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ABSTRACT

The modification effects of street trees on outdoor thermal comfort in summertime according to tree planting types
and road direction were analyzed using a computer simulation program, ENVI-met. With trees, the air temperature and
wind speed decreased, and the relative humidity increased. In the case of mean radiant temperature (7;,,) and human thermal
sensation, physiological equivalent temperature (PET) and universal thermal climate index (UTCI), there was a decrease
during the daytime. The greatest change among the meteorological factors by trees happened in 7., and PET and UTCI
showed similar patterns with 7., - The most effective tree planting type on thermal comfort modification was low tree
height, wide tree crown, high leaf area index, and narrow planting interval (LWDN). 7., PET and UTCI showed a large
difference depending on shadow patterns of buildings and trees according to solar altitude and azimuth angles, and building
locations. When the building shade areas increased, the thermal modification effect by trees decreased. In particular, results
on the east and west sidewalks showed a large deviation over time. When applying the LWDN, the northwest, west and
southwest sidewalks showed a significant reduction of 8.6-12.3°C PET and 4.2-4.5°C UTCI at 10:00, and the northeast,
east and southeast sidewalks showed 8.1-11.8°C PET and 4.4-5.0C UTCI at 16:00. On the other hand, when the least
effective type (high tree height, narrow tree crown, low leaf area index, and wide planting interval) was applied, the
maximum reduction was up to 1.8°C PET and 0.9°C UTCI on the eastern sidewalks, and up to 3.0C PET and 0.9

UTCI on the western ones. In addition, the difference in modification effects on 7., PET and UTCI between the
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tree planting types was not significant when the tree effects were reduced by the effects of buildings. These results can
be used as basic data to make the most appropriate street tree planting model for thermal comfort improvement in urban
areas in summer.
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AFE Algdold T2 ENVlmets £-835te] o532 & Wt 7125 A g 2A37He] 487
M ZHE FASATE 75 AR Al B AIZE E9Ee] 7123 FES A AUFEE ST WA EARE 9}
Q17+ @374 A4 PET(physiological equivalent temperature), UTCI(universal thermal climate index)= 35 A& Al ZAshe
A% BT 5 A2 A 7P 2 WsE Bl 71 A Y SARE R, PETSF UTCI W8 B3k 5 AR R 9t
ARG SRS Btk 7P & AR EAE B FEAATHE S0 W, "r’)f"‘—c’] 13, JAHAA T 5 FEE
F2 LR AAlee AIUE LLWDN)H T H 5 A2, PET, UTCIE B o] IE B W) 9h 289 9x]of &
TI-A 4 2400 wet & xpelE Blow, g o3k Bl A |A] Algte] & % —/F%"ﬂ o3k Fo] =T
53], 5% A5 BroAe A Az A & xfelE Atk 7P ARE I & F54A Alue] 291 LWDNS

E AAAE W AS e fA BA, A, EAS BEE 2 AL 10:0000 "EO] sl 745l Hs] PET
8.6-123C, UTCI 42-4.5C, &5 LHd 9IAF &F, 5, 955 Hec &% AZH2 16:0090 PET 8.1-11.8°C, UTCI
B

5 ,
44-50CE 2 AZadE Bch v, 7P A7
FES Y 1HHo= 4 A7

PET 3T, UTCI 09T ©]3l2 & Agaxs B T3 A& 23k %%kﬁi 13l ?H"mcﬂ R AVJEHOH:
FEAA A L 7F HFEALZE, PET, UTCL A& 3e] o7k 34 @9ttt o] AtAde 7125 AA] Al 534
TA 937 AZS 93 Bd Aol 7| ZAREA 8715 Zlojth

BHT AT

FAof: QT FHAGA T, AT FAHY, AFEH ) Y, v]7]P, EA]E

1. M& S ZAEE019 Hol o3t BiYEAIUA F4 14 S 3
e SRHE =AU A] & %k Z7h, 2) & FxEl 9
Ak FA G7 AA D AR 2 Vet 3438 £A5} 3k SFs AR S (sky view factor, SVF) el @& A5
Z Q& oy FAFEC] olgrshE L Sinh 53], AFds Al At | R] W2 Well[A] el A] 248 (trapping) $40.2 Q1gh
AFE F5 2A7KE &3] S71= Qs A A< 7] AFEA IR S5 271, 3) oluA] $580] B HE
24 wEE, A AsEI dE A W €379 A, EAA ol 2] 3t H] Y-8 (specific heat capacity) S7HE
o}gl= Ql7bl A o] & A&h(heat illness) T EZ APLE o (sensible heat) W& 27}], 4) BESA] T4 o8 Zut
Z 92 v tHKovats and Hajat, 2008). o7& EARIE Ab AL AR [ (latent heat) WEF 1A, A8 WEF T
o] ko] A ofslE olofAl L, 7t H7ke] AR E A& TtelA 3l 7H, 5) BHE ¥ X8, AFE Tl 9 T5 A7 oF
o} s|dslof & 7Hg T8 FAE T 3 /R 2] Fa S T3 G A7) TR AE dE WEY
Atk Aa, AFEAUA W25 T2, olejdE JulHoR &
TS G3e EA Y] FE(FRE, 95 5o b HE & Qe ofgh AE Akl W - b Sof] ofal] B EE QE A
A A 7L I FALAEY oA S5, WAL WEEE o1 G| A (artificial heat flux density) 3= =7}, th7] L
59 E8179l 29lo] 2, 1 Ajolo] wkg} 7k g7kl A Aol oJst t)7] F AFEAIAA WEE S71 58 U=
He ddlux|e] o7t w2 mEto 7 LAIFAIA Y B otk olget BN ASFE, 5 5 B9 718k
o] 9] ZWAYHT & GollURE Hol= YUds o3 gJejet B4 AA So] B4 730 lojA 23k 29l9]
7o) Ae)d = AtHOke, 1982; Stewart and Oke, 2012). 1) 29e ¢ 5 du
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TAY] 7)8kEHA pzeAM Y] T E WIS AR S 29 Hop 7)12AQ) to| =g AXE 4= ek dAT 7 B4
ol AZd] wig g3 Ao 9o} Ali-Tourdert and ol o] 9ol me} o] 71 F2] Bt R2 k] i)
Mayer(2006) 9] S1FolMe AFE AEIAE o4 2+ M(5Y Zglo|R2F - il ML) 4 -4 Wk &
T2 Wy F3ue) nE A9 434S Hrieilon, 9 o A G5 vk B4 A=
Uo7k =20 A& vty 7x, FALE § AR Tzt ole] & Apo e IH AFEF 2 oz 2yt
o19] gk T £ h Ali-Toudert and Mayer, 2007). M9 5 A e W2 I A7 §3E vy, 71
Lee et al(2020)9] AFelAME T-A W Z=20 sl F3F Ao ©F W] 4E 7% 55 A ad tiEiM: &
Z&o| M 7], JHFEALE, PET(physiological equivalent 23] BA} stk
temperature: Hoppe, 1999) 2] Afo]& £3589tk Middel ef
al(2014) 9] A= LCZ(local climate zone: Stewart and Il. oiHHH
Oke, 2012) E-FAA] 02 A& 445t 2daS 53
AL BAEAT, H|%e W0 Z Lyy ef a/(2019)2) A 1. 7 CHAMK
FolME LCZ BFAAl we ¥7-& #Aska Rdys 5
al ©A ZHee) vzl £ sl SVERS mz1E 84 B AT AFEEAAE AAEA BA vigdg 7122
Afole] ARBAE BAFE S0 A1y AdiEo] 9ot wak A ARIE st AT AFEE S Hdt 9
olEe EAEA YolH AZS e £Ee) dA7 &3 BY AR HOE FAWNFTE F 2UHE71F(cfa) o s,
(Lee et al, 2016: Jo et al, 2017), ATE 28-S 58 2] A 2 5 ol sl WEA el vl LAt
Felol w2 gy Adaz B4 (Morakinyo ef al, 2017, A3, 7123 55 Eon, F40] 74et o] k. Ui
2020 Park ef al, 2019), AFE 29 T 2 24 24 A AFIRAE FRIs FHLE G5 Skl FaEA
W Q8 v W& (Hyun, 2019) 5 520 938 984 AN 9] A& welrk
3 BNy, Bxslele, 2Rk 9484 NAS 9 71FARE A7) &) MAEA 3% AxE A4
G FEAA PPES ANSTA S ATE B3 Oogsd BF(AS0S) AES] 200095 201997 SHE ARE
A o)A gkt ASIATH Table 1 #2), 342 virte] o R 3t 23~25

Qe N BHANS) AFE RAYS B3 24 Aol ms'Z UAHOR YFHTE A vedth 3 3 A
ek d7e T2 A F7he Wders 2 7 37 74 A diell= a5l gFor FrMFol Bol Bolon, JeEde
Uglos rdasle] gigAe] tist HA9] wore 2= wer  BE3e] 9¥] & AR et Figue 1 35). ¥ AU
02 A7} R8s} ek Teshnehdel ef al, 2020: Lee and ol &l X3 depate] PO AFe] Bojo} T2
Mayer, 2021: Mohammad ef a/, 2021). }A|F o83 A& 530] B0l AR Ueth d8dde dd7)Rol ¥
o 27 GPHOE Q8| FB B A WA So) g & AT 258, ARkl 43CE W] 15CE Agrow,
I ABsE 5 Qo] AR 99 Ao W FuAEE A EFEAMNE Ht 838%= w3 i A7 Y] Hgatel=
geal=t 347} Aok olzlat B-A Park ef a/(2019). 4%%5ke) YA Fte), HaESolMe F74 26 ms’, okt 20
Morakinyo ef al(2020), Lee and Mayer(2021)¢] AF-elXE ms'2 H 23 ms'E YERATE S U Az ol E A
AEF A FAO glo FH FIHEIH]: AE o]} T2E Fol R 2R3 W ATiels 5EEel Boles A=
o) Hl&) S Yeslel, £2 FEl(a, Ask FRE AY dehEt
i) o A7 o] $HE T Wl $5 A glof A7 W] 7HZEZe] e HHE HEARYE LA

Table 1. Mean seasonal climatic data from 2004 to 2019 in Seogwipo-si

Air temperature(C) Relative humidity (%) Wind speed(ms™)
Season Daytime Nighttime Mean Daytime Nighttime Mean Daytime Nighttime Mean
Spring 163 135 149 64.2 68.7 66.5 2.1 2.1 2.4
Summer 258 243 250 818 85.3 838 26 2.0 2.3
Fall 212 181 197 65.3 715 68.4 2.1 2.2 2.5
Winter 94 72 8.3 59.5 6.2 62.9 26 2.1 2.3
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* Daytime in summer d: Nighttime in summer

e’ Daytime in fall f: Nighttime in fall
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Figure 1. Windrose maps of seasonal daytime and nighttime from 2004 to 2019 in Seogwipo-si

Agets A5 B2 ARE &8t AR, AFE
RAAE W 7P EAEE ol KR AR, AT A9
= SR B8 3 A3 Folg ZARIEeH, 72 4
A7E7Fe s Ao TR el BEot e RRRs o
22 SAwAM S Agsilth. w443, oA W 21m, 25me
R 227071 B S AHEL glen, /I dE
ol 12m Wele] 35 A=l 7MY Wl AXE slo& 24}

=0k

7+ 9873 A4 (Human thermal sensation)

gSA W F7H R ol 2AdE el
i3l A7k EFEAE E87 WUt Fod Axey
4 UK Coccolo et al, 2016). oz F3) A A (thermal
comfort) o2}l &= ARE F#stetr] A% 82 2047]
HE AIAECH, 1930 &= HEE QIAIG FH e elA
o] d w3zAE-S 73 2do] 7uE %l 7("2-node-model:
Gagge, 1936), 1970 <17+ &3bd Ao 7ol He
PMV (predicted mean vote: Fanger, 1970)7} 7t=)ich &)
A AAH e de] AMET Y= PMV, PET, UTCl(universal
thermal climate index: Brode ef al, 2012a, 2012b),
COMF A(comfort formula: Brown and Gillespie, 1986) S3 7+
HIAATES A7 YA #3 29 (human energy balance
model) & 7IHEO.Z AT QI7F oA #3 Fdlo]g QA

4 AR A 50U 25024 4Y)

, 3}+4 (thermophysiological) & & ¢17}e]
e 94wk 28] Ys Rdolth(Eq. 1: Park,

& Jo

ofo
X
>, o
QL
2
ne
>~
ACH
ol

X

M+R+L - L+ C+E+C.+E+H=S (Eq. 1)

M- ARG AL AR (metabolic energy), % SlAlol] &4
5 B EALol| 1] (absorbed solar radiation) S )w|ahH, €}
% ZALEA (direct beam solar radiation, Ap), AFE T &
Fol o3l 71 AA] ¥ dhsol Hole ¥7Hsky view factor,
SVF)elA AR S5EE Bl #ARA (diffuse beam solar
radiation, A7), 18|13 ZFE(solar radiation reflected by
buildings, &) * §=(solar radiation reflected by trees, Ay *
A W (solar radiation reflected by the ground, A,)olA WAL
o] Sy gjok whabaA (reflected solar radiation, A;) 2
2 AN L2 A FFEE ATEARIUA] (absorbed
longwave radiation) & €739, 3k 3%Hlongwave radiation
from the sky, Z,) - A%E(longwave radiation from buildings,
L,) - &= (longwave radiation from trees, L) + A1EH (long-
wave radiation from the ground, Z,) ol WEEo] AAZE &
FE = AFFARIUAO] Y, L= QAN FH o= W
25 AFEAIUA (longwave radiation from a human
body surface)olth C= <A Tz T E71¢) & Z}o]d|
oJg] WAEh= €Y (sensible heat flux density), A= A &
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+ 4 (latent heat At #d 249l MEMI(Munich energy-balance model
= ¥dY 52 388 for individuals: Hoppe, 1993) & 7]Hto 2 AAEY, ©HoE= &
Teoty, H= AEE(conductive heat S(0)Z 395, PETA thet € A4 £/e JHHA2 +&2

g
flux density) oIt S= ASH LR 919] o4A] dgo] o] Fof & 4 Atk Matzarakis and Mayer, 1996). UTCIE SA1A % 7]

2 & olAol] G YR FS gulshn, S Fho] 9H(+)9 2+8}3] (International Society of Biometeorology, ISB)ollA
#old wWi:gh o, Wi v 59 AR T dAE vE AAACE HHslete] 48 7hget A2 A5 Mt
W, 5(-) 9 gold MEE, F2, if F% 59 HAE U Qg Z2AE o) /WL UK Blazejczyk ef al, 2013).
ERdch(Figure 2 32). PET, PMV¢} Zro] oi7] 3 RdS 7|uto R sy A%,

2 AFAME A AAA SeF7he] Q17 E3H A6 A5 2EE 7o s FA E Az giet oSe] 7hsst
71 ol o145 PETS UTCIE E3) A9 43S & Uz & 2do] AL th(Fiala ef al, 2003: Brode ef al,
A59th PETE € A ZH(thermal perception) =S U} 2012b). UTCI 99 2=(T)2 EdHH, 9 ~EgA

Aol A Q1Ae] A Wk 2ol thal] AAA A

AZ ¥ 4 Aok PETS UTCIY] € A7 8 & 2Eg 2~

U

7] 918 AR, 9A 7iEE PMVel 284 Fanger(1970) ¢l (thermal stress) EAE FACE 7= gl e, UTClE 10%
_]?_
e

K5
o g A Bekate] Hop AFHQ o Fo] Thedt S Table 29 2tk

_—
€~ . ‘
L L
a: Human energy balance model(human thermal exchange model) b: Human radiation exchange model(from Park, 2012)

Figure 2. Energy transfers between a human body and its surrounding environment

Table 2. The thermal perception and stress levels of physiological equivalent temperature(PET) and universal thermal climate

index(UTCI)(Jung et af, 2016)

Thermal perception PET(TC) UTCI(C) Grade of physiological stress
{40 Extreme cold stress
Very cold (4
-40~-27 Very strong cold stress
Cold 4~8 -27~-13 Strong cold stress
Cool 8~13 -13~0 Moderate cold stress
Slightly cool 13~18 0~9 Slight cold stress
Neutral 18~23 9~26 No thermal stress
Slightly warm 23~29 Slight heat stress
Warm 29~35 26~32 Moderate heat stress
Hot 35~41 32~38 Strong heat stress
38~46 Very strong heat stress
Very hot > 41
> 46 Extreme heat stress
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2) ENVI-met

1) 7] % (microclimate) oA e 8374 H7he A53% H5FH
Rdg 5& Fated, A AFEQD gl Bk 3
ok IA FARAL AR B 34 5 A5 T
ZHe] EA] 7] E el glo] FE ARGEIUTH, Al7ko]
Al wE} 7lEd ALY SR A BdEYs §
u]7)5o] th3t o] WA 3 T Toparlar ef al, 2017).

EBM(energy balance models), CFD(computational fluid dyna-

mics) 9 2 FARDL B GRS /1E

ol v, N2 O Fee] B Ak
% glek. =3, 24480 th u
A gl Hs), A4 3

AC)
]-o
i r
=
=2
g

%

o

A oA 7V} “LO] °l*‘lﬂ7 = CFD Ed¢l ENVI-met
Version 4.4.5(https://www.envi-met.com) & &-&389HLen
zholzer and Brown, 2016: Lam ef al, 2021). ENVI-met= &
b FAskE FEE 2 35 AR, AEA g B

] W3S X3sh= 33 114989 (non-hydrostatic model)

2 05~10m®] I E(grid) HFEE £40] 7Fs3tth(Bruse
and Fleer, 1998). & A+= ENVI-met A& o]AS 53] Al
AR HlolHE &gt £A4E AgsiGinh B Aol oA
AT OFAR AAZAA ] ENVI-met AlE#0]A¢] A5

Table 3. Weather input data

& Ads) S8l ASAE 9 ENVI-met A& 014
SPSS Version 245 ©]-8-3to] v w3} th, 20159 S5& A
!

7%—7
oq Z
NN 29 7125 AZAE (o ef al, 2017)E &
Ae 783
q

1,
£ & o

of

ole] g ENVI-met A1 BI04 23tske] 4a4€
o] ool 8] ENVI-met A1§ 1014 Aol o 454
kst

KN
=

-

tlo o

71} 8 Ase AP 712, SR, i 55 2 Y
e SEoIdh A Ve AAEFEAEE 95 Bt
3 7P AR A Hagks B9l 2004 69 3099 7)1
EE &839tHTable 3 #%). T&3} Z3FS ENVI-met 9
GEA715E ARt 27] gl & R 1AH7] 9
£o, o234 HF £59 23 ms'9 7P B2 WEE Hel
HAS(225°) 02 AT

SAREAEE 9A A AEE v E Zo] 100m,

= 25 (X}E 15m, EE bm x 2) 2 AAsIH o, =29
FEolle =] 12m, F 10me AES wixskdth(Figure 3 %
Z). 3YEAR 8 29 S GEAIAA WA
(reﬂectmty, albedo), A TFEALN A HARE: (emissivity) ]
A eIA 2AE Park(2012) 9] AHEE S8-3to] A3t
(Appendix A). 24 HAEE1 x 1 x ImE #4] F7 9=
02 3m9 9F ¥ Fol x x y x z = 51 x 106 x 30m=
AAs) F3ATh

Time Air temperature(C) Relative humidity(%) Time Air temperature(C) Relative humidity(%)
00:00 237 79.0 12:00 279 710
01:00 233 82.0 13:00 282 67.0
02:00 232 82.0 14:00 281 69.0
03:00 236 780 15:00 285 67.0
04:00 22.5 810 16:00 217 68.0
05:00 22.2 8L.0 17:00 26.5 73.0
06:00 22.3 80.0 18:00 264 73.0
07:00 24.0 76.0 19:00 254 79.0
08:00 254 76.0 20:00 24.5 84.0
09:00 259 750 21:00 24.3 86.0
10:00 26.5 74.0 22:00 24.0 83.0
11:00 271 720 23:00 235 84.0

Wind speed : 2.3 ms’

Wind direction :

225°
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Building Building 12m

Sidewalk Road Sidewalk
(brick) {asphalt) (brick)
| p—
i5m 15m i 5m

25m

North sidewalk

E-W Street

South sidewalk

yemapis 153
Jlemapis 3seg

189343S S-N

Figure 3. ENVI-met simulation area input data

Aeted 88 9¥S sty 5] /P E v 3
o ¢Jgt 15 FAolth 7tEFC] IE P slo] T8
EEAL ol AFE Faste u, FAE, JHAATS
o] A7 47HA 84 E WgE AAs At Morakinyo ef
al, 2020: Lee and Mayer, 2021). Z <ol i3l =X]& Jo ef
al(2017) oA AR AFE | 7E25 ARE st FiL

LAI[leaf area index(m’m®) 12 2+ 15, 3.09] 3+& A48k
ok 59 A AYE 8m, 12m 7o A ] = 1679
FEAZYAGZ L5 A HTable 4, 5 %), =2 ¥+
< -5 E5-2A, T4 BA-EE £ oY weez A
Aot FEAAUE L FA F 64719 Al o] tisl
Algd oS Fsstsith

FEA 540 tig 7= golg L) o & 59,
Fa7b WA(6m), FHEo] Wi(9m), FHAAFIE E=A
(LAI 30), A&7l F& 7%%(8m), LWDN(low, wide,
dense, narrow) &2 %7131 tH(Table 4 %), ¥HIZE 437}
E7(10m), o] F1(Tm), GHAASF7F $L(LAI 15),
277440 We 79-(12m), HNSW(High, Narrow, Sparse,
Wide) 2 271819t ZF 91318 Ro] §x]= w3l =28
TAHOE ato] Wk et F7181%ch(Figure 3 #5).

3) A3t 24
ENVI-met AB#oI4S o) 2 Aleled B $209)
718, AGE, B4, HFEALES PET, UTCIS] 392

Table 4. Spatial input data variables

Variable
Aspect rati H/W = 048
SPECLTAYO 1 (1oad width = 25m, building height = 12m)
N-S(0°)
Read NE-SW(45")
Road direction
E-W(90°)
NW-SE(135°)
6(low)
Height (m)
10(high)
Crown 7(narrow)
Width(m) 9(Wide)
T
ree Leaf area 1.5(sparse)
index
(LAL m’'m™) 3.0(dense)
Planting 8(nan'oW)
distance(m) IZ(Wide)

Axrste] v watdth PETE ENVI-met®] BlO-metE ©]&
& Alakslden, UTCIS 79 BIO-metE E3ll AlAt Al F4
o] 03 ms' olalY A5 Bergd ghe Hol F7bel U 7
7149842 &-83t0) RayMan Pro, Version 2.2(Matzarakis ef
al, 2007, 2010) ZEIIHE o]g3 ALkl FoTh BE Ade
APgell A 15m Eolo] tisiA #AS o, s T 7+
A d3ES Zhe A7l 10:00-16:009] ARE A8}
Atk BAAALE GA 4HAR 1) F2o] 9l A H7k 2)

SHRAZZSRIR| K 50U 25 (202 4%) T



Journal of the Korean Institute of Landscape Architecture 210 QUSSP - ZAOE . Hipd

Table 5. Tree planting variables and abbreviation

Height(m) Crown width(m) Leaf area index(LAI) Planting distance(m) Abbreviation
8(narrow) LNSN
1.5(sparse)
12(wide) LSNW
7(narrow)
8(narrow) LNDN
3.0(dense)
12(wide) LNDW
6(low)
8(narrow) LWSN
1.5(sparse)
12(wide) LWSW
9(wide)
8(narrow) LWDN
3.0(dense)
12(wide) LWDW
8(narrow) HNSN
1.5(sparse)
12(wide) HSNW
7(narrow)
8(narrow) HNDN
3.0(dense)
12(wide) HNDW
10(high)
8(narrow) HWSN
1.5(sparse)
12(wide) HWSW
9(wide)
8(narrow) HWDN
30(dense)
12(wide) HWDW
o] gle 745 A WskEr 3) FEAA AlURE o CHTable 6 #x). 352 As BE 24F 9% T304
A7 4) 20 AR A ATES EAA AR Aol sl Ao Yot
ENVI-metE 43 Adfolre] 7t 4 AFGAFE
I ?_:I?'yadzl' gé __'L-I' B 7129 A% = 063-099, ANEE £ = 076-097, =
& F = 01-082, HHFEALE £ = 00625-0997, PET 7 =
T — 0779 @& Eses, UTCll W@ B% A st
(Appendix 2, Lam ef al, 2021). AYAFE2] A9} v)ws
SPSS9) o= AFAEA (bivariate correlation) WHS o]& Rg ul, AAZEANAM L] A= AUGES) F452 VA YEl
ato] 712, AdEE, 5, HHFEARRLE, PET, UTCIOl s SO 712 HFBARRE - PETAME A8 A4E3 vl
RBEAE DAL 7 0ol B ARARD) e 7] T 4 AFE NS UTCIe) ASE Hwd & e A
© = 0T, AUSE £ = 04%, B4 £ = 0006, B A D77 URAR B 24 A3 51 S AR %8
2% 2= (52 PET 7 = 0594, UTCL 7 = 074302 Ueht Btk JHEE o dAd AAZAIA ] ENVI-met A&

Table 6. Correlation analysis between measured microclimatic data and ENVI-met results

Microclimatic elements N pvalue r(spearman’s rho) 7
Air temperature 15 0 0861 0.741
Relative humidity 15 0.007 0,660 0436

Wind speed 15 0.868 -0.189 0.036

Mean radiant temperature 15 0,002 0721" 0.52
PET 15 0.001 077" 0,594

UTCl 15 0 0862 0.743

“Correlation is significant at the 0.01 level(2-tailed).
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Figure 4. Mean microclimatic data by the location of sidewalk
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Figure 6. The mean reduction in microclimatic data with planting trees [the red triangle is maximum reduction among scenarios(LWDN: low
tree height, wide tree crown width, high LAl value, and narrow planting interval), the black souare is mean of all scenarios, and
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Figure 7. Continued
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AR - ZAGH - UAT
Appendix 1. Characteristics of surface materials in ENVI-met simulation
70 Roughness length(m) Albedo Emissivity Surface is irrigated
Asphalt road 0.01 0.08 097 FALSE
Brick road(yellow stones) 0.01 0.2 097 FALSE
Concrete pavement(gray) 0.01 018 0.96 FALSE

PET between ENVI-met simulations and observations

Appendix 2. Overview of coefficient of determination(/) in air temperature, relative humidity, wind speed, mean radiant temperature, and

?
Reference City and country ; :
Air temperature Relaltlye Wind speed Mean radiant PET
humidity temperature
Acero and . .
Herranz-Pascual (2015) Bilbao, Spain 0.1024 0.49
Biqaraz et al(2019) Lar, Iran 0.68—0.94
Chatterjee ef a/(2019) Kolkata, India 0.791
Chen and Ng(2013) Hong Kong, China 0.6149
Chen et al(2014) Freiburg, Germany 0.0625
Chow and Brazel(2012) Phoenix, USA 0.86—0.92
Phoenix, USA
Chow et al(2011) (1 m height at 5:30) 047
Gusson and Duarte(2016) Séo Paulo, Brazil 0.85—0.92
Hedquist and Brazel(2014) Phoenix, USA 0.68—0.94
Janicke ef al(2015) Berlin, Germany 0.95
Katsoulas ef a/(2017) Arta, Greece 08-09
Kriiger et al(2011) Curitiba, Brazil 0.7
Lee et al(2016) Freiburg, Germany 0.86 0.77
Li and Song(2019) Seoul, Republic of Korea 0.69—0.88
Lobaccaro ef al(2019) Bilbao, Spain 0.89
Lopez-Cabeza et al(2018) Seville, Spain 0.84—0.99
Middel ef al(2014) Phoenix, USA 0.97—0.99
Ma et al(2019) Fo Shan, China 0.7664—0.9813 {0.7307—0.9001
Ma ef al(2019b) Taizhou, China 0.7469—0.9693
Morakinyo et a/(2017) Hong Kong, China 0.79—0.81 0.69—0.74
Morakinyo ef a/(2019) Hong Kong, China 0.76
Miiller ef al(2014) Oberhausen, Germany 097 097
Ng et al(2012) Hong Kong, China 0.63
Park et al(2014) Nanaimo, Canada & Changwon, 056
Republic of Korea
Piselli ef a/(2018) Perugia, Italy 0.74 0.9216

18 35I2XEZ5|X| M| 50 25 (20224 42)
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2
Reference City and Country Air ternperahure Eﬁﬁg@ Wiz speed l\t/[;;nperriiargt PET

Qaid and Ossen(2015) Putrajaya, Malaysia 0.6

Salata et a/(2016) Rome, Italy 0.91 0.96

Sun et al(2017) Beijing, China 0.78—09
Taleghani ef a/(2015) De Bilt, Netherlands 0.64

Tan et al(2015) Hong Kong, China 0.997

Wang et al(2015) Assen, Netherlands 0.88—0.89

Wang et al(2015) Assen, Netherlands 0.88 + 0.05

Yang et al(2013) Guangzhou, China 0.94—0.96

Yang et al(2018) Bedok, Singapore 0.95—-0.99 0.74—0.96

Yang et al(2019) Xi'an, China 091

Zhang et al(2018) Wiuhan, China 0.71-0.89 051-0.71 0.89

Appendix 3-1. Mean air temperature according to the scenarios(in parentheses, mean air temperature reduction according to the scenarios).
The scenario abbreviation refers to Table 5

Scenario North South Northwest Southeast West East Northeast Southwest
No tree 30.7 310 308 29.8 311 30.0 295 297

LNSN 305(-0.2) 31(0) 30.6(-0.2) 29.7(-0.1) 31.1(0) 299(-0.1) 29.6(+0.1) 30.1(+04)
LNSW 306(-0.1) 31(0) 30.7(-0.1) 29.7(-0.1) 31.1(0) 29.9(-0.1) 29.6(+0.1) 30(+0.3)
LNDN 30.3(-0.4) 30.9(-0.1) 305(-0.3) 29.5(-0.3) 31.1(0) 298(-0.2) 29.6(+0.1) 30.3(+0.6)
LNDW 305(-0.2) 31(0) 30.6(-0.2) 29.7(-0.1) 31.1(0) 29.8(-0.2) 29.7(+0.2) 30.2(+0.5)
LWSN 30.3(-0.4) 30.8(-0.2) 304(-04) 295(-0.3) 31(-0.1) 29.7(-0.3) 29.6(+0.1) 30.3(+0.6)
LWSW 305(-0.2) 30.9(-0.1) 30.6(-0.2) 29.6(-0.2) 31(-0.1) 298(-0.2) 29.7(+0.2) 30.2(+05)
LWDN 29.9(-08) 30.5(-0.5) 30.1(-0.7) 29.3(-0.5) 308(-0.3) 295(-05) 295(0) 30.3(+0.6)
LWDW 30.2(-0.5) 30.8(-0.2) 30.4(-04) 29.5(-0.3) 31(-0.1) 29.7(-0.3) 296(+0.1) 30.3(+0.6)
HNSN 304(-0.3) 31(0) 305(-03) 296(-0.2) 31.1(0) 299(-01) 29.6(+0.1) 30.1(+04)
HNSW 305(-0.2) 31(0) 30.6(-0.2) 29.7(-0.1) 31.1(0) 29.9(-0.1) 29.6(+0.1) 30(+0.3)
HNDN 302(-05) 30.8(-0.2) 304(-04) 295(-0.3) 31.1(0) 298(-0.2) 29.7(+0.2) 30.2(+05)
HNDW 304(-0.3) 31(0) 30.6(-0.2) 29.6(-02) 31.1(0) 29.9(-0.1) 29.7(+0.2) 302(+05)
HWSN 304(-0.3) 30.9(-0.1) 305(-0.3) 29.6(-0.2) 31.1(0) 299(-0.1) 296(+0.1) 30.1(+04)
HWSW 305(-0.2) 31(0) 30.6(-0.2) 29.7(-0.1) 31.1(0) 299(-0.1) 29.6(+0.1) 30(+0.3)
HWDN 302(-05) 30.8(-0.2) 30.3(-0.5) 294(-04) 31(-0.1) 298(-0.2) 29.6(+0.1) 30.2(+0.5)
HWDW 304(-0.3) 30.9(-0.1) 305(-03) 296(-0.2) 31.1(0) 299(-0.1) 29.7(+0.2) 302(+0.5)
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Appendix 3-2. Mean relative humidity according to the scenarios(in parentheses, mean relative humidity reduction according to the
scenarios). The scenario abbreviation refers to Table 5

Scenario North South Northwest Southeast West East Northeast Southwest
No tree 60.3 589 59.7 63.5 58.5 62.9 63.2 62.6

LNSN 61.5(+1.2) 59.5(+0.6) 60.7(+1) 64.5(+1) 58.8(+0.3) 63.7(+0.8) 63.1(-0.1) 61.7(-09)
LNSW 61(+0.7) 59.2(+0.3) 60.2(+0.5) 64.1(+0.6) 58.6(+0.1) 634(+05) 63.1(-0.1) 61.9(-0.7)
LNDN 62.5(+2.2) 60.2(+1.3) 61.5(+1.8) 65.2(+1.7) 59.1(+0.6) 64.4(+15) 63.4(+0.2) 61.5(-1.1)
LNDW 61.6(+1.3) 59.6(+0.7) 60.7(+1) 64.5(+1) 58.8(+0.3) 63.8(+09) 63.1(-0.1) 61.5(-1.1)
LWSN 62.7(+2.4) 60.4(+15) 61.7(+2) 65.3(+1.8) 59.4(+0.9) 64.5(+1.6) 63.3(+0.1) 61.3(-1.3)
LWSW 61.7(+1.4) 59.7(+0.8) 60.8(+1.1) 64.6(+1.1) 58.9(+04) 63.8(+0.9) 63(-0.2) 61.4(-1.2)
LWDN 65(+4.7) 62.1(+32) 63.7(+4) 66.3(+3.3) 60.6(+2.1) 66(+3.1) 64.6(+1.4) 62.1(-0.5)
LWDW 62.9(+2.6) 60.6(+1.7) 61.8(+2.1) 65.4(+1.9) 59.5(+1) 64.6(+1.7) 63.6(+04) 61.4(-1.2)
HNSN 61.5(+1.2) 59.5(+0.6) 60.8(+1.1) 64.5(+1) 58.6(+0.1) 635(+0.6) 63.1(-0.1) 61.7(-09)
HNSW 61.1(+0.8) 59.2(+0.3) 60.3(+0.6) 64.1(+0.6) 585(0) 63.3(+0.4) 63.1(-0.1) 61.9(-0.7)
HNDN 62.4(+2.1) 60(+1.1) 61.5(+18) 65.1(+1.6) 58.9(+04) 64(+1.1) 63.3(+0.1) 61.4(-1.2)
HNDW 61.6(+1.3) 59.4(+05) 60.7(+1) 64.5(+1) 58.6(+0.1) 63.5(+0.6) 63.1(-0.1) 61.5(-1.1)
HWSN 61.6(+1.3) 59.5(+0.6) 609(+1.2) 64.6(+1.1) 58.7(+0.2) 63.6(+0.7) 63.1(-0.1) 61.6(-1)
HWSW 61.1(+0.8) 59.2(+0.3) 60.4(+0.7) 64.2(+0.7) 58.6(+0.1) 63.3(+0.4) 63.1(-0.1) 61.8(-0.8)
HWDN 62.6(+2.3) 60.2(+1.3) 61.7(+2) 65.3(+1.8) 59(+0.5) 64.1(+1.2) 63.4(+0.2) 61.4(-1.2)
HWDW 61.7(+1.4) 595(+0.6) 60.8(+1.1) 64.6(+1.1) 58.7(+0.2) 63.6(+0.7) 63.1(-0.1) 61.5(-1.1)

Appendix 3-3. Mean wind speed

according to the scenarios(in parentheses, mean wind speed reduction according to the scenarios). The
scenario abbreviation refers to Table 5

Scenario North South Northwest Southeast West East Northeast Southwest
No tree 11 09 1.3 13 09 11 0.1 02
LNSN 1(-01) 0.8(-0.1) 11(-0.2) 1.1(-0.2) 03(-0.1) 1(-01) 0.1(0) 0.2(0)
LNSW 1(-0.1) 08(-0.1) 1.2(-0.1) 1.2(-0.1) 09(0) 1(-0.1) 0.1(0) 0.2(0)
LNDN 09(-02) 0.7(-0.2) 11(-0.2) 11(-0.2) 08(-0.1) 09(-0.2) 0.1(0) 0.2(0)
LNDW 1(-0.1) 0.8(-0.1) 1.1(-0.2) 1.1(-0.2) 08(-0.1) 1(-01) 0.1(0) 0.2(0)
LWSN 09(-02) 0.7(-0.2) 11(-0.2) 11(-0.2) 08(-0.1) 09(-02) 0.1(0) 0.2(0)
LWSW 1(-01) 08(-0.1) 11(-0.2) 11(-0.2) 08(-0.1) 1(-0.1) 0.1(0) 0.2(0)
LWDN 09(-02) 0.7(-0.2) 1.0(-0.3) 1.0(-0.3) 0.7(-0.2) 09(-0.2) 0.1(0) 0.2(0)
LWDW 09(-02) 0.7(-0.2) 1.1(-02) 11(-0.2) 08(-0.1) 09(-02) 0.1(0) 0.2(0)
HNSN 1(-0.1) 08(-0.1) 1.2(-0.1) 1.2(-01) 0.9(0) 1.1(0) 0.1(0) 0.2(0)
HNSW 1(-01) 08(-0.1) 1.2(-0.1) 1.2(-0.1) 0.9(0) 1.1(0) 0.1(0) 0.2(0)
HNDN 1(-0.1) 08(-0.1) 1.2(-0.1) 1.2(-0.1) 03(-0.1) 1(-0.1) 0.1(0) 0.2(0)
HNDW 1(-0.1) 03(-0.1) 1.2(-0.1) 1.2(-01) 09(0) 1(-0.1) 0.1(0) 0.2(0)
HWSN 1(-0.1) 08(-0.1) 1.2(-0.1) 1.2(-01) 0.9(0) 1.1(0) 0.1(0) 0.2(0)
HWSW 1(-01) 0.8(-0.1) 1.2(-0.1) 1.2(-0.1) 0.9(0) 1.1(0) 0.1(0) 0.2(0)
HWDN 1(-0.1) 08(-0.1) 1.2(-0.1) 1.2(-0.1) 08(-0.1) 1(-0.1) 0.1(0) 0.2(0)
HWDW 1(-0.1) 08(-0.1) 1.2(-0.1) 1.2(-01) 0.9(0) 1(-0.1) 0.1(0) 0.2(0)
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Appendix 3-4. Average mean radiant temperature according to the scenarios(in parentheses, average mean radiant temperature reduction
according to the scenarios). The scenario abbreviation refers to Table 5

Scenario North South Northwest Southeast West East Northeast Southwest
No tree 60.6 55.7 54.5 544 52.8 55.5 574 52.6
LNSN 55.7(-4.9) 51.5(-4.2) 51(-35) 50.7(-3.7) 498(-3) 52(-3.5) 54.2(-32) 50.6(-2)
LNSW 574(-32) 53(-2.7) 52.3(-2.2) 52.1(-2.3) 509(-1.9) 53.3(-2.2) 55.4(-2) 51.3(-1.3)
LNDN 52.3(-8.3) 48.7(-7) 48.7(-538) 48.4(-6) 479(-49) 498(-5.7) 516(-5.8) 48.7(-39)
LNDW 55.3(-5.3) 51.2(-4.5) 50.8(-3.7) 50.6(-3.8) 496(-32) 51.9(-36) 533(-3.6) 50.2(-2.4)
LWSN 524(-82) 49.1(-6.6) 48.7(-58) 48.3(-6.1) 47.7(-5.1) 495(-6) 52(-54) 49.2(-34)
LWSW 55.3(-5.3) 51.4(-43) 50.8(-3.7) 50.5(-39) 495(-33) 51.6(-39) 54.1(-33) 50.5(-2.1)
LWDN 47.2(-134) 45(-10.7) 45(-9.5) 44.7(-97) 446(-82) 458(-9.7) 476(-9.8) 459(-6.7)
LWDW 51.8(-88) 486(-7.1) 484(-6.1) 481(-6.3) 475(-5.3) 49.3(-6.2) 51.3(-6.1) 485(-4.1)
HNSN 55.6(-5) 51.7(-4) 514(-31) 51.2(-32) 50.2(-2.6) 52.7(-2.8) 546(-2.8) 50.5(-2.1)
HNSW 574(-32) 531(-2.6) 52.5(-2) 52.3(-2.1) 51.2(-1.6) 53.7(-1.8) 55.7(-1.7) 51.3(-1.3)
HNDN 52.3(-83) 49.1(-6.6) 49.3(-5.2) 491(-5.3) 48.6(-4.2) 50.9(-4.6) 524(-5) 488(-38)
HNDW 55.2(-54) 51.4(-4.3) 51.2(-33) 51(-34) 50.1(-2.7) 52.6(-2.9) 54.3(-3.1) 50.2(-2.4)
HWSN 55.3(-5.3) 51.4(-43) 51.1(-34) 51(-34) 50(-2.8) 52.5(-3) 544(-3) 504(-2.2)
HWSW 57.2(-34) 52.9(-2.8) 52.3(-2.2) 52.2(-2.2) 51(-1.8) 536(-1.9) 555(-1.9) 51.2(-1.4)
HWDN 51.8(-88) 48.7(-7) 489(-5.6) 48.7(-5.7) 48.2(-4.6) 50.5(-5) 52(-5.4) 48.5(-4.1)
HWDW 549(-5.7) 51.1(-4.6) 50.9(-3.6) 50.7(=3.7) 499(-2.9) 52.3(-32) 541(-33) 50.1(-2.5)

Appendix 3-5. Mean PET according to the scenarios(in parentheses, mean PET reduction according to the scenarios). The scenario
abbreviation refers to Table 5

Scenario North South Northwest Southeast West East Northeast Southwest
No tree 433 419 399 39.1 404 40.0 486 433
LNSN 41(-2.3) 40(-1.9) 384(-1.5) 37.5(-1.6) 39(-1.4) 38.6(-14) 465(-2.1) 41.6(-1.7)
LNSW 41.8(-1.5) 40.7(-1.2) 39(-0.9) 38.1(-1) 395(-0.9) 39.2(-0.8) 47.3(-13) 422(-1.1)
LNDN 394(-39) 38.7(-32) 37.3(-2.6) 36.5(-2.6) 38.2(-2.2) 37.6(-24) 44.6(-4) 40.3(-3)
LNDW 409(-2.4) 39.9(-2) 384(-1.5) 37.5(-1.6) 39(-1.4) 38.6(-14) 46.1(-25) 415(-1.8)
LWSN 39.3(-4) 38.7(-32) 37.2(-2.7) 36.3(-2.8) 38(-2.4) 37.4(-2.6) 451(-35) 405(-2.8)
LWSW 408(-25) 39.9(-2) 38.3(-1.6) 374(-17) 38.9(-1.5) 385(-15) 46.4(-2.2) 415(-1.8)
LWDN 36.6(-6.7) 36.6(-5.3) 354(-45) 34.6(-45) 36.4(-4) 3H.7(-43) 416(-7) 385(-48)
LWDW 391(-4.2) 38.5(-34) 37.2(-2.7) 36.3(-2.8) 379(-2.5) 37.4(-2.6) 44.3(-43) 40.3(-3)
HNSN 40.7(-2.6) 40(-1.9) 38.3(-1.6) 37.5(-1.6) 39.2(-1.2) 388(-1.2) 46.3(-1.8) 415(-1.8)
HNSW 416(-1.7) 40.7(-1.2) 389(-1) 38.1(-1) 39.6(-0.8) 39.3(-0.7) 475(-1.1) 422(-1.1)
HNDN 39(-4.3) 38.7(-32) 37.3(-2.6) 36.5(-2.6) 384(-2) 379(-2.1) 45.2(-34) 40.3(-3)
HNDW 406(-2.7) 39.3(-2.1) 38.3(-1.6) 374(-1.7) 39.1(-1.3) 38.7(-1.3) 46.4(-22) 415(-1.8)
HWSN 406(-2.7) 39.8(-2.1) 382(-1.7) 374(-1.7) 39.1(-1.3) 38.7(-1.3) 46.6(-2) 414(-1.9)
HWSW 415(-1.8) 40.6(-1.3) 383(-1.1) 38(-1.1) 39.6(-0.8) 39.2(-0.8) 474(-12) 421(-12)
HWDN 38.3(-4.5) 384(-35) 37(-2.9) 36.2(-2.9) 38.2(-2.2) 37.8(-22) 449(-37) 401(-32)
HWDW 404(-2.9) 39.7(-22) 38.1(-1.8) 37.3(-1.8) 39(-1.4) 38.6(-14) 46.3(-2.3) 41.3(-2)
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Appendix 3-6. Mean UTCI according to the scenarios(in parentheses, mean UTCI reduction according to the scenarios). The scenario
abbreviation refers to Table 5

Scenario North South Northwest Southeast West East Northeast Southwest
No tree 394 385 3738 371 317 376 381 370

LNSN 38.2(-1.2) 375(-1) 37(-0.8) 36.3(-0.8) 37.1(-06) 36.3(-0.8) 374(-0.7) 36.3(-0.2)
LNSW 386(-08) 37.9(-0.6) 37.3(-0.5) 36.6(-0.5) 37.4(-0.3) 37.1(-05) 37.7(-04) 36.9(-0.1)
LNDN 37.3(-2.1) 36.3(-1.7) 36.4(-14) 30.7(-14) 36.7(-1) 36.3(-1.3) 36.3(-1.3) 36.4(-0.6)
LNDW 38.1(-1.3) 37.5(-1) 37(-0.8) 36.3(-0.8) 37.1(-06) 36.3(-0.8) 37.3(-08) 36.7(-0.3)
LWSN 37.3(-2.1) 36.9(-1.6) 36.3(-1.5) 35.7(-1.4) 36.6(-1.1) 36.2(-14) 36.9(-1.2) 36.5(-0.5)
LWSW 381(-1.3) 375(-1) 36.9(-0.9) 36.2(-0.9) 37(-0.7) 36.3(-0.8) 374(-0.7) 36.3(-0.2)
LWDN 359(-35) 35.7(-2.8) 35.3(-2.5) 34.7(-24) 358(-1.9) 35.3(-2.3) 35.7(-24) 36.3(-1.2)
LWDW 372(-2.2) 36.7(-1.8) 36.3(-1.5) 30.7(-14) 36.5(-1.2) 36.2(-14) 36.7(-14) 36.4(-0.6)
HNSN 381(-1.3) 375(-1) 36.9(-09) 36.3(-0.8) 37.2(-0.5) 37(-0.6) 375(-0.6) 36.8(-0.2)
HNSW 385(-09) 37.9(-06) 37.3(-0.5) 36.6(-0.5) 374(-03) 37.2(-04) 37.7(-04) 36.9(-0.1)
HNDN 372(-2.2) 36.9(-1.6) 36.4(-14) 30.7(-14) 36.3(-09) 36.5(-1.1) 36.9(-1.2) 36.4(-0.6)
HNDW 38(-1.4) 375(-1) 36.9(-09) 36.3(-0.8) 37.2(-0.5) 36.9(-0.7) 374(-0.7) 36.3(-0.2)
HWSN 38(-1.4) 375(-1) 36.3(-1) 36.2(-0.9) 37.1(-06) 36.9(-0.7) 374(-0.7) 36.7(-0.3)
HWSW 385(-0.9) 37.8(-0.7) 37.2(-06) 36.6(-0.5) 374(-03) 37.2(-04) 37.7(-04) 36.9(-0.1)
HWDN 37(-2.4) 36.7(-1.8) 36.2(-1.6) 305.7(-14) 36.7(-1) 36.4(-1.2) 36.3(-1.3) 36.4(-0.6)
HWDW 379(-15) 374(-1.D) 36.3(-1) 36.2(-0.9) 37.1(-06) 36.9(-0.7) 374(-0.7) 36.7(-0.3)
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