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Abstract; Urban thermal environment risk resulting from land use and land cover change (LUCC) has become the most
significant barrier to urbanization processes and sustainable development of an urban ecological environment. However, there
is currently limited information on risk identification, evaluation, and pre-controlling methods affecting the safety precaution
and controlling measures of urban thermal environments. The present study established an Urban Thermal Environment Risk
Model (UTERM ) as follows: (1) normalized and classified the urban land surface temperature ( LST) during three
different periods; (2) established a spatio-temporal process prediction model for the urban thermal environment based on
MARKOV-CA and further verified its simulation accuracy; and (3) set urban thermal environment risk rules and analyzed

its spatio-temporal patterns. This study forecasted spatio-temporal patterns of the urban thermal environment of Beijing and
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further analyzed its characteristics during 2015—2020 through MODIS surface temperature products in summer and land use
datasets at a 1:100000 scale between 2005 and 2015. The results showed that the urban thermal environment risk might be
increasing in the Beijing metropolitan area. The proportion of an extreme-high risk area will reach up to 12.08% from 9.66%
in 2020, which will mainly be distributed in Dongcheng, Xicheng, Chaoyang, Fengtai, Shijingshan, eastern Haidian, and
northeast Daxing districts, and will expand along the east-west paths. There is a significant increasing trend for the number
of patches and aggregation indexes of extreme-high risk patches, becoming more regular for their landscape shape. The
method for quantitatively evaluating spatio-temporal patterns of urban thermal environment risk effectively provides

theoretical and technical support for planning urban ecological spaces and preventing urban heat islands.

Key Words; urban thermal environment risk ; spatio-temporal pattern; land surface temperature ; land use; MARKOV-CA

model ; Beijing

IR ISV 3 AR G P R DX T A T ARB I A B IR R SR AR O R B A
SRPAE R b R 0, s o s A /1N AT e 384 T BT A 8y I 2 7 TR S R a7l A
By 3800 7 A S TN I At S 2 B AR e R AR BRI BB B, PRI 2 A S T AR A8 2 4 i EE L2
TG, WA MR T A A5 PR R P R F L A J A E R KU TR 3 T A B 05 2 4 1) T 408 2 3 e AR P 5
23 g% Jr ARt REASEADL 5 T S RGP XSS B U P AT (E , Y i iy PAAR S5 KU T 5 A 5
ST, FRIRBE KU 3G 1 1) Bl A (e A5 0TI AR A5 2 4 By O R 1 e AR A I

SR R B G ARAY | RE AR B AR A AT AR AR RN ) AR AR S S R R AL T
TS T BRI 2 A SR A R B AR A 3 5 ) FH 6 T R A S R T PR I [T 4 i A (R
TR B R AR 45 (A% JR 28 fba B 5 Bt S-S ASE AR B0 O T dak T 5 ) P DX A T 1 I A% 3 | 58 460
KRR TR A B RIS S8 R B R i i S0 2 5 380200 R B AR A5 1 25
ARAL AR AT ME B RO U AR LR Ty 25 R 32 g R AL SN AN ] 5 4 R T i A B
MRS, BRI RN T S8R AR B AR Y (1) A JE  E T S TR BT (At A FAR kT
FEHTY ) B LI AL () 3t T R 25 (AP 28 SR S5 017 s MR T A 28 ok 7 7 MO L S0 W 0 2%
Rl s A S DA B ABE RO ] TN 25 SR 22 (B Y 56 3R, AT DL VLA 75 Il i R BR 5 R FL 52 el R 3R ) D sl ik Jo,
ASTHL T 1 8 1) 22 PR AR AR M ME G 23 S RS A A — s s 1O 5 BB v d5 i DL XU B 6 BT 52 X 3 55
it PO , DL AR B S 4l AR SE0 M 0 5 S Bt T 80 8 8 1 DL R A ] 2 5008 A 0 4 B 5 B 1)
M AHHIFFE AR o By o S BT PR ER SR TITIN 14 1 22 75 12 D0k V-1 25 T A JRE RSS2 5 2 J8 f 0K, ]
BB GE T )7 2k To ik S B T PR 4 E)A% Sy B TN | 1717 %5 52 2% 1) R T A AR e BT S R N PSR 52
il TR PR A 296 S XE LA 0 o PR 2] S5 30 A0 T A B 5 XU R ) PR SR T TR 2 R SR AT Y
A

I, GIS FIE IR A Y & e A R4HE Bl 1 38 T FAPR B2 I 25 A6 Jo i io AR ABE 4D 5 T F 5, 7 B2 o 25 DA
JEAR AR A b BAT 28 8 5 JUHGE o - A /88 4 B ) 23 4% JRy 228 A 4B 7 3k T 3 2 8 b IR RO A%
BILH , A 5 1 I 5 30 T PR 5 ) 255 S Jo P R A Ry ol R T ) R B O T RN T B, AR U A T
MARKOV-CA ( Cellular Automata ) #4385 $AFR 35 IXUES: PO A 760 | DL AL 5T Sk 5 DX AR 4 = A FH AT T 424
BE AR A5 A DC FC P | T IR A5 40 5 - A S s TR R AR O RE A< O 28 R HAE O CA BB AR
JZ o WNAS TRV RIS ] P A AE 2 || S BT A ORI H 228 (4 3ok i R B 5 Ik 2 38 Al 30000 | ROR AR T FA A 58
B S At A8, SEBLIAR TH P IR B DR E TO0IN 7 L At b T R XURS: 5 0 XU 1% 3k i PR B
IR Rl 53 o, 0003k T AT S8 XU B 25 4 S, S IR Tl S R R0 Rl T A 2528 2 (R P PR b T S SRR e S
S TR XU By 9 A 42

http ; //www.ecologica.cn



2 4 TRife A T AR SR DXL, TN B Ik 23 4 SRy 23 A 3

1 RS HHERIE

1.1 AR5 HESL

Je st M AR A6 AL, A 1.68x10° km® b3V & AR AR, J&@ iy KGR, E R R E
W, A ZFE T AR 10—12°C AR 3 [ K R 600—700 mm,, A R 3% B L SCAC AT E Prag 1
Hus 3T 50 AFR, Jbo T AR 1 4R WE R G 390 A, ki N T 6.5 A%, 4 MBS R Rk 5] 0.36°C/
1027 2012 AEJL AT TP, B AR FL 2001 AERGAN 1.4 £50) U 90 H AR SR nl ek & 2 | dbae
T AR P 22 2 TR X B 5 i ki R 5 7 SR T 2 [ e e o SR 35 I I 43 Bk vl e 3t
P, WFFCRA S E S F b i L L B I 509 126 IX 3£ 7 A 3 A AR R0 L TR, DA iR A
T T 3 T AR IR KU, PT hy 3 L 3 i A A 2 A Bl s B L B RN AR S
1.2 HdEkiE

1T MODIS HA7 /3 B (8] 43 B0 A 3 ] CRIE DX ok b 9 T 3 A s R 27 A8 AL KA X6 LU AT 7 B ] — B0
ASCAEFH 2005 4FH1 2015 4F 2 2= (6—8 F ) MODIS #1330 B 8 KA 180" il (MOD11A2 ) SRAEI T FAFREE I 25
B Jr A AR REAE A S 13 HHEOE , T ST X T 2 4 SO R T EE AL B . MODIS Hb TR = il F 4y 24 7
B MODIS 1955 31 318 (10.780—11.280 m) FI%E 32 30 (11.770—12.270 m ) i3 LR SR A2 AR
M ASAEREAT R, 2 RN 1 km, KEWFFE R, MODIS 4324 % 5005 I A 3 1) b 2R iR 8 T
IK MRERE) JRhG MODIS #3354 7= 524 HDF 4% X, 75 8l MODIS Reprojection Tools # {347 JLATT 2 1F
FH RAL AL B, B A2 0 GEOTIFF A8, il H 45 Geographic , ZEMEM J& WGS84, X Fil kb B 5 i £ 4l
T B e — A AR U K BE (B N R S PRI B, 730 2 s 3P IR i 7 AT = IR A B %o ke o= 7
T GTCA LTI, T 25 BRIELEE A B (E, B 245 B A0 3T 2005 1 2015 4F 5 2 - 35 M 438 3 2 [A] o0 A
Bl

AR SC A iR FHESCHR feff FH v R 27 B b 3R 2 5 %
VR 5% BT A 7 04 - b R B0 IR 32 J A T 5 0 7
(2005 4 2010 4EH1 2015 4F) , 25 A4 3E%H 1 km, T
HUFFAZS IR A3 A Bk AR H 5 K 2 JEIR
H A FI AT 6 Fh— 2% 4= A AR 25 Fp — g+
H RIS o bR & A5 FH b 2 280 6 3k T 14
i AAT R BROSR T F b 55 3 PP 9 4 b R FH S A
T B UE A3 HT, A Hb R 28 B 25 A PE A RS B AT IR 92.
9% ") IZHARECL Iz B T T SRR A S A R 40
PR S IR E ARG SR (- 1) .

2 WRFE

ARG 2005 4E 1 2010 4F 35 17 $AFR 5 25 8] 4% Jm)
T I T PR IR B A3 A5 R e A HE I, O i — 2P 5 2005
AF - HUR S AR 2 )% il & A RO A B b 5
b R I AL A3 0] 5 R0 B 5 LU, 4 JT Ay ) 48 T 4
IR 3 02 [ e RS A e AR - AR A 5 - MR R 2R

23 0] G 22 40 43 IAE S MARKOV T CA B0 75030 B 1 LS 2015 £+ A AIRKE
2015 ﬁif}@%fﬁé I‘ETJ *%)%#@ﬁ 2015 ﬁij?}[“ﬂ(t%gg ] 1:% Fig.1 Land use type in Beijing in 2015

Jai AR FEAT B0 AIE , de 2 00 2020 47 b 5030 T AR5 X

http ; //www.ecologica.cn



4 A E = 39 %

SRR T HIRBE W UGAEA T3t 23
=2 (SR 22 [ R

W2 (e SR (P 2)

DR T IR
22 [ R

Y

BRI

23 IR R Y
IR A
5+ ] 2R
25 IR R A R

v

HAREAR YR T IR BE
2 [ R

A

EUARAE M3 ST HER I
P2 [ )y

B2 BEEAREEE
Fig.2 General technical route

MARKOV , By /KRB ; CA , JGHMI H sh#L Cellular automata

2.1 M FREEERN

FRARE EL A FFE 4, AUt R i S8 S S RS B b W 2™ DRI, AR S 32 X b st i B 2 4R
K3y 28 % Joy Be IR IRV A T F0000 Ay T ok TR B AR AL AR R B2 M), 1 56X 2005—2015 4F 3 1 b 3R 13 — 1k
AERIF R S AR b T AR Y (R 1),

T.-T,.

i Tmax - Tmin [ : }
[, o WE—AEREOTIE; T, WIS RIR (R ; T, WP X SRR B KA 5 T, AWFFEIX 3R B
e/ ME.,

*1 HEREEERNS
Table 1 Division of LST levels

IR ESE L% The level of LST bR E VI The range of LST
{IGIE Low LST t; < loean — 1.5t
WAKIR Sub-low LST tooan =15t S t; < typen —0.5t
i Medium LST Lyoan —0-58 0 < 1; < bppun +0.50,,
K ik Sub-high LST tean +0-5t 0y S t; <t +1.5t,
1 High LST i 2 tyean * 15t

bonean NI AGTCF-IIE, 1, PITA G ICARE ; LST, M3 IR land surface temperature

2.2 Sl ARIRIE S WA JR T
ST FAER RS 2 ) Jay P00 85 2 W i A R A BRI S5 0 A fe e Bl S s (R ', A () PR ER B A 4 i 4T

http ; //www.ecologica.cn



2 4 TRife A T AR SR DXL, TN B Ik 23 4 SRy 23 A 5

HOR T MARKOV a BB A q b 1A ) [RI N, AR 405 79 300 S BR 55 25 90 0 Ak B HL 5 - bR 2280 114 2 i) 56 3R
HEAZ CA 2 [l BRI > PO T AR AR AR BT 5 9 25 [ 404

£ MARKOV 3 FEAHY i PAIRBE R[] S5 0 v] AR AE MARKOV s 2 i g REARAS a3 A a5 PRI
[Fi) A A58 25 20 ) 2 A8 1 TR REURIABE %6, 3 S IR 58 S G 1R 5 % 110 50 it L D) S5 4 TUIN D s 4003 S () BB 5 25 2
(FE STV G 8

[ P Prewr  Prew  Preon P
Pywie  Powowrs Pumor Powows P
P=(P;)=|Pypw Ppur Pow Popup s (2)
Py Puwowe P Puwon P
| Puswe  Puww  Puw  Puws  Puw |
5
X, PACEWIIRARY S R AR O AR T A B S S AR A, 0 < P, < 1,H D P, = 1,
j
C = [ Cigan» Coegm » v » Cocim » C i | (3)
K, ¢ RFGoTEE
Ct+(l, — P X Ct (4)

A, o RN, o REFETRAF SRR A0 BR8] [FIFE

FUBRAFE Gy 7 FAPR IR 25 0 23 (A A 2 A T CA 25 I BERIEA T B0, AR S MARKOV F50I0 45 31 (4 A ] 30 i
IR FERAGOCHRE, CA ZS [MIBERLHE ST T AN R IR BT S AR OC I 25 (R Fe AR MU, 3 Ao e A% LD 2 22 T i)
P13 T AP I3 45 0 2 (1) e B B G5 0 B A 07 - A S TR 22 [ 4 2 [ AR S P i b A R R3] A5 34
[7] = A T A IR SRR (R 2)

x2 THFARBRANEREBHER
Table 2 Transition probability of LST levels for land use types
AN )

TR o How it Kk iy AR
level in the initial year LST level in the Cropland Forest Grassland Water body Urban land area

target year
i High LST [ Py (BRI Py (M1 Py (BRI P (K1) P (3015) P (£215)

K Py(BFIKES)  Pr(BRIKIEG)  Pyy(RRIKES) P ORI Pry(IRITCH) Py (R 1K)

i

YA

IR
IGHR Low LST e

UAR R Pr(BFIRIR)  Pr(BRIRAR)  Pr(ARIRAR)  PreOKIKIR)  PrORIWAR) P (R IRAR)

(7] P (B I1IR) P (FRIHIT) P (FRIR) Py (K IHIR) P (B IIT) Pr (R IMIK)

P (BF 180 FORTERTA WA AR R F BRAE3 249 0 S IR S R A 400, BRBZETUBT 5 BOER . AR I 4

2.3 IAFREE IR S5 I e bt
LT T A S PA PRI S5 s S 3 T BB IR XU S5 b e, DU S5 20 30 e SR 0 e IR | i XU | Il 7 DXL

B MR 4 5 P AR S SR BAARRIRHE R (3R 3) .

3 ER509M

31

FF MARKOV i 2 B 38k T AR5 43 2 1 25 R0 0]

AL 3BT 2005—2010 AEJRTTHT I SE G A3 48 R RAAIE (181 3) , 2005 4F ey it DX I 32 2 0 A T ARIRIX Pk

http ; //www.ecologica.cn



6 S % 39 &

DX LA 53 BH DX P R 8 R IX PR = 13 DX Pl A7 5 1 DX g A8 R S DX 0 el Bl X, oo T BT 20 A1 45
H o WIBH X BEE DX A7 L X 5 X R XA RS XL 29 40 T 0 i X, @ JH AL ER | B X AR
110 D L DX AR S AR EE DG IX PG o8 oA DR U o it DX AT BRE B A 5 ARG il DX B0 A T VR 3 DR a8 o X
KPR, 2010 48 JERTTITHE R DT HRGE RN HE — 2D IR, =F 75 DXCAR 8N DR 2% DAL 3t S0 14 7 3 X
I8, I HLUA e il DCsRatE— 25k

®3 HHAREREER D IRE

Table 3 Division standard for urban thermal environment risk levels
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Fig.3 Spatial distribution of urban thermal environment in Beijing between 2005 and 2010

A3 HT 2005—2010 4EJL 5UTTHIREE /G I 23 SEREHRAE (35 4)  ARIE AN R IR A 1 25 AR e U s, YA
T UK R T A R AR B A PR T B R AR I T kA Hoh SR S R R R 85.81% , TR IE TR
IR IR S R 747 ANMGOTE ) R IR G, 551 MG ITEE 0] IR A G, 43 )5 R IR A G g T
12.16%F1 8.97% ; TR AT 26.38% 5% (M) K IR 0 , A 58.19% AEHF IR S 2 IR ZE g AUA 161 Nl
414 METCEE A MARIR AN TP IR 290, 20 W05 4.18% F11 10.75% 5 AR 1. 25 2% 1 FRUBLIR Sl 25.18% , Hob A 454

http ; //www.ecologica.cn



2 4 TRife A T AR SR DXL, TN B Ik 23 4 SRy 23 A 7

AMGITHE [ YRR S22

F4 LT 2005—2010 FHEHRINE S REBERE

Table 4 The transition matrix of urban thermal environment in Beijing between 2005 and 2010

2010 4F Year of 2010

2005 4 Year of 2005 ik YA itk N e it

Low LST Sub-low LST Medium LST Sub-high LST High LST Total
fII& Low LST 979 454 0 0 0 1433
ARG Sub-low LST 161 3276 414 0 0 3851
FiE Medium LST 0 753 2839 1287 0 4879
YK il Sub-high LST 0 0 747 4843 551 6141
=5 High LST 0 0 0 176 261 437
A3t Total 1140 4483 4000 6306 812 16741
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Table 5 The relationship between urban thermal environment levels change and land use type in Beijing between 2005 and 2010

2005 4EHA 2010 4E$4 bois:i) s b 7K, T A M AT R b
IS KSR Cropland Forest Grass Water body Urban land Rural residential area
Urban thermal Urban thermal G55/ %  {RICHBl/%  1RocBil/ %  Bockbl/%e BoCbl/ %  ARICHH1/ %
levels in 2005 levels in 2010 Proportion Proportion Proportion Proportion Proportion Proportion
IR iR 1.02 88.66 3.78 6.54 0.00 0.00
Low LST AR il 0.44 94.27 3.30 1.98 0.00 0.00
YA iR 1.86 85.09 10.56 2.48 0.00 0.00
Sub-low LST RARIR 5.10 83.42 9.22 1.80 0.18 0.27
iR 5.80 82.37 8.94 2.42 0.24 0.24
ik RARI 15.27 64.14 17.93 1.20 0.00 1.46
Medium LST T 17.75 59.99 15.11 2.47 2.29 2.40
= 55.17 16.63 4.66 4.04 7.38 12.12
W il ik 48.86 23.69 9.77 2.54 3.61 11.51
Sub-high LST WK e iR 50.46 9.68 3.35 3.53 17.24 15.73
o il 29.76 2.18 0.73 1.45 59.17 6.72
[ WK il 42.05 8.52 4.55 10.23 32.39 2.27
High LST =R 21.46 0.77 0.77 4.98 69.73 2.30
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Fig.4 The probability of spatial distribution of urban thermal environment levels in Beijing in 2015
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Fig.5 The status and prediction map of urban thermal environment in Beijing in 2015
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Fig.6 The spatial distribution of urban thermal environment risk in Beijing between 2015 and 2020
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Table 6 The transition matrix of urban thermal environment risk in Beijing between 2015 and 2020

2020 4F Year of 2020

2015 % Year of 2015 HA % 4 e I IR AR R Bit

Safe Relatively safe Critical risk High risk Extreme risk Total
FAH T 4> Safe 375 260 206 0 0 841
24 Relatively safe 150 3376 119 123 0 3768
I SRS Critical risk 0 1202 3164 76 18 4460
XU High risk 0 49 970 4430 605 6054
PG KBS Extreme risk 0 0 0 219 1399 1618
A3t Total 525 4887 4459 4848 2022 16741

I A BEEUEE B 20 5 ( Number of Patches, NP)  JE K48 %0 ( Landscape Shape Index, LSI) Fl RE B
( Aggregation Index, AI)N\?&E%’#?E TESERAE M ZEFARAE 3 A7 4T 2015—2020 A= FR 38 XURS: it 23 284k,
FRAED 20 (K 7)o KT KU X, BE R A ( E R R B L) | (BRI RGZ ] 3R
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Table 7 Landscape pattern metrics of urban thermal environment risk levels in Beijing between 2015 and 2020

SWFEEL Landscape metrics

JRURS: A5 40

) BEHEE NP T ARG 2L LSI REERE AL

Risk levels

2015 2020 2015 2020 2015 2020
AR 4> Safe 34 18 7.94 5.61 69.11 78.71
B2 4 Relatively safe 96 26 17.27 10.22 75.54 86.41
it S XU Critical risk 63 104 13.92 14.87 78.26 77.58
5 XU High risk 45 126 9.55 10.83 88.73 85.53
W25 KU Extreme risk 38 59 7.14 6.84 84.10 86.47

NP, BEHEE number of patches; LSI, JEARFEEL landscape shape index; AI, A FEFEEL aggregation index

4 FitE54ie

ARSCAGHE T T MARKOV-CA 35 7 PRI IXURS: AR 760 B 2015—2020 4F 36k i PR 5% RURS: il 25 A%
Ja) B HASACHRAE BTk 8 (4 3O T PR 5 JXU G 0000 A5 250 LA ot A 28 0 5 48 25 2 1) 3 R DT B M SR CA B
TR F2E4 73R4T, WO R R A 35 25 ) A% S, I S s Hh 358 g B I ) S AR, | 2015 AR BRI 15 5 L
FAH B Kappa RECH 0.73 2B AE — g F B v B SR 2= W AT BRI 7Y R L LA I, Ay 1 i 1 9
RIRURS: 5 70000 XU £14) S 1T A IR S0 A, DASF T 3o A S A B 5 XU, 24 [ Ay LA A ) S B
P, A SCHFZE S RANT 12020 4Eb 5T HEREE M = KU Dok ik — -9, BF o EL B3R 3] 12.08% , 4 17 45 74
5 ) A A 3R L2 () R S R B AT T4 80 5 1 UG, DX T o5 BE B 2015 4F R % 2 28.96% , {H BEH S0 1A
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