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changes in urban environments. Previous studies analyzing the pandemic’s impact on urban heat islands Accepted: December 3, 2024
(UHI) have heavily relied on the Moderate Resolution Imaging Spectroradiometer (MODIS) land Published: December 31, 2024

surface temperature (LST) dataset with a spatial resolution of 1 km. However, such a coarse resolution
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of MODIS failed to adequately capture the complexity of urban structures, making it difficult to explore
the change of UHI accurately. The objective of this study is to analyze the impact of changes in human
activities on UHI before and after the COVID-19 pandemic using downscaled MODIS 250 m LST in
Daegu Metropolitan City, South Korea. The spatial downscaling process employed a local linear forest
model, with Lasso feature selection used to extract input kernels with high spatial correlation. The
validation was conducted using reference LST data from Landsat and ECOSTRESS that overlapped
with MODIS LST. The downscaled LST),s,,, had a correlation coefficient (r) of 0.790-0.929 and a root
mean square error (RMSE) of 0.731-1.333°C during the daytime, and an r of 0.892 and RMSE of
0.771°C at night. Compared to MODIS LST,, (daytime: r of 0.771-0.882, RMSE of 0.990-1.497°C;
nighttime: r of 0.857, RMSE of 0.906°C), the downscaled LST,s,, exhibited better accuracy. The
intensity of surface UHI (SUHI) was calculated using the LST)s,, to analyze its spatiotemporal changes.
The average normalized SUHI intensity before and after COVID-19 at the administrative district level
revealed varied across regions. Residential areas showed an increase in normalized SUHI intensity
during the night, while commercial areas exhibited a decrease, which was associated with the landcover
ratio within each district. The results showed that such changes were dominant in residential,
commercial, and transportation areas that were highly associated with human activities. The
exploration of the impact of changes in human activities by COVID-19 on UHI using downscaled LST
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data will contribute to a further understanding of urban climate change and our knowledge of urban
resilience.
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29F: COVID-19 Y|4 (Pandemic)& A A A& O & Q17 855 T AAA A
At =A] B4 (Urban Heat Island, UHI) @/gofl thet #ef| 9] o] JFS =
Moderate Resolution Imaging Spectroradiometer (MODIS)2] 1 km &-7Fo[| AT e A -2 (Land Surface
Temperature, ST} AHGHER= 2417} 9{ch. MODISS] 1 km SJAHEE B3 A 728 355] 59}
A %3l UHIE &s}A ol sffst= ] of 220 it} & A= 14 HAIE thd 2 & MODISY| 1km &
ZF/d = LSTE 250 m SF = & 443 5Ho] COVID-19 WH| 9] A 5-9] Q17+ &5 #3}7F UHIO| 1|2 =
o2 BABISITE LST IS 4o 15 EAAE BDL SRS, 2t (Lasso) s A ]
B ABAE Holk U AU g AR AT 4 S0l MODIS 1T} 2= A9l Landsat,
ECOSTRESS LST A2 & | HUA R &-8515ich B4 AF 23}, A3 LSTospme R A 0.790-
0.9299] AF3A]4=(Correlation Coefficient, r) & 0.731-1.333°C2] W+t A&+ 2 2HRoot Mean Square Error,
RMSE)E, & A7t o]l 0.8929] r € 0.771°CS] RMSES B Q. A3 & LSToso,i= | H A LSTR}S] H]
O] A 7] 2 YH(r: 0.771-0.882, RMSE: 0.990-1.497°C)Z} Bk (r: 0.857, RMSE: 0.906°C) MODIS ST, 2 T} T
52 AT S QA1 BST COVID-19 W) A5 719 Surace UH (SUHD) 228 A48 2
8} oto] BT DA BT A}, A GE R Aol Akt I E it 7B Al ol = A A o
X 75 2 SUHI 257 715t e, 4] Aol A 24t o] FE ettt olelah sk 3
Ae W EX T & v &3} WgotA diElo] §lom, Izt S5t TAE FA, Y, 18 A FoA 1 I
o S ket £ A7 IOV LSTE 85} COVID-192 919t Q¢35 bk UHIS] o1
= FF= ok, o] Aih= EA| 7|5 #sto] gl o] siE AlStol= H 7|8 AL & 7| E .

F20: ARH2E, FIAISE MODIS, A9 A £ AE, COVID-19

1. A2 Sha5) T-2-5] 11 QI TH(Cao et al., 2022; Gao et al., 2022; Yoo et al., 2023).

[

E5|, 0]=3F5-$-F=(National Aeronautics and Space Administration,
FZ2UHPo| H AT E-19 (COVID-19)&= 20204 8 7|& 0. & oF NASA) Aqua ¥ Terra 9143 §AE o] 2]+= Moderate Resolution
2,5009F 9] &A1 AR 9} 804t H o] AFYRE 7| 2o, A A A A Imaging Spectroradiometer (MODIS) Al A= 515 43] LST A} 2E A
o7 A3 A Auto] AA Aot FIFS 7] 5 th(World Health 5 8HH(Terra: 10:30 AM, 10:30 PM; Aqua: 1:30 AM, 1:30 PM). o] 2|3t
Organization, 2020). COVID-192] 8Hih2 917] 9J5] B2 Al E0] MODIS LST9] -2 A[ZFe A2 (43]/Y )= Y E[Fof| 3oto]
24 (Loddown)S Y217 419 2 A1) HES EFHoIE AIS COVID-19 8 Q81 Wish e170] 84a] A-8.5] 7 9k Alqasemi
2 52 A|5FoF th(Tian et al., 2020; Nicola et al.,, 2020). ] 2|3+ & etal, 2021; El Kenawy et al., 2021; Parida et al., 2021; Jamei et al., 2022).
2|2 QI3 Q7 &5 ZhA L LA G} o g A A8 A, 714 Hadibasyir et al. (2020) COVID-19 Lockdown &<t %= 9-5FA] o]
A = chorst 3+ WshE 2 gich(Ali et al., 2021; Jamei et al, A Hat LST7F 24 8F 212 801519 0 M, Liu et al. (2022)2 =
2022). COVID-19 W d| ¥ (Pandemic)2 A7+ &390 F43 4= 3207 =AIE AT O Z Lockdown B9 £ A A %71 18] A

5

QI A 87, 53
AlEotH, o S0 o

L

L BN AT 7|9 ST AV BAH SVl AEge RSN 2RSSR

Ao njA = FFS BT S A= AHE Ko} 52 T A] 4 (Urban Heat Island, UHI) @4J0] 4095
A9 HH-g3} 3] 7HA & g7 4= Q) Hok Je; A Ao A AHE-E MODIS LST9] 1 km 57454
5] 9hgokA] Soto], A W AFAISHE

0| TA] 3152 (Urban Resilience)Z ©]3f|5}7] 9|3}, COVID-19 7|7t 34 £ 0] 2HAI 7} 9l th (Yoo et al,, 2017). 0] &3 o] -2 T H-E2

A5 dehg HokE A8 242 ] 7}l il
A4 718F A IH-2 (Land Surface Temperature, LST) Ak 2= 33 of th 3t
AT BLUALAAL QAL 25T Aol QY BH A7) AW

T2 A AG HAAE A= B4 Q1 LST = UHIS| 74
AubA Q] ATHS E&oh=t I YF Ao E
FYHR LA T4 9] 37HA #skE BAst9 o, tiA|
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2 744 A9} v A4A A 9 (Built-up, Non Built-up) 0. &2 F+E3}0f
TA] T2 Al RA E7F 5792 HEY5HA] F5F A th(Hadibasyir et
al.,, 2020; Jallu et al., 2022).

TA Y B 9] AR A4S fI Al A1 9] LST F7HA]
SHDownscaling) 7] # o] t}FalA -8 1 Ut} LST Downscaling
S ANYE LSTO| FEF S Ao e Heol=Ros, 11
2 71'd 7|4t 7] *H(Kernel-driven method)©] 7} g 2] AF&-EThH(Yoo
et al,, 2020). Kernel-driven method= AT A9 (YH HE)S A
S LSTOt 5 ARt S =& Fat 7 A (Aggregation) et &, o] &
2t SAA BAE B89 IS LSTE F7g 5k Aol F]
oll= TSt 71A8k5 719 0] LST Downscaling®f] 21-§-5] 3L 1tt
(Lietal., 2019; Lezama Valdes et al., 2021; Lee et al., 2023). h £Z 0. 2,
Bartkowiak et al. (2019)-2 7] A&k 715 Q1 #El | AE (Random
Forest, RF)S AF&-3]] U A]71 9] MODIS LSTS 250 m SfAY =2 A
A8} A F L. 0] 9} -2 LST Downscaling 7| 8-> MODIS LST At
Ol 32 F W= HAE FEFL w2 AL T EZ AlS
o w4 o 710 S8 I A BT 5 Y= drt
(Yoo et al., 2017; Xu et al., 2021). &3], Yoo et al. (2022)2 7| & 7| o]
SHsHAY AR A LSTE A &2 AHS-sh=d] s, 37F
ER7F AR THE @] IS LSTE 2-8-519] Downscaling

FHL 5 U= BTl o] 712 /Al o] LST7HEf

B g glo] GA 7 37 BRI FARSIHE 7HY S 7Rt e &2
3}l ek 3HA 9k Landsatofl A & H 1A} LSTSF MODIS LST
S S A o g 7 H wst A B GRE I ERL G
ARgH TS Hol= AH]7F ERIE 9Tt ©]+= Yoo et al. (2022)2] 3
o] F Aol & &4} 7Hs o] YlgS HojFn, o] & W LST
Downscaling®]] 4-8-5}2]= A 22 A =5 A|Fetet.

£ Ao A= COVID-19 W 9] A3 g Al o] A QI7HE
H3l7} UHIO) 0] X G DA LST A2 S 2-8-3] AFA3]
Aot A2 H2 0 & girh o] & 9Jsf MODIS LST A&.9] 1 km
SNAEE 250 mE AFA| S} 519 21, £5] Landsat?} MODIS
LSTZ H}EF O & Yoo et al. (2022)9] 7] W A| 7k of| 3H3F A 8.5}
o] 7|2 Downscaling 7] % 2] & H s}t B 1L 1At
T LST A&E §3f COVID-19 e o] tf = 1 G3Hgof W]zl A
S W52 8] oheketal QITHHE AV EA] W B4

L gL Fsn
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Fig. 1. Study area (Daegu Metropolitan City) with land cover types classified by the Ministry of Environment based on 2023 data. The black area within
Daegu represents the focus area of this study, and the green circle indicates the location of the Automated Synoptic Observing System (ASOS) station.
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2,20204 49 18Y 7|2 H7L29] COVID-19 A7} 4= 6,832
O 2 A= 7129 64%F AFARITHFig. 1). ©l= A A] A oj+
Ao A=, JHE oo 83l 5 o &A=
SAlsH= 23k A F7] 832020 39 229 ~49 7)) AR
1L, o] & Qs Q1+ o] Fo] AA #45ATHKim et al., 2020b). T+
FYAl= COVID-19 W9 0 & QI35 QI7HeHE 7rAof| 23t A &
74 Bske B4 617 o] Age A2 st A7k W
Z (Pre COVID, 2017~2019'), I &| 9] Z(Mid COVID, 20204),
W9 F(Post COVID, 2023) & =613 2, =8 F4 Al7]=
AAA] T Je o] TR 39 49 &2 A okoiTt 202102
= COVID-19 47} 21 HHAY B 114 (Yang et al., 2022)0] T2 H,
2020 0f] H]3f IR} 71 AT A 0 2 A ] 0 1, Nowcast A| 2
AT AAAQ T ol HE oA & W 9] S} §-oju] gt o]
£ Ho|A| oot W9 5 7|7t A A5ttt EL 202292 9
E F 2 (with Corona)S E5F THA| 2 AAS]E A]7]| 2 COVID-19
O] o] &3] loj Tkl westr] o] 219 Post COVID 7|7k
A A <] sttt wEbAl, & AR A<= Pre COVID 7]|7HS THAE =2
d7gsto] Mo o] 9] A HEAE Eola ¥t 7|&E& vt
Aol T} Mid®} Post COVID 7|7k W] 0 & QI 42 A7) &
Qo] ¥sto 242 957] flof T A2 AA S

e

2.2. A X2
SHAAIBY] F4 MR Terra 94 9] MODIS Wit i 94
LST i, (MOD11A1) AR Z-&5F3 21, A 7]17H2017~20201
% 2023\ 397} 49) B 270l 10% OJ31R1 B FO] Ho[E & At
235199t} A7) 7F 9k w A7k 10970, BHA 7k 1127 2] MODIS
LST o AHRE 31T Aqua 432 9 A ZHef) #3(1:30 AM)©]
A3 H A7) 0] F A7k o] =] o] COVID-199] F e £4]
3H= o] 2 gotA] ol Aol A A ekt Eet, 8 Bt LSTE
A|&-5t+= MODIS MOD11A2 At &= H7]74Q1 397} 4 €]9] %
BE X511 9lo] A7717t} Hloj el 9] A7 BD 2] A2 A
8-51%] Ittt

SHGAS) AR ElE Qg Het bk HXHSRE A7 f
0 g FLES}YTH(Table 1). 29 T3JAIE YA A7 2= Landsat 8
OLI/TIRS ¥ Landsat 9 OLI-2/TIRS-29] LSTS 39 QM2 ARG
3191t} Landsat 83} 99] OLI A F Al &= 7HA1BAL, 4 914 9 2
A o g 3597 O] MhE = 30 m SYATE 2 A]F-5HH, TIRS A
A A= 2709] G # 94 WHEES 100 m LR $23310] 257
9 2 30 mZ A B(Resampling)g+ H| 0] E} & A F-ghch. £ Ao A]
= United States Geological Survey (USGS)°l| 4] A5t 2013 5 2024
| AJo] 9] 23F0] 10% ©|5FQ] B2 & o = Landsat 8 2 Landsat 9 ¥
A JA} 6372 50T} LST 525 HHA]2 Landsat 89] 732 Salih
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etal. (2018 113 O W, Landsat 9 | Efel| o] o] wheh W=
45 M 7sto] 28519t E3H Band 4 (Red, 0.636-0.673 um)2}
Band 5 (NIR, 0.851-0.879 um)E &-8-5}0] g4 A A <>(Normalized
Difference Vegetation Index, NDVI)E AJAF6FaL(2] 1), Band 5 (NIR,
0.851-0.879)2} Band 6 (SWIR 1, 1.566-1.651)5 o]-8-5}0] A A7}
3}x]4>(Normalized Difference Built-up Index, NDBI)E AJAF5} T
(41 2).

NIR - Red
DVl=—— """ 1
NDV: NIR + Red M
NDBI = SWIR - NIR @)
SWIR + NIR

wFo] WA 914 AFE & Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) B} LST (AST_08)%} ECOsystem
Spaceborne Thermal Radiometer Experiment (ECOSTRESS) ¥ LST
(ECO2LSTE)E F8 YHHSZE AR5} Th Terra 914 9] ASTER
AAE 7] LA TS B-§5to] LSTE 495101 90 m o
L2 Al5Stet & Ao A= NASAQ] Earthdata Search S 55 A
5 20009 55 20249 Ato] 2] 2-7F0] 10% ©|5HQ] B E
ASTER %} LST 272 <=3 5t A . =A% 7| (International
Space Station)2] ECOSTRESS= &2] 7|8He] 2 A &g 22| ¢
12]EE 50 5702 FA A di oA b 7] HAE LSTe =&
2 70 m A= 2 At} 2 A Fo A= NASA Jet Propulsion
Laboratoryof| 4] A|5-5l= 2018 ¥ 20241 Afo] 2] 12 d & H
ECOSTRESS # LST 442 =38t Ath A H& AT 914
AFEA=250 m A= Hat YA SH

R 2 W42 = Shuttle Radar Topography Mission (SRTM) 9173 9]
<X #1.% ¥ (Digital Elevation Model, DEM) At m 2} 3H3 5 &5
EA 9 EEF o]-g3to] Aite HaE ARSI 30 m S 2
SRTM DEM At=2E 250 m S|4 =2 Bilinear W4 (Resampling) 5o
1% (Elevation) At S F=5}9 0.1, 0] & 7|HFO 2 ArcGIS (Esri)
£ &-8-5}0] ZAK(Slope), F(Aspect), YAFF(Area solar radiation)S
ALFSIAT. 2 A4k $o.& 37|57 WHzo], Beers etal. (1966)°]
A|9FSt Transformed Aspect® HESIATH 5 H 1L, FAL T
S e o] AR ARG E YoM, Hof= HlgY FFel
OB YA SO HS2 it 28510t 25 Y HATH| A0
A A B5h= 30 m SO iR BN EE AHR S 0]-8519, Al
7het Az A H(ZE 10089), &G A H(ZE 2008), A4 A (Z=
3008 2 400%1), = A H(ZE 700¥)& F=5FL, 250 m S/ =
240 v 29 2 2] W v 2L AT, olu}, A7k
2,59, A4 499 B v Y RAT AgHI 0, 5o
SECEERECE REERICINCREREEEY
A A <fsh= H| 285ttt
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Table 1. Summary of input variables used for spatial downscaling of land surface temperature (LST)

Source Variables Spatial Resolution Time of Use

Land Surface Temperature (LST) 100 m Day

Landsat 8/9 (OLI/TIRS) Normalized Difference Vegetation Index (NDVI) 30m Day

Normalized Difference Built-up Index (NDBI) 30m Day

ASTER Nighttime LST 90m Night

ECOSTRESS Nighttime LST 70m Night
Elevation, Slope, Aspect 30m Day / Night

SRTM DEM o
Solar radiation 30m Day

Landcover from Ministry of Environment Percentage (%) of urban, forest, agriculture, water 30m Day / Night

3. 97

3.1. LST S7HdM|st

LST 37t AAlek i 2 = A 2 7L/ | rh(Fig. 2). & ATollA =
Yoo et al. (2022)°] A|9Fst A| & A EH AE (Local Linear Forest,
LLF)E 8319} LST 37313 71%-& -8-8-5t it sl g Aol *1
£ oK 9 H ] FFo] 9171 whizol of 2] gAtol A LST =
7FARE 4= Sltke 7HY stoll Al skE =35t 9iTt. 12 Y Landsat
I} MODIS LSTE H| W&t JJr Aol & T2 g Aol A LST &
7} FARRE B e FRlote] o= FUe FS 85
il

A A A= T3 LST A'd Alg o]t} & Q1o A= MODIS
A AT E LSTF =4 B E TSJAFE LST (W Landsat 8/9 & 587

Step 1 : LST Kernel selection

H}: ASTER 274, EOCSTRESS 3% 7+ 27+ B271 SAs IS A
eisto] QMg &85ttt o] S 9I5| L.E Landsat 8/9, ASTER,
EOCSTRESS LSTE 1 km AL &2 Bt A5 S, B2 A 1512 A
8ot0] F7F B S 223191t} MODIS LTy, = 4 W42, 1
km AR A ﬁ]ﬂ AL LSTE YW= sho] 2k i A

el (Tibshirani, 1996) =345}t 214 3] A= A} Al &S 4

B3 5 Al0] 2 A%o] kgt ol 0 e 2kt e

Aok 718) DH AGE 002 FHE0] 314 7He 3t HE S A g5},
+ 8% 542 AEote o ol Wit o] A LST b

o|ES Y AYE YT P42 7 B 50 Folo] mhet 4
ofSA B EHSILE O] AP, A TR T Mo LT B
7% S0 WS 7D W) oA 0 2 wskek. ol mreh o]

ARRSE 4= 9l Gt (572 7|20 B 37FA] A7 (Schemel: 173

Step 2 : LST Downscaling & Evaluation

All available input LSTs Dependent variables

ASTER LSTs (Num: 2)
ECOSTRESS LSTs (Num: 3)

Feature Selection

LST Kernel

: Feature-selected input LSTs

vV
Day : , ~ Day/ Night
[ Landsat 8/9 LSTs (Num: 58) /: :/ MODIS daily LST /
[ J
Night :

Auxiliary kernel
| DEM, Slope, Aspect (Solar R), |

MODIS LST

I
L
! (day / night) !

(Target)
'l % of Landcover :
Full Kernel Resample to
(Input) 1km & Norm

Resample to
250m & Norm

Local Linear

Forest (LLF)

Downscaling

Day / Night s
DLST,s0y, 25

by Bias correction
Reference

[T Performance P
T\ evaluation

In-situ .7

ASOS LST~

Fig. 2. Processing flow diagram for land surface temperature (LST) spatial downscaling based on the kernel-driven local linear forest (LLF) model in

this study.
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Scheme2: 34}, Scheme3: 54 2.2 LH=0] 2|4 9] 18 A 7|45 A

A5tk A E YA Landsat LST, NDVI, NDBIZ {8 A4 &2

28519 o, 7+ A8 A 3= Supplementary Information 2] Table

S1ol Al Aot 1o 7%, 2] A7} 0.4 B HA off 7] MODIS

LST,2t2] 37 E27F 543] BetAl= B = &Ittt ol &
uleto 2 3]7 A|47} 0.4 014}l IE ASTER @ ECOSTRESS LST
A Ad & &390

T RA S = S7EAISH R ASoloh A=E LST Ad ¥} B
e 1% A AL 1km JAERE B A &

i
H
gk
oLor
B

MODIS LSTE £ W22 AL85}o] 7H dato]| i3] LLF ZE-S g}
SAAC S e R ] 7129 250 m MRS U AU S 48
sto] HFA 08 IR bl WS LSTys0n S FE0IAH R
9] 4220184 4 259, 2020 4% 14 20201 49 30Y, 20234 3
69,2023 49 790] 9= Landsat LST A&7}, ©9] 7392020
| 11€ 12Y0f| 95 ECOSTRESS LST A}&7} MODIS LST2} A X
= BARA HSELE AREH U 53] Y] B¢ A 717 Ui
A= A7 IS17] hiZol ohE AE 2 Hlol8 & ol-&5t S
L 35t ch AZ Aol= A AGA} 7 Ao (e Y A7 AlA E
)5 B35 Hsl = H"é ZH Y 3l FA (e, LSTyiopis = a X
LST {andsat & ECOsTRESs + D) B &-8-5}0] Ho]o] A B X (bias correction)
S A5l F7H 0 &2, - S 374 HS(Automated Synoptic
Observing System, ASOS) A 9] AW A7 & &850 AT 7]
2t 2R © BE @A) disf Inssitu 52 T FHSHAH. A5
A 1 2= AAS(Correlation coefficient, r), o Al J< 2 2HRoot
Mean Square Error, RMSE)S A28} T}, 17} RMSE+ 3] 4] 4
71AISks RH] s BrtolA B S8 d AR ASAR
O] th(Stock and Subramaniam, 2022; Mudiyanselage et al., 2022).

3.2. 7|k &g
RFE YFE 719 EA 4 71A s 7R ez, o] 5521l 9
A7 U+ Decision Tree)& 2% 5}04 9% /352 U TH(Breiman,
2001). RFE= 9 A ROA S5 AAdES F
7t EZE o551, e EF Y ol& kg Batsto] 2T
Atgtek. 22U REE Y8 AFa o) 9 91E o] 2
B715sithe 814 7) Q1) o] SHAIE B sty e e LLF=
REER Y g et tiAlL 24 ER 9] B kB0 A 54 Y 3]
T (Local Linear Regression) g 4850 o] &2 432ttt LLF= 9
Z A-H 543 Y L 2o &ol= S5 MEY HES TSR R
AHgste] =4 A Y Bl A-85kH, ol 8 Bt YL
3t Q4R 7H551HA Steh(Friedberg et al,, 2020). 2 AL HE=RE
A AL E 019 “grf” 7| A (HH 2.02)5 AREdHo] LLF 2ES
=3kt

ik

1114

3.3. 7|21 SUHI A|A|E B35} 2A
COVID-19 Wt 2} &<F SUHI 74 &= H3HE #-A]517] 9lsf w9 4,
5,5 7178 S 2O DLST,s0, 2 B 1t519] ARSSHITH 2 Ao
A 71500 w2 FF= HiAISHAL A 37 IZEEE -40}@
e stetel] Sis) 24 492 Fustc 4% R
HESugoR 59 19 59 A9, 7S A Ao
A A|ejo 2 Hejsigon, me) A2 Q17 BEo] gl
Ato] o] 2|e19] £ Wk 7] 7o) JeFS wegek
ek oo soh 20 Ao} £ A% 4 £ Aol Ao
54 A ol0] £E0)A o Aol & Al HEAS
Q1€ 5. oI, 4] Kl ul 80| 90 o4l Th T BHE
1ST 2 40] of o) 29} A|o}] B LSTE A7 shol B4 )]
SUHI 722 A1 94ch() 3). A4S SUHI 2.8 PR 3oz 4
8249, 23 9 HA LEY| JL Wot B4jo] Ao 92 4
It} o] 2 .91 913}, ch BH% U SUHI 0] Heighat 2
40871202 0014 1ol 4573k o4, COVID.19 1) )
5.9 A +4f5}= SUHI (Normalized SUHI) &= ¥5}=S A5+
O 7 BAsIeith 3 Q17 &5 WSk Aok SUHI 73 o] 1]
A e TAH B 99 BAR FEF EAUEE
gHg3}o] Q17HBHET} Belo] 52 EA HBEA, B A, T
)] HAE el
SUHI = LST iy — LS T 3)

ofm i >

4, 917 AT U EQ|

4.1, LST Downscaling H7}

= I#}9] Landsat @ ECOSTRESS LSTE 7|& 0 2 LLF 29l 7]
HF DLST,50, Y A& = H7 A7}9} 7] E MODIS LST ), 2H2] H]
7“-!—]—- %E}lﬂ S TH(Table 2). 29 -2, 37}A] Scheme < Scheme 2
7} 9538 A 5& Hol W scheme2 A5 HojEoh W A7
DLSTZSOmf r %£0] 0.790-0.929, RMSE ] 0.731-1.333°C H {jof| &
ot} uhd, v A1 7HH 9] 9, ¢ 42 0.892, RMSE g2 0.771°C2
BT B Al {}EIH s EREE HA A skET), ol
B HALY] = Htget 20 gt 2 Aol A ARERE
LLF 7|5 A5} 7] ‘i‘;‘% HFAIZF 9] LSTO 534 2™ (Yoo etal,,
2022), 2 MM 9] 2 IS Hol= A S AR SOl = B
SEAL B FARS] GRS A A 5t7] ol Aoz Helh
LLF 22 7|4t DLST,5, 2] BEE X 712 MODIS LST,, E.CF S}
HHe] H= G0l A S45HA UreReton, o= AA|SH E LST7} T
2 APY S 7 3704 Blo|E AUsHA 23T 4= 5= 9

ik,
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Table 2. Daytime and nighttime comparative evaluation of land surface temperature (LST) downscaling between DLST s, by local linear forest

(LLF) model and original MODIS LSTy,

Bt DLST;50m by LLF model Original MODIS LSTyy
r RMSE (°C) r RMSE (°C)

2018.04.25 0.838 1.140 0.818 1.316

2020.04.14 0.790 1333 0.771 1.497

Daytime (Scheme 2) 2020.04.30 0.833 1.236 0.786 1.478
2023.03.06 0.929 0.731 0.863 0.990

2023.04.07 0.898 1.199 0.882 1.309

Nighttime 2020.11.12 0.892 0.771 0.857 0.906

Daytime and nighttime DLST,so,, data were compared with bias-corrected Landsat/ECOSTRESS LST;so,, and MODIS LSTy,, was compared with bias-corrected Landsat/

ECOSTRESS LSTyyy. Daytime results are based on Scheme 2.

Fig. 3:& & 10] 41 2] LLF o] A9 A5-2} w W 3f 74A]+= o]
A& F712 B o=t} Yoo et al. (2017)2] RF 7]HE LST Downscaling
& MODIS LSTy,,°fl HI 8l F-2 2= WS et 2, o]
= e Hat A 0 ® A A o] S "ol ghofl it o4tol
E7F5 5= RES] A S H ol T1e{uh 2 A9 LLF 29 7]
Hl DL STstmL A3y Oﬂ?-oﬂ H|3}] 7]& MODIS LST9] =& 7+& B}
3 BT A g Boltt 271
Qi, ASOS In-situ 7\] 5] QE@(—/] ATAAE 5 LLF 2d 7]HE
DLSTy,9] 458 71515900, U2 2105 § L& WAe) 2 Al2H
thofl 8l DLST 50,2} In-situ A H-2E 9] YA &= r: 0.849, RMSE:
3.863°CZ YE}SE O, 7]& MODIS LST ), 2] 749 r: 0.830, RMSE:
4.079°CE YEFgTE T35 v A7t ol = L8 DLST)50, 2} In-situ A]
2T 9] AR L= 7}r: 0.934, RMSE: 1.355°CE L}“ﬂ'ﬁ'u}(f“lg 4). 0]
St A= LLF 75t DLST 50,7t n-situ A -2 = 2}F0] 4 0] 7]&
MODIS LST., 2 T =0}, A 3jA = LSTE &85 COVID-19 W

(@) (b)

0

9 A& dehg 2400 9lo] B & f-Eet HolHE AT o A=
AR Theb A 2 Aol 4 ASHE A5} 7185 DLS T 7]
% MODISLSTI k=t -2 TS /hA]o), wA] A8 249
AL PN ) 71018 5 9L

Fig. 59} 62 212 (20204 49 4¢) 3} 120204 119 129)9] 7]
& MODIS LSTy;, LLF 7]8F DLSTp5,, 2] 37F 225 YERHTE A5
@75 RS A 2 AEste] TA F 9] 2 ZEE H
St A 3 (Figs. 5a-c, Figs. 6a—c), LLF 7|5t DLST 50, = 7] MODIS
LST 1, Ol HI3H 4] A1 Q] AJF2A1Q1 £ T % 2 whofsh= Ao
Z YERH T 53], Fig. 5(b)2} Fig. 6(b)°l A A LSTsomi= Fig. 5(c)
o}Fig. 6(0)9] A4 A4S FEHS ], B T o) 57 Jelzt
A] 9] A2 2 APAIS] WOl Q18-S 818 4 Qlck. W, g
5(a)9} Fig. 6(a)©] MODIS LST = A S/ = 2] A= Q13f Al A

Y3 B 25, A BRI BEspl B3 5o] ekt
TH(Clinton and Gong, 2013; Peng et al., 2012). 0] 2|3t 2 T}= AFA| 8}

ol HJ?E

¢
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Fig. 3. Temperature distribution of DLST,sq., and original MODIS LST,,,, for dates D1 to D6, shown for (a) daytime and (b) nighttime.
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Fig. 4. Comparison of In-situ validation between 250 m and 1 km scales. (a) Scatterplot of DLSTsqr, versus ASOS In-situ LST at day (10:00 AM). (b)
Scatterplot of MODIS LST;y, versus ASOS In-situ LST at day (10:00 AM). (c) Scatterplot of DLST sy, versus ASOS In-situ LST at night (10:00 PM). (d)
Scatterplot of MODIS LST1 km versus ASOS In-situ LST at night (10:00 PM).

Daytime on April 14, 2020
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Fig. 5. Daytime land surface temperature (LST) distribution on April 14, 2020. The original MODIS LSTyy, (left) and the DLST,sq,, generated by the
local linear forest (LLF) model (right) are shown. (a) and (b) show the urban area distribution in LSTy, and DLST;sy, respectively, while (c) is the
satellite image of the same zoomed area adapted from Kakao Map using Arcmap.
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Nighttime on November 12, 2020
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Fig. 6. Nighttime land surface temperature (LST) distribution on November 12, 2020. The original MODIS LSTy,, (left) and the DLST,s0,, generated
by the local linear forest (LLF) model (right) are shown. (a) and (b) show the urban area distribution in LST;y,, and DLST,sqr,, respectively, while () is
the satellite image of the same zoomed area adapted from Kakao Map using Arcmap.

B LSV =4 O TR £4) )% B4 B 3 Ush] 1R 5
9= WA S AU T 912-& HelFu], COVID-19 el A% &
27 318 /1R B 900 DLSTy, @ B 7R 43 Bl

4.2, dyialEl SUHI 22| A[Z7HH st B A

U 9] H DLSTo5,, 5 AEHE Hatoto] 24 AL g ok
LSTE 75511, 19| A HE 7|F 02 HASH T SUHI AL g ALt
StQitt o] % #& Ytk 53l Htekd SUHI =9 25 <
QloHitH(Fig. 7). R Az olli= TA] W Al -9 (Spot 1, Spot 2, Spot
3)0l| A % +t3te SUHI 7t 21 A <ol v]of A4 0 &2 =4 1t
ERt T A A9 9] EX| 5 54 (Fig. 1)2 37| A 55HE SUHI
T BEE AW EH, Spot 17} Spot 2= B¢ HAI 2 T2 /=] 3l
2 A A7 Dy H Folot @ A7 9
COVID A% ¥ SHFigs. 7a, ¢, )5 AT B, Mid COVID 7|7 5<t
Spot 29} Spot 30014l A5F3HEl SUHI 7= 7F AT 2] 0 & 7+48H= 7
ol vrehdh. B A7 ofli= Rl Bs Al W HA| A o & A4t}
¥ SUHI =7} A Jeh, SUHI 22 Mid COVID 717k &=
Al AR A AT A 0 2 7 Adh= A3 K QITh(Figs. 7b, d, ). W
7} gt Ueh} = A 7518 SUHT B3 2jo|i= jof ZA} 9 gko] 9]
AL R, Pofli= 1 & {gol| wheh UHI 7t oh 2 A Lehdth vt
9 Hol = 7ol 245 Fol EHHA TA| AA|7F B vigo]

11, Spot 32

https://www.kjrs.org

UHIZ} =A] Aol #=A] 3 5k= 7 3] AtHKo and Cho, 2020).
COVID-19 A 3-9] A 515}% SUHI 9] A|7H7] wstE 245}
7] 13l A+ A 2] AA| P+ Z 2= Zonal Hat-= Aot
of Yt 521 SUHI =] H3HE mHotol i TH(Table 3). R} 1f
5% Pre COVIDOJA] Mid COVIDZ Z ©f] SUHI =7} Z+45}11,
Mid COVID®J|A] Post COVIDE Z tj= Z7}5t= A4S H 9tk
Ly o] Rt ¥ske Wk vE Afoof| A Afo & Holw, £35] W AZE
tjoll o F=2{7l #iskE vrehdh. W A|ZF 9] Z-$- Pre COVIDO]
A Mid COVIDZ -8.5% 7+4~5}%1 11, Mid COVIDO]| A] Post COVID
2 10.7% Z7}3HHHE, HF A 7 ofl &= Pre COVIDO]| 4] Mid COVIDZ
-0.8% 743}l Mid COVIDO] 4] Post COVIDE 2.0% 571514 T
E3 REHAE S0 HE S AuE A, 7 A7) wstol| A
2 atol= YEhA] grorom, i Al7|of| A W3t who] EHATL
+0.0791 A £0.119] Yol LIS} Liu et al. (2022)2 59
TAES o2 42383t Aol A RO SUHI = 0.25°C, H-
0.23°C Zraxob= A 3= gelstltt. s g Aol = AaE &
54| ot 2 ATt W Eo] thEA|TE Wk {Ho) SUHI = 7
2 Z37Fo] frAFStTHE A oflA 2 Aot Aol 7 Qleh 52 A=
Lockdown© 2 QI5fl A4 Q1 1747} o] Fo] 2 §HH, 2 A+713H &
Q22 A3k AFS A AR 71 E Aldste] Aol Zol 7t 3l
Ao, Q7 F L A] FE EZEAfo| & Hol 7] o] A3} sf Al
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Fig. 7. Spatial distribution of normalized surface urban heat islands (SUHI) intensity. (a) Pre COVID, (c) Mid COVID, and (e) Post COVID represent
daytime. (b) Pre COVID, (d) Mid COVID, and (f) Post COVID represent nighttime. The circles show hot spot locations.

Table 3. Temporal changes in zonal mean normalized surface urban heat islands (SUHI) intensity and standard deviation by administrative district
level during daytime and nighttime (change rate from the previous period)

el Mean Normalized SUHI Intensity Standard Deviation
Pre COVID Mid COVID Post COVID Pre COVID Mid COVID Post COVID
Daytime 0.550 0.503 (-8.5%) 0.557 (+10.7%) +0.077 +0.075 +0.085
Nighttime 0.734 0.728 (-0.8%) 0.743 (+2.0%) +0.115 +0.117 +0.110
9lo] o] RASL 1T Bt Uek Chebdhet. v A7 9] 7.9, Mid COVIDOA] kit el §-ojm g
7§ 7+SHEl SUHI 9] AI7HA W9kE T A A A7} oyt B4 & Aag HolA| AR, max gho] S7F5AL min gro] #Ashe 54
SN A Y FolS AT U, B 2 FHFL PYOE  H9l PAFS KTk o] 3k WIBH: Table 39 o] A A HAJ

zonal Bt 741510 boxplot FE = A 2}e} 51 3{TH(Fig. 8). W Al7F S 2= AFAR] S HokE FE0] WA XS Hol

T2 79, Table 39 - AF57] Mid COVID 7|ZH EHE - Al7]o] B COVID-19 71759k A 1) 2 45l A H7T8H SUHI =]
o) 2 748 ol A0 mind} max o] A2t AFS  WATF AT AT B AT ol g Bl 2 5tel,
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Fig. 8. Temporal changes in zonal mean normalized surface urban heat island (SUHI) intensity by administrative district, illustrated using box plots

for daytime and nighttime.

Table 4. Temporal changes in zonal mean normalized surface urban heat islands (SUHI) intensity by land cover class (Residential, Industrial,
Commercial, and Transportation) for daytime and nighttime (change rate from the previous period)

Mean Normalized SUHI Intensity (Daytime)

Mean Normalized SUHI Intensity (Nighttime)

Class Pre COVID Mid COVID Post COVID Pre COVID Mid COVID Post COVID
Residential 0.539 0.492 (-8.8%) 0.538 (+9.4%) 0.775 0.774 (=0.1%) 0.782 (+1.0%)
Industrial 0.719 0.694 (-3.5%) 0.743 (+7.0%) 0.447 0.438 (-2.2%) 0.449 (+2.6%)
Commercial 0.589 0.542 (-8.1%) 0.601 (+10.9%) 0.706 0.692 (-1.9%) 0.716 (+3.4%)
Transportation 0.556 0.513 (-7.8%) 0.563 (+9.7%) 0.703 0.693 (-1.4%) 0.717 (+3.4%)
£5] 4 AZFRO] R minThmax k0] MEAS 7INOR AW S BEA) o] 2 A 4 ek W, B A4S Mid COVID
WBPEE SUHI A2 A2 o] S HAT BRAS HRATE A7jo] -22%2 2 F4S RG] ok 2 Ago] ozt B5o]
R S U BT A 87 Bl g 2L 42 BEO2 U8 ok 1 Aols} A e Rols

o] ”Jﬁ"ﬂ S *W@E}

B85 S A Qfoll, EX 9 E {3 o whE A2k SUHI B
AJHA] HolE BRls] §18f A71et A A 92 7|02 A,
U AU, E A G o= B3 Y] A8 SUHI A= &
Zonal B4+5lo] COVID-19 A3-9] Hg}=E B A5} tHTable 4). Wt
H = Mid COVID A]7]9f| = A3} SUHI A&7} 7345}, Post
COVID A]7|9& 2718l A B AT U A7 o] A= A%,
A+, & 2] 9o] Mid COVIDE} Post COVID A]7]of +7% o]A}re] &
H3lS 29l o, T A F-L Mid COVIDO] -3.5%, Post COVIDO]
+7.0%2] WSS K A} gj7A] 9] COVID-19 717 B9t A A (-53%)
LA (-16%) A2 -5 Q1 ZHAaof H] sl 3 (13%) A 2/ h
2 0 g 22 M3}= B th(Cho etal, 2022). E3}, WE 2| o] AL
N TE oI A A -58%, A2 -43%, EAIHE -36%)
o] ZA ZAFTh=(Kim et al,, 2020a)F 1w, W A7 2] T
A o] g} Ao H]sf| JF2}H SUHI = Hal7L 42 A2 o]

https://www.kjrs.org

COVID-192 QI3+ &%= 7+ A7} of7k SUHI 73 of] 3k u| Xl A o
2 5f| 4 Eth(Lee and Hong, 2007). 7 X %2 Mid COVID A]7]9]|
-0.1%% 7P} A2 AAE Hlo, o|= J3HE AR A AR

2 QI3 ok 9% 742 FPYIA EAete Ao] o] AX AT
T OTEY F7H 0%, ofZt A2t SUHI 4 o] Hoh= 2%
T HolHE F 24 ot o BEt AnE 2 S AR Y]

e

4.3. "HqstE SUHI 22| 37 M3t 2

St g A7 9] 45 TR zonal B} AFSHE SUHI &
o] 2714 w5} A= Fig. 99} Fig. 100 A A =] o] 9tk & A7 9]
7 718}Fe SUHI 73 &= Mid COVID 7| 7tol| AubA 0 & 7h4dl= 9F
‘J= Hol, 55| S A| A3} 11 oA FEA A YEhdth &
ATFA 9] EX 1] & E4(Fig. 1) T Ao] HH, 4 & A A
ojo] YR o] A HEL W 5% F-& Q1T Wt 22 17t &5
gk= 320 & A HT) Post COVID 7|7kl &= A5t
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Fig. 9. Spatial distribution of normalized daytime surface urban heat island (SUHI) intensity by administrative district-level for Pre COVID, Mid COVID,
Post COVID (left, top to bottom) and changes from Pre to Mid-COVID and Mid to Post-COVID (right, top to bottom).
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Fig. 10. Spatial distribution of normalized Nighttime surface urban heat island (SUHI) intensity by administrative district-level for Pre COVID, Mid
CQVID, Post COVID (left, top to bottom) and changes from Pre to Mid-COVID and Mid to Post-COVID (right, top to bottom).
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Table 5. Correlation analysis between the landcover ratio for each class by administrative district level and changes in normalized surface urban
heat island (SUHI) intensity during COVID-19 periods, shown separately for daytime and nighttime. (probability value, p-value)

Correlation Coefficient (Daytime)

Correlation Coefficient (Nighttime)

Class

Pre to Mid Mid to Post Pre to Mid Mid to Post
Residential -0.033 (0.756) -0.058 (0.582) 0.283 (0.006) -0.426 (0.000)
Commercial -0.310(0.003) 0.162 (0.122) —0.346 (0.001) 0.279 (0.001)
Transportation -0.207 (0.048) 0.138(0.189) -0.282 (0.006) 0.345(0.001)

SUHI ZLe7} ARka 0 2 S71sh= Jd2 Holt, 53] 552 &
A Ao A S7171 5 5HA] LHEFT. Table 42} H] w31, b A1
9] Post COVID 7] 7}of| 2 A9 9] A4+3t= SUHI 4= +7.0%

EHEAGAF LY, L)l vls did oz A2 7 £S5
Holtt. T134 Fig. 99] ‘Change (Mid to Post) A =5 5o 3 A

A Yol A& 52 A H-L0.089 oY £ F7HE, A& 34 A9
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Zroll= 4 A A QoA 718 2 Aa7F UL, 38 AS A9
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Table S1. Comparative evaluation of land surface temperature (LST) downscaling for each scheme (Scheme 1, Scheme 2, Scheme 3)

DLSTy50, by LLF Model
Date
r RMSE (°C)
2018.04.25 0.818 1.214
2020.04.14 0.777 1.376
Scheme1 (#num: 1) 2020.04.30 0.854 1.132
2023.03.06 0.914 0.800
2023.04.07 0.888 1.254
2018.04.25 0.838 1.140
2020.04.14 0.790 1.333
Scheme?2 (#num: 3) 2020.04.30 0.833 1.236
2023.03.06 0.929 0.731
2023.04.07 0.898 1.199
2018.04.25 0.833 1.167
2020.04.14 0.762 1.481
Scheme3 (#num: 5) 2020.04.30 0.824 1.287
2023.03.06 0.905 0.840
2023.04.07 0.89%4 1.224

DLST,s0,, Was compared with bias-corrected Landsat LST250m. The scheme with the best performance is highlighted in bold. The notation (#num) indicates the

number of high-resolution LST input kernels used in each scheme.
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