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Abstract
:
Studying the moisture sources responsible for precipitation in Iran is highly important. In recent years, moisture sources that influence precipitation across Iran have been studied using various methods. In this study, moisture uptake rate from individual sources that influences precipitation across Iran has been determined using the (E − P) values obtained by the FLEXPART model for the 1981–2015 period. Then, moisture uptake rate from individual sources has been used as independent parameters to investigate the fractional importance of moisture sources that influence precipitation in Iran using analytical hierarchy process (AHP) as well as machine learning (ML) methods including artificial neural networks, Decision Tree, Random Forest, Gboost, and XGboost. Furthermore, the average annual precipitation in Iran was simulated using ML methods. The results showed that the Arabian Sea has a dominant fractional influence on precipitation in both wet (November to April) and dry (May to October) periods. Simulation of precipitation amounts using the ML methods presented accurate models during the wet period, whereas the developed models for the dry period were not adequate. Finally, validation of the accuracy of the ML models using RMSE and R2 values showed that the models developed using XGboost had the highest accuracy. 



Keywords: 
Iran; moisture sources; fractional importance; machine learning techniques; FLEXPART model


















 1. Introduction
Located in the semiarid and arid parts of Southwest Asia in the Middle East, Iran often faces intense droughts. According to meteorological station datasets, the average annual precipitation in this country is 252 mm/year and the standard deviation of 44.68, which is far lower than the global average [1]. The very low precipitation amounts in Iran are also unevenly distributed as the Caspian Sea coast receives more than 1000 mm/year of annual precipitation, whereas large parts of central Iran receive less than 100 mm/year of annual precipitation [1,2]. In addition to the uneven spatial distribution of precipitation, the temporal distribution of precipitation has also been observed. The hydrological year in Iran is classified into a dry (May to October) and wet (November to April) period according to previous studies [3,4,5]. This is owing to variations in the air masses that influence the country throughout the year. During the wet period, Iran is mainly influenced by various air masses, including maritime polar, continental polar, Mediterranean, and continental tropical air masses [2,6,7]. However, during the dry period, only maritime tropical air masses influence the south-western part of the country [1,7,8]. The maritime tropical air mass causes intense sudden monsoon precipitation, mainly in the south-western part of Iran. Numerous studies have been conducted on the variations in the precipitation across Iran including [1,3,5,9,10], whereas only a few of these, such as [1,4,6,7,8,11], have addressed the moisture sources of precipitation in Iran. This may be because of the highly complicated processes and software packages that are needed to monitor the moisture sources of precipitation. Studies on the primary moisture sources in Iran were first conducted using climatological maps, including atmospheric pressure, wind speed, and wind direction [12]. In addition to climatological maps, the Lagrangian particle dispersion model (The FLEXible PARTicle dispersion model (FLEXPART)) [13,14] and the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) [15] have been used to determine the major moisture sources for precipitation in Iran [6,7].
Karimi and Farajzadeh [12] reported that the Arabian and Mediterranean seas, with a share of 39% and 38% of total moisture uptake, are the primary moisture providers for precipitation in Iran. However, in the study by Heydarizad et al. [7], the FLEXPART model outputs showed that the Arabian Sea, with a share of 28.3% of the total moisture uptake, is the dominant moisture source for precipitation in Iran during a wet period. The Arabian sea anticyclone (AAC) exists over the Arabian Sea and the Arabian Peninsula in the lower and middle levels of the atmosphere has a significant influence on Iran’s precipitation by transferring the Arabian Sea moisture to Iran’s plateau [1]. According to the study of Karimi et al. [16], the maximum number of AAC centers (41.6%) on rainy days with low to moderate precipitation events (up to 30 mm) existed in the north-western part of the Arabian Sea and the east coast of the Arabian Peninsula in the lower levels of the troposphere. Furthermore, the significant numbers of AAC centers causing low to moderate precipitation events were also observed over the Gulf of Aden at the 500 and 700 hpa troposphere level. For heavy precipitation events (>30mm), AAC centers were observed mainly over the western part of the Arabian Sea and the east coast of the Arabian Peninsula at three different atmospheric levels of 500, 700, and 850 hpa [16]. In addition to the AAC, the Mediterranean Sea cyclones also have a dominant role in precipitation across Iran by transferring the Mediterranean Sea moisture over this country, mainly to the western parts. The main cyclogenesis centers over the Mediterranean Sea are the east part of the Mediterranean Sea, south of Italy, Cyprus, and the Gulf of Genoa [17]. Increase (decrease) of the sea surface pressure in cyclogenesis centers causes a decrease (increase) in the annual frequency of cyclones in the Mediterranean region. The increase (decrease) of cyclones is followed by the increase (decrease) in the precipitation amount across Iran, mainly the western part [17]. In addition, whenever SST in the Mediterranean Sea is colder (warmer) than usual, the number of cyclones in the Mediterranean region also increases (decreases) [18].
In contrast to the wet period, during the dry period, the Red Sea plays a dominant role, accounting for 52.2% of the total moisture uptake [7]. Dry period precipitation mainly in the south-eastern part of Iran is mostly under the influence of the Indian monsoon [19]. According to Saligheh and Sayadi [20], the summer precipitation in Iran is mainly dependent on some phenomena, including the increase of sea surface temperature (SST) in the water bodies in the southern part of Iran, monsoon jet stream, and the divergence and the convergence of the wind in the south-eastern part of the Arabian Peninsula, and the south-eastern part of Iran, respectively. The early summer precipitation mainly in June was mostly affected by the SST of the ocean, while mid-summer (August) precipitation events were influenced by the eastern jet streams [20].
The differences observed between Karimi and Farajzadeh [12] and Heydarizad et al.’s [7] studies (Figure 1) were owing to the methods used to determine the moisture uptake sources as well as the period of their studies. Karami and Farajzadeh [12] considered the moisture uptake sources for Iran during the rainy season (November to April), whereas Heydarizad et al. [7] considered moisture uptake sources for both the dry and wet periods. 
Although moisture uptake from the various sources in the dry period is similar or even higher than that in the wet period, the precipitation amount reduces markedly across Iran in the dry period (with an average of 36.7 mm/year and the standard deviation of 14.67) compared to the wet period (with an average of 173.4 mm/year and the standard deviation of 38.89). This is because the Azores subtropical high-pressure system causes intense atmospheric stability over a large part of Iran during the dry period [2,7,8]. Atmospheric stability occurs owing to the intense surface temperature of the Earth and prevents the occurrence of precipitation by disrupting the air uplifting mechanism [2,7]. In a stable atmosphere, if a parcel of air is blown upward by an updraft or lifted over a mountain, the lifted air will sink back down because the air parcel is much cooler than the air parcels around it [7,8]. The Omega (ω) Equation (1) is normally used to determine asymmetric stability:

ω = dp/dt



(1)




This equation is the partial differential form of the vertical velocity equation, where d/dt represents a material derivative. Positive values of ω indicate stable atmospheric conditions. However, negative ω values indicate atmospheric instability [7,21].
To depict the influence of atmospheric stability on precipitation variations clearly, the spatial variations in monthly omega (ω) values as well as monthly precipitation amounts over Iran are shown for the dry and wet periods in Figure 2. The monthly precipitation often decreases with an increase in atmospheric stability (higher values of ω) and vice versa in both the dry and wet periods.
Although obtaining the contribution of each moisture source compared with the total moisture uptake using methods such as HYSPLIT and FLEXPART is extremely important, understanding the fractional importance of each moisture source that influences the amount of precipitation is also necessary. This is crucial because it can help scientists understand which moisture sources (water bodies) predominantly control the variations in precipitation amount and cause climatological droughts. Various methods, including the analytical hierarchy process (AHP) and machine learning (ML) methods have been used to study the fractional importance of individual moisture sources that influence the precipitation amount.
Since Thomas L. Saaty developed the AHP method in the 1970s [24], it has been applied in numerous studies to organize and analyse complicated scenarios. In addition to AHP, ML methods can be applied to investigate the fractional importance of individual moisture source affecting the amount of precipitation in Iran. Although the application of ML methods in different aspects of the hydrological and climatological sciences, such as in [25,26,27,28,29,30,31,32,33], has increased substantially during the last few years, comprehensive studies on the application of ML methods in moisture source investigations are lacking.
The aim of this study was to determine the fractional importance of various moisture sources influencing precipitation amounts across Iran using AHP and ML methods. In addition, the amount of precipitation across Iran was simulated using ML methods, and the accuracy of the developed models was validated.
 2. Materials and Methods
Figure 3 presents the outline of this study briefly. In the first step of the present study, the moisture sources of precipitation in Iran were identified using global outputs from FLEXPART v9.0 (Norsk Institutt for luftforskning (NILU), Oslo, Norway) [14,34] for the period 1981-2015. In the modeling procedure, FLEXPART considers the atmosphere as divided into approximately 2 million parcels with a resolution of 1°, and input data for every 6 h at 61 vertical levels of the atmosphere from the ERA-Interim Reanalysis project [35] is used to drive the model. Air masses residing over Iran were tracked backward in time, and the changes in specific humidity (dq) were computed every 6 h (dt) in air parcels according to Equation (2):
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where m represents the constant mass value of each parcel, and e and p are the evaporation and precipitation, respectively. By integrating the (e − p) values for all parcels in a vertical column over an area, we obtained an approximation of the surface freshwater flux (E − P). This budget was computed by considering the optimal number of days proposed in [36]. 
Thus, in a backward experiment, regions with (E − P) > 0 indicate moisture gain by the air masses, and those with (E − P) < 0 indicate moisture loss. Regions with positive values of the budget are considered sources of moisture, whereas negative regions as moisture sinks. In the present study, only regions that acted as moisture sources were used. The approach for identifying moisture sources has been widely utilized in recent studies at global [37,38] and regional [39] scales.
Furthermore, a statistical stepwise model has also been applied to investigate the simultaneous effect of each marine moisture source on Iran’s average precipitation in the R programing language. The stepwise model was utilized to fit a linear equation between moisture uptake values from different sources (independent variables), and a dependent variable (precipitation amount) as demonstrated in Equation (3) [40]:
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where Y is the target variable, X1 to Xn are the parameters affecting Iran’s average precipitation (independent variables), β0 to βn are the partial regression coefficients, and ε is the error term showing the variability of the target variable, which is impossible to be explained by the stepwise model. The independent variables were added to the stepwise model one by one to determine their importance and to clarify whether they should stay or be removed from the final model. The independent variables with p-values of more than 0.05 were omitted from the model, while the rest of the independent variables were kept in it [41].
Monthly (E − P) values calculated for each moisture source for the period 1981–2015 were applied as the sole predictor variables to forecast the average monthly precipitation amount in Iran (target variable) as well as to determine the fractional importance of various moisture sources that influence precipitation amount. The (E − P) values calculated for each moisture source were identified using FLEXPART v9.0 outputs, and the amount of monthly precipitation were derived from datasets of the Climatic Research Unit (CRU3.23TS) [23].
These datasets (CRU3.23TS) are available monthly on high-resolution (0.5 × 0.5 degree) grids which have been produced by the Climatic Research Unit (CRU) at the University of East Anglia in Norwich, Britain.
The predictor and target variables were then used as inputs to the simple AHP and fuzzy AHP techniques to determine the fractional importance of various moisture sources that influence precipitation amount using super decision software version 3.2. In addition to AHP techniques, the ML methods were also used to determine the fractional importance of various moisture sources that influence precipitation as well as to simulate monthly precipitation amounts across Iran.
To apply the ML techniques, the (E − P) values for each moisture source as well as annual precipitation datasets for Iran were divided into three subsets—training, testing, and verifying using the rsample package [42] in the R programming language [43]. After determining the fractional importance of each moisture source influencing the precipitation amount, the (E − P) values in each source were also used to train various ML methods to simulate the precipitation amount using packages in R. The ML methods applied included the artificial neural network (ANN) and deep neural networks (DNN). The DNN is a branch of the ANN model that consists of multiple layers between inputs and outputs. A DNN is concerned with a number of layers of bounded size, which permits optimized implementation [33]. In addition to neural networks, other ML methods such as Decision Trees, Random Forest (RF), gradient boosting (GBoost), and eXtreme gradient boosting (XGBoost) were used in this study. Decision Trees are popular tools in supervised learning ML models and are commonly applied in decision analysis to achieve the final goals of the study. The Decision Tree model is well known for its simplicity and intelligibility [44]. The RF is a supervised ML model which is extremely user-friendly and flexible. It is a classification technique which consists of numerous Decision Trees trained using the bagging method [45]. In addition to the above ML techniques, ensemble ML methods, including GBoost and XGBoost, were also applied in the present study. GBoost is an ML model which is used in both classification and regression tasks. This model presents the anticipation of target values in the form of an ensemble of weak Decision Tree models [46]. Although the GBoost model has several advantages, such as its simplicity, it also has two main disadvantages: anticipation weakness and obstacles in the analysis of large trees [47]. The XGBoost method was developed to address these shortcomings, mainly in the training procedure, to construct more accurate and faster models [48,49]. XGBoost is one of the most important and popular ML methods first developed by Tianqi Chen in the C++ language [50]. The XGBoost is designed to expand the ML algorithms’ capability to omit the computation limits which have been observed in other ML models and achieve a more accurate, portable, and scalable algorithm. XGBoost utilizes a more regularized model formalization to control and reduce over-fitting, which gives this model more accuracy. In addition to a much better prediction performance which has been observed normally in this model compared to other ML models, the XGboost also conducts the tasks at an extremely higher speed (more than 10 times faster) compared to the available GBoost algorithms like CatBoost, AdaBoost, and GBoost. This is because the XGBoost conducts parallel computation tasks in which numerous processes and calculations are conducted simultaneously [49]. 
Finally, the accuracy of the developed ML models was evaluated by comparing the real and simulated precipitation amount values using the coefficient of determination (R2) (Equation (4)) and root mean square error (RMSE) [51,52] as follows (Equation (5)):
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where N is the number of data, actual (i) is the i-th measured data, and predicted (i) is the corresponding predicted data.
 3. Results and Discussion
The (E − P) > 0 values obtained by backward trajectory analysis of air masses arriving over Iran illustrate the spatial distribution of the main moisture uptake sources and changes in spatial extension between the dry and wet periods (Figure 4a,b) [7]. The blue line in Figure 4a,b, shows 95% of the (E − P) > 0 annual values, and the 5% area, which is located inside the blue line, represents the (E − P) > 0 values of 0.15 mm/day and 0.12 mm/day for the dry and wet periods, respectively. Furthermore, the dominant moisture uptake sources have also been shown for the dry and wet periods (Figure 4c,d).
The temporal variations of moisture uptake rate from various sources in Iran and Iran’s average precipitation amount have been demonstrated in Figure 5. During the wet period, Iran’s average precipitation often follows approximately the same trend as the moisture uptake rate (Figure 5a). This is due to the fact that Iran’s average precipitation amounts are dominantly controlled and supplied by the mentioned moisture sources, while the role of local small-scale parameters is negligible. During the dry period, Iran’s average precipitation does not demonstrate the same trend as the moisture uptake rates (Figure 5b). This is due to the severe atmospheric stability caused by the Azores subtropical high-pressure system over most parts of Iran from which prevents precipitation occurring during the dry period. The role of local and small-scale parameters in controlling infrequent precipitation events is notable during the dry period in most parts of Iran except for the south-eastern part of the country where the mT airmass is active.
To study the variations of (E − P) in the Mediterranean and the Arabian Seas (the dominant moisture uptake sources during the wet periods) and mechanisms controlling precipitation amount in the dry (1984, 1989, 1994, 2000, 2001, 2008, 2010, 2011, and 2015), as well as wet years (1993, 1996, and 1998) in the study period, geopotential height data has been applied. Geopotential height data were derived from the ERA-Interim gridded data series in 850, 700, and 500 hpa to study the anticyclone and cyclone locations responsible for precipitation.
Negative (positive) frequency of cyclones as well as positive (negative) sea-level pressure anomalies were observed over the Mediterranean Sea during dry (wet) years. The negative anomaly of relative humidity over the Mediterranean Sea as well as negative anomalies in the meridional and zonal winds was also observed during the dry years which resulted in a decrease in moisture flux from the Mediterranean Sea and a precipitation amount decrease over Iran, mainly in the western part of the country. In addition, studying the variations of the Arabian Sea anticyclone (AAC) showed an obvious increase (decrease) in the number of anticyclones mainly over the East coast of the Arabian Peninsula and the western part of the Arabian Sea at the 500 and 750 hpa troposphere level during the wet (dry) years.
Studying (E-P) values of the main moisture sources during the dry period did not show a meaningful correlation between any of the moisture sources and precipitation in most of the study period. However, mild correlation has been observed between the Indian Ocean and amount of precipitation. The previous studies [19,20] also confirmed the dominant role of the Indian Ocean in summer (dry period) precipitation mainly in the south-eastern part of Iran. During dry (wet) years, the Indian Ocean SST often shows negative (positive) anomalies.
According to the stepwise model outputs, among the moisture sources that influence Iran during the wet period, the moisture originating from the Arabian Sea, the Mediterranean Sea, and the Persian Gulf directly influenced the precipitation in Iran, and the stepwise model shows a high R2 = 0.79. These water bodies are the dominant moisture-providing sources of precipitation across Iran during the wet period. In contrast, during the dry period, the Red Sea only has a weak correlation with the precipitation amount, while other moisture sources have a negligible correlation with the precipitation amount. The stepwise model developed for the dry period shows a very weak R2 = 0.11. Although moisture uptake during the dry period is also notable, this huge amount of moisture rarely turns to precipitation due to numerous phenomena such as extremely high air temperatures over large parts of Iran. This reinforces the Azores subtropical high-pressure system which causes atmospheric stability over large parts of Iran and leads to an extreme decrease in precipitation. 
As mentioned earlier, although (E − P) values from each moisture source were almost the same during both periods, the precipitation significantly decreased during the dry period compared to that in the wet period. The (E − P) values of each moisture source demonstrate the moisture uptake from each source and do not completely clarify the correlation between moisture sources and precipitation amount in Iran. Therefore, it is important to determine the fractional importance of various moisture sources that influence precipitation across Iran.
 3.1. Importance of Moisture Sources (Predictor Variables) That Influence Precipitation Amount (Target Variable) Determined Using the Ahp and Ml Methods
To study the fractional importance of various moisture sources that influence precipitation in Iran, AHP (simple and fuzzy AHP) methods were used first. During the wet period (Figure 6a), when most of the precipitation occurs in Iran, the Arabian Sea had a dominant fractional importance in influencing the amount of precipitation in Iran according to results of both AHP models. The results of the ML models also verified the dominant effect of the Arabian Sea. The Arabian Sea, as the dominant moisture provider for Iran with a share of 28.3%, was verified as the predominant influence on precipitation amounts (the fractional importance of this moisture source varied from 28.1% in AHP to 60.1% in the Gboost models). However, the Red Sea and Persian Gulf, with high contributions toward moisture with shares of 17.1% and 21.5%, respectively, had a weak influence on the amount of precipitation. The fractional importance of the Red Sea varied from 0.0% in Decision Tree to 14.6 in DNN models, whereas that of the Persian Gulf varied from 0.2% to 12.3%, respectively. In contrast, the Black Sea and Indian Ocean, which make a very weak contribution to moisture provision for Iran with shares of 0.31% and 0.23%, respectively, had a stronger role in influencing the precipitation amount. The fractional importance of the Black Sea varied from 0.46% in Decision Tree to 11.08% in fuzzy AHP models, whereas for the Persian Gulf, it varied from 2.1% in XGboost to 23.9% in AHP models. These differences between the moisture contribution and fractional importance of the moisture source that influences precipitation in Iran are because of local parameters. These local factors influence atmospheric moisture and cause precipitation. For instance, moisture from the Red Sea and Persian Gulf normally cannot be transferred deep inside the Iran Plateau, and these sources normally influence low-elevation regions in the southern part of the Zagros Mountains [7]. In this region, climatology is not appropriate for precipitation to occur [2]. However, moisture from the Black Sea is transferred to Iran via a maritime polar air mass which mainly influences the north-western part of the country. The climatic conditions for moisture from the Black Sea to transform into precipitation are entirely appropriate in this part of Iran.
During the dry period (Figure 6b), the situation was even more complicated, as the role of local parameters was even stronger than that of the wet period. In the dry period, various moisture sources exhibited dominant fractional importance, influencing the precipitation amount according to the studied ML methods. For instance, according to the Gboost, DNN, and AHP models, the Arabian Sea was the dominant fraction. According to the ANN model, the Black Sea exhibited dominant fractional importance, whereas according to the fuzzy AHP model, it was the Indian Ocean. Finally, according to the RF and XGboost models, the Mediterranean Sea had a dominant fractional influence on precipitation. A significant difference in the various moisture sources between moisture contribution and fractional importance was also observed during the dry period. For instance, the Red Sea with a dominant role as a moisture provider for Iran with a share of 52.2%, had a very weak influence on precipitation amount (with fractional importance varying from 1.2% in Gboost to 10.2% in DNN models). This is owing to intense atmospheric stability within the Iran plateau, mainly in the southern part of the country, where moisture from this source enters Iran [2]. Unlike the Red Sea, the contribution of the moisture uptake from the Black Sea and Indian Ocean was very scarce, with shares of 1.9% and 0.7%, respectively; however, their fractional importance had a higher influence on precipitation in Iran. The fractional importance of the Black Sea varied from 3.1% in Gboost to 24.3% in ANN models, whereas that of the Indian Ocean varied from 7.0% in AHP to 31.19% in fuzzy AHP models. Regarding moisture from the Black Sea during the dry period, its influence zone inside Iran in the north-western part of the country was less affected by atmospheric stability which makes the situation more suitable for precipitation to occur. Regarding the Indian Ocean, the moisture from this water body is transferred via a maritime tropical air mass and causes intense monsoon precipitation in the south-eastern part of the country. Similar to the Black Sea, the moisture influence zone of the Indian Ocean within Iran was not affected by atmospheric stability, and suitable conditions existed for air parcels to move upward by an updraft and precipitation to occur.
 3.2. Simulation of the Precipitation Amount Based on (E − P) Values of Various Moisture Sources Using ML Models and Validation of the Accuracy of the Developed Models
In addition to evaluating the fractional importance of various moisture sources that influence the precipitation amount across Iran, the precipitation amount was also simulated using various ML techniques. The (E − P) values for each moisture source were used as predictor variables and the precipitation amount was used as a target variable in the ML model simulations. The results for the wet period (Figure 7) show that the ANN and DNN models cannot simulate precipitation amounts accurately according to the very high RMSE values of 21.79 and 24.34 as well as very low R2 values of 0.35 and 0.30, respectively. Among the evaluated ML models, XGboost was determined to be the most accurate model as it showed the lowest RMSE (11.6) and the highest R2 (0.70) values.
In contrast to the wet period, the model developed for the dry period (Figure 8) was not reliable and could not accurately predict the precipitation amount. Among the ML models developed for the dry period, XGboost showed the lowest RMSE (4.97) and the highest R2 (0.35) values, and it could predict precipitation more accurately compared to the other models. The low accuracy of the ML models is because the dry period precipitation in Iran is not dominant related to the amount of moisture transferred to this country, and is mainly related to local and small-scale climatological conditions as well as the severe atmospheric stability mentioned earlier in this study.
 4. Conclusions
In the present study, first, among the primary moisture sources influencing Iran, the AHP and ML models showed that the Arabian Sea had a dominant fractional importance in influencing the precipitation amount. However, the contribution percentage of moisture uptake from the various sources obtained by the FLEXPART model did not completely match the fractional importance of the corresponding moisture sources that influence the precipitation amount. Second, the simulation of the precipitation amount by various ML techniques presents reliable and accurate models for the wet period, in contrast to the dry period. Unlike in the wet period, the variations in moisture uptake rates did not have a dominant effect on precipitation in the dry period. This is because of local phenomena as well as atmospheric stability which predominantly control the amount of precipitation during this period. Finally, accuracy assessment of the developed models using RMSE and R2 values confirmed the highest accuracy of the models developed by XGboost compared to those of models developed using other methods.




Author Contributions
Conceptualization, M.H., L.G. and N.P.; methodology, N.P. and P.S.; software, M.H. and P.S.; validation, M.H. and L.G.; formal analysis, M.H. and P.S.; investigation, M.H.; resources, L.G.; writing—original draft preparation, M.H. and R.S.; supervision, N.P. and L.G.; project administration, N.P. All authors have read and agreed to the published version of the manuscript.
Funding
This research was funded by the faculty of Environment and Resource studies, Mahidol university, Thailand, grant number MU-PD-2021-13.
Institutional Review Board Statement
Not applicable.
Informed Consent Statement
Not applicable.
Data Availability Statement
Data will be available upon request.
Acknowledgments
Our special thanks to our friends at Vigo University, Ourense campus in Spain. R.S. thanks Xunta de Galicia (Galician Regional Government) for supporting this study under grant number ED481B-2019/070. Partial support was also obtained from Xunta de Galicia, Consellería de Cultura, Educación e Universidade, under project ED431C 2021/44 “Programa de Consolidación e Estructuración de Unidades de Investigación Competitivas”. This work has also been possible thanks to the computing resources and technical support provided by CESGA (Centro de Supercomputacion de Galicia).
Conflicts of Interest
The authors declare no conflict of interest.
Data Tools
The required R packages in this study were “rsample”, “reshape2”, “lubridate”, “ncdf4”, “dplyr”, “rts”, “ParamHelpers”, “data.table”, “e1071”, “caret”, “stringr”, “readr”, “xgboost”, “gbm”, “h2o”, “pdp”, “datasets”, “caTools”, “party”, “magrittr”, “randomForest”, “keras”, “mlbench”, “neuralnet”, “lime” “tidyverse”, “caret”, “leaps”, and “MASS”.
References
	Alijani, B. Iran Climatology, 5th ed.; Payam Nour Publication: Tehran, Iran, 2000; ISBN 978-964-455-621-0. [Google Scholar]
	Heydarizad, M. Meteoric Water Lines of Iran for Various Precipitation Sources; Shiraz University: Shiraz, Iran, 2018. [Google Scholar]
	Modarres, R.; Sarhadi, A. Rainfall trends analysis of Iran in the last half of the twentieth century. J. Geophys. Res. Atmos. 2009, 114, 101. [Google Scholar] [CrossRef]
	Pourasghar, F.; Tozuka, T.; Jahanbakhsh, S.; Sari Sarraf, B.; Ghaemi, H.; Yamagata, T. The interannual precipitation variability in the southern part of Iran as linked to large-scale climate modes. Clim. Dyn. 2012, 39, 2329–2341. [Google Scholar] [CrossRef]
	Balling, R.C.; Keikhosravi Kiany, M.S.; Sen Roy, S.; Khoshhal, J. Trends in Extreme Precipitation Indices in Iran: 1951–2007. Adv. Meteorol. 2016, 2016, 2456809. [Google Scholar] [CrossRef] [Green Version]
	Heydarizad, M.; Raeisi, E.; Sorí, R.; Gimeno, L. An overview of the atmospheric moisture transport effect on stable isotopes (δ18O, δ 2H) and D excess contents of precipitation in Iran. Theor. Appl. Climatol. 2019, 138, 47–63. [Google Scholar] [CrossRef]
	Heydarizad, M.; Raeisi, E.; Sori, R.; Gimeno, L. The Identification of Iran’s Moisture Sources Using a Lagrangian Particle Dispersion Model. Atmosphere 2018, 9, 408. [Google Scholar] [CrossRef] [Green Version]
	Heydarizad, M.; Raeisi, E.; Sori, R.; Gimeno, L.; Nieto, R.; Heydarizad, M.; Raeisi, E.; Sori, R.; Gimeno, L.; Nieto, R. The Role of Moisture Sources and Climatic Teleconnections in Northeastern and South-Central Iran’s Hydro-Climatology. Water 2018, 10, 1550. [Google Scholar] [CrossRef] [Green Version]
	Rahimzadeh, F.; Asgari, A.; Fattahi, E. Variability of extreme temperature and precipitation in Iran during recent decades. Int. J. Climatol. 2009, 29, 329–343. [Google Scholar] [CrossRef]
	Tabari, H.; Talaee, P.H. Temporal variability of precipitation over Iran: 1966–2005. J. Hydrol. 2011, 396, 313–320. [Google Scholar] [CrossRef]
	Heydarizad, M.; Pumijumnong, N.; Gimeno, L. A Comparative Analysis of Analytical Hierarchy Process and Machine Learning Techniques to Determine the Fractional Importance of Various Moisture Sources for Iran’s Precipitation. Environ. Sci. Proc. 2022, 19, 29. [Google Scholar] [CrossRef]
	Karimi, M.; Farajzadeh, M. Spatial and Temporal distribution of Iran’s precipitation moisture. J. Geogr. Sci. Stud. 2011, 19, 109–127. [Google Scholar]
	Stohl, A.; James, P. A Lagrangian Analysis of the Atmospheric Branch of the Global Water Cycle. Part II: Moisture Transports between Earth’s Ocean Basins and River Catchments. J. Hydrometeorol. 2005, 6, 961–984. [Google Scholar] [CrossRef]
	Stohl, A.; James, P. Lagrangian Analysis of the Atmospheric Branch of the Global Water Cycle. Part I: Method Description, Validation, and Demonstration for the August 2002 Flooding in Central Europe. J. Hydrometeorol. 2004, 5, 656–678. [Google Scholar] [CrossRef]
	Stein, A.F.; Draxler, R.R.; Rolph, G.D.; Stunder, B.J.B.; Cohen, M.D.; Ngan, F. NOAA’s HYSPLIT Atmospheric Transport and Dispersion Modeling System. Bull. Am. Meteorol. Soc. 2015, 96, 2059–2077. [Google Scholar] [CrossRef]
	Karimi, M.; Jafari, M.; Norouzi, F.; Khoshakhlagh, F.; Shamsipour, A. Atmospheric circulation and precipitation in Southwest Asia: The role of the Arabian Anticyclone in precipitation of Iran. J. Atmos. Sol.-Terr. Phys. 2022, 238–239, 105933. [Google Scholar] [CrossRef]
	Mohammadnejad, A.R.; Givi, A.-F.; Irannejad, P. Effect of mediterranean systems on drought in west of Iran. J. Earth Sp. Phys. 2013, 39, 97–110. [Google Scholar]
	Mohebi, A. Studying the parameters influenceing precipitation variations across Middle East. Water Resour. 2012, 15, 205–209. [Google Scholar]
	Babaeian, I.; Rezazadeh, P. On the relationship between Indian monsoon withdrawal and Iran’s fall precipitation onset. Theor. Appl. Climatol. 2018, 134, 95–105. [Google Scholar] [CrossRef]
	Saligheh, M.; Sayadi, F. Summer precipitation determinant factors of Iran’s South-East. Nat. Environ. Chang. 2017, 3, 59–70. [Google Scholar] [CrossRef]
	Holton, J.R. An Introduction to Dynamic Meteorology, 4th ed.; Dmowska, R., Holton, J.R., Thomasrossbay, H., Eds.; Elsevier Academic Press: San Diego, CA, USA, 2004; ISBN 0-12-354015-1. [Google Scholar]
	NOAA. Available online: https://www.esrl.noaa.gov (accessed on 24 November 2022).
	Harris, I.; Jones, P.D.; Osborn, T.J.; Lister, D.H. Updated high-resolution grids of monthly climatic observations – the CRU TS3.10 Dataset. Int. J. Climatol. 2014, 34, 623–642. [Google Scholar] [CrossRef] [Green Version]
	Saaty, R.W. The analytic hierarchy process—what it is and how it is used. Math. Model. 1987, 9, 161–176. [Google Scholar] [CrossRef] [Green Version]
	Kang, J.; Wang, H.; Yuan, F.; Wang, Z.; Huang, J.; Qiu, T. Prediction of Precipitation Based on Recurrent Neural Networks in Jingdezhen, Jiangxi Province, China. Atmosphere 2020, 11, 246. [Google Scholar] [CrossRef] [Green Version]
	Rozos, E. Machine Learning, Urban Water Resources Management and Operating Policy. Resources 2019, 8, 173. [Google Scholar] [CrossRef] [Green Version]
	Lu, H.; Ma, X. Hybrid decision tree-based machine learning models for short-term water quality prediction. Chemosphere 2020, 249, 126169. [Google Scholar] [CrossRef] [PubMed]
	Petty, T.R.; Dhingra, P. Streamflow Hydrology Estimate Using Machine Learning (SHEM). JAWRA J. Am. Water Resour. Assoc. 2018, 54, 55–68. [Google Scholar] [CrossRef]
	Robinson, B.; Cohen, J.S.; Herman, J.D. Detecting early warning signals of long-term water supply vulnerability using machine learning. Environ. Model. Softw. 2020, 131, 104781. [Google Scholar] [CrossRef]
	Monego, V.S.; Anochi, J.A.; de Campos Velho, H.F. South America Seasonal Precipitation Prediction by Gradient-Boosting Machine-Learning Approach. Atmosphere 2022, 13, 243. [Google Scholar] [CrossRef]
	Najah Ahmed, A.; Binti Othman, F.; Abdulmohsin Afan, H.; Khaleel Ibrahim, R.; Ming Fai, C.; Shabbir Hossain, M.; Ehteram, M.; Elshafie, A. Machine learning methods for better water quality prediction. J. Hydrol. 2019, 578, 124084. [Google Scholar] [CrossRef]
	Du, J.; Liu, Y.; Yu, Y.; Yan, W. A Prediction of Precipitation Data Based on Support Vector Machine and Particle Swarm Optimization (PSO-SVM) Algorithms. Algorithms 2017, 10, 57. [Google Scholar] [CrossRef]
	Sahour, H.; Gholami, V.; Vazifedan, M. A comparative analysis of statistical and machine learning techniques for mapping the spatial distribution of groundwater salinity in a coastal aquifer. J. Hydrol. 2020, 591, 125321. [Google Scholar] [CrossRef]
	Pisso, I.; Sollum, E.; Grythe, H.; Kristiansen, N.I.; Cassiani, M.; Eckhardt, S.; Arnold, D.; Morton, D.; Thompson, R.L.; Groot Zwaaftink, C.D.; et al. The Lagrangian particle dispersion model FLEXPART version 10.4. Geosci. Model Dev. 2019, 12, 4955–4997. [Google Scholar] [CrossRef] [Green Version]
	Dee, D.P.; Uppala, S.M.; Simmons, A.J.; Berrisford, P.; Poli, P.; Kobayashi, S.; Andrae, U.; Balmaseda, M.A.; Balsamo, G.; Bauer, P.; et al. The ERA-Interim reanalysis: Configuration and performance of the data assimilation system. Q. J. R. Meteorol. Soc. 2011, 137, 553–597. [Google Scholar] [CrossRef]
	Nieto, R.; Gimeno, L. A database of optimal integration times for Lagrangian studies of atmospheric moisture sources and sinks. Sci. Data 2019, 6, 59. [Google Scholar] [CrossRef] [PubMed] [Green Version]
	Vázquez, M.; Nieto, R.; Liberato, M.L.R.; Gimeno, L. Atmospheric moisture sources associated with extreme precipitation during the peak precipitation month. Weather Clim. Extrem. 2020, 30, 100289. [Google Scholar] [CrossRef]
	Drumond, A.; Stojanovic, M.; Nieto, R.; Vicente-Serrano, S.M.; Gimeno, L. Linking Anomalous Moisture Transport And Drought Episodes in the IPCC Reference Regions. Bull. Am. Meteorol. Soc. 2019, 100, 1481–1498. [Google Scholar] [CrossRef]
	Hu, Q.; Jiang, D.; Lang, X.; Xu, B. Moisture sources of the Chinese Loess Plateau during 1979–2009. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2018, 509, 156–163. [Google Scholar] [CrossRef]
	Lachniet, M.S.; Patterson, W.P. Use of correlation and stepwise regression to evaluate physical controls on the stable isotope values of Panamanian rain and surface waters. J. Hydrol. 2006, 324, 115–140. [Google Scholar] [CrossRef]
	McNeese, B. Stepwise Regression. Available online: https://www.spcforexcel.com/knowledge/root-cause-analysis/stepwise-regression (accessed on 24 November 2022).
	Silge, J.; Chow, F.; Kuhn, M.; Wickham, H. General Resampling Infrastructure. Available online: https://cran.r-project.org/web/packages/rsample/index.html (accessed on 5 October 2022).
	R Core team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2018. [Google Scholar]
	Wu, X.; Kumar, V.; Ross Quinlan, J.; Ghosh, J.; Yang, Q.; Motoda, H.; Mclachlan, G.; NG, A.; Liu, B.; Yu, P.; et al. Top 10 algorithms in data mining. Knowl. Inf. Syst. 2008, 14, 1–37. [Google Scholar] [CrossRef]
	Donges, N. Random Forest Classifier: A Complete Guide to How It Works in Machine Learning; Built in learning lab publication: Seattel, WA, USA, 2022. [Google Scholar]
	Ansul, S. Gradient Boosting Algorithm: A Complete Guide for Beginners. Available online: https://www.analyticsvidhya.com/blog/2021/09/gradient-boosting-algorithm-a-complete-guide-for-beginners/ (accessed on 11 October 2022).
	Mason, L.; Baxter, J.; Bartlett, P.; Frean, M. Boosting Algorithms as Gradient Descent. In Proceedings of the 12th International Conference on Neural Information Processing Systems; MIT Press: Cambridge, MA, USA, 1999; pp. 512–518. [Google Scholar]
	Aggarwal, P. ML|XGBoost (eXtreme Gradient Boosting). Available online: https://www.geeksforgeeks.org/ml-xgboost-extreme-gradient-boosting/ (accessed on 11 October 2022).
	Nishida, K. Introduction to Extreme Gradient Boosting in Exploratory. Available online: https://blog.exploratory.io/introduction-to-extreme-gradient-boosting-in-exploratory-7bbec554ac7 (accessed on 11 October 2022).
	Story and Lessons Behind the Evolution of XGBoost. Available online: https://sites.google.com/site/nttrungmtwiki/home/it/data-science---python/xgboost/story-and-lessons-behind-the-evolution-of-xgboost (accessed on 11 October 2022).
	Minaei, M.; Minaei, F. Geostatistical Modeling of Air Temperature Using Thermal Remote Sensing. Am. J. Environ. Sci. Eng. 2017, 1, 103–109. [Google Scholar]
	Minaei, M. Geostatistical Modeling of Local Air Temperature Using Landsat Thermal Band in Cold Seasons; Study Area: Gorgan, Iran, 2017; pp. 1–22. [Google Scholar]











Figure 1.
Percentage contribution of various moisture sources to precipitation in Iran during the wet and dry periods [7,12].
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Figure 2.
Spatial distribution of atmospheric stability (ω) (a,b) derived from NOAA website [22] and precipitation amount (c,d) over Iran derived from CRU3.23TS datasets [23] for the dry and wet periods, respectively.
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Spatial distribution of atmospheric stability (ω) (a,b) derived from NOAA website [22] and precipitation amount (c,d) over Iran derived from CRU3.23TS datasets [23] for the dry and wet periods, respectively.














Figure 3.
Flowchart demonstrates the procedure of this study.
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Figure 4.
Variation in (E − P) > 0 (mm/day) in dry (a) and wet (b) periods [7,11] (E, evaporation; P, precipitation). The spatial distribution of moisture sources for Iran during the dry (c) and wet (d) periods.
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Figure 5.
Variations of moisture sources (E − P) > 0 (mm/day) over Iran during wet (a) and dry (b) periods.
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Figure 6.
Fractional importance of various moisture sources that influence precipitation across Iran during dry (a) and wet (b) periods. The moisture uptake percentage from various sources for Iran during the dry (c) and wet (d) periods from 1981 to 2015.
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Figure 7.
Time series of measured monthly precipitation amounts from the Climatic Research Unit (CRU3.23TS) dataset [23] compared to simulated precipitation amounts obtained from the various machine learning (ML) models including (a) Random Forest, (b) Decision Tree, (c) ANN, (d) DNN, (e) Gboost, and (f) XGboost during the wet period. RMSE and R2 values indicate the accuracy of the developed ML models.
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Figure 8.
Time series of measured monthly precipitation amounts from the Climatic Research Unit (CRU3.23TS) dataset compared to simulated precipitation amounts obtained from the various machine learning (ML) models including (a) Random Forest, (b) Decision Tree, (c) ANN, (d) DNN, (e) Gboost, and (f) XGboost during the dry period. Root mean square error (RMSE) values indicate the accuracy of the developed ML models.
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