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Spatial and temporal evolution analysis of sensitivity of flood disaster-prone environment in highly urbanized
areas//GAO Yuqin, CAO Xiang, JI Kongyang, SUN Feixue, LI Zhenlong( College of Water Conservancy and Hydropower
Engineering, Hohai University, Nanjing 210098, China)

Abstract: In response to the problem of insufficient research on flood disaster-prone environment in highly urbanized area,
a sensitivity assessment model for flood disaster-prone environment was constructed based on fuzzy logic methods. Using
Fuzzy Gamma and Fuzzy Sum operators for nonlinear hierarchical superposition, the sensitivity of flood disaster-prone
environment was evaluated by the model. Trend analysis, kernel density estimation, and Moran’ s index methods were
combined to analyze their spatiotemporal evolution characteristics, and a case study was conducted in the Qinhuai River
Basin. The results indicate that the overall sensitivity level of the Qinhuai River Basin showed an increasing trend, with
significant differences among sub-basins. In 2020, 78% of flood-prone points were distributed in highly sensitive areas with
sensitivity greater than 0.5, demonstrating high consistency between model assessments and measured risk distribution.
The proposed method effectively assesses the sensitivity of flood disaster-prone environment in highly urbanized areas and
reflects its spatiotemporal evolution characteristics.
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Fig.3 Spatial distribution of sensitivity of flood disaster-prone environment in the Qinhuai River Basin
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Fig.4 Comparison of stacked flooding points and
sensitivity simulation results in the Qinhuai River Basin
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Basin from 1990 to 2020
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Table 1 Global Moran’s I of sensitivity of flood

disaster-prone environment in the Qinhuai River Basin

ARy 1 Z
1990 0. 608 64.750
1995 0. 668 68.919
2000 0. 635 66. 390
2005 0.672 71.923
2010 0.765 79.551
2015 0. 687 71.154
2020 0.658 68. 004
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Fig. 9 Global Moran’s I scatter plot of sensitivity of flood disaster-prone environment in the Qinhuai River Basin
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(d) 2005E

PERE R Y™ 5k AN K T HE 0 SR K Bt e
(4 TR R AT T 0 U RE T 356k R BB T, A
T B R U E B 25 P v, EAh ITERIA
R M o 25 08 7K S el P ) SO e — e R
feit TR BIX AN, R RRE X EEN TR
TR LI S A R e G, 2 T O i BB
{07 W 7K 2R A H M 35 vy T e e 8 S A B DX )
B P W I @Y DO R IS S e RO AT TE
S5 0 A s e LSRR, DR TR 8t 0 2 R A 5 A X
BZ, 1990 fFREL RN LF I M i %, LV
S At 307 2 9 PR T U RS AR BN B
1995 4FJi7 oo SR AL FIMER- IR SR A 1) AR BORR A 4k

N

A g
REE W -
W 511
I i

0 10 20 30km

(f) 20154F

(g) 20204

T THEE F Wk P B B 2 IR B AU SR 2
PR P S 25 VRSB AR TN, G SRA D ORI |

4 Z£

=A

AR SCHE I 1 BT RO 2 B 7 1 B PR A K
PRERBURMEPPAG Y FUE T LI RIS
IR o BE IR T A DX 2 K PRI SRR A I 2
AL, IFAEZE W AT TS BN, 2R
WY, BE T RN 355 0 D7k 14 8k 105 2 R PR S SRR
PP TY RERS AT AR 1 22 TR s B DR SO AR R
Wi S 2R, SETHHE 7 4 KA SRR DS O R 1
SR, AR TS PR, 28 e 3R A ) i

.25 .

&



B 2 G ISR K S B T A AR X T AR
AN R, SRR (L ) 43 A1 ) v {7 ) e A 5 D25 ]
MK, ZR e ] it 15 2 I PR B SR P e 1 X 38
W IR T 1 2% ) R X AR TR SR B R A - A R
FRAE . FEXTZEVETT IR, 2020 4F SZR Sy BRI 7K 5 5
UEH BTG 25 5 R 78% 1) 5 B K A o T i
HIX, S S02 W BT AL AH L I 4 =, 25 ]
DCCRE R4, 7 o B3 T A DX e A3 R

SE Lk

[ 1] B2 =R EVIR A EIE 592 [ 1], ARKF ¥
##2,2002, 11 (3) : 1-9. ( SHI Peijun. Theory on disaster
science and disaster dynamics [ J ]. Journal of Natural
Disasters,2002,11(3) ;:1-9. (in Chinese) )

[ 2] R EDT i, 55 I TR R Ak 5 UK i
GG IR ST (1] L ERAF 5T, 2016,35(5) :836-
850. ( WANG Ran, LIAN Fang, YU Han, et al.
Classification and regional features analysis of global
typhoon disaster chains based on hazard-formative
environment [ J ]. Geographical Research, 2016,35(5) .
836-850. (in Chinese) )

[ 3] FBPER, =, 2258 55, 56T GIS BRI T 2 M k7 K
FLRG W PEAG [ )], I K222 4 ( A ARBH R
2022,50(3) :1-8. (ZHENG Defeng, GAO Min, LI Yu,et
al. Comprehensive risk assessment of rainstorm-flood
disaster in Dalian City based on GIS[J]. Journal of Hohai
University ( Natural Sciences ), 2022,50 (3):1-8. (in
Chinese) )

[ 4] LA, 22220, 5 00, 55, 3T 28 W O 3 e 55 Mo
B[ J]. KR i BB 2024, 44 (3) : 13-20. (J1
Kongyang, LI Xueming, GAO Jian, et al. Assessment of
urban vulnerability to heavy rain and flood disasters[J].
Advances in Science and Technology of Water Resources,
2024 ,44(3) :13-20. (in Chinese) )

[ 5] St B, 222 45 JLT GIS i) P by 24
FERGHGIENE VA [ V], 9CF %2, 2010,25(4) : 33-37,
(MO Jianfei, LU Jia, LI Yanlan, et al. GIS-based
sensitivity assessment on environment of developing flood
hazards in  Guangxi Province [ J ]. Journal of
Catastrophology,2010,25(4) :33-37. (in Chinese) )

[ 6] FRUEHE, s B35, X P, 45 Ao 2 1 57 T B30T e
SIPEPPA[ ], K E ¥ ,2024,39(1) :222-227. (CHENG
Yaya, GAO Yugin, LIU Yunping, et al. Assessment of
urban vulnerability in extreme rainstorm scenarios [ J ].
Journal of Catastrophology, 2024, 39 (1) : 222-227. (in
Chinese) )

[ 7] TR JH 268 a7 b, Tl 2 W 3 85 K 3 R AE 5 X
W VTl BIF 58 0 Joe [0 ] 7K R 7K R RE i | 2025, 45
(1):1-9. (XU Zongxue, LU Xingchao, SHI Qimiao.
Research  progress on  urban  flooding  disaster

characteristics and risk assessment [ J ]. Advances in

- 26 -

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Science and Technology of Water Resources, 2025, 45
(1):1-9. (in Chinese) )

T2, B wk, ZEiE A, 45, M B AR A s HE o W Tk
[J]. s FH 2~ 3%, 2014, 69 (9) . 1326-1345. ( WANG
Jinfeng, GE Yong, LI Lianfa, et al. Spatiotemporal data
analysis in geography[ J]. Acta Geographica Sinica,2014,
69(9) :1326-1345. (in Chinese) )

BRAAL, SR | XBAE R, A FE T AR A3 ] F AR G
Rk S A (B 77 ik LA [0 ] AT K24 2 4t (A SRR 2
W) ,2024,52(6) :8-14. (TAN Cancan,ZHANG Runrun,
DENG Zhimin, et al. Comparison of precipitation
interpolation methods considering spatial autocorrelation of
rainstorm precipitation [ J ]. Journal of Hohai University
( Natural Sciences) ,2024,52(6) :8-14. (in Chinese) )
ERU,IVEE KR T 55, 1998—2020 4F =i [X fix
K 1h oK Byt 28 AL RRAE [ J]. WIE R 2224 ( B4R
Blh2# M), 2023,51 (1) 10-18. ( WANG Yuxiao, SUN
Yingying, ZHANG Tianyu, et al. Temporal and spatial
variations of maximum one-hour precipitation in the Three
Gorges Reservoir Region from 1998 to 2020[ J]. Journal of
Hohai University ( Natural Sciences) ,2023,51(1): 10-
18. (in Chinese) )

B 1RIEVE WG] A BT KD e s AR AR
E S ORI 347 [ 0] 09 27 27 i ( AR E IR
2024,52 (3):25-33. (HUANG Jianxiong, YE Yuntao,
CAO Yin,et al. Analysis of spatial and temporal variation
characteristics and coordination of water-sediment in the
north main reach of Yellow River [ J]. Journal of Hohai
University ( Natural Sciences) ,2024,52(3):25-33. (in
Chinese) )

HHOH: DG T, 3042, 4. i ALl 57 R A IX 9 g S
ORI P AZ A B2 < LA T 0] [ ] ARV e e
TS5 EREE 2021,30(4) :915-924. ( TIAN Zhuangzhuang,
GUAN Yanning, GUO Shan, et al. River network changes
over Suzhou China;an insight from urban expansion[ J].
Resources and Environment in the Yangize Basin, 2021,
30(4) :915-924. (in Chinese) )

Mk XU ZR R, A5 ST R 23 A A5 A X 3 35 7
W R B M AT e 280 [T ], KB 2 E L 2021, 32
(5):791-800. ( MEI Chao, LIU Jiahong, WANG Hao, et
al. Comprehensive review on the impact of spatial features
of urban underlying surface on runoff processes [ J].
Advances in Water Science,2021,32(5):791-800. (in
Chinese) )

HEFE, /M RGeS 52 0% T ki By ik 40 L T 4
TS A X 3 K KU B 520 [0 ] 7K R K F ) g
2025,45(1) :26-31. ( XIAO Xueling, XTANG Xiaohua,
WU Xiaoling. Impact of underlying surface changes of
urban flood control encirclement of Jiaxing City on flood
risk[ J]. Advances in Science and Technology of Water
Resources ,2025,45(1) :26-31. (in Chinese) )

o BB T XURR, A TS A RS ) A R et i



[16]

(17]

[18]

[19]

[20]

[21]

(22]

(23]

KBS TG T]. K FIK B BB 2 8, 2024, 44(6) : 6-
12. ( GAO Yugin, WANG Hui, LIU Yue, et al. Flood
disaster risk assessment in Nanjing City based on spatial
information grids[ J]. Advances in Science and Technology
of Water Resources,2024,44(6) :6-12. (in Chinese) )
PR, S, D, % AT ARRERGEHIBM
2020 AFHB PRI 1 S BOKRRFESHT[I]. NRBRIL,
2022,43 (1):19-27. ( LIAN Yuechen, GAO Lu, MA
Miaomiao, et al. Analysis of No. 1 flood disaster in Poyang
Lake basin in 2020 based on natural disaster system theory
[J]. Pearl River,2022,43(1) :19-27. (in Chinese) )
TRIGHEE , £, R A 45 BB O R E & REH
SERPEPEAG [ 0] e R~ 24l ( AR B AR , 2025, 53
(4):99-107. (XU Zhenghui, WANG Wei, SONG Yue, et
al. Sensitivity assessment of parallel complex disaster in
the Guangdong-Hong Kong-Macao Greater Bay Areal[]].
Journal of Hohai University ( Natural Sciences) ,2025,53
(4):99-107. (in Chinese) )

AR R AR AR ST 2R BRI R G IR T
iy 22 R PN AU s A AR [ 0] KB BAR 7, 2025, 41
(2):95-105. (LI Mengze ,CHU Junying,ZHOU Zuhao, et
al. Dynamic assessment of urban extreme rainstorm
waterlogging risk based on multi-agent system[ J]. Water
Resources Protection, 2025, 41 ( 2): 95-105. ( in
Chinese) )

AL IR K BIE B B R ) ] MRS
K& ,2017,29(3) :101-102. (HOU Chunsheng. Study on
urban flood disaster formation and prevention and control
measures [ J ]. Environment and Development, 2017, 29
(3):101-102. (in Chinese) )

ARBILZRE , BB AR, S R, 45 TR BE 2 > Y3l Tl
PERUKOK U AL R [ 7. /K ¥R PB4, 2025, 41 (1)
56-63. (LIN Kairong, OUYANG Jiana, MA Xumin, et al.
Prediction model of urban waterlogging water depth based
on deep learning[ J]. Water Resources Protection, 2025,
41(1) :56-63. (in Chinese) )

R VRS, L, AF R T A A AL A ik Tl
P IR F N TTE LT ] . KRR R IR )i, 2024,
44(2):22-29. (GAO Yugin, WANG Jian, GAO Jian, et
al. Evaluation method of urban flood disaster resilience
based on combined weighting-cloud model [ J ]. Advances
in Science and Technology of Water Resources,2024,44
(2):22-29. (in Chinese) )

EICAL, o, B A, A5 DRI T P S T P
TERZM B [ )] K BEIRAR I, 2025, 41 (5) : 41-51.
(WANG Zhaoli, MENG Desheng, LIAO Yaoxing, et al.
Analysis of impact of rapid urbanization on characteristics
of urban waterlogging [ J ]. Water Resources Protection,
2025,41(5) :41-51. (in Chinese) )

KA B, JE, 2R4E 45 . A7 A7 7K T 70 A7 Xk $pf T R 7K
TR [ T]. K J1 % B 54T, 2024, 43 (1) - 35-46.
(ZHENG Ziqi,PANG Bo, LI Yu,et al. Impact of directly

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

(32]

connected impervious area distribution on urban
stormwater runoff process [ J ]. Journal of Hydroelectric
Engineering,2024,43( 1) :35-46. (in Chinese) )
WaHE. AN 7K T 25 T4 J) 728 A %o Sl T 1 85 1) 52 i) 5 6
FARESEL D 1. BUM AT I FE R, 2023.
R PR, BRAL, A% T RCHR T PR S Bt B I 2
WAL TR AT R T [ J]. %4 58544k, 2025, 25
(2) :646-655. (SONG Lanlan, SHEN Yi, CHEN Xing, et
al. Analysis of the spatio-temporal evolution and obstacles
to urban flood resilience in the Nanjing Metropolitan Area
[J]. Journal of Safety and Environment, 2025,25(2):
646-655. (in Chinese) )
PRADHAN B. Use of GIS-based fuzzy logic relations and
its cross application to produce landslide susceptibility
maps in three test areas in Malaysia[ J]. Environmental
Earth Sciences,2011,63(2) :329-349.
BALAMURUGAN G, RAMESH V, TOUTHANG M.
Landslide susceptibility zonation mapping using frequency
ratio and fuzzy gamma operator models in part of NH-39,
Manipur, India[ J ]. Natural Hazards, 2016,84 (1) ;465-
488.
STANLEY T,KIRSCHBAUM D B. A heuristic approach to
global landslide susceptibility mapping [ J |. Natural
Hazards,2017,87(1) : 145-164.
ZEYKTE , WRSC, W, A5 3R RGHERON 8E S Bk
Copula PR 7K 73 BT H K HESR [ 1], K B4R
41,2025,41 (5) : 61-72. (LI Jiging, CHEN Jing, XIE
Yutao, et al. Staged design flood calculation for reservoir
using improved fuzzy set analysis method and Copula
function[ J]. Water Resources Protection, 2025,41(5) :
61-72. (in Chinese) )
WIFLR - SEE A7 A, X, S5 DR AL 30 a
PEAR R W25 o34 2P RIMFREDTFE [ )], 5 X
H 2024,47(8) :1314-1326. ( GULIZAR Moming, YANG
Lianmei,LIU Yan, et al. Spatial and temporal distribution
of flood disasters and characteristics of disaster-prone
environment in Ili River Basin in recent 30 years[ J]. Arid
Land Geography,2024,47(8) :1314-1326. (in Chinese) )
WANG Huiliang, XU Shanlun, XU Hongshi, et al. Rapid
prediction of urban flood based on disaster-breeding
environment clustering and Bayesian optimized deep
learning model in the coastal city[ J]. Sustainable Cities
and Society,2023,99:104898.
sRIEE S ERFT , BB, 4. BT ITA M1 Mann-Kendall
T2 1R U R i ok AR AR A AT [ )] 98 R 2 4
(HRBE2RR) ,2024,52(6) : 15-22. (ZHANG Jiao, HU
Qingfang, HUANG Jingsheng, et al. Analysis of extreme
precipitation changes in Lijiang River Basin based on ITA
and Mann-Kendall methods[ J]. Journal of Hohai University
( Natural Sciences) ,2024,52(6) :15-22. (in Chinese) )
(ke F99:2025 -02-27 4l E55)

e 27 .



