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THE INTEGRATION OF 10T AND MATHEMATICAL MODELS IN CLIMATE
CHANGE MITIGATION

A strategy for using loT devices to collect real-time environmental data that takes into account the
most significant indicators is described. The advantages of using the Internet of Things have also been
determined, which makes it possible to monitor the state of the climate in a convenient mode with high
accuracy and speed. Because the task of analyzing using mathematical models to optimize energy
efficiency, monitor air quality, and strengthen sustainability efforts is complex, it requires the involvement
of specific specialists, such as systems analysts, mathematicians, and climatologists. Temperature,
humidity and precipitation, among others, are parameters obtained by using Internet of Things devices for
analysis. Climate models such as dynamic systems and simple low-order models for studying climate
variability are considered, and equations of momentum, thermodynamics, specific humidity, non-primary,
hydrostatic and thermodynamics connecting variable states are also described. The use of these equations
within the considered models and the values of their parameters are explained, some of which are the
result obtained with the help of Internet of Things technologies. It also describes the necessary
technologies needed to build an Internet of Things network: microcircuits, sensors, embedded computer,
wireless network and protocols.

Climate models of varying degrees of complexity are used to predict climate change and variability
on a global and regional scale. Mathematical and climate models are very important for preparing society
for the development and implementation of so-called adaptation strategies and measures necessary to
reduce the effects of climate change. Adaptation is understood as the process of society getting used to
current and predicted changes in the climate system and its impacts. The scientific novelty of the research
is determined by the fact that for the first time a review of the integration of 10T and mathematical models
for environmental protection was carried out, which made it possible to understand the regularities of the
construction of these mathematical models and to reveal the regularities of such integration.

The obtained research results, both theoretically and practically, serve as the basis for further
scientific and applied works aimed at improving and improving various aspects of the use of "Internet"
devices of things' to collect real-time environmental data and further analyze it using mathematical
models to optimize energy efficiency, monitor air quality and strengthen sustainability efforts. The
described strategy of using the Internet of Things and mathematical models is important for the life of any
person, the work of enterprises and authorities. In the long term, the use of Internet of Things
technologies and mathematical models in mitigating the effects of climate change can have a positive
impact on the development of the entire human civilization.

Keywords: internet of things; mathematical model; dynamical system; external forcing; governing
equation

Introduction. The relevance of the task of integrating 1oT and mathematical models in
mitigating the consequences of climate change consists of several factors. The first of them is the
need to create a strategy for using loT tools for climate control. The evolution of humanity has
caused a negative impact on nature, the extent of which cannot be estimated without the use of
modern concepts, one of which is 10T. The Internet of Things is a concept of a network consisting
of interconnected physical devices that have built-in transmitters, as well as software that allows the
transfer and exchange of data between the physical world and computer systems in automatic mode,
using standard communication protocols . loT-based solutions mainly solve consumer and
enterprise problems, however, some important global climate problems can also be solved with the
help of 10T technology. The combination of 10T technologies and mathematical models can provide
the means to optimize energy efficiency, monitor air quality, and enhance sustainability efforts.
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Solving the task of climate monitoring in real time using loT is described in works [1-5]. It is also
proposed to use the Internet of Things as an ecosystem of devices that allow to ensure energy
efficiency and safety in works [6,7]. Control of environmental pollution using 10T is mentioned in
works [8,9]. Mathematical modeling of climate changes in the context of external ergonomics
appears in work [10]. And work [11] describes a computational approach to the mathematical
model of climate change using heat and diffusion sources. The impact of climate change and
deforestation is mathematically modeled in work [12]. For greater use of 10T in mitigating the
effects of climate change, it is necessary to attract large financial and technical resources that can be
done by public or private businesses. Examples of the use of the Internet of Things by businesses in
Romania to determine the climatic prerequisites for the expansion of the Amurg variety in
Transylvania are given in work [13].

Analysis of latest research and problem statement. Formulating a strategy to integrate 10T
and mathematical models of climate change mitigation is a complex process that requires the
analysis of several different factors. However, before implementing this integration, it is necessary
to evaluate it and understand the impact it will have on optimizing energy efficiency, monitoring air
quality and strengthening sustainable development efforts in the future.

To form the integration of 10T and mathematical models, it is necessary to first analyze the
existing mathematical models of environmental data analysis. This may include an assessment of
the problem of modeling climate change processes, based on defined parameters.

The next stage is an assessment of the benefits of using the Internet of Things. It involves
analyzing the strengths and weaknesses of this concept to identify possible integration points. After
that, a strategy should be formed, which may include the development of technologies to build the
Internet of Things that meet the needs of analysis using mathematical models. The first stage is the
consideration of climate models as dynamic systems and the analysis of their sensitivity. At this
stage, the general appearance of the mathematical model is formulated thanks to a set of three-
dimensional nonlinear partial differential equations and a generalized discrete climate model and
stochastic climate models, which were first proposed by Hasselman, which must be taken into
account for the construction of climate models as dynamic systems.

At the second stage, the response of the climate system to external disturbances is evaluated
based on the sensitivity analysis of dynamic systems. The evaluation is based on information from
open sources. At the third stage, the sensitivity analysis of the chaotic dynamic system is
implemented. At the fourth stage, mathematical models of climate systems based on the main
equations (momentum, thermodynamics, precipitation) are considered.

A number of general scientific methods were used to perform the research stages of the
integration of loT and mathematical models for environmental protection, namely: monitoring
method: used to collect, systematize and analyze information about mathematical models and the
concept of the Internet of Things; comparison method: came in handy when researching the
equations of mathematical models and their parameters; method of abstraction: used in the course of
research in order to highlight the main concepts and categories; abstract-logical and dialectical
methods of scientific knowledge, as well as the method of scientific abstraction, were used in the
study to form theoretical generalizations, clarify the conceptual apparatus, and formulate
conclusions.

That is why a number of unresolved issues arise in these conditions. The issue of creating a
software application based on the integration of 10T and mathematical models, which will make it
possible to monitor the state of the climate, optimize energy efficiency and strengthen efforts
towards sustainable development, requires additional research.

Presentation of the main material. The first step of this scientific research is the definition of
the main mathematical models of climate change and Internet of Things technologies that allow
obtaining data for these models.

There are several mathematical models for assessing climate change, the main ones being:
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—climate models as dynamical systems and their sensitivity analysis: (climate as a complex
dynamical system, climate system sensitivity to external forcing, sensitivity analysis of a chaotic
dynamical system);

—governing equations and low-order simple;

—models to study climate variability.

The relationship between the main mathematical models for climate change assessment is
shown in fig. 1.

Climate models
as dynamical |« >
systems

Low-order
simple models

Mathematica
| models for
assessing
climate
change

Figure 1 — Mathematical models for climate change assessment

Also, Fig. 1 shows that the use of climate models as dynamical systems and simple low-order
models are usually complementary when trying to assess climate change.

Mathematical modeling is the most effective tool for studying climate change and predicting
its future state in specific regions and at the global level. Mathematical modeling involves the
development of a number of complex mathematical models in which the simulated processes of
climate change are presented in the form of a dynamic system and described by a set of ordinary or
partial differential equations. These equations are based on the basic laws of physics, such as the
laws of conservation of mass, momentum, and energy. Some of the values used in these equations
are the result of the work of information systems built on the basis of the Internet of Things concept
and using the following technologies:

— a simple, compact technology is needed to identify each object. It is possible to collect and
accumulate information about a certain subject only if there is a system of unique identification.
Such functionality can be provided using RFID (Radio-Frequency IDentification) chips. They are
able to transmit information to reading devices without their own power source. Each chip has an
individual number;

— to monitor changes in the state of the element or the surrounding environment, objects must
be equipped with sensors;

— an embedded computer) must be used for processing and accumulating data from sensors;

— wireless network technologies (Wi-Fi, Bluetooth) can be used to exchange information
between devices;

— optimized and light-weight protocols such as MQTT are used for data transfer. They are
based on the principles of publication and subscription where each device (transmitter or sensor)
interacts with the program on the server (broker).

Using the concept of the Internet of Things to monitor climate change, through the use of
sensors, provides basic values of temperature, humidity, pressure, and others. These parameters are
then applied in mathematical models to process optimization and enhance sustainability efforts.

The next step of this scientific research is a review of the main mathematical models of
climate change and the equations used to build them.
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Ecological Site Classification (ESC) is a web-based decision support system that helps forest
managers and planners select tree species that are ecologically suitable for specific sites, rather than
selecting a species and trying to modify the site accordingly. Only mathematical modelling can
serve as the main tool for studying the Ecological Site Classification. In a formalized form, a model
of the ECS is a set of 3D nonlinear differential equations in partial derivatives that generates a
deterministic finite-dimensional semi-dynamical system:

= F(x, A f), x € {R}",
x|{t=0} = xO, t 2 0, (l)

dt

where X is the vector of state variables characterizing the system state at a given time t, x,, is a given
initial state of a system, n is the dynamical system dimension, x € {R}" is the m-dimensional
parameter vector and f is an external forcing.

Since analytical solutions for the climate system models are commonly not available, we used
numerical methods to solve this Equation. The numerical solution of the discrete model equations is
only possible with the use of high-performance computers.

A generalized discrete climate model, which is used in computer simulations, can be written
in a formal form in the following way:

X = M{O'k}(xO), k = 1, ...,K, (2)

where M, is a nonlinear model operator that propagates state variables from the initial time

to to time t;, (this operator indirectly contains model parameters, including external forcing) and K
is the number of time steps.

The system of equations of mathematical models that use parameters collected with the help
of Internet of Things technologies consists of the following:

— two momentum equations;

— the thermodynamic equation;

— the equation for specific humidity that describes the hydrological cycle;

— the continuity equation;

— hydrostatic equation;

— the equation of state.

The two momentum equations have the following form:

E;—I; acos(p[ NpsY cos ¢ + —(CI)+K)+ RT(?;S+ ag—;‘]:Fu,
RTO 99
2+ opsu+ 2 [—(cb+ ol e o2| =F,, 3)

The mathematical statement of Newton's second law of motion is called the momentum
equation. As momentum is a vector quantity, the momentum equation is a vectorial equation.
The thermodynamic equation is written in the following form:

opsT 4 1 (('JupsT 4 d9ps cos @ T) N dopsT
at acosp\ 01 do do

ps udps 90ps\| _
[psa + J( ot + acos ol + ade )] o pS(FT t+e), (4)

Thermodynamic equations relate various thermodynamic quantities and physical properties
measured in laboratory or industrial processes.

The equation for specific humidity that describes the hydrological cycle is written in the
following form:

77



dpsq 1 (aupsq d9ps cos (pq) dopsq _ _
ot + acosg \ 0A + fG10) + oo Ps [Fq (C E)]: (5)

Specific humidity is defined as the ratio of air humidity to the absolute water vapor pressure
of the air.
The continuity equation is written in the following form:
ops 1 1 (0psu . 09pscos
at +acosq0f0 ( o1 + do )619—0, (6)
The continuity equation is used to describe conservation of atmospheric mass. Conservation
means that in an isolated system that parameter remains constant. It’s not created. It’s not destroyed.
But it can move around. There are certain parameters (energy, momentum, mass, air, water, 0zone,
number of atoms, etc.) that must be conserved.
The hydrostatic equation is expressed as:

oo RT
w9 ")

The change in pressure with change in altitude is equal to the average air density multiplied
by the gravitational constant. The negative sign is due to the fact that pressure decreases with height
(usually when plotting a graph, values on the y-axis increase with height, this is the opposite of
atmospheric pressure). The quantity on the right side of the equation is the density. Air density is a
function of temperature and humidity. An increase in water vapor content and/or an increase in
temperature leads to a decrease in density. In very cold air, the air is very dense. Therefore, 9® / 09
is large in cold air (the change in pressure with height is large). This means that in cold air the
pressure drops quickly, and the thickness of the cold air mass is small (the atmosphere thins
vertically when it is cold). In warm air, the opposite is true, warm air expands and occupies a larger
volume. The thickness of warm air and the depth of the atmosphere are greater in a warm air mass.
Because warm air has a low density, the change in pressure with height in warm air is less than in
cold air.

The thermodynamic equation connecting the state variables is written in the form:

p = pRTy (8

The equation of state establishes a direct relationship between density and pressure, an inverse
relationship between density and temperature, and a direct relationship between temperature and
pressure.

Here ¥ and u are the meridional and zonal components of the wind; a is the Earths mean
radius; ¢ = do/dt is an analogue of the vertical speed in the o coordinate system; T is
temperature; @ — geopotential; Q = ¢ + f is the absolute vorticity, where ¢ is the relative
vorticity; f is the Coriolis parameter; K is the Kinetic energy; R is the gas constant for dry air; q is
the specific humidity; C, is the specific heat of dry air at constant pressure; Ty is the virtual

temperature; and p is the air density. The terms F, and F,y describe the vertical friction and the
horizontal diffusion processes; € is the diabatic heating rate; Fr and F, describe the vertical and
horizontal diffusion of heat and water vapor, respectively; and C and E describe the source and sink
processes for water vapor, respectively.

The considered equations of mathematical models demonstrate the importance of monitoring
climate changes by means of the Internet of Things, as the equations contain parameters that are
physical quantities used to denote various climatic phenomena.

The last step of this scientific research was the determination of the climate response time to
various factors based on the equation of the two-block EBM model.

It is very important to point out that although the mathematical models developed in various
research centers fairly consistently predict warming in the future, the indicators that characterize the
response of the climate system to radiation pollution differ significantly from model to model.

Simple linear systems, such as the two-block EBM with additive stochastic forcing, which is
parameterized by Gaussian white noise, have proven useful for investigating climate change on time
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scales ranging from years to decades. These models are able to explain much of the observed
climate change on time scales ranging from annual to several decades. The equation of the two-
block EBM model has the following form:

c (g) = AT —y(T = T,) + Fs
Co (B2) = y(T = Typ), (9)

where C is the effective heat capacity of the upper box, consisting of the atmosphere and the
oceanic surface mixed layer and characterized the climate system inertia; A, which is called the
climate feedback parameter, is the proportionality coefficient between the radiative response and
the global mean surface temperature (GMST); y is the deep ocean heat uptake parameter; Cpis the
effective heat capacity of the deep ocean; and Fj is the stochastic forcing.

The response of the climate to the radiation impact caused by human activity has a wide range
of time scales.

For example, the response time of the atmosphere is only a few weeks. The reaction time of a
system that includes not only the atmosphere but also the ocean layer is several years, while a
system that includes the deep ocean characterized by time scales from decades to centuries and even
longer.

Signs of the fundamental nature of the conducted research are that the research results can
become the basis for new fundamental, applied works and developments and that the research has a
broad theoretical base.

The scientific novelty of the conducted research is determined; the integration of 10T and
mathematical models for environmental protection was reviewed for the first time; revealed
regularities of building mathematical climate models; patterns of integration of the Internet of
Things and mathematical models were revealed.

Conclusions. The integration of the Internet of Things for climate monitoring and real-time
environmental data collection provides the necessary parameters for their further use in
mathematical models of climate change prediction. Mathematical models of climate change
predictions are based on a set of equations that have numerical values and are usually solved by
computer because of their complexity.

The use of 10T and mathematical models in the assessment of climate change contributes to
the optimization of energy efficiency, monitoring of air quality and strengthening of sustainable
development efforts. The use of climate models as dynamical systems and simple low-order models
are usually complementary when trying to assess climate change. For detailed modeling of physical,
chemical and biological processes in the atmosphere, ocean, land and cryosphere, it is necessary to
use the most powerful supercomputers capable of creating a forecast of climate change.

Global and regional climate change projections have a rather high degree of uncertainty for
scenarios of greenhouse gas emissions.The effectiveness of the scientific research is confirmed by
the fact that with the help of the review of the integration of 10T and mathematical models for
environmental protection, for the first time, the regularities of the construction of these
mathematical models and their integration with the Internet of Things were revealed.
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Hanco 1.0., n.1.H., npod. JApy:xxunin B.A.

THTETPAIIISI IOT TA MATEMATUYHUX MOJIEJIEN Y OM’SIKIIEHHSI HACJIIIKIB
3MIHU KIIIMATY

Onucano cmpamezilo GUKOPUCHAHHA RPUCMPOIE «IHmMepHem peueil» 011 300py Oanux npo
HAGKOUWIHE cepedosuwie 8 PeanbHOMy 4daci, uio 6paxoeye Haidinvuwt 3nauyuyi nokasnuku. Taxooc
GU3HAUEHO Nepesazu GUKOPUCHIAHHA IHmMepHem peueil, W0 0ac MONCTUGICIb MOHIMOPUmMU CHAH
KimMamy y 3pyUHOMY pedcumi 3 6UCOKOI0 mouHicmio ma wieuokicmio. OcKinbKu 3adaua aHanizy 3a
00NOMO2010 MAMEMAMUYUHUX MOoOelell 01a onmumizayii enepzoegexkmueHocmi, MOHIMOPUHZY AKOCHI
nogimps ma NOCUNEHHA 3YCUNL U000 CMANI020 PO3GUMKY CKIAOHA, MO 60HA NOMPEOYE 3ay4UeHH:A
OKpemux cneyianicmis, mMaKkux AK CUCMEMHI aHATIMUKU, MamemMamuku ma KiliMamoaiozu.
Ompumanumu, WAAXOM 6UKOPUCMAHHA RPUCMPOIE «iHmMepHem peueil» napamempamu 01 aHAni3y €
memnepamypa, 6onocicmev i onadu ma inwi. Pozenanymo maki xknimamuuni mooeni Ak OuHamiuni
cucmemu ma npocmi Mooeni HU3bK020 NOPAOKY 0 6UGHEHHA MIHAUGOCHMI KIIMANMY, MAKOXMC ONUCAHI
PIGHAHHA: IMAYIbCY, MEPMOOUHAMIKU, RNUMOMOI 60J1020CHi, HenepeHocmi, ziOopocmamuyuHe ma
mepmoounamiku, uio 3'eonye 3minni cmamny. Ilosacneno eukopucmanmus uyux pieHAHL 6 pPAMKAX
POo32NAHYmMUX Mooeneil ma 3HaYeHHa IX napamempis, 4acmuHna 3 AKUX € Pe3yIbmMamom, wo OmpUMaHuii
3a 0onomozoi0 pooomu mexHonociii inmepuem peueil. Taxodc onucani HeoOXiOHi mexHO02il, W0
nompioui 0na no6yooeu mepedici inmepHem pedeil: MIKpOCXeMuU, CEHCOpU, 60Y008aHUll Komn’iomep,
0e30pomoea meperca ma npomoKoJu.
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Knimamuuni mooeni piznozo cmynens CKAaOHOCHI GUKOPUCHIOGYIOMbCA 071 NPOZHO3YEAHHA
3MIHU KaimMamy ma MIHAUEOCMI y 2100anbHOMy ma peZioHanbHux macuwimaodax. Mamemamuuni i
Kimamuuni mooeni Oyxce 8axsciugi 013 RiO2Z0MOBKU CyCRIIbCMEa 00 pPo3podKu ma peanizayii max
36aHux cmpameciil adanmauyii ma 3axo00ie, HeoOXiOHUX 013 3MeHUWIEHHA HacioKie 3minu Kiimamy. ITio
aoanmauicro PO3YyMIEMbCA NPOUEC 36UKAHHA CYCRIIbCMEA 00 NOMOUHUX | NPOCHO308AHUX 3MIH
Knimamuunoi cucmemu ma ii ennugie. Haykoeow HOGU3HOI0 00CNIOMHCEHHA 8U3HAUEHO Me W0 nepuie
0ye npoeedenuii 02120 inmezpauii IoT | mamemamuunux mooeneil 011 3aAXUCHY HABKOAUWIHbLOZ0
cepeoosunia, w0 0036071U0 3PO3YMIMU 3AKOHOMIPDHOCHI ROOY008U UUX MaAMEMAMUYHUX mooeneu i
eusABUmMU 3aKOHOMIpHOCIMI maKoi inmezpauyii.

Ompumani pezynomamu 00CHiONHCEHHA, AK Y MeEOPEMUUHOMY, MAK | NPAKMUYHOMY NIAHI,
CIYHCAMb OCHOB0I0 0151 NOOATLUIUX HAYKOBO-HPUKIAOHUX NPAUb, CHPAMOGAHUX HA YOOCKOHANCHHA ma
NOKpAUW|eHHA PI3HUX ACHEKMie BUKOPUCHIAHHA NPUCMPOie «iHmepHem peueily 011 300py O0aHux npo
HABKOTUWIHE cepedosuye 8 peaibHOMy 4aci ma ix nooanbuiozo ananizy 3a 00ONOMO2010 MAMEMAMUUHUX
Mooeineil 01 onmumizayii eHepzoeheKmueHoCmi, MOHIMOPUHZY AKOCMI NOGIMPA MA NOCUNEHHA 3YCUTb
w000 cmanozo pozeumky. Onucana cmpamezia UKOPUCMAHHA [HMeEPHem peueil ma MamemMamuyHux
Mooeieil € 8a)caueor 011 ycummsa 0yob-aKoi 0OUHU, POOOMU RIONPUEMCME ma opzaHie eénaou. B
00620mpueaniii nepcneKmusi came UKOPUCMAHHA MEXHON02IH «(iHmepHem peueil ma Mamemamuinux
Mooeneii y nom’aKuienni HACAIOKI6 IMIHU Kaimamy modxce 0amu NO3UMUGHUTL 6NIUE HA PO3GUMOK BCIET
J1100CbKOI yueinizauii.

Kniouosi cnosa: inmepuem peueili; mamemamuyHa mMoo0elb; OUHAMIUHA CUCMEMA; 306HIUIHIN
6NJ1U6; 20/106HE PIGHAHHA.
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