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Abstract: Urban thermal environment is a comprehensive expression of local climate and environment. While it is closely
related to land use patterns, its underlying mechanisms are largely unexplored. Urban heat island affects not only regional
climate, vegetation growth and air quality, but also human health. Therefore, the urban thermal environment has been
regarded as a critical variable. It is important to characterize the spatial and temporal patterns of urban thermal environments

and quantify the response of the associated influencing factors. This study uses the city of Shenzhen as an example where
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rapid urbanization has occurred. Based on LANDSAT 8 remote sensing images collected in 2018, we first extract land cover
types and coverage information using support vector machine and multiple linear spectral analysis models. The accuracies of
the estimated land covers are acceptable, which provides confidence for further analyses. The impacts of urban land cover on
land surface temperature and heat energy component are then investigated. Using Moderate Resolution Imaging
Spectroradiometer (MODIS) land surface temperature dataset obtained from 2003 to 2018, this study further explores the
spatiotemporal variations of urban heat island in Shenzhen, and analyzes its potential formation mechanisms from the
perspective of surface energy balance. Our results show that the land surface temperature gradually decreases from northwest
to Southeast of Shenzhen. This is largely attributed to the spatial distribution of impervious surfaces and the urban
vegetation. Specifically, the land surface temperature of impervious surfaces is substantially higher than that of vegetation-
covered area, implying that the urban heat island effect is obvious in Shenzhen. Impervious surface and urban vegetation
jointly affect the surface temperature and heat budget through, for example, latent heat flux and sensible heat flux.
Impervious surface is more correlated with sensible heat flux while urban vegetation is more correlated with latent heat flux.
Obvious differences occur in sensible heat and latent heat among land cover types, which provides implications for the
formation and elimination of urban heat island. Time series analysis regarding the period of 2003—2018 illustrates that the
urban heat island effect in Shenzhen is stronger during summer season whereas relatively weaker during winter season. The
urban heat island effect is remarkably exhibited using the time series dataset, with an average monthly intensity of 2.14 °C.
Regarding the internal variation, the downward trend in urban heat island intensity is shown from 2003 to 2018. This
negative trend is significantly present during all seasons except spring, with a change rate of approximately 0.1 “C/annual.
Attribution analysis based on MODIS dataset and FLDAS flux dataset reveals that sensible heat flux plays a more important
role in the urban heat island of Shenzhen in comparison to latent heat flux. This is consistent in the both annual and seasonal
scales, and the relative contribution of latent heat flux and sensible heat flux is 42% and 58%, respectively. Results
indicate that after a rapid urban expansion period in Shenzhen, the current development focus is to improve the utilization
efficiency of built-up areas. This emphasizes the interference of heat transfer with the near-surface turbulence that
strengthens the urban heat island effect. Our study provides reference values for mitigating the urban heat island effect and

optimizing landscape patterns.

Key Words: thermal environment; urban heat island; remote sensing; Shenzhen; attribution analysis; heat flux

T AR R R BA SRR T I KA K U AN SR AN B K M R A Il i PR EE 1 2 A P i A5 5
b RE A PR R AR AR T A A A Ry PG RO A T T 3R A G e s A, R B
)1 X S AR AL Eﬂ?ﬂéﬂ?ﬂ%u@ﬂ% I T AL LGN M Jry R M AR AR ROR s SUBae ifi EL S e A Y
B, ST IR BT 8RB TR S — S B A BIFIE A8 o, 2 0 I T AR 5 e PR 1 B I 25 A
FRAE, 5 S BIFFT45 D8] 3 Xt T AR AN 5 g o 7 2 S B T T Rp K R i BT

T RAEREE AT LU ok 280y AT, ARS8 b T RAEREE AT UR AT A 3Gl 4 e O B i AT
WM, ERSRASGIN R T DA I R] | 3 24l 4 Ui B2 Y 28, (HR Rl i n 25 (AR PR BRI T & i
VEAER | BE A R b WL F A ek e Jre | TV AR B 8k 2 1 T BT M 5 R R 0 5 . 3@ SR AR i AT
AFEANIR] 4 25 ) RBEH A — A 28 ¥ 3 T PR 58 W0 - B, 50 285t W U Sl T AR B g AR Al 455 M G5
22380 F Fi] MODIS I AVHRR,, 3% 264 8225 1] AR Hb R RFAE (9 KRB 0 L 59— T T, Hp 45 00 BER 1 1 e
#+ LANDSAT 1 ASTER 82 H T 0 30 i 40 2 AR BREE 7 BB A T UK A5 P07 39 1) SO B3
FRWE B, X FEE AT L 5 A =G LN it o 500 e SRSl A 2 TR s ] i g PR, B3 A A i 25 1)
i BEARSE T R A B RS 2 . S T S R A 8l , BT R 28 G U 2R 8 .

Hb F AT 55 A 5 T AR B A A R B AR OC . 3B K 2 MR 5 b SRR EE 1 7ORE DG E 2R 2SR Ak

O AR T 2 I 1 B8 ELAILA A AR 2% ST DX SR SR A A, 3k b e SR B S 1 e SR A B R A, R
%ﬁﬁ%ﬁ“Tﬁﬁm Vi, HOOR T LU 3R st e AR Kt 23 23R T e 1 [l V3 19 0 12 43 A 2 SR 4, B8
Normalized Difference Vegetation Index( NDVI) , Normalized Difference Built-up Index( NDBI) u&*ﬁﬁi%%ﬁp 5
HbFRESE SR 5) — S R SR AR BORUAR Sk 2 A, BT T SRR JR et 3 T B B, G s

http ; //www.ecologica.cn



224 FR AT 2R R A3 T BAER I 1545 U PR AT —— ARSI T D 451 8773

TF 78 WA 0T RRI ALY 400 RS Bl 26 DR R I G 7= AR i s ) EUR ) SR B 2 B
A 22 0] B 38 HAE AR 5 4%, A R AR 3 T -8 DX — B X3l PRI R R A0 M 3 T e AR A SR X
ST i 2 U 3 A AR T A B PRI 0 S e, BRIl T FAPA B i 7 S5 R B BIL L . s A, MR R 2 A A
by B FN I T A B R e v B M 3 14 A8 A B LR ) X ERGH AR T A R v K 2 3 A B A Ak
R 2 EHLBEGRIE AN TE 5,

b g P AT IR vT LATA PRI T PR BE 0 5 i (R 28 B S S5 A Bk B LR e T SR R T A RIS
A= A IREE I S A T AR ARG i PR 0T LAAE BE 2 T JB A 5 40T, 3 445 i A8 fb B BB 8 FH 451 BE 40 1)
ShAARAAAERE . R T XSRS A AL SRR TR AT, A R T 2R R kT S e i 3 R ek Tl
S 7R A PR30 T 5 K8 X T ) b R PG o 2 5 AR AR TS R IR BRI SE . fR5
SR IR T B (R 464 Hh R BB B 00 S A B 25 3, X S il sl S i AL bR v AR AL A G, 2R
TR — 25098 K BT 5 8 X (R P A A CR 19 22 5 v LA S BOR T S A8k, 7e sk 3at b s i) e 3 i
VS PR 5 TR 2 T T A T LR A B 0 MR — A i KRR - b R AR ac fad B, T S
T 5 AL M s 2 AR AR K IR R 3R 7 A S 25 5 o 28 T I O6F TS [l bt DX A 3l i 4 05, TR JATL o 5
Fh R R AR L e i (AR L T TR AR

TRYNT (BR = X5 S FE s P A 2 11, [ 20 TH42 80 AEARIR LR I 1 P Tl Ak A fk i i 7
F 1M 32 AR 3 T A A T X R — A 3 A AR R, AN (] v ) At A7 7 v 5 8 b DX ) 28 355 TPl (3R 30
T DXIR AR YT = A 9 X 38) |, BR = A TP B AR T I A Ay FLJE 2 XU, T S S e T )
S NI T I ARk S S I AR s R R AR E— 2509 . ACBIFGE 36 ORI T 22 808 , 43 B bk vl £k Xt
b A IR R DL SR SCOIRBE B e EEALAE . (1) HETERYIITT 2018 4 LANDSAT 8 1& B4R, S B+ A1)
FARVFE 55 FE A5 8., BFSE b st R A e % 3 it b e AR 1520 5 (2) £ T 2003—2018 11 MODIS Hb 3 i B %5
P, W URYN T 388 7 445 B B 2 A8 AR AR AIE | Db 2 R 1 1) A B8 40 B 3R Tl 48 53 A8 AR I sE i ML, A I 9% A 22 ]
LA G i A 5 800 5 A IR T S A% Sy B HEAF 5T S g

1 FRXIENEE

1.1 AR5 IX IR

TR T v [ plg 3 U 1 X 0, i Ah 113°46' E—114°37'E,22°27'N—22°52' N, Fifi 48 4 17 A2 1953 km?
(E 1) o BN AATE  PEAAR, bk ALy & i SR AL 39% , WIS IR AR I , 4F 1 <R 4 20°C
AERREK 52 1900 mm, TRIINTTAENT I AR ]S 5230 1 ph i B/ INERL i) 8 32 38 T A P DX S8 B o R 2 7R
P LA AR A P 3 T AL AS SO BRI R T B R BN FE T, [R5 80T A3 K 3R 78 26 18 2 1T,
MR BE I H 25 ™ E
1.2 s

WS T 28 . 2 re B BE B IR SR v A s () Qe | 18 BB 0 it 2 R AL B A Sk T Bk
55 1 1t 0 o O 1) R B BRI

AWFFEWEE T 2018 4E 9 F 19 LANDSAT 8 ( Landsat-8 OLL/TIRS ) 328524 | Hon] LA LS 0] 20 HE 4 30
m 26 BORT 100 m FFAETAMEB: . ASBFSE R 259 LANDSAT 8 OLI $t4E 4 Level-2 25, € £ 225 J LA
W IE AR AL IE AR B, FRATTE FH FLAASH KA IEREHXT OLL SEARIET RKAREIE , LA bR KR 2 L Jk
A B X MR 52 | ARAS BLSE A 3 S 38 [ R A HEA IE 40 R A S OLL s2 AR b IR K IE , A 8K
HU /D T M 2 B R LA A BRI, IS AR T R A B Y i A HER AR (SPOT-6 F GF-1) , I Far kAR
VEPES B VR, FRATIREE T 2ER A E A BT (GAIA) Fdl . 1ZBWEEET 30 m /3 HR A Landsat 5214
FHABS B A , 605 17 M\ 1985 1| 2018 4F-H 4 = 43 HE A5 7K 1 () 4F P8 AL B0

ARWFFEMEE T 2003—2018 4EM H ¥ 1 km 433 i 3 18 A B | X — #4040 38 12 45 B, MODIS Terra i

http ; //www.ecologica.cn



8774 £ A ¥ W 41 %
&
?; 113°50’ 114°0' 114°10’ 114°20’ 114°30'E
2 F T T T T T
&
(o]

N
A

22°42'00"

22°31'30"

B1 RIHHARRE
Fig.1 The location of study region

H 3 055 72 5 (MOD11A1) 3-8, Hud Binst1a] K25k 10:30, Fefi 16 A T IR ik B i 3t 5 12 8 | ok H Tl
Fre S TS X 245 A B [R) A 22 48 (FLDAS) 12 FLDAS J2: 36 [ [ R TR i (s B R G — I, B
T H AR A LIS HEZE R A48 4 B AR BE 1 X5 B (000 00 0 K5035 0B A5 AR RN 430 BT, 12 805 3L T Noah Fifi
THRSRIARIL, BF9EH FE2EAdFH FLDAS A== A I ) A e i i T DA B - S A7 s il | i
by 3 1O 5 R I R B S L B[] 8 DR

2 FHik

ATIFT L5 oL FH 1 B AN B (A T B8 o A R I T A i AR B B4 . B Y6 35 T LANDSAT 8 3 /8%
18, 3R 26 PG B 2 BORT = HUR F RS e 5 L IR R AR Sl X6 S T b 26 AR B (g B i), b — 2B L st
7] 741 MODIS Hi1 32305 24505 Fl FLDAS FAGH i B0 , A5 3ok iy #4519 Bk 23 A8 AR ARRAE (s F M—KC A 36 7 2219 N
AR TR RUEE A3 Mr Hesh 25 A8 Ak, 45 4 b 3 TR 25 5 R0 M 30 i 50 Yo J A R A0 1) A8 A X IR T 4 B2 i JEE AR £k
() TR SFEAET R 0 Ar , DAL 3 B 1 %) £ 52 AT B Tl 44 22 A8 A6 Py 5 i AL 1
2.1 LANDSAT 1375 /% 2 it
TS PP SR R S A i SO M R IR 7 320 vk S A B 3 R S R R SR L A R 1 R TR
A HMEFHEE (L) nTLES LT AR R (T,).
L=axDN+b
K2
L= (k) + 1)
K, o B b N3G s MRS B, K, FI K, IR0 i 50 BE R EE W] LUR) 22 LU R 56 & 10T Ry R IR
ET,

Tb
T =
1+ (AXT,/p)lne
h Xc¢
p:
o

Kb, A BEPBR, o RUVIREZHE, h B W R, ¢ L,
2 LA RIE T NDVI BRI L %05 82 I T I S 3 S s B i b, % 08 T AT
NDVI A1 T b3 B S 3048 (i) 4590 NDVI /N T /0N A I VR 2 40 i, SR AR i ) b 36 LU

http ; //www.ecologica.cn



224 FR AT 2R R A3 T BAER I 1545 U PR AT —— ARSI T D 451 8775

SFAAEL; (i) 0T NDVIER T 5ok BI{E I BRI AR 0 8 B 51X, SR HIARL WY ) 3t 3 LU R S 348 (ki) foT
NDVIEAEHEAFL T W5 G R VR AR L A SR & X X 5 AR TR SR TT Y # 3R R S (8
2.2 ST bR ARG R R

DR ORI R X A S T AT A B A SR b, 2 R B 2 T K sh i -2 B AT D 4R
TR EE 0 T AN R S s R B M DX CAmR T X3k ), g 1 BRS39S BoiR B
s ZORAE BRI T 25 1, BIVRE A 3t 2 A S0k G el ol e AR B o e G R 2 A,
TESR I 38 AT T2 T e T s e e S, ARBIFZE PR T T — A DL A 3T A AR 220
TSRO A TR 7 — IR BOC M HER 2 B BONARAR B R A iR AN SEPR Y, R, SR A
T ARG EARSAR G R B, X

H C TS_T(I
" Fex R, + (1-Fe) xR, + R,

S, p RIS IR, €, B IR I I, T, RIS, T, B2 ORIE, R, FI R, AR R B2
BT, Fe RAEME S
Z, —d Z, —d
In In
Z()m ZOh

¢ ku
Arf, 7, BXE AU = R, Z, SRR AN B, d RPN R S, Z,, il 28 AL RRS R R
Z o, SR A IRFIK AL B MRS L b RS R 2550, o B, R RN A ZMEMIT, 284, Z,, 1 Z,,
FR AR L 2R A T80 |, 6 T B0 W SCiik , Fris 2 800MES T3 1,

®1 RBEERISHIRE

Table 1 The configuration of parameters required for urban heat flux model
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Fig.2 Spatial distribution of the land cover classification and the abundance of impervious surface
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Fig.3 Spatial distribution of land surface temperature, sensible heat flux and latent heat flux
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F2 AE:HF FAEBET N AGEEH T HEMREE

Table 2 The average value and standard error of heat flux corresponding to different land cover

” PGB /(W/m?) WHGE R /(W/m?) HFIREE /C
> 1
SRR Sensible flux Latent flux Surface temperature
Land type " , .
PI{H Mean J77% SD HI{H Mean J577% SD HI{H Mean J572 SD
KR Water 1.9 3.4 407.3 25.6 24.5 2.5
# 1 Bare soil 27.8 8.2 147.1 37.6 31.4 2.3
4 Cropland 31.1 18.8 342.2 92.2 28.7 2.9
L Grass 20.9 11.5 272.8 475 29.5 1.8
PR Forest 23.2 21.4 452.6 86.6 27.6 1.6
K% X Low density building 100.4 42.4 201.9 64.7 31.8 2.7
A IRIX High density building 114.9 51.7 41.8 76.4 32.7 2.9

F3 AEEWHE=FEXBAERENFEHEMRES
Table 3  The average value and standard error of latent heat and land surface temperature corresponding to different vegetation

fractional coverage

T WHGEH Latent flux/(W/m?) HF A E Surface temperature/ °C
Vegetation fractional coverage K1 Mean 7% SD FI L Mean 7% D

<10% 56.6 104.5 31.3 2.8

10%—30% 164.7 112.8 31.9 2.4

30%—50% 234.2 101.5 30.6 2.4

50%—70% 307.5 88.4 30.1 2.3

>T70% 351.2 73.2 29.2 2.2

x4 AEAEKEFEMMNERBSHFEHE
Table 3  The average value and standard error of sensible heat and land surface temperature corresponding to different impervious

surface percentage

RigKBEEE JEHGE B Sensible flux /(W/m?) IR Surface temperature/°C
Impervious surface percentage HIfE Mean J52 SD HIfE Mean Ji24 SD
<10% 27.5 24.2 29.6 2.1
10%—30% 53.6 45.1 30.8 2.3
30%—50% 72.7 49.5 31.2 2.5
50%—10% 81.3 52.7 32.1 2.3
>70% 96.2 57.6 32.8 2.7
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