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Abstract  9 
This study provides a comprehensive physical and statistical assessment of the dynamic cross-impact interaction 10 
between particulate matter (PM2.5) and atmospheric thermodynamic coefficients during thunderstorm-formation 11 
cycles in Iraq. This study analyzes thunderstorm activity based on archival data from meteorological observations and 12 
satellite data (NCEP/NCAR and MERRA-2) over 16 years at Baghdad, Basra, Mosul, and Sulaymaniyah Airport 13 
Stations. The analysis showed that the highest frequency of thunderstorms occurs in April, reaching (29, 41, 21, and 14 
57), respectively. The best particulate matter concentration of 2.5 at Mosul Airport Station before, during, and after 15 

the storm (B) was moderate (the analysis was proven by the multiple linear regression equation in Figure 13), and the 16 

worst particulate matter concentration was at Basra Airport Station (D), which was unhealthy, and this is a dangerous 17 
indicator: the concentration continued to rise without addressing the causes. Burning natural gas and oil is a well-18 
known source of pollutants that pollute Iraq's air. The results of evaluating the associations between TPW and 19 
atmospheric parameters using a Pearson correlation model showed that TPW concentrations were positively correlated 20 
with particulate matter (PM2.5), convective available potential energy (CAPE), and integrated water vapor transport 21 
(IVT) but negatively correlated with cloud top temperature (CCT). Statistical verification showed high efficiency and 22 
stability of the proposed model (multiple linear regression for TPW Est) with a correlation coefficient (R) ranging 23 
between (0.70 and 0.77), making it a promising tool to support digital extreme weather forecasting and air quality 24 
management in different environments. 25 

Keywords: Thunderstorms, Particulate matter PM2.5, Total precipitable water, Cloud top temperature, CAPE, 26 
Integrated water vapor transport. 27 

1. Introduction  28 

A thunderstorm is a convective storm that typically forms in cumulonimbus clouds. It produces thunder and 29 
lightning. A thunderstorm is likely to form when cold, dry air in the atmosphere covers warm, humid surface air. This 30 
makes the atmosphere conditionally unstable. There are three stages in a thunderstorm's life cycle. During the forming 31 
stage, cumulus clouds expand as rising air currents (updrafts) occur, producing sporadic lightning and little to no 32 
precipitation. Next, the storm enters its mature stage. This stage features simultaneous updrafts and downdrafts while 33 
precipitation falls. This results in gust fronts and often severe weather, including hail, strong winds, heavy rain, 34 
lightning, and occasionally tornadoes. Ultimately, downdrafts stifle updrafts during the dispersing stage, causing a 35 
sharp drop in storm strength and extensive precipitation (Brázdil et al., 2020; Kolendowicz et al., 2017; Krider, 2021; 36 
Pekárová et al., 2021; Púčik et al., 2013; Roy et al., 2023; Stull, 2017; Taszarek et al., 2020). Single-cell, multicellular, 37 
and supercell storms are the three main categories of storms. Three primary factors influence the generation of 38 
thunderstorms: (a) unstable air, (b) lifting action, and (c) the atmospheric moisture content (Arora et al., 2023; Bennett 39 
et al., 2006; Kunz et al., 2020; Stull, 2017; Trapp, 2013). Additionally, the vertical movement of water droplets above 40 
the freezing point is made easier by increased convective available potential energy (CAPE) from urban heat, which 41 
improves charge separation and flash formation (Steiger & Orville, 2003). Moist convection is a complex process that 42 
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makes a significant contribution to the determination of the atmospheric thermodynamic state, particularly in the 43 
tropics. The convective available potential energy (CAPE) is commonly used for assessing the potential for deep moist 44 
convection in the atmosphere. This quantity actually serves as a measure of moist-convective instability of the 45 
atmosphere (Augstein et al., 1974; Emanuel, 1994). 46 

Total precipitable water is a crucial metric for quantifying the water vapor content, representing the 47 
cumulative volume of water vapor in the atmospheric column that can condense and precipitate as rain or snow. PM2.5 48 
is predominantly concentrated in the lower atmosphere and significantly influences the precipitation process, thereby 49 
affecting the characteristics of precipitation (Wang et al., 2025). The local evolution of PW is therefore determined by 50 
evaporation (E), precipitation (P), and a factor representing the convergence of moisture fluxes integrated vertically. 51 
Evaporation enhances precipitable water (PW), whereas precipitation diminishes PW, serving as the catalyst for deep 52 
convection. PW simulation algorithms and models provide more stable and less ambiguous predictive interpretations 53 
than direct estimations of surface rainfall variables, resulting in exceptional reliability for mathematical models, 54 
evidenced by a correlation coefficient exceeding 0.98 in monitoring frontal weather disturbances (Misva, 2021). Other 55 
experts claim that the rotational part of the moisture flux carries moisture from two main areas: the Indian Ocean, 56 
Arabian Sea, Gulf of Aden, the Red Sea, and the Atlantic and Mediterranean Seas (Abdeldym et al., 2019).  57 

One of the main causes of air pollution is particulate matter (PM). The city's PM concentration and 58 
distribution are influenced by a number of elements, including local weather patterns, including wind direction and 59 
speed; temperature; relative humidity; and rainfall, all of which can help to maintain low pollution levels (Galindo et 60 
al., 2011). According to a study, the degree to which aerosols and atmospheric thermodynamics are intertwined 61 
remains unclear, despite extensive examination of their interactions at various scales. Since more atmospheric 62 
instability is needed to overcome the greater aerosol levels, there is evidence that lightning activity in urban 63 
thunderstorms is sensitive to both thermodynamic conditions and aerosol concentrations. Therefore, lightning output 64 
appears to be enhanced in situations where there are both large concentrations of aerosols and high levels of 65 
atmospheric instability, which is frequently the case in urban areas (Bentley et al., 2024; Sun et al., 2023). Moreover, 66 
natural factors are no longer the only driver of these storms; research on the interplay between the atmosphere and 67 
human activities has shown that aerosols emitted markedly increase lightning intensity, thereby deepening our 68 
comprehension of cumulus cloud dynamics in a contaminated setting (Asfur et al., 2023). 69 

The rise in total column mass PM2.5 correlates with a decline in cloud-top temperature; this relationship 70 
appears unexplained unless the cloud-top temperature is considered a function of cloud-top height. The elevation of 71 
cloud tops can be attributed to enhanced condensation processes within the clouds due to the rise in organic carbon 72 
levels. This process will emit more energy as latent heat, rendering the air parcels highly unstable, thus allowing 73 
buoyancy to reach its maximum altitude and hence augmenting the depth of the clouds (Mutar, 2024). The gaseous 74 
state known as water vapor is important to the physical and chemical processes that occur in the atmosphere, playing 75 
a role in the size and composition of hygroscopic aerosol particles and affecting the optical properties of aerosols. 76 
Furthermore, atmospheric water vapor is vital for the formation of clouds and rain, as it can remove dissolved gases 77 
and aerosols from the atmosphere (Sirikaew et al., 2025). 78 

Several studies in the literature have analyzed the relationship between thunderstorms, total precipitation 79 
water, and particulate matter (PM2.5). The researchers (Al-Khulaifawi & Ioshpa, 2026) analyzed the relationship 80 
between thunderstorm activity and air pollutant concentrations (PM2.5) at Baghdad Airport and Basra Airport 81 
international stations over a period of twenty years (2000-2019). The methodology was based on combining ground-82 
based observational data with reanalysis data from ERA-5 and MERRA-2. The study recorded that the highest 83 
frequency of thunderstorms occurs during the spring, specifically in April, at a rate of 64.03%. The results showed 84 
that the concentrations of PM2.5 at the two stations before, during, and after the storms fell within category (D) 85 
according to air quality indicators (concentrations ranging between 55.5 and 150.4 μg/m³), indicating a continuously 86 
polluted environment. The study concluded that there is a direct correlation between dry thunderstorms and increased 87 
pollutants, PM2.5, which calls for the development of weather forecasting models that consider the impact of 88 
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convective phenomena on air quality in semi-arid regions. (Sae-Jung et al., 2025) This study analyzes the relationship 89 
between thermodynamics, aerosols, and thunderstorms in Bangkok, utilizing lightning strike counts as an intensity 90 
metric during a five-year span (2016–2020). The project utilizes data from the Aerosol Robotic Network (AERONET), 91 
ERA-5 reanalysis, terrestrial air quality stations, and total lightning data from Vaisala Inc.'s GLD360 network to 92 
analyze the interrelationships between aerosols and thermodynamics in conditions conducive to thunderstorm 93 
initiation. The results demonstrate that aerosol effects on thunderstorms are significant and, when analyzed alongside 94 
instability, can enhance lightning activity. Thermodynamic instability is positively associated with stroke counts in 95 
thunderstorms. A study (Wang et al., 2025) examined and estimated particle concentrations (PM2.5) in southern China 96 
by employing cumulative machine learning algorithms and models. The methodology was based on the integration 97 
and analysis of precipitation water vapor (PWV) data from global satellite navigation systems (GNSS), data 98 
(radiosonde), and pollution monitoring stations. The results revealed a close correlation and solid physical correlation 99 
between changes in the vertical water content of the atmosphere and the rates of accumulation and dispersion of 100 
particle pollutants, as the developed cumulative model proved highly efficient and accurate in simulating and 101 
predicting aerosol concentrations under various surrounding climatic conditions. The study also revealed that the 102 
highest and lowest levels of PM2.5 concentrations were closely related to terrain and population factors. The Sirikaew 103 
et al. (2025) study developed an artificial neural network (ANN) model to estimate monthly rates of total precipitable 104 
water (TPW) content in Thailand, based on long-term surface meteorological data spanning from 2008 to 2024. The 105 
methodology relied on integrating surface temperature coefficients, relative humidity, and saturated water vapor 106 
pressure deduced from the developed Magnus formula. Although there were weak to moderate correlations between 107 
the independent variables and TPW, the developed ANN model demonstrated superior predictive ability and very high 108 
statistical reliability in the testing phase, where the coefficient of determination (R²) recorded advanced values ranging 109 
between (0.81 and 0.98) with an average radical error rate (RMSE) that did not exceed 4.83% across different stations. 110 

Despite growing global studies investigating the mechanisms of interaction between atmospheric and aerosol 111 
physics, the nature of the dynamic and thermal relationship between micro-air pollutants (PM2.5) and total 112 
precipitation (TPW) water content during thunderstorm development remains unclear, especially in humid, dry, and 113 
semi-arid environments such as the Middle East. In addition, climate studies in Iraq suffer from a clear gap in 114 
integrating and matching real-time ground-based observational data with international 3D reanalysis models 115 
(NCEP/NCAR and MERRA-2) to build estimated mathematical models that combine surface pollutants and 116 
hydrodynamic coefficients to explain the behavior of wet and dry thunderstorms. This study mainly aims to explore 117 
and analyze the weather patterns of thunderstorms and the physical correlation relationship between TPW (total 118 
precipitation water) and thermodynamic coefficients (convective available potential energy (CAPE), integrated water 119 
vapor transport (IVT), cloud top temperature (CCT), and particulate matter (PM2.5)) in Iraq across four major airport 120 
stations (Baghdad, Basra, Mosul, and Sulaymaniyah) for an extended period of 16 years (2010–2025). The study also 121 
seeks to develop an innovative mathematical equation based on the multiple linear regression model for calculating 122 
estimated water content (TPWEst) and verify its efficiency to support digital prediction of weather disturbances and 123 
their environmental impacts. 124 

2. Materials and Methods 125 

2.1. Study Area  126 

Iraq is located in western Asia, northwest of the Arabian Peninsula, between 29°5´ and 37°22´ N latitude and 127 
38°45´ and 48°45´ E longitude. The country consists of four primary physiographic regions, each characterized by 128 
distinct climates: the alluvial plain and desert plateau with a hot desert climate, the mountainous range with a 129 
Mediterranean climate, and the steppe-terrain region with a semi-arid climate. The elevation and location of these 130 
regions significantly influence the climatic conditions across Iraq (Al-Ansari, 2021; Al-Khulaifawi & Ioshpa, 2025). 131 
Figure 1 presents the topography of Iraq and the locations of the selected Baghdad, Basra, Mosul, and Sulaymaniyah 132 
Airport Stations. 133 
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 134 

Figure 1. Map of Iraq with the selected stations (Al-Khulaifawi & Ioshpa, 2025) 135 

2.2. Data Sources and Methodology 136 

2.2.1. Meteorological Station Observations 137 

Real-time surface monitoring data were obtained in real time from the Iraqi General Authority for 138 
Meteorology and Seismic Monitoring for an extended period of 16 years (2010–2025). Data extracted included hourly 139 
frequency of thunderstorms, surface air temperature (T), dew point temperature (Td), relative humidity (RH), surface 140 
atmospheric pressure (PPP), and wind speed (FF). These variables were collected at the four main concurrent hours 141 
of local time (00:00, 06:00, 12:00, and 18:00) to represent four main meteorological stations covering the geographical 142 
and climatic diversity of Iraq: Baghdad Airport, Basra Airport, Mosul Airport, and Sulaymaniyah Airport; the data 143 
were collected from the four weather stations, as shown in Table 1.  Baghdad's climate is classified as a hot semi-desert 144 
climate. Summers are very hot and very dry, with maximum averages ranging between 43°C and 48°C, and may 145 
exceed 50°C in July and August. Winters are relatively cold to moderate, and rainfall is low and variable, with an 146 
annual rate ranging from 120 to 150 mm (Al-Khulaifawi and Mutar, 2026). Basra's climate is categorized as an arid-147 
desert climate, with scorching summers that can reach temperatures of above 50°C and mild to chilly winters with 148 
little precipitation. The city's close proximity to the Arabian Gulf contributes to its excessive humidity (Al-khulaifawi 149 
& Ioshpa, 2025; Shukur, 2025). Mosul exhibits a hot semi-arid climate, adjacent to a Mediterranean climate, 150 
characterized by intensely hot, arid summers and moderately wet, comparatively chilly winters (Chen & Chen, 2013). 151 
The mean summer temperature ranges from 30 to 46 degrees Celsius, while the average precipitation is approximately 152 
354 millimeters (Ali, 2020). The Sulaymaniyah region exhibits a continental arid (Mediterranean) climate 153 
characterized by hot, dry summers; chilly winters; and elevated evaporation rates in summer attributed to high 154 
temperatures and very low humidity, while the annual precipitation rate reaches about 796 mm (Ali et al., 2015). 155 
Surface data was subjected to both manual and automatic quality assessments to eliminate any anomalous or irrational 156 
values. Absence of data in surface observations was addressed with the utilization of reanalysis data. 157 

Table 1: Weather Station Information. 158 

Station Station number  Longitude Latitude Height (m) 
Baghdad Airport 650 44.24° N 33.18° E  31.7 

Basra Airport 690 47.47° N 30.31° E 2.6 

Mosul Airport 608 43.15° N 36.32° E 223 
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Sulaymaniyah Airport 623 45.45° N 35.53° E 843 

2.2.2. Reanalysis Data 159 

Data were extracted from NCEP/NCAR and MERRA-2 for values of particulate matter (PM2.5), total 160 
precipitable water (TPW), cloud top temperature (CCT), and Integrated water vapor transport (IVT) as well as 161 
extracting CAPE values calculated vertically from the surface up to the equilibrium level for each station. The used 162 
model (NCEP/NCAR) from the Physical Sciences Laboratory global reanalysis dataset has a spatial resolution of 163 
0.25° × 0.25° for the atmosphere, and variables were extracted matching exactly the closest of the four daily synoptic 164 
analysis hours (03:00, 09:00, 15:00, or 21:00 UTC) with a temporal resolution for the interval 2010–2025 (Kalnay et 165 
al., 1996). The model synopsis is summarized in Table 2. 166 

The Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2), is a 167 
comprehensive atmospheric reanalysis dataset produced by NASA's Global Modeling and Assimilation Office 168 
(GMAO). Introduced in 2017, MERRA-2 provides extensive atmospheric data, including a continuous aerosol record 169 
from 1980 to the present. The dataset offers a spatial resolution of 0.5° by 0.625° and incorporates 72 vertical layers 170 
extending above 80 km. These features result from integrating the Goddard Earth Observing System, version 5 171 
(GEOS-5) model with the Goddard Chemistry, Aerosol, Radiation, and Transport (GOCART) model (Buchard et al., 172 
2017; Colarco et al., 2010). 173 

Due to the difference in time frames between local ground station records and NCEP modeling hours 174 
subtracted every 6 hours (03:00, 09:00, 15:00, and 21:00 UTC), a strict time match was constructed; UTC was 175 
converted to local time for ground stations, and temporal matching was performed to the nearest synchronized 176 
observation hour (synoptic hour), ensuring that the time gap was reduced to a minimum to ensure physical comparison 177 
during the emergence and development of thunderstorms hour by hour. 178 

In order to reduce spatial uncertainty and address variation in network resolution between microgrid 179 
MERRA-2 model products (0.5° × 0.625°) and more extensive NCEP/NCAR model fields (2.5° × 2.5°), a rigorous 180 
protocol (spatial downscaling) was applied. All air transactions (CAPE, IVT, CCT, and TPW) were spatially 181 
standardized over the exact geographic coordinates of the four ground airport stations using the bilinear spatial 182 
interpolation technique. This interpolation method calculates the weighted average of weather variables from the four 183 
network nodes closest to and surrounding the location of each station (Baghdad, Basra, Mosul, and Sulaymaniyah). 184 
By implementing this spatial smoothing, subgrid gradients were systematically constrained, preventing artificial 185 
spatial discontinuities at grid cell boundaries and ensuring a sound physical match between topography-stimulated 186 
ground observations and vertically integrated reanalysis models. 187 

Table 2: Overview of the ERA-5 driving model.  188 

Characteristics MERRA-2 NCEP/NCAR 

Horizontal coverage  Global and local Global 

Vertical coverage  1000 to 0.1 hPa 1000 hPa to 10 hPa 

Outputs  each 3h for upper air each 6h for upper-air 

Horizontal resolution  0.5° × 0.625° 2.5° × 2.5° 

Vertical resolution  42 pressure levels  17 pressure levels  

Data assimilation  Yes Yes 

This investigation uses bias-corrected global hourly surface PM2.5 mass concentration data from 2010 to 189 
2025. This data was created for the NASA Health and Air Quality Applied Sciences Team (HAQAST) using a 190 
convolutional neural network (CNN)-based machine learning technique (Gupta & Sayeed, 2024). The following Table 191 
3 provides specifics on the classification criteria for PM2.5 concentrations: 192 

 193 
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 194 

Table 3: Classification of PM2.5 concentrations (Al-khulaifawi & Ioshpa, 2025; EPA, 2018). 195 
PM2.5 concentration (μg/m³) 

A (0-12) 

B (12.1-35.4) 

C (35.5-55.4) 

D (55.5-150.4) 

E (15.5-250.4) 

F (250.5-500.4) 

2.2.3 Data Processing, Filtering, and Statistical 196 

The combined data underwent a series of standard procedural steps before being subjected to statistical 197 
analysis to ensure the quality of physical inference: 198 

• Load power value filtering (CAPE): All CAPE values less than 300 J/Kg are excluded and deleted. 199 
Physically, this exclusion is due to the fact that the lower energies do not have sufficient dynamic 200 
capacity to stimulate the upward air currents (updrafts) needed to generate convective thunder cells, 201 
and rooting this condition isolates stable states that disrupt real storm modeling. 202 

• Filtering of integrated water vapor transport (IVT) values: Cases where the integrated water vapor 203 
transport values were zero (IVT = 0) were excluded because the absence of horizontal or vertical 204 
flow of water vapor moisture completely cuts off the wet feed from the atmospheric column, 205 
preventing the formation of cumulonimbus clouds. 206 

• Statistical analysis and multiple regression model: The nature and strength of the linear cross-effect 207 
relationships between TPW and PM2.5 and thermodynamic coefficients were evaluated using the 208 
Pearson linear correlation coefficient. Based on the independent correlation outputs, the 209 
relationships were combined into a multiple linear regression model to construct an innovative 210 
estimated mathematical equation for the precipitation water content (TPW Est) as follows: 211 𝑇𝑃𝑊 ݐݏܧ = ܽ +   b ∗ (PM2.5) +  b ∗ (CCT) +  b ∗ (CAPE)  +  b ∗ (IVT) 212 

Where (a) represents the fixed limit of the cutoff, and the coefficients (b) represent the regression weights 213 
and statistical slope of each variable balanced for each independent meteorological station. The comprehensive 214 
operational steps of data acquisition, temporal collocation, quality filtering, and statistical modeling are systematically 215 
illustrated in the methodological flowchart (Figure 2). 216 

With the aim of evaluating the diagnostic efficiency and verifying the mathematical reliability of innovative 217 
multiple linear regression equations in estimating total water content (TPWEst) compared to actual observed values 218 
(TPWObs), two standard statistical error measures were included: MAE (mean absolute error) as in the equation and 219 
RMSE (root mean squared error) as in the equation (Chai & Draxler, 2014). The MAE measures the average magnitude 220 
of absolute deviations between estimated and real values to provide a direct linear assessment of model accuracy, 221 
while the RMSE is used for its high sensitivity to large or anomalous errors (outliers) by squaring the differences, 222 
allowing the detection of the stability and efficiency of proposed mathematical equations during severe weather 223 
disturbances and extreme thunderstorms. These indicators were collected and calculated for each of the four stations 224 
and included in Table 5. 225 

ܧܣܯ = 1N ∗ ∑|𝑇𝑃𝑊ை௕௦,௜ − 𝑇𝑃𝑊ா௦௧,௜|௡
௜=1  226 
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ܧܵܯܴ = √1N ∗ ∑(𝑇𝑃𝑊ை௕௦,௜ − 𝑇𝑃𝑊ா௦௧,௜)௡
௜=1 ² 227 

• Where (N) represents the total size of the sample of thunderstorm days observed at the station. 228 

 229 

Figure 2. The methodological flowchart for 4 stations (2010-2025) 230 

3. Results and Discussion 231 

3.1. Analysis of the Nature and Distribution of Thunderstorms With the Main Observation 232 

Time 233 

Figure 3 shows the temporal distribution of the annual frequency of thunderstorms over Baghdad, Basra, 234 
Mosul, and Sulaymaniyah Airport Stations for the period (2010-2025) and for the following times (00:00, 06:00, 235 
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12:00, and 18:00), where thunderstorms were recorded for 137 days (160 cases), 92 days (98 cases), 117 days (119 236 
cases), and 261 days (301 cases), respectively. The figure indicates that the number of thunderstorms fluctuated 237 
significantly from year to year; this fluctuation reflects the changing nature of the meteorological factors influencing 238 
the formation of thunderstorms, which are directly related to the dynamic and thermal conditions of the atmosphere 239 
in the region. The total number of annual thunderstorm days varied widely during the study period, with a minimum 240 
value of 2 days (in 2021), 2 days (in 2012 and 2021), 1 day (in 2021), and 6 days (in 2015), respectively. The maximum 241 
values are 20 days (in 2018), 13 days (in 2018), 17 days (in 2011), and 28 days (in 2014), respectively. The total 242 
average number of days of annual thunderstorms varies from one station to another, depending on the nature of the 243 
topography (plain area or mountain) of each station and its frequent exposure to grooves and depressions that cause 244 
the phenomenon of thunderstorms to recur, with large fluctuations around this average. 245 

This variability is a critical factor to consider when assessing extreme weather risks and infrastructure 246 
planning and requires deeper statistical analysis to link these cycles to larger-scale climate factors (such as climate 247 
oscillations or the El Niño/La Niña phenomenon). However, continued monitoring and analysis of thunderstorm data 248 
over longer timescales and linking them to factors such as surface humidity, lower atmosphere temperatures, and 249 
atmospheric pressure distribution may help clarify future trends in thunderstorm activity in the region. In 2005 and 250 
2008, the least frequent thunderstorms were witnessed, while in contrast, these two years witnessed the highest 251 
frequency of dust storms in Baghdad (Mohammed & Hassoon, 2019). The results showed a negative relationship 252 
between dust storms and the El Niño phenomenon. This means that Iraq experiences more dust storms during La Niña 253 
periods and fewer during El Niño periods (Al-Qadi et al., 2021). Rain and thunderstorms remove particles from the 254 
air, which, in some circumstances, might result in a drop in PM2.5 that persists after the storm. The area, the time of 255 
year, and the pollution sources all affect this (Al-Khulaifawi & Ioshpa, 2026). Thermodynamic instability is strongly 256 
connected with stroke counts in thunderstorms, and aerosol effects on thunderstorms are strong and can enhance 257 
lightning when considered in conjunction with instability (Sae-Jung et al., 2025). 258 

 259 

Figure 3. Annual distribution of thunderstorms for the period 2010-2025 260 

On the other hand, thunderstorms are more frequent throughout the country in spring (April) (Al-Khulaifawi 261 
& Ruvimovich, 2025; Al-Khulaifawi & Ioshpa, 2025). Figure 4 illustrates the monthly distribution of thunderstorm 262 
frequency at four stations from 2010 to 2025 (January, February, March, April, May, September, October, November, 263 
and December). Analysis reveals a pronounced seasonal variation, with the majority of thunderstorms occurring in the 264 
spring and fall. Peak activity is observed in April at Baghdad, Mosul, and Sulaymaniyah Airport Stations, while at 265 
Basra Airport Station, it was recorded in April and November; the number of cases reached 29, 41, 57, and 21 storms, 266 
respectively (Al-Khulaifawi & Ioshpa, 2026; Al-Khulaifawi & Mutar, 2026). Reflecting a rise in atmospheric 267 
instability rates in the spring and fall due to the collision of warm, humid air masses from lower latitudes with cold 268 
air masses from higher latitudes, no thunderstorms were recorded or observed during the summer at four stations. 269 
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At Baghdad Airport Station during the spring period (main peak), the highest levels of thunderstorm 270 
frequency occur in the spring (54%), recording the highest total value ever in April. This is followed by March (23 271 
days). In the fall season (second peak), it reached 33.60%. These conditions are typically attributed to the strong 272 
interaction between advancing warm, humid air masses and unstable atmospheric systems between high and low 273 
latitudes. These conditions lead to enhanced convection and the formation of cumulonimbus clouds, which are 274 
responsible for thunderstorms. 275 

At Basra Airport Station during the spring season, thunderstorms occur most frequently, with a peak 276 
frequency of 56.52% recorded in April, marking the highest overall value ever. This is followed by May (17 days). In 277 
the fall season (second peak), it reached 29.35%. 278 

At Mosul Airport Station during the spring period (main peak), the highest frequency of thunderstorms occurs 279 
in the spring (67.52%), recording the highest overall value ever in April. The second peak, which reached 16.24%, 280 
was shared between the fall and winter.  281 

At Sulaymaniyah Airport Station during the spring period (main peak), the highest frequency of 282 
thunderstorms occurs in the spring (54.41%), recording the highest overall value ever in April. This is followed by 283 
May (43 days). In the winter season (second peak), it reached 23.37%. 284 

In contrast, September was the least active month for Sulaymaniyah Airport, with nearly six storms recorded. 285 
This is due to the dominance of subtropical highlands in the summer months, which stabilizes the atmosphere and 286 
prevents the development of cumulus clouds (i.e., fewer thunderstorms). While January was the least active month for 287 
Baghdad Airport (5 storms) and Basra Airport (2 storms) and for Mosul Airport, December was the least active month, 288 
recording nearly 3 storms, reflecting some instability associated with the cold fronts of mid-latitude depressions. 289 

 290 

Figure 4. Monthly distribution of thunderstorms for the period 2010-2025 291 

By analyzing nine months of data for the Baghdad, Basra, Mosul, and Sulaymaniyah Airport Stations, the 292 
results showed that the best time for thunderstorms to recur is 18:00. The lowest time for thunderstorms at Baghdad 293 
Airport Station is 06:00, and at Mosul and Sulaymaniyah Airport Stations, it is 12:00, while at Basra Airport Station, 294 
it is 06:00 and 12:00. 295 

3.2. The Impact of Thunderstorms on PM2.5 in Iraq 296 

Results of the impact of thunderstorms on PM2.5 and their frequencies are presented in Figures 5-8 and 297 
summarized in Table 4. These results are based on PM2.5 concentrations before, during, and after the thunderstorms 298 
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at Baghdad, Basra, Mosul, and Sulaymaniyah Airport Stations and by using hourly data of thunderstorms (wet and 299 
dry) for 9 months (January, February, March, April, May, September, October, November, and December) for the 300 
period from 2010 to 2025. 301 

Figure 5 shows that the concentration of PM2.5 at Baghdad Airport Station is at two levels: the (C) and (D) 302 
groups in varying proportions. The reason is the lack of high humidity in the air (lack of rain). Another reason is that 303 
this is the result of the wind bringing dust from western Iraq (the desert), and there are millions of cars and many 304 
power generators in Baghdad, in addition to urban development and the bulldozing of agricultural land due to drought 305 
and lack of rain. Therefore, not all thunderstorms are accompanied by rain (the reason is that there is not enough 306 
moisture in the atmosphere), so the concentration does not decrease to levels (A) and (B) due to the increase in the 307 
concentration of dust and pollutants as a result of the downdraft and updraft of thunderstorms with light or no rain. 308 
The concentration of dust (particulate matter 2.5) in the atmosphere has grown as a result of low relative humidity and 309 
the passage of a cold front (of high density), which stirs up the dust and holds it suspended for a while. At the 310 
observational level, there is a positive correlation between the frequency or intensity of thunderstorms and atmospheric 311 
PM2.5 concentrations above the surface. This is because thunderstorms mix up aerosols during the storm, create 312 
aerosol particles at high altitudes, and redistribute contaminants. Thunderstorms are also associated with local sources 313 
of smoke and dust, such as fires or construction dust, which may be exacerbated by the storm's atmospheric conditions 314 
(Al-khulaifawi & Ioshpa, 2026). Before, during, and after a thunderstorm: The majority of PM2.5 frequencies fall 315 
within the category of (D) prevailing frequency, recorded at approximately 56%. It is followed by ranges (C) and (E) 316 
with a slight decrease after a thunderstorm, while category (B) is the opposite (slight increase).  Categories (D), (E), 317 
and (F) are considered unhealthy. It was noted at this station that category (F) increases even after a thunderstorm, 318 
which indicates the danger of air pollution in the atmosphere and that the rain was not sufficient to wash away or 319 
remove suspended particles from the atmosphere.   320 

 321 

Figure 5. Temporal analysis of air quality status mean frequencies of PM2.5 concentration levels (nine months, 322 
2010-2025) for Baghdad Airport Station 323 

Figure 6 shows that the concentration of PM2.5 at Basra Airport Station is at three levels: the (D), (E), and 324 
(F) groups in varying proportions. Recently, high concentrations of air pollution have been recorded as a result of 325 
petrochemical plants, and this city is characterized by a large number of oil wells, power plants, brick and asphalt 326 
factories, steel and iron foundries, waste incineration, agricultural land removal, burning of crude oil and gas, and 327 
vehicle exhausts. Before, during, and after a thunderstorm: The majority of PM2.5 frequencies fall within the category 328 
of the prevailing frequency (D), recorded at approximately 51%. Ranges (E) and (F) show a slight decrease after a 329 
thunderstorm, while category (C) exhibits a slight increase.  It was noted at this station that categories (E) and (F) 330 
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represent 35%, which indicates the seriousness of air pollution in the city's atmosphere; due to the lack of rain and the 331 
increased frequency of dust storms, this station is considered more dangerous in terms of air pollution.   The elevated 332 
concentrations of PM2.5 in Baghdad and Basra pose a health hazard. The article advocated for the implementation of 333 
stringent environmental measures to mitigate air pollution, including enhancing manufacturing efficiency and 334 
promoting the utilization of clean energy. It underscored the necessity establishing air quality monitoring systems and 335 
enacting measures to mitigate harmful emissions in urban and industrial regions (Atheeb, 2025). The results indicated 336 
that PM2.5 concentrations were higher in summer than in winter and autumn. The average monthly maximum 337 
concentration was 8.4 μg/m³ in June and 8.7 μg/m³ in July, particularly in the central and southern regions of Iraq. The 338 
seasonal average concentration followed a similar pattern to the monthly pattern, with its highest values reaching an 339 
average of 7.1 μg/m³ in summer. The annual average PM2.5 concentrations in Iraq are lower than the internationally 340 
recommended maximum of 10 μg/m³, reaching 6 μg/m³ (Sardar et al., 2023).  341 

 342 

Figure 6. Temporal analysis of air quality status mean frequencies of PM2.5 concentration levels (nine months, 343 
2010-2025) for Basra Airport Station 344 

The results shown in Figure 7 indicate that the (B) level accounts for the frequency of PM2.5 at Mosul Airport 345 
Station. This is because of large areas of agricultural land and not many asphalt plants and oil wells in the city. 346 
Additionally, a smaller population and fewer cars and generators. Therefore, the concentration of PM2.5 is low 347 
(indicating clean or moderate air). Before, during, and after a thunderstorm: The majority of PM2.5 frequencies fall 348 
within the category of (B) prevailing frequency, recorded at approximately 43%. It is followed by range (D) with a 349 
slight decrease after a thunderstorm, while categories (A) and (C) are the opposite (a slight increase).  It was noted at 350 
this station that categories (E) and (F) are represented in small proportions, which indicates the purity of the air in the 351 
city's atmosphere. It is considered the best station in terms of air pollution, as the concentrations of suspended particles 352 
accompanying thunderstorms were recorded as acceptable. 353 

0

10

20

30

40

50

60

before 1 h of TSs during of TSs after 1 h of TSsF
re

q
u

e
n

ci
e

s 
o

f 
P

M
2

.5
 c

o
n

ce
n

tr
a

ti
o

n
s

Basra Airport 

(0-12)μg/m3 (A) (12.1-35.4)μg/m3 (B)
(35.5-55.4)μg/m3 (C) (55.5-150.4)μg/m3 (D)
(150.5-250.4)μg/m3 (E) (250.5-500.4)μg/m3 (F)



12 

 

 354 

Figure 7. Temporal analysis of air quality status mean frequencies of PM2.5 concentration levels (nine months, 355 
2010-2025) for Mosul Airport Station 356 

Figure 8 shows that the concentration of PM2.5 at Sulaymaniyah Airport Station is at three levels: the (B), 357 
(C), and (D) groups in highly varying proportions.  This station is distinguished by its height above ground level 358 
exceeding 800 meters due to the mountainous terrain of the city. It is considered one of the areas with the most rain 359 
and snow from the southern regions, but despite that, unhealthy concentrations were recorded within category (D). 360 
Before a thunderstorm: The majority of PM2.5 frequencies fall within the category of (D) prevailing frequency, 361 
recorded at approximately 36.5%. During and after a thunderstorm, the majority of PM2.5 frequencies fall within the 362 
category of (B) prevailing frequency, recorded at approximately 39.4%. It is followed by category (C) (27%) with an 363 
increase after a thunderstorm, while category (A) (5%) has a slight increase. It was noted in this station that category 364 
(F) is represented by a small percentage. This does not indicate the purity of the air in the city's atmosphere because 365 
the concentration of category (A) is also low, along with a high concentration of category (D). Categories (E and F) 366 
were not observed during and after the thunderstorm, but only 20 cases were recorded before the thunderstorm. It is 367 
considered the second-best station in terms of air pollution after the Mosul station. Not all thunderstorms at the station 368 
are accompanied by rain (the reason is that there is not enough moisture in the atmosphere), so the concentration does 369 
not decrease to a level (A) due to the increase in dust and pollutants caused by the downdrafts and updrafts of 370 
thunderstorms. 371 
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 372 

Figure 8. Temporal analysis of air quality status mean frequencies of PM2.5 concentration levels (nine months, 373 
2010-2025) for Sulaymaniyah Airport Station 374 

The statistical data in table 4 show significant geographic and climatic variation in the frequency and quality 375 
of thunderstorms and the behavior of particulate matter (PM2.5) concentrations across the four Iraqi airport stations 376 
studied (Baghdad, Basra, Mosul, and Sulaymaniyah). Sulaymaniyah Airport Station recorded the highest total 377 
frequency of thunderstorms at 261 cases, while Basra Airport Station recorded the lowest frequency at 92 cases. This 378 
spatial distribution is directly attributed to the topographical and climatic characteristics of Iraq; the mountainous 379 
highlands in the northern region (Sulaymaniyah) contribute to the stimulation of the dynamic uplift forces (orographic 380 
lifting) necessary for the development of the Mazniya cumulus clouds, compared to the plain and lowland regions in 381 
the center and south. 382 

In terms of the association of storms with rainfall, the results indicate a clear superiority of cases accompanied 383 
by rain in Sulaymaniyah (161 cases), Baghdad (87 cases), and Mosul (76 cases), which reflects the efficiency of cloud 384 
systems in these regions in reaching maturity and liquefying vertical water content. In contrast, the storm rates were 385 
similar (45 rainy versus 47 non-rainy) at the Basra Airport Station, a behavior that is physically explained by the 386 
southern region being affected by the phenomenon of evaporation induced in the lower layers of the atmosphere under 387 
the cloud as a result of the high surface temperature, which leads to the evaporation of precipitation before it reaches 388 
the earth, or by the excitation of severe dust storms associated with dry fronts without the availability of sufficient 389 
moisture for condensation. 390 

When these dynamics are linked to the behavior of air pollutants, patterns of fine particle concentrations 391 
(PM2.5) before, during, and after the storm (one hour apart) reveal two opposing physical mechanisms governed by 392 
the nature of the atmospheric system; the symbol (B) at the Mosul and Sulaymaniyah Stations represents the effect of 393 
wet deposition, as heavy rains and rising water molecules wash and cleanse the atmosphere of PM2.5 molecules, 394 
which leads to a sharp drop in their concentrations during and after the storm. In contrast, the symbol (D) in the stations 395 
of Baghdad, Basra, and Sulaymaniyah (before the storm) highlights the mechanism of mechanical dispersion and dust 396 
deflation resulting from the strong downward winds and wind shear forces accompanying thunderfronts, which lead 397 
to the resuspension of fine particles and the stirring of local dust, causing sharp jumps in concentrations of PM2.5, 398 
specifically in the semi-arid environment of central and southern Iraq, coinciding with the kinetic activity of the 399 
storms. 400 
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Table 4 indicates that the incidence of thunderstorms and wet days diminishes from north to south, whereas 401 
the greatest concentration of PM2.5 increases from south to north. This suggests that heightened rainfall results in 402 
reduced concentrations of PM2.5. 403 

Table 4: Summarizes the results (thunderstorms and PM2.5) for four meteorological stations during the period 404 
(2010-2025). 405 

Stations  Total 

thunderstorm 

events  

Events 

with rain 

Events no 

rain  

Maximum 

PM2.5 

concentration 

before 1 h 

Maximum 

PM2.5 

concentration 

during 1 h 

Maximum 

PM2.5 

concentration 

after 1 h 

Baghdad 

Airport 
137 cases  87 cases  50 cases (D) (D) (D) 

Basra Airport 92 cases  45 cases 47 cases (D) (D) (D) 

Mosul 

Airport 
117 cases  76 cases 41 cases (B) (B) (B) 

Sulaymaniyah 

Airport 
261 cases 161 cases 100 cases (D) (B) (B) 

• Most rainy cases recorded light rain at Baghdad, Basra, and Mosul Airport Stations. 406 
• Most rainy cases recorded light and moderate rain at Sulaymaniyah Airport Station. 407 

 408 
3.5. Analysis of the Relationship Between Total Precipitation Water and Parameters for 409 

2010-2025  410 

 411 
The Pearson correlation coefficient between the total precipitable water, PM2.5 concentration, cloud top 412 

temperature, CAPE, and integrated water vapor transport for 2010–2025 has been calculated for the study period. The 413 
results of Figure 9 show a clear direct linear (positive) correlation between the concentration of particulate matter 414 
(PM2.5) and the total precipitation water (TPW) in the atmosphere during frequent thunderstorms, which is 415 
statistically significant, as the correlation coefficients at Baghdad, Basra, Mosul, and Sulaymaniyah Airport Stations 416 
are R = 0.6, 0.63, 0.62, and 0.6, respectively. Despite the variation in maximum and minimum numerical ranges 417 
between these cities due to their topographic and climatic characteristics, the values of the total water content peaked 418 
at about 42 kg/m², coinciding with an increase in the concentration and mass density of particulate matter, which 419 
reached 60 kg/m² (Baghdad and Basra), while TPW values stopped at 33 kg/m² in Mosul and Sulaymaniyah. This is 420 
due to the mountainous and elevated topography of the northern region and the lower surface temperatures compared 421 
to the center and south, demonstrating the role of these pollutants as condensation nuclei that enhance water abundance 422 
within cloud systems. Fine particulate matter (PM2.5) acts as the "cloud condensation nuclei—CCN." As the masses 423 
of these particles in the air column increase, they attract and absorb surrounding moisture particles and water vapor 424 
from the surrounding atmospheric environment, which statistically and physically leads to an increase in the 425 
accumulation of vertically stored water mass and thus higher TPW values. In addition, this relationship is connected 426 
to the weather conditions that are associated with instabilities. High humidity contributes to an ideal environment for 427 
aqueous chemical reactions that stimulate the production and accumulation of secondary aerosols, demonstrating a 428 
reciprocal role in which suspended pollutants contribute to modifying the total water content available in the 429 
atmospheric system. Aerosols function as cloud condensation nuclei (CCN) or ice nucleating particles (INP), altering 430 
the physical and radiative characteristics of clouds and influencing precipitation formation processes (Albrecht, 1989; 431 
Liou & Ou, 1989; Twomey, 1977). Water vapor, an essential meteorological element in the troposphere, profoundly 432 
influences planetary energy and the hydrological cycle. Simultaneously, water vapor also affects the fluctuation of 433 
PM2.5 (Abdullaev et al., 2014; Zhang et al., 2017). Elevated humidity, sometimes associated with moist deposition 434 
from precipitation, diminishes PM2.5 levels, although augmented water vapor directly increases total precipitable 435 
water. Using inexpensive particulate matter sensors (Plantower PMS5003), mass concentrations of particulate matter 436 
(PM 1, PM 2.5, and PM 10) were measured at various elevations (1.5, 3, 9, 15, 18, and 290 m) in Tehran in order to 437 
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investigate their vertical distribution. Overall, the average PM2.5 values were 62.9 ± 44.7, 64.4 ± 46.6, and 66.6 ± 438 
45.8 μg m–3. As a result, changes in particulate matter concentrations with increasing altitude were statistically more 439 
significant during the day than at night, when air instability was present (Roostaei et al., 2024). Green plants may help 440 
purify the air and increase humidity in the atmosphere (although to a limited extent), and low population density in 441 
cities is one factor that leads to low concentrations. Latitude, longitude, sun altitude, solar radiation intensity, and 442 
topography all influence temperature. The higher the temperature, the higher the likelihood of PM2.5 concentrations 443 
and total precipitable water. 444 

 445 

Figure 9. The correlation coefficient between particulate matter concentration PM2.5 and total precipitation water at 446 
all stations (2010-2025) 447 

The results of Figure 10 show a moderate to strong inverse linear correlation for Baghdad, Basra, Mosul, and 448 
Sulaymaniyah Airport Stations (R = -0.56, -0.8, -0.77, and -0.52, respectively) between cloud top temperature (CCT) 449 
and total precipitation water (TPW); the decrease in cloud top temperatures (reflecting an increase in their vertical 450 
thickness and depth) was accompanied by a significant increase in the total water content to about 42 kg/m² at 451 
extremely cold temperatures (ranging between -60°C and -70°C), which was a direct indicator of the vertical growth 452 
and development of clouds and their reaching the upper layers of the atmosphere (the upper troposphere). This sharp 453 
vertical dynamic growth cannot occur without continuous wet feeding and massive pumping of water vapor through 454 
the entire air column, which explains the statistical synchronization between the temperatures of the cooler peaks and 455 
the highest values of the total water content available for precipitation, which approached 42 kg/m². In Basra 456 
specifically, proximity to water bodies (the Arabian Gulf) leads to an abundance of rising water vapor, enhancing the 457 
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vertical thickness of the drag and improving the dynamic cooling of the tops. While in Mosul and Sulaymaniyah 458 
stations, TPW values reach 33 kg/m², and this variation is due to the mountainous and high topography of the northern 459 
region’s surface; cold and sea-level rise contribute to reducing the absolute carrying capacity of the air column for 460 
storing water vapor compared to the central and southern regions. These results are consistent with atmospheric 461 
physical explanations that confirm that the dynamic cooling associated with the decrease in CCT acts as an ideal 462 
environment to enhance the processes of condensation and water diffusion and stimulate the growth of water droplets 463 
and ice crystals due to the abundance of TPW. This increases the overall efficiency of the cloud system and 464 
demonstrates the role of dynamic cooling in stimulating the growth of water droplets through diffusion and collision 465 
mechanisms. The augmentation of cloud depth results in an elevation of total precipitable water due to the prolonged 466 
vertical motion of droplets inside the cloud parcel, hence enhancing the likelihood of growth through moisture 467 
diffusion and the processes of collision and coalescence. The TPW will be augmented (Mutar, 2024). 468 

 469 

Figure 10. The correlation coefficient between cloud top temperature and total precipitation water at all stations 470 
(2010-2025) 471 

The results showed a statistically significant direct linear correlation relationship between the convective 472 

available potential energy (CAPE) and the total precipitation water (TPW) as in Figure 11 (deleting values of CAPE 473 
less than 300), where the correlation coefficient values at Baghdad, Basra, Mosul, and Sulaymaniyah Airport Stations 474 
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reached R = 0.63, 0.7, 0.66, and 0.61, respectively. This positive proportionality is attributed to the role of atmospheric 475 
dynamic instability in stimulating updrafts that raise water vapor and increase the total stored vertical water content. 476 

This dynamic and thermal correlation can be explained from the perspective of atmospheric physics by saying 477 
that the TPW represents the total vertical water stock in the air column and serves as the "real fuel" to feed the 478 
convection cells. When high TPW values are observed, the water vapor mixing ratio (w) in the lower atmosphere 479 
increases, which raises the default temperature of the ascending air parcels (Tv) compared to the surrounding dry 480 
environment. This thermal variation enhances the vertical buoyancy force and the growth of dynamic lift forces, thus 481 
causing the release and increase of stored CAPE potential energy, which peaked at more than 4000 J/kg, coinciding 482 
with the highest water content, reaching 42 kg/m². This physical mechanism is consistent with meteorological 483 
hypotheses that indicate that the intensification and instability of thunderstorms require an integrated system in which 484 
the TPW ensures abundant moisture, while the CAPE represents the engine and thermal catalyst to release this energy 485 
from moisture into heavy rain. A study by Gettleman et al. (2002) demonstrated a strong, linear positive correlation 486 
between vertical water content and thermal buoyancy energy in tropical and subtropical regions, where surface 487 
warming leads to increased evaporation (TPW) and energy feeding of convection cells (CAPE). 488 

 489 

Figure 11. The correlation coefficient between convective available potential energy and total precipitation water at 490 
all stations (2010-2025) 491 
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The results of Figure 12 (deleting values where IVT = zero) revealed a direct linear correlation relationship 492 
between integrated water vapor transport (IVT) and total precipitation water (TPW), with the correlation coefficients 493 
for Baghdad, Basra, Mosul, and Sulaymaniyah airport stations (R = 0.6, 0.61, 0.77, and 0.7, respectively), 494 
demonstrating that intensifying the horizontal and vertical flow of water vapor directly contributes to raising the wet 495 
feed efficiency of the air column and increasing the total water content available for precipitation. This relationship 496 
can be explained in kinetic physical terms by the fact that IVT represents the horizontal and vertical flow of moisture 497 
carried by the wind through the lower layers of the atmosphere and serves as the nutritional dynamic mechanism that 498 
continuously pumps air masses saturated with moisture towards the study area. Accordingly, the intensification of this 499 
kinetic transport directly leads to the accumulation of water vapor molecules and an increase in their vertical mass 500 
density from the surface to the top of the troposphere, which is expressed physically by the growth of TPW values 501 
that peaked in the model at about 42 kg/m², coinciding with the recording of the highest rates of water transport at the 502 
stations of Baghdad Airport and Basra. This result is directly consistent with the dynamic concept published in the 503 
international literature of the formation of "atmospheric rivers,” which proves that the static water abundance available 504 
for precipitation remains governed and constrained by the efficiency and strength of horizontal kinetic flows of 505 
incoming water vapor. Results indicate that 80 to 90% of the moisture captured by atmospheric rivers, along with a 506 
significant proportion of the overall precipitation generated by these systems, originates from tropical sources. The 507 
tropical contribution to precipitation generally exceeds 50% and significantly surpasses this figure in the most 508 
impacted regions (Eiras et al., 2017). 509 

 510 
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Figure 12. The correlation coefficient between integrated water vapor transport and total precipitation water at all 511 
stations (2010-2025) 512 

To verify the accuracy and efficiency of numerical or computational models used to estimate atmospheric 513 
water content over the study area, this section represents an essential evaluation step for comparing experimentally 514 
inferred or estimated values with actual observed values. This step is of great importance in atmospheric physics, as 515 
the accuracy of determining the estimated total precipitable water (TPW Est) is one of the cornerstones of ensuring 516 
reliable prediction of atmospheric instabilities. (TPW Est) is calculated using the following equations: 517 𝑇𝑃𝑊 = ܽ + ܾ ∗ 𝑃518 (1)          2.5ܯ 𝑇𝑃𝑊 = ܽ + ܾ ∗ 𝑇              (2) 519 𝑇𝑃𝑊ܥܥ = ܽ + ܾ ∗ 𝑇𝑃𝑊 520 (3)           ܧ𝑃ܣܥ = ܽ + ܾ ∗  𝑇                (4) 521ܸܫ

By combining the above four equations, a multiple linear regression equation is produced to calculate (TPW 522 

Est) based on the equations in the figures (9-12) for each station. 523 𝑇𝑃𝑊 ݐݏܧ = ܽ +   b ∗ (PM2.5) +  b ∗ (CCT) +  b ∗ (CAPE)  +  b ∗ (IVT)      (5) 524 𝑇𝑃𝑊 ݐݏܧ = 18.189 +  0.272 ∗ (PM2.5) +  0.225 ∗ (CCT) +  0.0034 ∗ (CAPE)  +525                                  0.032 ∗ (IVT)     for Baghdad Station 526 𝑇𝑃𝑊 ݐݏܧ = 21.774 +   0.226 ∗ (PM2.5) +  0.296 ∗ (CCT) +  0.0043 ∗ (CAPE)  +527                                  0.032 ∗ (IVT)      for Basra Station 528 𝑇𝑃𝑊 ݐݏܧ = 14.187 +  0.224 ∗ (PM2.5) +  0.322 ∗ (CCT) +  0.0029 ∗ (CAPE)  +529                                  0.027 ∗ (IVT)      for Mosul Station 530 𝑇𝑃𝑊 ݐݏܧ = 12.751 +  0.199 ∗ (PM2.5) +  0.181 ∗ (CCT) +  0.0028 ∗ (CAPE)  +531                                  0.031 ∗ (IVT)      for Sulaymaniyah Station 532 

In Figure 13, the results extracted from the linear regression model show the existence of a direct (positive) 533 
correlation relationship from medium to strong between the estimated total precipitation water (TPW Est) by equation 534 
5 for each station and the actual total precipitation water (TPW), where the value of the correlation coefficient for the 535 
stations Baghdad Airport, Basra, Mosul, and Sulaymaniyah reached R = 0.7, 0.7, 0.77, and 0.73, respectively. The 536 
straight trend line (in red) reflects a typical convergence, showing that the higher the estimated values (TPW Est) from 537 
20 to 90, the more the actual documentation values (TPW) increase, reaching their peak at about 42 and 43 kg/m² for 538 
Baghdad and Basra Airport Stations and at 33 kg/m² for Mosul and Sulaymaniyah Airport Stations. This statistically 539 
confirms that the estimated model has good reliability, making it a consistent reference indicator that accurately 540 
reflects the wet structure of the air column in the study areas. 541 

 542 
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 543 

Figure 13. The correlation coefficient between estimated total precipitable water and total precipitation water at all 544 
stations (2010-2025) 545 

Comparative statistical outputs between the four stations in Table 5 revealed clear physical and dynamic 546 
variation in the response of total precipitation water (TPW) to environmental and thermodynamic variables: 547 

• (TPW and PM2.5): The highest direct correlation value was recorded at Basra Airport Station (R = 0.63, R² 548 
= 0.4), proving the high efficiency of atmospheric dust aerosols southward as moisture-attracting lenses and 549 
cloud condensation nuclei. 550 

• (TPW and CCT): The highest sharp inverse correlation value was observed at Basra Airport Station (R = -551 
0.80, R² = 0.64), followed by Mosul Station (R = -0.77), which physically explains why storms to the south 552 
and north are associated with towering vertical growth of cloud tops towards cooler layers of the atmosphere. 553 

• (TPW and CAPE): The highest direct correlation value appeared at Basra Airport Station (R = 0.70, R² = 0.5) 554 
as a result of the high surface thermal heating that increases the buoyancy energy. 555 

• (TPW and IVT): The relationship had the highest direct correlation value at the Mosul Airport Station (R = 556 
0.77, R² = 0.6) due to its transition location affected by wet flows, while the lowest correlation value at the 557 
Baghdad Airport Station was recorded (R = 0.60, R² = 0.4). 558 
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Efficiency of the proposed mathematical model (TPWEst and TPW): The innovative multiple linear 559 
regression equation achieved the highest absolute diagnostic efficiency at the Mosul Airport Station (R = 0.77, R² = 560 
0.6), confirming its successful physical integration of atmospheric determinants, while the lowest efficiency value 561 
(which remains a high and very scientifically acceptable value) was recorded at the Baghdad and Basra Airport 562 
Stations (R = 0.70, R² = 0.5).  563 

The MAE and RMSE metrics showed higher predictive accuracy of the linear regression models at the 564 
northern stations (Sulaymaniyah and Mosul Airport Stations) compared to the southern stations, which is strong 565 
statistical evidence of the accuracy and stability of the model. Statistically, although these error magnitudes exceed 10 566 
units, they are highly acceptable and representative of a strong simulation capacity given the wide dynamic range of 567 
the observed tropospheric TPW data. Crucially, the most compelling evidence of model stability is underscored by the 568 
remarkably tight and constant gap (~3 mm) maintained between MAE and RMSE across all distinct climatic zones. 569 
This convergence rigorously proves that the predictive residuals are normally distributed and free from severe 570 
anomalies or outlier errors. Physically, this is attributed to the effect of topographic uplift in the north versus the 571 
complexities of dry convection and dust in the south. The close proportionality between MAE and RMSE values 572 
across all stations indicates high structural stability of the model, proving its resistance to extreme values despite the 573 
intensity of weather fluctuations in the region. 574 

Table 5: Results of the regression analysis of the linear relationship between the selected variables at four stations. 575 

Stations Variables 

(Relationship) 

a b R R2 MAE RMSE 

Baghdad Airport TPW and PM2.5 19.457 0.272 0.6 0.3   

TPW and CCT 17.502 0.225 -0.56 0.3 

TPW and CAPE 20.957 0.0034 0.63 0.4 

TPW and IVT 14.841 0.032 0.6 0.4 

TPW Est and TPW 8.969 0.409 0.7 0.5 16.90 19.90 

Basra Airport TPW and PM2.5 24.845 0.226 0.63 0.4   

TPW and CCT 20.565 0.296 -0.8 0.64 

TPW and CAPE 23.954 0.0043 0.7 0.5 

TPW and IVT 17.730 0.032 0.61 0.4 

TPW Est and TPW 11.443 0.359 0.7 0.5 21.60 24.60 

Mosul Airport TPW and PM2.5 15.381 0.224 0.62 0.4   

TPW and CCT 8.515 0.322 -0.77 0.6 

TPW and CAPE 18.024 0.0029 0.66 0.4 

TPW and IVT 14.828 0.027 0.77 0.6 

TPW Est and TPW 8.819 0.356 0.77 0.6 13.48 16.15 

Sulaymaniyah Airport TPW and PM2.5 14.287 0.199 0.6 04   

TPW and CCT 12.206 0.181 -0.52 0.3 

TPW and CAPE 15.487 0.0028 0.61 0.4 

TPW and IVT 9.025 0.031 0.7 0.5 

TPW Est and TPW 6.066 0.422 0.73 0.5 10.45 13.07 

 576 

4. Conclusions 577 

Based on the thermodynamic and physical data and indicators for the period (2010–2025) in the various 578 
climatic zones of Iraq, the following main scientific conclusions were reached: 579 

1. Topographic and dynamic stimulation of thunderstorms: The frequency of thunderstorms in Iraq shows sharp 580 
spatial variation governed by topographic determinants; The northern mountain highlands (Sulaymaniyah Station) 581 
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act as a distinct mechanical lifting mechanism that stimulates the formation of cumulus clouds to record the 582 
highest frequency of storms (261 days), while the southern plains and lowlands (Basra Station) record the lowest 583 
frequency (92 days). Seasonally, a peak convective activity was found during April and a complete absence of 584 
thunderstorms during the summer months. 585 

2. Dual mechanism of wet deposition versus dust resuspension: The physical relationship between thunderstorms 586 
and fine particulate matter (PM2.5) reveals two opposing atmospheric mechanisms: In the northern and 587 
northwestern regions (Mosul and Sulaymaniyah), simultaneous rainfall activates a highly efficient "wet 588 
deposition and rainwashing" mechanism, reducing post-storm pollutant concentrations to an acceptable and 589 
moderate category (B). In contrast, dry load fronts dominate the dry and semi-arid environments of central and 590 
southern Iraq (Baghdad and Basra); strong downward winds and wind shear forces cause intense mechanical 591 
resuspension of topsoil, keeping air trapped in an unhealthy and dangerous category (D) before, during, and after 592 
the storm. 593 

3. Thermodynamic coupling: The existence of a direct linear correlation between (PM2.5) and (TPW) provides 594 
conclusive experimental evidence that particulate pollutants and local industrial carbon emissions act as 595 
physically active "cloud condensation nuclei" (CCNs), accelerating the attraction and detection of surrounding 596 
water vapor molecules and increasing the abundance of vertically stored water mass in the atmosphere. The sharp 597 
inverse correlation between (CCT) and (TPW) confirms that the intense dynamic cooling of cloud tops depends 598 
physically on the continuous pumping of vertical moisture flows, allowing clouds to expand vertically and 599 
dynamically penetrate into the upper troposphere. 600 

4. Diagnostic efficiency of the aggregate multiple regression model: Combining hydrodynamic parameters (PM2.5, 601 
CAPE, IVT, CCT) into a standardized multiple linear regression model has proven outstanding statistical success; 602 
the estimated equations achieved high stability and reliability with advanced correlation coefficients (R) ranging 603 
between 0.70 and 0.77 for all stations. The MAE and RMSE metrics showed a high predictive accuracy of the 604 
linear regression models at the northern stations compared to the southern stations, which is strong statistical 605 
evidence of the accuracy and stability of the model. 606 
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