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Abstract

Objectives. The article sets out to identify the characteristics of tropical cyclones using almost periodic analysis
of images of cloud dynamics of hurricanes in order to forecast the cyclone structure. Almost periodic analysis
is applied in the processing and analysis of tropical cyclone structure images based on the obtained almost period
values using a modified mathematical computational apparatus.

Methods. The main tool for processing and analyzing images of the tropical cyclone structure is almost periodic
analysis, i.e., analysis of data with an ordered argument to identify dependencies that are close to periodic. By this
means critical boundaries of changes in the trends of the studied data can be identified regardless of a priori
assumptions. In the course of analysis the almost period information parameter, corresponding to the values closest
to the periods, is determined. A modification of the known mathematical apparatus of almost periodic analysis
is proposed for processing large and multidimensional datasets.

Results. In the course of the study, the characteristic almost periodic values of the structural zones at the moment
of the beginning of the formation of the dynamics of the cyclone development were revealed on the example of the
analysis of the frames of the dynamics of tropical cyclone Milton, operating from October 5, 2024 to October 10,
2024. Based on the identified values, forecast estimates of the tropical cyclone structure development were made
to an accuracy of 95%.

Conclusions. Together with the results of studies published earlier, the results of this study support the conclusion that
it is possible to apply almost periodic analysis to the identification of characteristic patterns of tropical cyclone structures
and carry out qualitative forecast estimates of the dynamics of emergency situations caused by tropical cyclones.
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Pesiome

Llenu. Ctatbs noceslleHa npobneMe naeHTMdUKaLMm xapakTepucTuk TPONMNYECKNX LUKIIOHOB C UCMOb30BaH-
€M MOoYTU NEPUOaNYECKOro aHanm3a n3obpaxeHunii 06n1aqyHol AUHaMUKK yparaHoB 1 MPOrHO3UPOBaHUS CTPYKTYPbI
LIMKJIOHA HA OCHOBE MOJTy4EHHbIX 3HAYEHN NOYTM NEPUOAOB. Llenb cTaTbm 3aKNi04aeTcs B NPUMEHEHUM NoYTH ne-
prvoanYeCcKOro aHannsa ¢ UCNonab30BaHMEM MOANDULMPOBAHHONO MaTEMATMYECKOrO annapara Bbl4UCAEHNI Npu
0b6paboTke 1 aHann3e N300paxeHni CTPYKTYPbI TPOMNYECKOr 0 LIMKJIOHA C BO3MOXHOCTbIO OCYLLECTBEHNS MPOrHO-
3HbIX OLLEHOK.

MeToabl. OCHOBHbIM MHCTPYMEHTOM 00paboTKM M aHanm3a M3006pakeHnin CTPYKTYPbl TPOMUYECKOrO LIMKIIOHA
ABASIETCHA NOYTU NEPUOANYECKUI aHANU3 — aHANIM3 AAHHbIX C YNOPSA0YEHHBIM apPryMEHTOM MO BbISIBIEHUIO 3aBU-
cuMocTein, BNU3KMX K NepruoamyeckuM. VMcnonb3oBaHve annaparta rnovty NepuoamMyYeckoro aHann3a rno3BosseT
NPOBOANTL BbISIBIIEHVNE KPUTUYECKUX pyBexel N3MeHeHUs TEHAEHUMWIA UCCNEeAYEMbIX AaHHbIX BHE 3aBUCUMOCTHU
OT anpuopHbIX MPeanosioxXeHnr. B xoaoe npoBeneHns Takoro aHanmaa onpenenserca MHPOpPMauMOHHbIA napa-
METP — MOYTU NEPUOL, COOTBETCTBYIOLUMIA 3HAYEHUAM, Hanbonee 6IM3kuM K nepuogam. MNMpepnoxeHa mogndu-
Kauus M3BECTHOro MaTeMaTMYeCKOro annapara noyYTu nepuoanyeckoro aHannsa, no3eossiolas obpabatbiBaTb
60onbLUNE M MHOTOMEPHbIE [IaHHbIE.

PesynbTaTtbl. B X040€ nccnenosaHusa Ha NpuMepe aHanm3a kagpoB AVMHAMUKA TPOMMYECKOro UMKIoOHa MUnToH,
nencteytowero ¢ 5 no 10 oktabps 2024 r., BbISIBNIEHbI XapakTePHbIE NOYTY NEPUOANYECKNE SHAYEHNS CTPYKTYPHbIX
30H B MOMEHT Havyana GopMrUpoBaHns AUHAMUKNA PA3BUTUS LMKIOHA. Ha OCHOBE BbISIBIEHHbIX 3HAYEHUIN COCTaBe-
Hbl MPOrHO3HbIE OLLEHKN Pa3BUTUSA CTPYKTYPbl TPOMNYECKOrO LIMKIIOHA, TOYHOCTb KOTOPbIX cocTaBuna 95%.
BbiBoAbI. [Tony4yeHHble pe3ynbTaTbl COBMECTHO C pe3ybTataMu UCCeA0BaHUiA, onybIMKoBaHHLIMM paHee, No3B0O-
NS0T caenatb BbIBOA O BO3MOXHOCTU MPUMEHEHNSA MOYTU MEPUOAMHECKOrO aHaM3a K BbISIBAIEHMIO XapakTePHbIX
naTTEPHOB CTPYKTYP TPOMUYECKMX LIUKJTOHOB 1 COCTABJIEHNIO KQYECTBEHHbBIX MPOrHO3HbIX OLEHOK ANHAMUKN Pa3Bu-
TS YPE3BbIYAMHbIX CUTYALMIA, BbI3BAHHbLIX TPOMNYECKVUMU LIMKIOHAMU.

KnioueBble cnioBa: noytu nepruoamnyeckunii aHanms, o6paboTka 1 aHann3 n3obpaxkeHunii, MOHUTOPUHI TPOMNYECKMX
LIMKJIOHOB, MPOrHO3MpOBaHMe TPOMNYECKUX LMKITOHOB, TeEXHOChepHast 6€30MacHOCTb, TandyHsbl

Ana untuposanusa: lNMapamoHoB A.A., Kanay A.B., CapatoBa T.E. O MOHUTOPUHIe M MPOrHO3NPOBAHUN OUHAMMUKN
pPas3BUTUS CTPYKTYPbl TPOMUYECKMX LUMKITIOHOB HA OCHOBE MOYTU Mepuoauyeckoro aHanmaa CryTHUKOBLIX M300paxe-
HwiA. Russian Technological Journal. 2025;13(6):116—126. https://doi.org/10.32362/2500-316X-2025-13-6-116-126,
https://www.elibrary.ru/LAVZAN

Mpo3payHocTb hMHAHCOBOM AEATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaB/IEH-
HbIX MaTepuanax nnvu MeToaax.

ABTOpbI 3251BNSIIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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INTRODUCTION

Weather forecasting is important for ensuring the
safety and sustainable development of human society.
Among extreme weather events associated with
ongoing changes in climatic conditions, one of the most
potentially dangerous are tropical cyclones, comprising
powerful atmospheric vortices that occur in tropical and
subtropical latitudes over warm ocean waters. According
to statistics from the Russian Ministry of Emergency
Situations, more than 100 dangerous natural phenomena
occur annually, causing total material damage exceeding
RUR 50 bn.!

The increasing pace of life and enormous volume
of information exchange demand prompt, balanced,
accurate, and well-founded decisions based on relevant
forecasts. In this regard, it is important to improve
the speed of effective decision-making in emergency
situations by obtaining improved forecasts of the
dynamics of dangerous natural phenomena, which
contributes to the timely adoption of measures to ensure
human safety, as well as the preparation of measures to
counteract emergency situations.

Traditional numerical weather models are based on
solving systems of differential equations that describe
the physics of the atmosphere. However, such models
have limitations in terms of accuracy and require
significant computing resources. The application of
artificial intelligence and machine learning technologies
has the potential to significantly improve the speed and
accuracy of forecasting dangerous weather events and
the dynamics of emergency situations.

In this context, it seems relevant to develop an
approach to forecasting the dynamics of tropical cyclones
based on an almost periodic analysis of images of
cyclone structures. Images are one category of data with
an ordered argument. Data with an ordered argument
represent a set of measurements of some experimental
quantity that depends on the argument, comprising an
ordered vector of values.

Time or space can serve as examples of arguments.
Currently, such data is analyzed and processed using
special programming languages and their built-in
libraries [1, 2]. The most common approach to analysis
involves the use of machine learning methods [3-9].
Methods involving the study and identification of hidden
patterns in data with an ordered argument are actively
used in medicine, economics, and other fields [10-16].

It should be noted that the use of spatiotemporal
remote sensing data enables tracking the dynamics of
natural phenomena, especially tropical cyclones [17-19].

I Ministry of the Russian Federation for Civil Defense,

Emergencies, and Disaster Relief. https://mchs.gov.ru/ (in Russ.).
Accessed August 10, 2025.

The present study is devoted to modified analysis
and forecasting of tropical cyclone dynamics based on
satellite images using the almost periodic data analysis
method. The described modified almost periodic analysis
method aims to improve existing data analysis tools with
an ordered argument.

RESEARCH METHODOLOGY

Almost periodic analysis is the analysis of data with
an ordered argument to identify dependencies that are
close to periodic. The use of almost periodic analysis
enables the identification of critical turning points in the
trends of the data under study, regardless of a priori
assumptions. During such an analysis, the almost period
information parameter is determined by obtaining values
closest to the periods. In general, an almost periodic
function f{¢) is a function that satisfies the condition:
| f(t+1)— f(t)| <&, where € > 0 is the shift, T is the
almost period of this function [20].

Currently, most studies using almost periodic
analysis of discrete data with an ordered argument are
based on formulas whose values are determined by
sequential iterative algorithms.

The algorithm for almost periodic analysis of
a discrete data set conceptually consists of two stages:
1) exclusion of the trend from the vector of processed

data;

2) processing of the obtained oscillations with
a generalized shear function to identify almost
periods.

At the first stage, the trend component must be
excluded from the processed data in order to further
analyze the almost periodic components of the series
fluctuations. Since there is no information about the
trend equation at the initial stage of data processing,
an approach based on a transformation based on the
theory of proportions is used to remove it from the data.
This approach to removing the trend from the data is
independent of any a priori assumptions about the
behavior of the trend in the data.

Trend exclusion based on the theory of proportions
is based on the assumption that trend characteristics are
encoded through reference points. As an example of
implementation, consider the simplest dependence of
the values of a discrete data set of three points y,, y, .
Y+ ap Which encode the entire series under study [21]. If
we take the ratio of, for example, a geometric progression
as a basis, then the transformations for excluding the
trend and obtaining fluctuations relative to the ordered
argument ¢ for the data y will look as follows:

ln[yz—AtyHAt]Nt’ )
2
Vi
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where y, is the current value of the series y with the
ordered argument #; y, _,, is the previous value of the
original series at a distance Af based on the argument
from the current value y,; y, , ,, is the next value of the
original series at a distance A¢ based on the argument
from the current value y,

As aresult of such transformations, we obtain a series
of oscillations corresponding to the shift parameter Az.
For a comprehensive analysis of all types of oscillations
in the original data, it is necessary to obtain oscillations
for each shift parameter by argument Az. The range of At
values is from 1 to N/2, where N is the length of the
original data series.

The second step in the almost periodic analysis of
a discrete data series with an ordered argument involves
processing the obtained sets of oscillation vectors in
order to exclude the trend using a shift function of the
form:

n—t

t=1

)’}At(t"'r)_j}At(t): (2)

where n is the total number of oscillation readings
P (1), obtained during the shift by argument Az.

Each oscillation vector is processed by function (2).
As aresult of the calculations, we obtain a vector of shear
function values corresponding to a series of oscillations
of the initial data when shifted by the argument At.

To obtain almost period values 1, the result of the
shift function is examined for the presence of pronounced
minima. The closer the minimum is to zero, the more
significant and closer to the pure period the identified
almost period value turns out to be.

The result of processing all sets of vibration vectors
obtained by excluding the trend using transformation
type (1) with the shift function (2) will be a matrix of
shift function vectors. For sequential calculation and
accounting for the dependence of the shift function on the
value of At, a generalized shift function is determined.
An example of its implementation, taking into account
the geometric exclusion of the trend, is presented by the
following formula?:

1
a(t,At) =—— X
( ) n—t—2At
—1-2A (3)
y ! Tz: ! ln(yt—AHszHAt—r J _h{yt—Ath’HAz ] '
t=1 Yitt Vi

2 Kuzmin V.I., Gadzaov A.F. Methods for building models
based on empirical data: tutorial. Moscow: Moscow State Institute
of Radio Engineering, Electronics and Automation (Technical
University), 2012. 94 p. (in Russ.).

The applicability of these formulas in almost
periodic analysis has been discussed in the literature [21].
However, the approach of sequential iterative calculation
of discrete series values with an ordered argument is
difficult to implement for large data volumes, including
image processing [22].

In order to process and analyze large discrete series
and matrices with ordered arguments, the authors
implemented a modification of the mathematical
apparatus of almost periodic analysis.

The first proposed modification comprised an
algorithm for excluding trends from the data. By
calculating the entire vector of fluctuations for a fixed
shift value Az, it became possible to perform trend
exclusion operations:

B Viens T
PAt:m( L }2 o fJ, (4)
t

where 13& is the vector of oscillation values obtained by
excluding the trend based on the theory of proportions,
with dimension N — 2A¢; ftz is the vector of the square
of the values y,; )7t_ A 18 the vector of the values y,
Y;+ac 18 the vector of the values y, , .

Then, the calculation of the shear function (2) for
a fixed value of Af can also be represented in vector
form (5).

1 - S

—N_T_ZAt‘PAH—T_PAt" ©)

d(t)y, =

where d(7) A 1s the shift function vector for the vibration
vector with a shift in the argument Az; Py, . is the

excluded trend vector at the value Az, shifted by t; ﬁAt is
the excluded trend vector at the value Az.

In (5), the modulus operation is overloaded, i.e., the
result of the modulus of the difference between vectors

]3At 4+ and I3At is a vector of absolute values.

As aresult of such transformations, the set of vectors
d(t),, when calculating all shift values by the
argument At becomes the result of the generalized shift
function (3). The presented algorithms were implemented
as a program for determining almost periods in empirical
data with an ordered argument, capable of working with
large volumes of data using parallel computing [23].

For the task of monitoring and forecasting the
dynamics of the development of emergency situations
caused by tropical cyclones, methods developed based
on the almost periodic analysis of satellite images have
been used to analyze tropical cyclone frames to form
predictive estimates of the dynamics of the development
of the structure of tropical cyclones.
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Thus, for example, the method of processing and
analyzing satellite images of tropical cyclones to identify
almost periodic characteristics includes the following
stages. At the first stage, the video sequence under study
is cropped if the original data is presented in this format.
The next step consists in processing and conversion of
the frame to black and white format. The resulting images
are a matrix of pixels that take values from 0 to 255. The
size of the converted image is 500 x 500 pixels.

The next step involves determining the center of the
tropical cyclone in the image and further converting the frame
into polar coordinates. This transformation is chosen as a first
approximation of the centric structure of tropical cyclones to
enable the application of the almost periodic analysis to the
obtained values of radius vector modules at fixed polar angles
to identify the critical radii of cyclone structure zones.

Subsequent sequential processing of value vectors
at fixed polar angles yields a set of matrices of
generalized shear function results for each image slice.
The almost period values of each image slice in polar
coordinates obtained by analyzing the obtained minima
of each generalized shear function are compared and the
coinciding values are as characteristic almost periods of
the entire structure of the studied tropical cyclone.

The method for forecasting the dynamics of
tropical cyclones based on almost periodic analysis of
satellite images enables for a predictive assessment of
the dynamics of tropical cyclone structure based on
identified almost periods and classified hazard zones in
the early stages of tropical cyclone development.

On the basis of the almost periods identified as
aresult of the analysis, the original image is marked with
circles having radii that are multiples of the identified
almost periods. The central zone of the tropical cyclone
frame, which usually occupies the areas of the first
and second zonal circles, is classified as a particularly
dangerous zone. Depending on the value of the almost
period on which they are based, the zones of the next
two or three circles occupy most of the frame of the
tropical cyclone structure are classified as dangerous
zones. The remaining zones in the frame of the tropical
cyclone structure are zones of increased observation.

We will illustrate the described processing and
analysis methods with the results of forecasts for the
development of a tropical cyclone structure using the
example of Hurricane Milton, which occurred from
October 5 to 10, 2024. The data used for analysis
consisted of photographs and video footage of the
tropical cyclone taken from an open Internet source: the
official website of the United States National Oceanic
and Atmospheric Administration.>

3 National Oceanic and Atmospheric Administration. U.S.
Department of Commerce. https://www.noaa.gov/. Accessed
February 08, 2025.

RESULTS AND DISCUSSION

Figure 1 shows a frame of a tropical cyclone in the
infrared range converted to black and white format in
Cartesian coordinates with the center of the cyclone
marked, relative to which the cyclone structure is
projected into polar coordinates (Fig. 2).

WL/ SR Y8

‘,. .:‘ \‘!'

100 200 300 400

Fig. 1. Snapshot of the early development of tropical
cyclone Milton at 15:00 UTC# on October 5, 2024,
with the cyclone center marked at a size of 500 x 500 pixels

100 200 300

Fig. 2. Snapshot converted to polar coordinates
showing the beginning of the development of tropical
cyclone Milton, with a resolution of 360 % 360 pixels,
where p are the values of the radius vectors,
and O are the values of the polar angles

Vertical sections of the obtained image (Fig. 2) at
polar angles were processed using functions (4) and (5),
resulting in a set of generalized shear function values
for radius vector modules. Figure 3 shows an example
of a slice of the generalized shear function with values

4 Coordinated Universal Time.
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similar to almost periods for a transformed cyclone
frame at an angle of 50°.

a(t, 8), Pixel brightness

I
N

0.2 1

0 20 40 60 80
T, Pixels

100 120 140 160

Fig. 3. Example of a generalized shear function
at At = 8 for a vector of values at a fixed angle of 50°

The obtained results of almost periodic radius
vectors (Fig. 3) are displayed on the original data.
The results are presented as the snapshots of a video
sequence in the form of circles with radii that are
multiples of the detected almost period. The centers of
the multiple circles are located in the detected center of
the tropical cyclone structure (Fig. 1) with the detected
almost periodic values serving as the reference radius of
the first circle from the center.

Figure 4 depicts an example of determining
centric zones that are multiples of the detected almost
period of 83 pixels. The application of this marking
will make it possible to determine the characteristic
almost periodic components of the structure of the
tropical cyclone under study, which will enable
the application of a method for forecasting the
dynamics of tropical cyclones based on almost
periodic analysis of satellite images. The shading of
the highlighted areas in Figure 4 should be noted.
Diagonal shading indicates particularly dangerous
areas affected by the tropical cyclone, while dotted
shading indicates dangerous areas affected by the
tropical cyclone, and grid shading indicates areas of
increased observation.

As a result of studies [24-26], it was established
that the almost periodic values of the structure of
tropical cyclones obtained in images of the early
stages of their development are manifested in the
later stages of hurricane development with an error
of no more than 12%, which is acceptable in the
tasks of forecasting dynamic systems of technical
analysis [27].

400

100 200 300 400 500

Fig. 4. Snapshot of the early development of tropical
cyclone Milton at 15:00 UTC on October 5, 2024,
with marked danger zones

To verify the forecast estimates based on the
identified almost period of 83 pixels, a frame of tropical
cyclone Milton was taken at the moment it reached its
peak dynamic state at 21:35 on October 8, 2024, and
zones multiple of the almost period of 83 pixels were
marked (Fig. 5). It is important to note that the obtained
results describe the structure of the tropical cyclone with
a sufficient level of accuracy.

400

100 F<s

Fig. 5. Snapshot of tropical cyclone Milton at its peak
on October 8, 2024, at 21:35 UTC, with danger zones
marked

To obtain numerical estimates, a method is applied
for processing and analyzing satellite images of tropical
cyclones to identify almost periodic characteristics for
the data (Fig. 5). The results of the generalized shift
function cross-sections yield almost periods close to the
values obtained at an early stage (Fig. 6).
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2.5

2.0

1.5

a(t, 10), Pixel brightness

1.0

0.5

0 20 40 60 80 100 120 140

T, Pixels
Fig. 6. Generalized shift function
at At = 10 for a vector of values at a fixed angle
of 45° for the image in Fig. 5

The accuracy of the forecast values obtained for
almost periods can be estimated using the formula:

T —7T
forecast actual
G= ) (6)

Tactual

Where ;... 18 the value of the forecast almost
period, T, ., is the value of the calculated actual almost
period.

Thus, the forecast estimates with the revealed
actual values of almost periods for the tropical cyclone
structure in Fig. 6 have an error not exceeding 5%.
This confirms the previously obtained results on the
estimates of the forecasting dynamics of the tropical
cyclone structure based on almost periodic analysis. The
obtained results of the errors of the obtained forecast
values are comparable with complex models that take
into account the relationships of the physical quantities
of cyclones [28].

actua

CONCLUSIONS

The article presents a modified method of almost
periodic data analysis with an ordered argument to
analyze both one-dimensional data of large dimensions
and data arrays on the example of tropical cyclone frames.

The method for processing and analyzing the
satellite images of tropical cyclones for identifying the
almost periodic characteristics was used to establish
the characteristic almost periods of the tropical cyclone
structure at the initial stage of formation on the example
of cyclone Milton. Unlike existing approaches used in
constructing forecasts, in which physical parameters
of tropical cyclones are used, the proposed approach
provides a simultaneous opportunity to monitor and
forecast the dynamics of the development of the structure
of tropical cyclones based on satellite images using the
identification of the almost period, a parameter that is
independent of physical quantities. Using one of the
characteristic almost periods as an example, the marking
of dangerous zones of the tropical cyclone structure was
implemented based on circles with radii multiples of the
identified almost period of 83 pixels.

The developed methodology based on the modified
almost periodic analysis method was tested on the
example of forecasting the dynamics of tropical cyclones
development. The accuracy of the forecast estimates
obtained during the study was about 95%.

The developed approach was used to identify
characteristic structural changes in tropical cyclone
images and predict the dynamics of a tropical cyclone
with sufficient accuracy using Hurricane Milton as an
example. The obtained results are of practical importance
for risk assessment and the development of emergency
management strategies caused by tropical cyclones.
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