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Optimizing Spatial Planning of Small-scale Green Infrastructure

to Mitigate Urban Heat Islands in Hong Kong

Hoi Nam Hellas Lee

ABSTRACT

With rising surface temperatures due to climate change, especially in urban areas, regulators
have turned to green infrastructure (GI) to effectively adapt to urban heat islands (UHIs) and
increase climate resilience. Small-scale implementation is of particular focus in Hong Kong due
to limited land space, but the extent to which they effectively mitigate urban heat is highly
dependent on their physical characteristics and spatial connectivity. This study evaluates the
current GI network’s ability to mitigate UHIs in two Hong Kong districts: Tuen Mun and Yau
Tsim Mong, finding that the vegetation configurations between the two districts vary
substantially, hence affecting the range of land surface temperature (LST), hotspots, and
coldspots observed. Characterizing the GI based on the following landscape network metrics:
vegetation percentage, perimeter-area ratio, vegetation area, nearest neighbor distance, and
largest patch dominance, I analyzed their relationships with (LST) in hotspots and coldspots in
the study areas. From my correlation analysis, I identified perimeter-area ratio and vegetation
percentage to be major metrics of consideration for the future planning of GI to address UHIs.
However, the large variability in correlation strengths between the two districts, hotspots, and
coldspots highlights the need for careful evaluations in ensuring that GI networks contribute to
reducing UHIs in Hong Kong.
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INTRODUCTION

Climate change impacts are of increasing concern, leading to a movement within
environmental policy and planning to determine how our societies can adapt and become
resilient to them. Such developments are often seen on the city scale, where the majority of the
human population resides, with a projected rise to 80% of the world’s population living in urban
settings by 2050 (Venditti 2022). Additionally, cities account for over 70% of greenhouse gas
emissions, with the World Bank recognizing city systems as one with the greatest emissions and
significant adaptation challenges (Dasgupta et al. 2022). Within environmental policy guidelines,
climate mitigation strategies have been the predominant focus, as society aims to reduce
greenhouse gas emissions to reduce further warming. However, the latest IPCC 6th Assessment
Report (ARO6) states that with near-term global warming expected to reach 1.5°C, climate-related
extreme events and limitations on resource availability will be pressing issues. This is
particularly in cities, where temperatures are on average 1-3°C warmer than their surroundings.
Compounded with high population densities and material consumption, these currently observed
impacts and projected risks demonstrate the urgency we must operate under for climate-resilient
development action (IPCC 2022, Zielinski 2014). This has led to a paradigm shift in sustainable
environmental planning to one establishing adaptation and resilience strategies so societies can
adapt to extreme weather events and other climate impacts (Hill 2016).

One such impact is urban heat islands (UHIs) and heatwaves. Heatwaves are periods of
hot weather lasting for days, with their effects often exacerbated in cities (World Health
Organization n.d.). UHI refers to instances of relatively higher atmospheric and surface
temperatures in urban areas compared to their surroundings, such as a neighboring rural area, or
in intra-urban heat island (IUHI) analysis, cooler areas within city limits (Maimaitiyiming et al.
2014, Bruns and Simko 2017). This phenomenon is common among big cities worldwide, with
over 90% showing evidence of surface UHIs (Peng et al. 2012). As such, global exposure has
grown 199% over approximately 30 years, with 34% attributed to urban warming, affecting 1.7
billion people in 2016 (Tuholske et al. 2021). Future heatwaves are likely to become more
frequent, more severe, and last longer. An absolute heatwave temperature increase of 3.4-6.6°C
between 2066 and 2099 is projected in populous cities and over 99% of children will experience

at least 4.5 heatwaves annually by 2050 under high-emissions scenarios (Brown 2020, United
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Nations Children’s Fund 2022). Adaptation and resilience towards intensifying urban warming is
necessary for urban areas as they continue to develop, ideally through multifunctional
approaches.

Urban GI, which this investigation defines as the planned application of vegetation in an
urban area, such as parks and rooftop gardens, has been presented as a promising,
multifunctional strategy to address both climate adaptation and mitigation goals. There is a wide
variety of small-scale GI including, rain gardens, rooftop gardens, parklets, pocket forests, and
bioswales (Razzaghi Asl and Pearsall 2022). These forms of GI contribute significantly to
cooling in an urban context, especially where land use may be contentious, making them
imperative in future environmental planning. Theoretically, they can address several climate
impacts, such as reducing flood risk, improving water quality, and reducing UHIs (Kim and Song
2019, Parker and Zingoni de Baro 2019, Sturiale and Scuderi 2019, Choi et al. 2021). Their
benefits within an urban context make GI an important environmental planning tool for
economic, social and environmental development.

However, in practice, the effectiveness of GI in addressing these goals is highly
dependent on its location, size, and landscape characteristics (e.g., Bowler et al. 2010, Kong et
al. 2014), and hence, on land use planning. In planning GI, reducing the UHI effect is not often
the primary goal, if even considered. For example, the Mirabeau Garden in New Orleans was
designed as part of the Gentilly Resilience District to reduce flood and subsidence risk while
educating about stormwater management (City of New Orleans 2019). Although mitigating
urban heat was listed as a benefit in late 2019, the project objectives in 2018 did not include
urban heat considerations (City of New Orleans 2018). As a result, there is often an unequal
distribution of GI and UHI within a city, and the placement of GI may even be exacerbating UHI
inequities. Small-scale GI has the potential to improve the interconnectivity between existing
sites, making them a beneficial mechanism to deliver a more equal distribution of surface
temperature across the local community (Jerome 2017). As such, a larger-scale landscape
network scale may be beneficial to determine the relationship between GI and their collective
benefits in reducing UHI. Such network analysis will determine the optimal applications of GI
for a wider cooling effect to build a city’s overall resilience toward urban heat.

This study generates a deeper understanding of the most effective and optimal

applications of small-scale GI in addressing climate adaptation goals to reduce UHIs in Hong
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Kong. The city acts as a useful area to study due to its densely built environment and relatively
high summer temperatures. To address this, I evaluated the extent to which the current GI
contributes to thermal hotspots and coldspots to present a baseline scenario and identify current
hotspots across the landscape. I expected an unequal distribution of GI and UHIs to emerge and
hence identify areas where future implementation of GI would be beneficial. From there, a
comparison of different characteristics defining GI’s physical dimensions is presented to
determine the criteria for optimal effectiveness in reducing hotspots, with a particular focus on
vegetation area and perimeter-area ratio. Lastly, I used network analysis to provide insights into

how small-scale GI connectivity can deliver an optimal cooling effect in Hong Kong.

BACKGROUND

Small-scale green infrastructure

Current greening projects and literature evaluating GI often focus on large, singular case
studies, rather than small-scale GI. Urban parks and gardens are especially common, although
other ground vegetation and green roofs are also popular topics (Bowler et al. 2010, Dronova et
al. 2018, Anderson and Gough 2022). Challenges associated with evaluating small-scale GI
revolve around the spatial imagery resolution for remote sensing methods and consideration of
confounding variables when conducting field experiments. As previous literature has deduced,
the cooling benefits associated with a small area of GI by itself are also less significant on a
wider spatial scale compared to larger forms of GI (Kong et al. 2014, Vaz Monteiro et al. 2016,
Du et al. 2017, Masoudi and Tan 2019).

However, as land use becomes increasingly contentious, especially in dense cities such as
Hong Kong, it is imperative that small-scale applications are equally considered in an urban
setting. Several studies have investigated small-scale GI in urban areas. Park et al. (2017)
investigated the role of small-scale street greenery on air temperature on the urban block scale.
The small green spaces are categorized by form (polygonal or linear) and by vegetation
characteristics (single or mixed). Then, the area and volume were calculated to determine which
factors affected their air temperature measurements. Linear regression models between

temperature reduction and area/volume found statistically significant relationships for polygonal
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and mixed street greenery. Lin et al. (2017) studied pocket parks in Hong Kong, focusing on a
small section of Hong Kong Island. Apart from greenery indicators like tree and shrub areas, Lin
et al. included urban design indicators to characterize the local landscape, such as building
density, park area, and floor area ratio (FAR). Interestingly, they found a negative correlation
between FAR and building density with daytime UHI, which differs from other studies such as
Petralli et al. (2014) and Perini & Magliocco (2014), but other correlations and values for

cooling intensity were similar.

Landscape network analysis

Due to their limited cooling effects individually, landscape network analysis of
small-scale GI is necessary to evaluate its full potential. Interpreting GI interconnectivity and its
contribution to larger ecological networks have been an area of focus (Jerome 2017). An analysis
using landscape metrics is common among these studies to determine the relationships between
GI characteristics and its cooling effect (Table 1). There is a wide range of possible indicators,
with the most common being green space area and patch density. Other metrics, such as the
percentage of vegetation area and aggregation indexes, were also utilized often, but many were
only used in one of the papers listed. Metrics exploring the network connectivity between green

spaces were especially sparse, seen only in Masoudi and Tan (2019).
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Table 1. Summary of landscape metrics indicators to characterize green infrastructure in literature.

Spring 2023

Landscape metric

(Maimaitiyiming
etal. 2014)

(Du et al. 2017)

(Masoudi and Tan
2019)

(Vaz Monteiro et
al. 2016)

(Kong et al. 2014)

(Jaganmohan et
al. 2016)

Green space physical dimensions

Green Space arca

Patch density

Edge density

Landscape shape index

Mean patch size

Number of patches

Area-weighted mean patch size

Area-weighted mean
index

shape

Mean span

Perimeter-area ratio

Mean patch radius of gyration
of forest vegetation

Mean shape index

Land use classification

Percentage of landscape of
green space

Area/percentage of vegetation
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Tree/shrub canopy cover

Grass cover

Vegetation class area

Area/percentage of impervious
surfaces

Area/percentage of water
bodies

Land use diversity

Patch richness of land use

Connectivity of green spaces

Aggregation index

Area-weighted Euclidean
nearest neighbour distance

Area-weighted fractal
dimension index

Largest patch index

Mean Euclidean nearest
neighbour distance

Other metrics

Distance to city centre

Average wind speed
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From this review, I identified five landscape metrics to characterize small-scale GI beyond their
typology, capturing GI physical dimensions and the connectivity of GI:
e (Greenspace vegetation area (a larger area is expected to contribute more cooling, holding
other factors constant)
e Perimeter-area ratio (smaller values of perimeter-area ratios is expected to contribute
more cooling, holding other factors constant)
e Greenspace vegetation percentage (larger percentages of vegetation compared to
landscape area are expected to contribute more cooling, holding other factors constant)
e Nearest neighbor distance (smaller values of nearest neighbor distance is expected to
contribute more cooling, holding other factors constant)
o Largest patch dominance (larger values of largest patch dominance is expected to

contribute more cooling, holding other factors constant)

Study Areas

Hong Kong, located on the coast of southeast China in the tropics, is known for its
skyscrapers and bustling city core. The city is projected to see an average temperature rise of
1.1-1.7°C by 2060 and 1.2-3.6°C by 2100 (Hong Kong Observatory 2021).

As such, the local government has outlined several initiatives to reduce UHI impacts.
These include sending public alerts for hot weather, providing temporary night heat shelters, and
placing more water fountains in public areas (The Legislative Council Commission 2021). In
relation to the built environment, the government has taken the lead by incorporating greenery in
all public works projects. All government buildings are required to include greenery elements
and aim for a Building Environmental Assessment Method (BEAM) Plus certification, the local
criteria for assessing building sustainability (BEAM Society Limited n.d.). To incentivize new
private buildings to include green features, gross floor area concessions are applicable to
developers as long as they are registered under BEAM Plus. In the city’s 2050 climate action
plan, the government outlines that the continuous enhancement of policies to review design
standards and the concession’s granting mechanism are actions in upcoming years to ensure

effective UHI mitigation in the city (Hong Kong SAR Government 2021).
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Actions addressing UHIs are particularly important in the urban built environment of
Hong Kong, with complexities related to its heterogeneous landscape. Up to 40% of the city’s
land area is public green space, but the majority consists of large country parks, green belts, and
conservation areas (Lai 2017). Most residential and commercial activity exists on 25% of the
total available land (Lee 2020). Instead, the government’s Planning Department outlines
countable open space (COS) in the urban cores, which are usually small recreational spaces
embedded within the built environment. Hong Kong Planning Standards and Guidelines outline a
minimum of 2 m? of COS per person in urban areas and new towns, and 0.5 m? per worker in
commercial and industrial areas (Lai 2017). While all districts satisfy these requirements, a study
by Hong Kong’s Civic Exchange demonstrates how open space area varies considerably between
the 18 different districts of Hong Kong, from 2.1 m? per person to 6.0 m? per person. This
suggests that studies into GI and greenery should be conducted at a district level.

Districts of Hong Kong

1 Central & Western
2 Eastern

3 Islands

4 Kowloon City
5 Kwai Tsing
6 Kwun Tong

7 North

8 SaiKung

9 ShaTin

10 Sham Shui Po
11 Southern

12 Tai Po

13 Tsuen Wan

14 Tuen Mun

15 Wan Chai

16 Wong Tai Sin
17 Yau Tsim Mong
18 Yuen Long

Figure 1. Hong Kong Districts Map.

Tuen Mun (pink) and Yau Tsim Mong (blue) are highlighted. Adapted from Environmental Systems Research
Institute (ESRI) Hong Kong.

Yau Tsim Mong district, which consists of the Yau Ma Tei, Tsim Sha Tsui, and Mong

Kok regions, is part of the Kowloon Peninsula urban core, adjacent to Victoria Harbour (ESRI
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Hong Kong 2022). With the third-highest district population density at 44,460 people per km?,
the region is heavily dominated by both residential and commercial activities, with major retail
and financial centers (Yau Tsim Mong District Council 2015, Census and Statistics Department
n.d.). Hong Kong climate averages are determined based on the values recorded at Hong Kong
Observatory, which is located in this district. Mean temperatures are between 16.5°C and 28.9°C,
with January and July typically being the coldest and warmest months respectively (Hong Kong
Observatory 2021). The two areas of Yau Ma Tei and Mong Kok are key in Hong Kong’s urban
redevelopment efforts as their high volume of aging building stock and urban decay are
outpacing the current rate of redevelopment and rehabilitation. There have recently been many
projects within the district, but the Urban Renewal Authority conducted a study in 2017 noting
that a holistic, district-based approach is necessary to deal with urban decay (Urban Renewal
Authority n.d.). With such change, there is great potential for the implementation of GI along
with urban renewal, especially on a small scale.

Tuen Mun district, situated in the west, away from the urban core (Figure 1), was
established in the 1970s. Relative to the mean temperature recorded at the Hong Kong
Observatory, Tuen Mun shows a slightly greater temperature range, with values about 0.5°C
higher in the summer and about 0.2°C lower in the winter (Hong Kong Observatory 2021). It is
known as a first-generation New Town, which was developed as part of a decentralization
strategy for urban development away from congested urban areas (Tuen Mun and Yuen Long
West District Planning Office, Planning Department 2019). Planning of the New Town revolved
around concepts of “balanced development” and “self-containment”, resulting in a
multi-functional and heterogeneous landscape (Tuen Mun and Yuen Long West District Planning
Office, Planning Department 2019). There is a great contrast between the goals of planning with
New Towns in comparison to the urban areas of Yau Tsim Mong district, so understanding the
role of small-scale GI in both urban landscapes is important for the future sustainable

development across Hong Kong.
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METHODS

Calculating land surface temperature (LST)

Satellite imagery from the United States Geological Survey (USGS) was downloaded
through EarthExplorer (https://earthexplorer.usgs.gov/). The criteria for choosing the imagery
date was first based on location availability. Specifically, the imagery had to include both Tuen
Mun and Yau Tsim Mong. In order to capture the effects of UHIs during the summer months,
which is when urban heat is of particular concern, I narrowed my date range to between June 1st,
2022, and August 31st, 2022. From there, imagery with little cloud cover was preferred, as well
as images during periods of relatively higher summer temperatures. With this criteria, imagery
from 25th July 2022 was taken from Landsat 9 Collection-2 Level-1.

The following equations were used to calculate land surface temperatures (LST) from
Bands 4, 5, and 10 of the downloaded imagery (Estimating the Land Surface Temperature (LST)
using Landsat 8 in ArcGIS 2021). These bands correspond to the red spectrum (wavelengths:
0.64 - 0.67 um), near-infrared (wavelengths: 0.85 - 0.88 um), and thermal infrared (wavelengths:
10.6 - 11.19 um) respectively (U.S. Geological Survey n.d.).

Top of Atmosphere (TOA) Total Spectral Radiance = ML X Q z X AL X Q (Eq. 1)
where ML = 3.342 X 10_4, 0 = Band 10 radiance, AL = 0.1, andQ = — (.29
. o K, (Ea.2)
Brightness Temperature (BT)(°C) = ———— — 273.15

[In(o0)+11

where K = 1321.0789and K = 774.8853
2 1

Band 5 — Band 4 (Eq 3)
Band 5 + Band 4

NDVI

NDVI—NDVI 2 (Eq. 4)
Proportion of vegetation (Pv) = (wpyr—=wpvi—)

in

Land surface emissivity (¢) = 0.004Pv + 0.986 (Eqg. 5)

Land surface temperature (LST) = ——— B (Eq. 6)
14( 1099507 ) xn(e)

10
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Determining areas for analysis

With the LST maps produced, I chose to analyze the differences between the hotspots and
the coldspots in each district. As the calculated LST distribution represented a normal
distribution, with little skew, I determined that a percentile cutoff was appropriate for defining
the areas for analysis. First, the top 20% and bottom 20% of the LST range were isolated for
hotspots and coldspots respectively. Then, the top 10% and bottom 10% of the LST range were
also isolated. Areas isolated with the 20th percentile cutoff that also had temperatures in the
upper and lower 10th percentiles were chosen as the final hotspots and coldspots, respectively,

for analysis.

Analysis of current vegetation network and impact on LST

High-resolution satellite imagery from PlanetLabs data was used to ensure small-scale GI
could be captured in the vegetation mapping process. With a pixel resolution of 3 meters x 3
meters, an image from the 25th July 2022 was used to match that of the Landsat 9 imagery.

To classify the land uses into four general categories: vegetation, developed built
environment, water, and clouds, I used both the supervised and unsupervised classification
wizard programs on ArcGIS Pro. From there, I isolated the vegetation layer and clipped them to
visualize the vegetation network in each hotspot and coldspot.

For each analysis area, the parameters needed for each landscape network metric were
calculated through ArcGIS Pro. This included vegetation perimeter, vegetation area, nearest
neighbor distance, and hotspot or coldspot area. Table 2 lists the chosen landscape network

metrics and their calculations from these parameters.

11
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Table 2: Calculation of landscape network metrics

Landscape Network Metric

Calculation from parameters

Vegetation area

Vegetation area as provided by ArcGIS Pro

Vegetation perimeter-area ratio

v jon Peri

Vegetation Area

Vegetation percentage

—Vegetationarea
Hotspot/Coldspot area

Nearest neighbor distance

Nearest neighbor distance as provided by ArcGIS Pro

Largest patch dominance

Yegetationarea [Largest patch]

Hotspot/Coldspot area

With the calculated landscape network metrics, single linear regression analysis was
conducted to determine the correlations between the vegetation characteristics and the mean LST
in each hotspot or coldspot. The analyzed data points representing hotspots or coldspots were
grouped in various ways. First, my analysis was for both hotspots and coldspots in each district
to determine the district-scale trends and compare the regional differences in correlation. Then,
regression analysis for all the hotspots and all the coldspots in both districts was also conducted
to differentiate trends that would contribute to creating hotter and colder environments
respectively.

Following the single variable linear regression analysis, a multiple variable linear
regression for the four groups (Tuen Mun, Yau Tsim Mong, all hotspots, and all coldspots) was
also conducted to figure out how the combination of such metrics could contribute to the LST
patterns.

However, further analysis had to be done for the multiple variable linear regression upon
finding that some of the landscape network metrics had very strong correlations with each other,
especially for the data analysis for each district. Thus, their combined influence on LST may
result in an inaccurate model. As such, from the calculated correlation matrix, if there were
variables that were strongly correlated (JR?| > 0.60) with each other, only one was chosen to be
integrated into the linear regression analysis. A refined model to determine LST was derived
from there. The results of this analysis then informed which metrics should be considered in the

planning of GI in both districts and the extent to which they affect LST hotspots and coldspots.

12
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RESULTS

Relationship between current green infrastructure and land surface temperature

Land surface temperature distribution

The land surface temperature range in the two districts did not vary too substantially. In
Tuen Mun, the temperatures ranged from 21.75°C to 40.60°C, while in Yau Tsim Mong, the
calculated LST was 26.72°C to 38.43°C (Fig. 2). Tuen Mun exhibited a greater range of
temperatures, although the means of the temperature distribution were only about 1°C apart. The
temperature distributions are relatively representative of a normal distribution, with little skew.
Hotspots and coldspots in Tuen Mun are above 33.80 and below 26.70 respectively, while the
boundaries for these extremes in Yau Tsim Mong are 33.42°C and 26.72°C respectively. The
spatial distribution of temperature was uneven in both districts. In particular, areas of lower
temperatures in Tuen Mun were in the mountainous and forested areas while in Yau Tsim Mong,
these cooler areas were along the coastline. Areas of densely built environments in both locations
had relatively higher LST. There were also patches of hotspots and coldspots that were directly
adjacent to each other or overlapping in Yau Tsim Mong, which is an interesting observation.

There are 19 major patches for further investigation (Fig. 3).

Figure 2: Histogram of LST distribution for Tuen Mun (top) and Yau Tsim Mong (bottom)
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Yau Tsim Mong LST Historgram
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Figure 3: Hotspots (red) and coldspots (blue) and the derived vegetation network (green) in Tuen Mun (top)
and Yau Tsim Mong (bottom)

Legend

mmms Hotspot Area

s Coldspot Area

Vegetation
Network

Legend

== Hotspot Area

= Coldspot Area

0 025 05 1 Kilometers Vegetation
Network

14



Hoi Nam Hellas Lee Small-scale Green Infrastructure for Urban Heat Spring 2023

Current green infrastructure/vegetation distribution

Vegetation in Tuen Mun is highly dominated by mountainous and forested areas, with a
considerable difference in vegetation cover and size between the hotspots and the coldspots. The
hotspots in Tuen Mun have more vegetation of smaller size and greater fragmentation, with the
exception of TM_Hot 2, which has a large patch of vegetation towards the South (Fig. 4). On
the other hand, vegetation in Yau Tsim Mong appears to be relatively similar between the
hotspots and the coldspots. Compared to Tuen Mun, the vegetation patches are smaller in size,

attributed mostly to the smaller hotspot/coldspot areas.

Figure 4: Hotspots and Coldspots for both districts

TM_Hot 5

TM_Cold 2

L2

YTM_Hot 2

YTM_Cold_1 YTM_Cold 2 YTM_Cold 3 YTM_Cold 4 YTM_Cold 5
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Correlation between landscape network metrics and land surface temperature

The three landscape network metrics to evaluate GI physical characteristics are
vegetation percentage, perimeter-area ratio, and vegetation area. Nearest neighbor distance and
largest patch dominance are used as metrics to evaluate green infrastructure connectivity.
Through the single linear regression analysis, only 5 of the 20 relationships yielded statistically
significant (p-value < 0.005) results (Table 3). For Tuen Mun, this is for vegetation percentage,
which resulted in a negative correlation. No significant relationships were found for Yau Tsim
Mong. The analysis of hotspots showed a positive correlation between LST and the metrics of
vegetation percentage, vegetation area, and largest patch dominance. Lastly, coldspots LST was

significantly correlated with the perimeter-area ratio.

Table 3: Single linear regression R? values for landscape network metrics.

Vegetation Vegetation Area | Perimeter Area Nearest Largest Patch
Percentage Ratio Neighbour Dominance
Distance
Tuen Mun 0.486 0.187 0.154 0.203 0.160
Yau Tsim Mong 0.006 0.086 0.010 0.033 0.030
Hotspots 0.588 0.669 0.109 0.085 0.573
Coldspots 0.421 0.00005 0.750 0.050 0.141

Cells in green represent positive correlations, while red cells indicate negative correlations. Values in bold are

statistically significant correlations.
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From the preliminary multiple variable linear regression analysis, not accounting for
correlation between metrics, only the one conducted on the coldspots resulted in a statistically
significant relationship, with an R? value of 0.989. From the analysis, 4 of the 5 metrics were
statistically significant as a regression predictor of LST: vegetation percentage, vegetation area,

perimeter-area ratio, and nearest neighbor distance (Table 4).

Table 4: Statistical significance of landscape network metrics in preliminary coldspot multiple linear

regression analysis with LST as a dependent variable

Landscape network metric P>t Regression Regression
coefficient coefficient
(normalized
values)
Vegetation percentage 0.066 0.0529 0.7095
Vegetation area 0.040 -18.6436 -1.5045
Perimeter-area ratio 0.007 -7.147x 103 -1.7961
Nearest neighbor distance 0.036 0.0268 0.4308
Largest patch dominance 0.121 4.2233 0.5704

With the refined linear regression, for Tuen Mun, the metrics were vegetation percentage,
perimeter-area ratio, and vegetation area. The metrics for Yau Tsim Mong were nearest neighbor
distance and vegetation area. Both regressions still did not yield an F-statistic of below 0.05, and
none of the metrics were deemed statistically significant regression predictors for LST. For the
coldspots, the refined multiple linear regression removed vegetation area as an independent
variable. The resulting regression had an R? value of 0.945, but apart from the perimeter-area

ratio, none of the other metrics were statistically significant regression predictors (Table 5).
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Table 5: Statistical significance of landscape network metrics in refined coldspot multiple linear regression

analysis with LST as a dependent variable

Landscape network metric P>t Regression Regression
coefficient coefficient
(normalized
values)
Vegetation percentage 0.765 -0.0052 -0.0699
Perimeter-area ratio 0.004 -9.0534 -0.8722
Nearest neighbor distance 0.452 0.0084 0.1355
Largest patch dominance 0.145 -2.2564 -0.3047
DISCUSSION

The results of the correlation analysis help inform planning management strategies for
each district specifically, and for how hotspots can be managed through GI in Hong Kong more
generally. The correlation between the analyzed landscape network metrics and the mean LST of
the hotspot or coldspot varies depending on how the data is grouped, highlighting how the effects
of GI physical characteristics and connectivity are a very local phenomenon. Despite this,
perimeter-area ratio and vegetation percentage, the latter of which is applicable for Tuen Mun,
should be more heavily considered in GI planning and management to reduce UHIs observed

within the urban landscape.

The effects of vegetation configuration on land surface temperature for each district

Based on the calculated areas of vegetation and the patterns of land surface temperature,
the ability of the current GI networks to mitigate UHI varies between the two districts. In Tuen
Mun, there are significant differences in vegetation configuration between the hotspots and the
coldspots. With the hotspots generally having smaller, fragmented vegetation patches, it is
suggested that vegetation presence contributes to the larger temperature range observed (Fig. 2).
The exception to this observation, TM_ Hot 2, can be explained by the presence of a major
landfill, which emits fossil fuels. The highly localized emission of methane contributes to the

high LST values observed, which the nearby vegetation cannot mitigate.
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These general observations are reflected in the correlation between vegetation area and
mean LST. As such, in Tuen Mun, vegetation percentage is a greater factor in determining UHI
mitigation with GI, without regard for vegetation size or its connectivity. While the correlation
strengths of the other metrics were insignificant and weak, the direction of the relationship was
as expected, with the exception of largest patch dominance. The negative relationship suggests
further support for the use of small-scale GI to reach a threshold of vegetation proportion, rather
than having a singular, large-scale GI.

On the other hand, there are few discernible differences in the vegetation patches in Yau
Tsim Mong. Both the identified coldspots and hotspots have similar small fragments of
vegetation, except for YTM Cold 2, YTM Cold 4, and YTM Hot 3. The presence of the
remaining coldspots may be attributed to the surrounding water bodies, as they are all along the
coastline. As such, planning GI in Yau Tsim Mong will also need to consider proximity to water
bodies when determining how much greenery is necessary to reduce UHI. This is important,
especially considering that none of the landscape network metrics showed any significant
correlation with the mean LST of the analyzed hotspots and coldspots.

Based on the insignificant linear regression results, both in the preliminary stages and
after refining to account for strong metric correlations, it is difficult to discern how the

combination of landscape network metrics should shape GI planning on the district scale.

Implications for district planning management

These observations reflect the different planning management of the two districts. The
topographical restrictions present in Tuen Mun result in a large contrast despite the original goals
of balanced development. The district greatly relies on the presence of surrounding natural areas
to mitigate UHIs. In Yau Tsim Mong, the flat, urban land throughout the whole district
necessitates the presence of GI throughout urban development initiatives to reduce UHI if the
land parcels are not by the water. As such, the distribution of green spaces is relatively uniform
between the hotspots and coldspots, although in absolute area size, there is substantially less
greenery than there is in Tuen Mun. Even with new urban redevelopment initiatives, the
infrastructure lock-in may still result in similar land use patterns in Yau Tsim Mong. From the

results determining the correlation between the landscape network metrics and LST in the
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extreme temperature spots, we can see that the selected landscape network metrics alone cannot

account for all the variability in LST distribution on the district scale.

The effects of vegetation configuration on hotspots and coldspots

Looking at the correlations that are significant for the hotspots across both districts, some
interesting observations emerge. Vegetation percentage, vegetation area, and largest patch
dominance all present with strong positive correlations with mean LST, implying that increasing
the proportion and size of GI for a given area may further exacerbate the presence of UHI. This
means that other factors may be hindering the realization of GI cooling effects, and other
considerations may be necessary to reduce these hotspots. These may include considerations
about building floor-area ratios or how the built environment may reduce the ventilation of air.
Lan et al. used ENVI-met micro-scale simulations to determine how building configuration,
ventilation and greenery may affect urban heat islands and thermal comfort. Their results showed
that apart from adding greenery, the existing building configuration could be further improved by
adding a singular high-rise building and having ventilation corridors (Lan et al. 2021). Ng et al.
also conducted an earlier study on Yau Tsim Mong are found a significant difference in greenery
recommendations when buildings are below 20 meters versus when they are above 40 meters
high, especially in the effectiveness of rooftop gardens in mitigating urban heat islands.
Sky-view factor and wind paths may also be a consideration in landscape management (Tan et al.
2016) Particularly in a complex urban landscape, these built environment factors may contribute
more significantly to thermal distribution and are confounding variables to consider in GI
landscape analysis.

Despite the challenges presented by the hotspot correlations, the insights from the
coldspot linear regressions do provide a direction for factors to consider to create these
coldspots. Perimeter-area ratio and mean LST has the strongest correlation out of the single
variable linear regressions conducted. The negative relationship suggests that higher GI with
higher perimeter-area ratios would be more effective in generating a surrounding cooling effect.
With a fixed area, triangles and squares are shapes that increase the perimeter-area ratio, but

adding complexity to the shape to increase the GI’s edge effects also results in the desired effect.
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In addition, the multiple variable linear regression provides support for a suite of
landscape network metrics to be considered in GI planning to create coldspots. With the refined
regression analysis, the direction of the correlation between the metrics and LST was as
expected, with the exception of perimeter-area ratio, where a negative correlation was observed.
This is in contrast to the findings from Vaz Monteiro et al. and Kong et al., where higher
perimeter-area ratios were found to reduce the amount of cooling, both in intensity and spatial
distance. This is particularly interesting due to the strong correlation observed in the single linear
regression analysis for coldspots and with this metric being the only statistically significant
regression predictor in this analysis.

Based on the collective observations from my correlation analysis, my recommendation
is for perimeter-area ratio to be heavily considered in the design of GI interventions to mitigate
UHI. In Tuen Mun, vegetation percentage should also be taken into heavy consideration. These
recommendations for landscape network metrics have some alignment with those from other
studies. Masoudi and Tan’s analysis of Singapore’s green infrastructure found that the percentage
of landscape, area-weighted mean shape index, patch density, and area-weighted Euclidean
nearest neighbor distance were the four metrics that adequately characterized LST.
Area-weighted perimeter-area ratio is noted to be a significant metric for Kong et al., where they
also observed a strong correlation, although they observed a positive relationship between the
two variables.

With these two metrics in mind, planning small-scale GI in both of these districts will
require careful insight into both GI physical characteristics, both on the wider landscape scale
with vegetation percentage, and on the patch scale with perimeter-area ratio. However,
connectivity GI in both of these districts is not necessarily a priority consideration. Similar
districts in Hong Kong, such as other New Territory districts and those along the Kowloon
Peninsula, may also benefit from these observations. In addressing these considerations through
a regulatory approach, districts in Hong Kong can effectively plan GI to reduce these observed

hotspots and mitigate the impacts of UHIs.
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Limitations and future directions

Although this study gathers some conclusions about the planning considerations to
effectively reduce UHIs, these have limitations and warrant future research. In particular, this
study only captures one daytime instance of LST during the summer of 2022. To gain a better
idea of how GI contributes to LST in both districts, using more satellite imagery and comparing
diurnal trends would be useful for more holistic planning proposals. In addition, using the
classification wizard in ArcGIS Pro, even with high-resolution imagery, may yield some errors in
the vegetation mapping, especially since I did not correct for the presence of clouds in the
classification process. As such, there may be instances where the derived vegetation network
does not match the actual network present in both districts. Lastly, while a buffer region of 100
meters was considered in the vegetation analysis, there were some large-scale GI, especially in
Tuen Mun, which were clipped in this analysis. Hence, the effects of a whole forested area were
assumed to be that of the clipped section of it, which may not be accurate in its effects on LST.

In relation to the correlation analysis, there were limitations in the conclusions I could
make due to the small sample sizes in each of the groups. The use of hotspots and coldspots to
characterize whole districts led to a more discrete perspective of the landscape, which may have
contributed to the lack of significant correlations in both the single and multiple-variable linear
regression analysis. With more data, either with more hotspots and coldspots or with more
districts for a more general perspective, a more accurate model could be created to make more
concrete conclusions about how landscape network metrics could alleviate thermal hotspots and
reduce LST where necessary.

In addition, mitigating UHIs is only one of the benefits that GI brings to a community,
both on the macro and micro-scale. The results of this investigation should not be the exclusive
source of planning recommendations. A more integrated and proactive approach that
encompasses all the ecological services that GI can provide is a necessary shift in planning
approaches (Lennon and Scott 2014). An example of such an approach in planning GI is the
Green Infrastructure Spatial Planning model created by Meerow and Newell. They integrate six
benefits of GI, encompassing both social and ecological resilience goals such as stormwater
management and social vulnerability, and apply the model to Detroit to reveal the locations in

which such benefits can be maximized (Meerow and Newell 2017). To provide a more holistic
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and comprehensive evaluation of GI planning, an assessment considering the multiple benefits of
GI would be necessary and would inform planners more directly.

As suggested throughout this study, the observations and recommendations are highly
dependent on the particular land use characteristics of the study area. The differing results of the
two districts provide an indication of the high specificity of the outlined recommendations, but
generalizing their land use characteristics may provide an idea of how other regions may
implement GI effectively to mitigate UHI. Other studies have also found limited transferability
of their results to other cities, noting that while their framework can be applied, the
locale-specific characteristics outweigh the general recommendations when providing effective
recommendations (Makido et al. 2019; Marando et al. 2022; Zhou et al. 2017). As such, the
results of these studies are most applicable to cities with a similar climate and similar land-use or

built environmental characteristics, such as cities in the Greater Bay Area.

CONCLUSION

This study provides a basis for understanding the vegetation configuration and landscape
network factors that contribute to alleviating thermal hotspots in Hong Kong. The current GI
network in both Tuen Mun and Yau Tsim Mong contributes to the patterns of LST and its
inequitable distribution, as shown through the identified hotspots and coldspots. Through a
correlation analysis of five landscape network metrics characterizing GI physical dimensions and
connectivity, [ identified substantial differences in how these metrics were related to LST for the
two districts and also found that these correlations differ between the hotspots and the coldspots.
Observations from both the single and multiple-variable linear regression models lead to my
recommendation of using perimeter-area ratio and vegetation percentage as priority indicators for
future GI planning. However, given the wide range of variability observed in this study, it is
imperative that there is a more holistic and careful evaluation of GI planning in Hong Kong and
beyond. This way, the benefits of GI in reducing UHIs, and perhaps their other co-benefits, can

be successfully optimized to create more climate-resilient urban areas.
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Figure A2: Yau Tsim Mong Landscape Network Metrics Single Variable Linear Regression
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Figure A3: Hotspots (red) and Coldspot (blue) Landscape Network Metrics Single Variable Linear
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Table Al: Preliminary Multiple Linear Regression for Tuen Mun

R? value: 0.631

Prob (F-statistic): 0.526

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation percentage 0.584 -0.0746

Vegetation area 0.455 -0.0001

Perimeter-area ratio 0.360 -29.5034

Nearest neighbor distance | 0.723 -0.1015

Largest patch dominance 0.580 9.6327

Table A2: Preliminary Multiple Linear Regression for Yau Tsim Mong

R? value: 0.701

Prob (F-statistic): 0.281

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation percentage 0.096 0.3397

Vegetation area 0.091 -0.0001

Perimeter-area ratio 0.190 -25.1002

Nearest neighbor distance | 0.069 0.0727

Largest patch dominance 0.303 -17.0317

Table A3: Preliminary Multiple Linear Regression for Hotspots

R? value: 0.833

Prob (F-statistic): 0.102

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation percentage 0.557 0.0408 0.7993

Vegetation area 0.451 7.239x 107 1.0977

Perimeter-area ratio 0.257 1.6551 0.2895

Nearest neighbor distance | 0.694 0.0053 0.2400

Largest patch dominance 0.469 -4.4885 -0.9299
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Table A4: Preliminary Multiple Linear Regression for Coldspots

R? value: 0.989

Prob (F-statistic): 0.00376

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation percentage 0.066 0.0529 0.7095

Vegetation area 0.040 -18.6436 -1.5045

Perimeter-area ratio 0.007 -7.147 x 107 -1.7961

Nearest neighbor distance | 0.036 0.0268 0.4308

Largest patch dominance 0.121 4.2233 0.5704

Table AS: Refined Multiple Linear Regression for Tuen Mun

R? value: 0.578

Prob (F-statistic): 0.197

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation percentage 0.490 -0.0699 -0.3620

Vegetation area 0.502 -5.121x 107 -0.4275

Perimeter-area ratio 0.346 -20.1870 -0.3634

Table A6: Refined Multiple Linear Regression for Yau Tsim Mong

R? value: 0.088

Prob (F-statistic): 0.725

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation area 0.539 -1.534x 107 -0.2693

Nearest neighbor distance | 0.912 0.0023 0.0476
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Table A7: Refined Multiple Linear Regression for Hotspots

R? value: 0.795

Prob (F-statistic): 0.0174

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation area 0.005 5.621x 107 0.8523

Perimeter-area ratio 0.105 2.0244 0.3541

Nearest neighbor distance | 0.752 0.0015 0.0669

Table A8: Refined Multiple Linear Regression for Coldspots

R? value: 0.945

Prob (F-statistic): 0.00859

Landscape network P>t Regression coefficient Regression coefficient
metric (normalized values)
Vegetation percentage 0.765 -0.0052 -0.0699

Perimeter-area ratio 0.004 -9.0534 -0.8722

Nearest neighbor distance | 0.452 0.0084 0.1355

Largest patch dominance 0.145 -2.2564 -0.3047

36




	Optimizing Spatial Planning of Small-scale Green Infrastructure to Mitigate Urban Heat Islands in Hong Kong
	ABSTRACT
	KEYWORDS
	INTRODUCTION
	BACKGROUND
	Small-scale green infrastructure
	Landscape network analysis
	Study Areas

	METHODS
	Calculating land surface temperature (LST)
	Determining areas for analysis
	Analysis of current vegetation network and impact on LST

	RESULTS
	Relationship between current green infrastructure and land surface temperature

	DISCUSSION
	The effects of vegetation configuration on land surface temperature for each district
	Implications for district planning management
	The effects of vegetation configuration on hotspots and coldspots
	Limitations and future directions

	CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES
	APPENDIX

