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The evolution of social-ecological system interactions and their
impact on the urban thermal environment
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While heat mitigation is crucial to achieving sustainable urban development, an inadequate understanding of the evolution of the
urban thermal environment (UTE) and its relationship with socio-ecological systems (SESs) constrains the development of effective
mitigation strategies. In this study, we use satellite observations from 2000-2021 to explore the evolving impact of SES interactions
on the UTE of 136 Chinese urban areas. The results reveal a nonlinear intensification of the UTE over the period and an indication
that an increasing number of urban areas have successfully applied UTE mitigation measures. Spatio-temporal patterns in UTE are
shown to be strongly influenced by social and ecological factors and their interactions, whereby the higher the SES status, the

stronger the decreasing UTE trend. These findings highlight the need for, and advantages of, developing win-win solutions for

urban society and ecology and have important implications in creating integrated strategies for heat mitigation in promoting urban

sustainability.
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INTRODUCTION

The Anthropocene world is increasingly urbanizing, and the
intensity of the urban heat island effect, whereby urban
temperatures are higher relative to the surrounding rural areas’,
is escalating in most cities?. Meanwhile, driven by global climate
change, the magnitude, frequency and duration of heat waves in
cities are all on the increase3. Deterioration of the urban thermal
environment (UTE) threatens human health, exacerbates both
energy consumption and air pollution® and has becomes a
critical challenge to habitable cities and sustainable urban
development. However, the UTE is complex and affected by
interactions between a range of factors®’. As urbanization
progresses, nature is transformed and increasingly coupled with
society, forming a social-ecological system (SES) characterized by
changes in surface structure and energy flow that directly affect
the UTE. Currently, evolution of the UTE is poorly understood and,
if more holistic and effective mitigation strategies are to be
developed and applied, it is important to explore how the urban
SES has developed over time and its impacts on the UTE®®.
Understanding the spatial and temporal characteristics of the
UTE, an important starting point for heat mitigation, is facilitated
by remote sensing technology, which has the characteristics of
availability, global coverage and high spatial resolution. Land
surface temperature and surface urban heat island intensity are
common representations of UTE>®. The surface UTE exhibits
spatial (from local to global) and temporal (diurnal, seasonal, and
interannual) variation, although there is general consensus that
the global mean surface urban heat island intensity is greater
during the day than at night'®"", and that land surface
temperature anomalies are greatest during summer'2, In contrast,
interannual variation patterns, important in systematically under-
standing the evolution of the UTE, are not yet fully resolved'>'*
and marked spatial heterogeneity is evident. For example, the

surface urban heat island enhancement trend is greater in the
rapidly urbanizing parts of Asia and Africa than in the more stable
urbanizing or highly urbanized regions of Europe and North
America''5, indicating that UTE trends may vary at different
stages of urban development. Therefore, a key question remains
as to whether there are multiple steady states of the UTE during
urban development. Moreover, whether the relationship between
the stages of urban development and surface urban heat island
may be consistent with the Environmental Kuznets Curve, thereby
implying that UTE evolution follows an inverted U-curve path-
way'”18, this pattern requires further validation against multiple
samples over a longer time series.

Fundamentally, the UTE changes in response to variations in a
range of influencing factors and spatial analysis suggests that it is
influenced both by social subsystems (e.g., population density,
area of impervious surface) and by ecological subsystems (e.g.,
blue and green spaces)”'>'°. In the absence of time-series data,
analyses based on the substitution of space for time provide
valuable insights into the dynamics of the UTE'”. Howevetr, in the
process of urban development, the structure, function and critical
feedbacks of a complex SES undergo dynamic changes and, due
to the paucity of appropriate time series data, only a few studies
have focused on the role of a particular social or ecological factor
on the UTE'>?. In addition, because advancing heat mitigation
strategies from the SES perspective in an integrated manner
requires identifying critical feedback pathways?', it is necessary to
measure and account for the evolving impact of interactions
between social and ecological factors with the UTE using a
systemic approach.

As a complex system, the SES connects social and ecological
subsystems through feedback pathways comprising interactions
between the contributing factors (Fig. 1)?'?2. The complex
structure of SESs generates dynamic processes in a continuously
evolving manner, especially so during rapid urbanization®.
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Conceptual framework for exploring the impact of social-ecological system interactions on the urban thermal environment.

Orange circles represent energy flow processes in urban areas, coffee-colored circles represent social system and green circles represent
ecosystem. Blue dotted lines indicate interactions between factors within a subsystem; black dotted lines indicate interactions between social

and ecological factors (inter-subsystem interaction).

Although SES concepts have shown potential in addressing
seemingly intractable social and environmental challenges, much
previous work has been theoretical rather than practical??. Given
the urgent need to counter the ongoing deterioration of UTE, a
conceptual framework is proposed to understand the nature, and
degree of impact, of the SES on the UTE (Fig. 1). Factors, including
numerous social and ecological factors, are the basic components
of the SES structure. Variations in directly or indirectly alter the
surface energy balance, consequently affecting the UTE. Further-
more, these factors not only collectively impact UTE, but they also
exhibit intricate interdependence. Feedback pathways reveal the
interaction between social and ecological factors from an SES
perspective. For instance, urban expansion fosters population
growth and encroachment of impervious areas into ecological
land, resulting in increased anthropogenic heat and surface heat
absorption and storage, thereby exacerbating UTE degradation. In
contrast, increasing ecological land in densely populated areas
through the construction of urban green corridors restricts the
absorption of energy by the surface from industrial areas,
residential centers, etc.,, contributing to the alleviation of urban
heat. Ultimately, the integration of multiple feedback pathways
serves to characterize SES and thus unveil the relationship
between the SES and UTE (Fig. 1).

Based on this conceptual framework, we conducted practical
research that addresses the challenge of developing holistic
strategies for urban heat mitigation. In the process, we evaluated
the thermal environment status of 136 urban areas of large cities
(urban population over one million) in China over the period

npj Urban Sustainability (2024) 3

2000-2021 using the difference in land surface temperature
between urban areas and surrounding reference areas, with a
view to understanding the spatio-temporal characteristics of UTE
development. In exploring the underlying mechanisms of the
evolving UTE from the SES perspective, we first quantified the role
of social factors, ecological factors and social and ecological
interactions on the UTE. Thereafter, to examine the response of
the UTE to SES dynamics, we constructed a social-ecological state
index (SESI), which is oriented to the UTE through multiple SES
feedback pathways. Thresholds in the impact of the SES on the
UTE are identified for revealing the importance of achieving win-
win solutions in the synergistic development of society and
ecological systems for heat mitigation.

RESULTS

Evolutionary characteristics of the urban thermal
environment

Overall, urban temperatures are higher than the surrounding area,
and there is clear evidence of a distinct UTE in all 136 urban areas
over the past 22 years, with an average AT of +2.83 °C between
2000-2021 (Supplementary Table 1). The magnitude of change in
UTE intensity is spatially heterogeneous (Fig. 2). Cities located in
the southeast exhibit a relatively high magnitude of change in AT.
In contrast, cities in central China have a relatively low magnitude
of change in AT. Furthermore, as indicated in the scatter plot in
Fig. 2, the mean thermal environment of the 136 urban areas
exhibits an accelerating trend. For example, 124 (91.18%) of the
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Fig. 2 The changes in summer daytime AT in each urban area from 2000 to 2021. The background information depicted in the figure
represents the 22-year mean summer daytime land surface temperature in China, which has been calculated using the MOD11A2 land surface
temperature datasets. The scatterplot presents the interannual variability of the average thermal environment in 136 urban areas. Error bars

refer to £1 standard deviation.

urban areas, present a significantly increasing AT trend over time
(two-tailed t test, p < 0.05) with an annual average positive trend
of 0.10 £ 0.04 (mean * standard deviation) (Supplementary Fig. 1).

Inflection points in the AT records, whereby there is a marked
deviation in the trend line that indicates a shift in the intensity or
direction of temperature difference at a particular time, are
evident in a substantial proportion (42; 30.88%) of the urban areas
(Fig. 3a). In general, the presence of inflection points reveals
nonlinearity in the temporal trend of UTE intensity, and three of
the urban areas even exhibit two clear inflection points, i.e., three
distinct phases of temperature change (Supplementary Fig. 1). A
greater proportion of cities (38) have trends in AT that shifted
during the last two decades from increase to decrease than those
where AT trends changed from decrease to increase (7) (Fig. 3b).
Moreover, we observe a higher frequency of AT inflection points
that shift to slower rates of increase during the last two decades.
In contrast, slower to faster warming inflection points occur mainly
in the early phase of the time series. The trend in AT inflection
points from faster to slower warming indicates that the UTE is
being mitigated in an increasing number of urban areas.

Spatial analysis further indicates that heat mitigation is not
restricted to the local scale, and that inflection points in AT trends
occur widely across the country. Notably, a relatively large number
of urban areas with decreasing AT trends are located in regions of
China that are the most highly urbanized and have the fastest
growing economies?®, including the Beijing-Tianjin-Hebei urban
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agglomeration, the Yangtze River Delta urban agglomeration and
the Pearl River Delta urban agglomeration (Fig. 3a).

Figure 3 and Supplementary Fig. 1 indicate that, while the vast
majority of urban areas (n = 82) are associated with an overall rate
of AT increase over time (Fig. 3c), many exhibit more irregular
rates of change. In a number of cases, inflection points in the
trend lines suggest that there may be distinct phases of change
over the last 22 years. For example, some urban areas exhibit an
initial decline in AT, followed by a steep increase (Fig. 3d), or have
a relatively slow rate of increase followed by an acceleration
(Fig. 3e), while others are observed to change from relatively rapid
rates of temperature increase to a lower rate (Fig. 3f) or even to a
negative trend (Fig. 3g). Moreover, some urban areas (n=12)
show a completely irregular change of AT, so these are excluded
from the subsequent analysis. Based on the observed patterns of
change over time, three phases in the UTE trends can be identified
(Supplementary Fig. 2). There are 77 occurrences where slope
values lie above the average rate of AT increase (0.1), i.e., rapid
increase phase, 76 where the slope=<0.1 but >0, ie, slow
increase phase; and a further 28 that are characterized by
slope = <0, and accordingly classified as decrease phase.

The impact of social-ecological system interactions on the
urban thermal environment

Typically, social factors may be expected to have a reinforcing
effect on UTE increase, while ecological factors would have a

npj Urban Sustainability (2024) 3



npj

B. Chen et al.

x b

ij? Province-level boundary

[
N

w
=

NJ
N

Inflection point

)

() Faster to Slower

Numeber of inflection point

() Slower to Faster 12
Evolutionary pattern 6
® Irregular Changes 0
2004 2008 2012 2016

® Continuous Increase

Steady to Fast Increase

Fast Increase to Slow Increase
Increase to Decrease

Urban agglomeration

Beijing-Tianjin-Hebei
Yangtze River Delta

Pearl River Delta

P Adjust R? = 0.93
km
1,200 L5

0 200 400 800

2000

2005 2010 2015 2020

i
4.0 d 2006 20 € 2013 i
* i
1
3.5 1.5 slc“bpe =021
3.0 n i ’
i
= = slope = 0.02 |
< <05 s
20 slope = -0.| /'}
i
15 0.0 . . 3
.l . i
Lo| I~ AdjustR*=0.82 0.5 Aldjust R* = 0.83
i
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020

T
i
3
I
1
1
|
|
1
1
1
1
1
1
1
|
I
1
1
I
1
1
1
1
1
i}
|

slope = 0.06 slope =-0.05
Adjust R*=0.91 . ‘djust R2=0.75

0.5, 1 3.0 '
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020

Fig. 3 Trends in urban thermal environment, 2000 to 2021, showing inflection points where the rate or direction of trend changes.
a Each circle represents one of the 136 urban areas, different colours represent various evolutionary patterns. The gray background represents
the urban agglomerations (identified based on municipal-level administrative boundaries). b The cumulative number of inflection points over
time. Blue and red shading represent negative and positive trend in AT, respectively. ¢ Trend of AT in Shangrao urban area, consistent increase,
i.e, no inflection point. d Trend of AT in Nanchong: AT inflection point shifts from negative to positive. e Trend of AT for Liaocheng: AT
inflection point shifts from steady increase to faster rate of increase. f Trend of AT in Suzhou: AT inflection point shifts from faster to slower
rate of increase. g Trend of AT in Beijing: AT inflection point from increase to decrease. The shaded area around the fitted line represents the

95% confidence interval.

mitigating impact. Indeed, statistical relationships among the
basic components in SESs (Fig. 1) do reveal a significant positive
correlation between AT and social factors, including population
density, NLya and impervious area percentage, while AT exhibits a
significant negative correlation with ecological factors, including
ecological land percentage and AEVI (two-tailed t test, p <0.01)
(Supplementary Fig. 3). Moreover, social and ecological factors are
significantly negatively correlated (two-tailed t test, p <0.01),
indicating the occurrence of trade-offs between social and
ecological factors in the urban development process.

We compared the trends in social and ecological factors during
the various thermal environmental phases (Fig. 4b). In the rapid
increase phase of the UTE, social factors increase dramatically,
with the trends in economic growth and urban expansion (mean
NLya slope = 0.02, mean impervious area percentage slope = 1.52)
are stronger than those of the slow increase and decrease phases.
Meanwhile, ecological factors exhibit a sharp decline trend (mean
AEVI and ecological land percentage slope: —0.006 and —1.52,
respectively) during the rapid increase phase. In the slow increase
phase of the UTE, the increasing trends of social factors are weaker
than those in the rapid increase phase. The ecological factors
exhibit a weaker declining trend compared to the rapid increase

npj Urban Sustainability (2024) 3

phase, with mean AEVI and ecological land percentage slopes of
—0.003 and —1.15, respectively. In the decreasing phase of the
UTE, social factors still primarily show an upward trend. The
degradation trend of ecological factors (mean AEVI slope =
—0.001, mean ecological land percentage slope: —0.77) is weaker
than in the rapid and slow increase phases, and in some urban
areas, AEVI shows an upward trend.

Factor analysis using geographical detector reveals economic
development to be the key social factor underlying the various
UTE phases (q(NLya) =0.560, two-tailed t test, p <0.01), while
vegetation quality is the dominant ecological factor (q(AEVI) =
0.442, two-tailed t test, p<0.01) (Fig. 4a). In addition, the
percentage of impervious area and percentage of ecological land,
factors that represent quantitative characteristics of social and
ecological system, are shown by their respective g-values (0.368
and 0.366; two-tailed t test, p < 0.01) to have also exerted a strong
influence on the UTE. Indeed, the percentages of impervious area
and ecological land are evidently inversely proportional to each
other. The maximum mean slope (1.52) of the impervious area
percentage occurred during the rapid increase phase of the UTE,
while the minimum (0.75) occupied the decreasing phase (Fig. 4b).
Correspondingly, the average slope of the percentage of
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Fig. 4 Effects of social and ecological factors on the urban thermal environment. a Effects of single social or ecological factors and the
interaction effects for each pair of factors on the UTE phases. Circles without dashed boxes and bar graph represent single factor effects, while
circles with dashed boxes represent paired factor effects. Light to dark colors represent g-values from low to high. b Trends in the paired social
and ecological factors across the UTE phases. Box plots show the interquartile range (IQR) (box), the median (horizontal line in box), the mean
(hollow circle in box), 1.5 X IQR (whiskers) and maximum/minimum (horizontal lines outside box).

ecological land was —1.52, —1.15 and —0.77 during the rapid
increase, slow increase, and decrease phases, respectively.
Accordingly, the data here indicate that economic development
and vegetation quality are the most important social and
ecological factors influencing the UTE in China over the last two
decades.

We further explored the contribution of the interaction of social
and ecological factors on the various UTE phases. Figure 4a
illustrates that population density exhibited nonlinearly enhanced
interactions with other factors, i.e.,, the g-value of two factors is
greater than the sum of the g-values of the individual factors.
Interaction between population density and AEVI and ecological
land percentage contributed 0.640 and 0.596 to the UTE phases,
respectively. Both NLya and impervious area percentage exhibit
bivariate enhanced interactions with ecological land percentage
and AEVI, meaning that the g-value of two factors is higher than
the g-value of a single factor and lower than the sum of the
g-values of the individual factors. The strongest interaction effect
is between NLys and AEVI (q(NLya n AEVI)=0.777). Taken
together, in demonstrating that the interaction of social and
ecological factors may have enhanced effects on UTE, the study
provides a clear indication that urban heat mitigation strategies
need to evolve from a single factor approach to consider multiple
factor interactions.

The SESI exhibits significant differences across the UTE phases
(one way ANOVA, F=76.830, p <0.01). The decrease phase has
the highest SESI mean value (0.496), and the rapid increase phase
exhibits the lowest value (0.035) (Fig. 5a). The distribution curves
in all three phases indicate the occurrence of a single peak, across
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the different SESI values (Fig. 5a). The interquartile range of the
SESI index ranges from low to high across the rapid increase phase
(—0.117 to 0.192), slow increase phase (0.170 to 0.395), and
decrease phase (0.412 to 0.586). It is clear from these results that
SES status assists in alleviating the UTE and that higher SESI values
are associated with enhanced UTE mitigation effects.

We further explored the relationship between the computed
SESI and AT trends through piecewise linear regression. Figure 5b
reveals the occurrence of a marked change in the UTE effect of
increasing SESI. At SESI values below the inflection point (0.414),
for every 0.1 increase in SESI, the AT slope decreases by
approximately 0.025, whereas at values above the inflection
point, the effect is larger by 0.095 for every 0.1 increase. This
suggests that there is a threshold of SESs impact on the thermal
environment. When the SES develops beyond a certain stage, the
thermal environment becomes more rapidly mitigated.

Our spatial analysis reveals the recent state of SESs in each
urban area (Fig. 5¢). Recent SESI values have significant differences
between urban areas. Specifically, the three highest SESI values
are located in Fuzhou (0.701), Wuhan (0.636) and Urumgi (0.609),
respectively, while the three lowest SESI values are located in
Nanchang (—0.197), Ganzhou (—0.195) and Suzhou (—0.160),
respectively (Supplementary Table 2). We also observed spatial
heterogeneity in the distribution of recent SESI. As shown in
Fig. 5¢, the urban area in northeast China has a relatively positive
SES status oriented to the UTE, with an average SESI value of
0.467. The urban area in southwest China has a relatively low
average SESI value of 0.189, suggesting that SES development in
these cities is likely to accelerate urban warming and exposure to
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higher heat stress. Furthermore, the SESI is greater than the
threshold (SESI=0.414) in 31 of the urban areas, most of which
are located in eastern China, indicating that SES development has
contributed to UTE mitigation in these cities. More urban areas
(n = 93) still have SESI values below the threshold and are priority
areas for future heat mitigation.

Differences in social-ecological system status at different
urban thermal environment trends

At present, the thermal environment in 23 urban areas is
experiencing a decreasing trend, while 101 urban areas are
witnessing an increasing trend. Regardless of whether the urban
areas with an increasing or decreasing trend in the UTE, there is a
positive correlation between thermal environment reduction and

npj Urban Sustainability (2024) 3

SESI increase (Fig. 6a). SESI values are more sensitive to changes in
UTE when UTE is on a decreasing trend, implying varying
development patterns for SESs in different UTE trends. Compara-
tively, the average SESI value for urban areas with a decreasing
trend in the UTE is 0.496, which is higher than in urban areas with
an increasing trend (mean SESI value =0.316) (Fig. 6b). This
indicates that a high SESI value signifies a SES state that helps
alleviate the UTE. Further analysis indicates that, compared to
urban areas with an increasing trend in the UTE, the urban areas
with a decreasing trend have effectively restrained the degrada-
tion trend of ecosystems, and slowed down the trend of urban
expansion (The mean slopes of AEVI, ecological land percentage
and impervious area percentage in the UTE decreasing trend are
—0.001, —0.77, and 0.75, respectively; the mean slopes in
increasing trend are —0.003, —1.27, and 1.27) (Supplementary
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dashed lines represent no statistical significance.

Fig. 4). In particular, we observed an increasing trend in AEVI in
urban areas such as Beijing, Fuzhou and Yinchuan.

DISCUSSION

The ability to manage complex SESs determines the success or
failure of ecological and socioeconomic sustainability policies®.
This study reveals nonlinear trends of temperature increase in the
UTE, and highlights the dynamic link between the SES and UTE.
The results offer support for the application of SES theory to
policymaking, and provide an integrated perspective in addres-
sing the diverse negative impacts of warming urban climates.

In contrast to the commonly recorded situation whereby the
intensity of the UTE continues to increase over time'>'S, we
observed the occurrence of decreasing UTE intensity and that this
appears to be increasing over time. This may in part be attributed
to the implementation of policies and measures focused on eco-
environmental protection in China, such as “eco-city”, “low-carbon
city” and “sponge city”, and an increasing focus on urban greening
and nature-based solutions®>2%, Nature-based solutions offer
multiple benefits to cities and address diverse social challenges,
including reducing disaster risk, enhancing climate resilience,
restoring biodiversity, and providing opportunities for recreation
that has beneficial health effects?’=2°. Urban parks are not only
cooling islands, but by juxtaposing several parks it is possible to
construct ecological corridors and further prevent expansion of
the UTE3C. Furthermore, urban forests reduce UTE by shading
building surfaces, deflecting solar radiation and releasing moisture
into the atmosphere®'. Of course, urban development is not
simply a two-dimensional phenomenon, but has also been
characterized by vertical expansion which may be an additional
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mitigating factor. Urban development initially involves the rapid
encroachment of impervious surfaces on ecological land but
escalation of urban land prices often results in a shift to high-rise
buildings that may reduce daytime surface temperatures by
blocking a proportion of solar radiation in large shaded areas3>33,
In summary, despite continued global warming, a range of
adaptation and mitigation measures have the potential to curb
the rapid growth of UTE3%%°,

The study reveals the occurrence of three phases in the evolving
UTE over the last two decades, viz. a rapid increase phase, slow
increase phase, and a decreasing phase, and that these exhibit a
clear relationship to SESs dynamics. These phase shifts may be
related to goal-directed decisions and actions by urban adminis-
trations as urban development unfolds. Based on our multi-city
sample analysis, the relationship between urban development and
the evolving UTE conforms to the Environmental Kuznets Curve
(Fig. 7). We have further characterized the characteristics of UTE
and the SES in different urban development periods. Originally,
urban areas have more natural surfaces and the UTE is generally
stable’” so that neither social or ecological factors appear to
influence the UTE, although this phase is not relevant to the
present study, since the majority of Chinese cities had already
entered the rapid development phase before 20003, When a city
enters a period of rapid development, natural surfaces are quickly
replaced by impervious surfaces, and the UTE changes accordingly,
as expressed here in the rapid increase phase. Social factors in this
phase augment the UTE and a trade-off with ecological factors
becomes apparent. Subsequently, the rate of urban may stabilize,
and social factors may exert an influence through ecological
protection policies such that the rate of UTE increase tends to
decline (i.e., the slow increase phase). After entering the advanced
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development period, achieving a livable city requires maintaining
stable socio-economic growth while increasing eco-environmental
protection, so UTE tends to decline (i.e., the decrease phase).
Ecological factors limit or suppress the UTE at this stage but there
is now synergy with social factors. This is illustrated well by the
three largest urban agglomerations in China which all exhibit heat
mitigation inflection points. Meanwhile, the UTE of Beijing also
shows decreasing trend (SESI=0.596) (Supplementary Table 2).
The capital city of China has ongoing population and economic
growth and yet, despite this, exhibits an increasing trend in
vegetation quality (slopeagy = 0.003). These suggest that urban
development accompanied by socioeconomic growth are not
necessarily detrimental to ecological protection and that win-win
solutions for both society and ecology are feasible.

Our findings have important implications for the future
development of more integrated strategies for urban heat
mitigation. Parsing the SES structure layer by layer reveals the
relative degree of influence of the various factors, pathways, and
systems on UTE trends and offers several important insights for
urban sustainability. In particular, we confirm the mitigating effect
of ecological land area on the UTE as noted elsewhere'’?’, a
situation that may be enhanced by vertical greenery that has been
shown reduce the exterior surface temperature by as much as
13°C38. These results are mutually validated with our results.
Moreover, unlike the results of some previous spatial analyses®'®,
our results show that population density alone does not influence
UTE. A previous study, presenting a 15-year time series analysis of
31 Chinese cities, also concluded that high population growth
rates are not necessarily associated with high UTE™. It is
predictable that the increase in population directly affects
anthropogenic heat through metabolic growth, which generates
much lower heat emissions than those generated by the other
three anthropogenic heat sources, namely industry, transportation
and buildings®®. The indirect effect of population density on the
UTE is reflected in its interaction with other factors, while the
nonlinearly enhanced mode further highlights the importance of
population density and, indeed, the impact of critical paths
comprising both social and ecological factors also imply the need
for an integrated, holistic strategy in relation to urban heat. A local
scale study of a part of Rome, Italy, provides an example of how
considering the issue more holistically through combining urban
greening with adjustments to roof and pavement albedo may
significantly reduce urban heat stress*’. Such solutions recognize
both pressures on, and resilience of the SES, as indicated by the
SES status. While social factors such as population growth and
construction land expansion may generally thought of as
promoters of urban heat stress, the example of Beijing suggests
that socioeconomic growth and ecological enhancement are not
necessarily mutually exclusive, and that sustainable urban
development can be achieved. Simultaneous socioeconomic
development and ecological protection further enhances human
well-being, creating a virtuous cycle. Accordingly, holistic solutions
derived from the SES perspective are not only effective in
mitigating the UTE, but also in addressing other urban challenges,
such as biodiversity conservation, and flood and drought
management*'2,

It should be noted that there remain constraints to this
framework due to data limitations in terms of both social and
ecological factors, whereby there are few relevant large-scale,
long-time series datasets to guide specific actions. The SES, as
considered here, may be more complex and have even more
diverse pathways?3. Although this study selects five representative
factors, it is difficult to comprehensively characterize the impacts
of SESs on the UTE. For example, the three anthropogenic heat
sources, industry, transportation, and buildings, are not consid-
ered in the quantification of anthropogenic heat, which may result
in an overestimation or underestimation of SESI. Furthermore, the
inadequate accuracy for remote sensing datasets also introduces
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errors in the quantification of UTE and SESI. For instance, the
overall accuracy of the land cover dataset used in this study is
79.31%, and although the accuracy outperforms other same type
products, much potential for improvement remains. In order to
achieve more robust and reliable integrated heat mitigation
strategies in the future, it is necessary to develop more
dimensions, higher precision, large-scale datasets, and explore a
broader range of both social and ecological factors and their
interactions. The ultimate objective must surely be to achieve the
most desirable SES state that optimizes the UTE for sustainable
urban development.

In summary, this study aims to reveal the relationship between
urban thermal environment (UTE) evolution and social-ecological
system (SES) dynamics. Through the revealing of nonlinear growth
patterns in the UTE over the last two decades in a substantial
proportion of urban areas in China and its relationship to urban
development, UTE evolution is further confirmed to conform to
the Environmental Kuznets Curve. More importantly, this study
highlights the impact of social and ecological system interactions
and demonstrates that integrated strategies are prerequisites for
urban heat mitigation. In particular, we emphasize the feasibility
of win-win trajectories for both social and ecological systems in
the face of multiple urban sustainability challenges.

METHODS
Study area

China is the largest country in eastern Asia and, in extending from
73.66°-135.05°E and 3.86°-53.55°N, it spans several climate zones
(Supplementary Fig. 5). Chinese cities have undergone very rapid
urbanization in the last few decades®, inevitably associated with a
number of eco-environmental problems. More recently, the “New
type Urbanization” and “Ecological Civilization Construction” in
China have emerged with a focus on the harmonious develop-
ment of both humans and nature. With its range of climate
contexts and patterns of urbanization, China is an ideal study area
to explore spatial-temporal trends in the evolving UTE. According
to China’s seventh census in 2020, there are 101 prefecture-level
cities with urban areas of more than one million people. However,
during urban development, a city may form a polycentric pattern
(i.e., two or more urban patches larger than 100 km? within the
administrative boundary)*® and the urbanization process even
within the same city may differ. As a consequence, we recognized
these as multiple samples and, accordingly identified a total of 136
urban areas as samples for this study.

Remote sensing datasets

We used two datasets from the MODIS-terra satellite for the period
2000-2021, including the MOD11A2 land surface temperature
product with an eight-day composite at a spatial resolution of
1 km, and the MOD13A2 enhanced vegetation index (EVI) product
with a 16-day composite at a spatial resolution of 1km. These
MODIS datasets were obtained from National Aeronautics and
Space Administration.

The nighttime lighting dataset at 1 km resolution for 2000-2021
was developed by integrating DMSP-OLS and SNPP-VIIRS data to
obtain the improved DMSP-OLS data®*.

The population density dataset was obtained from the
WorldPop website, generated from census counts and a series
of geospatial covariate projections.

The land cover type datasets were derived from Landsat TM
images at 30 m resolution for 2000-2021 obtained from the China
Land Cover Dataset®. Land cover was classified into nine
categories, viz. cropland, forest, shrub, grassland, water, snow/
ice, barren, impervious and wetland. This dataset had an overall
accuracy of 79.31%, which outperformed other time-series land
cover datasets and has been widely used*>4,
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The urban area boundary data in 2018 was generated from a
30 m resolution artificial impervious area product. After multiple
comparisons, the data have been shown to depict urban areas
well, and the product has been widely used*’“8, This study
preprocessed the data through, firstly, extracting urban patches
with an area >100 km?2. The urban area boundaries within each
city were then obtained by clipping the administrative boundaries
of the city (The administrative boundary data used in this study,
including national, provincial, and municipal levels, were obtained
from the Resource and Environment Science and Data Centre of
the Chinese Academy of Science). Finally urban areas were
resampled to 1km resolution and gaps within the urban area
boundaries were filled.

Urban thermal environment

We used land surface temperature to assess the intensity of the
UTE. Note: This study is focused on finding solutions for mitigating
UTE from a SES perspective applicable to various climate contexts,
but SES management is difficult to do based on climate factors
alone. Therefore, we used reference areas in the quantification of
UTE to avoid disturbances caused by varying climatic backgrounds.
The intensity of the UTE (AT) is quantified as the difference in land
surface temperature between urban area (T,) and reference area
(T)) in the same year, i.e,, AT=T,-T, Using the 2018 urban area
boundary and reference area boundary to calculate AT for
2000-2021. The reference area was determined by land cover
type and EVI data and to meet the following requirements: (1) The
reference area lies between 10-30 km buffers around the urban
area. This buffer avoids interference from urban areas that are too
adjacent to each other, while avoiding uncertainty regarding the
climate context. Furthermore, buffering at this scale avoids the
effects of small-scale land type changes. (2) Cropland or forest land
within the buffers and with EVI > 0.4 was selected as the references
area, ensuring that land types in the reference area remain largely
consistent across the study period. Note that altitude effects were
not taken into consideration in the selection of reference areas
since, although elevation influences the UTE intensity in mountai-
nous cities, it does not influence the estimation of the interannual
trend of UTE in each city'*'>. Summer daytime is the time of the
year when temperatures are highest, and heat stress is strongest
for the urban population and vegetation**>°. Therefore, consider-
ing the aim to mitigate UTE of this study, we calculated AT during
the daytime in the summer (June - August) from 2000 to 2021, year
by year.

To explore trends in the UTE in each urban area, we applied
ordinary least squares linear regression and piecewise linear
regression, with AT as the dependent variable and year as the
independent variable. Firstly, ordinary least squares linear regres-
sion was used to analyze the general trend of AT in 136 urban
areas over the period 2000-2021. The regression coefficient was
used to measure the annual trend of AT, and tested the model
adjusted R* and significance (two-tailed t test, p < 0.05). This was
followed by piecewise linear regression to detect the existence of
inflection points in AT over the last 22 years, and thereby identify
phases in the evolving UTE. If no inflection point is observed, it
implies that the UTE trend has remained unchanged and is in a
steady state. The presence of an inflection point indicates that the
UTE exhibits distinct trends before and after the inflection,
suggesting the existence of two separate steady states. Piecewise
linear regression can be expressed as

_{G1X+b1,X§T )
T\ @X + by, X>T

where Y is AT, X is year, T is the inflection point, a; and a, are the
slopes of the linear segments before and after the inflection point,
respectively, b, and b, are the intercepts of the linear segments
before and after the inflection point, respectively.
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Inflection points were selected using the following criteria: (1)
The adjusted R? of piecewise linear regression exceeds 0.6 as well
as greater than the adjusted R® of ordinary least squares linear
regression. (2) The number of inflection points is limited to two or
less, as it seems unlikely that more than three phases of thermal
evolution would occur in 22 years. (3) Inflection points are
restricted to the period 2003-2019 (i.e., not in the first or last three
years) of the study time series, because it takes at least three years
to reflect a change in the trend. (4) A significant difference in the
slope of the two linear segments is observed before and after the
inflection point (two-tailed t-test, p < 0.05).

Social and ecological factors

To reflect the complexity of urban SESs, we selected available and
representative social and ecological factors from those most
commonly used in the literature. In cities, blue and green spaces
are important ecological factors and nature-based solutions to
mitigate UTE. They regulate surface energy exchange processes
through strong evapotranspiration and high albedo®’. Hence, we
chose two ecological factors, ecological land percentage and EVI,
to represent the quantitative and qualitative characteristics of the
ecosystem, respectively. For ecological land percentage, we
calculated the percentage of the sum of cropland, forest, shrub,
grassland, water and wetland in each urban area, year by year. For
the EVI, the growth condition of vegetation is influenced by
climate®' so we observed the change in ecosystem quality by
calculating the difference in EVI (AEVI) between the urban area
(EVI,) and the reference area (EVI,), i.e., AEVI = EVI, - EVI,.

Two main processes were employed for estimating the direct
impact of social systems on the UTE: increased anthropogenic
heat from human activities, and enhanced surface heat storage
from artificial impervious surfaces>2. We chose three social factors,
population density, nighttime light, and impervious area percen-
tage to represent demographic'’, economic development'’ and
urban expansion?’, respectively. Since the population density
dataset is only updated to 2020, we used the 2020 data to
represent 2021. Nighttime light data have an oversaturation
phenomenon that masks the intensity differences within the
saturated region®. Therefore, we corrected the nighttime light
data based on the EVI data of the corresponding year®3. The
Vegetation Adjusted Nighttime Light Index (NLy,) ranges from 0
to 1, and provides a more detailed characterization of urban
economic development than nighttime light. Impervious area
percentage was calculated as the percentage of impervious area
in the urban area based on year-by-year land cover type data.

Geographic detector models were used to quantify the effects
of social factors, ecological factors, and social and ecological factor
interactions on AT trends. Geographic detector is a statistical
method used to detect spatially stratified heterogeneity in
geographical phenomena so as to reveal its underlying mechan-
isms>*. Compared to statistical methods such as multiple linear
regression, principal component analysis and random forest,
geographic detectors have three advantages, viz. (1) enables
nonlinear relationships between geographic phenomena and their
driving factors to be identified; (2) collinearity between the driving
factors has no effect on the results; (3) the contribution of the
interaction of two driving factors to geographical phenomena can
be detected. In this study, the factor detector module was used to
analyze the role of individual social or ecological factors on AT
trends. Moreover, feedback paths formed by the interaction
between social and ecological factors mean that social and
ecological subsystems are intimately connected (Fig. 1), and thus
the interaction detector module was used to explore the
combined role of social and ecological factors on AT trends. The
degree of importance of each role is measured through the
computation of a g-statistic, which has a range 0-1.

npj Urban Sustainability (2024) 3



npj

B. Chen et al.

10

Social-ecological system status

It is important to understand the state of a SES for socio-economic
development as well as natural resource and disaster management>>,
In this study we constructed a social-ecological status index oriented
to the UTE to reflect the structure and developmental status of the
SES based on the concepts of resilience and pressure (Supplementary
Fig. 6). Resilience is defined as the ability of a system to absorb and
reduce possible heat stresses and to maintain, reorganize and
develop its function. Pressure refers to the system's internal pressure
and the UTE as a stressor, is defined as the positive effect of changes
in system components on the AT. In this study, social (5) and
ecological (E) factors that exhibit positive correlations with the AT are
identified as pressure indicators, while negatively correlated factors
are identified as resilience indicators (Supplementary Fig. 6a).
Multiple feedback paths formed by the interaction between social
and ecological factors jointly construct the SESI (Eq. (2)).

In computing the SESI, all indicators were first normalized to the
range of 0-1 to avoid different dimensions and units among
multiple factors. Secondly, each feedback path was calculated
according to the difference between resilience indicator and
pressure indicator, i.e., R; — P;. The weight Q of each feedback path
was determined based on the contribution of the interaction of
social and ecological factors within that path to AT trends
(Supplementary Fig. 6b), i.e., the value of the g-statistic in the
interaction detector module. Ultimately, the value of the SESI
aimed at UTE ranges from —1 (least desirable) to +1 (most
desirable). SESI was used to reveal the role of the SES on UTE
(Supplementary Fig. 6c).

SESI = " Qi(R; — P)) 0}
i=1

where SES! is the social-ecological status index oriented at UTE, i is
the feedback path, n is the number of the feedback paths, Q; is the
weight of the i-th feedback path, R; and P; are the resilience and
pressure indicator of the i-th feedback path, respectively.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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