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Abstract
Extreme heat has emerged as one of the most geographically extensive and socially
consequential manifestations of contemporary climate change. Rising global mean
temperatures are altering the frequency, intensity, duration, and spatial distribution of
heatwaves, while urbanization is amplifying thermal exposure through the urban heat-island
effect. The geographical dimensions of extreme heat are therefore shaped not only by
atmospheric warming but also by land-use change, urban morphology, vegetation cover,
socioeconomic inequality, infrastructure quality, and population distribution. The World
Meteorological Organization reports that 2015-2025 constituted the eleven hottest years on
record and that 2025 was approximately 1.43°C above the 1850-1900 average, demonstrating
the persistence of exceptionally high global temperatures.
This research paper examines extreme heat through a geographical perspective, focusing on
spatial patterns, urban vulnerability, socioeconomic inequalities, environmental justice, and
adaptation strategies. It reviews how heat exposure differs between climatic regions, cities,
neighborhoods, and population groups. Particular attention is given to densely built
environments, impervious surfaces, limited vegetation, inadequate housing, outdoor
employment, and unequal access to cooling. The paper also considers the increasing role of
Geographic Information Systems (GIS), remote sensing, satellite-derived land-surface
temperature, spatial modelling, and emerging GeoAl techniques in identifying heat-risk
hotspots. The analysis demonstrates that extreme heat is not merely a meteorological
phenomenon but a spatially differentiated social and environmental risk. Effective adaptation
therefore requires geographically targeted interventions combining urban greening, reflective
surfaces, heat-health warning systems, climate-responsive planning, improved housing,
accessible cooling infrastructure, and protection of vulnerable populations. The paper
concludes that heat-resilient geography must integrate climate science with urban planning,
public health, social equity, and participatory governance.
Keywords: Climate change, extreme heat, heatwaves, urban heat island, geographical
vulnerability, climate adaptation, GIS, remote sensing, urbanization, environmental justice

1. Introduction

1.1 Background of the Problem

Climate change is increasingly expressed through changes in the frequency and intensity of
extreme weather events. Among these hazards, extreme heat occupies a particularly important
position because it affects large populations, operates across national and regional boundaries,
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and interacts with existing geographical and socioeconomic inequalities. Heatwaves are no
longer exceptional events occurring independently of broader climatic trends. Instead, they are
becoming an increasingly important component of the changing climate system.

The World Meteorological Organization's State of the Global Climate 2025 confirms that
2015-2025 were the eleven hottest years in the instrumental record. It further reports that 2025
was the second or third hottest year on record, approximately 1.43°C above the 1850-1900
baseline. The report also emphasizes the continuing occurrence of extreme heat and other
climate-related hazards around the world.

The significance of extreme heat extends beyond temperature records. High temperatures
influence human health, agricultural productivity, labor capacity, energy consumption, water
demand, ecosystems, transportation infrastructure, and urban economies. The World Health
Organization notes that heatwaves and prolonged periods of excess heat are increasing in
frequency, duration, intensity, and magnitude as a consequence of climate change.

Geography provides an especially valuable framework for understanding these changes
because heat is spatially differentiated. A single metropolitan region can contain
neighborhoods with substantially different thermal conditions. Areas dominated by concrete,
asphalt, dense buildings, and limited vegetation may become considerably hotter than nearby
locations with trees, water bodies, open spaces, and lower building density. Similarly,
populations differ in their capacity to protect themselves from heat.

Extreme heat consequently represents an interaction between hazard, exposure,
vulnerability, and adaptive capacity. Climate change increases the hazard, urbanization
frequently increases exposure, socioeconomic conditions shape vulnerability, and public policy
determines part of the adaptive capacity. Understanding these relationships is essential for
designing effective geographical responses.

1.2 The Geographical Nature of Extreme Heat

Extreme heat is often discussed using meteorological indicators such as maximum temperature,
minimum temperature, temperature anomalies, heatwave duration, or apparent temperature.
From a geographical perspective, however, the phenomenon requires consideration of spatial
patterns and relationships.

Temperature varies naturally across latitude, elevation, proximity to oceans, atmospheric
circulation, land cover, and topography. Climate change modifies these existing patterns by
increasing the baseline against which extreme events occur. Consequently, an event that would
previously have been considered unusual may increasingly occur within a warmer climatic
background.

Heat risk also differs between rural and urban environments. Urban areas generally contain
extensive artificial surfaces that absorb and retain solar energy. Buildings can restrict
ventilation, while anthropogenic heat from vehicles, industries, air-conditioning systems, and
other activities adds to the thermal environment. UN-Habitat notes that urban heat islands can
make cities substantially hotter and identifies extreme urban heat as a major challenge,
particularly in the Global South.
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The geographical study of extreme heat therefore requires multiple scales of analysis:
e global climatic regions;
e continental and national patterns;
e metropolitan regions;
e cities and municipalities;
« neighborhoods;
 individual buildings and streets.
This multi-scalar character distinguishes geographical heat research from purely climatological
analysis.

2. Conceptual and Theoretical Perspectives

2.1 Climate Risk and Vulnerability

A useful conceptual approach considers climate risk as an interaction among hazard, exposure,
and vulnerability. Extreme heat constitutes the hazard, while people, buildings, infrastructure,
economic activities, and ecosystems constitute elements of exposure. Vulnerability reflects the
characteristics that make exposed populations or systems more likely to experience harm.
The IPCC's Sixth Assessment Report emphasizes that climate impacts emerge through
interactions between climatic hazards and human and ecological systems. Urban systems are
particularly important because climate hazards interact with land use, infrastructure,
governance, and socioeconomic conditions.

This framework means that identical temperatures do not necessarily produce identical
consequences. A wealthy neighborhood with air-conditioned buildings, abundant trees, reliable
electricity, good healthcare access, and shaded public spaces may experience lower health risks
than a poorer neighborhood exposed to the same atmospheric conditions.

2.2 Urban Heat-Island Theory

The urban heat-island effect describes the tendency of built-up areas to experience higher
temperatures than surrounding rural or less-developed areas.

Several processes contribute to this phenomenon. Asphalt and concrete absorb solar radiation
during the day and release stored heat later. Dense buildings can reduce airflow and trap long-
wave radiation. Vegetation loss reduces evapotranspiration, while anthropogenic activities
generate additional heat.

The result is a complex spatial pattern rather than a uniform temperature increase. Urban heat
islands can vary according to building density, surface materials, vegetation, elevation, street
orientation, wind patterns, and socioeconomic characteristics.

The importance of urban heat is recognized by international climate assessments. The IPCC
identifies interactions between climate hazards and urban systems as important determinants
of urban risk.
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2.3 Environmental Justice Perspective
Environmental justice provides another important theoretical dimension. Heat exposure is
frequently distributed unequally within cities.
Lower-income communities may experience greater exposure because of:

e inadequate housing;

« limited green space;

« high-density development;

« insufficient ventilation;

« unreliable electricity;

« limited access to cooling;

e outdoor employment;

e poor access to healthcare.
The WHO similarly emphasizes that climate-sensitive health risks disproportionately affect
vulnerable and disadvantaged populations.
Therefore, heat adaptation should not simply aim to reduce average urban temperature. It
should also address who experiences heat, where exposure occurs, and who has access to
protection.

3. Review of Literature

3.1 Climate Change and Increasing Heat Extremes

Scientific literature increasingly demonstrates a relationship between global warming and
changes in extreme heat. A warmer atmosphere increases the probability of unusually high
temperatures, while regional climate processes can further amplify particular events.

The most recent WMO assessment provides a strong global context. Its finding that the eleven
years from 2015 to 2025 were the hottest eleven years on record indicates that extreme heat is
occurring against an exceptionally warm climatic baseline.

Recent regional assessments reinforce this pattern. WMO's State of the Climate in Asia 2025,
for example, identifies continued climate-system changes and record ocean heat across the
region, while its 2025 assessment for Latin America and the Caribbean reports record-breaking
heat alongside drought and other climate hazards.

3.2 Urbanization and Thermal Change

Urbanization has become a major factor influencing local temperature. Rapid population
growth and land conversion replace vegetation and permeable surfaces with buildings, roads,
parking areas, and other infrastructure.

Urban development can therefore produce a feedback relationship:

Urban expansion — vegetation loss — greater heat absorption — higher temperatures
— increased cooling demand — greater anthropogenic heat and energy demand.
UN-Habitat identifies urban heat as a particularly significant challenge for cities in the Global
South, where rapid urbanization and limited resources can make adaptation more difficult.
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3.3 Socioeconomic Vulnerability

Heat vulnerability is strongly related to demographic and socioeconomic characteristics. Older
adults, young children, outdoor workers, people living in poorly ventilated housing, and
individuals with limited access to healthcare or cooling may experience greater risks.
Occupational exposure is especially significant. Outdoor workers in agriculture, construction,
transport, street vending, and other sectors may have limited ability to avoid heat during
working hours. WHO guidance recognizes occupational heat stress as an important concern,
particularly for people working outdoors or undertaking intense physical work.

Heat therefore has an important economic geography. Productivity can decline when workers
experience excessive thermal stress, while households may face increased electricity
expenditure as demand for cooling rises.

3.4 Health Dimensions of Extreme Heat

Extreme heat affects the human body through dehydration, heat exhaustion, heatstroke,
cardiovascular stress, respiratory stress, and exacerbation of existing health problems.

The health implications are particularly important because heat can affect populations even
when temperatures do not reach extraordinary levels. WHO emphasizes that even low- and
moderate-intensity heatwaves can affect health and well-being among vulnerable populations.
Heat-health action plans have consequently become an increasingly important adaptation
instrument. WHO's 2026 guidance identifies extreme heat as an urgent and growing public-
health threat and emphasizes the importance of coordinated heat-health action.

4. Spatial Patterns of Extreme Heat

4.1 Global Distribution

Extreme heat occurs across diverse climatic zones, but its characteristics differ geographically.
Arid and semi-arid regions naturally experience high temperatures, yet humid tropical and
subtropical areas can experience severe heat stress because high humidity reduces the body's
ability to cool through evaporation.

Consequently, temperature alone is insufficient for understanding heat stress. Measures such
as apparent temperature, heat index, wet-bulb temperature, and other physiological indicators
can provide additional information.

Climate change also alters seasonal patterns. Areas that historically experienced short periods
of high temperatures may increasingly experience longer heat seasons.

4.2 South Asia

South Asia represents a particularly important region for the geographical study of extreme
heat. High population density, rapid urbanization, outdoor employment, informal settlements,
and varying access to cooling combine with a warming climate to create substantial
vulnerability.
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India's heatwave framework illustrates the importance of geographical thresholds. The WHO
India resource notes that Indian heatwave criteria differ according to plains and hilly regions
and incorporate both absolute temperature and departures from normal conditions.

The regional geography of heat is also influenced by the interaction of temperature, humidity,
monsoon dynamics, land-use change, urbanization, and socioeconomic conditions.

4.3 European and North American Cities

Extreme heat is also becoming increasingly significant in temperate regions. WMOQ's European
State of the Climate 2025 reports heatwaves extending from the Arctic to the Mediterranean.
Many cities in Europe and North America have historically been designed around relatively
moderate climates. Consequently, housing, infrastructure, public spaces, and health systems
may not always be optimized for increasingly frequent extreme heat.

5. Urban Vulnerability to Extreme Heat

5.1 Built Environment

The physical structure of cities plays a central role in determining heat exposure. High-rise
buildings, narrow streets, extensive paved surfaces, limited tree canopy, and dark roofing
materials can create localized heat hotspots.

Building density can also influence ventilation. Where buildings are closely packed, air
circulation may be restricted. Street orientation and building height can alternatively create
shaded areas, demonstrating that urban morphology can either intensify or reduce thermal
stress.

5.2 Green-Space Inequality

Vegetation provides cooling through shade and evapotranspiration. Trees can lower surface
temperatures and improve pedestrian comfort, while parks and urban forests can provide
important cooling refuges.

However, access to green space is frequently unequal. Wealthier neighborhoods may have
greater tree canopy, landscaped public spaces, and private gardens, while poorer
neighborhoods may have fewer cooling resources.

This creates a form of spatial environmental inequality, in which communities already
experiencing socioeconomic disadvantages may simultaneously face greater environmental
heat exposure.

5.3 Housing Vulnerability

Housing conditions strongly influence heat exposure. Poorly insulated buildings, metal
roofing, limited ventilation, overcrowding, and lack of shading can substantially increase
indoor temperatures.

The problem becomes particularly serious where households cannot afford mechanical cooling
or where electricity supplies are unreliable.
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Adaptation policy must therefore extend beyond public spaces to include housing standards
and affordable energy access.

6. Geographic Technologies for Extreme-Heat Assessment

6.1 Geographic Information Systems

GIS provides an important framework for integrating climatic, demographic, environmental,
and socioeconomic data.

A heat vulnerability GIS can combine:

Temperature + Land Cover + Population Density + Age + Income + Housing + Vegetation
+ Healthcare Access

to identify spatially concentrated risk.

Such maps can help governments prioritize cooling centers, tree planting, emergency services,
shaded pedestrian routes, and other interventions.

6.2 Remote Sensing

Satellite remote sensing has become increasingly valuable for monitoring urban thermal
environments. Satellite-derived land-surface temperature can reveal differences between built-
up areas, vegetation, water bodies, and open land.

However, land-surface temperature should not be interpreted as identical to the air temperature
experienced by humans. Rather, it provides complementary information about surface thermal
conditions.

Combining remote sensing with ground observations can therefore produce more robust
assessments.

6.3 GeoAl and Spatial Modelling

The development of artificial intelligence is creating new possibilities for geographical heat
analysis. Machine-learning techniques can integrate large datasets from satellites, weather
stations, mobile sensors, land-use databases, and demographic sources.

GeoAl can potentially identify complex relationships between urban morphology and heat
exposure that are difficult to capture using conventional techniques.

Future systems may provide near-real-time neighborhood-scale heat-risk maps, helping cities
shift from reactive responses toward predictive heat management.

7. Climate Inequality and Environmental Justice

Extreme heat illustrates how climate change can deepen existing inequalities.

A simplified vulnerability framework can be expressed as:

Heat Risk = Hazard x Exposure x Vulnerability + Adaptive Capacity

Although this is conceptual rather than a universal mathematical formula, it highlights the
importance of considering more than temperature.

Two neighborhoods exposed to the same heatwave may experience dramatically different
consequences because of differences in:
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income;

housing quality;

tree cover;

electricity access;
healthcare;

occupation;
transportation;

age structure;

social networks;
emergency preparedness.

WHO identifies disadvantaged populations as disproportionately affected by climate-sensitive
health risks.

Environmental justice therefore requires adaptation resources to be distributed according to
vulnerability rather than simply according to population size or political influence.

8. Adaptation Strategies

8.1 Urban Greening

Urban greening is one of the most widely discussed heat-adaptation strategies.
Potential interventions include:

street trees;

urban forests;

pocket parks;

green roofs;

green walls;

shaded pedestrian corridors;
restoration of urban wetlands;
expansion of public open spaces.

However, vegetation planning must consider water availability, species selection, maintenance
costs, and local climatic conditions.

8.2 Cool Roofs and Reflective Surfaces

Roofs and pavements with high solar reflectivity can reduce heat absorption. Cool roofs can be
particularly valuable in densely populated areas because they can reduce indoor temperatures
without requiring large amounts of electricity.

Reflective pavements may also reduce surface temperatures, although their effectiveness
depends on local climate, pedestrian exposure, material characteristics, and urban design.

8.3 Heat-Health Warning Systems

Early-warning systems can provide information to residents, workers, schools, hospitals, and
emergency services before dangerous heat events occur.

An effective system should connect:
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Weather Forecast — Risk Assessment — Public Warning — Targeted Outreach —
Emergency Response — Post-Event Evaluation

The WHO's recent heat-health guidance emphasizes coordinated action to protect populations
from increasing heat risks.

8.4 Cooling Centers

Public cooling centers can provide temporary refuge during severe heat. Libraries, community
centers, schools, transport facilities, and other public buildings can potentially serve this
function.

Their effectiveness depends on accessibility. A cooling center located far from vulnerable
communities or inaccessible to people with mobility limitations will have limited value.

8.5 Climate-Responsive Urban Planning
Long-term adaptation requires heat considerations to be incorporated into urban planning.
Planning authorities can consider:

e building orientation;

« street ventilation;

« tree-canopy requirements;

e minimum open-space standards;

o reflective materials;

e building energy efficiency;

o shaded public transport stops;

e pedestrian cooling corridors;

e water-sensitive design.
The IPCC recognizes urban planning and infrastructure as central components of climate
adaptation.

8.6 Heat-Resilient Infrastructure

Infrastructure systems must also be designed for higher temperatures. Roads, railways,
electrical networks, water systems, hospitals, and communication infrastructure may
experience stress during extreme heat.

UN-Habitat's work on urban heat management emphasizes integrating cooling and heat
resilience into planning, strengthening green infrastructure, and expanding sustainable cooling.

9. Challenges and Future Directions

Despite growing recognition of extreme heat, several challenges remain.

First, heat exposure is spatially heterogeneous, and national averages can conceal
neighborhood-level differences. More high-resolution data are therefore required.

Second, temperature measurements alone do not fully capture human heat stress. Future studies
should integrate humidity, radiation, wind, duration of exposure, indoor conditions, and
physiological responses.
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Third, many cities lack comprehensive socioeconomic data. Without such information, it
becomes difficult to identify the communities most vulnerable to heat.

Fourth, adaptation can generate unintended consequences. For example, extensive tree planting
can increase water demand in water-stressed regions, while air-conditioning can reduce indoor
heat exposure but increase electricity consumption and potentially contribute to outdoor waste
heat.

Fifth, adaptation must address the possibility of maladaptation. Interventions that protect
wealthy communities while leaving vulnerable populations exposed may increase inequality.
Future research should therefore move toward integrated heat-risk geography, combining
climatology, urban geography, public health, remote sensing, socioeconomic analysis, and
governance.

Acrtificial intelligence and GeoAl may become particularly important. Future urban heat
platforms could integrate real-time weather observations, satellite data, building information,
population characteristics, and mobility data to identify rapidly changing heat-risk conditions.

10. Discussion

The geographical analysis of extreme heat demonstrates that climate change cannot be
understood exclusively through global temperature averages. Global warming establishes the
climatic context, but local geography determines how that warming is experienced.

Urban form, vegetation, infrastructure, socioeconomic conditions, and population
characteristics produce substantial spatial differences in exposure and vulnerability.

The IPCC emphasizes that urban areas are particularly important locations where climate
hazards interact with human systems and infrastructure. UN-Habitat similarly describes cities
as being on the frontline of climate risks, including heatwaves, while recognizing the need for
stronger climate action.

This suggests a shift from a generalized approach to heat adaptation toward a place-based
adaptation model.

Instead of asking:

How hot is the city?

urban policymakers should increasingly ask:

Which neighborhoods are hottest, which populations are most exposed, why are they
vulnerable, and which interventions will reduce risk most effectively?

This shift is fundamental to geographical thinking.

11. Conclusion

Extreme heat is becoming one of the defining geographical challenges of climate change. The
evidence of continued global warming is clear: WMO reports that the eleven years from 2015
through 2025 were the hottest eleven years on record, with 2025 approximately 1.43°C above
the 1850-1900 average.

However, the consequences of this warming are not geographically uniform. Cities intensify
heat through urban form, impervious surfaces, vegetation loss, and anthropogenic heat. Within
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cities, exposure is further differentiated by housing, income, employment, age, access to
cooling, green space, healthcare, and infrastructure.

Extreme heat should therefore be treated as both a climate hazard and a spatial inequality
ISsue.

Geographical approaches provide valuable tools for understanding this complexity. GIS,
remote sensing, spatial statistics, and GeoAl can identify heat-risk hotspots and support
evidence-based planning. At the same time, technological tools must be combined with social
and institutional knowledge to ensure that adaptation reaches populations most at risk.
Effective heat adaptation requires a portfolio of strategies, including urban greening, reflective
surfaces, heat-health warning systems, accessible cooling centers, resilient housing, climate-
responsive planning, sustainable cooling, and protection of outdoor workers.

The central lesson is that heat resilience cannot be achieved through a single intervention. It
requires coordinated action across climate science, geography, urban planning, public health,
infrastructure, environmental management, and social policy.

Future climate-resilient cities should therefore be designed not merely to survive higher
temperatures, but to create spatial environments in which all residents—particularly those
with the fewest resources—can remain safe during increasingly frequent extreme-heat events.
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