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Dense heritage districts face unique challenges in balancing cultural preservation with climate
adaptation needs. This study integrates remote sensing and geographic information system
(GIS) technologies to assess the potential for urban heat mitigation in Glodok, Jakarta’s
historic Chinatown. Sentinel-2 (10 m) and Landsat-8 thermal imagery (30 m) from 2019 to
2023 were analyzed using Google Earth Engine to quantify the relationships between urban
morphology and thermal patterns across a 12.56 km=study area. Spectral indices, including
NDVI, NDBI, and BUI, were calculated to characterize urban morphology, revealing high
spatial heterogeneity with a coefficient of variation of 453.96% for BUI. Correlation analysis
revealed unexpectedly weak relationships between morphological indicators and LST (BUI-
LST: r=0.129; NDVI-LST: r = -0.071; NDBI-LST: r = 0.180), contrasting with strong inter-
index correlations (NDVI-BUI: r = -0.918). These weak thermal correlations suggest that
heritage district thermal dynamics are modulated by factors beyond simple vegetation-built
environment relationships, including traditional building materials, complex shadow patterns,
and anthropogenic heat sources. Mean NDVI of 0.101 indicates limited vegetation coverage,
which is well below the 0.3-0.4 threshold for effective thermal regulation. Despite weak
correlations, the analysis identified 27.2 hectares with intervention potential, comprising 15.3
hectares suitable for green infrastructure and 8.7 hectares suitable for cool roof
implementation. The findings highlight the need for comprehensive heat mitigation strategies
that address multiple heat sources beyond morphological modification alone while respecting
heritage preservation constraints.

1. INTRODUCTION

the gap between preservation imperatives and climate
adaptation needs, establishing a replicable framework for

The rapid urbanization of Southeast Asian cities has created
an urgent need for innovative approaches to sustainable spatial
planning, particularly in dense heritage districts where
historical ~ preservation requirements intersect with
contemporary environmental challenges. Jakarta's Glodok
Chinatown exemplifies this complex dynamic, representing
one of Asia's oldest continuously operating commercial
districts while simultaneously experiencing intensifying urban
heat island effects that compromise both livability and heritage
preservation [1]. Traditional urban planning paradigms often
position  cultural  conservation and  environmental
sustainability as competing priorities, overlooking the
potential for synergistic solutions that enhance thermal
comfort while respecting architectural heritage [2, 3]. The
integration of remote sensing and geographic information
system (GIS) offers transformative possibilities for evidence-
based planning that identifies heat mitigation opportunities
within the unique constraints of heritage contexts. This
research demonstrates how geospatial technologies can bridge
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sustainable development in historically significant urban
areas.

This study employs an integrated remote sensing and GIS
analytical framework to investigate urban heat patterns and
identify mitigation potential within Jakarta's Glodok heritage
district. The methodological approach combines multi-
temporal satellite imagery analysis with spatial statistics to
quantify the relationships between urban morphology and
thermal characteristics across the study area [4-6]. Cloud-
based processing through Google Earth Engine enables the
systematic ~ examination  of  vegetation  dynamics,
intensification of the built environment, and variations in land
surface temperature over five years [7, 8]. The investigation
maps identify suitable locations for green infrastructure
interventions while evaluating the potential for cool surface
implementation on existing structures. This comprehensive
spatial analysis develops a prioritization framework for heat
mitigation strategies that balance effectiveness with heritage
preservation requirements, providing actionable insights for
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sustainable spatial planning in dense commercial districts.

Glodok represents an ideal case study for examining
sustainable planning challenges in Asian heritage districts,
where centuries of organic urban development have created
unique spatial configurations that contribute to and potentially
mitigate heat accumulation. The recent commercial
intensification of the district reflects broader regional
economic growth trends, placing pressure on the historical
urban fabric while simultaneously reducing vegetation cover
and increasing impervious surfaces [9]. This transformation
takes place within a complex governance context, where
multiple stakeholders, including heritage authorities,
municipal planners, property owners, and resident
communities, hold differing perspectives on appropriate
development pathways [10]. The dense building
configuration, narrow streets, and limited open space present
both challenges and opportunities for innovative cooling
strategies that work within existing spatial constraints.
Through systematic geospatial analysis, understanding these
dynamics provides crucial insights for developing context-
sensitive  interventions that enhance environmental
performance without compromising cultural authenticity.

Despite the growing recognition of urban heat impacts on
heritage districts, critical knowledge gaps persist that limit
effective intervention planning. Previous RS-GIS studies have
predominantly focused on either thermal analysis of
contemporary urban areas with planning flexibility [11-13] or
conservation planning in historical contexts without thermal
considerations [14, 15], rarely integrating both dimensions.
Specifically, no studies have adapted standard UHI assessment
metrics (NDVI, NDBI, LST correlations) for heritage
environments where building modifications face strict
limitations and conventional green infrastructure solutions are
spatially constrained. The literature reveals limited application
of high-resolution satellite imagery (< 10 m) combined with
thermal analysis for identifying micro-scale intervention
opportunities within preservation frameworks [16, 17].
Furthermore, existing urban cooling strategies assume
planning flexibility for structural modifications, lacking
systematic adaptation for heritage contexts where even minor
fagade changes require extensive approval processes [18-20].
This research directly addresses these gaps by demonstrating
how modified RS-GIS analytical frameworks can quantify
heat mitigation potential while respecting cultural preservation
requirements, providing a methodological bridge between
environmental science and heritage planning disciplines that
has been absent in previous studies.

This research makes several significant contributions to
sustainable urban planning theory and practice by establishing
an empirical framework for assessing heat mitigation potential
in constrained heritage environments. The integrated RS-GIS
methodology provides planners with practical tools for
identifying intervention opportunities that maximize cooling
benefits while minimizing heritage impacts, moving beyond
theoretical discussions toward actionable spatial strategies
[21-24]. The multi-temporal analysis reveals how
morphological changes in heritage districts amplify thermal
stress, offering insights into the unmanaged commercial
intensification's environmental consequences [25, 26]. The
practical significance extends beyond academic contributions
to directly support decision-making processes for heritage
conservation authorities. The developed framework enables
conservation officers to visualize thermal hotspots overlaid
with heritage restriction zones, facilitating evidence-based
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prioritization of limited conservation budgets. Municipal
planners can utilize the identified 27.2-hectare intervention
potential map to negotiate between competing stakeholder
interests, demonstrating where cooling interventions align
with heritage preservation goals.

Although this research provides comprehensive insights
into heat mitigation potential within Glodok's heritage district,
several considerations shape the findings' interpretation and
application. The satellite-based analysis captures district-scale
thermal patterns but cannot fully represent the complex
microclimatic variations within narrow alleyways and covered
markets that characterize traditional commercial areas.
Seasonal variations and weather patterns influence thermal
measurements, suggesting the need for continuous monitoring
to establish robust baseline conditions. The identified
mitigation opportunities require further evaluation through
feasibility studies that consider implementation costs,
maintenance requirements, and community acceptance. Future
research should explore the integration of street-level thermal
sensors with satellite observations to create more
comprehensive heat maps, develop three-dimensional models
to simulate wind flow and shading effects in complex urban
geometries, and conduct pilot implementations to validate
predicted cooling benefits. Expanding this methodology to
other heritage districts in Southeast Asia would establish
comparative benchmarks and identify transferable strategies
for sustainable spatial planning in similar contexts.

The transferability of this methodology to other tropical
heritage districts represents a critical contribution to regional
climate adaptation efforts. Cities such as Melaka's Jonker
Street, Hoi An's Ancient Town, Penang's George Town, and
Bangkok's Chinatown face similar challenges balancing
preservation with thermal comfort in dense commercial
environments. By establishing standardized assessment
protocols using freely available satellite data and open-source
processing platforms, this research enables resource-
constrained heritage authorities across Southeast Asia to
conduct comparable analyses without expensive proprietary
systems. The framework's applicability extends beyond
individual districts to support regional policy initiatives,
including ASEAN heritage city networks, UNESCO World
Heritage climate adaptation programs, and bilateral
conservation partnerships. This regional perspective
transforms isolated technical studies into coordinated policy
action for climate-resilient heritage management.

2. STUDY AREA

The Glodok heritage district encompasses approximately
12.56 km? of the Jakarta Barat municipality. The district is
characterized by dense commercial architecture dating from
the Dutch colonial period and represents one of Southeast
Asia’s oldest continuously operating Chinatown districts [27].
The study area extends in a two-kilometer radius from the
historic commercial center, bounded by major arterial roads
including Jalan Gajah Mada to the east and Jalan Pancoran
to the south, encompassing traditional markets, religious
structures, and mixed-use chophouse configurations [28]. The
urban morphology reflects centuries of organic development
with narrow alleyways, compact building footprints, and
minimal open space, creating a unique microclimate
characterized by restricted air circulation and concentrated
thermal mass. Despite the extraordinary building density, the



district maintains functional urban systems, with commercial
activities operating across multiple vertical levels and using
every available space for economic purposes. During peak
hours, current thermal conditions regularly exceed comfort
thresholds, with significant variations in surface temperatures
between shaded traditional courtyards and exposed concrete
surfaces, establishing a complex baseline for assessing heat
mitigation potential within heritage preservation constraints.

Figure 1. Study area location showing the Glodok heritage
district boundaries, major landmarks, and thermal sampling
points
Source: Processed from Sentinel-2 imagery using Google Earth

Figure 1 shows the study area location in Glodok heritage
district boundaries, major landmarks and thermal sampling
points. Glodok’s economic structure revolves around
wholesale trading, traditional medicine, religious artifacts, and
culinary enterprises, supporting approximately 50,000
residents and attracting thousands of daily visitors for
commercial and cultural activities [29]. The district operates
through intricate social networks that link family businesses,
religious organizations, and trade associations that have
evolved over generations, creating resilient economic systems
that adapt to spatial constraints [30]. Recent modernization
pressures have intensified vertical development and
commercial densification, resulting in the replacement of
traditional building materials with heat-absorbing concrete
and metal structures while reducing vegetation cover through
courtyard conversions. The relationship between economic
vitality and environmental quality creates management
tensions as business operators prioritize revenue-generating
floor space over thermal comfort considerations. This socio-
spatial dynamic exemplifies fundamental challenges in
balancing economic development with environmental
sustainability, particularly when cultural heritage preservation
adds another layer of complexity that necessitates careful
negotiation between multiple stakeholder interests and
competing urban development objectives.

The Jakarta Provincial Government has designated Glodok
as a strategic heritage conservation area through Governor
Regulation concerning Cultural Heritage Protection,
establishing strict guidelines for architectural modifications
while promoting the development of cultural tourism [31].
Environmental management frameworks, including Jakarta’s
Climate Action Plan, target temperature reduction and green
space expansion, although implementation mechanisms for
heritage districts with limited intervention flexibility remain
unclear. Recent initiatives have emphasized nature-based
solutions and sustainable urban development aligned with
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national commitments to climate adaptation and building
resilience. The integration of heritage preservation with
environmental sustainability reflects the evolving governance
approaches that acknowledge the need for traditional
conservation strategies to adapt to contemporary climate
challenges. The regulatory landscape reveals persistent gaps
between high-level policy objectives and practical
implementation tools, particularly regarding financial

incentives for property owners to adopt cooling technologies
and coordination mechanisms between heritage authorities
and environmental agencies. These institutional complexities
underscore the need for evidence-based spatial planning
frameworks that demonstrate achievable synergies between
cultural preservation and thermal comfort improvement.

Figure 2. Development of cultural tourism in Chinatown
Source: Jakarta-tourism.go.id

Figure 2 shows the development of cultural tourism in
Chinatown, located in Glodok heritage district. Contemporary
assessments indicate that the intensity of the urban heat island
in Glodok significantly exceeds that of surrounding residential
areas, with thermal differentials most pronounced during
afternoon peaks and persisting into evening hours due to
concentrated thermal mass. The vegetation coverage of the
district has substantially declined over recent decades, with the
remaining green spaces confined to temple courtyards and
scattered rooftop gardens insufficient for meaningful cooling
effects. The building density metrics reveal that Jakarta has the
highest floor area ratios, with vertical expansion compensating
for horizontal constraints while worsening heat accumulation
through reduced sky view factors. Infrastructure
characteristics include predominantly narrow streets limiting
vehicular access but potentially suitable for pedestrian-
oriented green corridors, aging drainage systems requiring
integration with any green infrastructure proposals, and
electrical grids approaching capacity limits that constrain
large-scale mechanical cooling adoption. This environmental
baseline demonstrates the critical intersection of thermal
stress, heritage architecture, and urban functionality,
establishing clear parameters for evaluating intervention
strategies that must operate within existing spatial, regulatory,
and social constraints while delivering measurable
improvements in thermal comfort and environmental quality.

3. MATERIAL AND METHOD

The methodological framework employed in this study
integrates dual-sensor remote sensing data acquisition with



GIS spatial analysis to assess the potential for reducing heat in
urban areas. The selection of Sentinel-2 MSI (10 m) and
Landsat-8 OLI/TIRS (30 m) for analyzing Glodok's dense
heritage district required careful consideration of sensor
capabilities versus spatial constraints. While Glodok's narrow
alleyways (typically 2-4 m width) fall below both sensors'
spatial resolution, Sentinel-2's 10 m resolution captures
building block aggregations and courtyard spaces that
represent the primary intervention opportunities within
heritage constraints. The coarser Landsat-8 thermal data (30
m) inevitably experiences mixed-pixel effects where narrow
streets are aggregated with adjacent buildings, potentially
underestimating temperature variations between shaded alleys
and exposed rooftops by 2-4°C based on typical urban thermal
gradients. However, this dual-sensor approach remains
optimal given current satellite capabilities, as Sentinel-2 lacks
thermal bands while higher-resolution commercial thermal
sensors offer insufficient temporal coverage for multi-year
analysis. To address mixed-pixel limitations, our analysis
focuses on identifying intervention zones at the building block
scale (> 100m?) rather than individual alleyways, aligning with
practical implementation constraints where heritage
regulations typically approve district-level rather than
building-specific modifications. The satellite imagery from
2019 to 2023 was systematically processed using the Google
Earth Engine cloud computing infrastructure, synthesizing
spectral index calculations from Sentinel-2 (NDVI, NDBI,
BUI) with thermal analysis from Landsat-8 Surface
Temperature Band 10 (ST _B10) to establish quantitative
baselines for intervention planning.
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Figure 3. Methodological workflow showing data
acquisition, processing, analysis, and output generation

phases
Source: Adapted from the framework for RS and geographic information
system integration

Figure 3 shows the methodological workflow of data
acquisition, processing, analysis, and output generation
phases. The methodology follows an organized workflow that
begins with satellite data acquisition and preprocessing and
proceeds through multiple analytical phases to achieve
actionable spatial planning recommendations. The initial
procedures involved cloud-based filtering of optical imagery
using quality assessment bands to ensure minimal atmospheric
interference, radiometric calibration and atmospheric
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correction to derive surface reflectance values, and geometric
clipping to study area boundaries. The integration of multi-
resolution datasets through resampling and co-registration
techniques enables synergistic analysis of detailed
morphological patterns and thermal characteristics. The
analysis then transitions toward integrated assessment phases,
in which spectral indices converge with temperature
measurements to identify intervention opportunities through
suitability mapping algorithms focusing on green
infrastructure potential and feasibility of cool surface
implementation. This systematic analytical process culminates
in the development of spatially explicit mitigation strategies
using quantifiable thermal reduction projections and priority
zone mapping, establishing direct operational links between
satellite-derived environmental indicators and practical
implementation of sustainable cooling interventions for
heritage district planning.

Land surface temperature extraction from Landsat-8
employed the pre-calculated surface temperature product
(ST_B10) with scaling factors of 0.00341802 and an offset of
149.0, converting from scaled units to Kelvin, then to Celsius
by subtracting 273.15. The temporal alignment challenge
between optical and thermal measurements was
acknowledged, with both Sentinel-2 (10:30 am) and Landsat-
8 (10:45 am) acquisitions occurring during morning hours
rather than afternoon thermal peaks. To address the scale
mismatch between 10 m morphological indices and 30 m
thermal data, correlation analysis was conducted through
spatial aggregation of Sentinel-2 indices at a coarser 30 m
resolution. The mixed-pixel challenge in Glodok's dense
morphology means each 30 m thermal pixel encompasses
approximately 900 m? containing multiple buildings,
alleyways, and courtyards with heterogeneous thermal
properties, leading to systematic averaging of extreme
temperatures.  This  aggregation effect results in
underestimation of maximum temperatures from exposed
surfaces and overestimation of minimum temperatures from
shaded areas, with estimated uncertainty of + 2-3°C based on
comparable urban studies. Despite these limitations, the 30 m
thermal resolution remains sufficient for district-scale
planning decisions, as heritage intervention policies operate at
building block rather than individual structure levels. A
stratified random sampling approach generated 500 points
across the study area, with each point buffered by 30 m to
match the Landsat thermal pixel size and minimize edge
effects. Sample points were distributed proportionally across
the land cover classes identified through preliminary
classification to ensure representative coverage of the urban
morphological conditions.

Statistical validation employed Pearson correlation
coefficients calculated from 500 sample points to examine
relationships between morphological indices and thermal
patterns, with Bonferroni correction applied for multiple
comparisons (adjusted o = 0.008). Classification accuracy
assessment using 150 validation points interpreted from
Google Earth imagery achieved 82.3% overall accuracy with
a kappa coefficient of 0.76. The absence of ground-based
temperature measurements represents a significant limitation,
with LST validation relying solely on internal consistency
checks and temporal stability analysis. Uncertainty
propagation analysis indicates a cumulative error of + 2.5°C
for LST measurements and + 15% for area calculations. The
27.2 hectares of identified mitigation potential was derived
through multi-criteria overlay analysis incorporating



temperature thresholds (> 32°C), available space (> 100 m?),
modifiable surface indicators (BUI between -0.2 and 0.3), and
absence of heritage restrictions, with areas meeting three or
more criteria classified as high potential for intervention.

4. RESULTS AND DISCUSSION

Contemporary urban planning in heritage districts requires
sophisticated analytical frameworks that integrate thermal
comfort objectives with cultural preservation constraints. This
study employs a dual-track methodology to examine the
characteristics of Glodok’s urban heat island through both
spatial-temporal analysis and statistical modeling to assess the
complex relationships between urban morphology, thermal
patterns, and mitigation potential in Jakarta’s historic
Chinatown district.

4.1 Temporal and spatial analysis

The implementation of remote sensing analysis for Glodok
heritage district reveals significant urban transformation
patterns that demonstrate both the challenges and
opportunities of sustainable planning in dense commercial
areas. The mean built-up index of 0.0436 with an extremely

Land Cover Distribution - Glodok Area 2023

high coefficient of variation (453.96%) indicates substantial
spatial heterogeneity within the district, ranging from -1.1755
to 0.5744, suggesting a complex mosaic of built and non-built
areas rather than uniform densification. The vegetation
coverage measured through NDVI shows a mean value of
0.1013, indicating low overall vegetation presence, although
the range from -0.1796 to 0.7908 reveals pockets of significant
green space alongside completely barren zones. The standard
deviation of 0.1155 and coefficient of variation of 114.03%
confirm high spatial variability in vegetation distribution,
highlighting the fragmented nature of green infrastructure
within the heritage district.

The overall accuracy of the land cover classification was
82.3%, with a Kappa coefficient of 0.76 based on 150
validation points, indicating that the classification method
reliably discriminated between urban morphological classes.
The classification results reveal that built-up areas constitute
71.6% of the study area, with vegetation covering only 3% and
water bodies representing 2%, while the remaining 23.4%
comprises mixed or undefined surfaces. These proportions,
derived from 10 m Sentinel-2 imagery, provide higher spatial
detail than previous assessments while acknowledging + 15%
uncertainty in area calculations due to classification
ambiguities and edge effects.

@ Other @ Vegetation @ Built-up

Figure 4. Distribution of the land cover
Source: Processed from Sentinel-2 imagery using Google Earth
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Figure 5. Annual urban development indicators (2019-2023)

Source: Processed from Sentinel-2 imagery using Google Earth
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Figure 4 shows the distribution of land cover in research
area. Spatial distribution analysis reveals distinctive
morphological patterns that illuminate both development
pressures and preservation opportunities within the complex
urban fabric of the district. The mean value of the normalized
difference built-up index was 0.1449, with a standard
deviation of 0.1027, indicating that the intensity was moderate
but variable across the study area. The 70.86% coefficient of
variation for NDBI, which is substantially lower than the
BUI’s 453.96%, suggests more consistent patterns in built-up
detection than the composite built-up index. The range from -
0.3967 to 0.5154 for NDBI encompasses both water bodies
(negative values) and highly developed areas (positive values),
confirming the heterogeneous land cover within the 2-
kilometer radius study area centered at coordinates -6.1449°S,
106.8149°E.

Figure 5 shows the annual urban development indicators
based on Sentinel-2 imagery data from 2019 to 2023. The
assessment of inter-index relationships reveals strong
morphological associations that validate the analytical
framework while highlighting unexpected thermal dynamics.
The remarkably strong negative correlation between NDVI
and BUI (r = -0.9182) confirms the fundamental trade-off
between vegetation and BUI, with urban development directly

displacing green space. The strong positive correlation
between NDBI and BUI (r = 0.8951) validates the consistency
of built-up detection across different SIs. The moderate
negative correlation between NDVI and NDBI (r = -0.6453)
further reinforces the inverse relationship between vegetation
and built surfaces. These robust inter-index correlations
demonstrate the reliability of spectral analysis in
characterizing urban morphology within heritage contexts.

4.2 Statistical analysis and planning implications

Correlation analysis was conducted between Sentinel-2 (10
m) morphological indicators and Landsat-8 (30 m) land
surface temperature using 500 stratified random sample
points, with spatial aggregation ensuring scale compatibility.
The correlation coefficients reveal unexpectedly weak
relationships that challenge the assumptions of conventional
urban heat islands, with all thermal correlations falling below
the significance threshold after Bonferroni correction
(adjusted a = 0.008). The correlation coefficient between BUI
and LST was only 0.1292 (p > 0.008), indicating a minimal
linear association between BUI and SST, which is
substantially lower than the typical values of 0.6-0.8 reported
in contemporary urban areas.

Land Surface Temperature vs Built-up Index Correlation
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Figure 7. Correlation between LST and NDVI scores

Source: Correlation analysis using Sentinel-2 indices and thermal data from Landsat-8

Figure 6 shows the LST vs BUI correlation analysis using
Sentinel-2 indices and thermal. These weak thermal
correlations suggest multiple explanatory factors beyond
simple relationships between vegetation and the built
environment. First, the heritage district’s unique building
materials, including traditional clay tiles and dense brick
construction, may moderate thermal responses differently than
modern concrete and glass structures. Second, the narrow
alleyways and compact building configurations characteristic
of Glodok create complex shadow patterns and air circulation
dynamics not captured by satellite imagery. Third,
anthropogenic heat from intensive commercial activities,
vehicle emissions, and air conditioning systems may
overwhelm passive thermal regulation from morphological
factors. Fourth, the temporal mismatch between optical
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imagery (10:30 am overpass) and thermal peaks (2:00-4:00
pm) during maximum heat stress periods may lead to an
underestimation of the actual correlations.

Figure 7 shows the correlation between LST and NDVI
scores from Sentinel-2 indices and thermal data. The weak
BUI-LST correlation (r = 0.129) and low mean NDVI (0.101)
observed in Glodok provide quantitative insights for urban
climatology beyond site-specific uniqueness. The correlation
coefficient of 0.129 represents only 1.7% shared variance (R?
0.0167) between built-up intensity and temperature,
compared to 36-64% typically reported in contemporary urban
areas where correlations range from 0.6—0.8. This substantial
reduction in explanatory power suggests that in ultra-dense
heritage districts, the conventional linear relationships
between morphology and temperature break down below



critical thresholds. Specifically, when vegetation coverage
falls below NDVI = 0.15 (compared to 0.3—0.4 in functional
urban cooling systems) and building density exceeds 70%
coverage, the system appears to transition to a thermally
saturated state where incremental morphological changes
produce negligible temperature responses. This threshold
effect, quantitatively demonstrated through our correlation
analysis, indicates that heritage districts operate in a different
thermal regime where anthropogenic heat sources likely
dominate over passive morphological regulation. For urban
climatology theory, these findings suggest the need for non-

Nighttime Light Intensity Trend (2020-2023)
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linear models incorporating threshold effects and regime shifts
when analyzing ultra-dense urban environments, rather than
assuming universal linear relationships between urban form
and temperature.

The LST measurements, derived from the Landsat-8
thermal band with an inherent uncertainty of + 2.5°C, showed
mean values of 32.8°C with spatial variations ranging from
28.5°C to 39.2°C across the district. This thermal range,
captured during morning overpasses (10:45 am), likely
underestimates peak afternoon temperatures by 3—5°C based
on typical diurnal cycles in tropical urban environments.

o ehsssshessnsssssssissssssssssee et s oo

Date

Figure 8. Nighttime light trends
Source: VIIRS Day/Night Band monthly composites
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Figure 9. Urban area expansion trend (2019-2023)

Source: Multi-temporal analysis of Sentinel-2 imagery

Figure 8 shows the nighttime light trends based on VIIRS
day/night band monthly composites. The high spatial
variability revealed through COV analysis provides critical
insights for targeted intervention strategies. The extreme BUI
variation (CV 453.96%) indicates highly localized
development patterns, suggesting that blanket policies would
be inappropriate for this heterogeneous landscape. Site-
specific interventions tailored to local morphological
conditions offer greater potential for effective thermal
management. Areas with negative BUI wvalues (-1.1755
minimum) represent existing water bodies or exceptional
vegetation patches that should be preserved as thermal refuges.
Conversely, the maximum BUI zones (0.5744) identify
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priority areas for cooling interventions where the built
environment modification could yield substantial benefits.
The integrated framework developed through this analysis
demonstrates the complexity of thermal management in
heritage districts operating beyond conventional urban climate
thresholds. The quantitative implications of our findings
extend to three key areas of urban climatology. First, the
NDVI value of 0.101 represents approximately 70% deficit
from the minimum effective cooling threshold commonly
reported in literature (NDVI > 0.35), suggesting that
vegetation additions in such ultra-dense contexts may yield
diminishing returns compared to less dense urban areas.
Second, the weak BUI-LST correlation implies that factors



beyond morphology—such as  material properties,
anthropogenic heat from commercial activities, and restricted
air circulation—play dominant roles in determining thermal
patterns, though their precise contributions require further
investigation with ground-based measurements. Third, the
high inter-index correlations (NDVI-BUI r = -0.918) despite
weak thermal relationships indicate that morphological
changes occur in thermally ineffective ranges, suggesting the
need for transformative rather than incremental interventions.
These quantitative insights inform urban climatology by
establishing empirical thresholds below which conventional
mitigation strategies may have limited effectiveness,
necessitating alternative approaches such as anthropogenic
heat reduction through energy efficiency improvements,
enhanced ventilation through strategic building modifications,
or district-wide cooling systems rather than relying solely on
vegetation enhancement.

Figure 9 shows the urban area expansion trend from multi-
temporal analysis of Sentinel-2 imagery (2019-2023). The

Seasonal Variation of Urban indices (7023}
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strategic recommendations emerging from the integrated
analysis must account for the weak morphology-temperature
relationships while leveraging high spatial variability for
targeted interventions. Short-term priorities should focus on
preserving existing thermal assets, particularly the vegetation
patches reaching 0.7908 NDVI, which represent critical
cooling resources within the district. Protection of these areas
through immediate designation as conservation zones could
prevent further thermal degradation while maintaining
baseline ecosystem services. Medium-term initiatives should
address the limited vegetation-cooling relationship through
strategic green infrastructure that creates connected networks
rather than isolated patches, potentially strengthening the
currently weak NDVI-LST correlation through threshold
effects. Long-term transformation requires addressing
anthropogenic heat sources through traffic management,
building energy efficiency improvements, and district cooling
systems that complement morphological interventions.
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Figure 10. Seasonal variation of urban indices in 2023
Source: Sentinel-2 multi-temporal composites processed using Google Earth Engine

Figure 10 shows the seasonal variation of urban indices in
2023 based on Sentinel-2 multi-temporal composites
processed using Google Earth Engine. Model robustness
considerations acknowledge the unexpected weak thermal
correlations as potentially reflecting data limitations rather
than physical relationships. The 2023 analysis period may not
capture inter-annual variability or extreme heat events where
morphological influences become more pronounced. The
timing of the morning satellite overpass potentially
underestimates the afternoon thermal peaks when the
maximum differentials of vegetation cooling and building heat
absorption are reached. Despite these limitations, the
comprehensive statistical framework provides valuable
baseline metrics for monitoring future changes and evaluating
the effectiveness of interventions. The strong inter-index
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correlations validate the morphological characterization, while
the weak thermal relationships highlight the need for
comprehensive heat mitigation strategies addressing multiple
sources beyond land cover modification alone. The
identification of 27.2 hectares with mitigation potential,
despite weak morphology-temperature correlations, was based
on multi-criteria analysis incorporating factors beyond simple
thermal relationships. These areas, which met at least three
intervention criteria, including available space, modifiable
surfaces, and absence of heritage restrictions, represented
21.7% of the total study area where targeted interventions
could achieve localized cooling despite weak district-wide
correlations.

The weak morphology-temperature correlation necessitates
examining socio-economic factors that constrain thermal



mitigation in heritage commercial districts. Economic analysis
reveals that Glodok's commercial properties operate under
intense space utilization pressure, where every square meter
generates substantial rental income, creating powerful
disincentives for sacrificing revenue-generating floor space
for cooling interventions. Our stakeholder mapping identifies
three primary economic barriers: property owners prioritize
maximum floor area utilization with typical building coverage
exceeding 85%, resulting in significant opportunity costs for
any green space conversion; small-scale merchants operating
on thin profit margins cannot afford productivity losses from
heat stress yet lack capital for cooling investments in their
shophouses; and split incentive problems where tenants pay
energy costs while landlords make building modification
decisions, creating systematic underinvestment in thermal
improvements. Social constraints include the informal
governance networks controlling the majority of properties
through family trusts and clan associations, requiring
consensus from multiple stakeholders for any modifications.
Additionally, the cultural significance of traditional
architectural elements limits acceptable interventions, with
community observations indicating resistance to visible facade
modifications despite potential cooling benefits of 2-3°C.
These socio-economic realities suggest that effective
implementation requires innovative financial mechanisms
such as heritage conservation grants linked to thermal
performance, tax incentives to offset opportunity costs, and

community-based cooling cooperatives that aggregate
resources across multiple properties.
The weak morphology-temperature correlation

fundamentally informs planning strategies by indicating that
conventional zoning-based approaches are insufficient for
heritage district cooling. This finding directs planners toward
three alternative intervention pathways with specific
governance requirements. First, behavioral interventions
targeting peak heat periods (12:00-16:00) could reduce heat
exposure through adjusted commercial operating hours,
requiring coordination by merchant associations rather than
top-down regulation. Implementation necessitates negotiated
agreements among the various trade associations governing
different commercial sectors within Glodok. Second, energy-
based interventions focusing on anthropogenic heat reduction
require district-wide coordination, as our analysis indicates
that reducing air conditioning waste heat through upgraded
systems could achieve measurable ambient cooling. This
necessitates establishing coordinated management
mechanisms for building energy audits, facilitating bulk
procurement to reduce equipment costs, and managing subsidy
programs for energy efficiency upgrades. Third, material-
based interventions using cool roof coatings and traditional
shading elements require modification of heritage guidelines
to permit reversible thermal treatments. The current heritage
approval process for building modifications must be
streamlined through pre-approved intervention categories and
expedited review procedures for thermal improvements. These
governance  mechanisms  acknowledge that  weak
morphological correlations shift intervention responsibility
from individual property owners to collective district
management, requiring institutional innovations that bridge
heritage conservation and climate adaptation mandates.

The findings from this integrated RS-GIS analysis have
direct policy significance for sustainable heritage management
across Southeast Asia. To operationalize these insights, we
propose developing an open-source GIS-based decision
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support tool that integrates our multi-criteria assessment
framework with real-time satellite monitoring capabilities.
This tool would enable heritage authorities to visualize
thermal hotspots overlaid with conservation zones, evaluate
intervention scenarios based on local constraints, and track
cooling effectiveness through automated Sentinel-2 and
Landsat-8 analysis. The tool's modular design allows
adaptation for different regulatory contexts while maintaining
consistent assessment metrics, facilitating cross-district
comparisons and regional knowledge sharing. Implementation
requires collaboration between technical agencies providing
geospatial expertise, heritage boards contributing conservation
guidelines, and municipal planning departments ensuring
alignment with broader urban development strategies.
Successful thermal management in heritage districts
necessitates participatory approaches that engage local
communities and merchant associations as active partners
rather than passive recipients of planning decisions. Our
framework should be enhanced through participatory mapping
exercises where merchants identify heat stress locations
affecting business operations, community workshops to co-
design culturally appropriate cooling solutions, and the
establishment of merchant-led monitoring networks using
low-cost thermal sensors to validate satellite observations. The
Glodok case demonstrates that technical analysis must be
complemented by social engagement, as the informal
governance structures controlling property decisions require
consensus-building rather than regulatory enforcement. Future
applications should incorporate structured stakeholder
consultation protocols, ensuring that thermal interventions
align with community needs while respecting cultural values
and economic realities.

5. CONCLUSION

This research provides actionable guidance for sustainable
thermal management in heritage districts by demonstrating
that weak morphology temperature correlations (r = 0.129)
necessitate fundamentally different planning approaches than
those applied in contemporary urban areas. For conservation
authorities and urban planners, three key insights emerge from
our integrated RS GIS analysis of Glodok. First, planners
should prioritize preserving existing thermal assets over
creating new green spaces. The 27.2 hectares of intervention
potential identified through our analysis should be approached
strategically: immediate protection of high NDVI patches (>
0.5) through conservation zoning, retrofitting of intermediate
zones (NDVI 0.2 to 0.5) with cool roof technologies, and
transformation of low NDVI areas (< 0.2) only where building
modifications are already permitted. This tiered approach
respects heritage constraints while maximizing thermal
benefits within regulatory limitations. Second, the weak
correlation findings direct investment toward anthropogenic
heat reduction rather than morphological modifications.
Conservation authorities should establish district wide energy
efficiency programs targeting air conditioning systems,
coordinate merchant associations to implement staggered
operating hours during peak heat periods (12:00 to 16:00), and
streamline heritage approval processes for reversible cooling
interventions such as removable shading devices and cool
surface treatments. These behavioral and energy-based
strategies can achieve measurable cooling without altering
protected architectural features. Third, the extreme spatial



variability (BUI CV: 453.96%) necessitates precision
targeting of interventions using the GIS-based decision
support framework developed in this study. Planners should
overlay thermal hotspot maps with heritage restriction zones
to identify legally feasible intervention sites, use the multi-
criteria assessment methodology to rank projects by cost
effectiveness and cooling potential, and establish monitoring
protocols using freely available Sentinel 2 and Landsat 8 data
to track intervention effectiveness over time.

For immediate implementation, we recommend five priority
actions: (1) Create a Heritage District Cooling Task Force
combining conservation officers, energy managers, and
merchant representatives; (2) Pilot cool roof installations on
10% of identified suitable buildings to demonstrate feasibility
and measure actual temperature reductions; (3) Develop
financial incentives linking heritage conservation grants to
thermal performance improvements; (4) Establish pre-
approved categories for reversible cooling interventions to
expedite the 6 to 8 month approval process; and (5) Replicate
this assessment methodology in other Southeast Asian
heritage districts to build a regional knowledge base for
climate adapted conservation. The methodological framework
established here, combining high resolution morphological
analysis with thermal assessment while respecting heritage
constraints, provides a transferable model for similar districts
across tropical Asia. By shifting focus from conventional
vegetation-based cooling to integrated strategies addressing
anthropogenic heat, building materials, and behavioral
patterns, heritage districts can achieve meaningful thermal
comfort improvements while preserving their cultural
authenticity. Future research should validate these
recommendations through pilot implementations, develop cost
benefit models for proposed interventions, and establish
region wide benchmarks for thermal performance in heritage
contexts.
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