Comparative Analysis of Dust Storm Frequency Modeling Using the XGBoost Machine
Learning Model and the Element-Free Galerkin Method (Case study: Illam Province)

ABSTRACT

Dust storm modeling plays a crucial role in improving prediction accuracy, mitigating environmental risks, and developing
effective response strategies. It enhances the understanding of dynamic system interactions and facilitates more reliable
forecasts. In this context, machine learning models capable of analyzing complex datasets, alongside the Galerkin numerical
method with its high-precision simulation capabilities, provide a robust foundation for more efficient solutions. This study
compares the modeling of dust storm day frequency using the XGBoost machine learning model and the mesh-free Galerkin
method across eight stations over a 40-year statistical period (1981-2020). In both models, Combing was identified as
the optimal configuration for predicting the FDSD index. The results indicate that XGBoost outperfor glerkin method,
exhibiting lower RMSE and MAE values and R and NS values closer to one. However, the differ bet¥ R two models
was not statistically significant at the 95% and 99% confidence levels. Given its lower computagonal cost @d reduced
processing demand, the Galerkin numerical method remains a viable alternatiyg for modeling the FDJ@ index. Ti findings
of this research can contribute to more accurate dust storm predictions, the deve nformed
crisis management strategies, and efforts to minimize the environmental impacts o

Keywords: Numerical Models, Horizontal Visibility, Forecasting, Decision Tree,




EXTENDED ABSTRACT

Introduction

Dust storms, recognized as pervasive and destructive meteorological phenomena in arid and semi-arid regions,
intensify desertification and drought, deplete water resources, increase soil salinity, cause traffic accidents in
critical zones, and exacerbate respiratory and other health-related issues. These effects collectively impose
substantial economic, social, and environmental costs. Such phenomena typically lead to severe visibility
reduction, with horizontal visibility often dropping below one kilometer. Monitoring the spatial and temporal
variations of dust storms is crucial for risk forecasting, mitigation, and the effective manage of this challenge.
Mapping land sensitivity to dust generation in llam Province using data mining indicated that
approximately 23% and 18% of the area fall under highly sensitive and very hi categories,
respectively. Despite the increasing importance of dust storms i i ial, ecoggmic, and
environmental repercussions, a review of the literature reveals limited in this field. i se gaps,

this study explores the performance of machine learning models and t thm for
modeling dust storms. The integration of numerical models with machin edict the
Frequency of Dust Storm Days presents an innovative and transformative a . e advanced
gradient boosting algorithm for dust storm modeling proves to be a hi §ing several

mplex data,

advantages. XGBoost demonstrates exceptional computatisal power an

iming. 0 identify nonlinear

I-time applications, such as developing
early warning systems. These benefits collectively cont anced disaster management, reduced
environmental and economic losses, and thegormulgtion of m ective policies for combating dust storms.

the Element-Free Galerkin algorithm for du allows for the precise simulation of complex
atmospheric flows with redyced computational compared to machine learning approaches. The
elimination of grid mesh& requiremen lexibility in analyzing regions with intricate
geometries. This method’s stron ili merical errors and model nonlinear interactions further
enhances prediction aﬂ i
for advanced analyses ‘ dynamic afgospheric conditions. These features facilitate the development of more
effective strategies for n‘agin se effects of dust storms.

Method

This research focuses parative analysis of dust storm frequency modeling using the XGBoost machine

learning @ -free Galerkin method. The study aims to predict the frequency of dust storm days at
eight mete ns in llam Province (Mehran, Dehloran, Doviraj, llam, Ivan- Gharb, Arkavaz-e Malek,
Cham-e Ga ahreh-Heliyan) over a 40-year statistical period (1981-2020). In this study, hourly data on

horizontal visi of less than 1000 meters were employed to detect dust storms for all stations.

XGBoost

This is a machine learning algorithm that belongs to the ensemble learning methods. By combining boosting and
regularization techniques, this algorithm constructs a robust and accurate predictive model. In boosting, several
weak models (typically decision trees) are trained sequentially, with each new model correcting the errors of the
previous one. The algorithm identifies the best split by evaluating all possible division points and uses a sketch
algorithm to speed up computations. Specifically, at each training step, gradient descent is applied to update the
model parameters and reduce the loss function. The second-order Taylor expansion is used to approximate the loss
function and calculate the updated parameters. Furthermore, XGBoost utilizes various optimization strategies,



such as column subsampling, row subsampling, and feature importance evaluation, to improve the model’s
performance and stability. These strategies allow XGBoost to handle high-dimensional and sparse data more
effectively, increase the interpretability of the model, and enhance its overall performance and robustness.

EFG algorithm

The element-free Galerkin method, similar to the finite element method, uses formulations based on the principle
of virtual work or weighted residual approaches. These formulations allow for the derivation of the weak form of
differential equations, offering greater stability than the strong form. To correctly apply essential boundary
conditions, this method typically uses Lagrange multipliers or penalty methods.

Results

, and natural eco
arning approach

Dust storms exert considerable impacts on air quality, public he
meticulous analysis and robust predictive models. Advanced machin
harness large-scale datasets and excel in detecting complex patterns, offe
storm behavior. In parallel, numerical methods like the Element-Free Gale
stable outcomes, leveraging advanced mathematical formulations, reduce costs\# simplified
relationships. The integration of these modern and classical methodologi nsive@iramework to
enhance analysis and decision-making in dust stor nt. In thy ce of the XGBoost
machine learning model and the Element-Free G rﬁ‘l@e ms was rigorously
evaluated using statistical indices, including R, RMSE . analysis was conducted across eight
meteorological stations in llam Province (Mehran, Dehlora 7 Ivan Gharb, Arkwaz Malek, Chamgaz,
il frequency of dust storm days, with Mehran
predicted values. Based on the results of t-
observed and predicted values are equal for both the

uch as

provide accurate and

station demonstrating the highest concordan
test analysis, it can be concluded that the me
XGBoost and EFG models. XGBoost, kno
prediction accuracy while minimizing com time@ Meanwhile, EFG offers a cost-effective and
computationally efficient native. Comini
enables detailed scenario analysis and pracy§ i Isk mitigation, early warnings, and sustainable
development initiatives.
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