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Abstract
The thermodynamic behavior of the atmosphere is important to understand the climatic stress and sustainability in arid and semi- arid regions. This paper will provide a thermodynamic analysis of thermal energy in the atmosphere in Kirkuk City, Iraq, using the observed climatic data of 2016 to 2025. The physical based thermodynamic model was implemented by incorporating a composite thermal energy index that comprises of sensible heat, latent heat related with atmospheric moisture and cooling by the rainfall. The index was calculated based on the basic principles of thermodynamics with the inclusion of maximum temperature of air, relative humidity, air pressure, and rainfall. The findings show that there is significant interannual variations in the atmospheric thermal energy which is a combination of temperature extremes, moisture availability, and precipitation patterns. Increase in thermal energy was recorded in the years with high temperatures and low rainfalls suggesting more heat is retained in the atmosphere and could be subjected to thermal stress. On the other hand, the years that received more rainfall had less thermal energy in them because the cooling effects and better heat balance in the atmosphere were realized. The results prove that thermodynamic indicators are a solid framework of evaluation of climatic sustainability since they encompass the physical nature of the processes dealing with energy exchange in the atmosphere. The suggested method provides a useful resource regarding assessment of thermal stress, climate adaptation policies, and sustainable urban and environmental planning in Kirkuk City and other areas of similar climate.
Keywords: Climatic data, latent heat, sensible heat, thermal energy index, thermodynamic.

Introduction
The thermal environment of the atmosphere is important in determining the behavior of the climate regionally, environmental sustainability, and the well-being of human beings in arid and semi-arid areas [1-3]. The rapid change of climatic conditions, rise in temperatures, and a shift in precipitation rates have been causing heat stress in most of the cities, which is a known challenge to the health of the population, energy consumption, water availability, and the stability of the ecosystem [4]. It is thus necessary to understand the physical processes that control the heat energy of the atmosphere in order to assess the sustainability of climate and provide the effective methods of adaptation [5]. More regularly used climate measurements are based mainly on measurement of air temperature, but these methods do not fully account for the thermodynamic complexity of the atmosphere, where moisture and latent heat cycles together with cooling effects due to precipitation have a significant impact on the thermal rule [6]. Through a thermodynamic point of view, the thermal condition of the atmosphere is determined by the balance existing among sensible heat, latent heat, which involves water vapor, and energy exchanges that are influenced by hydrometeorological processes [7]. Relative humidity determines the quantity of latent energy in the atmosphere and precipitation effects become the source of heat loss in form of evaporation and convective cooling [8]. Atmospheric pressure also has an indirect influence on thermal energy storage and air density and moisture capacity [9]. Failure to consider these mutually reinforcing processes can cause incomplete or incorrect measurements of climatic conditions, especially where there are high temperatures extremes and unpredictable rainfall [10]. Therefore, thermal energy methods offer a more physical-meaning indicator of judging the thermal energy in the atmosphere in comparison to statistical or temperature-specific indices [11-13].
In this paper, the gap is sealed through the formulation and implementation of a thermal energy assessment of the atmosphere, in regards to essential climatic parameters, such as air temperature, relative humidity, precipitation and atmospheric pressure.
The study offers a complete evaluation of the thermal behavior of the atmosphere in Kirkuk City during the time 2016-2025 by incorporating sensible, latent, and cooling caused by rainfall into a single thermodynamic thermal index. The suggested methodology will include more than the traditional descriptive analysis and will offer a physically grounded indicator that may deal with the interannual thermal variability and its implications on climatic sustainability. The proposed research can also contribute to the existing knowledge in the area of the improved knowledge of atmospheric thermodynamics in dry urban environments and lead to climate-stable planning and sustainable environmental management. This study provides a robust construct on which the other components that are undergoing intensifying thermal forces can be generalized in the contemporary climatic change because of its correlation of the thermodynamic processes to the climatic sustainability.

Study Location
The city of Kirkuk and the country of Iraq is very susceptible to climatic variability because of its continental climate and regular heat waves as well as fluctuating patterns of precipitation. Kirkuk is a thermodynamic case study of atmospheric thermal energy due to the fact that the city is very hot and humid as well as subject to intermittent rainfall patterns. The further development of urban areas, human growth, and rising energy demand aggravate the effects of thermal stress, which means that the tools capable of assessing the climatic sustainability of urban areas must be powerful.
Although there is an increasing amount of climate research in Iraq, there is limited research to combine thermodynamic principles and long-term climatic observations. Figure 1 is the photo of study location Kirkuk City.
[image: ]
Figure 1. The photo of study location Kirkuk City.

Materials and Methods
In this work, long-term climatic records were used to measure the thermal energy present in the atmosphere in Kirkuk City, Iraq, in a thermodynamic manner. The annual weather data of the years 2016 to 2025 were sourced in an online meteorological database (NASA POWER DAV), which provide climatic data to the public based on the observational records and reanalysis products. These sources include the compilation of data of ground meteorological stations, satellite observations and atmospheric models that control consistency and quality. The choice of variables was the maximum air temperature (̊C), relative humidity (percent), rainfall (mm per day), and atmospheric pressure (kPa) that are the main thermodynamic drivers affecting the process of the exchange of heat and energy in the atmosphere.
The data collected before analysis were tabulated into one database and a basic screening was conducted to ensure completeness and consistency. Values per year or representative values were taken to minimize the yearly changes and concentrate on the interannual variations in thermal. Figure 2 represents the used yearly climatic data.





Figure 2. The yearly used climatic data.

There was an adoption of a thermodynamic system that quantified the atmospheric thermal energy by summing up of sensible heat, latent heat and cooling of rainfall.
The sensible heat was gained by using specific heat capacity of air at constant pressure. Air temperature reproduced based on mass of air.
The latent heat of vaporization was used to estimate latent heat that relates to atmospheric moisture, and the mixing ratio of water vapor and the water vapor.
The mixing ratio calculation was made using real vapor pressure and atmospheric pressure. The exponential temperature-dependent formulation was used to estimate saturation vapor pressure and the actual vapor pressure was estimated using relative humidity.
A proportional coefficient was used to add the cooling term of the rainfall as evaporative and convective heat loss. These elements were then added together to create one singular indicator, that is, thermodynamic thermal index (TI), and which is an energy-based indicator. It is a more physical based methodology that would enable a complete assessment of thermal situation in the atmosphere and present a robust framework in an assessment of climate sustainability in arid cities.
Atmospheric thermal energy was measured in terms of thermodynamic framework by adding the sensible and latent heat and the cooling effect by rainfall. The equations, applied in this work, are the following:
			(1)
where TI in (kJ kg -1), T the maximum temperature of air (oC). While 𝑞 = the mixing ratio of water vapor, 𝑅 is rainfall (mm day⁻¹), and 𝛼, is the cooling coefficient of rainfall [14]. Moreover,  is the constant pressure specific heat capacity of air [15], and  where is the latent heat of vaporization [16]. 
			(2)
				(3)
					(4)
is the vapor pressure measured in kPa,is relative humidity [17], and is the saturation vapor pressure can be calculated as a function of [18]:
			(5)
Lastly, the sensible heat energy Hs of the atmosphere was calculated by [19]:
					(6)
All these equations are the thermodynamic foundation of evaluating atmospheric thermal energy and allow a physically significant assessment of the climatic conditions and sustainability of Kirkuk City.

Results and Discussions
The results of the study tabulated in Table 1. Based ion each year TI were calculated.
Table 1. TI results of 2016-2025 in Kirkuk City
	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 findings have shown that maximum temperature is not the main factor defining atmospheric thermal energy in Kirkuk but rather it also largely relies on the content of water vapor (humidity) and the cooling effect of rainfall. In 2020 the greatest value of thermal energy was observed in the atmosphere due to the high temperatures and relatively low rainfall, which decreased cooling due to rain and increased the sensible and potential energy. On the other hand, the lowest thermal energy recorded at the ground was 2018 although the temperatures were high because of a high increase in rainfall, which led to high heat loss.

Table 2. Resulted thermal regime
	Thermal Energy (kJ/kg)
	Climatic Condition

	< 90
	Low thermal convection

	90 – 100
	Moderate thermal convection

	> 100
	High thermal convection



The classification of the thermal energy in the atmosphere into low, moderate, and high thermal load is proposed in accordance with the calculated values of the Thermodynamic Thermal Index (TI) of Kirkuk City during the year (2016 to 2025). The TI includes sensible heat, latent heat of moisture in the atmosphere and cooling caused by rainfall, which gives a global measure of thermal energy of the atmosphere in unit mass of air (kJ/kg). The analysis of the range of TI values in the dataset was made in order to obtain meaningful categories. The values below 90 kJ/kg represent comparatively low thermal energy and cool conditions and lower thermal stress. The middle zone of 90-100 kJ/kg is the sign of moderate thermal loading which indicates the state of balance in the atmosphere. A value that is greater than 100 kJ/kg indicates that there is a high amount of thermal energy and that it has the ability to cause heat stress on human comfort, urban systems, and environmental sustainability. Such a practice will ensure that the classification is directly related to the calculated thermodynamic energy, interannual differences and give an interpretable picture of how to evaluate climatic sustainability. The thresholds may be tailored and used in other areas or datasets, though retaining the connection between the magnitude of thermal energy and its environmental impact.

Conclusion
This paper has provided a thermal energy assessment of the atmosphere in Kirkuk City, Iraq, using climatic data between the years 2016 and 2025. Through a physically based thermodynamic method, the atmospheric thermal energy has been measured using a combined measure of sensible heat, latent heat that is related to atmospheric moisture and the cooling effects caused by rainfall. The new thermodynamic thermal index (TI) was effective in measuring interannual change in atmospheric thermal conditions and gave a more detailed account of the local thermal environment at both temperatures than temperature-based metrics. The findings indicated that those years, which recorded high air temperatures and less rainfall showed high rates of thermal energy, which implied high levels of thermal stress and low levels of climate sustainability. On the other hand, the years with greater amount of precipitation had lower thermal energy values with fairly good temperatures that were significant to demonstrate that cooling of rainfall and moisture-based thermodynamic processes is relatively high. These findings point to the necessity to incorporate humidity and precipitation in the assessment of the thermal environmental conditions, particularly in arid and semi-arid regions where the influence of climatic changes on the human and environmental systems is significant. Climatic sustainability has the ability to cause issues in comfort of the urban atmosphere, human and water health and energy demands in Kirkuk City through the presence of thermal energy that has been enhanced in the atmosphere. The thermodynamic index that will be introduced in this paper is the thermal stress assessment tool that could help in evaluating the thermal stress and make the urban planning and management of cities climate-resilient. The fact that is physically meaningful gives it the possibility of a direct application towards sustainability assessment and climate adaptation strategies. This model must be further expanded in subsequent studies with more thermodynamic drivers such as solar radiation, wind velocity and surface characteristics to enhance model realism. It would be more spatially resolved and have a better time resolution (smaller time scales, monthly or seasonally) by using it in combination with remote sensing information. In addition, it is proposed to match the thermal index with the indicators of human heat stress and energy consumption records to enable the general planning of sustainability and climate adaptation in cities that are quickly becoming warmer.
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Relative Humidity (%) 	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	41.29	38.24	44.91	45.76	39.590000000000003	33.880000000000003	37.22	42.14	41.84	34.57	



Rainfall mm/day	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	399.06	235.34	527.22	379.37	237.13	159.18	248.97	357.11	337.58	215.05	



Pressure (kPa) 	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	96.71	96.74	96.65	96.68	96.64	96.68	96.63	96.71	96.63	96.67	


Max. Temperature (̊C) 

Max. Temperature (̊C) 	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	47.62	48.6	48.28	47.99	49.7	48.24	47.58	48.75	47.32	48.84	
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