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Fig. 1 Division of concentric ring layers in Paris and Chongqing

SRR A, AFEEOR R A T S A TAREAL (A5 (] — I AN [) 25 TR
BT Z [R5k B BAT T etk . BAR AT
uL; - oL
UEDI, =

oL -t
s UEDI ARFG n AT Y 5K 22 RAR 8 UL, UL, 435 ¢ 4R o, 47
55 n AT B IETR UL" R UL" 3500 3% o 4R ¢, 45 A il P TR

x UL"

(2)

x UL,

3

3.1 £ BB KT i B = T 4R AE

20t sk, ER33AEARTT A S P kg 22 T B . e RIAER
AR RIS & J v B SR T 7 9 ok B Aok, KRN R g 5 YR Ik Tl
(A 43 [B) RIS K 7 5K 5 B A X4 55 0 2020 442 BR 33 4S8 K 3ak v FH i 1 A2k 5.36%10° km?,
HA A 7E S A B FE I AZ 0L 212904 5ol v P b i AR A K, ¥4 3000 km? LA |
(F2), (58RI T F bR R 29.38% 0 I RF K . i S Rk % 45 3al i FH b T AU 2
500 km’, 20004F- LIk, BAIRTY ok FE L AEFWIMNE R EZ, ERAHENENY 5%
S22 IR BURK, N 6.69 F16.05 (1&2), HA sk A4 2000 436 17 FH b 1 AR
3ELL o BRI ELEE LA K R 5 P B 1) 25 A BL 2930 P 5 S8R P 9k ok i 25 8 80N T 0,30,
20 AR T IR FTARAE 150 km® DR o ARHE3 T 97 5k B 22 S8 BORHRE KT 4 R 3 b2k
AL BETTER M (UEDI<1) ., 289 5kA (1 <UEDI<2) FIi#Ey 7k% (UEDI=2),
3.2 £ EKEB AT S B W 43 T4 AE

XF20004F . 2010 45 F1 2020 4745 1 K3 T AFEAS s 40 A TR 5 B, AR
J AR, SR BRE— . B AR B A MRCR I TR (EI3~KS5), 7
White 2742 HH A XU E IR TR AL, &I B IR T HA XUMEERIE, 3T &R 5L 45 1)



11 48] PREMETR 45 SBR[ 5K S B AR5 2691

8 7.0
20004F 45 T FH IR i
@ B 200020104350 TH7 H 38 10 T 45
2010—20204F 55117 4t 389 A i A7 156

w SR M TR R 2 R B

L J

{42

428

IRTT AT AR (% 10° km?)
T L TR 2 SRR

2 2000—2020 4F 44 I T b i AR Ak R 3 i FH ) ol o B 22 S ek

Fig. 2 Urban land area changes and urban expansion intensity differentiation index of megacities from 2000 to 2020
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Fig. 3 Log-log plots of radius and urban land area in stable megacities
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2698 P R 77%:
750 600 1500
b. KHrar c. b
éi 500 |- 400 | 1000 |
K
=
S
Eg 250 200 | 500 |
p=d
0 & : L L 0 & . . \ 0 & | |
0 310 620 930 0 500 1000 1500 0 500 1000 1500
AR JTA) W ABJIA) WHABTTA)
570 600 2000
d. PrAIR e. PEINE /R
E 1500 |
%’ 380 | »=0.76x 400 + y=0.56x
E R=0.99 R=0.97
= 1000 -
EE 190 | 200 |
= 500 |
0 s s 0 s s 0 . .
0 240 480 720 0 310 620 930 0 400 800 1200 1600
WIHAOJIA) WHAOJIA) WHAOJTA)
5000 2700
g HA
4000 |
3.26 1800 |
3000 r §;;09;

2000

IR P AR (km?)

1000

0 500

1

000 1500

W ARCTTA)
RV 22 S G R TR 2R G IPNEE S

900

0 1000

2000 3000

BATANECTA)

Fig. 11 Relationship between urban land area and urban population in slowly expanded megacities

ST RIS, T P T AR TE 1000 ke AR, A AR5 53R RT3l ol i AR sk g i
PRI B/, T s T R, R BT N S A
DA B 2o il 25 [ ke DO SR T A FRg Tl

5

FTF 20002020 4F 4 BRI T + Mo A /2 35 AR s, 12 AR AR B A M A A
X A BRI R T FH H AL TR RAE S 3 KA B I 43 8T . 2000—2020 4F- 421K 33 N K
BT FH AL S5 sk 422 53 8, SkTT b ACR S BRI 25 ) S ot . R TRR
RIS RS RAE RS R BEE, AR . IS A2 AU 3000 km? L I, 3T 20 4 HLAR ) 4



11 48] PREMETR 45 SBR[ 5K S B AR5 2699

3000 2100 360
a. g
§, 2000 |- 1400 | 240 |
=38
=t
2
1000 + 120 |
B 700
E
0 (s . ' 0 @ . 0 ‘ -
0 1000 2000 3000 0 700 1400 2100 0 500 1000 1500
WHAOOTAN) W ATTA) W AOIAN)
3000 1000 - 1800
_ dJM e ¥
g 750 t
K 2000 | 1200 |
= y=1.60x ;
3 R=094 .7 500
=3
2 1000 | 600 -
=" 250 |
0 & f L 0 & L L 0 @& L L
0 500 1000 1500 0 600 1200 1800 0 500 1000 1500
Wi AOOTAN) W ATTA) W AOIAN)
1200 T — 2700 600
E 900
< 1800 | 400 |
&
600
o)
1% 900 | 200 |
& 300
0 ‘ | . Y . 0 L . . .
0 250 500 750 1000 0 1000 2000 3000 0 100 200 300 400

WIARCTN) WA CTA) WA R CTA)
(CRVERSE S S TR NGRS IPNE PSS

Fig. 12 Relationship between urban land area and urban population in rapidly expanded megacities

BUEALXHE S 0.04, IR TR AR R o R Rl Y, (HA2 HAR Bt R i 2
M, ST PR AR . DRy Sk Bl 7 ™ sk 20, HR 4 sk S s
ik i) 3 SR LRI R 352207 ) K Jfe o HENNGR . T PHORIE 2 3R v 7 5 o JBE 2 4R ok T
3, HARMAERIA/NT 171, (HEZAER I @ES, i m g @i KiE. 330
RIRTTHAT 16 AIRTTAR M AE 22 (A AE 0.05 LR, IRTATY SRR 22 hy e AU Ay 5028
R E R . T RLRAE 1000 ke LA R AR, §79ksm LSS, T4 A ARSIk
WL, AR I I, Sl R B

VLA . A SRR TTRRSE 1T A DRI A B i AT RS A B, AR
SCERTE T 21 L IR KT ™ sk A A8 ket LT 1 R i & Sl %, I
ST FH M 5 3k T N Y 2R P 5 R B A TR 250 B9 PRSI T 0 Ik H AR Y
BRI T R PR SR (IR 22 225 1 B A



2700 i B 2E 774

5 % 3k (References)

[1] Li X C, Zhou Y'Y, Hejazi M, et al. Global urban growth between 1870 and 2100 from integrated high resolution mapped
data and urban dynamic modeling. Communications Earth & Environment, 2021, 2(1): 201. DOI: 10.1038/s43247-021-
00273-w.

[2] Liu X P, Huang Y H, Xu X C, et al. High-spatiotemporal-resolution mapping of global urban change from 1985 to 2015.
Nature Sustainability, 2020, 3(7): 564-570.

[3] Zhang Y, Wang H Y, Xie P, et al. Revisiting spatiotemporal changes in global urban expansion during 1995 to 2015.
Complexity, 2020, 2020: 6139158. DOI: 10.1155/2020/6139158.

[4] United Nations. World urbanization prospects: The 2018 revision. https://www.un.org/development/desa/publications/
2018-revision-of-world-urbanization-prospects.html.

[5] Angel S, Parent J, Civco D L, et al. The dimensions of global urban expansion: Estimates and projections for all
countries, 2000-2050. Progress in Planning, 2011, 75(2): 53-107.

[6] van der Ploeg F, Poelhekke S. Globalization and the rise of mega-cities in the developing world. Cambridge Journal of
Regions, Economy and Society, 2008, 1(3): 477-501.

[7]1 Wang J, Chen Y, Liao W L, et al. Anthropogenic emissions and urbanization increase risk of compound hot extremes in
cities. Nature Climate Change, 2021, 11(12): 1084-1089.

[8] Djehdian L A, Chini C M, Marston L, et al. Exposure of urban food- energy- water (FEW) systems to water scarcity.
Sustainable Cities and Society, 2019, 50: 101621. DOI: 10.1016/j.s¢s.2019.101621.

[9] Liang L, Gong P. Urban and air pollution: A multi-city study of long-term effects of urban landscape patterns on air
quality trends. Scientific Reports, 2020, 10(1): 18618. DOI:10.1038/s41598-020-74524-9.

[10] Zheng Q M, Weng Q H, Wang K. Characterizing urban land changes of 30 global megacities using nighttime light time
series stacks. ISPRS Journal of Photogrammetry and Remote Sensing, 2021, 173: 10-23.

[11] Dong T, Jiao L M, Xu G, et al. Towards sustainability? Analyzing changing urban form patterns in the United States,
Europe, and China. Science of the Total Environment, 2019, 671: 632-643.

[12] Mahtta R, Mahendra A, Seto K C. Building up or spreading out? Typologies of urban growth across 478 cities of 1
million+. Environmental Research Letters, 2019, 14(12): 124077. DOI: 10.1088/1748-9326/ab59bf.

[13] Hai Kai, Wang Siyuan, Ma Yuanxu, et al. Urban expansion and form changes along the Belt and Road Initiative. Acta
Geographica Sinica, 2020, 75(10): 2092-2108. [P, T e, ool, 45, a7 — i X ki P sk Mg 7281k
SrHT. HEE2EHR, 2020, 75(10): 2092-2108.]

[14] Mandal J, Ghosh N, Mukhopadhyay A. Urban growth dynamics and changing land-use land-cover of megacity Kolkata
and its environs. Journal of the Indian Society of Remote Sensing, 2019, 47(10): 1707-1725.

[15] Xu G, Dong T, Cobbinah P B, et al. Urban expansion and form changes across African cities with a global outlook:
Spatiotemporal analysis of urban land densities. Journal of Cleaner Production, 2019, 224: 802-810.

[16] Estoque R C, Murayama Y. Intensity and spatial pattern of urban land changes in the megacities of Southeast Asia. Land
Use Policy, 2015, 48: 213-222.

[17] OuJ P, Liu X P, Li X, et al. Quantifying spatiotemporal dynamics of urban growth modes in metropolitan cities of
China: Beijing, Shanghai, Tianjin, and Guangzhou. Journal of Urban Planning and Development, 2017, 143(1):
04016023. DOI: 10.1061/(ASCE)UP.1943-5444.0000352.

[18] Dutta D, Rahman A, Paul S K, et al. Impervious surface growth and its inter-relationship with vegetation cover and land
surface temperature in peri-urban areas of Delhi. Urban Climate, 2021, 37: 100799. DOI: 10.1016/j.uclim.2021.100799.

[19] Song Changqing, Cheng Changxiu, Shi Peijun, et al. Geography complexity: New connotations of geography in the new
era. Acta Geographica Sinica, 2018, 73(7): 1204-1213. [RK &, B 5 75, A HiiHACHb I 24 PE 1 Y . HBl~4
2, 2018, 73(7): 1204-1213.]

[20] Encarnagdo S, Gaudiano M, Santos F C, et al. Fractal cartography of urban areas. Scientific Reports, 2012, 2(1): 527.
DOI: 10.1038/srep00527.

[21] Benguigui L, Czamanski D. Simulation analysis of the fractality of cities. Geographical Analysis, 2004, 36(1): 69-84.

[22] Chen Y G, Wang J J, Feng J. Understanding the fractal dimensions of urban forms through spatial entropy. Entropy,
2017, 19(11): 600. DOI1:10.3390/¢19110600.

[23] Tannier C, Thomas I, Vuidel G, et al. A fractal approach to identifying urban boundaries. Geographical Analysis, 2011,
43(2): 211-227.

[24] ChenY G, Wang Y H, Li X J. Fractal dimensions derived from spatial allometric scaling of urban form. Chaos, Solitons



11 48] PEIVTE A5« A BRI 23 014 5K S R RS 2701

& Fractals, 2019, 126: 122-134.

[25] Chen Y G. Fractal modeling and fractal dimension description of urban morphology. Entropy, 2020, 22(9): 961. DOI:
10.3390/e22090961.

[26] Frankhauser P. The fractal approach: A new tool for the spatial analysis of urban agglomerations. Population, 1998, 10:
205-240.

[27] White R, Engelen G. Cellular automata and fractal urban form: A cellular modelling approach to the evolution of urban
land-use patterns. Environment and Planning A: Economy and Space, 1993, 25(8): 1175-1199.

[28] Bosch M, Jaligot R, Chenal J. Spatiotemporal patterns of urbanization in three Swiss urban agglomerations: Insights
from landscape metrics, growth modes and fractal analysis. Landscape Ecology, 2020, 35(4): 879-891.

[29] Zhang Feng, Chen Yanguang, Li Xiaosong. Radial dimension analysis of growth and form of cities in the Beijing-
Tianjin-Hebei region. Progress in Geography, 2019, 38(1): 65-76. [3KRX\, FREZ ), Z=WEFA. stEEs@iih 4 KATE AR
AR AT HERLE R, 2019, 38(1): 65-76.]

[30] Wang Qi'an, Shi Jiancheng, Liu Qinhuo, et al. Global ecosystems and environment observation analysis report
cooperation (2020): Global urban land composite and expansion in 2000-2020. http://www.chinageoss.cn/geoarc/2020.
[EFF2E, T, Ak, 6. A pkA: AR B W I 2020 4F HEAR 5 SRR NP 5K 5 - #h 3 36 25 1k, http://www.
chinageoss.cn/geoarc/2020.]

[31] Worldpop. Open spatial demographic data and research. 2020. https://www.worldpop.org/.

[32] Angel S. Atlas of urban expansion, 2016 edition, volume 1: Areas and densities. 2016. http://www.atlaso furb
anexpansion.org.

[33] Guan Xingliang, Fang Chuanglin, Zhou Min, et al. Spatial and temporal characteristics of spatial expansion of urban
land in Wuhan urban agglomeration. Journal of Natural Resources, 2012, 27(9): 1447-1459. [ 24 K, 7 QHk, Fi g, 45
DU T RE SR B M 23 [ R 25 AR 70T, AR BEIREAAR, 2012, 27(9): 1447-1459.]

[34] Stokes E C, Seto K C. Characterizing and measuring urban landscapes for sustainability. Environmental Research
Letters, 2019, 14(4): 045002. DOI:10.1088/1748-9326/aafab8.

[35] Hamidi S, Ewing R, Preuss I, et al. Measuring sprawl and its impacts: An update. Journal of Planning Education and
Research, 2015, 35(1): 35-50.

[36] Gao J, O'Neill B C. Mapping global urban land for the 21st century with data- driven simulations and shared
socioeconomic pathways. Nature Communications, 2020, 11(1): 2302. DOI: 10.1038/541467-020-15788-7.

[37] Adhikari P, de Beurs K M. Growth in urban extent and allometric analysis of West African cities. Journal of Land Use
Science, 2017, 12(2/3): 105-124.

[38] United Nations. Sustainable development goals metadata repository-sdg indicator metadata: Format version 1.0. https://
unstats.un.org/sdgs/metadata/files/Metadata-11-03-01.pdf.

[39] Ouyang Xiao, Zhu Xiang. Spatio-temporal characteristics of urban land expansion in Chinese urban agglomerations.
Acta Geographic Sinica, 2020, 75(3): 571-588. [KKBH I, 5. v I3k i B4 i FH b 7 ot ) 25 B S RRAE. b= 4R,
2020, 75(3): 571-588.]

[40] Seto K C, Fragkias M, Giineralp B, et al. A meta-analysis of global urban land expansion. PLoS ONE, 2011, 6(8):
€23777. DOL: 10.1371/journal.pone.0023777.

[41] Vogler J B, Vukomanovic J. Trends in United States human footprint revealed by new spatial metrics of urbanization
and per capita land change. Sustainability, 2021, 13(22): 12852. DOI:10.3390/su132212852.

[42] Alam M J. "The organized encroachment of land developers": Effects on urban flood management in Greater Dhaka,
Bangladesh. Sustainable Cities and Society, 2014, 10: 49-58.

[43] ChangY S, Lee Y J, Choi S S B. Is there more traffic congestion in larger cities? Scaling analysis of the 101 largest U.S.
urban centers. Transport Policy, 2017, 59: 54-63.

[44] Dong Y L, Ren Z B, FuY, et al. Decrease in the residents' accessibility of summer cooling services due to green space
loss in Chinese cities. Environment International, 2022, 158: 107002. DOI: 10.1016/j.envint.2021.107002.



2702 i B 2E 774

Analysis of urban expansion and fractal features
in global 33 megacities from 2000-2020
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Abstract: The ultimate form of urbanization is the megacity, which is the typical form of urban
structural characteristics and population agglomeration effects. However, the comparative
studies on the urban form and expansion patterns of megacities worldwide are still insufficient.
This study first analyzed the spatiotemporal changes of land use in megacities based on the
Global Urban Land Use/Cover Composites with a 30 m spatial resolution (GULUC-30) by
using the method of urban expansion intensity differentiation index (UEDI). Then, the fractal
structure and expansion patterns of megacities were investigated using the area-radius model.
Finally, urban land use efficiency was assessed through a linear relationship between urban
land area and its interna population. The findings include: (1) Southeast Asia and China had
experienced the most dramatic urban land expansion (3148.32 km’ and 5996.26 km®) over the
last 20 years, along with the average UEDI of both greater than 3. (2) In 2000- 2020,
morphological characteristics and sprawl patterns of megacities developed toward greater
intensification and compactness, with the mean radial dimension increased from 1.54 to 1.56.
Meanwhile, radial dimension difference showed a year-by-year decreasing trend, and the intra-
city structure showed integration. (3) In 2020, urban land use efficiencies in both North
America and Europe were low, with urban land area to its population ratio coefficients ranging
from 0.89 to 4.11. On the contrary, high values happened in South Asia and Africa, from 0.23
to 0.87. Spatial patterns and morphological changes in megacities provide important reference
values for the intensive utilization of urban land and its sustainable development. Controlling
the scale of megacity expansion and promoting the balanced exploitation of urban land are the
essential ways for building resilient cities and sustainable urban planning.

Keywords: megacities; radial dimension; radial dimension difference; urban expansion; urban
land use efficiency



