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Abstract

Heatwaves and extreme surface temperatures are intensifying in many geographical areas of
the world due to climate change, posing critical risks to urban populations, ecosystems, and
infrastructure. However, the impacts of such extremes in politically fragmented and underrep-
resented areas such as Kurdistan are still poorly studied. This thesis addresses this knowledge
gap by analyzing the spatial distribution of heatwave events and Land Surface Temperature
(LST) anomalies across four cities in the Kurdistan region Erbil, Diyarbakır, Kobani, and Ur-
mia—located in Iraq, Turkey, Syria, and Iran, respectively. The study aims to quantify localized
heat hazard, identify UHI effects, and examine how land cover types influence thermal patterns
under extreme climatic conditions. To achieve this, a multi-source geospatial approach was
applied, combining historical climate records from ERA5 and CMIP6, satellite-derived LST
from Landsat 8 and 9, and high-resolution land cover data from ESA WorldCover 10 m. QGIS
software was used to analyze spatial relationships between surface heat intensity, land use
composition, and urban morphology within both municipal boundaries and 20 km peri-urban
buffers. The results show that extreme UHI effects occurred in Erbil and Diyarbakr, where
dense urban development and low vegetation resulted in LST values exceeding 60 °C of LST.
In contrast, Kobani and Urmia revealed thermal hotspots in ecologically degraded or abandoned
zones rather than in their urban cores. These findings highlight the role of vegetation loss, land
abandonment, and urban form in shaping localized heat vulnerability. By providing a repli-
cable methodology for spatial heat risk assessment, this research contributes new insights into
climate resilience planning in complex geopolitical contexts. The results emphasize the need
for integrated land use strategies and green infrastructure to mitigate the escalating impacts of
extreme heat in the Kurdistan region and similar data-scarce environments.

Keywords: Urban Heat Islands, Climate Change, LST, Land Cover, Kurdistan, Landsat-8 and
9, QGIS
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1 Introduction

1.1 Heat Waves and Climate Change

Across the globe, hot days are getting hotter and more frequent, while we are experiencing
fewer cold days(c2es heatwaves).Hot extremes (including heatwaves) have become more fre-
quent and more intense across most land regions since the 1950s (IPCC, 2021). This increase
is a direct result of anthropogenic greenhouse gas emissions, which have raised the Earth’s
global average surface temperature by approximately 1.1 ° C since preindustrial times (IPCC,
2021). The Mediterranean, Middle East, and semi-arid regions are identified as climate change
hotspots where heatwave intensity and duration are accelerating. Heatwaves in 2023 con-
tributed to tens of thousands of excess deaths and large-scale crop failures across Europe, North
Africa, and Asia (WMO, 2023). These events illustrate the compounding socio-environmental
consequences of extreme heat on human health, agricultural productivity, water availability,
and infrastructure stability. Drought also affects the vegetative state by reducing the photosyn-
thetic activity of plants (Yang et al., 2021), leading to a decline in crop productivity. Moreover,
when vegetation is stressed they shift from beeing carbon sink to carbon source. Abandoned
and sparsely vegetated lands exhibit significantly higher surface temperatures than adjacent
vegetated areas during heatwaves, creating thermal feedback loops that further increase local
heating (Liu et al., 2023). This phenomenon intensifies particularly in peri-urban and degraded
rural zones, where ecological deterioration and lack of shading amplify surface heat. Urban-
ization has intensified local warming, especially during nighttime, and this trend is expected to
continue unless green infrastructure is systematically implemented (IPCC, 2021). These find-
ings underscore the urgent need to address heatwave vulnerability through integrated climate
action, ecological restoration, and adaptive urban planning. As climate extremes escalate in
frequency and magnitude, understanding their dynamics is essential for protecting vulnerable
populations and building resilient infrastructure systems in Kurdistan and similar regions.
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1.1.1 Climate extremes

Some of the most severe effects of global warming will be related to an increase in the frequency
and intensity of extreme events. The regional maximum temperature on land is expected to in-
crease more than the mean global temperature. Together with greater temperature variability,
this will result in more intense and longer heatwaves. Heat waves can greatly reduce labor pro-
ductivity and affect human health, with a documented relationship existing between extreme
heat events and increased mortality. (Dosio et al., 2018)Extreme heat can increase the risk of
other types of disasters. Heat can exacerbate drought, and hot, dry conditions can in turn create
wildfire conditions. Buildings, roads, and infrastructure absorb heat, leading to temperatures
that can be 1 to 7 degrees F hotter in urban areas than outlying areas – a phenomenon known
as the urban heat island effect. This impact is most intense during the day, but the slow release
of heat from the infrastructure (or an atmospheric heat island) overnight can keep cities much
hotter than surrounding areas. Rising temperatures across the country pose a threat to peo-
ple, ecosystems, and the economy.Warmer temperatures enhance evaporation, which reduces
surface water and dries out soils and vegetation. This makes periods with low precipitation
drier than they would be in cooler conditions.(C2ES2025) Climate change is also altering the
timing of water availability. Warmer winter temperatures are causing less precipitation to fall
as snow in the Northern Hemisphere, including in key regions like the Sierra Nevada of Cal-
ifornia. Decreased snowpack can be a problem, even if the total annual precipitation remains
the same. This is because many water management systems rely on spring snowpack melt .
Likewise, certain ecosystems also depend on snowmelt, which supplies cold water for species
like salmon. Because snow acts as a reflective surface, decreasing snow area also increases
surface temperatures, further exacerbating drought. Some climate models find that warming
increases precipitation variability, meaning there will be more periods of both extreme precip-
itation and drought. This creates the need for expanded water storage during drought years
and increased risk of flooding and dam failure during periods of extreme precipitation. Cli-
mate change is making certain regions drier For example, the Southwestern United States has
already seen a decrease in annual precipitation since the beginning of the 20th century, and that
trend is expected to continue. Estimates of future changes in seasonal or annual precipitation
in a particular location are less certain than estimates of future warming, and are active areas of
research. However, at the global scale, scientists are confident that relatively wet places, such
as the tropics and higher latitudes, will get wetter, while relatively dry places in the subtropics
(where most of the world’s deserts are located) will become drier. In some areas, droughts
can persist through a vicious cycle, in which very dry soils and diminished plant cover ab-
sorb more solar radiation and heat up, encouraging the formation of high pressure systems that
further suppress rainfall, leading an already dry area to become even drier(C2ES2025a). The
Kurdistan region is experiencing unprecedented drought and heat-driven agricultural stress,
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with government officials warning of ’crop failure and rising food prices’ amid declining water
availability (Rudaw, 2025). Dryness, one of the most significant natural hazards, has numerous
adverse effects on human activity (Mohammad et al., 2025).

1.1.2 Urban Heat Island

The UHI effect refers to the phenomenon in which urban areas exhibit higher surface and air
temperatures than their rural surroundings. There is a clear relationship between the intensity
of the urban heat island and the size of the city ( Oke (1973). The urban heat island (UHI) effect
arises from the transformation of natural landscapes into urban environments, and is primarily
driven by the reduction in vegetation and evapotranspiration, the dominance of dark, imperme-
able surfaces with low albedo, and increased anthropogenic heat emissions (Stone et al., 2010).
As a result, the thermal behavior of an urban area is heavily influenced by its surface composi-
tion, which has direct implications for selecting effective UHI mitigation strategies. Akbari and
Rose (2008) found that the average urban surface composition in four major U.S. metropolitan
areas included 29–41% vegetation, 19–25% roofs, and 29–39% paved surfaces. This indicates
that over 60% of the urban landscape may consist of hard, man-made materials that are highly
absorbent of solar radiation. This temperature increase is directly correlated to the size of the
city centre, the main building types (Naumann Formetta, 2020), the salient features intended as
urban materials, the greenery, the urban morphology such as the presence of urban canyons, the
population density (Sangiorgio et al., 2020), the geography of the city location and topograph-
ical features, presence of water bodies, properties of soils (Oke, 1982), climatic conditions and
seasonal variations (Mohajerani et al., 2017). All possible combinations of these parameters
can create different conditions that may be beneficial or detrimental to city dwellers. In most
cases, densely populated urban areas are significantly warmer than surrounding non- urbanised
areas. In contrast, a study of some cities in the United States showed that cities built in arid
or desert-like environments may experience lower temperatures than surrounding areas, as the
urban cores are greener than their surroundings (Bounoua et al., 2015). The thermal difference
between urban and rural areas is mainly studied through satellite remote sensing. Many authors
have documented the use of satellite remote sensing for the purpose of assessing surface tem-
perature (LST) and UHI spatial and temporal variability mitigation (Liu Zhang, 2005), while
other scholars have evaluated the relationship between different vegetation indices and LST
(Kumar Shekhar, 2015) or between different land uses and LST (Kumar Shekhar, 2015). In
the context of the Kurdistan Region, where rapid urban expansion often lacks coordinated green
infrastructure development, cities like Erbil and Diyarbakir are increasingly exposed to inten-
sified UHI effects. Mapping and understanding these spatial patterns is essential for guiding
climate-resilient urban development and identifying vulnerable areas requiring targeted inter-
ventions.
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1.2 Defining the Kurdistan geopolitical region

Figure 1.1: Map of Kurdistan from 1946, published by Elias Modern Press in Cairo

This 1946 map of Kurdistan was published by Elias Modern Press in Cairo by elements of
the Kurdish diaspora in Egypt. According to Maria T. O’Shea (2004), the map was ’the first
Kurdish projection of all of Kurdistan to be aimed at the outside world’ and ’unique in that it had
an accompanying text to justify the positions taken’ (p. 153). According to the French legend
of the map, “The ethniques frontières of Kurdistan are indicated by a zone of hachures d’autant
plus mince que the delimitation is more nette. Les autres zones hachurées indicate la position
et l’étendue approximative des groupements isolés.’ The English pamphlet accompanying the
map explains that ’Areas marked by hatchings are those about which information is indefinite.’

This use of visual uncertainty contrasts with later interpretations, where these zones were
sometimes used as firm ethnic claims. The inclusion of coastal areas linking the Persian Gulf
aligns with other post-WWII maps produced for diplomatic purposes during 1945–1946, em-
phasizing strategic aspirations for a potential Kurdish state.
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1.2.1 Historical Background of the Kurds

Kurds are native inhabitants of their land, and as such, there are no strict beginnings for Kurdish
history and origins (Izady,2004.). In modern times, Kurds as an ethnic group are the product
of thousands of years of cultural and tribal evolution, descending from ancient groups such as
the Guti, Kurti, Mede, Mard, Carduchi, Gordyene, Adiabene, Zila, and Khaldi (Izady, 2004.).
Their history also reflects the migration of Indo-European tribes into the Zagros mountain re-
gion around 4,000 years ago (KHRP, 1995, p. 6). Similarly to the Highland Scots, the Kurds
have a deeply rooted clan-based social structure, historically encompassing over 800 tribes
across the region (Saeedpour, 1999). By the seventh century AD, during the Arab conquest
of Mesopotamia, the term ’Kurd’ was already used to describe these nomadic peoples. The
word ’Kurdistan’, meaning ’the land of Kurds’, first appeared in the 12th century when the
Seljuk prince Saandjar established a province with that name, approximately corresponding to
the present day Kordestan in Iran. However, it was not until the sixteenth century that the term
became more widely applied to Kurdish principalities in general. Although Kurdistan has ap-
peared on some maps since the sixteenth century, it should not be seen solely as a geographic
term but also as a living cultural identity connected to this land.

1.2.2 Where is Kurdistan

The geographic boundaries of Kurdistan have fluctuated over time, but the region broadly spans
the mountainous areas where the borders of Iraq, Iran, Syria, and Turkey converge. Its core lies
along the Taurus and Zagros mountain chains and stretches southward to the Mesopotamian
plain and northward to the plateaus of Armenian Anatolia (McDowall,2004.). Smaller Kurdish-
populated areas near the Armenian and Azerbaijani borders with Turkey and Iran are sometimes
referred to as “Red Kurdistan”. Despite this, no universally accepted map of Kurdistan exists.
Its borders remain undefined and disputed—Turkey has historically denied its existence, while
Iran and Iraq downplay its size, and Syria denies any part of its territory is Kurdish (Mc-
Dowall,2004.).
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(a) Historic CIA map of Kurdistan (1948), showing proposed boundaries and Kurdish population con-
centrations.

(b) Topographic map of Kurdistan (2025), created using QGIS and showing current terrain and urban
centers.

Figure 1.2: Comparative cartography of Kurdistan: historical boundaries (top) and modern
terrain (bottom). 6



1.2.3 Demographic Profile of Kurdistan

Figure 1.3: Estimated Kurdish population in Iran, Iraq, Syria, and Turkey.Rojhelat (Eastern
Kurdistan in Iran), Bashur (Southern Kurdistan in Iraq), Rojava (Western Kurdistan in Syria),
and Bakur (Northern Kurdistan in Turkey). Source: CIA World Factbook, July 2014; Council
on Foreign Relations.

Today the Kurds number more than 40 million people, making them the largest stateless na-
tion in the world. The great majority of Kurds live in a contiguous area that stretches across
southeastern Turkey, northern Syria, northern Iraq and north-western Iran—a region commonly
referred to as Kurdistan. This area has never been a sovereign Kurdish state, but has remained
the historical homeland of the Kurdish people .

In Turkey, the Kurds number between 15 and 20 million people, and account for approxi-
mately 23% of the population. Most of them live in the south-eastern provinces, although large
Kurdish communities also live in the large western cities of Istanbul, Izmir, Mersin and Adana.
Since the 1980s, internal migration, as well as the destruction of Kurdish villages by the Turk-
ish army in the 1990s, has caused a massive exodus of Kurds from the southeast to the western
parts of the country.

In Iran, there are about 12 million Kurds, around 15% of the population. Most Iranian
Kurds live in the provinces of Kurdistan, Kermanshah, Ilam and Western Azerbaijan. In Iraq,
the Kurdish population is estimated to be between 6 and 7 million people, and they represent
17 to 20% of the country’s population. The three provinces of Erbil, Duhok and Sulaymaniyah
form the core of the Kurdish autonomous region. In Syria, Kurds are believed to number
approximately 2.5 million people, or 15% of the population. Most Syrian Kurds live in the
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north-eastern part of the country, especially in the region of Jazira (Hasakah governorate), as
well as in Afrin and Kobani .

Outside the Middle East, the Kurdish diaspora is estimated at more than 2 million peo-
ple. The largest communities are in Germany (800,000–1 million), France (200,000), Sweden
(130,000), the Netherlands (100,000), the UK (70,000), and Switzerland (60,000). Smaller
communities exist in the US, Canada, Australia, and the former Soviet Union.

The Kurds speak several dialects of the Kurdish language, mainly Kurmanji in the north
and Sorani in the south, and also Zazaki and Gorani. Most Kurds are Sunni Muslims of the
Shafi‘i school, but there are also many Alevi Kurds (especially in Turkey), as well as followers
of other religions, such as Yazidism, Yarsanism (Ahl-e Haqq), Christianity and Shi‘a Islam.

Today, the great majority of Kurds live in cities. Large Kurdish cities include Diyarbakir
(Turkey), Erbil and Sulaymaniyah (Iraq), Sanandaj and Mahabad (Iran), and Qamishli (Syria).
The Kurds have experienced forced displacement, war and economic migration, which have
contributed to high levels of urbanization across the region.

Despite their large numbers and ancient presence in the Middle East, the Kurds have re-
mained a stateless nation. They have long struggled for the recognition of their cultural and
political rights in each of the four states where they live. Kurdish identity and demands have
often been met with repression, forced assimilation and denial of existence.

1.2.4 Why Kurdistan

Kurdistan presents a compelling case for research on climate extremes and heatwaves due to its
underrepresentation in global climate studies, complex topography, and increasing environmen-
tal vulnerability. Despite being home to nearly 30 million people across several nation-states,
the region has received limited attention in climate science, particularly in terms of localized
heatwave mapping, environmental risk, and adaptation strategies. This lack of research rep-
resents a critical gap in understanding the implications of climate change in semi-arid and
geopolitically sensitive regions.

Kurdistan is characterized by a highly varied landscape, a mix of extensive plateaus, high-
altitude plains, and rugged mountain ranges such as the Zagros and Taurus Mountains, which
create diverse climatic zones across its territory. These variations influence local microclimates,
land use, and population vulnerability. The mountainous terrain also shapes water availabil-
ity, agriculture, and settlement patterns, making it particularly susceptible to the compounded
impacts of climate variability, land degradation, and geopolitical fragmentation (Kurdistan Re-
gional Government, 2025).
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In addition to its environmental diversity, the geopolitical fragmentation of Kurdistan—divided
across Turkey, Iraq, Iran, Syria, and parts of Armenia—has impeded unified climate action, par-
ticularly in regions with weak governance or lacking transboundary coordination. Historical
border divisions not only denied the Kurdish population a sovereign nation but also created ad-
ministrative discontinuities that limit integrated environmental planning and climate resilience.
This fragmentation contributes to what scholars and activists describe as the invisibility of
Kurds in environmental governance frameworks, where their climate-related challenges are
frequently overlooked or dismissed by central governments.

In the Autonomous Administration of North and East Syria (Rojava), environmental gov-
ernance is grounded in a constitutional commitment to sustainability. Environmental protec-
tion and the sustainable development of natural ecosystems are regarded as moral and sacred
national duties. The society is defined as an ecological democratic society. Preserving envi-
ronmental life and the ecosystem is recognized as a duty of citizens, society, and all institu-
tions. Natural resources are defined as the property of society and are to be used in a fair and
sustainable way, aligning ecological protection with principles of social equity and grassroots
democracy (Rojava Information Center, 2023). These provisions make Rojava a rare exam-
ple of a stateless, community-led administration that integrates environmental stewardship as a
foundational pillar of governance.

1.3 General Aim

Given the increasing impacts of climate extremes in the Middle East, this study aims to system-
atically analyze, map, and interpret heatwaves and extreme temperature events in the geopo-
litical region of Kurdistan, spanning parts of Iran, Iraq, Turkey, and Syria. By integrating
geospatial analysis, climatological datasets, and land cover data, the research will assess both
the spatial and temporal dynamics of extreme heat and their interactions with urbanization, land
use, and ecological patterns. This interdisciplinary approach seeks to provide a comprehensive
understanding of the behavior of heat waves, their influence on urban and rural landscapes, and
the implications for environmental sustainability and human well-being.

1.3.1 Specific Aims

This research aims to detect and quantify the occurrence of heatwaves and extreme temperature
events across the Kurdistan region using historical climate datasets such as CMIP6 and ERA5.
By applying scientifically robust thresholds, such as the 90th percentile, the study will distin-
guish extreme heat events from normal temperature fluctuations. In addition, the project will
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analyze the spatial distribution of Land Surface Temperature (LST) across urban and rural areas
using satellite imagery from Earth Explorer, identifying thermal anomalies and urban heat is-
land (UHI) effects. To deepen the analysis, land cover data from sources like ESA WorldCover
10m will be integrated with LST measurements to explore the relationship between land surface
characteristics and local temperature dynamics. This land cover analysis will help assess how
ecological patterns, such as vegetation density, urbanization, and bare land, affect heat retention
and distribution throughout the region. Furthermore, the study will evaluate the socioeconomic
implications of extreme heat, with a focus on vulnerable populations, infrastructure, and geopo-
litical divisions within Kurdistan. The final objective is to produce comprehensive geospatial
maps and visualizations that integrate climate, land cover, and socioeconomic data, offering
evidence-based insights to support urban planning, climate adaptation, and policy development
to meet the needs of heat.
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2 Data and Methods

2.1 Data Collection

2.1.1 Study Cases in Kurdistan

This study focuses on four urban areas located within the broader Kurdistan region: Kobani
(Syria), Diyarbakır (Turkey), Erbil (Iraq), and Urmia (Iran). These cities were selected due
to their geographic diversity, climate vulnerability, and socio-political complexity. Each rep-
resents a unique intersection of urban development, environmental stress, and exposure to ex-
treme heat events. Their inclusion provides a regionally balanced framework for comparative
spatial analysis of land surface temperature (LST) and urban heat island (UHI) effects.

Kobani (Syria) Kobani is a small city in the Aleppo governorate of northern Syria, cover-
ing approximately 7 km². Before the Syrian civil war, it had a population of around 60,000
and approximately 90% of the inhabitants were Kurds, with the remaining 10% comprising
Arabs, Turkmen, and Armenians. Years of armed conflict have caused extensive damage to the
infrastructure and contamination with unexploded ordnance, placing returning residents at con-
tinued risk. Due to the lack of an official administrative boundary, the urban extent of Kobani
was manually digitized in QGIS using high-resolution satellite imagery and OpenStreetMap
features. According to Köppen–Geiger climate classifications, Kobani falls within a cold semi-
arid zone (BSk), characterized by hot, dry summers and cool winters (Beck et al., 2018). These
conditions, combined with post-conflict degradation and minimal vegetation, make Kobani
highly susceptible to heat exposure.

Diyarbakır (Turkey) Diyarbakr is located in southeastern Turkey along the Tigris River and
is the capital of Diyarbakır Province. It spans approximately 15,058 km², with an estimated
population of 1.82 million as of 2023 (CityPopulation.de, 2025). The city is predominantly
Kurdish,approximately 80% with historical Assyrian and Armenian minorities. The climate
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of Diyarbakr is classified as semi-arid hot (BSh), with very hot summers, mild winters, and
low annual precipitation (Beck et al., 2018). Rapid urban growth, limited vegetative cover, and
socio-economic disparities have contributed to the formation of pronounced urban heat island
effects, particularly in the densely built city core. The Kurdish population of the city continues
to face historical marginalization, affecting access to infrastructure and adaptation planning.

Erbil (Iraq) Erbil (also known as Hawler) is the capital of the Kurdistan region in Iraq, with
a population of approximately 1.43 million and a land area of 14,471 km² (KRG, 2025). Ap-
proximately 93% of its residents are Kurds, with minorities including Turkmen, Assyrians,
and Arabs. Erbil lies within a transitional climate zone between Mediterranean (Csa) and hot
semi-arid (BSh) types, featuring extremely hot, dry summers and short, mild winters (Beck et
al., 2018). The city has undergone rapid spatial expansion due to displacement-driven popula-
tion growth and real estate development. This has led to widespread loss of green spaces and
increased impervious surfaces, intensifying heat retention, and reducing resilience to thermal
extremes. The absence of water bodies and uneven urban planning further exacerbate localized
heat risks.

Urmia (Iran) Urmia is the capital of the West Azerbaijan province in northwest Iran and
had a recorded population of 736,224 in 2016 (CityPopulation.de, 2025). It is an ethnically
diverse city, home to Iranian Azerbaijanis, Kurds, Assyrians, and Armenians. The Kurdish
population in Urmia, Iran, is estimated to be between 15% and 20% of the total population
of the city. significant presence of Kurds, particularly in the surrounding rural areas. The
Herki Kurds, a subgroup of Kurmanji speakers, are notably present in the western countryside
of Urmia, including the Targavar and Margavar valleys. Urmia has a cold semi-arid climate
(BSk), with hot, dry summers and cold winters (Beck et al., 2018). The city’s proximity to
ecologically stressed Lake Urmia, once the largest saltwater lake in the Middle East, increases
its environmental vulnerability. The shrinking of the lake due to overextraction and climate
stress has altered local humidity and surface albedo, amplifying the impacts of urban heat.
Combined with uneven infrastructure development, Urmia provides a critical case for assessing
the interaction between ecological degradation and urban thermal behavior.
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2.1.2 Land Cover Data

Land cover analysis in this study utilized the ESA WorldCover 10 m 2021 v200 product,
developed under the European Space Agency’s 5th Earth Observation Envelope Programme
(EOEP-5). This dataset provides a global land cover map at 10-meter resolution, derived from
Sentinel-1 and Sentinel-2 satellite imagery. According to the official user manual, the dataset
offers a discrete classification map with 11 land cover classes, defined using the FAO’s Land
Cover Classification System (LCCS) (Zanaga et al., 2022). The 11 classes include: Tree cover,
Shrubland, Grassland, Cropland, Built-up, Bare/Sparse vegetation, Snow and Ice, Permanent
water bodies, Herbaceous Wetland, Mangroves, and Moss and Lichen. Each class is assigned
a unique digital number (DN), which facilitates classification and spatial analysis (Zanaga et
al., 2022). For this research, the relevant WorldCover tiles covering the cities of Erbil, Urmia,
Diyarbakir, and Kobani were downloaded. Using QGIS, these were clipped to 20 km radius
buffers centered on each urban area. The rasters were vectorized, reclassified by DN value, and
quantified using area statistics (in square kilometers). The resulting land cover distributions
were then linked with land surface temperature (LST) and hot day frequency data to assess the
relationship between land cover and thermal exposure.
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Figure 2.1: ESA WorldCover land cover classification table (v2.0), including map codes, class
names, definitions, and RGB color codes.
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2.1.3 Climate Data (CMIP6 and ERA5)

The climate data used in this study were sourced from two primary datasets: CMIP6 (Cou-
pled Model Intercomparison Project Phase 6) and ERA5. CMIP6 provides multimodel climate
projections under various Shared Socioeconomic Pathway (SSP) scenarios, enabling the as-
sessment of future temperature extremes and long-term climate risks. ERA5, produced by the
Copernicus Climate Change Service (C3S), offers high-resolution hourly reanalysis data of at-
mospheric variables from 1979 onward, serving as a robust historical reference. These datasets
were accessed via the Copernicus Climate Data Store (CDS) and selected for their high tempo-
ral and spatial resolution, consistency across regions, and compatibility with geospatial work-
flows such as QGIS. ERA5 provides past temperature records that enable direct comparison
with CMIP6 projections, supporting historical-to-future trend analysis. While NOAA NCEI
datasets were considered during preliminary review, ERA5 and CMIP6 were prioritized for
their superior data quality and integration potential. Selected variables included daily max-
imum 2m air temperature, analyzed across four key sites: Diyarbakir, Kobani, Urmia, and
Erbil. The use of these datasets ensures methodological rigor and spatial consistency in evalu-
ating heatwaves and climate extremes in the Kurdistan region.

2.1.4 Climate Data Selection and Configuration

To analyze extreme heat events, daily maximum temperature data were obtained from the
CMIP6 historical ensemble, accessed via the Copernicus Climate Data Store. The selected
data covered the summer months (June, July, August) from 1991–2020 and the year 2024, at
a daily temporal resolution. This time scale was essential for identifying extreme heat days
using the 90th percentile method. Only historical simulations were used; no future climate
scenarios (SSPs) were included in the analysis. The data were processed for four urban ar-
eas—Diyarbakır, Kobani, Urmia, and Erbil—and clipped to 20 km buffers around each city for
spatial analysis.

Selected Geographical Area:
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Figure 2.2: Map of the Kurdistan region showing the selected study cities: Diyarbakır, Kobani,
Urmia, and Erbil.

• Diyarbakir, Turkey: 37.9147° N, 40.2312° E

• Kobani, Syria: 36.8706° N, 38.4244° E

• Urmia, Iran: 37.5510° N, 45.0750° E

• Erbil, Iraq: 36.1911° N, 44.0094° E

Following selection of temporal resolution, variable, models, and regions, the data set re-
quest was validated to ensure consistency. This resulted in a high-resolution dataset comprising
daily maximum temperature values from the historical period (1991–2020) and the year 2024.
These data formed the foundation for the threshold and heatwave analyses conducted in this
study.
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2.1.5 Land Surface Temperature and Urban Heat Island calculation

Land Surface Temperature (LST) is a fundamental parameter in understanding surface energy
balance and thermal behavior across urban and rural environments. As Weng (2009) explains,
LST is an important parameter in the studies of urban thermal environment and dynamics. LST
modulates the air temperature of the lower layer of urban atmosphere, and is a primary factor in
determining surface radiation and energy exchange, the internal climate of buildings, and hu-
man comfort in the cities. Its ability to reveal spatial temperature variations makes it especially
useful for detecting urban heat islands and extreme heat zones, which are central to this study.
In this research, LST data were acquired from Landsat 8 and Landsat 9 surface temperature
products provided by the U.S. Geological Survey (USGS) through the Earth Explorer platform.
The datasets used were Collection 2 Level-2 products, which include surface temperature (ST)
bands processed with atmospheric correction and emissivity standardization. No custom NDVI
or emissivity modeling was conducted, as the analysis relies on the standardized, validated
LST values provided by USGS. The spatial resolution of these datasets is 30 meters, making
them suitable for regional analysis of urban and peri-urban heat distribution. These maps were
generated using QGIS to visualize and classify the LST raster data into meaningful thermal
categories. Thermal infrared remote sensing enables such surface heat assessments even in
data-scarce regions. As noted by Weng (2009), Remotely sensed TIR data are a unique source
of information to define surface heat islands, which are related to canopy layer heat islands
(p. 336). This capability is especially important for the Kurdistan region, where field-based
climate data are sparse or inconsistent across borders. In this study, the LST datasets served as
a basis for analyzing spatial heat patterns in Diyarbakir, Kobani, Erbil, and Urmia, contributing
to the broader objective of mapping extreme heat events and assessing their relation to land
cover, urban expansion, and vulnerability. Thermal infrared data used for LST analysis were
obtained from Landsat 8 and Landsat 9 via the USGS Earth Explorer platform. Specifically,
Surface Temperature Band 10 (ST B10) from Level-1 imagery was used, stored in GeoTIFF
(.tiff) format.

The Landsat thermal bands were converted from Digital Number (DN) values to Kelvin
temperatures using the following radiometric conversion formula:

Surface Temperature (K) = 0.00341802×DN+149.0 (2.1)

This equation, derived from USGS calibration metadata, transforms raw radiance data into
physical temperature measurements suitable for geospatial analysis. The resulting LST rasters
were clipped using the 20 km urban buffers surrounding Erbil, Diyarbakır, Kobani, and Urmia.
LST layers were then classified into temperature intervals to identify heat intensity patterns and
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support comparative analysis.

The Urban Heat Island (UHI) effect was evaluated using absolute LST values from Landsat
8 and 9, rather than the ∆T method, which compares urban temperatures to rural baselines. Due
to inconsistencies in land cover and the absence of uniformly defined rural zones in some case
studies, ∆T was not feasible. Instead, absolute temperature maps allowed for intra-urban com-
parisons of thermal exposure. Classified heatmaps were used to detect hotspots and anomalies
during the summer of 2024, supporting the spatial analysis of urban heat intensity.

2.1.6 QGIS and Satellite Imagery (Earth Explorer)

The geospatial analyses in this study were conducted using QGIS (Quantum Geographic Infor-
mation System), version 3.16.1, developed by the QGIS Development Team [? ]. QGIS is an
open-source, cross-platform GIS software distributed under the GNU General Public License
(GPL). It supports a broad range of spatial data formats, offers an extensible plugin architec-
ture, and is widely used in academic and professional applications for spatial analysis, data
integration, and cartographic visualization. In this research, QGIS functioned as the primary
analytical platform for handling both raster and vector datasets, including Land Surface Tem-
perature (LST), land cover, and socioeconomic overlays.

Raster data were georeferenced and preprocessed to ensure spatial consistency with other
datasets. For vector data, shapefiles representing urban boundaries, 20 km buffer zones, and
administrative areas were used, including associated attribute tables (.dbf), spatial indices
(.shx), and projection files (.prj).

QGIS also facilitated the integration of socioeconomic datasets, including population den-
sity and land use, to assess the vulnerability of different communities to extreme heat. These
datasets were overlaid on LST heatmaps to identify spatial intersections between heat exposure
and social risk factors. This overlay approach enhances understanding of climate vulnerability
at the neighborhood scale and supports targeted recommendations for climate adaptation and
urban resilience planning.

Kobani Boundary Digitization: Due to the absence of an officially recognized administra-
tive boundary for Kobani in public geospatial databases, no formal shapefiles or cadastral maps
were available. To address this, the boundary used in this study was manually digitized using
QGIS software, with OpenStreetMap as the primary basemap. The boundary was delineated by
tracing urban and peri-urban features visible in satellite imagery and road networks. Although
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care was taken to ensure spatial accuracy, the result should be considered an approximation due
to the political and administrative complexity of the region.

2.2 GIScience Approach

This study applied a Geographic Information Science (GIScience) framework to investigate
the spatial dynamics of heatwaves and land surface temperature variations in selected cities
of the Kurdistan region. Rather than focusing on theoretical or participatory GIS models, the
research adopted a data-driven, remote-sensing-based approach using established geospatial
tools and publicly available datasets. All spatial analyses were performed in QGIS, an open-
source geographic information system, which served as the primary platform for processing
raster and vector data. The study integrated multiple spatial datasets including Landsat 8 and 9
thermal imagery for Land Surface Temperature (LST) analysis, ESA WorldCover 10m data for
land cover classification, and historical climate datasets from ERA5 and CMIP6. These were
used to map surface heat anomalies, classify land cover types, and analyze spatial patterns in
urban and peri-urban areas. Buffer zones with a 20 km radius were generated around each
case study city to define the extent of spatial analysis. Within these buffers, raster data were
clipped, vectorized, reclassified, and statistically analyzed using tools such as zonal statistics
and classification overlays. This allowed for comparative analysis of surface temperature pat-
terns across different land cover categories and between the four urban environments. In the
case of Kobani, where no official shapefiles or administrative boundaries were available, the ur-
ban extent was manually digitized in QGIS using visual interpretation of satellite imagery with
OpenStreetMap as a supporting basemap. However, this study did not involve any Volunteered
Geographic Information (VGI) or participatory data collection. No new data were contributed
to OpenStreetMap or other platforms, and no community-based mapping or citizen input was
used. All data sources were secondary, open-access datasets used solely for analysis purposes.
GIScience in this study was applied as a methodological foundation to quantify and visualize
the relationship between extreme heat events, land cover composition, and urban structure. The
integration of satellite remote sensing, spatial statistics, and climate thresholds allowed for lo-
calized assessments of urban heat vulnerability in a geopolitically fragmented and ecologically
sensitive region.

2.3 Data Analysis

To truly grasp and visualize the impact of heatwaves and climate extremes, we need a struc-
tured, data-driven approach that brings together multiple analytical methods. Heatwaves are not
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just meteorological events; they carry significant consequences for ecosystems, economies, and
human well-being (IPCC, 2021). Understanding their frequency, intensity, and spatial distri-
bution is essential for developing mitigation strategies and fostering climate resilience (Perkins
Alexander, 2013). In this study, we analyze both historical climate data (from 1991 to 2020)
and the latest temperature records from 2024 to track trends in extreme heat across the Kur-
distan region, focusing on Diyarbakir, Kobani, Urmia, and Erbil. These locations, each with
unique climatic and geographical characteristics, offer critical insights into how rising tem-
peratures are manifesting across diverse landscapes, from urban centers to agricultural zones
(Harrington Otto, 2020). The selection of this time frame aligns with previous climate stud-
ies, where long-term datasets allow for a clearer identification of trends in extreme weather
events (IPCC, 2018). By blending statistical analysis, trend evaluation, geospatial mapping,
and an assessment of socioeconomic impacts, this research aims to paint a clearer picture of
how heatwaves are evolving and what that means for the people and landscapes of the region.
Extreme heat events disproportionately affect vulnerable populations, including the elderly,
children, and low-income communities, who may lack access to adequate cooling systems or
healthcare facilities (Smith et al., 2020). Beyond identifying patterns in temperature extremes,
this approach helps pinpoint high-risk areas, assess potential threats to public health and food
security, and understand how infrastructure and daily life are being impacted by rising temper-
atures (World Meteorological Organization, 2022). Moreover, mapping these climate extremes
enables policymakers, urban planners, and environmental organizations to make informed de-
cisions, whether it’s about designing heat-resistant infrastructure, implementing early warning
systems, or developing adaptive agricultural techniques (Field et al., 2012). The integration of
geospatial analysis with climate data allows for a more localized understanding of heatwave
intensity, making it possible to craft targeted interventions that address the most at-risk popu-
lations (Huang et al., 2019). For example, urban centers like Erbil and Diyarbakir experience
exacerbated heatwave effects due to the UHI phenomenon, which results in significantly higher
temperatures compared to surrounding rural areas (Stone et al., 2010). As climate change con-
tinues to accelerate, the need for such comprehensive analysis becomes increasingly urgent.
The findings from this study not only contribute to the scientific understanding of heatwave dy-
namics but also serve as a foundation for climate adaptation efforts in the region, ensuring that
communities can better prepare for and respond to the growing challenges posed by extreme
heat (IPCC, 2021). By utilizing interdisciplinary approaches and integrating environmental,
economic, and social data, this research provides a critical framework for assessing climate
extremes and guiding future resilience-building initiatives (Haines et al., 2006).
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2.3.1 Climate extreme calculation in Python

To detect extreme heat events in each case study location, this research employed a threshold-
based classification method using the 90th percentile of historical daily maximum temperatures.
Percentiles are used as an indicator of the likelihood of a particular event. The percentile refers
to the ranking of a particular value relative to all of the values for that site. For example, if
there were 100 temperature values recorded for a site, we could place them in order from the
coolest to the warmest temperature. Of these values, the 10th lowest value would be called the
10th percentile and the 20th lowest value the 20th percentile. This is applied right up until the
100th percentile, which includes all of the values that have been measured for that site, and
is equal to the highest temperature value.(Australian Bureau of Meteorology, n.d.) Historical
daily maximum temperature data for the summer season (JJA: June, July, August) from 1991
to 2020 were extracted using the CMIP6 climate model ensemble. For each city, the 90th
percentile value was calculated from this dataset. The resulting threshold was then used to
classify 2024 daily maximum temperature records into two categories: Non-extreme (below
the 90th percentile)

Extreme heat days (at or above the 90th percentile)

All calculations were performed using Python with the Pandas and NumPy libraries for
time-series filtering and statistical analysis. These thresholds were later used in Section 3 to
evaluate the frequency, intensity, and duration of extreme heat events in the study region.

2.3.2 Hot Day Frequency and Duration

Following the threshold calculation, daily temperature records for the year 2024 were analyzed
to identify ”hot days,” defined as those exceeding the respective 90th percentile threshold for
each city. Python scripts were used to flag these dates and count their frequency across the
summer months (JJA). To analyze the persistence of heat events, sequences of consecutive hot
days were identified and grouped to define heatwaves. A heatwave was classified as any period
with three or more consecutive hot days. For each city, the frequency of hot days, number of
heatwave episodes, and the duration of each heatwave were recorded. Based on the timing of
identified hot days, Landsat 8 and 9 satellite imagery was selectively acquired to correspond
with peak temperature events. This allowed for targeted analysis of LST in QGIS, ensuring that
remote sensing evaluation was aligned with the most thermally extreme periods. This analysis
allows for direct comparison between cities in terms of their exposure to extreme heat during
2024, and provides a basis for evaluating temporal trends and the potential intensification of
heatwaves relative to historical patterns.
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2.3.3 LST–Land Cover Relationship

To investigate how land surface characteristics affect heat distribution, LST data were derived
from Landsat 8 and 9 thermal imagery (Band 10: ST B10) for the specific hot days identified
in each city. These thermal images were processed in QGIS to convert digital numbers (DN)
into temperature values using the appropriate calibration formula. Resulting LST rasters were
clipped to both the municipal boundaries and 20 km urban buffer zones to compare urban cores
with peri-urban conditions across all case studies.

In parallel, ESA WorldCover 10m land cover maps were reclassified according to major
surface types such as built-up, cropland, grassland, shrubland, and bare soil. These maps were
vectorized and overlaid with the LST rasters.

Using QGIS tools including Zonal Statistics and Statistics by Categories, average LST
values were calculated for each land cover class. This spatial analysis helped identify which
land cover types were associated with higher surface temperatures. The results informed the
assessment of localized urban heat islands and supported the interpretation of how landscape
composition influences thermal exposure.
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3 Results and Discussion

3.1 Climatic analysis and identification of hotdays

This section presents the temperature thresholds derived from the 90th percentile of daily max-
imum temperatures during the summer season (June–August) for the historical baseline period
of 1991–2020. These thresholds serve as critical benchmarks for detecting extreme heat events
in 2024.

Thresholds were calculated for each city individually using CMIP6-based historical datasets.
The 90th percentile value captures the hottest 10% of summer days over the 30-year period, re-
flecting local climatic norms and variability. The values were computed using Python’s NumPy
percentile function applied to daily maximum temperature data filtered by the JJA months.

City-Specific Thresholds

Table 3.1: 90th Percentile Summer Temperature Thresholds (1991–2020)

City 90th Percentile Threshold (°C)
Erbil 39.75
Diyarbakır 40.12
Kobani 39.45
Urmia 37.90

These values illustrate important regional differences. Diyarbakır exhibits the highest thresh-
old, probably influenced by its continental climate and location in the inland. Urmia shows the
lowest value, consistent with its elevation and proximity to water bodies.
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Threshold Validation Plots

(a) 90th Percentile Threshold (1991–2020) – Urmia

(b) Daily Max Temperatures – Summer 2024

Figure 3.1: Urmia: Threshold validation and 2024 summer temperature comparison
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Urmia Panel (a) shows the 90th percentile threshold for daily maximum summer temper-
atures in Urmia, calculated as 35.98 ° C from the 1991-2020 data. This threshold is used to
define heat extremes. Panel (b) compares the summer of 2024 against this benchmark, showing
that many days in July and early August exceeded it. These validated heat events were used to
select representative satellite imagery for land surface temperature (LST) analysis.
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(a) 90th Percentile Threshold (1991–2020) – Kobani

(b) Daily Max Temperatures – Summer 2024

Figure 3.2: Kobani: Threshold validation and 2024 summer temperature comparison

Kobani The historical threshold for Kobani (panel a) is set at 41.64°C based on 1991–2020
summer data. This high value reflects intense heat exposure. Panel (b) indicates that during
2024, particularly in mid-July and early August, maximum temperatures repeatedly exceeded
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this benchmark. These days were flagged as heat events and used to anchor the thermal analysis
of the city in satellite data.

(a) 90th Percentile Threshold (1991–2020) – Erbil

(b) Daily Max Temperatures – Summer 2024

Figure 3.3: Erbil: Threshold validation and 2024 summer temperature comparison
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Erbil In Erbil, the 90th percentile value for summer maximum temperatures from 1991–2020
is 35.98°C, as shown in panel (a). This benchmark was exceeded on several days in summer
2024 (panel b), confirming multiple extreme heat days. These exceedances guided the selection
of imagery for LST extraction and spatial heat assessment.

(a) 90th Percentile Threshold (1991–2020) – Diyarbakır

(b) Daily Max Temperatures – Summer 2024

Figure 3.4: Diyarbakır: Threshold validation and 2024 summer temperature comparison
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Diyarbakır For Diyarbakr, the 90th percentile threshold was calculated at 37.24 ° C (panel
a). During summer 2024, this threshold was frequently exceeded (panel b), especially in July.
These hot days were used to validate extreme heat conditions and provided a temporal reference
for acquiring Landsat imagery used in thermal mapping of the city.

These thresholds were then used to flag hot days in 2024 (see Section 3.3). Any day that
exceeded the respective threshold was classified as an extreme heat day. These thresholds also
served as input parameters for satellite image selection, ensuring that Landsat 8 and 9 imagery
corresponded to thermally significant dates for LST analysis. The city-specific thresholds also
offer a baseline for temporal comparison. For example, future climate scenarios can use these
benchmarks to detect shifts in temperature distribution and the expansion of heat extremes. In
summary, the 90th percentile method provides a robust location-specific metric to define heat-
waves, integrating long-term climate behavior with short-term monitoring and remote sensing
workflows. For example, in Erbil, the calculated 90th percentile threshold for summer maxi-
mum temperatures was 39.75°C. During the summer of 2024, multiple days in July and August
exceeded this value, triggering classification as extreme heat events. Satellite imagery from
August 6 and 10 was selected based on these exceedances and used to extract LST, which
revealed thermal hotspots above 62°C in semi-developed areas near the city’s periphery.

3.2 Urban Heat Island analyses

This section presents a detailed examination of the spatial distribution of LST during the sum-
mer of 2024 in the selected cities of Erbil, Diyarbakır, Urmia, and Kobani. The objective is to
assess the UHI phenomenon and the variability in surface heat intensity across different land
cover types. The analysis is based on satellite-derived thermal imagery corresponding to ex-
treme heat days, which were identified using the 90th percentile threshold method derived from
historical maximum air temperature records (1991–2020).

LST data were extracted from the thermal infrared (TIR) Band 10 of Landsat 8 and Land-
sat 9, using Level-2 Surface Temperature products available through the USGS Earth Explorer
platform. These datasets are atmospherically corrected and emissivity-adjusted, offering reli-
able and standardized temperature outputs at a spatial resolution of 30 meters. The thermal
images selected for each city correspond to specific dates in August 2024 when the daily max-
imum air temperature exceeded the computed 90th percentile threshold. This ensures that the
remote sensing analysis is anchored in climatologically significant events, enhancing the ro-
bustness of the findings. All spatial analyses were conducted using QGIS software. The raw
raster data were first clipped to 20 km buffer zones centered on each urban core to isolate the
thermal characteristics of both built-up areas and surrounding peri-urban or rural zones.

33



Diyarbakır

The LST map of Diyarbakır reveals a classic urban heat island pattern. Higher surface tem-
peratures are concentrated within the built-up urban core, with temperatures exceeding 56 °C
in some locations. Peripheral areas exhibit moderately lower values, indicating vegetative or
agricultural land uses that contribute to localized cooling. Spatial contrast highlights the role
of surface type in influencing heat absorption and retention.

Figure 3.5: Location of Diyarbakır in the Kurdistan Region.
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(a) Diyarbakır – 20 km buffer

(b) Diyarbakır – municipal extent

Figure 3.6: Land Surface Temperature in Diyarbakır (August 2024).
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Diyarbakır

Diyarbakr experienced heat events on 6 and 7 August, exceeding the 90th percentile threshold
of 40.12, ° C. The highest surface temperature, 64.6, ° C, was recorded on the urban-agricultural
fringe, where a band of newly constructed residential units borders expansive cultivated fields.
The lack of tree cover and exposed soil, combined with the retention of heat from nearby
infrastructure, contributed to a strong localized urban–rural heat gradient, even outside of the
core urban area.

Figure 3.7: Landsat 8 satellite image of Diyarbakır’s hottest urban zone, where land surface
temperature reached 64.6°C (August 2024).
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Erbil

Erbil’s land surface temperature (LST) distribution during the 2024 summer heatwave exhibits
a well-defined urban heat island (UHI) centered in the southern and southeastern districts of
the city. The highest recorded surface temperature reached approximately 62.4 °C, concen-
trated in semi-developed or barren plots near major road networks. Surrounding built-up zones
commonly ranged between 54 °C and 56 °C, especially in densely constructed sectors. Cooler
areas, shown in light blue to blue on the LST map, are visible on the city’s northwestern and
peripheral edges, where urban density decreases and more agricultural or undeveloped land
persists. These thermal patterns closely correspond to land cover distributions, with the hottest
zones aligning with impervious, low-vegetation surfaces in the city’s core.

Figure 3.8: Location of Erbil in the Kurdistan Region.
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(a) Erbil – 20 km buffer

(b) Erbil – municipal extent

Figure 3.9: Land Surface Temperature in Erbil (August 2024).
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Erbil

The hottest point, 62.4 °C, was located near a major highway junction on a bare, undeveloped
tract, bordered by semi-urban plots and infrastructure corridors. The combination of asphalt
surfaces, lack of vegetation, and urban expansion edge effects likely contributed to this extreme
thermal hotspot.

Figure 3.10: Landsat 8 and 9 satellite image of Erbil’s hottest urban zone, where land surface
temperature reached 62.4°C (August 2024).
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Kobani

LST mapping in Kobani shows a less distinct UHI but reveals elevated surface temperatures
in abandoned or damaged areas, particularly on August 6. The thermal peak of 56.1 °C oc-
curs over barren urban land, with minimal vegetation. Although Kobani’s built-up footprint
is smaller, the lack of green cover and structural deterioration contribute to intensified heat
exposure.

Figure 3.11: Location of Kobani in the Kurdistan Region.
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(a) Kobani – 20 km buffer

(b) Kobani – municipal extent

Figure 3.12: Land Surface Temperature in Kobani (August 2024).
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Kobani

Kobani recorded a single heat wave event on 6 August, with air temperatures exceeding the
city threshold of 39.45, ° C. The LST map highlighted a surface hotspot of 56.1 ° C within
partially damaged or abandoned urban blocks. These zones, marked by barren land and de-
graded infrastructure, lack tree cover and moisture retention. This thermal profile underscores
the vulnerability of post-conflict urban environments to extreme heat exposure.

Figure 3.13: Landsat 9 satellite image of Kobani’s hottest urban zone, where land surface
temperature reached 56.1°C (August 2024).
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Urmia

Urmia exhibits a fragmented LST pattern, reflecting the city’s varied topography and hetero-
geneous land cover. The highest surface temperatures, peaking at approximately 52.2 °C, are
concentrated in the southwestern and southeastern fringes of the city, particularly in areas dom-
inated by bare soil and minimal vegetation. In contrast, the central urban area remains compar-
atively cooler, likely due to irrigated green spaces, tree cover, and higher elevation. The LST
map clearly shows a stark thermal gradient between cooler vegetated cores and the exposed,
peripheral zones. This spatial variability is shaped by the transition between mountainous ter-
rain, urban settlements, and open dry lands, underscoring the critical role of land cover and
elevation in local heat dynamics.

Figure 3.14: Location of Urmia in the Kurdistan Region.
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(a) Urmia – 20 km buffer

(b) Urmia – municipal extent

Figure 3.15: Land Surface Temperature in Urmia (August 2024).
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Urmia

Urmia experienced an extended series of extreme heat days between July 29 and August 8,
with the highest LST of 52.2 °C recorded in a dry, largely undeveloped plateau on the city’s
periphery. The zone is dominated by bare land and minimal land use activity, with scattered
low-rise buildings and visible erosion. These conditions enhance solar absorption and inhibit
cooling, particularly in the absence of vegetation and water bodies.

Figure 3.16: Landsat 8 and 9 satellite image of Urmia’s hottest urban zone, where land surface
temperature reached 52.2°C (August 2024).
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Comparative analyses among the four study cases

This section compares the spatial distribution of urban heat exposure in the four case study
cities—Erbil, Diyarbakır, Kobani, and Urmia—based on the Land Surface Temperature (LST)
recovered during extreme heat days in August 2024. The comparative framework highlights
how physical geography, urban morphology, and land use conditions shape thermal patterns
and vulnerability in each location.

Among the cities studied, Diyarbakır and Erbil exhibited the highest surface heat inten-
sity, with LST values exceeding 64.6°C and 62.4°C, respectively. These extreme values were
strongly associated with dense built-up zones, characterized by high concentrations of impervi-
ous surfaces such as asphalt roads, concrete structures, and rooftop materials with low albedo.
Both cities demonstrated well-defined Urban Heat Island (UHI) signatures, particularly in ur-
ban expansion areas where the absence of established green infrastructure exacerbated thermal
retention. The spatial clustering of thermal hotspots in these urban cores underscores the am-
plifying effect of unregulated urban sprawl and the lack of vegetative buffers. These hot zones
were concentrated in compact, densely developed areas with limited vegetation and high sur-
face imperviousness, amplifying heat retention, especially in peripheral districts under active
development.

In contrast, Urmia presented a more heterogeneous thermal landscape. Although subject
to frequent heatwave conditions, the city’s thermal hotspots were less intense and more frag-
mented. This is likely due to its elevation, surrounding topography, and integration of agri-
cultural and vegetated zones, which buffer urban temperatures. While heat extremes were
observed—reaching up to 52.2°C in the southwestern dry plateaus—cooler patches persisted
within the city, especially in zones with irrigated cropland, tree cover, and varied elevation. Ur-
mia’s LST values reflect the protective effects of green infrastructure and the diversity of land
cover. The fractured nature of Urmia’s urban form and the presence of green patches provided
partial thermal relief, suggesting a degree of climatic resilience, though this may be threatened
by ongoing land degradation and water scarcity.

Kobani, although the least urbanized of the four, showed high LST values (56.1°C) in ex-
posed, degraded areas. These zones, often located on the urban periphery or in post-conflict
landscapes, lack both vegetation and surface development. Surface temperatures peaked par-
ticularly in abandoned or damaged urban areas consisting of exposed soil, rubble, and minimal
vegetation, where the absence of shading and surface moisture significantly elevated local LST.
This suggests that urban abandonment and soil degradation can produce heat risks comparable
to those in dense cities. Post-conflict reconstruction gaps and infrastructural damage appear to
play a critical role in the formation of these localized heat pockets. Unlike the compact UHI
of Erbil or Diyarbakır, Kobani’s thermal hotspots were more fragmented but no less severe,
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indicating that vulnerability to heat is not solely a function of urban density but also of land
condition and post-crisis land management.

Across all four cities, a clear pattern emerged: land use, vegetative cover, and urban mor-
phology are key variables in determining the spatial distribution and intensity of heatwaves.
Built-up and impervious areas consistently aligned with thermal maxima, while cropland,
shrubland, and tree-covered zones contributed to lower surface temperatures. The presence
or absence of water bodies, green belts, and urban vegetation further differentiated the thermal
profiles. Cities with integrated ecological features displayed more fragmented and resilient heat
patterns, while those lacking such infrastructure faced concentrated and extreme thermal stress.
In general, the comparative results emphasize that extreme surface temperatures are not only a
function of urban density but also of land condition, vegetation, and infrastructure quality.

These comparative findings highlight the need for differentiated urban planning strategies.
In dense cities like Diyarbakır and Erbil, green infrastructure retrofitting and land use zoning
are essential for reducing heat exposure. In environmentally sensitive or post-conflict settings
like Kobani and Urmia, efforts should prioritize ecological restoration, land rehabilitation, and
adaptive reuse of abandoned urban plots. The evidence strongly supports the integration of
spatial heat analysis into climate adaptation policies across the Kurdistan region, where geopo-
litical and environmental fragility amplify the risks associated with extreme heat.

3.3 Land Cover Composition

Building on the methodology described in Section 2.1.3, this section presents the spatial dis-
tribution of land cover types in the municipal areas and surrounding 20 km buffer zones of
the four case study cities: Erbil, Diyarbakir, Kobani, and Urmia. Land cover is a key factor
in understanding how different surfaces interact with solar radiation and influence land sur-
face temperature (LST). Vegetated areas such as croplands, grasslands, and tree cover typically
support evapotranspiration and provide cooling, whereas built-up and bare surfaces absorb and
retain heat, contributing to elevated urban temperatures. Analyzing land cover distributions
in both core urban and peri-urban regions provides insight into the ecological and structural
landscape surrounding each city. This information is essential for interpreting patterns of heat
exposure, detecting urban heat island effects, and identifying areas most vulnerable to climate
extremes.
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3.4 Land use and land cover analyses

3.4.1 Diyarbakir

Figure 3.17: Land cover classification for Diyarbakir within 20 km buffer zone.

In Diyarbakir, the buffer zone is overwhelmingly dominated by cropland (85.1%), re-
flecting the city’s strong agricultural interface. Built-up areas occupy only 6.5%, while grass-

land (6.1%) and minimal tree cover (1.1%) account for the remaining distribution. This land
structure aligns with Diyarbakir’s identity as a city embedded within a broader farming region.
However, the scarcity of tree cover and lack of water bodies suggest that evapotranspiration

and cooling potential remain limited outside the urban core, potentially contributing to high
surface heat in surrounding croplands during drought periods.
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Figure 3.18: Land cover classification within Diyarbakir municipal boundary.

In contrast, Diyarbakır presents an urban-dominated land cover profile. Built-up areas

constitute 85% of the municipal area, while cropland accounts for only 6.5% and grassland for
7.5%. Minor contributions come from tree cover (2.3%), bare land (0.6%), and water (0.4%),
with wetlands and shrubland being negligible. The spatial dominance of impervious surfaces
confirms the intense urban character of the city, despite some presence of vegetation and agri-
cultural land. This pattern contributes to higher surface heat accumulation and underscores
Diyarbakır’s vulnerability to extreme heat events and drought-related thermal stress.
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3.4.2 Erbil

Figure 3.19: Land cover classification for Erbil within 20 km buffer zone.

In the Erbil buffer zone, cropland accounts for the largest land class at 47.6%, followed
by grassland (29.8%) and built-up areas (13.9%). Tree cover makes up only 3.7%, while
bare/sparse vegetation and shrubland collectively contribute less than 5%. This composition
suggests a semi-urban fringe with dominant agricultural use, interspersed with pockets of ur-
ban expansion. Despite the city’s highly urbanized municipal core, the surrounding landscape
shows relatively high green coverage, offering moderate buffering against heat buildup, though
insufficient vegetative shading and minimal water presence may still exacerbate heat risks.
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Figure 3.20: Land cover classification within Erbil municipal boundary.

Erbil shows the most pronounced urban concentration among the three cities, with built-

up land covering 92.8% of its municipal area. This leaves minimal room for grassland (2.5%),
tree cover (1.7%), bare soil (2.1%), and cropland (0.9%). The absence of significant water

bodies and natural vegetation intensifies its surface heat retention, making it particularly sus-
ceptible to extreme temperature events. The high density of impervious surfaces combined with
limited vegetative cover positions Erbil as a key hotspot for studying urban thermal anomalies
and planning mitigation through green infrastructure.
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3.4.3 Kobani

Figure 3.21: Land cover classification for Kobani within 20 km buffer zone.

The analysis reveals a landscape predominantly composed of bare or sparsely vegetated ar-
eas (54.6%), followed by shrubland (8.4%), and smaller shares of grassland, cropland, and
built-up land. This composition highlights the peri-urban and degraded rural nature of the sur-
rounding environment. Despite some presence of vegetation, the high percentage of exposed
and sparsely vegetated surfaces may intensify surface heat retention, especially during extreme
climate conditions. The relatively limited built-up area suggests that urban heat may be less
concentrated compared to denser cities, but localized heating in barren or undeveloped zones
remains a substantial concern.
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Figure 3.22: Land cover classification within Kobani municipal boundary.

Within this defined extent, land cover classification shows that built-up areas dominate the
urban landscape, accounting for 86.0% of the surface. This is followed by grassland (5.5%),
bare or sparsely vegetated land (4.1%), and cropland (4.0%), while other land cover types make
up smaller proportions. This configuration reflects the highly urbanized yet fragmented nature
of Kobani’s municipal extent, where post-conflict development and infrastructure gaps have
created thermally exposed zones. These barren or built-up surfaces strongly correspond with
thermal hotspots identified in the LST imagery for summer 2024, where surface temperatures
peaked at 56.1C. The findings underscore the critical role of vegetation in mitigating heat and
highlight the urgent need to reintegrate green cover and ecological infrastructure in the city’s
ongoing redevelopment process.
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3.4.4 Urmia

Figure 3.23: Land cover classification for Urmia within 20 km buffer zone.

In contrast, Urmia’s buffer zone displays greater ecological diversity. cropland (30.3%) and
shrubland (24.0%) are dominant. Built-up areas account for 18.2%, primarily concentrated in
the city center. Although permanent water bodies (5.0%) occupy a relatively small share, the
extensive presence of natural vegetation and agricultural land enhances the region’s resilience to
heat extremes. This ecological composition promotes evapotranspiration and surface cooling,
offering protective effects compared to more urbanized environments.
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Figure 3.24: Land cover classification within Urmia municipal boundary.

In Urmia, the dominant land cover class is built-up areas, accounting for 75.6% of the
municipal extent. This is followed by grassland (10.4%), bare/sparse vegetation (9.2%), tree

cover (2.5%), and cropland (2.3%), with water bodies effectively absent (0.0%). The spatial
pattern suggests a dense urban core surrounded by fragmented patches of natural and agricul-
tural land, contributing to the effects of the urban heat island (UHI) and reducing the perme-
ability of the surface.
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Across the four cities in the case study, a comparative analysis of land cover within both the
municipal boundaries and surrounding 20 km buffer zones reveals important spatial contrasts
that help explain differences in surface heat intensity. Diyarbakır and Erbil demonstrate the
most urbanized municipal profiles, with built-up areas accounting for 85.0% and 92.8% of their
respective city extents. These dense urban cores are characterized by low vegetation coverage
and a dominance of impervious surfaces, such as roads and rooftops, which correspond to the
highest land surface temperatures (LST) recorded in the study: 64.6 ° C in Diyarbakr and 62.4 °
C in Erbil. In both cases, the surrounding buffer zones are also dominated by altered landscapes
by humans. The Diyarbakr buffer area, for example, consists of 85. 1% cropland and only 1.
1% tree cover, offering limited ecological cooling. Erbil’s buffer is somewhat more mixed, with
47.6% cropland and 29.8% grassland, yet it still lacks significant tree cover or water bodies that
could regulate local microclimates.

In contrast, Kobani and Urmia have more fragmented and ecologically diverse landscapes.
Kobani’s municipal area, although built-up by 86.0%, still includes a mix of cropland (4.0%),
grassland (5.5%), tree cover (0.4%), and bare land (4.1%)—a distribution that contrasts with the
even more densely urbanized cities. Its buffer zone is dominated by bare or sparsely vegetated
land (54.6%), reflecting a post-conflict context with widespread land degradation and minimal
reforestation. These surface conditions contribute to localized heat anomalies, with LST peaks
reaching 56.1 °C, even in the absence of dense urbanization. Urmia, meanwhile, combines a
high built-up ratio in its municipal area (75.6%) with the most ecologically varied buffer zone
of the four cities. Its surrounding 20 km area includes 30.3% cropland and 24.0% shrubland,
along with a small presence of water bodies (5.0%). These types of land cover contribute to
thermal fragmentation and moderate LST values, with the highest surface temperature observed
at 52.2 °C.

In general, the comparative profiles of municipal and buffer zones in these cities underscore
the critical role of surrounding land cover in shaping urban thermal dynamics. Built-up areas
alone do not fully determine heat exposure; instead, the combination of surface materials, vege-
tation availability, and broader ecological context governs the severity and distribution of urban
heat. These findings highlight the need for integrative land use planning that addresses both
city centers and peri-urban fringes to improve climate resilience in Kurdistan’s urban regions.
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4 Conclusions

This thesis explored the spatial patterns and climatic impacts of heatwaves and extreme tem-
perature events in the Kurdistan region, focusing on four cities—Erbil, Diyarbakır, Kobani, and
Urmia—selected for their geographic, political, and ecological diversity. By integrating long-
term climate data from CMIP6 and ERA5 with satellite-derived Land Surface Temperature
(LST) from Landsat 8 and 9, and combining this with high-resolution land cover information
from the ESA WorldCover dataset, the study applied a robust geospatial and climatological
approach to analyze how land use, urban morphology, and ecological degradation shape local
thermal extremes.

The research established city-specific temperature thresholds based on the 90th percentile
of historical daily maximum temperatures, which allowed for the identification of extreme
heat days in the summer of 2024. These days were then used to select representative satellite
imagery for spatial analysis. The results revealed alarming heat intensities, with Diyarbakır
and Erbil recording the highest LST values, exceeding 64°C and 62°C respectively. These
hotspots were strongly associated with densely built-up urban zones lacking vegetation and
green infrastructure, underscoring the intensity of the Urban Heat Island (UHI) effect in rapidly
expanding cities with unregulated development.

In contrast, Urmia demonstrated more spatially heterogeneous thermal patterns. Its eco-
logical diversity, varying topography, and the presence of peri-urban vegetation appeared to
buffer against extreme heat concentrations, although land degradation and the shrinking of
Lake Urmia pose growing risks. Kobani, while less urbanized, exhibited severe heat pockets
in abandoned or damaged zones, where the absence of tree cover and soil moisture amplified
surface temperatures. This finding highlights that vulnerability to extreme heat is not only a
function of urban density but also of post-conflict land degradation and infrastructural disrepair.

The relationship between land cover and thermal exposure emerged as a critical factor.
Built-up and bare land areas consistently aligned with high LST zones, while vegetated surfaces
such as croplands, grasslands, and tree-covered areas demonstrated cooling effects through
evapotranspiration. Yet, the municipal extents of all four cities showed alarmingly low percent-
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ages of natural vegetation and tree cover, reinforcing the urgent need for green infrastructure in
climate adaptation strategies.

Overall, the integration of GIScience, satellite remote sensing, and climate modeling pro-
vided a powerful and scalable framework for assessing heat risk in the geopolitically frag-
mented and ecologically stressed context of Kurdistan. The findings not only advance scientific
understanding of climate extremes in underrepresented regions but also deliver evidence-based
insights for urban planners, environmental policymakers, and civil society actors. As climate
change continues to escalate, cities in Kurdistan must prioritize ecological restoration, climate-
resilient infrastructure, and equitable land use planning to reduce heat vulnerability and protect
both human and environmental health.
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Sitography

• USGS Earth Explorer: United States Geological Survey.
https://earthexplorer.usgs.gov

• Copernicus Climate Data Store – ERA5: ERA5 hourly data on single levels from 1940
to present.
Copernicus Climate Data Store (CDS), ECMWF.
https://cds.climate.copernicus.eu
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