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Abstract

The thermodynamic behavior of the atmosphere is important for understanding climatic stress and sustainability in
arid and semi-arid regions. This paper presents a thermodynamic analysis of atmospheric thermal energy in Kirkuk
City, Iraq, using observed climatic data from 2016 to 2025. A physically based thermodynamic model was
implemented by incorporating a composite thermal energy index comprising sensible heat, latent heat related to
atmospheric moisture, and cooling due to rainfall. The index was calculated based on the fundamental principles of
thermodynamics, incorporating maximum air temperature, relative humidity, atmospheric pressure, and rainfall. The
findings reveal significant interannual variations in atmospheric thermal energy, reflecting a combination of
temperature extremes, moisture availability, and precipitation patterns. Higher thermal energy was recorded in years
with high temperatures and low rainfall, suggesting that more heat is retained in the atmosphere and that thermal stress
is intensified. Conversely, years with greater rainfall exhibited lower thermal energy, owing to enhanced cooling
effects and improved heat balance in the atmosphere. The results demonstrate that thermodynamic indicators provide
a robust framework for evaluating climatic sustainability, as they capture the physical nature of energy exchange
processes in the atmosphere. The proposed method offers a useful resource for assessing thermal stress, informing
climate adaptation policies, and supporting sustainable urban and environmental planning in Kirkuk City and other
regions with similar climatic characteristics.

Keywords: Climatic data; Latent heat, Sensible heat; Thermal energy index, Thermodynamics

1. Introduction

The thermal atmosphere of the atmosphere is very critical in the determination of the regional climate behaviour,
environmental sustainability, and human well-being in the arid and semi-arid regions [1-3]. The dynamism of climatic
conditions, increasing temperatures, and changes in precipitation patterns have been increasing heat stress in most
cities, which have been well documented to create significant challenges to human health, energy consumption, water
availability, and stability of ecosystems [4]. There is a need therefore to be familiar with the physical mechanisms
that dictate atmospheric heat energy so as to be able to gauge the sustainability of climatic and to come up with
effective adaptation measures [5]. Traditional climate indicators are based mostly on the temperature of air which are
inadequate in terms of the thermodynamic complexity of the atmosphere wherein moisture content and latent heat
cycles and the cooling influence of precipitation plays a major role in the thermal regime [6]. In thermodynamic terms,
the thermodynamic state of the atmosphere is defined by the equilibrium between sensible heat, latent heat where
water vapour is involved and energy exchange caused by hydrometeorological processes [7]. Relative humidity
controls the amount of latent energy in the atmosphere, and precipitation offers a means of heat loss by evaporation
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and convective cooling [8]. Thermal energy storage, air density and moisture capacity are also indirectly affected by
atmospheric pressure [9]. Failure to consider these mutually reinforcing processes can lead to incomplete or inaccurate
estimates of climatic conditions, particularly where there is extreme temperatures and disproportionate rainfall [10].
More physically significant measures of atmospheric thermal energy than statistical numbers or nor indices based on
temperature alone are given by thermodynamic energy approaches [11-13].

To address this lacuna, the present paper constructs and implements a physically based atmospheric thermal energy
assessment model that takes into account the main climatic factors: air temperature, relative humidity, precipitation,
and atmospheric pressure. The research provides a complete research of the thermal behaviour of the atmosphere of
Kirkuk City in the period of time 2016-2025 by taking into consideration the sensible heat, latent heat as well as
cooling of rainfalls in the atmosphere under a single thermodynamic thermal index. The proposed methodology is not
limited to the traditional descriptive analysis but provides a physically based indicator that can describe interannual
thermal variability and its consequences about climatic sustainability. The study also helps to the wider scope of the
knowledge about thermodynamics of the atmosphere in dry urban conditions and contributes to climate-resilient
planning and sustainable environmental management. This study offers a solid framework as it connects the
thermodynamic processes to the sustainability of climatic conditions that can be replicated to other environments
experiencing increasing thermal pressures in the face of modern climatic changes.

2. Study Location

The city of Kirkuk, Iraq is a city that is highly vulnerable to climatic variability due to its continental climate, frequent
heat waves, and varying precipitation patterns. The variability of humidity combined with high temperatures and
intermittent rainfall, which characterize Kirkuk, presents it with an opportunity to be used as a case study in the
analysis of atmospheric thermal energy. The ever-increasing urban areas and populations as well as increasing energy
demand adds even more to the impacts of thermal stress making it imperative to have powerful tools that can evaluate
the climatic sustainability of those urban settings.

Despite the recent increased climate studies in Iraq, the literature that integrates thermodynamic concepts with long-
term climatic studies is still scarce. The study area is found at Kirkuk City as illustrated in Figure 1.
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Figure 1. Location of the study area, Kirkuk City, Iragq.
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3. Materials and Methods

The thermal energy of the atmosphere in Kirkuk City in Iraq was evaluated in this paper by using long-term climatic
records to determine the thermal energy of the atmosphere. The annual weather data between the years 2016 and 2025
was retrieved using the NASA POWER Data Access Viewer (DAV), which is a publicly available meteorological
database that offers weather data in the form of climatic data in accordance with the observations and reanalysis
products. To achieve consistency and quality, these data combine measurements obtained by ground-based
meteorological stations, satellite, and atmospheric models. The variables that are chosen are maximum air temperature
(°C), relative humidity (percent), rainfall ((mm day™') and atmospheric pressure (kPa) which are the main
thermodynamic agents in controlling heat and energy exchange within the atmosphere.

The data collected were then systematized in a singular database before analysis was done and a fundamental
screening process was followed to guarantee completeness and consistency. To even out annual short-term variability
and to emphasize long-term interannual changes in the thermal conditions, annual representative values were
calculated. Figure 2 shows the annual climatic data in this study.
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Figure 2. Annual climatic data used in the study.

A thermodynamic model was taken to measure thermal energy in the atmosphere by adding sensible heat, latent heat,
and cooling effect of rainfall. The specific heat capacity of air at constant pressure on the temperature of the air and
on a representative mass of air was used to calculate sensible heat. The latent heat of vaporization and water vapour
mixing ratio were used to estimate latent heat related to atmospheric moisture. The mixing ratio was determined based
on the actual vapour pressure and atmospheric pressure, and saturation vapour pressure was approximated by
exponential temperature-dependent expression, and actual vapour pressure was determined by relative humidity. A
proportional coefficient was used to add the rainfall cooling term that is a proportional cooling term. These factors
were put into one composite measure the Thermodynamic Thermal Index (TI) in units of energy per unit mass (kJ kg
-1). It is a physically established methodology that enables evaluation of the thermal status of the atmosphere broadly
and provides a sound model to evaluate climatic sustainability in dry cities.

Thomatic heating of the atmosphere was measured by the use of a thermodynamic model, which included the sensible
heat, latent heat, thermal cooling of rain. The state equation is:

TI=CpT+Lvg—oaR (1)

TI is the thermodynamic thermal index (kJ kg ), T is the highest air temperature (°C), q is the water vapour mixing
ratio, R is rainfall (mm day '), and alpha is the cooling coefficient of rainfall [14]. where Cp is the specific heat
capacity of air at constant pressure [15], Lv is the latent heat of vaporization [16]:

Cp=1.005k kg’ K" (2)
Lv=2501kike” (3)

The actual vapour pressure e (kPa) is calculated from relative humidity RH and saturation vapour pressure es [17]:
e=(RH/100) xes (4)
Saturation vapour pressure is estimated as a function of temperature [18]:
es =0.6112 exp(17.67T /(T + 243.5)) (5)
Sensible heat energy Hs is calculated as [19]:
Hs=CpT (6)

These equations constitute the thermodynamic basis of the thermal energy analysis of the atmosphere and provide the
possibility of a physically significant analysis of the climatic conditions and sustainability of the city of Kirkuk.

4. Results and Discussion

Table 1 presents the results of the study. Each year (2016 to 2025) the thermodynamic thermal index (TI) was
calculated.
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Table 1. Thermodynamic Thermal Index (TT) results for Kirkuk City, 2016-2025.

Year Thermal Energy TI (kJ kg™)
2016 84.62
2017 99.80
2018 82.62
2019 97.46
2020 108.20
2021 97.02
2022 91.61
2023 96.46
2024 90.37
2025 95.52

The results prove that maximum temperature is not the key factor of atmospheric thermal energy in Kirkuk, but
atmospheric thermal energy is also significantly controlled by water vapour content (humidity) and the cooling
influence of rainfall. The peak thermal energy occurred in 2020, and this was due to a high temperature coupled with
a low amount of rainfall that minimized cooling caused by rainfall and maximized both sensible and latent energy.
On the other hand, 2018 registered the lowest thermal energy although there were high temperatures due to a
considerable amount of rainfall that caused extensive heat loss by evaporation and convection cooling.

Table 2. Proposed classification of thermal regime based on TI values.

Thermal Energy (kJ kg™) Climatic Condition
<90 Low thermal loading

90 —100 Moderate thermal loading
> 100 High thermal loading

According to the calculated TI values of Kirkuk City during the years 20162025, the atmospheric thermal energy can
be divided into three groups: low, moderate, and high thermal loading. The TI combines the sensible heat, atmospheric
latent heat and cooling caused by rainfall giving a comprehensive measure of thermal energy of the air per unit mass
of air (kJ kg !). The classification thresholds were identified based on the analysis of the TI range in the dataset. A
value that is less than 90 kJ kg ! signifies a relatively low thermal energy which means lower temperatures and lesser
thermal stress. The transitional range 90—100 kJ kg'indicates moderate thermal loading which is a state of equilibrium
in the atmosphere. A value greater than 100 kJ kg'is a sign of high-energy levels of thermal energy in the atmosphere,
which can cause heat stress on human comfort, city infrastructure, and environmental sustainability. This
classification is directly based on the computed thermodynamic energy values, interannual variability, and has a
interpretable foundation on which climatic sustainability can be assessed. The thresholds can be modified and used in
other areas or data sets, as long as the relationship between the magnitude of thermal energy and environmental impact
does not change.

5. Conclusion

In this paper, a thermodynamic evaluation of atmospheric thermal energy at Kirkuk City, Iraq, has been conducted
based on climatic data during the period 2016-2025. Atmospheric thermal energy was measured in terms of a
composite of sensible heat, latent heat related to the moisture in the atmosphere, and cooling effects caused by rainfall
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by a physically-based thermodynamic method. The thermal index (TI) of thermodynamics was found to be useful in
describing interannual changes in atmospheric thermal conditions, which can be better described by the thermal
environment (according to temperature-related measures) in comparison to temperature measurements alone. The
findings indicate that the years, which had high temperature of air and low rainfall recorded high thermal energy
levels, meaning that there was high thermal stress and low climatic sustainability. On the other hand, the years that
had a higher amount of precipitation had lower values of thermal energy which proved the importance of rainfall
cooling and thermodynamic processes that used moisture in cooling the atmospheric heat. Such results highlight the
importance of considering humidity and precipitation in the assessment of thermal environments, especially in dry
and semi-dry areas where the variable of climate has a significant influence on the system of humans and the
environment. High atmospheric thermal energy in the city of Kirkuk has implications to the urban thermal comfort,
human health, water resources, and energy demand. The thermodynamic index proposed in the present paper is a
convenient thermal stress measurement instrument and can aid the planning and management of cities in a climate-
resilient manner. Its physical foundation allows it to directly be used in sustainability appraisals and climate adaptation
policies. Future research must add more thermodynamic drivers to this model (solar radiation, wind velocity and
surface characteristics) to make the model more realistic. It could be enhanced by the incorporation of remote sensing
data such as spatial resolution and temporal granularity (e.g., monthly or seasonal analysis). Besides, it is suggested
that the thermal index should be compared with the known human heat stress indicators and energy consumption
history to enhance its use in sustainability and climate adaptation planning of fast-warmed cities.
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