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Abstract: Urbanization leads not only to rising temperatures in urban areas but also to dramatic alterations in local
microclimatic conditions, which in turn affect human thermal comfort, a crucial factor for health and wellbeing. Although
past research has predominantly focused on the correlation between urbanization and ambient temperature, few studies have
explored the causal mechanisms of thermal comfort—a more comprehensive and integrated indicator—across varying urban
contexts. This gap in the literature is particularly significant as the influence of urban form and land use on thermal comfort
is characterized by complex spatial and temporal heterogeneity. Such complexity presents a formidable challenge when
attempting to conduct systematic, large-scale, and long-term analyses. To address these challenges, this study adopts
innovative analytical methods that incorporate both spatial diversity and temporal dynamics. Specifically, it integrates
Multispatial Convergent Cross Mapping ( multispatial CCM ) and Geographical Convergent Cross Mapping ( GCCM ) to
identify and quantify the nonlinear causal relationships between different types of land use and urban thermal comfort. The
multispatial CCM approach utilizes the reconstruction of time series data from various spatial units, which allows for the
detection of hidden causal links that standard correlation analyses might miss. Meanwhile, the GCCM method enhances this
analytical framework by incorporating geographical adjacency characteristics, thereby increasing the robustness and
reliability of the spatial causal inferences drawn from the data. The study focuses on Fujian Province, examining different
scales of built-up areas over an extended period from 2005 to 2022, with an additional focus on varied regional contexts in
2022. The analysis reveals that in small-to-medium and medium-built-up areas, there is a significantly positive causal
relationship between the expansion of construction land and thermal comfort degradation, with P-values of 0.037 and 0.015
respectively, indicating the statistical significance of these effects. Notably, the adverse impacts of such expansion are even
more pronounced in these urban scales. In contrast, within large-scale built-up areas, the presence of bare land is found to
exacerbate heat stress, whereas the influence of farmland is not uniform and depends substantially on regional characteristics
and local environmental contexts. Moreover, the study highlights that forest cover exhibits the most substantial beneficial
effect on improving urban thermal comfort. In comparison, while grasslands, shrubs, and water bodies do contribute to
thermal regulation, their effects are generally weaker and subject to variability across different regions; in some cases, these
land use types might even have unfavorable outcomes under specific environmental conditions. Based on these findings, the
research advocates for urban planning strategies that are tailored to the specific scales of built-up areas. It recommends an
increase in forest, grassland, and shrub coverage, alongside an optimized configuration of water bodies, to mitigate the
negative impacts of urban heat and to promote more balanced urban microclimates. Overall, this research provides robust
scientific evidence for integrating thermal comfort considerations into urban planning and environmental management. The
adoption of advanced causal inference methods such as multispatial CCM and GCCM not only deepens our understanding of
the complex interplay between land use and thermal comfort but also offers critical theoretical and practical insights for

developing sustainable urban environments in the context of ongoing urbanization challenges.
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Fig.4 Changes of forest, grassland, bare land, shrub, farmland and water area in Fujian Province from 2005 to 2022
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Fig.6 Regression analysis of different land types and UTCI in different built-up areas of Fujian Province from 2005 to 2022
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Fig.7 Causal analysis of the effects of different land use types on UTCI based on GCCM algorithm

XA

—— XXmapy —— yXmapXx

X358

XIgC

XD

—
e

b

0.8 |
0.6 L

021}

S ===

—

.,,@"

I T3 K JE Libsizes

1020 30 40 50 60 70 80

7 ETF GCCM EiEHARE LA KA UTCI M E R4

jandiik:il

ZINZN P A Kk

A

LABARW E IR p HISA AL E T AT ; x xmap y AR ) H 1A IR B0 HET 35 18 (UTCL) B BENA I p {H,y xmap x
FRFAEF IS JE (UTCL) X AN IR L b A S B A TR B2 p {E; 1 1.2.3 4 AKX A (B.C.D

SEE I A AR E 19 22 SR UM R AT 750k A B T 2 T M 48 7S 3 T A AR P b M) AR A R AR T R Y

IS4
o

i AL

il o SAEGERYER— IS AT I EAR LG AR EFE 7 T PO AR PR DG &R |, S il s ) B RH DG ), $ o 2

http ; //www.ecologica.cn



12 4] JESEH A T AN TSSO SIS S A i R P (S PR S A 2 P 2 7 PR 2R 3 A 5631

3000 3000 3000

2000 | : 2000 F° 2000

A:y=3252.32 - 285 46x Ay =3005.99 + 32091 Ary=312222+21653x
B:y=13216.86 - 273.2x B:y=13023.53 +221.13x B:y=3075.61+330.27x
1000 - Cty=3356.53 - 624.12x 1000 | C:y=279533 + 574.64x 1000 |- iy =2949.56 + 576.76x
Diy= 3359 504 19x D:y= 2896 82+ 502 24x D y= 3030 88 + 448 59x
0 025 050 075 100 0 025 050 075 100 0 025 050 075 100
FRARLLAA] Forest proportion 4% H EL il Cropland proportion 5% F#b EB 5] Built-up proportion
. 3500 |
4 b, o Ay=283558+1650.91x
=i %o ° R _
p 3000 L& B:y=2900.62 - 4906 49x
g 3000 3000 C:y=2562.53 - 2958«
o D:y = 2683.58 - 13378.49x
< 3 .
§ 2500 2700 1.
£
E O : 2000 |-
§ 2000 2400
E .
= A:y=3132.59 - 351.81x A:y=3171.91 - 93.95x
% 1500 | B:y =3098.59 - 7724.87x B:y=3136.98 + 8.48x 2100 | °
@EE C:y=2811.43-1592.28x 1000 FC:y=3071.8+7121x
# D:y=2923.93 +3118.26x D:y=3070.19 + 34.03x
1000 [, . . . . . . . 1800 E . . . . .
0 0.05 0.10 0 025 050 075 1.00 0 005 0.10 015 020 025
Eiih Ho 5] Grassland proportion JKAR B ] Water proportion #ERKHA] Shrub proportion
3500

3000
X i
2500 - A
~ B
~C
2000 - ~D

A:y=3205.38 - 5597.61x
1500 - B: y=3167.61 - 1623.83x
C:y=3082.66 + 5876.53x
D y=3101. 97+388436x

1000 [

0 0. 05 0. 10
#3th b 45 Barren land proportion

B8 2022 FEFEEREARREARELMER HF1 UTCI BE 13547

Fig.8 Regression analysis of different land types and UTCI in areas of Fujian Province in 2022 summer
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