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Highlights

¢ Natural areas are 2.4°C and 1.3°C cooler than compact and open areas,
respectively.

e Open low-rise, mid-rise and high-rise built areas are most suitable for Dhaka.
e No statistical LST differences between compact and large low-rise built areas.

o NDVI properties of compact and heavy industry are statistically identical.
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Abstract

This study integrates urban morphology-based heat island estimates with Local Climate Zone (LCZ)
classifications, a methodology that is relatively underexplored in the context of tropical megacities.
We use Land Surface Temperature (LST), and Normalised Difference VVegetation Index (NDV1I)
measured from satellite data to establish the differences across the LL.CZ classes and to identify
suitable climate-sensitive built-environments for the megacities. High-density built-up areas had
higher LSTs and Surface Urban Heat Island (SUHI) estimates than areas with more vegetation.
When comparing average summer LSTs in built-up areas, areas with higher building density and
minimal vegetation cover were 1.2°C warmer than the more open built environments. Natural areas,
on the other hand, showed an average LST that was 2.4°C cooler than the compact built environment
and 1.3°C cooler than the open built environment. For tropical megacity Dhaka, open low-rise, mid-
rise and high-rise morphology emerges as more favourable built environment benefiting both people
and the local biodiversity. Conversely, areas comprising compact mid-rise, large low-rise and heavy
industry buildings that are becoming increasingly densely populated, are the least suitable options.
Given the increasing need for high-density living, our results indicate that the most suitable approach
to planning would be to substitute compact low-rise housing, typically prevalent in developing
country megacities as slums, with a combination of open high-rise and open mid-rise housing. This
study demonstrates that increasing SUHI and LSTs can be mitigated in densely populated tropical

megacities by appropriate planning using urban morphology as demonstrated by LCZ classification.
Keywords

Land Surface Temperature, Vegetation Indices, Local Climate Zone Classification, Urban Heat
Island, Tropical Megacities.
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1. Introduction

Urbanisation often fosters urban growth through the expansion of industry, transportation and
economic activity [1]. However, in developing countries rapid population growth often precedes the
essential infrastructure and services needed to support urbanisation leaving the urban populations
highly susceptible to the impacts of climate change [2]. The average annual air temperature in large
cities with over one million population may increase up to 1-3°C compared to the surrounding non-
urban areas [3], [4]. Megacities with over 10 million inhabitants experience rapid and often
unplanned urbanisation. The combination of high population density and lack of resources and
infrastructure can have a more devastating effect on the overall well-being of the population.
People’s vulnerability to adverse climate impacts is exacerbated by heat stress [5], [6] and infectious
diseases sensitive to climate conditions [7]. Such large magnitudes of population in megacities
directly influence Land Use Land Cover (LULC) changes, and the local microclimate, which in turn
influences the regional climate through physical processes like heat flux, wind speed, and boundary
layer turbulence [8]. Therefore, it is crucial to understand the mechanism of interaction between
LULC change and local microclimate for building resilience and enhancing adaptability in

mitigating climate impacts.

Despite the recognised impact of the built environment's influence on urban climate, a gap persists in
applying this knowledge to guide policymakers in urban planning and Land Surface Temperature
(LST) management. This study seeks to bridge this gap by focusing on the unique challenges of a
megacity context, integrating Urban Heat Island (UHI) observations with analyses of LST and built
morphology. Key challenges include the absence of systematic criteria for evaluating design and
communicating UHI effects, and inconsistent depiction of city characteristics [9]. These limitations

obscure the spatial correlation between urbanisation and urban climate change within cities.

Urbanisation transforms the local climate by increasing air temperature and LST [10] leading to
UHI. Urban areas experience higher temperatures compared to their surrounding rural areas [4],
caused by increased anthropogenic activities, artificial surfaces, and alteration of the natural
environment. To address the spatial vulnerability of the urban population in high-density cities, it is
important to consider the combined effect of urban micro-climate change and the urbanisation

process for individual cities.

The Urban Heat Island (UHI) effect is a global phenomenon with severe implications for megacities
in developing countries, particularly in the tropics, where the extreme high-density urban form is
compounded by limited resources for adequate housing, green infrastructure, and essential urban
amenities. The UHI can be explained by two phenomena: the Atmospheric Urban Heat Island
(AUHI); the Surface Urban Heat Island (SUHI). The assessment of the AUHI involves evaluating

the air temperature patterns in urban and rural areas through field measurements, while the SUHI
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relies on LST. Although AUHI can be successfully examined by actual measurements of air

temperatures, this is

always the most feasible way to collect data often leading to difficulties in conducting large-scale
and long-term research [8]. Alternatively, researchers often rely on data collected at meteorological
stations. However, the availability of meteorological stations is generally limited in developing
countries. Therefore, the use of LST retrieved from infrared remote sensing imagery is a cost-
effective and consistently reliable approach to understand the spatial pattern of SUHI in an urban

area which can provide continuous data for an entire city.

Recent studies have shown a strong association between LST and air temperature highlighting the
benefits of using satellite-based LST as an alternative for air temperature in regions where
meteorological data are scarce [11]. However, some researchers point out limitations in satellite
remote sensing methods, which use directional instruments to measure LSTs from a specific angle,
primarily capturing urban surfaces like roads and roofs rather than vertical structures such as walls
[12]. Additionally, these instruments sample from facets both inside and outside the urban canopy
layer (UCL). Despite potential concerns about bi-directional reflectance, angular reflectance
techniques are capable of calculating albedo [13], [14], effectively addressing some previously noted
issues. Nonetheless, researchers cannot manipulate these instruments or choose the best observation
times based on weather conditions. Despite these limitations, satellite-based SUHI studies provide
comprehensive views of entire cities, overcoming many obstacles faced in assessing the AUHI.
Their primary strength lies in providing global coverage and repeated observations over time,

enabling comparisons of SUHI magnitude across multiple cities.

Another crucial point to consider is the difficulty of identifying and documenting the fast-changing
pattern of the city through the conventional LULC maps which often lack in appropriate
morphological and surface property details of the built-up area, particularly in developing country
megacities. Limited field measurements and isolated stationary networks may not always capture the
full range of thermal characteristics resulting from changes in LULC patterns [15], [16]. In this
context, Local Climate Zone (LCZ) classification [17] using remote sensing data presents a novel
and demonstrated approach to understanding the changing pattern of climate and its relationship
with the built environment, vegetation patterns and water. This approach allows for the investigation
of changes in SUHI properties over time due to rapid urbanisation and/or shifts in weather and
climate. The LCZ is a standardised classification of urban climate where each classes are defined as
“regions of uniform surface cover, structure, material, and human activity that span hundreds of
meters to several kilometres in horizontal scale” [17]. The classification gives the urban planners/

designers an opportunity to distinguish the microclimate impact resulting from different urban
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structures (for example, high-rise vs. low-rise structures, high-density vs. low-density structures,

dense vegetation vs. sparse vegetation etc.) to be reflected in urban planning and regulations.

Accordingly, the aim of this study is to enhance our understanding of how urbanisation affects the
microclimate and provide insights for urban planning and climate management in the tropical
megacity Dhaka. Specifically, this involves developing a clearer understanding of the functional
relationship between urbanisation, urban morphology, and their effects on Dhaka’s local
microclimate. The objectives are to investigate how rapid urbanisation influences the local climate,
evaluate the role of local climate classification in explaining microclimate variations, and identify

the LCZs in Dhaka that experience the greatest and least impact.

To achieve these aims, the study employs a comprehensive approach, utilising an LCZ map and
remote sensing data to extract key parameters such as LST, NDVI and SUHI intensities. This
methodological framework is designed to provide a detailed analysis of the interconnections between

urban growth and climatic changes in Dhaka.

The structure of the paper is designed to provide a thorough understanding of urbanisation's effects
on urban climate, with a focus on SUHI and LST in Dhaka, categorised by LCZ. The introduction
outlines the research context and underscores the significance of addressing urban heat islands in
tropical megacities. The methodology section details the tools and data sources, including LCZ
mapping and satellite data for analysing temperature and vegetation. Findings on how urban
morphology and vegetation impact microclimates are presented in the results section, supported by
statistical analysis. The discussion section places these findings within the broader context of urban
planning and policy, highlighting their implications for sustainable development. The paper
concludes by summarising the key contributions and proposing future research directions, with each
section building logically on the previous to highlight the study’s innovation and relevance to urban

environmental management.

2. Materials and Methodology
2.1.Background

Dhaka (Figure 1a) is one of the fastest growing megacities in the world with a total population of
21.7 million [18]. Population density in dense areas like slums is around 220,246 persons per square
kilometre ([19], cited in [20]). In low-density areas such as non-slums, the population is around
29,857 persons per square km ([21], cited in [20]). The alteration of the LULC pattern through the
expansion of urban areas resulting from rapid population growth is a significant factor contributing
to climate change [1]. Accordingly, Dhaka is facing rapid and unplanned urbanisation causing

significant environmental damage that poses a severe public health risk. The city’s green areas are
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rapidly decreasing to accommaodate the increasing housing need causing air temperature to elevate
and making the UHI impacts worse. Between 2000 and 2019, Dhaka’s daytime SUHI increased by
0.98°C [22] with an increasing SUHI severity while the whole country has been enduring immense
heatwaves in recent years [23]. The recent Dhaka Area Plan (DAP) [24], published by RAJUK (the
Capital Development Authority of the Government of Bangladesh), outlines long-term plans to
convert the flood-flow zones into built-up areas to mitigate the housing crisis, which may exacerbate
ecological impacts. The flood-flow-zones around Dhaka play a crucial role in the regulation of the
city’s microclimate. They allow unobstructed flood-flow into the rivers and enable sustainable
drainage but also offer adequate pervious surfaces. These surfaces reduce the impact of extreme heat
and ameliorate the effect of surface energy balance compared to impervious surfaces. Studies [25]
[26] have shown that flood-flow-zones, high-value agricultural land and retention ponds have
decreased. From 1967 to 2010, permanent wetland reduced from 14% to 4% [27]. The DAP provides
detailed implementation guides incorporating policies, guidelines and framework for the
development of different areas of the city. The publication of DAP has raised serious concerns
among the urban experts, environmentalists and civil society groups. Similar to the previous master
plans [28], the DAP does not adequately address the effects of climate change, unplanned
urbanisation on flood-flow-zones, drainage congestion and loss of biodiversity. In addition to
permitting building in the flood-flow-zones as prescribed in the DAP, RAJUK also plans to legalise
the already filled-up flood-flow-zones by the real-estate developers [24]. To protect Dhaka from
additional damage immediate attention to these plans are required from experts and policymakers
before implementation. Further details on the area plan and flood-flow zones and SUHI in Dhaka are
provided in Appendix 1.

2.2. Topography and Climate of Dhaka

The elevation of Dhaka ranges from 2 to 13 metres above sea level with most urban areas at an
elevation of 6-8 m [29]. According to a Japan International Cooperation Agency (JICA) Report
[30], Dhaka only has 20 km? which is 8 metres above sea level, around 75 km? between 6-8 metres
above sea level and 170 km? above sea level 6 metres. The city is mostly surrounded by wetlands
with the Balu and Shitalakhya rivers flowing in the east, Turag River in the west, Tongi Canal in the
north and Buriganga River in the south. Most land expansion is occurring in the eastern and northern

fringes of the city, mainly by landfilling of the flood-flow-zones.

Dhaka has a tropical ‘savanna’ (hot-humid) climate following the Képpen climate classification. The
three main seasons in Dhaka are the pre-monsoon hot season (hot-dry, from March-May), the
monsoon season (hot-humid, from June-October) and a brief cool-dry season (from December—
February). According to the EPW (EnergyPlus Weather) data for Dhaka , the mean annual
temperature is 25.8°C with an annual range between 39.4°C to 8.2°C. April is the hottest month with
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average maximum temperatures exceeding 37.5°C while January is the coolest with a mean monthly
temperature of 18.5°C. The mean annual relative humidity is 75%. The mean hourly wind speed
remains well below 4 m/s, with occasional gusts reaching up to 14 m/s. Dhaka receives a significant
amount of solar radiation throughout the year with the average hourly maximum solar radiation

exceeding 800 W/m? for almost 60% of the year.
2.3.Local climate zones of Dhaka

Previous studies [31] show high air temperature profiles across the built-up local climate zones
(LCZ) in Dhaka which included microclimate measurements in Compact high-rise, (commercial,
LCZ-1), Compact mid-rise, (formal and traditional residential areas, LCZ-2) and Open mid-rise
(university campus, LCZ-5) areas. The average air temperature across the areas was 31.7°C during
the measurement campaign with a daytime air temperature range between 27.0°C to 33.6 C. A
daytime AUHI up to 2.0°C was found in LCZ-1 and formal LCZ-2, whereas traditional LCZ-2 and
LCZ-5 areas showed a negative AUHI up to -1.8°C. The average air temperature in the LCZ-1,
formal LCZ-2, traditional LCZ-2, and LCZ-5 were found to be 34.1°C, 32.1°C, 31.0°C and 31.1°C,

respectively.

Here we extracted the LCZs for Dhaka from the Global LCZ Map developed by [32] under the
World Urban Database and Access Portal Tools (WUDAPT) project. The Global LCZ Map is
accessible for free download from this link: https://zenodo.org/records/6364594. The global map is
developed using global random forest models and various earth observation data sources, including
Landsat 8, Sentinel-1 and 2, PALSAR, VIIRS. It has a 100-meter resolution and demonstrates
satisfactory accuracy comparable to city-specific mapping. Several studies [33]-[35] have
successfully used Landsat 8 OLI/TIRS data to investigate locations of different types of LCZ. After
extracting the LCZ map, it was georeferenced using the WGS 84 / UTM Zone 46 N projection

system. Figure 1bincludes typical example areas representing each LCZ classes in Dhaka.
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LCZ-C. sh,, scrub

LCZ-F. Bare soil or sand LCZ-G. Water
(LCZ-F)
Figure 1. a) Location of Dhaka in Bangladesh, b) Typical LCZ-Example areas from Dhaka.
Google Earth

2.4. Population

To examine the relationship between the population of Dhaka and LCZ classes, the spatial
distribution of population data in 2020, Bangladesh was downloaded from the World Population
database. The dataset available in Geotiff format at a resolution of 3 arc (approximately 100m at the
equator) presents an estimated total number of people per grid-cell. Population data for each LCZ
class in Dhaka is extracted using QGIS, a geographic information system (GIS) software. This
involves using spatial analysis algorithms within QGIS to intersect demographic data layers with
LCZ boundaries, efficiently allocating population figures to each zone.

2.5.LST

LST is an important parameter for describing microclimate conditions and is freely and globally
available using satellite imagery. Since 2013, Landsat 8 satellite images have been produced every
16 days with a resolution of 30 m which allows estimation of LST from the thermal infrared sensor
bands 10 and 11. Utilising Landsat-8 images is a well-established method for estimating LST and
NDVI as reported in numerous studies [36]-[42].

Calculating Land Surface Temperature (LST) from Landsat-8 imagery using the thermal band 10
involves a detailed process that can be broken down into several precise steps: The first step is to

calculate the spectral radiance L, from band 10. This is done using the following Equation 1 [43].
Here, L, is spectral radiance, M,, is the band-specific multiplicative rescaling factor, QCAL is the

quantised calibrated value in digital number (DN), and A4, is the band-specific additive rescaling
factor from the metadata.
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L, = M, X QCAL + A, Equation 1

The second step involves converting the spectral radiance to atmospheric brightness through the
following equation. Here TB is the top of the atmospheric brightness temperature in kelvin and K2,

and K2 is the band-specific thermal conversion constant of 1321.0789 and 774.8853.

K2 i
TB = — = 271.15 Equation 2

K1
In (— + 1)
Ly

Step 3 is to calculate NDVI, which is essential for calculating LST for Landsat-8. Here NIR is band

5and Red is band 4.

(NIR — Red)
(NIR + Red)

Step 4 is the calculation of the proportion of vegetation using maximum and minimum NDVI.

NDVI = Equation 3

_ NDVI— NDVlyy
VU MNDV Ly — NDVImin)

Equation 4

Step 5 is the calculation of land surface emissivity using P, (55). Here, ¢ is emissivity.

€ =0.004 x P,+0.986 Equation 5

Finally, LST values were derived from Brightness Temperature (T's) by applying the equation from
[44]. As mentioned in the reference article [44], each of the LULC categories was assigned an
emissivity value by reference to the emissivity classification scheme by [45]. The calculations were
performed using the Semi-Automatic Classification Plugin in QGIS [46].

Tp

Se. = 14+ (A X Tg/p) In¢

Equation 6

where;

S; = The emissivity corrected LST

A = wavelength of emitted radiance (for which the peak response and the average of the
limiting wavelengths (1 = 11.5 um) is used.

e p=h Xc/o(1.438 x 1072) mK

e s =Planck’s constant = (6.626 X 1073%) Js

o = Boltzmann constant = (1.38 x 10723) J/K

c = velocity of light = (2.998 x 108) m/s

o & = emissivity

10
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Table 1. Remote sensing images used in the study

LANDSAT _PRODUCT _ID row, Date image summer/
path acquired winter
LCO08 L1TP 137044 20210112 20210308 02 T1 | 44,137 12-01-2021 Winter
LCO08 L1TP 137044 20210213 20210301 02 T1 | 44,137 13-02-2021 Winter
LCO8 L1TP 137044 20210301 20210311 02 T1 | 44,137 01-03-2021 summer
LCO08 L1TP 137044 20210317 20210328 02 T1 | 44,137 17-03-2021 summer
LCO8 L1TP 137044 20210418 20210424 02 T1 | 44,137 18-04-2021 summer
LC08 L1GT 137044 20210723 20210729 02 T2 | 44,137 23-07-2021 summer
LCO08 L1TP 137044 20211011 20211019 02 T1 | 44,137 11-10-2021 summer
LCO8 L1TP 137044 20211128 20211208 02 T1 | 44,137 28-11-2021 Winter
LCO8 L1TP 137044 20211214 20211222 02 T1 | 44,137 14-12-2021 Winter

Analysis of LST in relation to LCZ classification is a useful tool to understand the differences across
LCZ zones especially for fast-growing developing country megacities, where data is limited, and the
changes are occurring rapidly. Several studies have reported significant differences in LST among
different LCZ classes, confirming the applicability of LST to understanding the variability of urban
form and surface properties [47][48]. In this study, nine Landsat 8 OLI/TIRS Collection 2 Level 1
(C2 L1) scenes from 2021, comprising both Tier 1 (T1) and Tier 2 (T2) data, were analysed based on
data availability and quality considerations. The scenes, with a spatial resolution of 30m were
downloaded from the United States Geological Survey (USGS) Landsat Data Access Portal, five for
summer and four for winter, for generating LST and NDVI. Low cloud cover (less than 15%) was
selected as the presence of clouds and their shadow creates misclassification due to false detection of
land cover [48]. The details of the.images can be found in Table 1. For comparison with the LCZ,
the spatial resolutions of the images were reclassified to a spectral resolution of 200m from 30m. All
spatial analyses in this study were conducted in QGIS. Statistical analysis of the data collected in
this study was performed with R Programming Tool.

2.6.NDVI

Normalised Difference Vegetation Index (NDVI) is an established approach to quantify vegetation
by measuring the difference between near-infrared (NIR) (strongly reflected by vegetation) and red
light (absorbed by vegetation) [49] (Equation 3). Generally, healthy vegetation (chlorophyll) reflects
more NIR, and green light compared to other wavelengths and absorbs more red and blue light.
NDVI always ranges from -1 to +1 but does not present a distinct boundary for each type of
landcover. Negative values generally indicate the presence of water, and values close to +1 would
generally mean dense green, healthy leaves whereas values close to zero very likely indicate an
absence of green leaves. Change in NDVI of a pixel can be caused by a change in the existing plant
health (spectral greenness) but also by a change in the number of plants and vegetation cover
(structure). The NDVI does not enable discrimination between spectral or structural changes. LULC

changes can significantly affect vegetation type and vegetation density [8]. Therefore, it is important

11
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to examine NDVI in relation to LCZ classes to identify the possible changes and effects. Smaller
relative NDVI and density of vegetation can mean vegetation growth is impacted by water
deficiency, thus identifying the signs of drought. In this study, NDVI was generated using the Semi-
Automatic Classification Plugin on QGIS [46] using Landsat data. The scenes were then resampled
from 30 to 100m to match the LCZ map.

2.7.SUHI

The Surface Urban Heat Island (SUHI) effect is commonly defined as the surface temperature
difference between urban and rural areas [50][51][52]. The LCZ classification scheme has been
proven to be an effective tool for quantifying the SUHI effect [53]. However, while SUHI signifies
the surface temperature variance between urban and rural zones, LCZ does not differentiate between
these two types of areas. In this study, we use LCZ-D (Low plants) as the reference for rural areas to
calculate the SUHI across different LCZ classes, considering its representation of typical rural
conditions, also applied in [54]. The changes in the SUHI is determined from the following equation
[55]:

Ti = Tnean Equation 7

SUHI; =
Tsd

Here, SUHI,; is the pixel value of SUH!, T; is the pixel value of LST, Tjy,eqn iS the mean value of
LST in LCZ-D and T is the standard deviation of LST within the study area.

2.8.Minimum Detectable Change (MDC)

We apply the concept of Minimum Detectable Change (MDC) [56] to identify the difference in
estimated means of our environmental property e.g., LST, NDVI and SUHI. Our hypothesis

Hy: Jz,l = 0 ; that is the mean difference in environmental property between various LCZ

categories has stayed the same. The alternative hypothesis Hi: 52,1 > 0 is that the average

difference in in environmental property is different for the LCZ categories. The uncertainty due to
reaching an incorrect conclusion is the MDC which is related to the probability of the errors on the
conclusion. In other words, MDC is defined as a valid change in score that is not due to chance. The
interpretation of the MDCgs is that it is the smallest change in a measure that can be considered real
change beyond measurement error with 95% confidence. In the case of a one-sided test, where ¥/ is

an estimate of the spatial variance, MDC is calculated through the following equation:

N v, T
dy1 = MDC = (X;_o + X1—ﬁ)(_1 +-2)05 Equation 8
Ny N

12
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Here, X is a standard normal distribution and N1 and N2 are the samples at each sampling event. a
(the size of the significance test) and S represent probability of false rejection and probability of

false acceptance, respectively. 1 — S is the power of the test.

Exploring environmental differences across LCZ categories using MDC is essential. MDC offers a
practical way to assess measurement error by providing a precise value for each variable in its unit
of measure [57]. This value indicates the smallest change attributable to error rather than random
variation or chance. In this study, MDC helps quantify the smallest statistically significant
differences, enhancing our understanding of environmental impacts across urban morphologies and
revealing limitations in LCZ mapping. This is crucial, as LCZ mapping often struggles to distinguish

accurately between different urban morphological categories.

3. Results
3.1.LCZ Map of Dhaka and population

The primary characteristics of Dhaka’s urban morphology are represented by the LCZ map (Figure
2a). The distribution of pixel grids for each LCZ class; as identified in the map, is presented in
Figure 2(c). It is observed that compact built-classes cover approximately 32% of the city, while
open built-classes occupy 33%. Sparsely built areas (LCZ-9) account for 7% of the city's land area,
with a considerable portion situated in flood-flow zones. Large low-rise structures (LCZ-8)
constitute a significant area, covering 9% of the city, while heavy industrial regions (LCZ-10)

occupy 1%.

Regarding land cover classes, they are notably limited, with only 1 and 15 pixel-grids representing
the LCZ-A (Dense trees) and LCZ-B (Scattered trees) categories, respectively. LCZ-D (Low plants)
encompasses 17% of the city's area, but it remains negligible when compared to other megacities
worldwide. Notably, LCZ-F (Bare soil or sand) covers 1% of the land, and its extent is gradually
increasing due to land-filling efforts, mostly encroaching flood-flow-zones, to accommodate the
city's growing population.

13
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. Dhaka Population Map, Numbers per
Dhaka LCZ Map, 100m x 100m resolution pixel grid with 100m x 100m resolution
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Figure 2. a. Local Climate Zone Map for Dhaka, b. Population map for Dhaka (white grid-
cells represent no data), c. Number of pixel grids for each LCZ classes, d. Population for
different LCZ classes

A limitation in the current LCZ map produced by [32] is, it does not identify the slum areas. Dhaka
has more than 5,000 slums inhabited by an estimated four million people [58]. According to LCZ
classification, LCZ-7 has been classified as single-story attached or detached buildings set in a
compact arrangement, separated by narrow roads and alleys, and made of lightweight construction
materials (thatch, wood, bamboo, corrugated metal etc.) with thin walls and roofs. This definition
matches the description of slums in Dhaka. Since most slum areas in Dhaka have a dense mix of
low-rise temporary structures, categorised by the [59] as jhupri (made of thatch and straw), bamboo
structures, tin-shed, and others, these were expected to be grouped as LCZ-7. The study by [60]

14



Journal Pre-proof

highlighted that due to the disorganised, dense, and unregulated pattern of urbanisation, slums can
produce heat hotspots posing serious health threats to the inhabitants with their intense heat
exposure, poor housing conditions and reduced access to cooling. The misclassification of LCZ-7
highlights a limitation in the current LCZ map, indicating an area for improvement in future studies.
Meanwhile, the omission of LCZ-1, which is typically minimal in Dhaka, along with LCZ-C (Bush,
scrub) and LCZ-E (Bare rock or paved) from the current LCZ map, reflects acceptable limitations.
These exclusions are justified as these categories are generally scarce in Dhaka, and their absence
does not significantly impact the overall accuracy of the map.

According to the population data, Figure 2b indicates that 5799 grid-cells (in white) lack data. These
areas correspond to regions experiencing significant landfilling and new developments. Furthermore,
the data analysis reveals that LCZ classes characterised by compact and high-density built-up areas
have higher population densities. Notably, LCZ-2 (Compact mid-rise) demonstrates the highest
population, while LCZ-9 (Sparsely built) exhibits the lowest population (Figure 2d). The majority of
landcover classes show lower population, but some outliers are visible in LCZ-D (Low plants) and in
LCZ-F (Bare soil or sand). The presence of outliers in LCZ-F is attributed to landfilling activities in

flood-flow zones.
3.2.LST

The Figure 3a and Figure 3b present the mean summer and winter LSTs in Dhaka, respectively.
Table 2a presents the summary statistics showing the median, minimum, and maximum values of
LST. In summer, LST ranges between 23.3-37.6'C, while in winter it ranges between 15.8-31.2°C.
The mean summer LST in Dhaka is on average 5.9°C higher than mean winter LST. The variation of
LST throughout the year can be found in Appendix 2.

The Figure 4 and Figure 4b presents the differences in LST among different LCZs, confirming that
LST can be used to distinguish between LCZ classes in urban climate studies. The LCZ classes with
lower vegetation cover presented higher LST as expected. The surface physical properties and
radiation balance can be highly affected by altering natural land cover by artificial land cover,
consequently increasing air and surface temperatures in urban areas compared to rural areas [61]. As
a result, built-up LCZ classes have higher LST than landcover classes except for LCZ-F (Bare soil
and sand) with maximum summer LST of 37.6°C which has “few or no trees, plants, roads or
buildings”, mostly regarded as “barren land”. Studies by [62] have also shown higher LST for LCZ-
F compared to other land cover classes. Among the built-up classes, LCZ-10 (Heavy industry) has
the highest median summer LST (29.2°C) which comprises “highly irregular mix of low and mid-rise
industrial structures” with “few or no trees” and LCZ-9 (Sparsely built) has a lowest median LST
(27.4°C) which are low-density settlements “located across natural landscape”. Similar to LCZ-10,

LCZ-8 (Large low-rise) also has a considerably higher median LST (28.6°C) due to its “extensive
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paved surfaces” with “few or no trees”. LCZ-2 (Compact mid-rise), 4 (Open high-rise) and 6 (Open
low-rise) shows a gradual trend of decreasing LST as the amount of vegetation increases from “few
or no trees” to “scattered trees and abundant plant cover” with median summer LST of 28.7°C,
27.8°C, 27.6°C, respectively. Among the compact classes LCZ-2 (Compact mid-rise) and LCZ-3
(Compact low-rise), the latter has slightly higher median LST probably due to lesser mutual shading
between buildings and higher solar exposure, both resulting from urban geometry or morphological
arrangements. Among the landcover classes, LCZ-A (Dense trees) has the lowest median summer
LST (25.6°C) followed by LCZ-B (Scattered trees) and LCZ-D (Low plants) of 26.5°Cand 27.2°C,
respectively. LCZ-A (Dense trees) is omitted from further analysis due to the presence of only a
single pixel-grid identified in this category on the LCZ map, suggesting that the data is not
representative. In winter, LST patterns are like summer, except for the variation in magnitude.

LST, °C

Bl 18-22

[ 22226

[0 26-30

N 3034

B 3438 0 6,000 12,000 m

a. Map scale: 100m x 100m b. Map scale: 100m x 100m
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0 6,000 12,000 m

0 6,000 12,000 m
I

e. Map scale: 100m x 100m f. Map scale: 100m x 100m
Figure 3. Mean LST map of Dhaka in a. summer and b. winter; Mean NDVI map of Dhaka
in c. summer and d. winter; Mean SUHI map of Dhaka in: e. summer and f. winter.
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3.3.NDVI

NDVI is close to zero (0.1 and less) for more urbanised and vegetation-free areas or bare soil.
Positive values of NDVI ranging from 0.10 to 0.50 indicate sparse vegetation such as shrubs and
grasslands and values of 0.7 and above indicate dense green vegetation. The NDVI values for Dhaka
are divided into five categories: no vegetation (mainly water bodies, negative values), poor
vegetation (values between 0.10 and 0.30), sparse vegetation (values between 0.30 and 0.50),
moderate to healthy vegetation (values between 0.50 and 0.70) and dense vegetation (values above
0.7). The Figure 3c and Figure 3d show the mean summer NDVI and mean winter NDVI,
respectively. The summer NDVI1 is higher than the winter due to higher rainfall in summer compared
to the dry, winter season in Dhaka. The NDVI ranges in Dhaka are between -0.01 to 0.49 with an
average NDVI of 0.13 in summer and 0.08 in winter indicating severely critical vegetation
conditions across the city. The variation of NDVI values throughout the year can be found in

Appendix 3.

The Figure 4c and Figure 4d present NDV1 across the LCZ classes during summer and winter
respectively, demonstrating that NDVI values for the various LCZ classes are different. Since urban
land specifically for the purpose of vegetation is generally limited, appropriate measures need to be
taken according to the LCZ classes. The built-up LCZ classes LCZ-2, LCZ-3, LCZ-4, LCZ-5, and
LCZ-6 have increasing median summer NDVI values of 0.07, 0.08, 0.11, 0.13, and 0.18 respectively
as the building density reduces and amount of vegetation increases (see Table 2). LCZ-9 has a higher
median summer NDVI (0.20) compared to LCZ-8 (0.10) and LCZ-10 (0.06) which have few or no
trees. Landcover classes L.CZ-B and LCZ-D has higher median summer NDVI of 0.30 and 0.17
respectively compared to LCZ-F (0.12) which has few or no trees. LCZ-A (Dense trees) is not
considered because of the reason explained earlier. LCZ-G (Water) has a median summer NDVI of
0.01. Winter NDV1 follows a similar pattern across the LCZ classes, except for the variation in

magnitude.
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Figure 4. Mean LST(°C) for different LCZ classes in a. summer, b. winter; Mean NDVI for
different LCZ classes in: c. summer, d. winter; Mean SUHI (°C) for different LCZ classes in:
e. summer, f. winter.

3.4.SUHI

SUHI has a strong positive correlation with LST in both summer and winter with Spearman’s rank
correlation rho of 0.79 and 0.79, respectively. The Figure 3e and Figure 3f shows the SUHI impact
during the summer and winter respectively in Dhaka with similar patterns. SUHI with values higher

than 3.0°C is visible in the areas where most of the landfilling is occurring. Mostly located in the
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east of the city these are the areas where the flood-flow-zones are being filled up for new housing
projects. Higher SUHI are visible in the south of Uttara, located next to the International Airport.
Among the built-up areas within the city, Tejgaon Industrial Area shows higher SUHI with its high-
density, industrial, and commercial buildings. Abrar et al. [23] have also identified the Tejgaon
Industrial Area as having the highest LST. Among other built-up areas, Hazaribagh Tannery and
Chakbazar located in the southwest of the city, shows higher SUHI. In summer, SUHI intensity is
higher in Kafrul, Mohammadpur, Badda, Tejgaon and Motijheel areas.

The Figure 4e and Figure 4f present the variation of SUHI for different LCZ classes in summer and
winter, respectively. Like the LST patterns, more high-density and compact built-up areas such as
LCZ-2 (Compact mid-rise) and LCZ-3 (Compact low-rise), industrial and commercial areas such as
LCZ-8 (Large low-rise) and LCZ-10 (Heavy industry) have higher SUHI. All landcover classes have
lower SUHI except LCZ-F (Bare soil or sand) where most of the landfilling is occurring. For the
built-up LCZ classes, median winter SUHI is mostly lower compared to median summer SUHI.
Landcover classes on the other hand have higher median winter SUHI than summer, except LCZ-F
(Bare sand). Statistically significant and positive correlations (Spearman’s rho) were found between
population and SUHI for both summer (0.32) and winter (0.19) demonstrating that SUHI increases
with the number of people per grid-cell (see Figure 5a and Figure 5b)). LCZ-F (Bare soil or sand)
and LCZ-G (Water) were excluded from correlation analysis as these are not habitable areas. The
magnitudes of the correlations were weak because of the missing population data for 5799 grid-cells

covering 579900 m? area as mentioned earlier.
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a. b.
Figure 5. Scatter plot showing relation between population (per pixel grid of 200m x 100m
resolution) and Mean SUHI (°C) in: e. summer, f. winter
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Table 2. Summary statistics for LST, NDVI, SUHI

LCZ |2|3‘4‘5‘6‘8‘9‘10‘A‘B‘D|F‘G
a. Summary statistics for LST
Summer LST
Min 255 (243 (237 |245 |237 |23.7 |23.8 |254 (246 (242 |23.3 [24.9 |233
First Quartile {27.9 [28.1 |27.0 |27.3 [26.8 |27.7 |26.4 |28.4 |249 (259 [25.9 |285 |25.1
Median 28.7 |28.8 |27.8 [27.9 |276 |28.6 |27.4 |29.2 (256 |265 |27.2 [30.2 |26.0

Third Quartile |30.5 [30.5 [29.3 |29.4 [29.3 |30.4 |29.1 |30.6 [26.8 [27.4 |29.3 [32.2 |27.2
Maximum 343 |34.3 |32.7 |326 |33.0 [34.4 |33.1 [33.8 |27.7 |295 |34.3 |37.6 |30.2

Winter LST
Min 183 (171 (173 (179 (158 (176 (179 (188 |18.0 [18.1 |17.3 |17.2 |17.4
First Quartile |21.2 [21.0 [20.6 |20.7 (204 |21.0 [20.5 |21.3 [19.1 |19.9 [20.4 |[21.6 |20.0
Median 226 |22.6 [22.0 [22.0 |21.8 |22.4 |21.6 |23.2 |20.3 |215 |21.8 |23.4 |21.0

Third Quartile [24.7 [24.6 [24.1 |23.9 |23.8 |245 [23.8 [25.0 |22.0 [|23.0 |23.8 |25.6 |22.8
Maximum 29.8 [30.1 ]29.1 |28.6 |28.8 |29.8 |28.7 |29.1 235 |26.1 |28.9 |31.2 |26.9
b. Summary statistics for NDVI

Summer NDVI
Min -0.02 |-0.01 |-0.05 |-0.04 [-0.05 |-0.05 |-0.03 |{-0.02 |[0.05 |-0.09 |0.03 |-0.08 |-0.02
First Quartile [0.05 [0.06 |0.08 |0.09 |[0.12 [0.07 |0.15 [0.04 |0.22 |0.10 |0.10 |0.00 |0.05
Median 0.07 |0.08 |(0.11 |0.13 |0.18 |0.10 (0.20 |0.06 |0.30 |0.17 |(0.12 |0.01 |0.07

Third Quartile |0.10 |0.11 |0.16 [0.18 |0.24 |0.16 |0.27 {0.08 |0.35 |0.26 |0.17 [0.07 [0.10
Maximum 0.17 |0.19 |0.30 |0.32 |0.41 |0.28 |0.46 |0.15 |0.46 |0.49 |0.28 |0.17 |0.17

Winter NDVI
Min -0.03 |-0.03 |-0.06 |-0.05 [-0.06 [-0.05 |-0.05 |-0.03 [0.03 |-0.09 |-0.02 |-0.09 |-0.03
First Quartile |0.02 |0.03 |0.04 |0.05 [0.09 |0.04 |0.10 |0.02 |[0.15 |0.06 |0.07 |-0.03|0.02
Median 0.03 |0.05 |(0.07 |0.08 |0.12 |0.07 (0.14 |0.03 |0.19 |0.10 (0.10 |-0.01 ([0.03

Third Quartile |0.05 [0.07 |0.11 |0.12 |0.18 [0.11 |0.20 |0.05 |0.29 |0.16 |0.14 |0.03 |0.05
Maximum 0.10 |0.13 ]0.21 ]0.23 |0.32 |0.20 |0.36 |0.10 |0.44 |0.32 |0.23 |0.12 |0.10
c. Summary statistics for SUHI

Summer SUHI
Min -1.2 |-1.7 |20 |16 [-20 |-20 |-19 |-12 |-1.7 |-08 |-1.2 |-1.7 |-2.0
First Quartile [0.0 |0.1 -04 |-03 |-05 |-01 |-0.7 |03 |-1.0 |03 |00 |01 |-04
Median 03 |01 -01 (00 |-0.1 |03 |-03 |06 [-07 |11 |03 |0.1 |-0.1

Third Quartile |1.2 1.2 06 |07 |06 |11 |05 [13 |-03 |20 |12 |12 |06
Maximum 3.0 3.0 22 |22 |24 |30 |24 |28 |07 |46 3.0 3.0 |22

Winter SUHI
Min 1.5 1-2.0 -20 |-1.7 |-26 |-18 |-1.7 |-14 |16 |-20 |-15 |-20 |-2.0
First Quartile |-0.4 |-05 |-06 |-06 |-0.7 |-05 |-0.7 |-0.3 |-0.9 |-0.2 |-04 |-05 |-0.6
Median 0.2 0.2 -0.1 (0.0 -0.1 |0.1 -0.2 |05 -0.3 |05 0.2 0.2 |[-01

Third Quartile |1.1 1.0 08 |07 |07 10 07 12 |04 |14 |11 1.0 |08
Maximum 3.1 3.2 29 |27 |27 |31 j27 (28 |16 |39 |31 |32 |29

21



Journal Pre-proof

3.5.MDC Analysis

To determine the statistical significance of the differences in estimated means, we applied the MDC
for LST, as shown in Table 3, a. For summer, it shows differences between various LCZ classes are
statistically significant (< 0.05) for most categories except between LCZ-2 and LCZ-8, LCZ-4 and
LCZ-6, LCZ-9 and LCZ-D and LCZ-B and LCZ-G. However, in winter, the statistical significance
of differences between various categories decreases. For instance, there is 'no difference' between
compact built-up areas and LCZ-8 (Large low-rise) during this season. Notably, no statistically
significant differences were observed between open built-up areas and LCZ-B and LCZ-D.

The crosstabulation presenting the MDC for NDVI (Table 3, b). shows the difference in their mean
values is statistically significant (< 0.05) in most cases, except between LCZ-2 and LCZ-10 and
between LCZ-5 and LCZ-F in summer. In winter, there is ‘no difference’ between LCZ-2 and LCZ-
10, LCZ-4 and LCZ-8, and LCZ-D and LCZ-F.

The MDC for SUHI (Table 3, ¢) shows similar pattern to that of the MDC for LST. During summer,
statistically significant differences among various LCZ categories are more pronounced, but during
winter, these differences diminish significantly. Conseqguently, the distinctions between different
LCZ-Categories become less evident with the changing seasons. This leads to the absence of
statistical differences between the compact classes of LCZ-2 and LCZ-3, LCZ-2 and LCZ-8 and
LCZ-3 and LCZ-8, as well as considering LCZ-4 and LCZ-5 as equivalent. Similarly, the open built-
classes such as LCZ-4, 5 and 6 were similar as LCZ-B and LCZ-D.
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Table 3. Minimum Detectable Change (MDC) for LST
a. MDC for LST
Summer LST Winter LST
213456 1(81(9 |10 B |[D |[F |G |[LCZ |2 (3 |4 |5 (6 |8 |9 |10 |B |D |F |G
2 1 (1121110 |1 (1 |1 (1 |1 |1 |2 0O (1 (1)1 (0|1 |1 (1 |1 |1 |1
3 1112121111 (1 |1 |1 |1 |3 1111 (0 (1|1 (1 |1 |1 |1
4 1011111 (12 |1 |1 (1 |4 Of1 (11112 |0 |0 (1 |1
5 1111912 |1 |1 |1 |1 |5 1/111 (1 |0 |0 (1 |1
6 11 (1 |1 (1 |1 |1 |6 11011 (0 |1 |1 |1
8 11 |1 (1 |1 |1 |8 111 |1 |1 |1 |1
9 1 |1 (0 |1 |1 |9 1 |0 (1 |1 |1
10 1 11 (1 |1 |10 1 |11 |1 |1
12 1 |1 |0 |12 0 (1 |0
14 1 (1 (14 1 |1
16 1 |16 1
b. MDC for NDVI
Summer NDVI Winter NDVI
213456 1(81(9 |10 B |[D |[F |G |[LCZ |2 (3 |4 |5 1!6 |8 |9 |10 |B |D |[F |G
2 1|1 (1|1 ({12 ]1(0 |1 |1 |1 |1 |2 1 (12 (2]1(1]0 |1 |1 |1 |1
3 11|11 (11 |1 |1 |1 |1 |3 141 1121 j1 |1 |1 |1
4 11111 |1 |1 |1 |1 |4 1 (110111 |1 |1 |1 |1
5 1|1 1]1 |1 |1 (1 |0 |1 |5 1 (111 J12 |1 |1 |1
6 1 (111 |1 |1 |1 |1 |6 10111 |1 |1 |1 |1
8 11 |1 |1 |1 |1 |8 111 (1 |1 |1 |1
9 1 1 |1 |1 |1 |9 1 |1 |1 |1 |1
10 1 (1 |1 |1 |10 1 {1 |1 |1
12 1 (1 |1 (12 1 |1 |1
14 1 (1 [14 0 |1
16 1 |16 1
¢. MDC for SUHI
Summer SUHI Winter SUHI
213456 1(81]9 |10 /B (D |[F |G |[LCZ|2 (3 |4 |5 (6 |8 |9 |10 |B |D |F |G
2 1111220 (1 |2 |1 |1 (1 |1 |2 0112101 2 (1 |1 |1 |1
3 1/1 )12 (12141 |2 |1 (1 |1 |3 1112110211 |1 (1 (1 |1
4 110 |1 (2 (1 |1 (1 |1 |1 |4 0111211 |0 (0 (1 |1
5 1112 |1 |1 |1 |1 |5 111111 |0 (0 (1 |1
6 1119112 |1 |1 |1 |1 |6 1101 |0 (1 (1 |1
8 111 |1 |1 |1 |1 |8 1911 |1 |1 |1 |1
9 1 (1 (0 |1 |1 |9 1 |0 (1 (1 |1
10 1 (1 |1 |1 |10 1 |11 |1 |1
12 1 (1 |0 |12 0 (1 |0
14 1 (1 (14 1 |1
16 1 |16 1

4, Discussion
4.1.LST characteristics in LCZ

In this study, significant differences in LST were observed between various LCZ categories within
Dhaka. Most of the city’s built environment falls into LCZ-2 (Compact mid-rise), LCZ-3 (Compact
low-rise), LCZ-5 (Open mid-rise) and LCZ-6 (Open low-rise). We found that the mean LST
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difference between the compact built-classes (LCZ-2, LCZ-3, LCZ-8, LCZ-10) and open built-
classes (LCZ-4-LCZ-6, LCZ-9) is 1.2°C in summer and 0.8°C in winter. Furthermore, natural
landcover classes (LCZ-A, LCZ-B, LCZ-D) are 2.4°C and 1.3°C cooler in summer than compact

built-classes and open built-classes, respectively.

These findings are consistent with previous studies from other urban settings. For instance, research
from Sendai, a typical Japanese metropolitan city, showed that LSTs in compact residential areas
were higher than those in commercial areas at the city-centre [63]. Similarly, in Kumasi city, Ghana
[64] a rise of 1.2°C in average surface temperature was linked to urbanisation. In Berlin, Germany, a
study observed an average temperature difference of about 1.0°C (K) during summer nights between
dense-trees (LCZ-A) and LCZ-6 (Open low-rise) areas [65]. These variations underline the broader
implications for urban climate, especially as heatwaves become more frequent. Consequently,
incorporating open built-classes into the planning of new or existing urban areas can have a

substantial impact on reducing LST and thereby, ultimately enhancing the local microclimate.

In this study, LSTs in the large low-rise buildings (LCZ-8) and heavy industrial buildings (LCZ-10)
categories frequently surpass those observed in other compact built-classes (LCZ-2, 3, and 4).
Numerous studies have described the higher LSTs of industrial areas during daytime [66]—[68]. This
trend is attributed to the prevalence of impervious surfaces and extensive roof areas with low albedo,
aligning with findings from earlier research studies [9], [69]. These areas require additional
vegetation for increased shading and reduced albedo on roof surfaces to mitigate solar radiation in
summer. A more detailed analysis, incorporating factors such as vegetation type, density, surface
fraction, and thermal properties of pervious surfaces, is essential for developing effective strategies
to reduce LST in LCZ-8 and LCZ-10 [70].

4.2.NDVI characteristics in LCZ

Regarding NDVI in Dhaka, even the open built-classes display a significant lack of vegetation with a
mean NDVI of 0.15 in summer. None of the areas in the city exhibit moderate to healthy vegetation,
indicating a significant lack of permeable surfaces and an excessive presence of paved or
impermeable surfaces. This contributes to the escalating extreme heat conditions within the city.
Moreover, it severely impacts the city's sustainable drainage, albeit almost non-existent, leading to
severe damage during Monsoon rains and causing floods. Although LCZ-9 and LCZ-D show higher
levels of NDVI compared to other areas with a median NDVI of 0.20 and 0.17 in summer,
respectively, they still fall short of having healthy vegetation levels. Currently, the north-east and
south-east regions of the city display some sparse vegetation, with NDVI values ranging between 0.3
and 0.5 in summer. Nevertheless, if the current growth trend persists, these areas are at risk of being

encroached upon by buildings, leading to further reduction in vegetation and agricultural land.
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Undoubtedly, this will exacerbate flood conditions during the Monsoon season and intensify extreme

heat situations in the summer, rendering the living conditions completely unviable.

Previous studies have demonstrated that vegetation has a cooling effect on urban areas [71]-[73] that
lies between 1-3°C (K) [71] and thus increasing vegetation can mitigate the SUHI. The magnitude
and nature of this relation can be variable depending on the vegetation and built environment pattern.
Warming has been noticed in areas with scarce vegetation and/or bare soils [74], [75].

Several studies have examined NDVI in association with their LCZ classes. For example, a study
conducted by [76] in three Chinese metropolises, Wuhan, Nanjing, and Shanghai found that NDVI
exhibited a more significant mitigating effect on Heat Risk Index (HRI) in LCZ-1, LCZ-2, LCZ-4
and LCZ-5. To alleviate heat risk, their recommendations included updating compact LCZ types to
open LCZ types, avoiding the configuration of LCZ-1 and LCZ-2, prioritising NDVI enhancement
in existing LCZ-1, LCZ-2, LCZ-4 and LCZ-5 areas, increasing greenery by upgrading mono-
structures to composite structures with trees, shrubs, and grasses, and implementing greening of
facades. Other studies, such as [77] in China, have reported that NDVI has a remarkable cooling
effect on the SUHI for the vast majority of the year. They also found that NDVI performed best in

cooling within the LCZ-F, especially in summer and spring.

It is important to understand the impact of vegetation on LST to identify the areas which are
vulnerable to heat and how these can be rectified through vegetation. Numerous studies have
established the cooling effect of vegetation cover on surface temperatures, effectively mitigating
SUHI phenomena [78]. The cooling effect of vegetation and green spaces works through
evapotranspiration, photosynthesis, blocking of shortwave radiation and shadow casting and trapping
of longwave radiation [79]. Therefore, green spaces play a significant role in moderating thermal
environments, especially during the hot period [80]. In this study mean summer and winter LSTs
were tested against associated NDVIs using linear regressions. As expected, negative associations
were found between LST and NDVI with Spearman’s rank correlation rho of 0.424 in summer and

0.174 in winter, also reported in other studies [77].
4.3.SUHI characteristics in LCZ

In this study, the differences in maximum SUHI between the compact (LCZ-2, LCZ-3, LCZ-8, LCZ-
10) and open (LCZ-4, LCZ-5, LCZ-6, LCZ-9) built-classes is 0.7°C in summer and 0.4°C in winter
(Table 2). Among the built-classes in summer, LCZ-2, LCZ-3 and LCZ-8 exhibits the highest
maximum SUHI (3.0°C), while LCZ-4 and LCZ-5 has the lowest maximum SUHI (2.2°C) and in
winter, LCZ-3 shows the highest maximum SUHI (3.2°C) and LCZ-5, LCZ-6 and LCZ-9 shows the
lowest (2.7°C) winter (Table 2). In both summer and winter, LCZ-F is found to have the maximum
SUHI of 4.6°C and 3.9°C, respectively (Table 2). In agreement with these results, a recent study has

revealed that urban expansion and dense settlements have led to a nearly 3.0°C increase in average
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surface temperature in certain areas of Dhaka city compared to its boundary [81]. A similar study in
Delhi [82] show an SUHI intensity of 3.5°C, as the difference between LCZ-3 (compact low-rise)

and LCZ-D (low plants), which occurs in summer.

This study findings also suggest that compact built-classes along with large low-rise buildings (LCZ-
8) and heavy industrial buildings (LCZ-10) have a similar impact on the local microclimate as the
compact LCZ classes. Their morphological configuration restricts airflow through the buildings and
surrounding spaces, while their large masses absorb high levels of solar radiation, leading to higher
LSTs and SUHI. LCZ-10 areas also generate a significant amount of heat during the industrial

processes which is released into the surrounding environment [9], resulting in higher SUHI.

LCZ system has been widely applied in studies focusing on SUHI [83]. Studies by [84] evaluated
LST characteristics across 18 LCZs in Beijing, revealing that the warmest zones are compact and
mid to low-rise built-up areas (LCZ-2, LCZ-3, LCZ-7, LCZ-8) while the coolest zones are water and
vegetated types (LCZ-A, LCZ-B, LCZ-D, LCZ-G) with SUHI events being most frequent during
summertime and daytime conditions. Additionally, LCZ-9 and L.CZ-A, LCZ-B, LCZ-D, and LCZ-G
exhibited a seasonal pattern with smaller Annual Temperature Ranges (ATRs) attributed to factors
such as leaf abscission, crop harvesting, and irrigation schedules, whereas high-rise built-up zones
(LCZ-1 and LCZ-4) experienced higher ATRs due to seasonal variations in solar radiation through
shade effects and convective heat dissipation capabilities. Recent studies [85] have analysed the
correlation between SUHI intensity and LL.CZ classes in Budapest, reinforcing that as building
density decreases, SUHI intensities also decrease. They found the highest intensities in the city
centre, while vegetated landcover LCZ classes show the lowest SUHI intensities, sometimes with

negative values indicating cooling.
4.4.LCZ Application for Dhaka

In this study, all open built-classes show positive impacts on microclimate with LCZ-4 (Open high-
rise) and LCZ-6 performing slightly better than LCZ-5 (Open mid-rise) while comparing their
median LSTs and SUHIs. However, despite falling into the category of open built-classes, LCZ-6
(Open low-rise) may not be the optimal choice for Dhaka, given its constantly growing population.
In a similar study in Delhi, [82] have suggested that in order to minimise the UHI effect, further
urban expansion in the Delhi region should be restricted to LCZ-5 (open mid-rise) and LCZ-6 (open
low-rise). Considering the high-density context of Dhaka, a more suitable approach may involve
replacing LCZ-3 (Compact low-rise) with a combination of LCZ-4 (Open high-rise) and LCZ-5
(Open mid-rise). This adjustment is likely to yield better results and contribute positively to the city's
climate management. The inclusion of LCZ-4 (Open high-rise) can be further justified by recent
research [86] [86] which indicates that increasing building density with taller structures leads to a

slower escalation in AUHI intensity. This impact is particularly pronounced with larger street
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canyon aspect ratios. Additionally, although LCZ-9 demonstrates better performance than the open
built-classes in this study, it may not be suitable for accommodating Dhaka's large population. In
contrast, the cooling effects observed in LCZ-4 (Open high-rise) areas, attributed to buildings
shading and higher vegetation density, make it a more viable option, as also supported by findings in
previous studies [70], [87], [88].

4 5. Effectiveness of LCZ classes

The results of this study also highlight the effectiveness of the LCZ classes in identifying the
microclimatic diversity as demonstrated by MDC analysis. Notably, statistically significant
differences were observed in NDVI values among various LCZ categories. For the LST and SUHI,
distinct variations were evident between the LCZ categories during the summer. However, these
distinctions dwindled during winter, particularly between the open built-classes (LCZ-4, LCZ-5, and
LCZ-6) and green landcover classes (LCZ-B and LCZ-D). While L.CZ may not provide complete
effectiveness in distinguishing variations in urban morphology; it remains suitable for distinguishing
between broader categories such as compact and open built-classes, as well as green and bare soil
landcover classes. Therefore, it proves to be a valuable tool for guiding urban planning and design

decisions aimed at enhancing microclimates and mitigating climate impacts in high-density cities.

5. Conclusion

Recent studies [89] highlight a significant gap in documenting SUHI effects in tropical regions
compared to temperate climates, underscoring a disconnect between scientific research and its
practical application in urban planning. This study addresses this gap by analysing the relationship
between urban morphology, LST, NDVI, and SUHI in Dhaka using a LCZ map. This approach
provides globally consistent data essential for supporting climate-modelling and developing evidence-
based, climate- sensitive urban planning policies. Particularly, the spatial distributions of LST, NDVI
and SUHI as per the LCZ classes are critical for understanding the urban thermal environment in a
tropical, megacity context. Key findings indicate higher LSTs in built-up areas, particularly LCZ-8
(Large low-rise) and LCZ-5 (Open mid-rise) during summer and LCZ-3 (Compact low-rise) and LCZ-
5 in winter. Open built-classes were cooler than compact ones, suggesting urban planning strategies
to mitigate heat could include integrating more open high-rise (LCZ-4) and mid-rise (LCZ-5)

structures instead of compact low-rise areas (LCZ-3).

Additionally, vegetation cover was found to significantly lower surface temperatures, indicating the
importance of maintaining green spaces to counteract increasing LST and SUHI. The negative

correlation observed between LST and NDVI suggests that replacing agricultural land in flood-flow
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zones with built-up areas will exacerbate LST and SUHI increases. Consequently, urban planning

policies must prioritise ecological conservation to address this challenge.

In terms of SUHI impact, the maximum summer values in these areas reach 3.0°C, with peaks up to
3.6°C and 4.9°C. This indicates that residents in high-density areas are particularly vulnerable to
SUHI effects. While SUHI can adversely impact any climate or city, cities in developing countries
are especially susceptible due to limited resources and reduced adaptive capacity, making effective

urban planning and resource management crucial.

Given Dhaka's dense population and continuous urban transformations, these insights are crucial for
developing evidence-based, climate-sensitive urban planning policies. Strategies should include
enhancing urban greenery, using pervious and low-albedo materials, and reducing high-density

development to effectively manage heat in urban settings.

In conclusion, this study establishes a robust framework for applying L.CZ classification in tropical
megacities. It provides crucial data for urban planners, demonstrating the advantages of using LCZ
classification over traditional land use and land cover (LULC) methods to better understand urban

thermal dynamics, thereby enhancing the planning and management of urban climates.
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