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The research results on the effectiveness of using data on solar flares and earthquakes
to predict the infrasound wave envelope are presented. The resulting SARIMAX model,
enhanced with the aforementioned external factors, exhibits a 30% reduction in mean
squared error and a 29% increase in the coefficient of determination compared to the
previously presented ARIMA model. Additionally, a significant achievement of the new
approach, compared to previous ones, is the successful reproduction of the sharp inten-
sity drop in the envelope during the August—September—October period. The proposed
approach significantly improves the detection process of aperiodic planetary-scale events,
thereby enhancing its practical value.

Keywords: Farth’s atmosphere; space physics; infrasound; solar activity; earthquakes;
modeling; time series.
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1. Introduction

The study of physical processes in the Earth’s atmosphere offers significant opportunities for the iden-
tification, localization and prediction of large-scale events in the Earth’s crust and space. Atmospheric
infrasound is one such process that is widely used in practice and has gained popularity due to its high
sensitivity and ability to propagate responses to disturbances over long distances [1]. For example,
in 1996, the Conference on Disarmament in Geneva initiated the International Monitoring System
(IMS), which monitors atmospheric infrasound, along with seismic, hydroacoustic, and radionuclide
components [2].

Infrasound analysis is conducted using specialized measuring equipment deployed around the globe.
Despite the ongoing evolution of modern measurement tools, the cost of their production and the
imperfections of sensors remain significant obstacles to progress. Therefore, it is important to explore
new approaches for analyzing already collected data to enhance the efficiency of existing systems. In
particular, machine learning techniques can significantly increase the amount of useful information
that can be extracted from atmospheric infrasound measurements, thereby expanding its practical
applications [3].

In a previous study [4], the predictability of the annual dynamics of infrasound was confirmed,
making it possible to further identify individual random events that cause corresponding acoustic
disturbances and cannot be explained by the proposed statistical model. Improving the accuracy of
the model remains relevant, as the predictions obtained in the study [4] do not reproduce the actual
measurements, particularly in months with sharp value changes. This can be critical for identifying
individual random planetary-scale events, as they can provoke significant spikes in atmospheric infra-
sound. To address this issue, it was decided to expand the model’s dimensionality by incorporating
data on earthquakes and solar flares. The quantitative comparison of the model’s explanatory power
regarding infrasound dynamics variations was conducted using the coefficient of determination, also
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known as the R-squared statistic. The development of such a model enables the assessment of the im-
pact of including earthquake and solar flare data on infrasound prediction and allows for more accurate
identification of aperiodic events caused by processes of a different nature [5].

2. Analysis of experimental measurements

2.1. Solar flares

A solar flare is a short-term, sudden increase in radiation intensity emitted in the area of sunspots.
For many years, solar flares have been best tracked in the H-alpha wavelength in the chromosphere,
although white-light solar flares are sometimes observed in the photosphere. Currently, solar flares are
detected via satellite monitoring of the Sun in the X-ray spectrum. Flares are characterized by a rise
time (on the order of minutes) and a decay time (on the order of tens of minutes). The total energy
released in a typical flare is about 10%° ergs; the magnetic field is extremely high, ranging from 100 to
10000 gauss. Optical H-alpha flares are usually accompanied by bursts of radio and X-ray emissions.
Changes in solar radiation characteristics during solar flares lead to the generation of infrasound waves
in the atmosphere by causing atmospheric heating and reorganizing chains of atmospheric chemical
reactions [1].

Solar flares are characterized by several parameters, including brightness and size. The National
Geophysical Data Center (NGDC) [6] maintains archives for approximately 80 stations, covering the
period from 1938 to the present. Currently, five stations regularly send their data monthly to the
NGDC in Boulder. Flare reports have been processed and published in the Quarterly Bulletin on Solar
Activity [7].

The study utilized a dataset consisting of the “Comprehensive Flare Index” (1955-2008) and the
“Kandilli Flare Index” (1976-2010). The Comprehensive Flare Index was developed by Dodson and
Hedeman from the McMath-Hulbert Solar Observatory [8-10]. The term “flare index” was introduced
by Kleczek [11], who derived a measure for quantitatively determining daily (24 hours) flare activity:

Q=i-t. (1)
Here i represents the intensity scale or optical importance of the flare, and ¢ represents its duration in
minutes. The researcher assumed that this dependence approximately reflects the total energy emitted
by the flares. Daily flare indices for the 21st, 22nd, and 23rd solar cycles were determined using
compiled groups of solar flares prepared by the National Oceanic and Atmospheric Administration’s
National Geophysical Data Center [2].

Before use, the solar activity index data were normalized relative to the amplitude of the infrasound
wave envelope. The result is presented in Figure 1 (red line). It is also worth noting the intense peak

of solar activity in July—August 2000, corresponding to one of the most well-known solar storms known
as Bastille Day [12].

2.2. Earthquakes

For many years, researchers have been seeking mechanisms and characteristics that reflect the prepara-
tory processes of earthquakes in various geophysical fields [13,14]. It is known that before an earth-
quake occurs, infrasound with energies up to 10° — 10'° Joules can be generated by the movement
of lithospheric plates. This leads to atmospheric heating by infrasound and changes in variations of
geomagnetic and geoelectric fields, as well as anomalous manifestations of nighttime radiation in the
middle and upper atmosphere [15]. Therefore, atmospheric infrasound can serve as a precursor to
earthquakes.

In particular, in the study [15], it was found that several days before a major earthquake, there are
significant changes in the daily spectrum and daily rhythm of infrasound, and the use of infrasound
data for forecasting anomalous seismic events was proposed.

For the analysis of earthquake impacts in this study, a dataset from the Significant Earthquake
Database [16] was used, containing information on more than 5700 earthquakes from 2150 BC to the
present. To be included in this dataset, an earthquake must meet one of three criteria: it resulted in
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Fig. 1. The blue dashed line represents the monthly measurements of infrasound envelope from 1997 to 2000 [4];
the red line represents the solar flare index [8-10]; the green line represents the estimated earthquake ampli-
tude [16] at the location of the infrasound observations. All values are normalized relative to the infrasound
envelope.

human fatalities, caused damages estimated at more than 1 million, had a magnitude of 7.5 or higher,
or generated a tsunami. The dataset includes information on the date and time of the event, geographic
latitude, longitude, and focal depth of the earthquake source, as well as its magnitude. Additionally,
socio-economic data on the number of deaths, the number of destroyed or damaged buildings, and the
extent of damages are available but were not utilized in this study.

To assess the intensity of an earthquake, the concept of magnitude is used — a relative measure
that characterizes the amount of energy released at the earthquake’s epicentre and is proportional
to the logarithm of the maximum amplitude of ground particle displacement recorded by seismic
stations [17]. Since the data on infrasound intensity were obtained at the Western Regional Center
of Special Monitoring of the National Space Agency of Ukraine, while information about earthquakes
pertains to the entire world, a model is needed to assess the earthquake’s impact on a point with
specified geographic coordinates.

Since the calculation concerns global scales, it is reasonable to consider the earthquake source as
a point disturbance source and the corresponding generated wave as spherical. The intensity of such
a spherical wave at a given point will be inversely proportional to the square of the distance from its
source: M
— (2)
In formula (2), I represents the estimated intensity of the magnitude at the specified point on the
planet, My, is the earthquake magnitude, and r is the geodetic distance between the specified point
and the earthquake source. After estimating the intensity of the magnitude at the specified point, it
was scaled relative to the magnitude of the infrasound. The results are presented in Figure 1 (green
line).

I =
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2.3. Infrasound envelope

As previously noted, experimental measurements of infrasound [1] in the frequency range of 0.003 —
0.2 Hz were conducted at the Western Regional Center of Special Monitoring of the National Space
Agency of Ukraine during the years 1997-2000. Since the typical interval of infrasound oscillation
periods ranges from a few seconds to several days [1], it is appropriate to characterize changes in the
amplitude of infrasound oscillations as a modulated random process [18,19]. The corresponding data
are presented in Figure 1 (blue line). In the previous study [4], by analyzing the Fourier spectrum
and autocorrelation function of the infrasound envelope, the harmonic nature of the annual dynamics
of the infrasound envelope with a clearly defined 1-year period was demonstrated. It is also known
that during the summer, the infrasound envelope is formed by oscillations of the first (7" = 24 hours)
and second (7' = 12 hours) harmonics, whereas during the winter period, only the first harmonic is
dominant. This can be explained by the fact that in the winter period, the atmospheric conditions
during the day and night are similar, unlike in the summer [1].

Table 1. Correlation coefficients of the in- To assess the impact of including information about
dex of solar flares and earthquakes with the  earthquakes and solar flares on the quality of predicting
infrasound envelope by year. the annual dynamics of the infrasound envelope, correla-
Year Earthquake Solar flare index tion coeflicients for each of the exogenous variables were
1997 0.55 —0.41 calculated over the years. The obtained results are pre-
1998 0.12 0.15 sented in Table 1. The instability of the correlation coeffi-
1999 —0.01 0.41 cient may indicate a nonlinear relationship between these
2000 0.13 —0.17

natural processes.

3. Modeling methods

3.1. SARIMAX (Seasonal AutoRegressive Integrated Moving Average with eXogenous regressors)

The main difference between the SARIMAX model [20] and the popular ARIMA model [4] lies in
the inclusion of seasonal parameters and the ability to incorporate additional exogenous dependencies.
The SARIMA approach addresses seasonality by applying the ARIMA model to historical lags that
are multiples of the specified seasonal parameter [21]. Exogenous parameters are considered additive
components.

The SARIMAX method was chosen because it was previously established [4] that there is a clear pe-
riodicity in the infrasound with aperiodic influences from external (exogenous) factors, including earth-
quakes, solar flares, galactic cosmic radiation, anthropogenic, and other atmospheric disturbances [22].
In this study, a variation of the SARIMAX approach from the statsmodels library [23] of the Python
programming language was used.

3.2. Coefficient of determination R-squared
In addition to the correlation coefficient and root mean square deviation, in this study, the coefficient
of determination R-squared [24] was also estimated. This metric allows us to estimate the proportion
of variance in the dependent variable that can be explained by the proposed statistical model. The
coefficient of determination can be calculated using the following formulas:
SS
_ res ’ (3)
SStot
SSres = Z(yz - fi)27 (4)
i

SSiot = Z(yz —7)% (5)

)

R2

Here y; is i-th component of the input vector, f; is i-th component of the output (predicted) vector, 7
is vector’s mean value.

According to formula (1), the coefficient of determination can be interpreted as the explained
percentage of data variance.
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4. Training and forecast

To forecast annual infrasound envelope dynamics, leveraging solar flares and earthquake data, a SARI-
MAX model was designed with parameters (1, 1, 4) for the autoregressive (AR), differencing, and
moving average (MA) orders, and (5, 0, 12) for their respective seasonal components. The model
parameters have been determined by minimizing the root mean square deviation (RMSE) between the
predicted and experimental measurements for three years (1998, 1999, and 2000).

Table 2 contains a comparison of the model metrics in- Table 2. RMSE and R-squared
vestigated in this study and the previous one [4]. The pro- metrics for different models.
vided data of root mean square deviations show that the Model RMSE  R-squared
proposed SARIMAX model exhibits a 41% higher accuracy Autoregression  2.83 [4] 057
than the most accurate ARIMA model from the previous Moving average 3.24 [4] 0.43
study [4]. ARIMA 2.63 [4] 0.63

Comparing the coefficient of determination (R-squared) SARIMAX 1.86 0.81

of the models allows us to assess the impact of incorporating data about earthquakes and solar flares.
The obtained value of 0.81 for the SARIMAX model indicates that 81% of the variance in the dependent
variable can be fully explained via training on historical data and incorporating information about
earthquakes and solar flares. In contrast, the previous ARIMA model [4], which only used historical
information for training, can only explain 63% of the variance of the infrasound envelope function.
Two conclusions can be drawn from this. Firstly, during the year 2000, there were aperiodic or low-
frequency events (frequency of less than once every three years) that were not caused by earthquakes
or solar flares, which are responsible for 19% of the variance in infrasound. Secondly, the difference in
the coefficient of determination between the ARIMA and SARIMAX models is 0.18, indicating that
incorporating information about earthquakes and solar flares as additional exogenous predictors in the
model allows for an additional explanation of 18% of the variance in infrasound.

Figure 2 illustrates the SARIMAX SARIMAX, Predicted vs Experiment (2000)
model prediction (red line) of the annual 40-0 o Progicted
dynamics of the infrasound envelope for 37.5 —e— Experiment

the year 2000, alongside its experimental
values (green line). From the provided
graph, it is evident that the model ade- 32.5 1
quately predicts the dynamics of the in-
frasound envelope for most months. How-
ever, there are some discrepancies ob- 27.5 1
served in March and December, which will

3 30.01

25.0 1
be discussed further. It is worth not-
ing the particularly successful prediction of 22:51
a double sharp change in the infrasound 200

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
month

envelope during the August—September—

October period, which was not achieved Fig. 2. Prediction of the annual dynamics of the infrasound

with previous ARIMA models. This im- envelope using information on solar flares and earthquakes,
provement is attributed to the inclusion of  year 2000. The red line represents predicted values, the green
earthquakes and solar flare data as new ad- line represents experimental data.

ditional dimensions of the model. Importantly, the obtained model surpasses the accuracy (root mean
square error) of the ARIMA model and the correlation level of the autoregressive model, which had
the best performance in the mentioned characteristic [4].

The identified discrepancies in the prediction of the dynamics of the infrasound envelope in March—
April and December open up possibilities for further improvement of the model by including other
factors which are capable of producing atmospheric infrasound besides the considered solar flares
and earthquakes. One such additional source of atmospheric infrasound could be meteor showers,
particularly the Lyrids in March—April and the Geminids in December [25]. Since the model presented
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in the study does not incorporate data on meteor showers, all aperiodic events associated with this
source will be unpredictable.

Another factor is the greater influence of relatively recent historical data compared to older data.
From this perspective, the most significant data for training and prediction are concentrated within the
year 1999. In Figure 1, it can be observed that the experimental measurements of infrasound this year
had a local maximum in March, which was successfully reproduced by the model even in the absence
of correlation with earthquake or solar flare data. Utilizing a broader range of data will address this
issue in the future.

5. Conclusions

Using the SARIMAX model in conjunction with data on solar flares and earthquakes, the accuracy
of predicting the annual dynamics of infrasound has been improved (reducing the root mean square
error) by 30%. Additionally, the obtained model is characterized by a higher r-squared value, sur-
passing the previous ARIMA model [4] by 29%. The predicted curve of the annual dynamics of the
infrasound envelope for the year 2000 accurately reproduces the sharp intensity change during the pe-
riod of August—September—October, mitigating a significant deficiency of the ARIMA model [4]. These
findings indirectly demonstrate the significant impact of earthquakes and solar flares on the generation
of atmospheric infrasound, as previously noted in studies [1,11].

However, it has been observed that the predicted dynamics of infrasound diverged in March and
December, which were caused by an insufficient number of external influences considered by the model.
Further expansion of the model with such external regressors can mitigate this issue and improve
prediction accuracy. Additionally, interesting avenues for further research include using causal inference
methods to investigate the influence of individual irregular factors on the generation of atmospheric
infrasound.
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IIpesncraBieno pesyabraTu AOCTiKeHHS e(DEKTUBHOCTI BUKOPUCTAHHS JAHUX IIPO COHSY-
Hi CHAJIAXU Ta 3eMJIETPYCH JJIs TepebatieHHs: ormaaoqol indpa3syky. OTpumana MoOeIb
SARIMAX, posmiupeHa 3-3a JIOIOMOIOK BUIIE3TAJAHUX CTOPOHHIX YMHHUKIB, XapaKTe-
pusyerhbest Ha 30% MEHIUM CcepeIHbO-KBaJIPATUIHUM BiaxuaeHHaM Ta Ha 29% Olibimum
koedilnieaToM gerepMiHaliil, y NOpiBHsHHI 3 pamnime npejacrasienoo Mmoneanmio ARIMA.
Tako, BATOMUM JIOCSATHEHHSIM HOBOTO MiJIXOJY, Y TMOPIBHAHHI 3 MONEPEIHIMU, € YCIIITHE
BiJITBOPEHHSI PIi3KOr0O IepenaJy IHTEHCUBHOCTI OTMHAIOYOl Yy Iepioj ceplieHb—BepeceHb—
JKOBT€Hb. 3allpOIOHOBAaHMI B PoOOTI MiJXiJ H03BOJISIE 3HAYHO IOKPAIIUTU IIPOIEC BU-
sIBJIEHHA alePiOJUYHUX IO/l IIJIAHETaApHOIO MacmiTady, TUM CaMUM IIiIBUILYIOYH Oro
MMPAKTUYIHY IIHHICTD.

Knrouosi cnoBa: ammocgepa 3emai; izura Kocmocy; iM@Ppadeyr; COHANHA AKMUBHICTIV;
3EMAEMPYCU; MOOCAIOBAHHA; 4ACOBT PAIU.
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