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Foreword

It is my pleasure to contribute this foreword to the Book entitled “Remote Sensing for Vegeta-
tion Monitoring: Technologies, Applications and Models” (First Edition, Elsevier), edited by
Drs. Prem Chandra Pandey, Mukunda Dev Behera, Komali Kantamaneni, and Navneet
Kumar, an emerging group of scholars whose work reflects the growing sophistication and
global relevance of vegetation remote sensing. Vegetation forms the structural and functional
backbone of terrestrial ecosystems, shaping biodiversity, hydrological processes, climate regu-
lation, and agricultural productivity. As global environmental change accelerates, the demand
for accurate, timely, and scalable vegetation monitoring has become central to scientific re-
search, environmental governance, and sustainable development. This volume offers a com-
prehensive and authoritative synthesis of contemporary advances in satellite-based vegetation
assessment, serving as a valuable reference for researchers, practitioners, and policymakers
engaged in environmental monitoring and land-resource management.

The strength of this book lies in its breadth, depth, and thematic coherence. The editors have
curated contributions from leading experts whose work spans forests, mangroves, agricultural
systems, grasslands, and urban environments. Across 18 chapters, the volume demonstrates
how rapid advances in Earth observation technologies, combined with machine learning, cloud
computing, and multi-sensor data fusion, are transforming our capacity to observe, quantify,
and model vegetated landscapes at multiple spatial and temporal scales.

Section II, the most extensive section, provides a rigorous examination of forest ecosystem
monitoring. The opening chapter traces five decades of progress in India’s Earth observation
programs, documenting the transition from manual interpretation to Al-enabled analytical
frameworks capable of supporting national-scale vegetation databases. Subsequent chapters
highlight the power of long-term MODIS time series for biodiversity modeling, the utility
of vegetation indices for detecting ecosystem stress, and the unique advantages of Sentinel-1
SAR for retrieving crop biophysical parameters under all-weather conditions. The section
also presents emerging methodologies, including automated digital phenology using machine
learning, multi-sensor fire-risk assessment in semi-arid and semi-Mediterranean regions,
and hydrological modeling that underscores the role of forests and rangelands in sustaining
watershed stability. Collectively, these contributions illustrate the expanding methodological
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toolkit available for forest monitoring and the importance of integrating optical, radar, and
digital imagery for comprehensive ecosystem assessment.

Section III focuses on mangrove ecosystems, critical coastal buffers increasingly threatened by
climate extremes and anthropogenic pressures. The chapters document the impacts of Cyclone
Amphan on the Sundarbans and present two decades of Landsat-based mangrove change
analysis across India’s coastal states. These studies reveal spatially heterogeneous patterns of
degradation and recovery, emphasizing the need for continuous satellite-based monitoring to
support conservation, climate mitigation, and progress toward Sustainable Development Goals.

Section IV turns to agricultural monitoring, an area where remote sensing has become
indispensable for addressing global food and water security. The chapters demonstrate how
high-resolution satellite and UAV imagery support irrigation management, crop damage
assessment, and climate-resilient agricultural planning. Multi-sensor fusion, combining optical,
SAR, thermal, UAV, and Al-driven analytics, emerges as a powerful approach for improving
crop health assessment, insurance evaluation, and disaster response. The section also highlights
the transformative potential of Al-enabled geospatial intelligence for agricultural monitoring
in developing regions, where soil, water, and land-reclamation challenges require integrated,
data-driven solutions.

Section V provides an in-depth exploration of grassland and rangeland monitoring. The
chapters illustrate how hyperspectral data, particularly red-edge and SWIR bands, combined
with machine learning, enable accurate estimation of grass quality and biochemical properties.
A comprehensive overview of remote sensing techniques for tracking grassland phenology,
biomass, and species composition underscores the importance of these ecosystems for
biodiversity conservation, carbon sequestration, and climate adaptation.

Section VI addresses vegetation monitoring in urban environments, where green spaces play a
vital role in mitigating heat stress and enhancing urban livability. The chapters present empirical
evidence of the cooling benefits of urban parks, the influence of green-space structure on land
surface temperature, and the utility of cloud-based platforms such as Google Earth Engine
for automated vegetation, water, and temperature analysis. These contributions offer practical
insights for climate-responsive urban planning and sustainable city design.

Across its six sections, this volume demonstrates remarkable progress in remote sensing
technologies and analytical methods for vegetation monitoring. It highlights the convergence
of multi-sensor satellite missions, advanced computational models, and cloud-scale processing
environments—developments that collectively enable unprecedented global environmental
intelligence. The case studies span diverse biomes and climatic regions, illustrating how remote
sensing supports conservation, climate adaptation, agricultural resilience, and sustainable
development.
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Foreword

Remote Sensing for Vegetation Monitoring: Technologies, Applications and Models
by Dr. Prem Pandey et al. stands as a timely and significant contribution to the field. It
will serve as an essential reference for scholars, practitioners, and policymakers seeking to
understand and apply state-of-the-art remote sensing techniques for vegetation assessment. The
editors and contributors are to be commended for producing a volume that not only synthesizes
current knowledge but also charts a clear path for future research and innovation in vegetation
monitoring.

Dr. Prasad S. Thenkabail, PhD

Senior Scientist, U. S. Geological Survey (USGS)
USA
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Preface

The motivation for compiling Remote Sensing for Vegetation Monitoring is based on the under-
standing that vegetation systems are both indicators and regulators of environmental change.
Vegetation responds rapidly to climatic variability, anthropogenic disturbances, and land-use
transformations, making it a critical component for assessing ecosystem health and resilience.
Traditional field-based methods, while indispensable, are often constrained by scale, cost, and
temporal limitations. Remote sensing, combined with geospatial analysis and data-driven mod-
els, provides an effective way to address these limitations.

This book brings together contributions from experts across diverse disciplines and regions to
provide an integrated perspective on vegetation monitoring using remote sensing. This multi-
authored volume consists of 18 thoughtfully organised chapters following an introductory
editorial chapter and theme-based chapters. The chapters span foundational concepts,
methodological advancements, and applied case studies, highlighting the recent developments
in Earth observation technologies. Readers will find discussions on long-term satellite time-
series analysis, vegetation indices, phenological monitoring, polarimetric SAR applications,
hyperspectral assessments of vegetation quality, and the integration of machine learning and
cloud-based platforms for automated analysis.

A distinctive feature of this volume is its balanced focus on natural and managed ecosystems.
Forests, grasslands, mangroves, semi-arid landscapes, mountain watersheds, agricultural
fields, and urban green spaces are examined using tailored remote sensing approaches. Several
chapters emphasize multi-sensor and multi-scale integration, demonstrating how optical, radar,
thermal, UAV, and ground-based observations can be effectively combined to improve accuracy
and reliability.

The book also highlights emerging technologies, new challenges and future directions in
vegetation monitoring, including data scarcity in complex terrains, sensor limitations, scale
mismatches, and the need for near-real-time information for decision-making. Advances in
artificial intelligence, cloud computing, hyperspectral missions, and participatory monitoring
are discussed as potential approaches to address the issues.

The chapters in this volume collectively advance the United Nations Sustainable Development
Goals (SDGs) by showcasing the application of remote sensing, geospatial technologies,
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artificial intelligence, and Earth observation for sustainable vegetation monitoring and
mapping. This book contributes to SDG 15 (Life on Land) through ecosystem and biodiversity
monitoring; SDG 13 (Climate Action) through climate resilience and disaster assessment; SDG
2 (Zero Hunger) through precision agriculture and crop monitoring; SDG 6 (Clean Water and
Sanitation) through watershed and water resource management; SDG 11 (Sustainable Cities
and Communities) through urban green space assessment; SDG 14 (Life Below Water) through
mangrove conservation; and SDG 9 (Industry, Innovation and Infrastructure) by promoting
advanced geospatial and Al-driven technologies for informed environmental decision-making
and sustainable development. The focus of the book is vegetation types and their mapping,
monitoring, and applications across relevant themes, with particular emphasis on their presence
in particular ecosystems.

This volume is intended to serve as both a reference and a learning resource. It is expected to
be useful for students and researchers, while also providing practical insights for practitioners
and policymakers involved in evidence-based planning and sustainable resource management.
Ultimately, this book aims to enhance understanding of vegetation systems and promote remote
sensing technologies for mapping and monitoring, for a more resilient and sustainable future.

Editors

Prem Chandra Pandey New Delhi, India
Mukunda Dev Behera Kharagpur, India
Navneet Kumar Bonn, Germany

Komali Kantamaneni Lancashire, United Kingdom
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1 Introduction

Rapid urbanization in Thailand has occurred through both population growth and urban spatial
expansion (Nguyen et al., 2021a). The development of cities, especially Bangkok megacity,
induces variations in thermal environment and formation of urban heat islands (UHI) (Nguyen
et al., 2023; Estoque et al., 2017; Khamchiangta and Dhakal, 2020; Nguyen et al., 2022). The
UHI effects in Bangkok are particularly severe due to a combination of different factors ranging
from physical to nonphysical aspects, including sky view factors, aspect ratio, building height,
impervious surfaces, albedo, population density, and anthropogenic heat (Khamchiangta and
Dhakal, 2019; Nguyen et al., 2025). UHI can negatively induce air pollution, low water quality,
and changes in local ecosystems (Piracha and Chaudhary, 2022; Vujovic et al., 2021). It also
raises energy consumption for cooling demand, as well as negative impacts on human health
and wellbeing (Nguyen et al., 2021b; Piracha and Chaudhary, 2022; Singh et al., 2020). The
most significant impacts on human health are disproportionately felt by vulnerable populations,
such as the elderly, young children, and low-income communities (Nguyen et al., 2024a; Abrar
et al., 2022; Risdnen et al., 2019). Climate change and heat waves with prolonged periods

Remote Sensing for Vegetation Monitoring. https://doi.org/10.1016/B978-0-443-33076-6.00023-4
Copyright © 2027 Elsevier Inc. All rights are reserved,
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of high temperatures can lead to heat exhaustion, dehydration, and increased heat-related
mortality (Chaston et al., 2022). It is ultimately a socio-economic burden, such as decreased
workers’ productivity, increased health care and related costs. The negative impacts of UHI in
cities are a growing concern that needs effective strategies for mitigating negative impacts and
improving urban dwellers’ wellbeing.

Among a slew of interventions to mitigate UHI, urban green spaces (UGS) and urban
parks are increasingly recognized as effective and economical approaches. They provide
a variety of benefits to urban environments and residents, such as reducing noise and air
pollution, enhancing biodiversity, and providing numerous intangible values as ecosystem
services (Nguyen and Chidthaisong, 2023). One of the most important values that urban
dwellers directly recognize is temperature reduction, which is based on the negative
relationship between vegetation density and surface temperatures (Estoque and Murayama,
2017; Son et al., 2017; Wang et al., 2018). For instance, UGS can reduce air temperature by
approximately 1°C—2°C around their areas (Aram et al., 2019; Kraemer and Kabisch, 2022).
Yet, the cooling effect varies depending on many factors, such as background climate, park
characteristics, and even surrounding landscapes (Jaganmohan et al., 2016). Key aspects of
urban cooling research include the assessment of the park cooling effect, controlling factors,
and park design to optimize the cooling capacity (Blachowski and Hajnrych, 2021). Previous
studies mainly investigated the cooling effect from the perspective of Earth observation by
considering changes in land surface temperature (LST) with distance from the boundary
of UGS (Cheng et al., 2015; Qiu and Jia, 2020). It is apparent that LST dramatically shifts
from inside to outside the park’s boundary as LST is highly sensitive to surface properties.
LST changes at park boundaries are often sharp and clear; therefore, they can easily lead to
uncertainties, biases, and underestimation of the cooling effect. On the other hand, near-surface
air temperature can potentially overcome these challenges in cooling effect assessment, and it
is more associated with human health and wellbeing than LST. The cooling capacity of UGS
mainly depends on the parks’ land use and land cover (LULC) and configurations. Current
studies frequently compare the cooling effect of one park against another directly. It should
be noted that their surrounding areas might be very different. There are also dissimilarities
in temperature, humidity, and other environmental variables that control the cooling effects.
In other words, it is hard to find two parks with identical neighboring areas to compare the
impact of their features on the cooling effects. In this case, modeling is a promising approach
that puts parks under the same conditions to simulate their cooling effects without influence
from these variations. It can facilitate cross-comparison and more objectively suggest which
park characteristics are beneficial to urban cooling.

Modeling approaches have increasingly been adopted to evaluate urban cooling effects, rather
than using direct Earth observation data, by integrating LULC characteristics with biophysical
processes. Although high-resolution microclimate simulations, such as computational fluid
dynamics approaches and urban climate models (e.g., ENVI-met), can provide highly detailed
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characteristics of airflow dynamics, radiation exchanges, and fine-scale thermal processes,
they typically require extensive meteorological inputs, detailed three-dimensional urban
morphology data, and intensive calibration procedures. These requirements often limit their
feasibility for studies covering multiple study sites and broader extents. Among the models,
InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) urban cooling model
(InVEST-UCM) has gained considerable attention as a spatially explicit tool for assessing
temperature mitigation provided by urban green infrastructure as a kind of ecosystem service.
It considers LULC as a primary proxy for generating temperature reduction service through
biophysical mechanisms, including shade provision, evapotranspiration, and surface albedo
variations. Previous studies have successfully applied IN'VEST-UCM across diverse climatic
conditions and urban contexts to evaluate cooling services of green and blue spaces, investigate
the influences of landscape configuration, and support urban planning and climate adaptation
strategies (Zaid et al., 2025; Ronchi et al., 2020; Hu et al., 2023; Zawadzka et al., 2021; Chung
et al., 2024). Its ability to standardize environmental assumptions while isolating landscape
characteristics makes the model particularly suitable for comparative assessments of urban
green spaces under controlled conditions.

This chapter, therefore, simulated park cooling effects using InVEST-UCM by taking LULC
as a primary proxy for assessing cooling performance and investigating attributes of parks
and surrounding areas that regulate cooling effects (Kadaverugu et al., 2021; Ronchi et al.,
2020; Zawadzka et al., 2021). Two simulation scenarios were developed: (1) a nominal or
ideal condition without influences from surrounding areas, in which cooling effects are solely
regulated by the parks' characteristics; and (2) an actual condition incorporating surrounding
landscapes' influences, representing the dominant role of neighboring environments in
cooling performance. By modeling cooling effects under different scenarios and standardized
conditions of background environments, this chapter attempted to minimize uncertainties and
biases commonly observed in current studies of urban cooling assessments and to identify key
variables supporting evidence-based urban green space planning.

2 Data and methods
2.1 Case studies

This chapter considered the cooling effects of primary public parks along the urban-periphery
gradient of the Bangkok metropolis. Five parks were selected based on their usable area (>10 ha)
and popularity, of which two parks are located in urban areas and three parks are situated in
suburban areas (Fig. 16.1). The most extensive park is Suan Luang Rama IX Park (hereafter
Rama 9), which is about 80 ha. It was opened in 1987 in the Prawet district to celebrate the 60th
birthday of King Rama IX. It is followed by Wachira Benchathat Park, which has 60 ha. This
park is in Chatuchak district and is adjacent to Queen Sirikit Park (25.6 ha) and Chatuchak Park
(24.8 ha). These three parks together form the great Chatuchak Botanical Garden Complex
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Fig. 16.1 Primary parks along the urban-periurban gradient in the Bangkok metropolis and
corresponding scenery from Google Earth images at A—Suan Luang Rama X, B—Chatuchak Park,
C—Lumpini, D—Serithai, and E-Thonburi. Map of urban parks in Bangkok.

(hereafter Chatuchak Park), which has over 110 ha and is presently the largest park in Bangkok.
One of the oldest parks in Bangkok is Lumpini (57.6 ha) in Pathum Wan district, which was
first established in 1925. The park is located in the heart of a cramped city, so it offers an
important green asset to its surrounding residents. Serithai Park spreads over 56 ha, which is
not much different in usable area compared to Lumpini. This park is located in a periurban
region of Khlong Kum district. The dominant scenery is a large lake in the center, serving as
natural rainwater storage to prevent flooding during heavy rains. The last considered park is
Thonburirom (Thonburi—10.08 ha) in Thung Khru district. It was introduced in 1968 through
the conversion of orchards into a public park. As a rare public park in Thonburi, Thonburirom
Park is essential to neighboring people as a public space, a place to teach children about nature,
and a pollution sink during heavy pollution episodes.

2.2 Remote sensing data

As the spatial extent of individual parks is often small, land use and land cover (LULC)
categories of urban parks should be delineated using very-high-resolution (VHR) imagery to



Quantifying cooling effects of urban green spaces 375

capture spatial patterns and configurations of the park itself at the highest feasible level of detail
and to facilitate cross-park comparisons of park design. Yet, commercial VHR imagery could
not be acquired for this study due to practical constraints. Fortunately, Google Earth provides
free access to VHR imagery, aggregated from commercial and public satellite and aerial
sources at different times and spatial scales. Although it lacks the original spatial and spectral
information, it is a more cost-effective alternative while still providing sufficiently informative
spatial detail. It has been widely applied in numerous urban studies for mapping land use and
land cover, assessing green space distribution, monitoring urban growth, and evaluating urban
environmental quality (Malarvizhi et al., 2016; Mering et al., 2010). In this study, Google Earth
imagery for each park was collected using the SASPlanet tool (v200606), with a pixel size of
approximately 30 cm.

Google Earth imagery is indeed proper for detailed LULC mapping at small spatial scales,
such as individual parks. However, it shows limitations over extensive regions when the detail
of Google Earth images becomes a drawback due to potential noise from building shadows,
the colors of different building roof materials, tree canopy structures, and even water surface
waves. Therefore, an annual cloud-free composite of Sentinel-2 L2A (10 m) was acquired
through Google Earth Engine (GEE) to classify surrounding landscapes in the buffer area
around the parks. It was defined as a region covering 2 km from each park since the maximum
cooling effect distance (CED) of UGS is frequently <2 km (Aram et al., 2019; Jaganmohan
etal., 2016; Nguyen et al., 2024b).

2.3 Land cover classification of parks and surrounding areas

The parks’ LULC was classified using Google Earth images and delineated into five LULC
categories, including woodland, grassland, soil/pavement, buildings, and water surfaces. Firstly,
the acquired Google Earth images were reprojected to the Universal Transverse Mercator
(UTM) projection, WGS 84 ellipsoid, zone 47 North (EPSG:32647). These images were then
analyzed by object-oriented classification, which is an appropriate classification framework
for VHR imagery (Nguyen et al., 2021a). In the object-oriented classification, the images were
required to undergo a segmentation procedure, which grouped nearby similar pixels together.
The segmented images were then classified using the unsupervised ISODATA (Iterative
Self-Organizing Data Analysis) classifier. To cluster pixels into N user-defined groups, the
algorithm randomly set cluster centers and assigned pixels to clusters using minimum distance.
The clusters were merged or split based on the minimum distance among the cluster centers.
The process was repeated until all pixels were precisely separated and the number of clusters
reached the user-defined number (N = 30). The classified subclusters were subsequently
combined if they represented an identical LULC type in accordance with image visualization
and reference data.
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LULC in each park’s vicinity was delineated using Sentinel-2 multispectral imagery and
grouped into major LULC categories such as impervious surfaces, road/pavement, vegetation,
water bodies, and bare soil. The multispectral bands were analyzed by integrating principal
component analysis (PCA) and the ISODATA unsupervised classifier (Diep et al., 2022). The
classified images with separate classes were combined to generate LULC maps. The quality
of LULC data for the parks and their neighboring areas achieved high accuracy, which was
controlled throughout the classification processes with reference data from different sources,
such as image visualization, Google Earth images, Esri land cover data (10 m), and the Regional
Land Cover Monitoring System (SERVIR-Mekong).

2.4 Landscape metrics of parks and vicinities

LULC composition and configuration considerably control the cooling effect of UGS since they
can amplify or diminish the individual effects of a single UGS through different spatial arrangement
patterns with impervious surfaces (Masoudi et al., 2021; McGarigal et al., 2012; Tan et al., 2021). We
adopted seven widely used landscape metrics to characterize different aspects of LULC composition
and configuration and to investigate their influences on cooling-effect regulation. These indices
reflect proportion, patch size, shape, aggregation, and dispersion of LULC categories, including
aggregation index (Al), class area (CA), Euclidean nearest-neighbor distance (ENN), largest patch
index (LPI), landscape shape index (LSI), patch density (PD), and percentage of landscape (PLAND)
(Toutakhane and Mofareh, 2016). The landscape metrics were calculated for the entire park and its
vicinity for every 100-meter buffer area from the park’s boundary.

2.5 Cooling effect simulation using inVEST urban cooling model

The cooling effects of urban parks were simulated using the InNVEST (Integrated Valuation of
Ecosystem Services and Tradeoffs) urban cooling model (InVEST-UCM, version 3.9.1), which
has been developed based on state-of-the-art research on urban heat islands and the cooling
effects generated by green infrastructure (Koc et al., 2018; Deilami et al., 2018). The InVEST-
UCM model was chosen because it allows straightforward quantification of cooling effects
by estimating the heat mitigation index (HMI) and air temperature from LULC, biophysical
characteristics, evapotranspiration, and auxiliary parameters at the pixel scale using Equations
(1)—(5) (Sharp et al., 2018).
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LULC is adopted to calculate the cooling capacity (CC) for each pixel with contributions
from shading (shade), evapotranspiration (E77), and albedo (albedo) with different
ratio weights (Eq. 1) (Kunapo et al., 2018; Zardo et al., 2017). Shading and albedo are
LULC-based factors ranging from 0 to 1. A shade of 1 represents full shading by a tree canopy
higher than 2 m, and 0 corresponds to non-vegetation LULC types. ETI is a normalized
evapotranspiration index, which is calculated from reference evapotranspiration (ETO), the
crop coefficient (K,), and the maximum value of ETO (ET,,; Eq. 2).

max?>

The influence of UGS in heat relief'is also considered by estimating the cooling capacity provided
by UGS (Eq. 3). The cooling capacity of green spaces (CC/*) at a pixel is a cumulative
cooling capacity from the adjacent green spaces within the cooling distance (d,,,,), which is the
farthest distance where green spaces still effectively deliver the cooling effect. HMI of a specific
pixel is then determined based on Eq. 4. It is equal to the pixel’s initial cooling capacity index
if its cooling capacity is greater than the cooling capacity of green spaces or the total green
spaces area within the cooling distance is smaller than 2 ha. Otherwise, it receives the cooling
capacity calculated from green spaces. The InVEST-UCM simulates air temperature based
on reference temperature (i.c., the temperature at the rural site, 7)) and maximum urban heat
island magnitude (Eq. 5). The simulated air temperature is obtained after applying a Gaussian
function with blending distance to simulate the actual air mixing procedures.

The primary inputs for InVEST-UCM are LULC maps adopted from remote sensing data
classification. Reference evapotranspiration raster data (version 2) was acquired from the database
of the Consultative Group for International Agricultural Research (Zomer and Trabucco, 2019).
It is relatively recent, high-resolution potential evapotranspiration data, approximately 1000 m.
Yet, the mean value of annual ETO (ETO = 1820 mm/year) was applied as a proxy for peer
comparison across parks and to ETO differences due to site location.

The biophysical parameters were summarized in Table 16.1 and proposed by (Hamel et al.,
2021), with a wide range of LULC categories. High-density built-up areas were assigned to
impervious surfaces outside the parks, while medium-density built-up areas were assigned to
impervious surfaces inside the parks. Woodland inside the parks was considered a mixed forest
(with mixed vegetation types) and is often under management. Therefore, its crop coefficient is
higher than that of shrubland (woodland outside the parks), while the opposite is true for albedo
values. It should be noted that both of them were considered UGS with high potential cooling
capacity from shading. Water bodies also have a high potential for temperature mitigation via
evaporation (Jacobs et al., 2020).
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Table 16.1 Biophysical parameters corresponding to each LULC category.

Green
ID Land cover Shade Kc Albedo space
HB High-density built-up areas 0 0.179 0.162 0
MB Medium-density built-up areas 0 0.430 0.208 0
OoP Road/pavement 0 0.516 0.161 0
GR Grassland 0 0.932 0.193 1
WT Mixed forest (woodland inside a park) 1 1.004 0.141 1
SH Shrubland (woodland outside a park, > 2 m) 1 0.968 0.189 1
BS Bare soil 0 0.613 0.232 0
WA Water bodies. 0 1.000 0.056 0

Reference temperature and maximum urban heat island (UHI,,,) magnitude were acquired from
the Global Surface Summary of the Day data (GSOD). These are also the proxies used to run
InVEST-UCM. More explicitly, the reference temperature was assumed to be the temperature
at a station outside Bangkok in Samut Prakan Province in March 2020 (T, = 29.6°C), when
the urban heat island magnitude, measuring the temperature difference between this station and
the station inside Bangkok, achieved the maximum value of UHI,,,, = 2.88°C. Furthermore, the
cooling distance of green spaces (d.,,,) Was set to be d,,,, = 100 m since the maximum cooling
distance is often around five times the tree height (Kadaverugu et al., 2021; Zardo et al., 2017).
Besides, the air blending distance was about 500 m (d,;,, = 500 m) due to the low ventilation
rate in urban areas (Bosch et al., 2021; Zawadzka et al., 2021). Model validation was conducted
during the trial, and model parameter selection of the cooling distance and the air blending
distance was made so that the simulated values were close to the reference values from stations
and reanalysis data. It should be noted that this study sets the same neutral conditions (i.e.,
temperature, UHI, and evapotranspiration) for all parks, and it aims to compare the cooling
effects between the parks rather than simulate actual temperatures.

2.6 Assessing controlling factors of heat mitigation and temperature

HMI and Ta of the parks and neighboring areas from the simulation were extracted at every
100 m. This is driven by data characteristics, including a wide range of variables with imbalanced
dimensions. Linear regression is inappropriate in this case due to high multicollinearity.
Therefore, partial least squares regression (PLSR) was applied to recognize potential predictors
for the HMI and Ta dependent variables. In theory, PLSR is also a variable reduction method,;
however, it involves dependent variables to reflect correlations among predictors and between
predictors and dependent variables. The PLSR also respects individual contributions. It is,
therefore, widely applied in environmental studies (Cak et al., 2016; Lew et al., 2019; Suteu
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etal., 2021). In addition, the influences of internal and external conditions on the parks’ HMI, Ta,
and cooling magnitude (i.e., the temperature difference between the park and its vicinity) were
investigated using mixOmics tools (Rohart et al., 2017). The interrelations were visualized by
a correlation circle, while contributions of predictors were detected by the variable importance
in projection index (VIP > I) (Lew et al., 2019; Samad and Bertilsson, 2017).

3 Results

3.1 Land cover of parks and surrounding areas

Image classification from Google Earth images can depict the parks’ LULC. These parks
are supposed to have a diverse landscape, which incorporates both green and blue spaces in
their usable areas in varying ratios (Fig. 16.2). These parks are green assets in the middle
of the city, with woodland areas always occupying more than one-third of the total area.
In particular, the most prominent is Thonburi, which has a woodland area of up to 60.5%
(Table 16.2). If the grassland is also included, the total green space area can reach nearly
80% in Chatuchak and Thonburi parks. Chatuchak and Rama 9 are the parks with the most
extensive grassland area, about 30.3% and 23.4%, respectively. Water surface is also an
important landscape in these parks as it helps to reduce temperatures by evaporation and
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Fig. 16.2 Spatial distribution of LULC delineated from Google Earth images in each park. Land-use
and land-cover maps of parks.
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facilitates various activities at the parks for urban dwellers. The ratio of water surface area in
the parks is very different. For example, it is approximately 7% in Chatuchak and Thonburi,
but it is up to 34.9% in Serithai Park.

The characteristics of the parks’ surrounding areas are also revealed by Sentinel-2 image
interpretation, with the LULC proportions presented in Table 16.2. Specifically, these parks are
located in urban and peri-urban areas, where the average built-up area is always higher than
45%. The total impervious surface, including built-up areas and pavements, reaches 68.9%
around Chatuchak Park. Based on the proportion of impervious and green surfaces around
the parks, Chatuchak is located in the most compact urban area, with the highest impervious
surfaces and the lowest green surfaces (27.6%) compared to other parks. In contrast, Rama 9
is located in a more peri-urban area, where nearly 40% of the vicinity is green space. There
is also an extensive water area around Rama 9 Park, mainly in the northern area of the park,
which is then analyzed for its effect on the park’s cooling, as a significant difference compared
to the others.

3.2 Simulation of cooling effects

3.2.1 Nominal heat mitigation and temperature

The nominal simulations of parks’ heat mitigation were carried out to evaluate the impacts
of the parks’ characteristics only, excluding external influences outside the parks. Regarding

Table 16.2 Land cover proportion inside the parks and in their surrounding areas. Unit:

percent (%).

Inside parks
Land cover Chatuchak Lumphini Rama 9 Serithai Thonburi
Bare soil 8.5 17.6 21.8 10.7 11.9
Built-up 5.0 4.1 6.0 2.0 5.0
Grassland 30.3 12.8 23.4 13.5 15.0
Water surfaces 7.0 13.5 14.2 349 7.7
Woodland 49.2 51.9 34.6 38.9 60.5
Neighboring areas
Land cover Chatuchak Lumpini Rama 9 Serithai Thonburi
Bare soil 2.1 2.5 8.6 8.3 3.5
Buildup 56.5 46.0 45.0 47.3 50.8
Road/Pavement 12.4 10.7 2.7 11.7 7.3
Water surfaces 1.5 0.7 3.9 24 3.1
Woodland 27.6 40.1 39.9 30.2 35.3
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spatial patterns, heat mitigation is proportional to the cooling capacity given by green and blue
spaces. It is higher in the center of each park and close to water bodies, where it receives more
cumulative effects from adjacent green and blue spaces as cool sources (Fig. 16.3).

Serithai has the most intensive heat mitigation (HMI = 0.867), with about 87% contributed by
green and blue spaces. It is followed by Chatuchak and Thonburi, with HMI values of 0.841
and 0.839, respectively. The HMI at Lumpini Park is relatively low compared to other parks
(HMI=0.761). The majority of Rama 9 Park is characterized by low HMI surfaces, constituted
by extensive bare land and impervious surfaces. It therefore degrades the park’s HMI down to
0.675 (Table 16.3). In this case, the effects of parks were examined separately, without inputs,
even positive ones, from the outside environment. These cooling effects are absolutely regarded
as background or reference contributions from the parks’ characteristics. Therefore, differences
in HMI and parks’ temperatures originate from the parks’ characteristics and patterns.

Air temperature in the parks and HMI are negatively correlated at a high significance level. Air
temperature is highest at Rama 9 Park (Ta =30.50 + 0.054°C), and it is lowest at Serithai Park
(Ta=29.98 £ 0.032°C). It is followed by Lumpini Park (Ta = 30.28 & 0.040°C). Thonburi and
Chatuchak parks hold rather similar magnitudes of 30.06 + 0.026°C and 30.05 + 0.055°C,
respectively. The temperatures in Thonburi Park tend to be more homogeneous than other
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Fig. 16.3 Spatial maps of simulated heat mitigation without the influence of external conditions.
Spatial maps of nominal heat mitigation.



382 Chapter 16

Table 16.3 Simulated heat mitigation and temperature from InVEST-UCM.

Heat mitigation index
(HMI) Nominal Actual Vicinity

Chatuchak 0.841 + 0.164 0.741 £ 0.002 0.234 + 0.291
Lumpini 0.761 +0.208 0.705+0.220 0.426 + 0.366
Rama 9. 0.675 £ 0.259 0.624 + 0.268 0.448 + 0.366
Serithai 0.867 + 0.067 0.572 £ 0.240 0.270+0.314

Thonburi 0.839 + 0.099 0.677 £ 0.231 0.384 + 0.366

Air temperature (Ta)

Chatuchak 30.05 £ 0.055 31.34 £0.102 31.52 +£0.129
Lumpini 30.28 + 0.040 31.10 £ 0.042 31.17 £+ 0.088
Rama 9 30.50 £ 0.054 31.03 + 0.096 31.12+£0.186
Serithai 29.98 + 0.032 31.54+0.034 31.52+0.096

Thonburi 30.06 + 0.026 31.35 £ 0.041 31.36 £ 0.162

parks, with the smallest standard deviation value, while the temperature variations within
Chatuchak and Rama 9 parks are relatively high, about 0.05°C.

3.2.2 Actual heat mitigation and temperature under environmental interactions

Fig. 16.4 depicts the simulated heat mitigation under the combined effects of interactions
between the inside and outside features of the parks. Relative spatial patterns of heat mitigation
across the parks remain unchanged regarding cool and heat sources under the actual conditions
compared to the nominal conditions. Notwithstanding, significant changes in heat mitigation
were found along the park borders and on more sensitive land covers (e.g., water bodies and
bare soil). HMI was generally reduced compared to the nominal conditions, while greenery
landscapes held a relatively stable HMI.

Quantitatively, the heat mitigation is substantially decreased under combined conditions
regarding intensity and order among the parks. Serithai Park drops to the bottom of the list
with HMI = 0.572. Rama 9 and Lumpini parks improve their cooling capacity to achieve
HMI = 0.624 and HMI = 0.705, respectively. Thonburi is still the second-highest in cooling
capacity, although its magnitude is also reduced to just HMI = 0.677. Chatuchak shows the
highest cooling capacity, approximately HMI = 0.741. Every park encounters HMI degradation
to different extents, from 7.0% up to 34%. Lumpini and Rama 9 parks are supposed to be
relatively stable, with a rate of change of about 7% compared to the initial values. Whereas this
rate is higher in Thonburi Park (19.3%), it reaches the highest rate in Serithai Park (33.9%).
Heat mitigation and air temperature at the park, in this case, still exist in close connection. It
is, however, a low relationship (» =—0.28). In particular, it is about 31.54 &+ 0.034°C in Serithai
Park, then followed by Thonburi and Chatuchak parks at approximately 31.34—31.35°C. The
temperature in Lumpini Park is cooler than the other parks, with 31.10 = 0.042°C. Among
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Fig. 16.4 Spatial distribution of actual heat mitigation in parks and surrounding areas. Spatial
maps of actual heat mitigation.

the parks, Rama 9 has the most intensive temperature regulation, and its temperature is about
31.03+0.10°C.

3.3 Relationships between landscape patterns and cooling effects

3.3.1 Nominal heat mitigation and park’s temperature

Firstly, the park’s land-cover-related elements controlling heat mitigation and air temperature
under nominal conditions were examined (Fig. 16.5). The results revealed that HMI and Ta
can be explained by the first component (Component 1, about 69.2% of the variance), reaching
98.3% with the contribution from the first two components (Component 1 and Component
2). Under nominal conditions, every landscape regulates the cooling effect via a few certain
aspects of landscape characteristics, with the exception of LPI (Fig. 16.5B). The impact trend
and magnitude of each element on HMI and Ta are shown in the correlation circle of Fig.
16.5A. HMI is positively stimulated by high PD in the decreasing order of medium built-
up > woodlands > grasslands. In contrast, HMI is restrained by several elements. HMI and
Ta, however, are negatively correlated with these elements, meaning that these elements will
improve the cooling effect. These elements include ENN of woodlands and grasslands, Al
of grasslands, medium built-up, and woodlands, PD of grasslands and woodlands, CA and
LSI of water bodies, and PLAND of medium built-up. Among them, the distance between
green patches is the most substantial contributor to the increased cooling effect of the parks.
Aggregating landscapes and water-related metrics contribute less to the cooling effect than
other elements.
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Fig. 16.5 Primary results from PLSR reveal (a) correlation circle between internal predictors and
dependent variables, and (b) variable selection for Component 1 based on VIP for HMI and park
temperature under nominal conditions. Results from the PLSR analysis are for nominal conditions.

3.3.2 Actual heat mitigation and temperature under combined conditions

Fig. 16.6 illustrates the intercorrelation between internal and external variables and inside and
outside cooling effects from the PLSR analyses.

3.3.3 Park’s impact on outside environments

Under the influence of combined conditions, the parks’ HMI showed a weak connection with
their relative temperature, and no direct link was found between the parks’ HMI and surrounding
temperature (i.e., they are in orthogonal directions). However, it does not mean that the park
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Fig. 16.6 General correlation circle between internal and external predictors and the dependent
variables of the park and surrounding areas. Results from the PLSR analysis for actual conditions.

has no impact on the surrounding environments. It is apparently evident that external elements
dominate the surrounding temperature through the overall HMI values (r = —0.96, p < 0.01).
It was found that the park’s patterns also indirectly control the surrounding temperature as
latent factors. The internal conditions can explain 84.5% of the external temperature with only
Component 1. Among the elements, the adjustments of the nearest distance (ENN) between the
features (e.g., grassland, woodland, and impervious surfaces) and increased aggregation for
woodland (AI) will greatly improve the park’s cooling effect to deliver cool air flows outward
efficiently.

3.3.4 External conditions affecting the parks

The potential feedback from parks when placed in different backgrounds was investigated. It
was revealed that external environments also adjust the park’s HMI (71.6%, Component 1)
and temperature (82.3%, Component 1). The park’s HMI is stimulated when the park is placed
in a region with highly aggregated shrublands (AI) at shorter distances among green patches.
The appearance of water surfaces with more complex shapes also assists the park’s HMI.
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The same holds for the park’s temperature. It is alleviated mainly by water features through
increasing patch size (LPI) and the improvement of the area (CA) and proportion (PLAND)
of shrublands. It should also be noted that an increase in the built-up proportion significantly
raises the park’s temperature.

3.3.5 Combined conditions affecting cooling magnitude

The elements affecting cooling magnitude, i.e., the temperature difference inside versus
outside the parks, were also investigated. The PLSR was convinced that controlling for
internal and external variables could explain up to 95.8% of the temperature differences
(Component 1). The external environments improve cooling magnitude when the distance
between green patches (ENN) narrows. A dense concentration (Al) with a high area (CA)
of impervious surfaces also amplifies these differences. However, it has a negative effect
when considering its nature, because this attribute will heat up the background temperatures.
Most of the contributions are from internal elements from diverse landscapes. Among them,
the most significant contributors to cooling magnitude are ENN of impervious surfaces
(negative), grasslands (LPI > PLAND > Al > CA > LSI), water bodies (LSI > CA), and
woodlands (LSI > CA).

4 Discussions

4.1 Interrelationship between landscape configurations

It is apparent within a certain area that a landscape’s proportion and distributive patterns adjust
the characteristics of other landscapes, especially for the adjacent features. The landscape
metrics are closely related to each other both inside and outside the parks (Figs. 16.5 and 16.6).
Some typically positive connections can be found for CA-PLAND-LPI, implying an increase
in class total area and its proportion will amplify the patch size. Besides, LSI-PD means an
increase in the number of individual patches linked to the shape complexity of these patches.
In contrast, improving patches’ aggregation decreases shape complexity and patch density.
Whereas the quantitative richness of class area declines the nearest distance between the
patches, it causes patch size, shape complexity, and patch density growth. The lawns are often
planted between the patches of woodlands and shrublands, so these green space types are also
closely related. These interrelations can facilitate park redesign plans when some landscape
characteristics need improvement. In this case, the planners can simplify them by adjusting a
core aspect instead of considering all elements of landscape configurations. Supposedly, if we
would like to improve the patch size, patch density, and shape complexity of woodlands, we
can plant more trees on grassland to shorten the nearest distance among the patches of trees.
Yet, it boosts the multicollinearity in regression models and induces overfitted models. Hence,
it should be decided to study the prominent landscapes and metrics of interest rather than
considering them all generally.
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4.2 Implications for an “ideal park” design

The cooling mechanisms of urban parks are complicated due to both the park’s structure
itself and the background environments. The nominal assessment of HMI and Ta for the park
constrains the influences of surrounding environments on the park’s cooling performance.
It reflects the background cooling capacity generated by the parks and reveals a prototype
park that maximizes cooling effects. Without stimulation from external conditions, the parks’
HMI and their Ta are straightforwardly associated. Therefore, the cooler park with a higher
HMI can be considered a prototype park. A group of three parks (i.e., Serithai, Chatuchak, and
Thonburi) could be considered as prototype parks. Regarding landscape proportion, there
are two potential options to optimize the cooling effect: (1) to be dominated by large water
bodies (Serithai) and (2) to have accumulative green spaces above 70% (including lawns and
woodlands).

Green parks and wetlands are essential in adaptation and resilience strategies to climate
changes and urbanization when cities are gradually crowded, and microclimates with
heatwaves are increasingly harsh. Vegetation supplies diverse benefits, e.g., air purification,
temperature regulation, and aesthetic values (Nguyen and Chidthaisong, 2023). Besides,
water surfaces and wetlands are appreciated because they have a high cooling capacity
through evapotranspiration, which increases air humidity (Amani-Beni et al., 2018; Kuscu
Simsek and Odiil, 2018; Xue et al., 2019). Wetlands also contribute to biodiversity in cities
through their aquatic ecosystems. It also diversifies the landscapes and activities in urban
parks. Understanding the importance of water surfaces and wetlands, most parks in Bangkok
retain water surfaces at a rate from 7% (Chatuchak) up to 34.6% (Serithai). The average ratio
is 10-15%, while the majority is still the vegetated surfaces, e.g., lawns, flowers, shrubs,
and tall trees. However, the landscape configuration has a more significant influence on the
cooling performance than proportion. It is straightforward that increasing the water surface
area with a simple lake shape (e.g., circle/rectangle, see example in (Campbell et al., 2015))
will increase the cooling performance. In contrast, controlling woodlands and grasslands is
relatively complicated through a few parameters, such as shortening the distance between
individual tree patches, which will significantly improve the park’s HMI and Ta. On the
other hand, advances in the shortest distance and aggregation of grassland will diminish the
cooling effect, implying grass patches should be distributed far apart or between patches of
trees. Furthermore, the cooling magnitude is mainly contributed by the park characteristics,
which is higher than 23% compared to external conditions. It is stimulated by increasing the
total area of green spaces and the shape complexity of landscapes, as well as maintaining the
patch size of green spaces.

These research findings revealed that most of the landscape metrics were from grasslands
and woodlands rather than a particular landscape. It is consistent with previous studies that
combining landscapes strengthens heat reduction rather than individual effects. Combinations
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of trees—grasslands and water—trees are the most efficient among natural pairs (Xu et al., 2017).
Fortunately, all the studied parks applied these combinations to varying degrees. Nevertheless,
the proportion of water bodies versus green spaces should be considered carefully. Green
spaces should still be the essential object because a high ratio of water surfaces can reduce the
cooling magnitude of a park. Plus, water surfaces only have a favorable cooling effect when
unpolluted because pollutants and matter in water encourage heat absorption. Water surfaces
also slow down the heat release at night. Yet, water surface cooling capacity is enhanced during
hot daytime because evapotranspiration is stimulated by high temperatures and wind (Nguyen
et al., 2024b; Wang et al., 2018). Meanwhile, the cooling effect of green spaces is relatively
consistent over time by providing shade, humidification, and heat absorption. Therefore, ratios
of vegetated and water surfaces (or green-blue spaces) should be carefully cogitated to diversify
landscapes and optimize the cooling effect throughout the time.

4.3 Influences of external environments

It is widely acknowledged that UGS and urban parks improve urban environments. However,
vegetation within hostile urban matrices hinders growth, phenology, and productivity (Liang
and Wang, 2020). It also limits the effective distribution of cooling capacity to the surrounding
environments. This research showcased the important control of external conditions on the
parks’ heat mitigation, temperatures, and cooling magnitude. The influences of the parks’
vicinities align with previous studies (Blachowski and Hajnrych, 2021; Cheng et al., 2015;
Qiu and Jia, 2020). The existence of water bodies and green spaces crucially facilitates the
enhancement of the parks’ cooling effects. It will be optimized when these cool surfaces
increase in their proportion and agglomeration.

In contrast, it is apparent that the escalation of impervious surfaces around the park significantly
diminishes the park’s cooling effects. To some extent, this will put pressure on the vegetation’s
health and cause a reduction in the inherent cooling efficiency of parks. In addition to considering
park size and landscape configurations, park location, the distance between parks and large
green spaces, and the surrounding environments deserve consideration. This will benefit urban
residents by increasing opportunities to engage in activities in green spaces, reducing possible
pressures on parks, optimizing cooling efficiency for cities, and increasing biodiversity in parks.
The current research continues to provide evidence of the need to ensure a minimum distance
between urban green areas. It indicates benefits from a biodiversity perspective (Chaiyarat
et al., 2019) while this study adds a stance on the accumulative cooling effect.

4.4 Limitations and future work

This chapter attempted to address the limitations in previous studies, which assessed the
park’s cooling effect using HMI and Ta instead of LST (Cheng et al., 2015; Qiu and Jia, 2020).
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Notwithstanding, the InVEST-UCM can involve LULC characteristics in Ta estimation, thereby
reflecting the fundamental differences between the parks in terms of landscape composition and
configuration. This model still has some limitations regarding data and parameters that might
cause uncertainties and biases. Evapotranspiration data are frequent at a coarse scale; they
are therefore difficult to apply at local scales. The parameters related to green space cooling
distance and air mixing distance are highly varying among cities with different climates, tree
species, and even urban morphology, thereby requiring particular empirical studies to identify
them for more precise studies.

Yet this study also suggests future research directions to better understand urban cooling
mechanisms. Temporal changes in the cooling effect should be studied to detect differences
between a large water park and a pure green park throughout the day and across seasons.
Therefore, we could have more detailed recommendations on the involvement of water
bodies in the urban park to maximize the park’s cooling effect. Furthermore, tree species
in each park are supposed to disparately affect cooling capacity in spatial and temporal
aspects. For instance, the regulation capacity of deciduous species is weakened during
the leaf-change season. Although the differences due to species combinations have not
yet been studied, based on plant physiology, evergreen species should be considered
an essential vegetation type in parks in tropical countries. Nonetheless, further detailed
studies on tree species should be conducted to optimize air regulation while respecting
native plant species.

5 Conclusion

This chapter applied the IN'VEST-UCM to estimate HMI and Ta at the five major parks in the
Bangkok metropolis and evaluate the cooling effects. It revealed that Serithai, Chatuchak,
and Thonburi are the parks with the highest HMI and can dramatically regulate temperatures
compared to the others. The cooling effects of a certain park are mainly stimulated by
woodlands, grasslands, and water bodies, and by increasing water surface area and shape
complexity. It can also be improved by enhancing the agglomeration and shape complexity
of woodland patches that interact with grasslands. Meanwhile, the surrounding areas have an
important influence on the park’s temperatures and its cooling magnitude. A more compact
neighboring area will put more pressure on urban parks, diminish heat mitigation capacity,
and elevate the ambient temperatures. On the other hand, the synergy of external blue-green
spaces can amplify the cooling magnitude, especially when they are more compact and
clustered. The research findings consolidate the cooling effects provided by urban parks in
tropical monsoon regions with complicated connections both inside and outside the parks,
thereby enabling appropriate spatial plans to renovate current parks and establish new parks
to cool down the city effectively.
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