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Po3pobneno memod npoeno3ysanus pexypewm-
Hocmi cmanie 3a6pyonenns ammocepmnozo nogi-
mMpPA NPOMUCIO6UX MIC HA OCHO6I BUKOPUCMAHHSA
Mmoougikoeanoi eixonnoi mipu. Hoeuil nayxoeui
pe3ynvmam noaszae 86 momy, wo Hebeaneuni cmanu
ammoceprux 3abpyonens micm nponoHyemvcs
6UAGNAMU | NPOZHOIYEAMU He HA OCHOBI NPOZHO-
3y KoHuenmpayii camux 3adpyonens, a Ha NPOZHO-
31 pexypewmuocmi cmany rxonuenmpauii 3a6pyo-
HeHb ammocepHozo nogimps. 3anponoHosaruil
Memo0 npozno3y 00360JIE ONEPAMUBHO NPOZHO3Y-
eamu ne minvku A6wHi, ane i npuxoeani nebesneuni
cmanu 3a0pyonenns nosimpanozo daceliny npomuc-
aoeux micm. Ile zabesneuye 6 uinomy nioeuuen-
HA epexmuenocmi npoeedenux 3axo0ie uo0o none-
pedicenns nebesneunux 3abpyonenv ammocpepu i
HABKONUMNBOZ0 Cepedosuma. Pesynvmamu excne-
pumenmanvhoi nepesipku ceiduams npo npayezoam-
nicmo 3anpononoganozo memody. Bcmanoeneno,
wWo 6 mecmogomy inmepeani cnocmepexcenus (Mmixc
12-36 momenmom uacy) eusaeneni pisxi xapaxmepui
3MIHU NPO2HO308AHOT MIpU peKYpPEeHmMHOCMI Cmany.
Biosnauaemoca, wo maxi 3minu € npogicHuxamu
npuxoganux noodii, noe'szanux 3 nebesnewHuMU
3a0pyonennamu ammocdepnozo nogimps npomuc-
a0eux micm. Excnepumenmanvro ecmanosaeno, wo
Oinbuw Mounull npoeno3 3adesneuyemoca 0as 20pu-
3oumy npoenoszy d=1 (6 200un). Iloxazano, wo 6
danomy eunaokxy 3 memoiro 3abesnewenns HadilinHoc-
mi npPozHO3YEaAHHS AAMIHAPHUX Ccmanié 6 3a6pyo-
Henill ammocepi napamemp 321a0HCY8aAHHA NOBU-
HeH eubupamucs ne menue 0,8. Biosnanaemocs, wo
0 npoeno3yeanns Hebesneunux cmanie 3aopyo-
HeHb ammocepu no OuHaAMIUL NPO2HO3Y MIPU PeKy-
penmnocmi cmany me nompiono inopmayii npo
Memeoponoiuti yMo8U 8 MOMEHM NPOHO3Y i 6 Mali-
oymnvomy. Ile € 2071061010 6i0MiMHOI0 03HAKO010
i nmepeeazoro 3anponoH06an020 Memooy npozHO3Y.
Hdanuii memoo npoezno3y 6useasEmvcs ineapianm-
HuM 0o Micvkoi Konisypauii, munam cmayionap-
HuUx i MOOivHUX Odcepen 3aOpyoHeHb, a Maxodic
MemeoponozitHux ymoe

Kniouoei caoea: 3abpyonenns noeimps, pexy-
penmuicms cmany, 6iKOHHA MipA, NPOZHO3 PeKYpeHm-
HoCmi, npuxoseani nebesneuni cmany

u] =,

1. Introduction

Atmospheric air is a natural resource whose environ-
mental condition exerts a significant impact on the health of
people and quality of the environment. However, as a result
of anthropogenic activities, the environmental condition of
air demonstrates a tendency towards constant deterioration.
At present, 150 cities around the world are reported to have a
considerable excess of maximally permissible concentrations
(MPC) of polluting substances. Pollution of the atmosphere,
unlike other environmental contamination, has no frontiers
and is hard to localize. The principal anthropogenic source
of atmospheric pollution is large industrial conglomerates,
including motor vehicles [1]. Fires are also sources of atmo-
spheric pollution [2]. Moreover, landscape fires [3] and fires
at the facilities of the oil and gas industry [4] often lead to
environmental disasters. Chemical air pollution on a global
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scale leads to the greenhouse effect, acid rains [5], and con-
tamination of aquifers [6]. Important directions for reducing
harmful air pollution on humans and the environment in-
clude preventive interventions aimed at ruling out situations
when MPC is exceeded, as well as excluding people staying
in such zones. In this regard, it is a particularly pressing issue
to predict hazardous states related to urban air pollution.

2. Literature review and problem statement

The atmosphere of modern cities is a complex dynamic
system, demonstrating the dissipative structures, nonlinear
dynamics of states, as well as elements of self-organization.
Application of traditional methods of analysis to such sys-
tems fails to detect the hidden dynamics of dangerous con-
centrations of pollutants in the atmosphere (DHA) because




they are based on principles of linearity and are of little
use for the case of real systems [7]. At the same time, most
known methods and techniques for the analysis of atmo-
spheric air pollution in cities were developed more than 30
years ago. They do not take into consideration the peculiar-
ities and complexity of modern formation of urban air pollu-
tion, as well as new options for control, as well as methods
of analysis and forecasting. In this context, an active field of
research involves the new methods for quantitative nonlin-
ear dynamics of real systems [8].

Analysis in [9] revealed that the levels of atmospheric air
pollution at urban areas depend on many different factors.
In this case, as noted in [10], even similar meteorological
factors differently affect the state of the atmospheric pol-
lution in cities. This is explained by that urban pollution
sources have different height and the gas mixtures, which
they emit, differ in temperature, composition, and other pa-
rameters. This leads to uneven conditions of transformation
of contaminants in the air during their propagation. Study-
ing the formation processes of pollution in the atmosphere
shows that their level depends on two integrated factors:
meteorological and anthropogenic. Meteorological factors
include direction of impurities transport, the speed of their
transport, thermal state of air masses, cyclonic activity, and
atmospheric resistance. Anthropogenic factors are the sourc-
es of contaminants, pollutants, pollutant emission intensity,
as well as the architectural features of territories.

The process of polluting air at premises due to burn-
ing materials was studied in work [11]. Results from the
experimental study into the correlations of gas pollution
concentration at premises in case of fire are reported in [12].
These works limit the study of processes related to air pol-
lution and the correlation of concentration of gas contam-
ination in a fire to local premises. The recurrence of states
of contaminant concentration was not considered in this
case. In order to predict ignition and prevent dangerous
pollution of gas environment, paper [13] proposed the use
of specialized sensors that can be self-adjusted based on the
concentration of contaminants. Research into the dynamic
properties and the likelihood of early detection of gas envi-
ronment contamination by such sensors is reported in [14].
In this case, papers [13, 14] are confined to considering the
gas environment contamination from fires in closed systems.
Contamination of gas environment in open systems was not
examined in these works. No features in the process of ur-
ban atmospheric pollution, representing an open system for
harmful emissions, were investigated. No prediction meth-
ods for the states of local gas environment contamination
in direct statement were considered. In this case, to predict
the levels of concentrations of air pollutants, it is necessary
to additionally forecast meteorological conditions and other
factors that affect the scattering properties of contaminants.
In this case, known methods of forecasting are usually based
on multivariate statistical analysis, they are not universal
and are suitable only for specific territories and meteorolog-
ical conditions in cities.

Paper [15] considered the use of the method of frequen-
cy-temporal analysis for the temporal localization of hazard-
ous pollution of gas environment. In this case, the results are
limited to considering only the local premises. In this regard,
the implementation of this method for urban air pollution is
difficult. To analyze patterns in DHA in cities as complex
dynamic systems, one can apply nonlinear methods, for ex-
ample, correlation dimensionality, by Lyapunov, and entropy

[16]. However, known nonlinear methods are based on rather
long samples of observational data and therefore cannot be
directly applied to rapidly identify and predict dangerous
conditions related to atmospheric pollution. In this case, it is
best, in order to analyze and predict the states of the pollut-
ed urban atmosphere, to use modern non-linear approaches
and methods. Such approaches and methods have a series of
important practical advantages. They do not depend on the
a priori statistical distributions of observational data, they
are applicable for short samples masked by natural noises,
transients, and artifacts. One of them is the approach based
on recurrence (conditional repeatability) of states of com-
plex dynamic systems [17]. This approach, however, as well
as appropriate methods, are limited only to consideration of
the recurrence of states themselves in complex dynamic sys-
tems. Prediction of recurrence of states of complex dynamic
systems and thus predicting the properties of such systems
is not considered. In this regard, it is important to devise
methods for predicting the recurrence of states and, on their
basis, for predicting the states of complex dynamic systems
in future.

Typically, the recurrence of states of complex dynamic
systems is represented in the form of recurrent plots (charts)
(RP) [8]. RPs combine a group of methods for visualizing
the trajectories of complex dynamic systems in a 2-dimen-
sional phase space. The main advantage of RP is the ability
to analyze patterns in processes within complex dynamic
systems under the influence of many disturbing factors, in-
cluding extreme events. In this case, the methods of quanti-
tative analysis usually fit RP to certain numerical measures,
based on the density of the recurrence of states. However,
there is still no satisfactory theory of quantitative measures
of RP and their application. Specifically, there is no theory
of forecasting methods for the recurrence of states within
complex dynamic systems.

Therefore, the application of the specified approach to
the analysis of atmospheric air pollution in cities requires ad-
ditional research, predetermined not only by the complexity
of dynamics in the states of contaminated atmosphere, diver-
sity of urban configurations, meteorological conditions, but
also by limitations in the monitoring process. To be specially
considered is the development of methods for predicting the
recurrence of states of air pollution concentration in urban
configurations.

One should note the recent progress in applying the
methods from the theory of dynamic systems to analysis of
different ecosystems. For example, a study into the concen-
tration of carbon monoxide RP in air environment during a
fire in the premises is reported in [18]. An analysis of geo-
physical systems, based on the theory of dynamical systems,
is presented in [19]. Studying the correlation dimensionality
of the process of air environment pollution was addressed
in [20]. In this case, works [18—20] deal with specific appli-
cation of the theory of dynamical systems and fractal sets.
These applications differ substantially from the applications
that are associated with atmospheric pollution of cities. For
this reason, they cannot be directly used for the air pollution
applications.

In this case, depth of understanding the processes under-
lying the dynamics of states of air pollution is directly linked
to the progress in analysis of complex nonlinear dynamic
systems. Recently, the examination and quantification of
the topology of complex dynamic systems have commonly
employed fractal methods [21], informational and other



types of measures [22]. In this case, emphasis is on the use
of various measures of recurrence of states (RS) represented
by RP [23]. It is noted that the property of RS is typical for
most real dynamical systems and processes regardless of
their nature.

Thus, RPs in a combination with methods for quantita-
tive analysis of RS make it possible to characterize and iden-
tify structural features in the dynamics of states of complex
systems, which cannot be identified by using classical meth-
ods. This means that analysis of the current and projected
state of the atmospheric pollution in modern cities must be
based on examining RP and appropriate RS measures.

It is therefore an important part of the unresolved task
on predicting dangerous states of urban air pollution is to
develop a method for predicting the recurrence od states of
air pollution concentrations in industrial cities.

3. The aim and objectives of the study

The aim of this work is to devise a method for predicting
the recurrence of states for the concentrations of atmospher-
ic pollution in industrial cities in order to make adequate
managerial decisions aimed at preventing and reducing the
level of hazardous contamination.

To accomplish the aim, the following tasks have been set:

— to substantiate the choice of a measure for the recur-
rence of states of the concentration of atmospheric pollut-
ants, and suggest a method to forecast it in real-time;

—to conduct experimental measurement of the concen-
tration of one of the hazardous air pollutants in the form of
nitrogen dioxide in the city of Cherkasy (Ukraine), based
on which it would be possible to validate efficiency of the
proposed method of forecasting in real time.

4. Selection of a measure for the recurrence of states of
the concentration of atmospheric pollutants and a method
to forecast it in real time

Given the restrictions of known methods for predicting
the concentrations of atmospheric pollutants associated with
the need for additional forecast of meteorological conditions
and other factors for specific territories, it is proposed to use
the forecast of RS concentrations of air pollutants using ap-
propriate measures. In this case, it is required that pollution
forecast should be performed in real time. The main advan-
tage of forecasting RS of pollution concentration compared
to predicting the levels of concentrations themselves is that
the RS forecast makes it possible to localize over time the
practically important dynamic state of atmosphere pollu-
tion, characterized by, for example, the absence of turbulence
and dispersion of pollutants in the atmosphere (the laminar
features of DHA). These states are associated with danger-
ous accumulation of contaminants in the atmosphere, which
lead to the increased concentration of pollutants in the con-
trol zone. By using RS measures, one can also identify tran-
sitions from chaotic states of a contamination concentration
vector to random states and vice versa. The transition from
random states to chaotic states is usually accompanied by
increasing concentrations of contaminants in ambient air.
In this case, the reverse transition corresponds to the loss
of dynamic stability of the vector of current concentrations
of contaminants. Paper [24] considers various modified RS

measures for the concentrations of air pollutants in urban
configurations. To solve the task on prediction, it is pro-
posed to apply one of the modified measures in the form of a
window measure of RS with a sliding window of fixed size a
along the main diagonal of RP. For the case of an arbitrary
fixed moment i during monitoring the specified modified
measure of RS is recorded in the form [24]

i a—1
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where R";® is RP [7] defined for moments i,j=0, 1, 2,..., Ny—1;
Nj is the maximum number of measurements of contaminant
concentrations (sample size); m is the size of the measured
vector of contaminant concentrations, defined by the num-
ber of controlled pollutants in ambient air; ¢ is the specified
size in the neighborhood of a point for vectors of contami-
nant concentrations in m-dimensional phase space.

An important advantage of measure (1) is its invariance
to the quantity of measured (controlled) air pollutants. This
means that measure (1) makes it possible to analyze the den-
sity of RS of the concentration vector for an arbitrary num-
ber of controlled pollutants in the atmosphere depending on
the current measurement time point , the neighborhood size
of ¢ and @ in a moving window. In essence, the measure (1) is
the current assessment of the probability of RS of vector of
atmospheric contaminant concentrations at window width a
and the specified magnitude for neighborhood e.

In this regard, consider solving the examined problem
on forecasting RS of concentration of pollution of the atmo-
sphere in real time of monitoring using the measure (1). Let
the original time series be defined by measure M»(i, a, €). De-
note via L;, i=0, 1, 2,..., Ng—1 some smoothed (averaged) se-
ries, derived from M»(i, a, €). A series L; is commonly referred
to as the level of the original series. It has an important role
in the development of various methods for forecasting the
values for the examined series Ms(i, a, €) for moments d>i,
where d is the time of forward forecast (the forecast horizon).
Let us use one of the common techniques for constructing a
series L;, which is based on the exponential smoothing pro-
cedure [25], which is defined from

L =oM,(i,ae)+(1-a)L_,, (2)

where ae(0, 1) is the smoothing parameter. Following [26],
expression (2) can be represented as follows

Li:ocli(l—oc)’Mz(i—T,a,ﬁ)Jr(1—0‘)iLov &)
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where Ly is the quantity required for initial use (3). We as-
sume Lo=aM-(0, a, €). In this case, the simplest method for
forecasting RS of air pollution concentrations in industrial
cities in controlled areas, following (1) to (3), will be deter-
mined from ratio

U, =L, %)
where U, is the RS forecast of pollution concentration at
time i and a moment d forward. Important parameters for
the forecast of RS based on (1) and (4) are the smoothing
parameter ae(0, 1) [27], the width of window @ and the spec-

ified size ¢ of the recurrence region for the examined vector
of contamination.



5. Results of experimental verification of the method
for predicting the recurrence of states of air pollutants
concentration

We verified the developed method for predicting RS of
air pollution concentrations based on experimental data on
one of the hazardous air pollutants in the city of Cherkassy
in the form of nitrogen dioxide (NOy). The experimental
procedure was described in [24]. The tested interval that we
selected to validate the proposed prediction method lasted
from 01:00 on day 4 (i=12) to 01:00 on day 13 (7=48) during
experiment. Over this interval, we evaluated the impact of
the forecast horizon (d), a smoothing parameter (o), and a
window size (@) for the proposed RS prediction method.

Fig. 1 shows the dynamics of measures My, RS forecast of
NO, concentration, the measured level of NO, concentration
(mng/m?), and the maximally permissible concentration of NO,
(purple line, MPC=0.04 mg/m?) for two values of the forecast
horizon d=1 (6 hours) and d=4 (24 hours). The results in Fig. 1
were obtained at €=0.01, a=6, and smoothing parameter a=0.99.
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Fig. 1. Dynamics of measure M, RS forecast of NO,
concentration, the measured (K) NO, concentration
(mg/m?3), and MPC=0.04 mg/m?3 for two values of the
forecast horizon: a — =1 (6 hours); b — d 4 (24 hours)

Fig. 2 shows similar dependences for two different values
of the smoothing parameter a=0.8 and a=0.5 at €=0.01, a=6
for the case of the assigned forecast horizon d=4.
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Fig. 2. Dynamics of measure M,, RS forecast of NO,
concentration, the measured (K) NONO; concentration
(mg/m3) and MPC=0.04 mg/m? at the forecast horizon
=4 (24 hours) for the different smoothing parameters:

a—0=0.8; b— a=0.5

To illustrate the impact of window size in (1) at the
assigned forecast horizon d=1, Fig. 3 shows the dynamics
of measure My, RS forecast of NO, concentration, the mea-
sured NO, concentration (mg/m?) and MPC=0.04 mg,/m?
for two values of window size, count a=2 and a=4.
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Fig. 3. Dynamics of measure M,, RS forecast of NO,
concentration, the measured (K) NO, concentration (mg,/m3)
and MPC=0.04 mg/m3 at the forecast horizon =1 (6 hours)

for the values of window size: a —a=2; b— a=4

The results shown in Fig. 3 were obtained at £=0.01,
a=0.5 for the forecast horizon d=1 (6 hours). They char-
acterize qualitatively and quantitatively the advantages of
using a larger width of the window when calculating the
measure of recurrence M.

6. Discussion of results from devising a method to
forecast the recurrence of states of atmospheric pollution
concentration

The results of experimental verification of the proposed
method for forecasting RS under different forecast horizons d
(Fig. 1) indicate its feasibility. It was established that a more
accurate forecast is provided for the forecast horizon d=1
(6 hours). The average prediction error value in this case is
close to zero, and the average standard deviation is 0.2 units.
As the forecast horizon increases d<5, there is a slight growth
in the mean error. It was established that in the experiment
the method of RS forecasting yields a satisfactory result only
for small values of the forecast horizon (d<4).

The effect of smoothing parameter a on the quality of
forecast is illustrated by data in Fig. 2 at the limit of the
forecast horizon d=4 and a window width for the RS mea-
sure, equal to 6 counts (1.5 days). In this case, it was revealed
that the decrease in smoothing parameter a decreases the
maximum prediction value of RS. Thus, for example, for
smoothing parameter o equal to 0.8 the maximum value of
RS forecast is 0.7. For the case of a smoothing parameter
of 0.5 the maximum value for RS is close to 0.5. Therefore,
for the best possible localization of laminar conditions and
hazardous contamination of atmospheric air, it is appropriate
to select the smoothing parameter o in the examined case
to be not less than 0.8. Such a smoothing parameter value
accounts for not more than 20 % of past predictions.

The results of studying the influence of the window
width for RS measures (Fig. 3), at forecast horizon d=1



(6 hours onwards), demonstrated the usefulness of small
window width. The small window width provides a more ac-
curate tracking of dynamics of the RS measure and therefore
improves the quality of forecasting RS pollution concentra-
tion in order to detect hazardous states. It should be noted,
however, that identification of such dangerous states does
not require additional data on meteorological conditions of
the atmosphere at the time of forecast and in the future. This
is important for the practical application of the method for
forecasting RS of concentrations of air pollution at industri-
al cities in different countries.

Our study fully addresses the important and unresolved
part of the task on predicting the hazardous pollution of the
atmosphere in cities, in terms of using the proposed generic
method for predicting the recurrence of states of concentra-
tions of atmospheric contaminants. The proposed method
does not require forecasting the meteorological and other
conditions associated with a particular territory. Thus, it
can be applied at any territory and for any atmospheric
pollutants. The results obtained are valid for the field of
measurements of nitrogen dioxide concentration at the near-
Earth surface layer to a height of about 2 meters. This zone
of the atmosphere is considered to be the most dangerous for
older urban dwellers, and especially children. This limitation
is only due to the height of installing a measuring device
and is not linked to the proposed prediction method and
the type of pollutant. The results can be reproduced under
similar conditions, or close to the examined conditions in
the control zone.

Stability of the obtained solutions (invariance or robust-
ness) relative to perturbations in the atmosphere pollution
process is ensured by applying, to forecasting, the measure
of the recurrence of states of the contaminant concentra-
tion. Limitations of this method include a local character
of forecast for hazardous pollution conditions, associated
with the limited sensitivity of a measuring device. Thus, to
cover large areas, one must use multiple points where a mea-
suring device is located. In this regard, the further possible
advancement of the proposed method of forecasting is its
modification for the case of forecasting a front of dangerous
air pollution in cities.

7. Conclusions

1. We have devised a method for predicting the recur-
rence of states of air pollution in industrial cities based on
the modified window measure. The new scientific result im-
plies that the dangerous states of urban air pollution should
be identified and predicted not based on the forecast of the
concentration of contaminants themselves, but based on re-

sults from forecasting the recurrence of states (probabilistic
assessment) of ambient air pollution concentrations. Using
the modified window measure makes it possible to predict
the dangerous states of the atmosphere pollution without
regard to the urban structure, the characteristics of sources
of pollution, and meteorological conditions. In this case, the
modified RS measure of atmospheric pollution concentra-
tion makes it possible to quickly identify and predict in the
future the existence of laminar conditions in the polluted
atmosphere and thereby ensure guaranteed adequate mana-
gerial decisions aimed at preventing and reducing the level of
dangerous pollution. The method of forecasting based on the
RS window measures for pollution concentration makes it
possible to predict not only the evident but also hidden dan-
gerous air pollution states of industrial cities. This provides
for an overall improvement in the effectiveness of interven-
tions to prevent hazardous contamination of the atmosphere
and the environment.

2. We have verified the proposed method for RS fore-
casting applying experimental data on measuring NO, in
the atmosphere of the industrial city with a typical urban
configuration and the presence of sources of pollution. The
results indicate the efficiency of the proposed method. In
this case, it was found that over the tested interval of obser-
vations between counts 12-36 the current values for NO,
concentration exceeded MPC by 1.9 to 3.1 times. In addi-
tion, the tested interval demonstrated sharp characteristic
changes in the predicted RS measure. It is noted that such
changes are predictors of hidden events involving hazardous
air pollution in industrial cities. It was experimentally de-
termined that a more accurate forecast is provided for the
forecast horizon d=1 (6 hours). It is noted that a decrease in
the smoothing parameter when calculating the modified RS
measure decreases the maximum value for RS prediction,
from 0.7 to 0.5. It is shown that in the present case, in order
to ensure the reliability of the forecast for laminar conditions
in the contaminated atmosphere, the smoothing parameter
to be selected should be not less than 0.8. Such a smoothing
parameter accounts for not more than 20 % of past predic-
tions. It is shown that the small window width provides a
more accurate tracking of the predicted dynamics in the RS
measures and detection of laminar conditions. It is noted
that forecasting the hazardous conditions of the atmosphere
pollution based on the dynamics in predicting the RS mea-
sure does not require information about the meteorological
conditions at the time of forecast and in the future. This is
the main distinguishing feature and advantage of the pro-
posed prediction method. A given method for RS forecasting
proves to be invariant to urban configuration, the types of
stationary and mobile sources of air pollution, as well as
meteorological conditions.
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