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Abstract: High concentration levels of air pollutants may cause damage to plants, animals, and the
health of some groups of human beings. Therefore, it is important to investigate different topics
related to the high air pollution levels and to find reliable answers to the questions about the possible
damages, which might take place when these levels exceed some limits. A few of the numerous
questions, the answers of which are highly desirable, are listed below: (a) When are the air pollution
levels dangerous? (b) What is the reason for the increased air pollution levels? (c) How can the air
pollution levels be decreased? (d) Will the future climate changes result in higher and more dangerous
air pollution levels? It is necessary to study carefully many issues connected with the distribution of
air pollutants in a given region and with the reasons for the increases of the concentrations to high
levels, which might be damaging. In order to do this, it is necessary to develop a Digital Twin of all
relevant physical processes in the atmosphere and to use after that this tool in different applications.
Such a tool, its name is DIGITAL AIR, has been created. Digital Twins are becoming more and more
popular). Many complex problems, arising taking place in very complicated surroundings, can be
handled and resolved successfully by applying Digital Twins. The preparation of such a digital tool
as well as its practical implementation in the treatment of a special problem, the increase of some
potentially dangerous ozone levels, will be discussed and tested in this paper. The Unified Danish
Eulerian Model (UNI-DEM) is a very important part of DIGITAL AIR. This mathematical model,
UNI-DEM, can be applied in many different studies related to damaging effects caused by high air
pollution levels. We shall use it in this paper to get a reliable answer to a very special but extremely
important question: will the future climatic changes lead to an increase in the ozone pollution levels in
Bulgaria and Europe, which can potentially become dangerous for human health?

Keywords: partial differential equations; high-speed computers; efficient numerical methods; climatic
scenarios; damaging effects; digital twins

1. Introduction

One of the most important conclusions in the Sixth Report (AR6) of the International
Panel for Climate Changes (IPCC), published in August 2021, is that “Each of the last four
decades has been successively warmer than any decade that preceded it” (Paragraph A.1.2., page 6
in [1]). The concentrations of some of the air pollutants (including here pollutants, which
may have harmful effects on plants, animals, and human health) depend on the temperature
and the effects of the damages can be increased considerably when the temperature is
becoming higher. This conclusion and the clear statement about the future increase of
temperature made by the specialists from IPCC explains why it becomes more and more
important to study the influence of the climatic changes on the pollution levels.

It should be mentioned that the levels of the natural (biogenic) emissions are be-
coming higher when the temperature is increased. This additional fact is also leading
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to increased levels of some potentially dangerous pollutants; including the levels of the
ozone concentrations.

We shall discuss some possible future changes in the ozone concentrations that will be
caused by the expected increase in the temperature levels in Europe, which is predicted
by the IPCC specialists. In order to discuss this important topic, we shall apply a Digital
Twin, namely a DIGITAL AIR. The application of Digital Twins is becoming more and more
popular (see, for example, [2–12]). DIGITAL AIR contains, among many other things, many
numerical algorithms, several splitting techniques, a lot of graphical tools, a series of useful
scenarios, very large files of meteorological and emission data, and a big set of geographical
information (for example, information about many cities in Europe and about the borders
of the European countries). We call our Digital Twin Digital Air because it presents in
an accurate way all the relevant processes in the air including advection, diffusion, and
chemical reactions. In other words, the twin Digital Air contains all the needed phenomena
and properties arising in the air that determine the climate and weather. With a detailed
analysis of computational errors, and the sustainability of the algorithms, we can ensure
very good and predictable proximity of the digital twin to the real system. The Unified
Danish Eulerian Model (UNI-DEM) combined with several appropriate climatic scenarios
plays a central and very important role in Digital Air. Since the computational tasks are
extremely large we have prepared a High-Performance Computer (HPC) platform to run
the Digital Air on Supercomputers [13–17]. There are also other approaches like Distributed
Digital Twins (DDT) platforms [4] (see, also https://cordis.europa.eu/project/id/8571
91/reporting (accessed on 12 April 2022)). DDT platforms are very effective for big data
analytics, machine learning, and model training. At the same time, these platforms are not
very suitable when extremely large data flow needs to be treated numerically with high
accuracy. In the latter case, the HPC platforms are more efficient. This is the reason why
we are using an HPC platform. This platform is developed in a number of EU and national
projects using supercomputers Avitohol (https://www.iict.bas.bg/avitohol/ (accessed on
12 April 2022)), Discoverer (https://www.trendingtopics.eu/bulgarias-discoverer-is-one-
of-the-worlds-top-100-supercomputers/ (accessed on 12 April 2022)) and Mare Nostrum
(https://www.bsc.es/marenostrum/marenostrum (accessed on 12 April 2022)). More
information about these projects may be found in https://pure.au.dk/portal/en/persons/
zahari-zlatev(16669f48-d8f9-451d-8d6b-b7ecc3fae3b2).html (accessed on 12 April 2022) and
https://parallel.bas.bg/dpa/BG/dimov/projects.htm (accessed on 12 April 2022).

The selected for use in this paper climatic scenarios are based on recommendations
made by the specialists from IPCC in several of their reports (see, for example, [18,19]) and
are strongly emphasized in the last one, [19]. Some recommendations of other specialists
are also taken into account.

We are mainly interested in the situation in Bulgaria, but many results for the whole
of Europe will also be given in order to compare the pollution levels in Bulgaria with the
corresponding pollution levels in some other parts of the continent. Many results and plots
will be given in order to illustrate the power of DIGITAL AIR, developed by us.

A short description of the structure of the most important tool used in DIGITAL AIR,
the structure of the large-scale air pollution model UNI-DEM, will be given in Section 2.
Some information about the numerical treatment of this comprehensive mathematical
model will also be given there. Much more details about UNI-DEM and the large set of
numerical procedures used in its treatment can be found in [13,15]; see also [14,16–23]
about different applications of this model. New mathematical approaches [23,24] are used
to perform sensitivity analysis of results produced by UNI-DEM. These techniques are very
important to check the proximity of the Digital Twin to the real system.

The main principles, which are applied by our climatic scenarios that are incorporated
in DIGITAL AIR, will be discussed in Section 3. These principles are similar to the principles
used in several previous papers, see [13,15–24], but some recommendations made in [1] are
also taken into account.
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https://pure.au.dk/portal/en/persons/zahari-zlatev(16669f48-d8f9-451d-8d6b-b7ecc3fae3b2).html
https://parallel.bas.bg/dpa/BG/dimov/projects.htm


Atmosphere 2022, 13, 932 3 of 22

The need to develop scenarios, which can be used to study the influence of the natural
(biogenic) emissions on the high ozone levels, will be also outlined and discussed in
Section 3. The scenarios related to the natural (biogenic) emissions are also included in the
DIGITAL AIR. One of these scenarios is used in this paper.

Results about high ozone pollution levels in Europe and its surroundings, which could
be dangerous for some groups of human beings (as, for example, for people suffering from
asthmatic diseases) will be presented and discussed in Section 4.

Several conclusions about the consequences of the increase of the ozone pollution
levels in Bulgaria, which is caused by the global warming, will be presented in Section 5.

The results in Sections 4 and 5 are illustrating how useful the DIGITAL AIR is in the
study of very complicated situations connected to the future climate changes and to the
potentially dangerous for some groups of people high ozone levels. It should be pointed
out here that, this digital tool, the DIGITAL AIR, can also be used to study many other
issues related to the damaging effects of high pollution levels.

Concluding remarks will be given in the last section of the paper, in Section 6. Discus-
sion and concluding remarks. Plans for future work will also be sketched in this section.

2. Major Characteristics of the Unified Danish Eulerian Model

The most important part of the Digital Twin developed by us, of DIGITAL AIR, is
the Unified Danish Eulerian Model (UNI-DEM). UNI-DEM is a mathematical model for
studying long-range transport of air pollutants. It is described by a non-linear system of
partial differential equations (PDEs):

∂ci
∂t = − ∂(uci)

∂x − ∂(vci)
∂y − ∂(wci)

∂z + ∂
∂x

(
Kx

∂ci
∂y

)
+ ∂

∂y

(
Ky

∂ci
∂y

)
+ ∂

∂z

(
Kz

∂ci
∂z

)
+Qi(t, x, y, z, c1, c2, . . . , cs) + (k1i + k2i)ci + Ei(t, x, y, z),

x ∈ [a1, b1], y ∈ [a2, b2], z ∈ [a3, b3], t ∈ [a, b], i = 1, 2, . . . , s .

(1)

The integer s is the number of the chemical species considered in the model. Three
chemical schemes, with s = 35, 56 and 168, can be selected and used in UNI-DEM. All
these schemes are based on chemical reactions discussed in [1]. The versions with 35
and 56 chemical species will be used to obtain the results, which will be presented in the
following sections.

The concentrations of the chemical species are denoted by ci = ci(t, x, y, z) and the
coefficients in (1) are in general functions of the independent variables t, x, y and z. The
wind velocities are denoted by u = u(t, x, y, z), v = v(t, x, y, z) and w = w(t, x, y, z). The
diffusion coefficients are Kx = Kx(t, x, y, z), Ky = Ky(t, x, y, z) and Kz = Kz(t, x, y, z).
The non-linear terms in the mathematical models, Qi = Qi(t, x, y, z, c1, c2, . . . , cs), are de-
scribing the chemical reactions. The dry and wet deposition coefficients are denoted by
k1i = k1i(t, x, y, z) and k2i = k2i(t, x, y, z). The terms Ei = Ei(t, x, y, z) are representing the
emission sources in the model.

The surface plane of the space domain of UNI-DEM is a (4800 km× 4800 km) square
when a stereographic geographical projection is used. This plane contains the whole of
Europe together with some of its surroundings. Each of the ten horizontal levels is dis-
cretized by using (10 km× 10 km) grid-squares. This discretization produces sufficiently
many cells also for small countries in Europe, such as Denmark and Bulgaria. Four other
examples, which also demonstrate this fact, are given in Figure 1. Ten non-equidistant
levels are used in the vertical direction.
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The total number of (10 km× 10 km) grid-squares in the surface level is 230, 400. The
model is normally run with a stepsize of 30 s. Runs performed over a time-interval of
16 consecutive years will be discussed in Sections 4 and 5 of this paper.

Let us assume that:

(a) the spatial derivatives in (1) are discretized directly,
(b) the First-order Backward Differentiation Formula, is applied in the solution of the

large and stiff system of ordinary differential equations (ODEs) that appear after the
discretization of the spatial derivatives,

(c) the chemical scheme, namely CBM-IV scheme with 56 chemical species is selected and,
(d) the model is run over a time interval of 16 years.

Under the above assumptions, 3600/30× 24× 365× 16 = 16, 819, 200 systems of
non-linear algebraic equations each of which contains 480× 480× 10× 56 = 129, 024, 000
equations must be handled at each time-step. Iterative methods are to be used in the
solution of each system of non-linear algebraic equations, which leads to the solution of
very large systems of linear algebraic equations at every time-step in an inner loop and
the number of these systems during a one-year run will be enormous, normally O

(
109) or

even more.
The above figures are becoming smaller when the chemical scheme with 35 chemical

species is selected, but also in this case the numerical problems that are to be handled are
still extremely large.

The situation is becoming much more complicated when the impact of the climatic
changes on the pollution levels is to be investigated, because it is necessary (a) to use
different scenarios during the investigations and (b) to run the UNI-DEM over a time
interval of several consecutive years.

The model defined by (1) involves several physical and chemical processes, which
have different properties and, therefore, it is not very easy to find efficient numerical
algorithms when the discretization of (1) has to be treated directly. This is why splitting
procedures are normally used in practice. One extremely important requirement related to
the selection of an appropriate splitting algorithm is to avoid the introduction of artificial
boundary conditions. This can be achieved if (1) is split into three sub-models defined
as follows:

∂c[1]i
∂t

= −
∂
(

uc[1]i

)
∂x

−
∂
(

vc[1]i

)
∂y

+
∂

∂x

(
Kx

∂c[1]i
∂x

)
+

∂

∂y

(
Ky

∂c[1]i
∂y

)
, i = 1, 2, . . . , s , (2)

∂c[2]i
∂t

= Qi

(
t, x, y, z, c[2]1 , c[2]2 , . . . , c[2]s

)
+ (k1i + k2i)c

[2]
i + Ei(t, x, y, z), i = 1, 2, . . . , s , (3)

∂c[3]i
∂t

= −
∂
(

wc[3]i

)
∂z

+
∂

∂z

(
Kz

∂c[3]i
∂z

)
, i = 1, 2, . . . , s . (4)

The horizontal transport (horizontal advection and horizontal diffusion) is described
by the sub-model (2). The chemical reactions, the two deposition processes (dry and wet de-
position) and the emission sources in the space domain are described by the sub-model (3).
The two vertical processes (vertical advection and vertical diffusion) are handled by the
sub-model (4).

The boundary conditions on the vertical sides of the space domain of (1) are used
as boundary conditions of (2). There is no need for boundary conditions in (3), because
the second sub-model does not contain space derivatives. The boundary conditions on
the top and on the bottom of the space domain of (1) are used as boundary conditions of
(4). This means that the boundary conditions of the original non-linear system of PDEs
(1) are the same as the boundary conditions of the mathematical sub-problems defined by
the three sub-models (2–4) and there is no need to introduce artificial boundary conditions
when the splitting procedure selected by us is used.
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It should be pointed out here that the three systems, (2–4), are defining only the
three sub-models, but not the splitting procedure. The splitting procedure will be fully
determined only when it is explained how these three systems of PDEs are coupled during
the computational process. Sequential splitting, which is the simplest way to split the
system of PDEs (1), is defined as follows.

Assume that the computations at a given time t = tk are performed and sufficiently
accurate approximations of the concentrations ci

(
tk, xm, yn, zq

)
were calculated at all grid-

points
(
xm, yn, zq

)
in the space domain. These approximations are used as initial conditions

in the treatment of (2) and the solution of (2) is used as initial condition in the treatment of
(3). The solution of (3) is used as initial condition of (4) and the solution of (4) is accepted
as an approximation of the solution ci

(
tk+1, xm, yn, zq

)
of (1) at the next time-step t = tk+1.

The major benefit of applying any splitting procedure is the fact that an extremely
large and very complicated computational task is replaced by a very large number of much
simpler tasks; see [13,14]. Furthermore, one can try to select the most suitable numerical
algorithms for each of the three sub-models. Finally, there is also an additional advantage,
which is even more essential when the problems solved are extremely large: parallel tasks
appear in a natural way when splitting procedures are used and this fact can be exploited
easily and very efficiently in the attempts to reduce the computational cost of the solution
process (see [14]).

The short information about the numerical treatment of UNI-DEM, which is given in
this section, is sufficient for our purposes. Much more details about the numerical treatment
of the model can be found in [6].

It should also be mentioned here that many other efficient large-scale air pollution
models were developed and used by different scientists and groups of scientists (see, for
example, [6,25–39]).

3. Development of Climatic Scenarios for the Unified Danish Eulerian Model

UNI-DEM has been run with fourteen different scenarios over a period of 16 consec-
utive years from 1989 to 2004. All these scenarios are a part of the DIGITAL AIR. Five of
the 16 scenarios are relevant for this study and will be used, in a slightly modified form, in
Sections 4 and 5. The first of the selected five scenarios is the basic scenario. The next three
scenarios are based on several assumptions about the future increase of the temperature
based on the conclusions drawn in [1,39] as well as in the other IPCC reports. The fifth
scenario is based on the expectation that the levels of the biological (natural) emissions of
some air pollutants will also be increased in the future. Similar climatic scenarios were also
used in [13,15–17,21–23]. The major assumptions, on which these scenarios are based, are
discussed in this section.

3.1. Basic Scenario

The actual meteorological data and the actual emission data for Europe and its sur-
roundings during the selected period of 16 consecutive years (from 1989 to 2004), are used
in this scenario. These data were received from the EMEP (the European Monitoring and
Evaluation Programme) database; see, for example, [1], and included in DIGITAL AIR.

3.2. First Climatic Scenario

Only the temperatures are varied in the first climatic scenario. The annual changes of
the temperature according to the recommendations in several of the reports of the IPCC
specialists [18,19] have been used to prepare a map presenting the expectation about the
future temperature in Europe in the first horizontal level of the space domain of our model;
see Figure 2.
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Figure 2. Expected increases of the temperature in first horizontal level of the space domain of
UNI-DEM according to the IPCC reports.

Figure 2 contains a grid of (480× 480) cells in the first horizontal level of the space
domain of UNI-DEM. Consider any of these cells and assume that the expected increase
of the temperature at the chosen cell is in the interval [α,β] during an arbitrary hour n in
the interval from the beginning of year 1989 to the end of year 2004. Then the temperature
in this cell at hour n is increased by an amount of α+ γ(n) , where γ(n) is randomly
generated and uniformly distributed in the interval [0,β− α] so that the mathematical
expectation of the increase of the annual mean of the temperature at any cell from first
level of the space domain for any year of the chosen interval of 16 years is (β− α)/2. This
means that the mean value of the annual change of the temperature at a given cell in the
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first horizontal level of UNI-DEM will tend to be the same as that prescribed in the IPCC
reports for any of the 16 selected years.

Similar calculations were performed in the vertical direction for the cells in the other
nine horizontal levels.

3.3. Second Climatic Scenario

According to the conclusions made in the IPCC reports, the extreme cases will become
stronger and will appear often in the future. More precisely, it is expected that:

1. The maximal daily temperatures will become higher and the number of hot days in
the land areas will increase.

2. There will be higher minimum temperatures, fewer cold days and fewer frost days
over nearly all land areas.

3. The diurnal temperature range will be reduced over land areas.

It is necessary to take into account these expectations. This is done in the Second
climatic scenario. The temperature in this scenario is varied as in the First climatic scenario,
but two additional actions are taken:

(a) the temperatures during the night-time are increased with a factor larger than the
factor by which the day-time temperatures were increased, and

(b) the day-time the temperatures are increased by a larger value in hot days during the
summer periods.

Requirements 2 and 3 are satisfied when action (a) is carried out. Requirement 1 is
satisfied when action (b) is performed.

It must be emphasized that the above changes are carried out only over land and that
the temperatures are varied in such a way that the annual means of the changes remained
the same, at all cells, as those in the First climatic scenario. Finally, it should be mentioned
the cloud covers over land were reduced by 10% during the summer periods.

3.4. Third Climatic Scenario

Some additional conclusions drawn by the IPCC specialists were taken into account in
the Third climatic scenario. This scenario was obtained by adding these conclusions to the
Second climatic scenario. More precisely, the following actions were carried out during the
preparation of the Third climatic scenario:

1. The precipitation events during winter were increased both over land and over water.
2. The precipitation events in the continental part of Europe were reduced.
3. Similar changes of the humidity data were made.
4. The cloud covers were increased by 10% during winter, while the same cloud covers,

as those in the Second Climatic Scenario were applied during summer.

As in the previous two climatic scenarios, the mathematical expectation of the annual
means of the temperature changes remains unchanged.

The Third Climatic Scenario is the most advanced of the three climatic scenarios and
only this scenario will be used in the next two sections. However, it should be pointed that
the results obtained by using the other two scenarios are very similar (many comparisons
of the three climatic scenarios were made in [36]).

3.5. Scenario Related to the Natural (Biological) Emissions

The importance of the natural (biological) emissions is steadily increasing and is
becoming a very important factor. There are at least two reasons for this increase:

1. The human-made (anthropogenic) emissions were permanently reduced in many
European countries during the last two-three decades.

2. The future climatic changes and the higher temperatures will cause an increase of the
natural (biological) emissions.
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This is why it is worthwhile to develop and run some scenarios with higher natural
(biological) emissions. This will be performed in this work by using a scenario prepared by
applying some recommendations about the size of the biological (natural) emissions made
in [40–42], see also [43].

4. Influence of the Climatic Changes on Air Pollution Levels in Europe

Results obtained in the whole domain of UNI-DEM by using the climatic scenarios
presented in the previous section will be discussed below. We shall concentrate our at-
tention on the ozone levels both in Europe as a whole and in some European cities. High
ozone concentration may have harmful effects on some groups of human beings (people
suffering from asthmatic diseases) and we shall present some results about the levels of
these concentrations in different parts of Europe. More precisely, we are interested in the
numbers of “bad days”. Assume that cmax is the maximum of the 8 h averages of the ozone
concentrations at a given place in Europe and at a given day. The day is called a “bad day”
if the inequality cmax > 60 ppb is satisfied at least once. It is desirable that the number of
“bad days” should not exceed 25 per year, which is recommended in the Ozone Directive
issued by the EU Parliament in 2002.

4.1. Distribution of the “Bad Days” in Europe

Some results showing the distribution of the “bad days” in Europe are given in Figure 3.
Three important conclusions can be drawn from this figure:

(a) It can be seen that both the distribution of the “bad days” in the different parts of
Europe and the numbers of the “bad days” can vary very much from one year to
another year (compare the two left-hand-side plots in Figure 3 where the results from
the Basic Scenario are given for years 1994 and 2004).

(b) The application of the Third Climatic Scenario is normally resulting in an increase of
the numbers of “bad days”. The changes can be very significant (see the right-hand
side plots where the increases, in percent, of the numbers of “bad days” are given for
the two selected years).

(c) In many parts of Europe, the numbers of “bad days” are considerable larger than the
prescribed limit of 25 days.

4.2. Variation of the Numbers of “Bad Days” in Several Major Cities in Europe

Some results showing the variation of the “bad days” in eight cities located in different
parts of the continent are given in Figures 4 and 5. Several important conclusions can be
drawn from these plots:

(a) The numbers of the “bad days” are as a rule decreasing at the end of the period
of sixteen years. However, this is not always the case; see the results for Naples
and Stockholm.

(b) The numbers of “bad days” are very often greater (and even much greater) than the
limit of 25. At some of the cities, as Innsbruck and Naples, this is true for all 16 years.

(c) The results for Belfast and Stockholm indicate that the numbers of “bad days” is
staying under or close to 25 in the regions far to the West and to the North. The same
conclusion can also be seen for the two selected years (1994 and 2004) in the plots in
Figure 3.
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during a time-period of 16 consecutive years obtained when UNI-DEM is run with two scenar-
ios. It is clear that the Third Climatic Scenario is consistently given more “bad days” than the
Basic Scenario.

It should be pointed out that the above conclusions hold also for many other cities in
Europe (see, for example, [13,15–17,21–23,26,28]).

4.3. Influence of the Natural (Biogenic) Emissions on Pollution Levels in Europe

Some results obtained in the surface domain of UNI-DEM by using the scenario from
Section 3.5, which is related to the influence of the natural (biogenic) emissions on ozone
levels in Europe are given in Figure 6.
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Figure 5. Variations of the numbers of “bad days” in Lisbon, Brussels, Belfast and Warsaw during a
time-period of 16 consecutive years obtained when UNI-DEM is run with two scenarios. The Third
Climatic Scenario is again giving in most of the cases more “bad days” than the Basic Scenario.

The results in the two plots of Figure 6 indicate that the situation can change very
much from a given part of Europe to another part of the continent. The changes can also be
very considerable in the transition from one year to another year.

The common trend is that the increase of the biogenic (natural) emissions based on the
assumptions made in [42] leads to great increases of the numbers of “bad days” in many
parts of Europe.
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emissions is used. The numbers of “bad days” in these two years when the Basic Scenario is used are
given in the left-hand-side plots of Figure 3.

5. Influence of the Climatic Changes on Pollution Levels in Bulgaria

It is possible to use DIGITAL AIR in connection with any part of Europe. Now we
shall concentrate our attention on a domain of the South-Eastern Europe, which contains
Bulgaria and parts of its surrounding countries. The same approach, as that applied in the
previous section, will be used in the presentation of the results. We shall discuss:

(a) the distribution of the “bad days” in the chosen domain,
(b) the occurrences of “bad days” in several Bulgarian towns,
(c) and the increases of the numbers of “bad days” when the scenario with increased

natural (biological) emissions is applied.

5.1. Distribution of the “Bad Days” in the Area Containing Bulgaria and its Surroundings

The distribution of the “bad days” on the Bulgarian territory in years 2003 and 1993 is
given in Figure 7 (some impression about the distribution of the “bad days” in years 2004
and 1994 in this area can also be obtained by studying the plots in Figure 3). The main
conclusions are the same as these made in Section 4.1:

(a) Both the distribution of the “bad days” in the different parts of Bulgaria and the num-
bers of the “bad days” can vary very much from one year to another year (compare
the two left-hand-side plots in Figure 7 where the results from the Basic Scenario are
given for years 1993 and 2003).

(b) The application of the Third Climatic Scenario is normally resulting in an increase of
the numbers of “bad days”. The changes can be very significant (see the right-hand
side plots in Figure 7, where the increases, in percent, of the numbers of “bad days”
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are given for the two selected years). It is also seen that the changes for 2003 are in
general greater than the corresponding changes for 1993.

(c) The numbers of “bad days” are often larger than the prescribed limit of 25 days.
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5.2. Variation of the Numbers of “Bad Days” in Several Bulgarian Towns

As in Section 4, eight towns were chosen. These towns are shown in Figure 8. The
numbers of “bad days” in 1989 and in 1999 are also given in Figure 8. It is seen that these
numbers are rather high.
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Figure 8. Results obtained in the subdomain of UNI-DEM containing Bulgaria. The grid-lines as well
as colours presenting information about the numbers of “bad days” in year 1989 (the left-hand-side
plot) and in year 1999 (the right-hand-side plot) are given in these two plots. It is seen that the
numbers of “bad-days” in Bulgaria during these two years was higher than 34 (the red regions), i.e.,
higher than the limit of 25 “bad days”, in nearly the whole country. The names of the Bulgarian
towns, which will be used in the next two figures, are also given in these two plots. It is seen that
these towns are located in different parts of the country.

Curves showing the variations of the numbers of “bad days” in the selected place
Bulgarian towns are given in Figures 9 and 10. Several important conclusions can be drawn
from these plots:

(a) The numbers of the “bad days” are as a rule decreasing at the middle of the period of
16 years. It is not very clear what the reason for this behaviour is.

(b) The numbers of “bad days” are often greater than the limit of 25.
(c) It should be pointed the above conclusions holds also for many other cities in Europe

(see, for example, [13–17,21–23]).
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Figure 10. Results obtained in four Bulgarian towns: Vidin, Ruse, Dobrich and Petrich. It is clearly
seen that also in this case the Third Climatic Scenario is consistently resulting in an increase of the
numbers of “bad-days” when it is compared with the Basic Scenario.

5.3. Influence of the Natural (Biogenic) Emissions on Pollution Levels in Bulgaria

Some results obtained in the surface domain of UNI-DEM by using the scenario from
Section 3.5, which is related to the influence of the natural (biogenic) emissions on ozone
levels in Bulgaria and its surroundings, are given in Figure 11. It is seen that the harmful
levels of the ozone concentrations are smaller than the corresponding levels in many
other countries of Europe. However, the exceeding of the ozone concentrations is anyway
considerably higher than the prescribed limit of 25 “bad days”. It must be emphasized too
that this is also true for all other years from the chosen interval between 1989 and 2004.
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6. Discussion and Concluding Remarks

Several conclusions, which are obtained by using DIGITAL AIR and related (a) to
the numbers of “bad days”, (b) to the huge computational difficulties and (c) to the de-
velopment and implementation of relevant climatic scenarios, are given in the next three
subsections. The major conclusions are drawn in Section 6.4.

6.1. The “Bad Days”

Three important issues based on the results presented in the previous two sections,
are drawn below.

(a) The numbers of “bad days” can be larger than the limit of 25 days, both in many
regions of Europe and in many places of Bulgaria. People suffering from asthmatic
deceases will have difficulties during the long periods with such days. Therefore,
it is advisable to take the needed measures for the reduction of the long periods of
“bad days”.

(b) It is highly desirable to develop devices for predicting the coming of periods of “bad
days” in a reliable way. If this is done, then the responsible authorities should take care
to inform in a good time the people with asthmatic diseases for the coming danger.

(c) Some further research about the effects of long sequences of “bad days” on people
with asthmatic deceases will also very be very useful.
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6.2. The Computational Difficulties

It should be mentioned here that it was very difficult to handle numerically the
mathematical model described in Section 2, the Unified Danish Eulerian Model (UNI-
DEM), and to calculate the results presented in Sections 4 and 5. There are several reasons
for that:

(a) The amount of the input data (both meteorological data and emission data) is enor-
mous. Moreover, it is necessary to apply reliable data sets of input data. Such data
sets were obtained from the EMEP database [1,40,41], included in DIGITAL AIR and
used in all runs. The sets of output data, which have to be preserved and analysed,
are also extremely big.

(b) It is necessary to apply fine discretization, especially in the efforts to obtain reliable
information about small European countries (as, for example, Bulgaria and Hungary).
Therefore, (10 km × 10 km) cells are to be used. The computational work needed to
calculate the desired information is enormous. This was explained in Section 2. The
difficult computational problems were resolved by applying the efficient numerical
methods discussed in [14,26].

(c) However, the use of efficient numerical methods is by no means enough. It was
also necessary to run UNI-DEM on powerful and fast parallel computers. The BLUE
GENE computer in Sofia was used in many of the runs.

6.3. The Climatic Scenarios

It was also necessary to develop several climatic scenarios, to include these scenar-
ios (together with many other scenarios) in DIGITAL AIR and to use these scenarios
many times in the runs of UNI-DEM. Thus, the climatic scenarios are also an essential
and very important part of DIGITAL AIR. Information from the reports written by the
specialists from the International Panel for Climate Changes (IPCC) was used in the
preparation of the climatic scenarios. Fourteen climatic scenarios were being developed
and included in DIGITAL AIR, but only five of these scenarios were used in this study.
We applied only the information, which is relevant for the study of the high ozone levels
in Europe and run UNI-DEM with the chosen scenarios in order to show that following
statements are correct:

(a) The climatic changes will lead to a considerable increase of the ozone concentrations.
These high levels may have damaging effects on some groups of human beings.

(b) No increases or small increases only of the ozone concentrations were detected in the
parts of Europe, which are located far to the North and far to the West (mostly
in Northern Ireland and in the Northern parts of Scandinavia, Finland and the
Russian Federation).

(c) The increases of the dangerous ozone concentrations in Bulgaria are not as high as the
increases in some countries in Central and Southern Europe, such as Germany and
Italy, but these increases can nevertheless have very damaging effects on some groups
of human beings.

6.4. Conclusions

The use of a precisely-prepared Digital Twin, the DIGITAL AIR, to study the appear-
ance of high ozone levels in different parts of Europe was discussed in the previous sections.
We studied the possible changes of the ozone pollution levels in different parts of Europe
and Bulgaria by applying the following tools:

(a) A mathematical model, UNI-DEM, which must be handled by using efficient and
accurate numerical algorithms on fast modern supercomputers.

(b) Many large sets of input data (and first and foremost meteorological data, emission
data and geographical data).

(c) A set of carefully prepared climatic scenarios describing both the increase of the
temperature in the future and the increase of the natural (biogenic) emissions.
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(d) Many graphical programs, by which the obtained numerical results can be visualized.

It is shown that the future climatic changes will very often result in an increase of
the dangerous ozone levels in many sites of Europe and Bulgaria during the summer
periods. This can cause problems for people who are suffering from asthmatic diseases.

With regard to future plans, we intend to conduct similar research by applying DIGI-
TAL AIR, not only for the Bulgarian high ozone levels but also for the ozone levels in any
European country. Some results for Denmark, Hungary and the countries in the Balkan
Peninsula were presented in [17,21,23]. DIGITAL AIR can also be used to study other
potentially dangerous pollution levels (as, for example, pollution levels caused by SO2 and
NOx emissions, see [23]).
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