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ABSTRACT

As climate change and the urban heat island effect intensify, there is a growing need for fine-scale
assessments of urban thermal environments. This study compares land surface temperature (LST)

derived from three approaches—satellite imagery (Landsat 9), microclimate simulation (ENVI-met),
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and thermal unmanned aerial vehicle (UAV) observations—under identical summer conditions in two
types of residential areas (low-rise and high-rise) of Chuncheon, South Korea. To ensure comparability
across methods, building footprints were excluded from all datasets, and analyses were conducted at
the Landsat 9 pixel scale (30 m) to avoid pseudo-replication, yielding 223 spatial units. Descriptive
statistics, pixel-level Pearson correlation analysis, and mixed-design analysis of variance (mixed
ANOVA) were applied. Mean LST differed substantially by method, with Landsat showing the highest
values (42.77C), followed by UAV (33.8C) and ENVI-met (28.3°C). By residential type, UAV
revealed the largest contrast between low-rise (37.4°C) and high-rise (31.9°C) areas (5.5°C), whereas
smaller differences were observed for Landsat (43.6C vs. 41.7°C, 1.9°C) and ENVI-met (30.4C vs.
27.1C, 3.3C). Correlation analysis indicated generally limited spatial agreement among methods;
however, a strong positive correlation was found between UAV and ENVI-met in high-rise areas (r
= 0.736, p < 0.001), whereas no significant correlation was observed in low-rise areas or between
Landsat and either high-resolution sensor in either residential type. The absence of significant
correlation between Landsat and high-resolution sensors reflects the within-pixel thermal heterogeneity
(UAV std: 4.92°C; ENVI-met std: 3.89C) that is averaged into a single Landsat value. Results from
the mixed ANOVA demonstrated that LST estimation method, residential type, and their interaction
were all statistically significant (p < 0.001). The main effect of method was particularly strong (n?
= 0.898), and simple effects analysis revealed that the magnitude of LST contrast between residential
types varied across methods, with high-rise areas showing larger effect sizes than low-rise areas (e.g.,
Landsat vs. ENVI-met: g = +7.984 vs. +4.588). Overall, the three LST approaches provide distinct
interpretations of urban thermal conditions even under identical spatiotemporal conditions. Rather than
assuming direct equivalence among LST products, effective urban heat assessments require careful

selection or combined use of methods based on urban morphology and specific research objectives.
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A 9 Ase PHAS A9 dHE e A &82 4 JHMoediartianto et al., 2026).
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Soto-Estrada et al., 2017; ©]<<%, 2025; Lee et LSTS] ¥3H4 Ex d'3} P ¢Fo] A2
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i 127°44.95'
O

— UAV flight plan
'l © UAV shoot points
— A BT swdysite

127°45.05§¢

Flight

Low-rise
Residential Area

{ : =
0 .50 100m§A"

Figure 1. Study site. a)The location of Chuncheon, South Korea; b)The location of study site in the Chuncheon;

c)The northern and southern part of study site is high-rise and low-rise residential area. The yellow
line and colorized points indicate UAV flight path and location of shoot points
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Table 1. Summary statistics of land surface temperature at original spatial resolution with building-footprint
masking applied (Unit: C)

Source Area Mean Std Min Max CI 95_lower CI 95_upper

overall 427 13 39.5 45.4 42.6 429

Landsat low-rise 43.6 0.9 395 454 43.5 438
high-rise 41.7 0.7 40.5 432 41.6 41.8

overall 283 5.8 20 45 282 28.3

ENVI-met low-rise 30.4 6.7 20 45 30.2 305
high-rise 27.1 4.8 20 35 27 272

overall 33.8 6.8 5.1 65.7 33.8 33.8

Thermal UAV| low-rise 374 6.2 18.8 65.7 37.4 37.4
high-rise 319 6.3 5.1 612 319 319

Yul7k A el weh g R (ds el daldE BE ol AlFpartal et

2 23hE Hrkeke Hl ARkl squared; np*)& AHE-SFA LM, o]& HA| LST
LSTE F&HsE A4sta, Al 7}?‘] LST HE oA ale 290 FyA s dete

AbZ WPH S WRE A% g 0] O F (within-subject H]-&-S oJulgity, &, np? #o] F45 T &

factor), F74 FdL T L2 (between- Qlo] LST ztolel m|X|= 3ol AhHH oz =

subject factor) 0.2 A4ttt o] & Sl A= O A Uehdnh vl 8l g i 24

e Fas, FAA fde Fad, agln dre F A BT AfolE REAAE Yw

A= R FAA fE T BEAE 2 A Hedges g5 AH&-3ISIT

Aok FEAE b 89l 3 Fad)

Al ald gele] LST Hatel mAle 4%= ¢ III. Results

nshH, FsAg Zdte AsH 13 FAA

W LST Aole] S} 4% W) e B 1. A A 9 BN RHY S5 BT 84

Al deheA 2 Bk 2 a3te] #94 =AM $149%, ENVImet Algee]

sql #, Ajole] W 2715 eldy] 94

A

F7t B4 FPsiith s e W 1 A, B0A oA wWE AolE V=T AY
244 1l (pairwise comparisons)E G 3}aL U e FEe 7)wkste] EA ST Al AR
Hl o] i 75 Alofstr] 918 Holm B2 ZFLSTY B4t 373 £X Zde & At
& ALt FAX 7L F eFez ¢ HIEHNY, Y AR HlME FAA #3
Ao} =73 AA7F & vl mo|mg, 7% As % 1FFAAN wet LSTY 271 5
58 gy gt ¥x AlEAR L F8Ex] glo] E5TH(Table 1 & Figure 2).
etttk AoAte g9t foe 44, 74 A WAR 9 B3l FEe LST Als
A% e A2 120 WF LST Aol2 & A el 27CE A A5 F M &%
lshs deEay 4% Fdach o} 5bA LSTO] ®BE W 9lE 39.5-454C(EF

T3 EAA §o47) &7 Aol AAA Azt 1.3C)&E 7P F3HA kel 7} wlnlstsith
a2 AAE) 98l a2 3 Hast ol AR e It 4 EEmE <l
%t} mixed ANOVAS] 83 2 45284 7 S = A tdA 9] LST 3714 o84S
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a) Low-rise residential area b) High-rise residential area
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Figure 2. Boxplots of land surface temperature by data source at a)Low-rise residential area;
b)High-rise residential area
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Figure 3. Spatial distribution of land surface temperature from a)Landsat 9 satellite imagery; b)ENVI-met

simulation; ¢)Thermal UAV
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Table 2. Pearson correlation coefficients (r) and p-values among three LST estimation methods at the 30 m pixel
scale with building footprints excluded
Sensor pair Overall High-rise Low-rise
P (n=223) (n=106) (n=117)
0.322%** —0.048 —0.141
VI-
Landsat vs ENVI-met (p<0.001) (p=0.626) ©=0.130)
0.570%** —0.020 0.107
L AV
andsat vs U (p<0.001) (p=0.836) (p=0.251)
0.577*** 0.736%** 0.106
ENVI- AV
NVI-met vs U (p<0.001) (p<0.001) (p=0.256)

Table 3. Results of mixed ANOVA and post-hoc comparisons for LST by estimation method and residential area

Analysis Effect F P Effect size
Mixed ANOVA Method F(2, 442) = 1954.21 <0.001 n? = 0.898
Mixed ANOVA Area F(1, 221) = 285.78 <0.001 n? = 0.564
Mixed ANOVA Method x Area F(2, 442) = 39.96 <0.001 n? = 0.153
Post-hoc Landsat vs ENVI-met - <0.001 g = +4.876
Post-hoc Landsat vs UAV - <0.001 g = +2.680
Post-hoc ENVI-met vs UAV - <0.001 g = —1434
HIRE 724 daew, 52 F44 7% W ] 78l wE ti¥lE A4sh] fael 30m
oM AA 3 F3E o] dAFS oJneiA] AS Y 992 A EAHEA (mixed
geth we FAA fEE FEG £ ANOVA)ES 8IS th(Table 3). 4 23}, 4
U 3 A S Wrkete Wl B A = W, FAA 79, aela 29 Beaeol
gatet RE EAACE fofd Aoz ysyd
THRHoz, A= W F FHH LST £x (p<0.001).
e dA = FAA fFrEol wet 27 DRt WA, A el FEIAE folstAl vehd
, 3] =T 7R o|A ENVI-met¥®} UAV 7t (p<0.001), ¢ 30m A AT LST ¥

FIH‘

71] [ 22 3 L R A R e e
GAM Hrld= &858}
Al e w2 ﬂﬂ]ﬁ LST oy 57

T ztelo] Aole gHAI7} St
F7HoR E@AA AR
(mixed ANOVA)S 783} Th,

3. M= 24 3 FHA| 70| MIE XEH2T

Al 7] oz Ak

LST®] zfelet 7

[e]

T ol A i wet tas Elskith
(N?=0.898). °o]= A LST H%E 3 °F 90%7}
Wi el ztol2 AWE S oulatH, Al Wy 1t
A LST 5 zto|7} mf ¢ Atk A B
ot W 7+ A¥w 23 Landsat¥}
ENVI-met b Zpel7b 71 A Yo
(g=+4.876), Landsat®} UAV Tt & Z}ol7}
2015 A THg=+2.680). WFH UAVSE ENVI-met
Bl e 2o aAY)(g=—1434)7F Y
B}, UAVZF ENVI-met 2.0 Awtd o2 o =
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Table 4. Simple effects of LST estimation method by residential area type: mean differences (°C) and effect sizes

(Hedges g)

Sensor pair

High-rise (n=106)

Low-rise (n=117)

Mean diff (°C) Hedges g Mean diff (°C) Hedges g
Landsat vs ENVI-met 15.05 7.984 13.1 4.588
Landsat vs UAV 10.37 4.356 6.34 3.332
ENVI-met vs UAV —4.67 —1.578 —6.76 —2.047

STE At&Eshe A%< Eith o8e 2

7t nFFANEG o =& Bt LSTE HS
th. ol FAA FYPeRE LST WFe o
56%5 AR T + de= dvletH, A I
Ae) 7k @l Al Gl FEE Ko
=

A
n?=0.153). o]+ # &2
ol A7|7} AbE Wl whet th27] e
ojwjgitt Fs a8 g FAARI HE vt
otal7] ffal SR A4S TP THTable
4). A A, Al B BRRA ASFAATL
ASFAAEG =& LSTE B oy, 1 #fo]
o Z7]= Wl wet FEleh 9ty UAV
oAME AF-1F IF Hit #o]7} 5.5°C(37.4 vs
31.9°C)2 7F¢ 3A Jvehd whH, Landsatol A
E 1.9°C(43.6 vs 41.7°C), ENVI-meto]x &
3.3°C(30.4 vs 27.1°C) &2 JA o2 A ek
Wth ol UAVZE dald e #5% 53 74
A 8 2 484t & 7P vigkshAl 22
shS AJALShH, Landsate] w2 337t s =<t
ENVI-met?] AlEold E4o] FAA #3

38,

2 FA Yehhlandsat vs ENVI-met: high
g=+7.984 vs low g=+4.588), LZF7 Ao A Al
Al W] wE LST 84 ztol7t ¥ F=84
= gl

2331, mixed ANOVA Z3e= Al 714

6 -
9 ol Gt

2 d7e 13 A F FAA #3d
A Al ERY WHoR EEF LSTY BE &
A3 B b Aol 2 Hlwatglth A A3, F
I AFE 21 B Y v BHANE FE
el we} LSTS] Hat 53 £X Fo] 2
A ggtor], g3t X el fAHd =3
FAA FEel wet ol YekEth e
LST #t& a4 A 2% Wl &4 543
B3 A= Aol S A 1A S Fovt s
& AARIT Al ol AkESkE LSTe £F
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AW EEENVEmey), A4 #5 f8 54 &
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(Jiang et al., 2025; Elfarkh et al., 2()23)
3}, 123 A Fgtol T Jehje 4
X Fo| th& A vlef A &4

A% LST WEAol =7 gdd 4 rkSong
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Figure S1. Land surface temperature at original resolution

Table S1. Spatial resolution and acquisition setup by method

Method Spatial resolution Acquisition platform / software
Satellite data 30m Landsat 9
Microclimate simulation 2.0m ENVI-met

DII Matrice 210
FLIR Zenmuse XT2

Thermal UAV 19.0cm
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Table S2. ENVI-met model configuration by residential type

Parameter Low-rise residential area | High-rise residential area
Grid resolution X,y :2m [z :3m
X : 221 (442m) x : 159 (318m)
Grid dimensions y : 211 (422m) y : 172 (344m)
z : 30 (90m z : 52 (156m)
X a o i
_.~’s“¢:.’ =
BT A
B OGRS T T
AR
A T,
AR
RN A
DEM, o g‘.‘ ‘.’ RS S e
1 KO ,B.G’é. Q’Q’O.’.“|l
bildings, | | S S A
and 3.00’“’ .:.‘z.:.:.} “:“‘-
vegetation st.i',’o}’&‘é' ‘0:0 ¢
0%, """ %
’0 ’0 () 'o”
S o
wets ¢
. I | |
Spatial 2.60m 23.40 m| 3.00m 27.00m
model
(2D)
Surface
cover
Ground surface types are indicated by color: orange for soil areas such as planting
beds and parks, black for asphalt roads, and gray for other concrete-paved surfaces
DEM,
buildings,
and
vegetation
Spatial 2.60m 23.40m| 3.00m 27.00m
model
(3D)
Surface
cover
Ground surface types are indicated by color: orange for soil areas such as planting
beds and parks, black for asphalt roads, and gray for other concrete-paved surfaces
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Table S3. ENVI-met simulation setting parameters by residential type

Parameter

Low-rise residential area High-rise residential area

Meteoro
logical
inputs

Date

June 22, 2022

Simulation duration

9 hours (from 6 a.m to 3 p.m)

Wind speed (10 m
ab. Ground) [m/s]

L5

Wind direction [°]

220

Range of air
temperature [C]

220 - 32.6 (from 0 am to 23 p.m)
222 - 32.6 (from 6 am to 3 p.m)

Ranger of relative
humidity [%]

48 - 96 (from 0 a.m to 23 p.m)
48 - 95 (from 6 a.m to 3 p.m)

Temperature [°] and
Relative humidity
[%]

N N w w
()] o] o N

Air temperature (°C)

N
Iy

22

Hourly air temperature and relative humidity

ATy Air temperature —=~ Relati umidity
\

- \

ANIP

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour
Light dashed vertical lines indicate the simulation input period (06:00-15:00).

Relative humidity (%)




