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igg;}[’ef’?% precipitation makes it difficult to analyze its behavior and predict it. In this study, the dynamics of
18 May 2025 precipitation frequency in Northwestern Iran in 1970-2019 has been investigated using chaos
;gg!;?;?qge?”z%ezzs theory, and its frequency has been predicted for the 2020-2036. The data used is precipitation

grided data obtained from the interpolation of data from 219 stations. To investigate the dynamics
of precipitation, average mutual information methods, Cao, the correlation dimension, and the
largest Lyapunov exponent were used. A nonlinear method was used to predict the precipitation
frequency. The result showed that the delay time and embedding dimension for reconstructing the
phase space are 3 and 8, respectively. The correlation dimension and the largest Lyapunov
exponent indicate that the frequency of monthly precipitation was chaotic. In addition, data
analysis using the Hurst method revealed that the monthly frequency of precipitation in
Keywords: Northwestern Iran has a long-term memory. In addition, based on the prediction, the frequency of

Ffeq_u?[‘ct_y of annual precipitation will decrease by 13.2% in the next period. The largest decreases are predicted
precipitation,

North-western Iran in July and August. Apart from this, the frequency of precipitation will decrease in all seasons of
Chaos theory, the year; So that the greatest reduction will occur in the summer, then in the cold season, and the
Prediction. least reduction will occur in the spring.
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1. Introduction

Irregular temporal variations and the unpredictability of some nonlinear systems are referred to as chaos.
Nevertheless, despite their apparent disorder, dynamical systems follow deterministic algebraic equations (Baker
& Gollub, 1996). One of the earliest numerical studies aimed at revealing chaos in dynamical systems was
Lorenz’s model of convective fluid flow (Baker & Gollub, 1996). Chaotic characteristics and the associated
indices that reveal and characterize these properties make it possible to reconstruct, estimate, and predict chaotic
hydro-climatic variables. For example, Dhanya and Villarini (2018) examined the spatial distribution of
precipitation predictability across the United States using the Lyapunov exponent and showed that precipitation
predictability has been decreasing with a uniform temporal mean. Similar studies include those by Bucogen et al.
(2022), Gémez-Gomez et al. (2022), Zhou et al. (2023), Deepthi et al. (2024), Yu et al. (2024), Jani et al. (2013),
and Farzin et al. (2017).

Precipitation is one of the most complex climatic elements and processes, whose behavior varies across time and
space. Therefore, the application of nonlinear methods can provide an effective approach for understanding and
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predicting precipitation. In this study, the mean precipitation frequency in northwestern Iran during the period
1970-2019 is investigated using chaos theory, and predictions are made for the period 2020-2036.

2. Materials and Methods

Northwestern Iran is located between 35.5° and 40° N latitude and 44° to 49.5° E longitude, covering an area of
approximately 126039.2 km?. Considerable elevation heterogeneity and substantial variations in land slope over
short distances, together with slopes extending in different geographical directions, lead to a highly heterogeneous
spatial distribution of energy and moisture across short distances in northwestern Iran. Consequently, convective
precipitation events, thunderstorms, and diverse precipitation systems are characteristic features of precipitation in
this region.

The data used in this study consist of gridded monthly precipitation data for northwestern Iran covering the period
from 1 January 1970 to 31 December 2019 (600 months). These data are derived from the interpolation of daily
precipitation using the kriging method in a Lambert conformal conic coordinate system. The spatial resolution of
the grid cells is 4 x 4 km. Accordingly, the data array has dimensions of 7818 x 600, representing the number of
pixels and months, respectively. The interpolation process was performed using observations from 219 synoptic,
climatological, and rain stations.

In this study, the dynamics of precipitation frequency in northwestern Iran were first investigated by
reconstructing the phase space of precipitation frequency. Phase space reconstruction was performed using the
Average Mutual Information (AMI) method and the Cao method. In the next step, the chaotic behavior of
precipitation frequency in the study area was evaluated using the correlation dimension and the Lyapunov
exponent methods. In addition, the maximum prediction horizon was estimated based of the largest Lyapunov
exponent. Subsequently, the adequacy of the statistical record length and the long-term memory of the
precipitation-frequency time series were examined using the Hurst exponent. Finally, precipitation frequency was
predicted using a nonlinear method.

3. Results and Discussion

The application of the Average Mutual Information (AMI) method indicated that the third lag is the appropriate
time delay for monthly precipitation frequency. Furthermore, based on the Cao method, the optimal embedding
dimension for monthly precipitation frequency was determined to be 8.

The reconstructed phase space of the mean monthly precipitation frequency indicates that the precipitation-
frequency attractor is a strange attractor. Moreover, the saturation of the correlation dimension and its non-integer
value provide evidence of the chaotic behavior of monthly precipitation frequency in northwestern Iran. The value
of the largest Lyapunov exponent for monthly precipitation frequency was estimated at 0.007. The positive value
of the largest Lyapunov exponent provides additional evidence of the chaotic behavior of the examined series;
accordingly, the prediction horizon based on this exponent is estimated to be 143 months. The Hurst exponent also
indicated that the time series of mean monthly precipitation frequency exhibits long-term memory.

To determine the optimal embedding dimension for predicting precipitation occurrence, the frequency of wet days
for the final 120 months (2010-2019) was estimated using a time delay of 3 and several embedding dimensions.
The results showed that the minimum error and the maximum coefficient of determination were obtained at an
embedding dimension of 10. In addition, the model error at this dimension was 2.7, while the coefficient of
determination was 0.33.

The estimation results for precipitation frequency during the period 2010-2019 indicate that the error in
estimating the annual mean precipitation frequency is only -1.

The prediction of precipitation frequency suggests that the number of annual wet days will decrease from 68 days
to 59 days. Furthermore, all months of the year, except February, September, and November, are projected to
experience a decrease of one wet day. This change will result in a reduction of precipitation frequency of up to
50% in July and August.

4. Conclusion
The result of this study indicate that precipitation frequency in northwestern Iran exhibits chaotic behavior.
Moreover, the number of wet days is projected to decrease in the coming years.

The decline in precipitation frequency particularly during the spring months, which coincide with the onset of
vegetation growth and the initiation of certain agricultural activities; may entail significant economic and
environmental consequences.

Keywords: Precipitation Frequency, Northwestern Iran, Chaos Theory, Prediction.
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