granger AIFst3L,
7]:23} UPI= oP3F QI AE 23tk

<FR12>9] == HT= 72| nAHA] 5
of Granger ?13¥}5}%1.01, UHII= UPIIo|, UPIlI=
7]20] Qlaks it

<fRI1>L

4 2 E
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