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Abstract

One of the important consequences of the climatic changes is the potential danger of increasing
the concentrations of some pollutants, which may cause damages to humans, animals and plants.
Therefore, it is worthwhile to study carefully the impact of future climate changes on the high
pollution levels. The major topic of the discussion in this paper is the increase of some ozone lev-
els in Bulgaria, but several related topics are also discussed. The particular mathematical tool ap-
plied in this study is a large-scale air pollution model, the Unified Danish Eulerian Model (UNI-
DEM), which was successfully used in several investigations related to potentially dangerous pol-
lution levels in several European countries. This model is described by a non-linear system of par-
tial differential equations, which is solved numerically by using (a) advanced numerical algo-
rithms and (b) modern computer architectures. Moreover, (c) the code is parallelized and (d) the
cache memories of the available computers are efficiently utilized. It is shown that in Bulgaria, as
in the other European countries, the climatic changes will result in permanent increases of some
quantities related to the ozone pollution. The important issue is that in our study the changes of
the dangerous pollution levels are followed year by year. In this way, an attempt is made both to
capture the effect of the inter-annual variations of the meteorological conditions on the levels of
the ozone concentrations and to follow directly the influence of the climatic changes on the pollu-
tion levels. Moreover, the sensitivity of the pollution levels to variations of the human made (an-
thropogenic) and natural (biogenic) emissions is also discussed.
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1. Statement of the Problem

Changes in climate variability and extreme weather and climate events in the end of 20th century and in the begin-
ning of the 21st century have been discussed in many recent scientific publications. Attempts to project the results
of such studies in the future have been made under different assumptions. In this study: (i) well-known scenarios
predicting changes of the climate in the last 30 years of the 21st century for the territory of Bulgaria and the sur-
rounding area will be taken into account and (ii) impact of these changes on the future pollution levels will be stu-
died and discussed. There are many uncertainties related to the climate changes in the future (Houghton et al.,
2001). It is nevertheless worthwhile to investigate the impact of possible climatic changes on the pollution levels.
The increase of the global temperature of the Earth would certainly cause some changes of the concentrations
of many of the damaging chemical species. There are two major reasons, which lead to an increase of the pollu-
tion levels: (1) many of the chemical reactions depend on the temperature and (2) the relative parts of the bio-
genic emissions are becoming bigger when the temperature is higher. This is why the global warming will lead
in the most of the cases to an increase of the dangerous effects of the high concentrations of pollutants in the
atmosphere on humans, animals and plants. Therefore, the relationship between the global increase of the tem-
perature and the pollution levels should be carefully studied. In this paper, the area of interest is Bulgaria and the
major topics discussed in it are
(a) the influence of the climate changes (and, first and foremost, of the increased temperature) on the pollution
levels in the selected area,
(b) the changes of the pollution levels that are due to a combination of the warming effect with some other
important factors and
(c) the contribution of air pollution transported from other European countries to the ozone levels in Bulgaria.
The study was carried out by using 14 elaborated scenarios. Most of the selected scenarios were also dis-
cussed in [1]-[6]. These scenarios were run over a long time period with a well-known air pollution model, the
Unified Danish Eulerian Model (UNI-DEM), fully described in [7]-[13]. It should be mentioned here that this
air pollution model was used in several other advanced air pollution studies related to
1) the Balkan Peninsula [4],
2) Bulgaria [14] [15],
3) Denmark [6] [10] [16] [17],
4) England [18],
5) Europe [1]-[3] [8] [9] [12] [13] [16],
6) Hungary [5] [19] [20] and
7) the North Sea [21].
A previous version of UNI-DEM was additionally used in some inter-comparisons of several well-known
European large-scale air pollution models [22] [23].
The contents of the present paper can be summarized as follows:
UNI-DEM is sketched in Section 2,
the need to take into account the sensitivity of the model results to variations of the important inter-annual
variations of the meteorological conditions is justified in Section 3,
e some issues related to the human-made (anthropogenic) and natural (biogenic) emissions are briefly dis-
cussed in Section 4,
e ashort description of the climatic scenarios is given in Section 5,
some results demonstrating the increase of the pollution levels in Bulgaria are presented in Section 6,
several conclusions are given in Section 7.

2. Mathematical Description of UNI-DEM

UNI-DEM is described by a non-linear system of partial differential equations (PDES). Five important physical
and chemical processes are taken into account during the derivation of the system of PDEs. These processes are
listed below:

(@) horizontal transport (advection),

(b) horizontal diffusion,

(c) non-linear chemical reactions plus emission sources,

(d) dry and wet deposition and
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(e) vertical exchange.
The non-linear system of PDEs is written in the following form:
ac, ac ac,

@ —' = - va—' horizontal transport (advection)
y
E( j K. o horizontal diffusion
%) Ky oy
i (t, X,¥,2,C,Cy, 0, )+ E (t, XY, Z) chemical reactions + emissions
+(ky + Ky )€ dry and wet depositions
_ w%+£[KZ %j, vertical transport
oz oz oz
i= 1’ 2, 4

number of equations (chemical species).

The concentrations of the chemical species at point (x, Y, z) of the space domain and at time t are denoted
by ¢ =¢(t,x,y,z). The notation u=u(t,x,y,z), v=v(t,x,y,z) and w=w(t,x,y,z) is used for the wind
velocities along the Ox, Oy and Oz directions. The diffusivity coefficients are K, =K, (t, XY, z) ,
K, =K, (tx,y,z) and K, =K, (t,x,y,z), while k; =k;(t,x,y,z) and k,; =k, (t,x,y,z) are deposition
coefficients. The non-linear terms in the third line of Equation (1) define the chemical reactions. Finally, the
terms E, (t,x, y,z) are describing emission sources, including both human-made (anthropogenic) emissions
and natural (biogenic) emissions.

The discretization of the system of PDEs by which the environmental models are described mathematically
leads to huge computational tasks. The following example illustrates clearly the size of these tasks. Assume that
e N,=N, =480 (a 4800 kmx4800 km domain covering Europe is considered and this choice of the dis-

cretization parameters; it leads to the application 10 kmx10 km horizontal cells),
N, =10 (i.e. ten layers in the vertical direction, which are not equidistant, are introduced) and
e N, =q=>56 (this means thatthe chemical scheme contains 56 species).

Then the number of equations that are to be handled at each time-step is equal to
(N, +1)(Ny +l)(NZ +1)N, =142518376 . A run over a time-period of one year with a time stepsize At=2.5
seconds will result in N, =213120 time-steps. If studies related to climatic changes are to be carried out, then
it is necessary to run the model over a time-period of many years (sixteen consecutive years were actually used
in this study). Additionally, the sensitivity of the model to the variation of some parameters is to be studied by
using many scenarios (this implies that many hundreds of time and storage consuming runs had to be carried
out). This short analysis demonstrates the fact that the computational tasks arising when climatic studies are to
be performed by using large-scale models are enormous. Therefore, the following three conditions must be sa-
tisfied; it is necessary
o to select fast but sufficiently accurate numerical methods,

o to exploit efficiently the cashes of the available computer,

o to parallelize carefully the code
in the efforts to make a large environmental model tractable on the available computer architectures. It
should be mentioned that it may be impossible to handle some very large environmental models on the
computers available at present even when the above three conditions are satisfied. Therefore, it is also ne-
cessary to use appropriate splitting procedures.

UNI-DEM is split (as described in [7] and [13]) into the following three sub-models and an attempt to select
optimal numerical algorithms for every sub-model is carried out.

acl acf” o, ac%
+— K, ,
oz oz oz
) 6ci(2) Ly acl?) _Vaci(z) Lo acl? Lok acl?
ot X oy ox| “ax | eyl Yooy |
ac(a)

(4) Fi=Qi (t,x, y,z,c§3),c§3),~-~,c(q3)) E (6% Y,2)+(ky +ky ).
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The first of these three sub-models describes the vertical exchange. The second sub-model describes the com-
bination of the horizontal transport (the advection) and the horizontal diffusion. The last sub-model describes the
chemical reactions together with the emission sources in the studied domain and the deposition terms.

The use of this splitting procedure allows us
(a) to select optimal numerical methods for every sub-model,

(b) to facilitate the parallelization of the code and
(c) to utilize in a better way the cache memories of the available computer.

It should be emphasized here that the particular splitting procedure applied in connection with UNI-DEM
does not require extra and artificial boundary conditions. Much more details about the computer treatment of
UNI-DEM can be found [10] and [13].

3. Importance of the Inter-Annual Variations of the Meteorological Conditions

Fourteen scenarios were developed and successfully used in [1]-[5]. Each scenario was run over a time-period
consisting of sixteen consecutive years (from 1989 to 2004). In this paper mainly results obtained by using the
Basic Scenario and the Climatic Scenarios 1, 2 and 3 will be reported. It should additionally be mentioned that
ideas, different devices and data from [24]-[38] were used both in the preparation of the climatic scenarios in the
particular runs. It must be emphasized here that the scenarios were designed so that the inter-annual variations
of the concentrations were taken into account. This is important, because some of the critical levels legislated
by the European Parliament, see details in [31], are to be calculated in relatively short summer periods and cold
or warm weather during these periods will lead to big differences. The great annual inter-variations of the aver-
aged daily ozone maxima around the Bulgarian capital Sofia are demonstrated in Figure 1.

It should be pointed out that rather large variations of annual averages of concentrations were observed also in
other parts of Europe and for other pollutants too (see [1]-[6] [8] and [25]). The variations of the ammonium +
ammonia levels in the Danish area are shown in Figure 2. Results obtained with five different scenarios are
shown in this figure. The Basic Scenario was run with the actual emissions and meteorological conditions. The
2010 Scenario was run with levels of the anthropogenic emissions, which were planed in the end of the twenti-
eth century for year 2010. The MFR (Maximum Feasible Reduction) Scenario assumes that the anthropogenic
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Figure 1. Variations of the averaged daily maxima of the o0zone concentrations during a period of 16 years.
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AVERAGED RESULTS FOR THE WHOLE OF DENMARK
AMMONIA + AMMONIUM CONCENTRATIONS
THE UNITS ARE PPB
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Figure 2. Variations of the yearly averages of the ammonia-ammonium concentrations in Denmark.

emissions will be reduced very significantly (up to 90% in some countries). Both scenarios were developed at

IIASA (the International Institute for Applied System Analysis in Laxenburg, Austria; see more details in

[24].The two climatic scenarios are based on the use of the recommendations proposed in IPCC SRES A2 Sce-

nario in Scenario 2010 and the MFR Scenario. The following conclusions can be drawn from the results pre-

sented in Figure 2 as well as from results presented in some previous studies [1]-[6] [8] and [25]:

(a) the inter-annual variations remain for all five scenarios (see again [1]-[6] [8] and [25]),

(b) the differences between the results obtained by the Basic Scenario and those found when Scenario 2010 and
Climate Scenario 2010 are used are rather small for this pollutant, while the MFR Scenario leads to a large
decrease of the pollution levels and

(c) the influence of the climate changes is not very significant when annual values of ammonia + ammonium
concentrations are studied.

4. Scenarios with Human-Made and Natural Emissions

The fact that the European human-made (anthropogenic) emissions (including here the Bulgarian emissions)
were reduced during the studied period was taken into account in this investigation. The reduction of the Bulga-
rian emissions is shown in Figure 3. It is seen that the reduction of the emissions in this country is rather signif-
icant (up to 60% for some of the emissions). It must be emphasized that the reduction of the Bulgarian emissions
during this period was not an isolated case. The reduction of the emissions in Europe as a whole is shown in
Figure 4. It is immediately seen that the trend is the same. More examples, which show that the emissions in the
European countries were reduced are given in [1].

The decrease of the human-made (anthropogenic) emissions leads to an increase of the relative part and, thus,
of the importance of the natural (biogenic) emissions. The biogenic emissions in the Unified Danish Eulerian
Model are created by using ideas described in [34] [37] and [38]. Similar ideas are also used in some other air
pollution models. However, it should be mentioned here that some scientists claim that the natural emissions are
greatly underestimated (see, for example, [25] [27] and [28]). Therefore, it was also useful to develop and apply
some scenarios in which the natural (biogenic) emissions are varied.

It should furthermore be emphasized that both the emission sources and the meteorological data are very



Z.7Zlatev et al.

VARIATION OF THE EMISSIONS IN BULGARIA
IN A PERIOD OF 16 CONSECUTIVE YEARS
CHANGES GIVEN IN PERCENT RELATED TO 1989

Annual means in percent related to 1989
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Figure 3. Changes of the Bulgarian human-made emissions during the period from 1989 to 2004.

VARIATION OF THE EMISSIONS IN EUROPE
IN A PERIOD OF 16 CONSECUTIVE YEARS
CHANGES GIVEN IN PERCENT RELATED TO 1989
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Figure 4. Changes of the European human-made emissions during the period from 1989 to 2004.
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important. This is illustrated by the results presented in Figure 5, which were obtained by running three emis-
sion scenarios. It is seen that if the emissions sources are kept constant, then one can see the annual variations
but not the trend of decreasing of the concentrations (caused by the decreased emissions). If the meteorological
conditions are kept constant, then it is not possible to see the annual variations, but the decreasing trend is pre-
served. Therefore, all scenarios were run with the actual emissions and with the actual wind fields (which is also
true for the climatic scenarios). This allows us both to compare the differences between the results obtained by
different scenarios for every chosen year from the selected time-interval of 16 years and to demonstrate the fact
that there are considerably large inter-annual variations of the pollution levels.

5. Scenarios with Human-Made and Natural Emissions

Some of the results that are related to the increase in the annual temperatures in Europe according to the IPCC
SRES A2 Scenario as well as several other conclusions, which are related to the climatic changes in Europe and
which are discussed in [35], were used in order to prepare three climatic scenarios. The basic rules, which were
actually used in the development of these scenarios, are sketched below.

Climate Scenario 1: The predicted annual changes of the temperature (see [35]), were used to produce this
climatic scenario. The changes of the temperature in Europe resulting from this scenario are shown in Figure 6.
Consider any cell of the grid used to create the plot shown in Figure 6 and assume that this cell is located in a
region in Figure 6 where the increase of the temperature is in the interval [a, b] . The temperature in the chosen
cell at hour n (n being any hour in the interval from 1989 to 2004) is increased by an amount a+c(n), where
c(n) is randomly generated and uniformly distributed in the interval [0,b—a] so that the mathematical ex-
pectation of the increase of the annual mean of the temperature at any cell of the space domain is (b—a)/2.
This means that (a) only temperatures are varied in this scenario and (b) the mean value of the annual change
of the temperature at a given point will tend to be the same as that prescribed by the IPCC SRES A2 Scenario.

Climate Scenario 2: The extreme cases will become even stronger in the future climate; see Table 9.6 on p.
575 in [23]. It is expected that:

(a) there will be higher maximum temperatures and more hot days over the land areas,

AVERAGED RESULTS FOR THE WHOLE OF BULGARIA
AMMONIA + AMMONIUM CONCENTRATIONS
THE UNITS ARE PPB

Annual means of the concentrations
|

I I I I I I I I I I I I I I ]
\Qﬁg \QQQ »\99\ \QQ{L \Qg'b \9‘5& »\‘396 \996 \9‘5\ »\99% »\999 Q,QQQ qu\ 1007' '100'5 rLQQA

YEAR

SCENARIO WITH EMISSIONS FOR 1989:
SCENARIO WITH METEOROLOGY FOR 1989: JE—
BASIC SCENARIO: R

Figure 5. The Basic Scenario versus scenarios with constant emissions and meteorological conditions.
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CLIMATE CHANGES 2071-2100

INCREASES OF THE TEMPERATURE 5 Abov
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Figure 6. Temperature changes in Europe according to the IPCC Scenario SRES A2 from [23].

(b) there will be higher minimum temperatures, fewer cold days and fewer frost days over nearly all land areas
and
(c) the diurnal temperature range will be reduced over land areas.

We increased the temperatures during the nighttime with a factor larger than the factor by which the daytime
temperatures were increased. In this way the second and the third requirements are satisfied. The first require-
ment is satisfied as follows: during the summer periods, the daytime temperatures are increased by a larger
amount in hot days. All these changes are carried out only over land. Furthermore, the temperatures were 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 (i.e. as those prescribed in the IPCCS RES A2 Scenario). We also reduced (by 10%) the cloud covers
over land during the summer periods.

Climate Scenario 3: It is also expected, as shown in Table 9.6 on p. 575 in [23], that there will be more in-
tense precipitation events but increased summer drying and associated risk of drought. We increased the pre-
cipitation events during winter (both over land and over water). During summer, the precipitation events in the
continental parts of Europe were reduced. Similar changes in the humidity data were made. The cloud covers
during winter were increased (by 10%), while the same cloud covers as in the second climatic scenario were ap-
plied in the third climatic scenario during summer. Again, as in the previous two climatic scenarios, the mathe-
matical expectation of the annual means of the changes of the temperature is the same as the predictions made in
the IPCC SRES A2 Scenario.

A remark about the great computational complexity of problem handled when climatic scenarios are used
should be given here. The task of running 14 scenarios over a time-period of 16 years on a fine grid (480 x 480
x 10 cells) is extremely demanding even when powerful modern computers are available. As mentioned above,
the task of running so many scenarios over so long time-period can be successfully solved only if at least four
requirements are simultaneously satisfied. These requirements are (a) fast but also sufficiently accurate numeri-
cal methods are to be implemented in the model, (b) the cache memories of the available computers have to be
efficiently utilized, (c) codes which can be run in parallel have to be developed and used and (d) reliable and
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robust splitting procedures have to be implemented. The solution of sub-tasks (a)-(d) is discussed in detail in [8]
and [13]. It must be emphasized here that it is impossible to handle the 14 scenarios over a time-period of 16
years on the available super-computers if the sub-tasks (a)-(d) are not efficiently solved. Even when this was
done, it took more than two years to compute output data from all 2688 runs (14 scenarios x 16 years x 12
months) carried out in this study. This fact illustrates the great computational difficulties that are related to the
investigation of various impacts of climatic changes on pollution levels. The storage requirements (the need for
huge input and output files) are also enormous.

One can now ask an important question: Is it necessary to run the model on such a fine grid? An attempt to
answer this question was carried out as follows. Two runs were performed. In the first run all European emis-
sions sources were used, in the second one the emission sources in Bulgaria were set to zero. The ratios of the
ozone concentrations of the second and the first runs are giving an evaluation of the contribution of the Euro-
pean sources to the ozone levels in Bulgaria. The results shown in Figure 7 show that this contribution is rather
high (more than 65%). This means that the commonly used approach based on introducing nested sub-domains
will cause some difficulties with the determination of the boundary conditions (unless the boundaries are long
away from Bulgaria, which means that the sub-domain including the Bulgaria area must be rather large). There-
fore, we decided to use a fine grid discretization on the whole of Europe. This choice has the advantage that
when we are interested in other parts of Europe (as in some of our previous studies) we do not need to run the
model again with specifying other sub-domains.

Let us now, after justifying the need of fine grids, go back to the discussion of the climatic scenarios. The
main purpose with the climatic scenarios developed and used in this paper can be described as follows. It is de-
sirable to be able to compare directly the pollution levels obtained by using the predicted future temperatures

Ozone concentrations

Influence of the European emigdions
UNI-DEM is run with 35 chemical species

(480x480x10) / 10 km x 10 km surface celly ~ BB Above 80
The Basic Scenario is used, UNITS: ppb = 76 - 80

Emissions for 1997, meteorology for 1997 L] 70 - 75
Maximal value in the domain: 99.1 L] 66 — 70
Minimal value in the domain: 55.2 ] Below 65

Figure 7. Influence of the ozone concentrations on transport from European countries.
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with the present state of the pollution levels. To achieve this we fixed the transport and varied only the tempera-
tures and the emissions as well as some closely related to them quantities. For the sake of simplicity, assume that
only the temperature is varied. Then the approach discussed in this paper has the advantage that it allows us to
compare directly the present pollution levels with the pollution levels obtained with the increased temperature.
Since the temperature is the only parameter that is varied, all changes of the ozone levels are clearly caused by
the increased temperature levels. It is obvious that the same conclusion can be drawn if the emissions and some
other parameters are also varied (the important issue being to keep the transport the same as that in the Basic
Scenario).

Another approach can also be used; meteorological data obtained by a climatic model can be applied directly
in our model. Such an action requires running a big climatic model. The problem is that it is not very clear in
advance how to compare the results so found with the results obtained with the Basic Scenario, because the
changes will be caused both by the increased temperature and by the different transport of the pollutants. On the
other side, it will be possible to draw useful conclusions by performing runs over sufficiently long time-periods.
The major problem is that the computational difficulties would be enormous when the fine discretization (10 km
x 10 km surface cells) used in this paper is to be preserved.

The computational problems and the problems related to the storage needed to be kept and updated in the
available computers will become even more challenging if the air pollution model is to be fully coupled with a
climatic model. The advantage of such an approach will be the possibility to investigate also the feedback from
the increased pollution levels to the climatic changes. At present it is not possible to resolve this problem on the
whole European domain when fine spatial resolution is to be used. However, the computers are becoming more
and more powerful and it will hopefully be possible to resolve the last two problems in the near future.

Some more details about the use of other approaches in the study of the impact of future climatic changes on
air pollution levels can be found in [26] and [36] as well as in some of the references given in these two papers.

6. Influence of the Climatic Changes on Bulgarian Pollution Levels

The Basic Scenario was extensively compared with the three climatic scenarios that were discussed in previous

section. Some results from this comparison have been presented in Figure 1. Much more results for other parts

of Europe can be found in [1]-[6]. All results indicate that

(a) the daily maxima of the ozone concentrations obtained when the climatic scenarios are used are often (but
not always) greater than those obtained by the Basic Scenarios and

(b) the differences (between the daily maxima of the ozone concentrations obtained with the climatic scenarios
and those obtained with the Basic Scenario) are rather small.

It will be shown in this section that the second statement, (b), is not necessarily true when the “bad days” (to
be defined below), which might cause damages on human beings are considered instead of averaged concentra-
tions. In the latter case the differences can be considerably larger. The main conclusion is that it is much more
relevant to consider not the annual means of the concentrations but directly the numbers of “bad days”, which
can be dangerous for our environment when exceed certain limits. Furthermore, it is important to establish
whether the critical levels for these quantities, the “bad days”, which are established by the EU Directive [14],
are really exceeded or not. Assume that c_,, is the maximum of the eight-hour averages of the calculated by
some model or measured at some station 0zone concentrations in a given day at some site A. If the condition
C..x > 60 ppb is satisfied at least once during the day under consideration, then the expression a “bad day” will
be used for such a day at site A. “Bad days” can have damaging effects on some groups of human beings (people
who suffer from asthmatic diseases). Therefore, the number of such days should be reduced as much as possible.
Two important aims are stated in the Ozone Directive issued by the EU Parliament issued in 2002 [14]. Target
aim: The number of “bad days” in any site of the European Union should not exceed 25 after year 2010 and
Long-term aim: No “bad day” should occur in the European Union.

The model results (including here model results reported in previous papers) indicate that these critical levels
are greatly overestimated.

The numbers of “bad days” obtained in Dobrich (a town in the North-eastern part of Bulgaria, which is not
very polluted where the first author was born) are given in Figure 8. It is seen that the numbers of bad days for
the Climatic Scenario 4 are always greater than the corresponding numbers for the Basic Scenario. Moreover,
the critical level of no more than 25 bad days is exceeded for many years of the studied period of 16 years.
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One may ask the question whether the increase shown in Figure 8 is big or small. The differences of the bad
days obtained by the two scenarios were calculated and plotted in Figure 9. It is seen that for the town Dobrich
these differences vary in the interval from three to seven. It is quite clear that such differences are considerable,
because they show that sometimes the critical level may be exceeded in the Climatic Scenario 3, while the re-
sults for the Basic are acceptable. Results presented in [3] indicate that in some other parts of Europe the differ-

ences between the results obtained by the two scenarios are much bigger.

Figure 8. Comparing numbers of “bad days” obtained by using the Basic Scenario and Climatic Scenario 3.

Figure 9. Comparing differences of “bad days” obtained by using the Basic Scenario and Climatic Scenario 3.
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The distribution of the numbers of bad days in Bulgaria for the last year in the studied period, year 2004, is
shown in Figure 10. It is seen that the critical level prescribed in the directive issued by the European Union is
exceeded in all regions of Bulgaria, excluding a relatively small area in the North-eastern part (where the town
Dobrich is located). It should also be noted that the numbers of “bad days” in the Western part of the country are
in general larger than those in the Eastern part. This is caused by the transportation of ozone pollutants from
European sources and, thus, should be expected.

The increases of the numbers of “bad days” in 2004 when the Climatic Scenario 3 is used instead of the Basic
Scenario are shown in Figure 11. It is clearly seen that in a very large part of the country the increases are
greater than 15%, which is a rather considerable amount.

Some scenarios with increased biogenic emissions (including increases not only of the biogenic emissions
from forest trees, but also assuming the existence of biogenic emissions from crops) were developed and tested.
The changes were made by following some recommendations made in [25] [27] and [28]. One of these scenarios,
the Climatic Scenario 3 combined with Increased Biogenic Emissions was compared with the Basic Scenario.
Results obtained in runs for 2004 are presented in Figure 12. It is seen that now the percentages of “bad days”
found in the comparison of the results from this scenario with those calculated the Basic scenarios are greater
than 15% in nearly whole territory of Bulgaria. This indicates that if the claims that the biogenic emissions are
underestimated are correct, then the climatic changes will cause greater increases of some pollution levels.

It must be emphasized here that the results shown in Figures 10-12 are for year 2004. The code was run (as
stated in the previous sections) for all sixteen years in the period from 1989 to 2004 and the trend remains the
same for every year. In fact, for many years the increases are even bigger than those shown in these three figures.

Numbers of bad days when
the Basic Scenario is used

Days with 8-hour averages greater than 60 ppb
Run on a (480x480) grid / (10 km x 10 km) cells [l Above 35

April 2004 — September 2004, emissions for 2004 5 St
Units: Numbers of bad days B 1 - 25
Maximal value in the domain: 59 [ Below 1
Minimal value in the domain: 0 = water areas

Figure 10. Distribution of the numbers of “bad days” in the different regions of Bulgaria.
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Changes of the numbers of bad days
100 (Climate 3) / (Basic)

Days with 8—hour averages greater than 60 ppb
Run on a (480x480) grid / (10 km x 10 km) cells Bl Above 115

April 2004 — September 2004, emissions for 2004 5 e
Units: Changes in percent = 100 — 105
Maximal value in the domain: 250 [ Below 100
Minimal value in the domain: 87 @ water areas

Figure 11. Climatic Scenario 3 versus the Basic Scenario: increases (in percent) of the numbers of bad days.

7. Conclusions

The results presented in this paper indicate very clearly that the climatic changes will increase the pollution lev-
els related to ozone in Bulgaria. Similar results were reported in [1]-[6] for other countries in different parts of
Europe. Moreover, the results that are reported in these papers show that the ozone levels in some European
countries will be increased more than those in Bulgaria. However, the general trend does not change too much.
Indeed, results obtained for areas from Russia and Ukraine to England and Spain and from Sweden and Den-
mark to Italy and Greece show clearly that independently of the fact that the pollution levels vary a lot for the
different countries, the general tendency remains the same: the increase of the temperature will cause increases
of many pollution levels. Therefore, the policy-makers must take into account the global warming effect during
the preparation of strategies for keeping the future pollution levels under the prescribed critical levels. It is in-
teresting to find the answer of the following question: By how much the amount of the anthropogenic emis-
sions should be reduced in order to keep the pollution levels under the prescribed in [31] critical levels?

It should also be noted that a systematic application of algorithms based on advanced sensitivity analysis
will improve both the presentation of the results and the understanding of the trends related to the increase of the
pollution levels.

It must be emphasized here that better definitions related to critical levels of potentially dangerous pollutants
are needed. Indeed, many of the critical levels, including here most of the critical levels that are required in the
EU Ozone Directive [31], are not very carefully defined. For example, the determination of the quantity used in this
paper, the “bad days”, might be an extremely unstable process because in some situations it might be enormously
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Changes of the numbers of bad days
(Incr. biog. emis.)/(Basic Scenario)

Days with 8—hour averages greater than 60 ppb
Run on a (480x480) grid / (10 km x 10 km) cells BB Above 115

April 2004 — September 2004, emissions for 2004 E e _ e

Percentages: 100(Incr. biogenic)/(Basic) = 100 - 105
Maximal value in the domain: 500 [ Below 100

Minimal value in the domain: 88 [ Water areas

Figure 12. Additional increases when the biogenic emissions are increased.

sensitive to very small (even negligible) errors of model results or measurements. This fact creates difficulties in
the preparation of reliable and robust control strategies. Therefore, it is necessary to try to stabilize the defini-
tions. In connection with the “bad days”, the use of the sharp limit of 60 ppb is not a very good decision (in an
extreme situation, the transition of the eight-hour average of the ozone concentration from 59.99 ppb to 60.01
ppb will cause a shift from a “good day” to a “bad day”). It would be much more appropriate to introduce an
uncertainty zone (let us call it, as in [3], a “grey zone™). For example, if the maximal eight-hour averaged ozone
concentration is in the range of 40 to 80 ppb then the day under consideration should be considered as belonging
to the “grey zone”. If this number is under 40 ppb it will be appropriate to declare the day as a “good day”, while
it will certainly be “bad” if this number is bigger than 80 ppb. By applying this procedure, the uncertain cases
will be accumulated in the “grey zone”. The question is what to do with the “grey days”. The simplest (but per-
haps not the best) strategy will be to declare that n “grey days” are equivalent to one “bad day”. It will be ne-
cessary to perform a long series of systematic experiments in order to decide what value of n should be chosen.
More elaborated strategies can also be tried. For example, it is possible to use some weight coefficients (smaller
weight coefficients should be used when the maximal eight-hour averaged ozone concentration is closer to the
lower limit of 40 ppb and larger weight coefficients in the opposite case). Finally, it is also possible to apply two
upper limits: one for the “bad days” (say, 0 days) and one for the “grey days” (say 50 days).
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