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Abstract: To evaluate the effects of roof retrofitting on the ur-
ban thermal environment, this study takes the Wuhan Metro-

politan Development Zone as the study area and applies the
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WREF urban model at a spatial resolution of 500 m to construct
a control scenario and two roof-retrofitting scenarios, namely
cool roofs and green roofs. Comparative simulations were con-
ducted for the high-temperature period from 08:00 on 6 Au-
gust to 08: 00 on 7 August 2024 (Beijing Time) , and the
model results are validated using observed 2 m air temperature
and 2 m relative humidity. The results show that the model re-
produces the diurnal variations of temperature and humidity
well, with relatively high agreement for air temperature. In
terms of thermal-environment response, both cool roofs and
green roofs reduce near-surface 2 m air temperature, and the
cooling effect is mainly concentrated during key daytime peri-
ods, with the maximum cooling magnitude approaching
0.5 “C, while the nighttime effect weakens and gradually con-
verges. Spatially, daytime cooling signals exhibit a certain de-
gree of clustering in built-up areas, indicating significant spa-
tial heterogeneity. Mechanism analysis shows that cool roofs
achieve rapid cooling mainly by weakening sensible heat trans-
fer from the surface to the atmosphere, whereas green roofs
not only suppress sensible heating but also markedly enhance
evapotranspiration, causing more surface energy to be re-
leased as latent heat and thereby producing a more gradual and
sustained cooling response. Further analysis using the 90th
percentile of air temperature under the control scenario as the
threshold for extreme heat shows that both roof-retrofitting
strategies significantly reduce the area exposed to extreme
high temperatures. Over the whole day, the proportion of ex-

treme high-temperature grids decreases by 68.98% for cool
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roofs and 58.40% for green roofs, with the most pronounced
reductions occurring during 08: 00~12: 00 and 13: 00~18:
00. This study establishes a framework for evaluating and
mapping the effects of roof retrofitting at the urban scale, and
provides a reference for heat-risk governance and fine-scale
spatial regulation under urban renewal.

Key words: cool roof; green roof; urban thermal environ-
ment; high-resolution numerical simulation; extreme heat ex-

posure
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Fig.1 Location Map of Wuhan Urban Development Zone
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Fig. 2 Schematic Diagram of the WRF Simulation Domain

Sy Za) 0 A i g e 2% T JR IO R A AR B
BN, AR SCRLE BT E] 2024 45 8 A 6 H 08:00 & 2024
4817 H 08:001E Jy 43 #r i, %F CTRL .CR 5 GR
=2 S A R AT X L S HLES . R
H1 1k 5 % 38 T 00 B2 Ak AR B 5 ) A 4L 1 T B
(spin-up) , TUHI iy A9 A Geit5 56 - 4347 .

P2 R T i ) GBS B N

(1) & o 22 T00 . Al 24 78035 Sy e e, o v R4 4
(LAD Ny 2.5, 3L 2N 0. 12 m, #1 1h £ 35 K
FHh25%.

()RR T & 0 3R 1 [ A0 0.8, K T %
0.90, I ZEMFHEN0.2W-m "K',

2.2 XA ZEILIE

B A ROE B0 UE7E fe N 2 ik B AT . B
iy 8 H R I O 35 A X R AL A il -
o 5 DG TE SR FH S5 30 408 A% X5 08 000 50 40 32 47 Bt 0
SR 5 5 (B0 A e, 5B Ah SR /N RUBE X 5

P BB PEAl SR H 35 J7 MR 22 (RMSE) F- ¥ 1 22
(MBE) . — S 50 (TOA) 54 % 2 (R?) . Hirp
RMSE J Wt 5 A 5% 22 15 )5, MBE RAF 5 50 1% 25 07
] 5 KN TOA ZI #5240 55 0000 7 — SO0 B, RPB
AF A8 A AR DG o

2.3 RABEKEHXBIRAFLS RIT 2R

Sk DA 357 R 25 FRURRE g PR 79 A 2 T 221 = T g
T 1) AR IR BE Bl RN, AR SCAE 500 m A RV R
HIFM AR IR RIS — R A R - |22 50 10
72, B R4S BOE 1 AR T CTRLE St A8 fL i &
IF J2 10T 240 5 5 o

(DT 2ZEME . A2 m IR (T2)/E R 3tk
A A SRR AN A -

AT2=T2sex — T2c1r. (1)

O, T2gmn Fm BTS¢ T 1Y 2 m k5 T2 00
AXIIER T2 m S AT2<ON , &R ET
RS 7 A R TR AR o AR SO FH DX 3 2 1 i 2ok
Ay BEAS [l 56T 3 i A0HR 09 H AR Ao B, O g
500 m A% % 22 17 4865 7 B W A00NE 14 225 0] 5 o

(2) A5 i o5 1 Lb A1) s 20 36 . Sy i Ak R T00 3
o I 0 /I B A AR, AR SC B ASETF CTRL 5
f 43 0 BB AE 0 5 . BL CTRLAH 5 T WF5E ) B T2
BEA A3 A0 1 55 90 ' 43 51 VE S # i e Tk B (E oo Y
6 TRt T2 K 5 2 1 (i IS Ay A0 ity v R TR
AT Ge TR v AR T L A

HE— 20 GE T 45 B B A A S e Tl AR I (7 A A T
9 ), 35T AR R T CTRL S 5 A9 %, DL



30 22 1 B A

A 5] J22 THU IS A SR s Xof A o vy T % i TR L A ) A
Ho % AR bR AR S DA XU B 57 AR R 4D 8O 2 B IR 43
BT, SR TR 531 s T 3 B S st B3 R B A DX el R A
(3) Ji FA3E RV PAGE B 22 (H . O R JE T ek
T 5 ) 30T b 2 A BRI 1 ) BRAIL A, A ST i ARG
L ARG 1 O Hb R BB B4 L A2 Wi AR B L IRy
W SCHAX T CTRLAE S A 2Z(E K -
AHFX = HF X scpn — HF X e, (2)
ALH = LHgepn — LHerg, (3)
T, HF X g, 1 LH eree, 23 591 28 75 X0 B 556 119 3
¢ 10 B i AR PO B HF Xoeps A LHepy 391 36
FNHGE S TN . M AHFX<C0 R}, R i %
Tia] KA i ) 0 A S 5 2 ALH>0 B, R AZE &
S ZE B Y AR A I I 5 . AR S il I G
22 RNV GG e 22 (A ) XS 2 H AR fe i £,
F oM AR 2 T 5 7E BN 25 I BT b 3% i & 43 il
GONRVEUN

3 ERG5SMH

3.1 BXEHEZR

R O AEAE SO0 b B AT AE BE L B SR CTRL T &
AT HE 2 m AR5 2 m AR X R A AR L 4 R R AT 5
ECILIE 3) o oA b, 185 X B 68 B 4 15 30 43 BT 10T I <0
Tk B AR A aoh B R v i (R B T2 SRS
i+ 45 k5 8 RMSE=1. 46 °C MBE=0.77 °C .I0OA=
0.97 \R*=0. 92, 3¢ B 40L 5 000 5 A7 55 i — B0k .
RH2 [F]# B 9% # 30 H 22 fb F3 ik , RMSE=5.43% .
MBE=—14.13% .I0A=0. 97 .R*=0. 96 , {H {£-7F —
FE A B o AR R ARG S S SR
T00 R4 3 15 5 22 0 4 B 5 HL BRI W 7 2 5 TR AR S =
BRI SRR 224y IR T S I 25 % 22 43 4
SR 5 e AT AE — R EHRTH .

3.2 AR H TR R BEREF

BRET(CR) 52k )= T (GR) XTI # 2 < Y
WMERREANEZR(WE Y., #LETFETEF
TR B, R 2H O i 1 36 B R R 10 AR LN, 2 1 il
2R AR B, 1B R T 0 B S A RLOHI) 55 1 R 4 IR
R TR ALV AR R SR T Bk B R L, CR
GR 1) 5 K W 3R B B2 0.5 °C, H CR 78 2 B B
4 A T R JE WS i T GR T3 VR B, DS I AT ) 22
{8 pHh 22 o P4 B E AR, B AT2>>0, Bl J5 s 5 o o
SER 1) S D 2E A ) 3 0 Y B o X 2 W JE T i s Xof
AT Ml I B 5 M A AU T R B A AR A iR

2026 4£ 10 A
4.5 _
RMSE=1.46 MBE=0.77 10A=0.97 R'=0.92
il B ~ WHI{EL(Obs)
37.5F o~ % -~ BAUE(Sim)
g 4 \
52350 7 S
ra2sy /s RSl
30.0F R P
27.5 N
Q Q Q Q Q Q Q
Q N\ N\ S N N Q
& & F S E
S S S N S Q S
S N & & & & &
Fsf 1]
(a) 2 m™iht
90
RMSE=5.43 MBE=-4.13
80| I0A=0.97 R*=0.96 T <
i 70 “\\ 1% o
Ju| !
Z 60 N 4
P 4
Bl N s
’ SN ~ WL (Obs)
L T =~ KLY {E(Sim)
40 ‘ . :
Q \} Q Q Q \} \}
N Q N N N Q Q
S A S RN\
S S N I R AR
NJ N N & & & &
i i)
(b) 2 AR

B3 2mKiES52mEXEEENS T
Fig. 3 Comparison of Simulated and Observed 2 m Air

Temperature and 2 m Relative Humidity

155 W o 5 300 #9300 5 4 R R 2R B TR AR R B
AR HEARFREER,AT2ZHEET 0,3
LR 160 R 90429 2 it I S 80 0ok 583 ), e T2 008 A

T2 1) B2 VR ) 68 7 B Sl B AR 648 k250 7 A A i 8
A —CR=CTRL
02f i GR-CTRL
0.1F / \
v 0.0 1
a-01f R /0
<-02f | /
-03r AN “:‘ Vi
—04f \\,f/f \/
~0.5E . . Y
S O O O O O Qo
S O & &N §F
N NN N SN
F F FFFEF F S

B4 REMEZEEMEET2nSEBEZEMNETK
Fig. 4 Diurnal Variation of 2 m Air Temperature Differences

Under Cool Roof and Green Roof Scenarios

3.3 S HEERALGE KL

S T 8 R B 0N 1 2 ) S M oF — DA
500 m g W R EE 22 S [R] B BEAY AT2 223 (WL 5) .
Sk, CR 5 GR7E K (08:00~12:00,13: 00~
18:00) $4 3R BIL 4 B I3 161 g 67 3k 22 43 A, B8 T IX 3
FE 25 ] b5 B — o AR M A I L K R R R
(01:00~08:00) 22 37 # AR At 55 53 A1 B0 Ry 1, R W
Rof T 30N LA B I 1 P R B 55 AR AE

MR NE 22 7 A, CRAE H R I B i B IR A5 5 T AR



5 51 &5 5 )

P DRI A - G DUHRTIT S I IX v J2 T -5 2o (5 =2 TOUAR PR 856 o 8 A0 B2 70 A

31

Hh iR JRE R SR A R B D 5T Y ¢ TR e R B ER
GR Y B 3 43 A1 A X B 2 2, 7 3 70 DX Sl 5 ) Ak
{ELHR 2 i B T RRAIE o P TR S TR A R b 25 S 4R

13:00-18:00

78 HAF A B AR AN [ CR S 7 308 o e 22 s 5 i e R
A ORHE IR, GR B 2 30 o 7 7 4l 3% B At 0 IE
T IR S~ 2 1 I ik e

19:00-24:00 1:00-8:00

i 8:00-12:00 075
; D €R N LC_R‘ ~™, _ _CR
gL | Lo/ »ﬂ:g.v ot Lf LA | Mo.so
1l 1.0 5 s Y ; s - /
= % (.4 . rllJ | P ’J')
- o/ AP, \ 025
H"‘} C s |
gyt b By ™ 0.00
Ny L N T (T ~SR R025
e adllrr " 3 [Coson v )| 1 C
M S SRS S e 4l REU
&/ RTINSl \
o) 3¢ Il | & -0.75
Y P b i ‘ | :
; 3 i : gy
Ae kit U AT i - =

Bs5 AEMRSEMEREEMI 2mSEBEEENZMEESH

Different Periods

Fig. 5 Spatial Patterns of 2 m Air Temperature Differences Under Cool Roof and Green Roof Scenarios During

[% 38 20 R 64 4 32 B ) 55 A7 o fﬁ
-10F
3.4.1  H NI AL 1Y 1 A 5 IE £ ook \
o T AR BE R B 25 5 L AR SOk — B 4 BT b R R ol \
jas) \
i PG B (HFX) 5 9% #uil & (LH) B9 2545 H 2816 (L < _gof \\ - ereerrll
E6. & 7). GG, CRY GRIE [ KR EM S0, . ., , ~TGRCTRU
Q \} Q Q Q Q Q
R AHFX <0, H {8 06 B 76 TP A 8 5 3k 3 B @"Q \";'Q \" \%"Q ’»\"Q @"Q 6‘59 Q‘d'g
ISR\ SN CHEEEN SN SRR S
K:CREML —50 Wem 2 GR KL —46 W-m~ F & & FF J;";’ SN
i
2 f Sie M LA Ak el =
o RRUPRE MBS 00 FH TR BT Mo #EMSRERRERTRABELENATY
E(JE?;UJH ;:)Eﬂ*% ’ 7% E ﬁﬁ%/ﬂﬁ&@ﬁ}ﬁi E/‘JE:B%E ° Fig. 6 Diurnal Variation of Sensible Heat Flux Differences
/H\:EP CR Tf E{ %El’]ﬁfm #J'J ngﬁiigi , E,H\%féﬁi?ijtﬁﬁ[‘% Under Cool Roof and Green Roof Scenarios
TR A —
N = < R - 25+ — CR-CTRL
BHGEE I ,GRE LFEPF R BEW ol GR-CTRL
ALH™0, W8l 25+ 26 W+ m 2, 15 1 4% 4 )5 T 3 3 3% ol
RO 8 R 43 1T FH 6 i i Ak R i I R i BE %10-
b 5 A S 16 VA B S 5 T CR A ALH %% {45 ENI AN
T O, A AEAS S I B H 30 55 1F f , 26 03 8 2 TR = 208 sEe
ek R — S AR T 1 1 R AR FTHTSF S S FHSHS
. | \ . SR SN\ SN GRS RE A SN
HEAR )G, ISR IS A9 AHF X 5 ALH i & ¥4 01 % Q%'Q F §F F F F FF
IR N i)
S5 ST T 0, 5 7% ] AT WA 83 16 A A — B, 5 e '
e H7 ARMSRERRES TEAESEENETL

J2 1002 B8 A X 3 1 T R o 2 R A A A R A
SFF K )y 5 5 i O 52 e B B o
3.4.2 BRI ES ] AT

b, 35 38 d R 95 14 A5 R] A3 AT 5 R R AR 1Y 5[]
S I B VL, 1 — 2 EUE T P9 2 5 s 1 A% 0 AR
FHALE . 2P 5 B (13:00~18:00) % J= T 5 4 (0 )=
T S T S BAGIH 5 s A 2 ( 17% 23 8] 43 A 43 i)
mE 8 FE 9 fis o

Fig. 7 Diurnal Variation of Latent Heat Flux Differences

Under Cool Roof and Green Roof Scenarios

CRE ST, 2 3l 11 555 A e (L X5 P L oo fE
DY A, B T RS VAL O X R
B IX [ e o A e TG . s A A, SE
VTR TR AN, 58 4 MR FE T 08 M 2 0 pn P 7R Y
ELHEA] BB R | BB AL Y R IR AE



32 22 1 B A

2026 4 10 H

GRAF T, 1 #4382 1) 55 79 23 8] 23 A 53 -7
Z& , [) I 7 3 A B DX BRI P 255 ) s Al
BEER DX, 5T I PSR E A 2 I A R S8 A X
IO, TIE 52 G AR it 20007 ok 15T 8 PR o 5 2 IO o
IR IR 4, M 2 B e F o0 B A VR AR AR B O 2

Zig BRI G R 22 I, CR 5 GR Y RE
{0 Pl 35 T AR S5 (E FE A B A7 A ) I 22 5
CR 203 o {2 PR A AR 1) 355 S B PR e i I
il v 1L X5 A A ) 558 e (L IX A = ) R i — B
P 5 GR DU 1 8 S R e ] o Sl 25 00 ik kPRl o, 3R
I A RE B PR AE . Ol B 250 5 U 22
Gy e 25 (6] b B0 I 56 AR, g A T Ja T A 3 5 s 2 T
AT J= IR B4 ) AL ] Bt T DL A 2 TR AR

Wm’

80

60

40

20

0

-20

~40

-60

(@) BRI (b) R 80
8 FIEME(13:00~-18:00) ¢ EMS5REETNEREHME
BEEEMNTESH

Fig. 8 Spatial Distribution of Sensible Heat Flux Differences Under

Cool Roof and Green Roof Scenarios During 13:00~18:00

(a) IR (b) &)z It —40
9 FREEEK(13:00~18:00)% B (a) SR EER(b)HE
SERBEZENTES A
Fig. 9 Spatial Distribution of Latent Heat Flux Differences Under
Cool Roof and Green Roof Scenarios During 13:00~18:00

3.5 ML IR IR R ) R AR R AE

T2 e i =22 A, T B4 B 35 3 O A
15 il 2 R 1 HI S50 . AR SCLL CTRL W 5t T2 #9545
90 11 73 o7 B 7E B i e 3R B AL, LA 500 m A% I Dy B0
GEAHAS Rl Bl i T2 K T2 Tz (A i ks I L 4]
I LB CR 5 GR X4 S 2% 85 19 B 98 i (DL 3% 1)
122 30 L 3 715 0 BV S5t rp Ak 1 3l PR A b R S ) e
A% 0 7K SF- PR T B 3 P T R N e S A R i g kR
S, TR T P AN [] Bl 1 5 0 s i R R LR R
PRl B I BCRCIR o |h T T 0k SR 8 — S o 1 St 1

{8, BEAZ LR IE A [7] 2 T ok 1 1 5 22 R B W] LM (.
L2 LT RE FH T AR X 5 I 40 B T AR 2 0 A
I 1 7 S R it )

SER T, W R TR s 4 B 3 AR AR R o
AR L, FLE R B I BT B2 R ]
Z I 2 (01:00~08:00) H i e Uik L B8] sk 20> 22 43 53] Sy
CRIGHt74.44% 5 GRIE 5 47.83% 5 1/ (08:00~
12:00) Hil 9 4 1 15 8 4 H @A, 45 9 b CR 1 &=
75.46% 5 GR 1% 5 76.23% ; 2F J5 5 i d5 08 B B
(13: 00~18: 00) 175 £ £ ¢ & Wl Wk K F, 23 51
68.02% 55 62.53% ; 1 (19: 00~24:00) Hll sk % i
A X [ 9%, 4 0 CR 1 5 53.06% 5 GR 1% 5
51.42% . M4 HREF,CR S GR MM i & i
9 /D 2R 43 5 R 68. 98 % 5 58.40% . AR
CR7E 2 $i it B Ay H) 06 g B2 5 3, 1M GRAE b1 i) B
K5 CRAH 25 5 0 = 1 W DAL o %48 b A 2
7% T FRUAA B AN TR T 7 B3 B AR Ak 4 AT, BT T ) A
W BTG 14 PG 56 S it B B 5 R DX ) B At Ak
WA

1 AEMEFEH2mKERRGSIRKL G D E
Tab. 1 Average 2 m Temperature in Different Time Periods
and the Reduction Rate of Extreme High

Temperature Proportion

4 2 m R/ C A I G b/ 6

1% 5 RF i) B

CR 29.67 74.44
01:00~08:00

GR 29.77 47.83

CR 34.74 75.46
08:00~12:00

GR 34.74 76.23

CR 38.91 68.02
13:00~18:00

GR 38.92 62.53

CR 32.19 53.06
19:00~24:00

GR 32.22 51.42

CR 33.55 68. 98

24 h
GR 33.61 58. 40

VI < b S 5 L B (DT CTRL 35 47 00 2 m S BE 6 43 46 0 50
00 B 4 i . I T ¢ i % I 56 L 1E 44 1 JE ¥ 1) 5 i 2 6% 2k

4 HFRIE

AR SCPLR AR T R R X WA A, 5T
500 m #% W X EE () WRE-BEP/BEM 848 , %F L 3 Ak
TR RIS S0 )2 1006 3T M 2 SRR B 0 98 45 5500
I DA I ARGE 5 0 PG A R R R L B AL . 4
L.

(¥ RIS &0 )2 T0 ) RE AT 2B IKIE 2 m
AL, R I G A B R I T Oy 3 TR AR A )
ok 55 5

(2)PIZR M E IS R A e 2 R R R T R 2



5 51 &5 5 )

P DRI A - G DUHRTIT S I IX v J2 T -5 2o (5 =2 TOUAR PR 856 o 8 A0 B2 70 A 33

T A 1 5585 S A bR A ) R R A (= T

T o 3 o8 P PG T ) C b 3R BE i S I OF

%% GBS ;
(3) & J Tol 5 ¢ (5 Jo2 TOU 49 i I 255 1) i . i vy

A F 10 BL, 24 h B i e A EE 1 230 b 68. 9800 5

58.40% , H 1 1 K (08: 00~18: 00) Hll ¥ &4 17 fie
WEFEAEITT ROEE BB R 1 i T To ek i 4500

VAL 5 P e GAHE S, AT Sy Hi R R R Ao AR R T B

B S i R IR U A B A TR A AL A A ik S

T e R X AR R R A DX, AT SR

PV R T L J A Pl o ) 0 28 2R s o B s A 2R R Y

Fi DX, AT A Jay (0 J2 T LA oi 185 FA 0 55 I 32 T B R

WP AR . W B UL AR AR SCR R T4

T o IO 1 S, T A R B T RAE AN (R 1 e

PE B T TE LB A o, B BOR AT 2 2 B

FUEEA S5 R THAT A M AR AR Mo B SR R R

il 2y, b5 e n] oy s Rk B B 5 23 B 2541

AT ST A B0 R A T e R N T AR

=%

& £ X

(1] A, o, #Ik, 45 . 20224 2 F K VL I
e iy e A D 9T BE R S R (1], M BR B A BE R
2025, 40(5): 456-472

[2] ZEARBH, 22, XUECIG . 30T #R0 07 i 2 A8 A6 =X
TR EEXT L AR DU T 2 S A il [T ). R A 25
24, 2026, 37(3): 671-682

[3] Klein T, Anderegg W R L. A Vast Increase in Heat
Exposure in the 21st Century Is Driven by Global
Warming and Urban Population Growth [J]. Sustain-
able Cities and Society, 2021, 73: 103098

[4] Liu Dan, Zhou Rui, Ma Qun, et al. Spatio-Temporal
Patterns and Population Exposure Risks of Urban Heat
Island in Megacity Shanghai, China [J]. Sustainable
Cities and Society, 2024, 108: 105500

[5] M, Frassse, M, 55 . 2R T 34 B 2800 1Y
2 K9z AR DUI T ReRAT sl t-J) o [0]. i
2= 1), 2025(S2) : 69-74

[6] Zefeil, SRuE, ZRWengE, 45 T ) A 45 22 30T B R Y
JUN A )RR S AR R WP BRI, 2023,
39(7): 40-47

[7] Chaumont M, Filaine F, Parison S, et al. Impact of
Roof Watering on Urban Cooling During Heat Waves
[J]. Energy and Buildings, 2025, 337: 115693

[8] Aggarwal C, Molleti S. State-of-the-Art Review: Ef-
fects of Using Cool Building Cladding Materials on
Roofs[J]. Buildings, 2024, 14(8): 2257

[9] Shafique M, Kim R, Rafiq M. Green Roof Benefits,
Opportunities and Challenges— A Review[J]. Renewable
and Sustainable Energy Reviews, 2018, 90: 757-773

[10] Joshi M Y, Rodler A, Musy M, et al. Influence of Ur-
ban Morphology on Potential of Green Roofs in Regulat-
ing Local Microclimate: A Case Study of Liege, Bel-
gium[J]. Urban Climate, 2024, 58: 102144

(111 aBCr N RGB3BTS4 9 4] (2010—2020
) [EB/OL]J. (2011-11-30)[2026-03-11]. https://
zrzyhgh. wuhan. gov. cn/zwgk_18/fdzdgk/ghjh/zzqgh/
202001/t20200107 _602858. shtml

[12] National Centers for Environmental Prediction. NCEP
FNL Operational Global Final Analysis [EB/OL].
(2024-07-18) [2026-02-10]. https://rda. ucar. edu/
datasets/ds083. 2/

[13] ERAREL O . hEE ARG Z N R EB/
OL]. (2024-08-11)[2026-03-11]. http://data. cma. cn/

[14] Skamarock W C, Klemp J B, Dudhia J, et al. A De-
scription of the Advanced Research WRF Version 4
[R]. Boulder: NCAR, 2019, doi: 10. 5065/1dfth-6p97

[15] Fdh, X036, ¢, % R IE T 5 m & At i il 2
SR T XTI SR W A6 B (1], KZF
%, 2018, 38(3):342-350

[16] Ak, 228 . 5T AT 8 mm Eod F ki e 2 2
B T3 58 0 T A5 B (B AL T LU RIF 5 DL BT
Hi &S BILCT. b 35— Jm WUt Bl Ak 5 /N A f [
PRt 2, FER, 2020

(17] fLUWL%, Euksk, KW, % . WRF B HIRTEE 2
B Ir BAEE R AL IR R L8[ T]. KL
WIS UR 5 BT, 2013,22(12) : 1 6271 634

(18] Lhigshy, Mz, JRMImT . kT 22 P v 3ok i o J2 46 =X 1
R R BB AL [T ], 22N R e (A A
FHR) , 2020, 56(5):650-658

[19] Bliwks, =&, 171, % . 30 B w2 K
HX ST HEAR TR pysgma [J]. A%, 2018, 38
(5):1 661-1667

[20] FBmEHE . 5 55 a A E P b Hb X B 2R K A I 25 e AR
fELT]. WP SR, 2018, 38(2):50-59

[21] FL#, £—%, s, % o EE SRR [K
Jry B GO 38 Tl Ak e 2 (1961—2010) [J]. & VL 35K
VIR 5 EREE, 2018, 27(5):996-1 010

[22] XU, 8% 45, &b, 55 . PEARHBIX 1978—20184F K &
R K ASALRHE S M [T, TR RL2#: , 2020, 38(5) : 810-818

[23] SRS, HERY, B0, 5. Pl X AR HIFEAK =5
MY RAFR SO IRRE[T]. Wi 544, 2019, 13
(1):87-92

&8 B #7:2026-05-08
E—1EE P B, B E B A IR S T IR IR BB

E-mail: qmzhan@whu. edu. cn



