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Abstract

Urban growth comes with significant warming impacts and related increases in air pollution
concentrations, so many cities have implemented growth management to minimize ‘sprawl’ and its
environmental consequences. However, controlling the amount of growth is costly. Therefore, in
this paper, we focus on urban warming and investigate whether climate-conscious urban growth
planning (CUGP), i.e., urban growth with the same magnitude but optimized spatial arrangements,
brings significant mitigation effects. First, the classical spatial multi-objective land-use optimization
(SMOLA) model is improved by integrating the spatially-, diurnally-, and compositionally-varying
associations between land-use and their warming impacts. Then, we solve the improved model using
the non-dominated genetic algorithm (NSGA-II) to generate urban growth plans with minimal
warming impacts and minimal cost of change without reducing the amount of urban growth. Results
show that climate-conscious urban growth brings 33.3+4.6% less warming impacts compared to
unplanned urban growth in Shenzhen, China, and suggest a compact and spatially equalized
development pattern. This study provides evidence that spatial planning tools such as the CUGP
can help mitigate human impacts on the environment. Meanwhile, the improved SMOLA model
could be applied to balance urban development and other environmental consequences such as air

pollution.
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1. INTRODUCTION

One of the most direct environmental consequences arising from massive global urbanization is
urban warming, which leads to increased cooling energy demand, increased air pollution, and
elevated public health risks associated with human exposure to high ambient temperatures. Urban
heat island (UHI), the long-recognized effect that cities have higher air temperatures than their
surrounding countrysides, is an extreme case of how land-use changes modify regional climate'.
Reported in many global cities, exacerbated UHIs can be as dramatic as 10°C depending on the
local weather conditions®?. Such intense heat stress brings substantial health risks to urban dwellers,
particularly during excessive heat events (EHESs), i.e., heat waves*. Exposure to extreme heat leaves
the elderly, in particular, at risk of suffering heat cramps, heat exhaustion, and heatstroke.
Temperature is also found to exert the strongest and most stable influence on PM; 5 concentrations
in all seasons amongst meteorological factors®. Researchers have long sought to mitigate urban
warming, and many studies have suggested such promising mitigation measures as green roof,
reflective streets, and increased green space with optimized positioning®'2. However, existing
studies on mitigating urban warming paid insufficient attention to making low-cost improvements
to future urban growth plans. Also, many studies have not considered the extreme case of EHEs

when heat-related deaths are most likely to occur'>.

Urban growth — the expansion of a metropolitan or suburban area into the surrounding environment
— is an economic phenomenon inextricably linked with the process of urbanization'*. Urban lands
— developed, built-up areas with a density of human structures such as houses, buildings, and roads
— are primary heat sources in cities'>. Urban growth increases urban temperatures significantly by
reducing green space, altering surface albedo and geometry compared to rural surfaces'>. The
associations between urban land-uses and their warming effects have been studied extensively!®18,
Urban growth is found to be consistently associated with a substantial temperature increase'!!>-20,
and in newly urbanized areas of the city, such an increase can be comparable to the increase under
the highest greenhouse gas emissions scenario (RCP8.5)?!. Such temperature increases vary with
time of day'¢ and land-use compositions!”??, i.e., the abundance and variety of land cover features.
The development density of urban lands is a critical compositional factor in the variability of urban
temperatures; higher temperatures often occur in dense urban areas, where the population density is
also higher. However, nearly half of the studies on urban warming impacts of urbanization have
ignored the variability in urban development density??, which may underestimate the magnitude of
the warming impacts of urban lands, especially in the densest areas. Besides the composition, the
spatial configuration'’?4?5 of urban lands, that is, their spatial arrangement and distribution, can
affect the magnitude of urban warming. For example, comparison results from regional climate
simulations indicate that a compact mode of urban growth has significant potential in moderating
the mean-areal urban warming?®?’. Empirical data analyses also show that sprawling cities are more

vulnerable to heat stress during EHEs compared to their compact counterparts®.
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Future urban growth with careful spatial arrangements may mitigate its warming impacts without
having to reduce the total amount of the growth, yet we know little about the optimal effectiveness
and efficiency of this approach. Recent developments in spatial optimization methods have made it
possible to formulate the land-use planning problem as a spatial multi-objective land-use allocation

(SMOLA) problem guided by a selected set of objectives about sustainability.

Land-use optimization problems were first articulated in the 1960s when the linear programming
(LP) model of land-use design was proposed®®. Later developments in spatial optimization methods
have introduced the location-allocation model?® and their generalization to multi-objective
optimizations in which the trade-offs among multiple objectives were considered**4. In early
practices of solving multi-objective problems using LP models®, it was a major issue to quantify
the relative weights of the selected objectives. Then, SMOLA models based on Pareto optimality
were proposed and became popular for land-use problems!'!3*36-39 gince the objectives were
independent of each other, no weights were needed, and a series of equally good solutions, called
“the Pareto Front”, can be generated simultaneously. Since the environmental impacts of
urbanization are increasingly drawing public attention, there has been growing interest in the use of
SMOLA models to mitigate negative impacts. For instance, Zhang and Huang'' first applied a

spatial multi-objective optimization model to mitigate urban heat island effects. Zhang et al.'?

demonstrated that increased greenness with optimized distributions could be a useful urban warming
mitigation measure. However, most existing studies ignored the heterogeneity in the objective
functions, i.e., the empirical models used to assess the environmental impacts of optimized plans,
except for Zhang et al.'?, who included different assessment functions for daytime and nighttime
temperatures and enabled identification of trade-off solutions that balance diurnal cooling benefits.
Therefore, the assumption that these objective functions are fixed is not always valid, especially
when dealing with environmental objectives, since such environmental responses as urban warming
could contain substantial spatial, diurnal and compositional variances. Not considering such
heterogeneous associations in environment-related spatial optimization problems may lead to two
main problems: 1) the fixed functions may not provide accurate environmental impact assessments
of the optimized plans, and so the SMOLA model may fail to generate plans with real improvements.
2) the solution space is limited by the fixed functions, leading to limited improvements in

environmental objectives.

Therefore, this paper has two objectives. First, we investigate the spatially-, diurnally-, and
compositionally-varying temperature-land-use relationships and improve the classical SMOLA
model by integrating such varying relationships. Second, using the improved SMOLA model, we
systematically examine the effectiveness and cost of the so-called climate-conscious urban growth
planning (CUGP) as a possible mitigation measure for urban warming. This investigation is

significant and timely for two main reasons:
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1) If planned wisely, the expected urban growth in the next two decades will provide a
significant opportunity for urban warming mitigation.

2) It is now possible to tap the potential climate benefits from spatial urban growth planning
with extensive results on temperature-land-use relationships and recent developments in
spatial optimization.

The remainder of this paper is organized as follows. Section 2 introduces the materials and methods
used in the investigation. Sections 3 and 4 present results and discussions on climate-conscious

urban growth based on our case study in Shenzhen, China. Section 5 present the conclusions.

2. MATERIAL AND METHODS

The study was conducted in two steps. First, we modeled the temperature-land-use relationship to
allow the warming effects of urban growth to be estimated empirically. Then, we measured the
effectiveness of the CUGP for urban warming mitigation by estimating the warming impacts of
urban growth with (Experimental Scenario) and without (Baseline Scenario) optimized spatial

arrangements and comparing them with each other (Figure S1).

Notations

i i €{1,2,...,N}; cell locations, where N is the total number of cells in the study area.
L; land-use at location i in the status quo.

L; land-use at location 7 in the optimized plan.

I; land-use intensity index at location i in the status quo.

I land-use intensity index at location 7 in the optimized plan.

e; elevation at location i.

S; slope at location i.

Pin the probability that land-use / is an immediate neighbor of land-use m in the status quo.
P, the probability that land-use / is an immediate neighbor of land-use m in the optimized plan.

U set of urban lands, including high-, mid-, and low-density urban lands.

2.1 Site description. Shenzhen (east longitude: 113°46' to 114°37’, north latitude: 22°27" to 22°52")
is a fast-developing post-reform city in south China (Figure 1). As a sub-tropical city with a warm,
monsoon-influenced, humid climate, Shenzhen has an average annual temperature of 23°C, and the
local summer lasts as long as six months. Luo and Lau®® observed a significant increase in
frequency, duration, and intensity of heatwaves in Southern China in the past 40 years; over 50%
of the increase was contributed by urbanization. Within territory of 2050 km?, the population in
Shenzhen has exploded from 2.39 million in 1995 to 10.22 million in 2010 and is projected to reach
12.67 million by 2030.
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Figure 1 Land-use map of Shenzhen, a sub-tropical city in south China, in 2010. The used urban subset represents

sub-districts in Shenzhen*.

2.2 Data. We focused on the strongest EHE identified in the year of 2010, which lasted 15 days
from June 30" to July 15". The EHE was identified by Luo and Lau’® using observations from 86
national ground monitoring stations in Guangdong Province over a 40-year period from 1970 to
2010. Satellite-retrieved LST maps and land-use maps were mainly used for the empirical modeling
of temperature-land-use relationships. The Land Surface Temperature (LST) was obtained from
EOS-Aqua-MODIS C6 composite products (MYD11A2) with a spatial resolution of 30 arc-second
(~1 km). The LST map was retrieved from clear-sky (99% confidence) observations at 1:30
(nighttime) and 13:30 (daytime) local solar time by using a refined generalized split-window
algorithm #!. We resampled the spatial resolution of LST maps to 500m to overlay with the land-
use map. Besides, the urban land-use map was retrieved from the official land-use map of Shenzhen
in 2010, which is a product of field survey and systematic quality control. We reclassified the urban
land category into three subcategories based on their varying development density (please refer to
Section S1.2 for more details). The spatial resolution of the land-use map is 500m. A digital
elevation map (DEM) of Shenzhen in 2010 with the spatial resolution of 30m was utilized to
quantify terrain limits for urban developments. The land-use map and the DEM data are all products

of field surveys with systematic quality assurance and control.

2.3 The temperature-land-use relationship. Since the assumption of the existence of a spatially
fixed relationship is not always true, especially when dealing with geographical data and such
phenomena as urban warming, we applied both global and local modeling methods to estimate the
temperature-land-use relationship to find the better-performing model. Urban temperatures can be
characterized using air temperature or LST'>!°, We used LST as the indicator of urban warming
because it is more directly linked to the land-use changes induced by urban growth via the alteration

of the physical and biophysical processes!®.
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We took LST as the response variable and calculated 13 land-use indices (Table S1) as predictor
variables using the Inversed-Distance-Weighted (IDW) sum to consider not only the local land-use
but also its immediate neighbors. We first applied stepwise ordinary least squared regression (OLS)
(Eq. 1), one of the most commonly used global modeling approaches, to estimate the temperature-

land-use relationship, assuming the existence of a spatially fixed relationship:

LST; = Yy vily; (Eq. 1)

where i indicates spatial locations within the study area and I;; is the land-use intensity for the /™ land-
use type and y, is its spatially fixed coefficient.];; is the land-use intensity for the /" land-use type

and y; is its spatially fixed coefficient. The estimated temperature-land-use relationship was self-
validated using 10-fold cross-validation (CV). A Python tool was programed for the stepwise OLS
estimations equipped with 10-fold CV.

Then, we applied semi-parametric geographically weighted regression (sGWR)* as the local
modeling approach to estimate the temperature-land-use relationship. GWR expands the traditional
cross-sectional regression model (Eq. 1) to allow for local variations in the estimated parameters
and is found to be a more appropriate analytical framework in conducting research involving
multiple spatial data with autocorrelated structures !°. Unlike regular GWR, sGWR allows the
simultaneous fitting of mixed spatially varying and fixed coefficients in the same model (Eq. 2), as

follows,

LST; = Yk B (ui, v + X vily;i (Eq. 2)

where I, ; and By, are the k" local explanatory variable and its coefficient. The coefficients vary
depending on the geographical location, (u;, v;). The GWR estimations were implemented using

the GWR4 package (version 4.0.90, http://gwr.maynoothuniversity.ie/gwr4-software/).

2.4 The SMOLA model improved for environmental objectives. The SMOLA model was
improved for considering urban warming or other related environmental objectives by capturing
and integrating the spatially-, diurnally-, and compositionally varying environmental responses to
land-use changes. In doing so, urban growth plans were optimized based on more reliable
environmental impact assessments; the solution space was also enlarged with more combinatorial
possibilities. The integration of varying environmental responses into the improved SMOLA model
may lead to very different optimization results and larger objective improvements compared to the
classical SMOLA model. We solved the SMOLA model using the non-dominated sorting genetic
algorithm (NSGA-II), introduced for this purpose by Cao et al.3*. Unlike classical multi-objective

optimization methods, the NSGA-II algorithm generates a diverse population of equally optimal
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solutions instead of a single optimal solution, leaving human decision-makers to make the final
decision. For details of the NSGA-II-based SMOLA model, please refer to the Supplementary
Material.

2.5 Warming impacts of unplanned urban growth. In the baseline scenario, we first simulated
urban land-use plans with 10% more unplanned urban land area. The new urban lands were
iteratively added to the status quo of Shenzhen, 2010 (Figure 1), using a random boundary-based
urban growth operator, where all new urban lands were restricted to the boundary area of existing
urban lands. The unplanned urban growth was also subject to the three feasibility constraints in
Section 2.6. Then, the new urban lands were randomly assigned as high-density, mid-density or
low-density urban lands, while the average development density of the entire land-use plan was
constrained to be at least equal to or higher than that of the status quo. The process was repeated to
generate N different plans with unplanned urban growth, where N is the fine-tuned population size

in each generation of the spatial optimization model explained in Section 2.4.

The warming impacts of unplanned urban growth were evaluated empirically using the temperature-

land-use relationship estimated in the previous section.

2.6 Warming impacts of climate-conscious urban growth. In the experimental scenario, using an
improved SMOLA model, the spatial arrangements of the unplanned urban growth simulated in the
previous section were optimized under four objectives: to minimize daytime LST (LSTy), to
minimize nighttime LST (LST,,), to maximize land-use compatibility, and to minimize changing
cost. Both daytime and nighttime LST were minimized simultaneously to consider the diurnal
temperature trade-off!2. Besides the climate objectives, the number of land-use changes was also
minimized to maximize the efficiency of optimized changes. In addition, the compatibility between
adjacent land-uses was maximized, since there are land-use types that should not exist next to each
other (e.g., industrial and residential). Rather than arbitrarily assigning the compatibility weights for
each land-use pair (P;,;,), the weights were learned by summarizing their corresponding appearance

probability in the status quo.

Three feasibility constraints proposed to limit the solution space of land-use plans:
1. The land demand of Shenzhen shall be satisfied. The increase of urban land area compared
to the status quo should be equal to or larger than the required urban growth rate (r) of 10%.
The average development density cannot be lower than that of the status quo.
2. Urban development cannot occur on rough terrain. Highlands, i.e., land units higher than
80m in elevation, and hilly terrain, i.e., larger than 25 degrees in slope, were considered not
suitable for urban developments. The 80m was selected as the 95 percentiles of the

elevation values of existing urban lands. The 25 degrees was set according to local
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government regulations.
3. Waterbody and croplands are preserved. No changes were allowed to existing water body

due to their essential ecological benefits. Croplands are also preserved to secure urban food

supply.

The objectives and constraints can be denoted as follows:
Minimize LSTy = X £, (I 120 s Iici)

Minimize LST,, = X f, (T1 Iz - 111
Minimize numChanges = Z?’zl[Li, # L;]

Maximize landUseCompatibility = Y, ,,(Ppy, * Pl,m)

Subject to,
N

EL e U] EL EUlx(1+ry)

i=1
2 - ISA §V:1 ISA;

VLi el: €; <80m, N < 25°

The warming impacts of optimized climate-conscious urban growth plans were evaluated using the
same temperature-land-use relationship for evaluating unplanned urban growth plans. The
differences between the warming impacts of the unplanned urban growth and climate-conscious
urban growth were extracted to demonstrate the effectiveness of the CUGP as an urban warming
mitigation measure. The efficiency of the optimized changes is also measured using an indicator

that measures the LST change per proposed land-use change (ALST),

— . Xi(LST/ — LSTy)
ALST = Eq.3
numChanges (Eq-3)

where i indicates cell locations within the study area.

3. RESULTS

3.1 The estimated LST-land-use relationships. By considering the spatially varying effects, the
spatially explicit models for both LST,; and LST,, fit the observations significantly better than their
corresponding spatially fixed models and therefore provide more accurate predictions of LSTs
(Section S2.1 for detailed results). The spatially explicit models provide good model fittings for
both LST; (R? = 0.810) and LST,, (R?> = 0.725), while the spatially fixed model has a fair model
fitting for LST,; (R?> = 0.537) and a poor model fitting for LST;,, (R*> = 0.275). Since the spatially
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explicit models significantly outperform the spatially fixed models, they are selected as the objective
functions for assessing the warming impacts of urban land-use changes in the following SMOLA

model.

3.2 Cost-Effectiveness of the CUGP. Our evidence in Shenzhen, China shows that the CUGP can
be an effective urban climate mitigation measure. Both with 10% more urban lands, the unplanned
urban growth in the baseline scenario increased the average LST, in Shenzhen by 0.21°C, while in
the experiment scenario, climate-conscious urban growth increased the average LST,; by 0.14°C,
which is 0.07£0.01°C (33.8+£4.6%) less warming impacts. Results from the t-test showed that the
0.07°C difference was statistically significant (p<<0.005).

The 0.07°C difference is not the cooling benefit on a single land unit; rather, it is the average cooling
benefit averaged over all land units in Shenzhen. The cooling efficiency of each optimized land-use
change is much more significant. The daytime ALST (Eq.3) is -1.24 °C/change, and the nighttime
ALST is -0.52 °C/change. The CUGP is more effective during the daytime, since the LST, is more
variable and sensitive to land-use changes. Despite the diurnal trade-offs between LST,; and LST,,,
such decrease in LST; was not achieved at the sacrifice of LST,,, in fact, LST,, also decreased an
average of 0.03°C after the optimization. Figure 2 maps daytime and nighttime LST changes caused

by the CUGP.
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Figure 2 Changes in daytime LST (LSTy) and nighttime LST (LST,) introduced by the CUGP, compared with
warming impacts of unplanned urban growth.

In addition, we examined the cost-effectiveness of the CUGP (Figure 3). The effectiveness of the
CUGP grows non-linearly as the number of changes increases. We took the lowest average LST,
and LST,, among all optimized urban growth plans as the optimal mitigation performance that can
be achieved with the CUGP regardless of the number of land-use changes. To achieve 80% of the
optimal effectiveness in both LST,; and LST,, requires at least 56% of land-use changes. To achieve

50% of the optimal effectiveness in both LST,; and LST,, requires at least 25% of land-use changes.

10
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Figure 3 Cost-effectiveness of the CUGP for mitigating LSTy4 (left) and LST,, (vight). Both two-dimentional Pareto
fronts can be fitted almost perfectly with a Pareto curve (R*>0.95). Minimum changes required to achieve 50% and
80% of the optimal effectiveness for both LSTy4 and LST,, are also marked.

4. Discussions

4.1 Variances in the LST-land-use relationship. The estimated LST-land-use relationships
substantially vary spatially, diurnally and compositionally. Our findings in the context of EHEs
agree with existing studies on regular hot days'®#® that substantial spatial variances exist in the LST-
land-use relationships, especially for such high-impact land-use types as high-density urban lands.
The responses of both daytime and nighttime LSTs can be profoundly affected by compositions of
the urban lands, such as the development densities'***, due to the so-called “canyon effect”!®. The
reduced air ventilation determined by local energy balance and stability prevents the heat from

leaving the urban canopy layer trapping heat even after sunset.

However, this effect is not always true. For some areas in Shenzhen on the southeast coast, high-
density urban lands are found to contribute negatively to the nighttime LST. High-rise structures in
densely built-up areas could reduce the amount of insolation from getting into the urban canopy.
Also, the most important meteorological variable that alters the urban heat island effect is wind
speed '°. The identified areas in Shenzhen are located on the seaside, where the local thermal
environment could benefit largely from the good air ventilation driven by sea and land breezes
allowing urban areas to cool down swiftly after sunset. Such ‘unexpected’ phenomena further
demonstrate the necessity of considering the varying effects, especially when dealing with spatial

data and environmental phenomena such as urban warming.

4.2 Policy Implications of climate-conscious urban growth. Our results agree with Stone et al.*
that cities with a greater urban sprawl would be more vulnerable to EHEs. However, beyond that,
our evidence suggests that not only the magnitude but also the spatial arrangement of urban growth

matters to the associated warming impacts. We further summarize the dominant (P.=0.5) change
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for each spatial location from the Pareto-optimal solutions and analyzed their structural (Figure 4)

and spatial (Figure 5) patterns to provide suggestions for urban planners and researchers.

Structurally, climate-conscious urban growth in Shenzhen emphasizes compact urban development
for minimal warming impacts (Figure 4). The CUGP introduces substantially more high-density

(44.8%) and low-density (35.7%) urban lands than mid-density urban land (19.5%).

Figure 4 The structure of dominant land-use changes (P.=0.5) optimized by the CUGP, visualized as incoming and
outgoing flows among the urban and non-urban land-use types using a circular plot 3. Numbers on the inner circle
indicate numbers of land parcels, while numbers on the outer circle are percentages of changed land parcels out of

all land parcels in each land-use category.

Climate-conscious urban growth in Shenzhen also suggests a spatially equalized distribution of
urban growth by locating more urban developments in the less-developed east half of Shenzhen
(Figure 5). The centers of the optimized urban growth move eastward by an average of 19.1km
compared to the random urban growth (Figure S5). By optimizing the spatial positioning of urban

lands, the CUGP also maximizes the mitigation effects of existing cooling sources in the city,
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including green space and water bodies. The percentages of cooling sources surrounding high-
density and mid-density urban lands are increased by the CUGP (Table S5, SI). Clusters of new
urban lands (A, B, and C in Figure 5) are located adjacent to vast green spaces or water bodies. Such
a spatial pattern suggests that “cooling sources” should be established and preserved even in
compact cities. With sufficient “cooling sources”, the CUGP could efficiently mitigate urban
climate impacts of urban growth by locating compact urban development in places with sizeable

biological capacity, ideal weather conditions, and room for urban growth.

Case - Local Model Optimized urban changes

¢ Urban deintensification IT

*  Urban deintensification I
Urban intensification

» " ®  Urban intensification IT

Urban intensification I11

Urban expansion

o Urban redevelopment

(]
=
~ .o
.
gm
»

Figure 5. The spatial distribution of dominant urban changes (P.=0.5) optimized by the CUGP. The changes are
classified as the urban expansion, i.e., urban development on newly acquired urban land, and urban redevelopment
on existing urban land. Both categories are reclassified into several levels of urban intensification and urban

deintensification to reflect the changes in urban densities (Table S4).

4.3 Model Sensitivity. We further examined the sensitivity of the mitigation effect using different
combinations of model parameters. We repeated the analysis using three urban growth rates (10%,
20%, and 30%) and two elevation thresholds (80m and 120m). Results from the sensitivity analysis
(Table S3) show that the mitigation effects were statistically significant (p<0.005) using all the 12

parameter combinations. Please refer to Section S2.2.2 for more details.

4.4 Future Perspectives and Limitations

Unlike the simple and universal rules in the game of Go, real-world environmental problems are far
more complex and include substantial spatio-temporal heterogeneities. Our results also show that
artificial intelligence algorithms are highly sensitive to model specifications and need to work in a

better-represented real-world settings.
For future directions, more evidence on the effectiveness of CUGP as an urban warming mitigation

measure may still be needed, especially from cities of the developing world where massive urban

growth is expected to occur, and local people are particularly vulnerable to extreme heat exposures.
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Moreover, since our objective is to investigate the optimal effectiveness of the CUGP, the effects

of property rights, land markets, local land policies such as the Basic Ecological Control Line, and

community benefits are not considered. Integrating the afore-mentioned factors in the investigation

would provide more feasible land-use plans.

Supporting Information

Supporting details about the experimental design, land-use map pre-processing, and the
NSGA-II based SMOLA model.
Detailed results from the LST-land-use relationship estimation, land-use optimization, and

parameter sensitivity analysis.
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