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Chapter 1
Relevance and purpose of the dissertation work

1.1. Relevance of the problem

According to the latest sixth assessment report of Working Group | of the
Intergovernmental Panel on Climate Change (IPCC) [1], published in 2021, the aerosol
contribution to the effective radiative forcing (ERF), the quantitative energy gained or lost by
the Earth system after an imposed perturbation, decreased in magnitude from 2014 to 20109.
The change over this period was estimated at +0.2 W/m?2. The contribution of aerosols to ERF
has been estimated at —1.1 [-1.7 to —0.4] W/m? since the start of the industrial era, 1750. For
comparison, the IPCC Fifth Assessment Report [2] estimates this impact at —1.3 [-2.0 to —0.6]
W/m? for the period 1750-2014. Approximately 75-80% of this effective radiative forcing is
due to interactions between aerosols and clouds. Aerosol-cloud interactions remain a major
challenge in global numerical models due to limited knowledge of important submicron-scale
processes, from aerosol emissions and their precursors to precipitation formation. Aerosols
involved in aerosol-cloud interactions are called cloud condensation nuclei (CCN). It is their
spatial and temporal distribution in the atmosphere that is of utmost importance to be able to
include their effects in meteorological numerical models at all scales, from regional to global.
CCN are studied by various methods all over the world — from point measurements or vertical
profiles, through the search for direct relationships with atmospheric processes, to the study of
regularities through empirically derived laws. Upper-atmosphere CCN measurements are often
representative of free-atmosphere conditions. Therefore, the distribution of CCN along the
mountain peaks is indicative of the transfer of air masses influencing the respective region. In
Bulgaria, CCN have been counted since the end of 2015, when a CCN counter (CCNC) started
functioning in the Moussala Basic Environmental Observatory in November. BEO Moussala is
located on Mount Moussala, the highest mount in Bulgaria, as well as on the entire Balkan
Peninsula, with an altitude of 2925 meters. In the dissertation work, the behavior of CCN was
investigated, according to data from BEO Moussala in 2016. The research is the first of its kind
on CCN in the territory of the country.



1.2. Purpose and tasks of the dissertation

The aim of the dissertation is to investigate for the first time the CCN in Bulgaria. The
data are reported in BEO Moussala and are for the period from 1.01.2016 to 31.12.2016. The
tasks related to this goal are:

1) Finding regularities in the distribution of CCN;

2) Determination and study of extremes (minimums and maxima) of the concentration of
CCN;

3) Linking the distribution of CCN with different synoptic conditions and circulation features
in the country;

4) Description of a nucleation system using known empirical laws.

Chapter 2
Current state of the problem

2.1. Aerosols

An aerosol is a collection of solid or liquid particles suspended in a gas phase. In the
atmospheric sciences, however, the term aerosol is usually used in the plural to refer to "aerosol
particles”. Additionally, to distinguish cloud particles from other types of particles in the
atmosphere, all hydrometeors (cloud droplets, ice crystals, raindrops, snowflakes, and sleet) are
excluded from the definition of aerosols [3].

The amount of aerosols, as well as their properties, are diverse and variable in space and
time. For this reason, aerosols can be divided according to several characteristics:

1) Regarding its source - primary and secondary [4].

2) Regarding their properties depending on the environment in which they are located [5] -
urban (and their derivatives — semi-urban, rural), continental, desert, marine, volcanic,
stratospheric.

3) According to their origin - natural and anthropogenic. From a climate perspective, the global
radiation balance is affected by aerosols both directly and indirectly.

The ability of aerosols to absorb and scatter solar radiation determines their direct effect
on climate. This leads to modifications of the vertical profile of shortwave radiative heating and
atmospheric temperature. These changes account for the semi-direct effect of aerosols [6]. The

indirect effect is due to the interaction of aerosols with clouds [7]. Aerosols change the
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properties of clouds, incl. microphysical ones such as albedo, lifetime and precipitation
structure. It has been proven that the increase in the number of aerosols, as a result of
anthropogenic factors, leads to a decrease in the diameter of cloud drops and to an increase in
cloud albedo, also in the lifetime of clouds, as a result of which precipitation decreases [8]. The
interaction between aerosols and clouds is one of the biggest mysteries in modeling the effects

of aerosols on climate.

2.2. Cloud condensation nuclei (CCN)

Aerosols involved in cloud formation are called Cloud Condensation Nuclei (CCN)
[9,10]. The ability of aerosols to play the role of CCN depends on a number of factors. Mainly
these are the supersaturation (S) of the surrounding air, the physical and chemical properties of
the aerosols, as well as the meteorological parameters (eg temperature, pressure, humidity).

Cloud condensation nuclei can be clearly distinguished from aerosols by various
measurements, as well as with the help of various numerical models, thanks to the advancement
of technology and the development of improved methods for their simulation.

CCN cannot be measured directly. In order to account for them, indirect methods are
used, which estimate the supersaturation of water vapor in the cloud. One way is by measuring
the temperature gradient in a continuous flow of CCN counter (CCNC). Most often, cloud
particles go through a series of cycles to reach the required supersaturation, usually on the order
of 10 or more [11]. The particles are activated into cloud droplets at a certain pressure. For this
reason, one interpolation is not sufficient to describe the entire spectrum of nuclei (droplets).
Therefore, CCN are often compared across different meteorological parameters, such as
temperature, relative humidity, wind direction and speed, precipitation [12].

Knowledge of the spatial and temporal distribution of CCN in the atmosphere is of
utmost importance to be able to incorporate their effects into numerical weather models at all

scales, from regional to global [26].

2.3. Aerosol-cloud interactions

Anthropogenic activity, especially the burning of biomass and fossil fuels, leads to a
significant increase in emissions of aerosols and their precursors. In this way, elevated
atmospheric aerosol concentrations have been reached since the pre-industrial era.

According to the sixth, final, assessment report of Working Group | of the

Intergovernmental Panel on Climate Change (IPCC) [1], published on 08/09/2021, the total
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contribution of human activity to ERF from the beginning of the pre-industrial era to the end of
the period examined in the report (from 1750 to 2019) is estimated at 2.72 [1.96 to 3.48] W/m?2,
For the same period, aerosols have a negative total contribution to ERF of -1.1 [-1.7 to -0.4]
W/m? (Figure 2.1). About 75-80% of this ERF is due to aerosol—cloud interactions, with the
remaining contribution due to aerosol-radiative interactions. In comparison, the IPCC's Fifth
Assessment Report [2] estimates this impact at —1.3 [-2.0 to —0.6] W/m? for the period 1750
2014. This means that the change over the period 2014-2019, the subject of the IPCC Sixth
Assessment Report, is estimated at + 0.2 W/m?. Therefore, for these 5 years, the aerosol EW
remains negative, but decreases in magnitude by 0.2 W/m?. This is due to a reduction in global
aerosol optical thickness and the reduction of aerosol emissions and their sources through a
number of state and global regulations [14]. Based on these estimates, instead of suppressing
warming, clouds will lead to an increase in the global radiation balance in the future, due to the
release of more greenhouse gases and fewer aerosols into the atmosphere by human activities.

Change in effective radiative forcing from 1750 to 2019

ERF (Wm™2)
Carbon dioxide 2.16 [1.90 to 2.41]
Other well-mixed 7L CHa N Sos FLAS D O.8
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Stratospheric 0.05 [0.00 to 0.10]
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-2 -1 0 1 2 3

Effective radiative forcing (W m™2)

Figure 2.1: Change in effective radiative forcing from 1750 to 2019 by different types of
sources marked on the left scale. Reproduced from IPCC [1].

2.4. Predicting the concentration of CCN

There are different ways to predict the concentration of OKA, but the most widespread
and used methods are two. The first uses Kohler's theory [15] and is therefore more theoretically
accurate. The second is through Twomey's famous empirical power law [16], which is also

applied in the present dissertation.



2.4.1. Kohler’s theory

The activation of CCN in cloud condensation processes was systematized by Koéhler in
1923. Kohler's theory [15] describes the equilibrium vapor pressure of water above rising cloud
drops. It is also used to determine if the drop is activated, ie. whether it has become a cloud
drop or not and accordingly whether it will continue to grow spontaneously. The basis of
Kohler's theory lies in all physically-based approaches describing the indirect effect of aerosols
on the Earth's radiation balance [17]. Kohler's equation gives a basic equilibrium relationship
between a drop of saline water and the water vapor above it:

e _ _ 2UwOsol/v
o = awexp Ke = awexp (—RTr ) (2.1)

where e is the vapor pressure of water, es is the saturated vapor pressure of water, e/es
=S is the compression coefficient, aw is the activity of water, Ke is the Kelvin coefficient, vw
is the partial molar volume of water, sl IS the surface tension tensor of the solution upon
contact with the droplet, R is the universal gas constant, T is the temperature of the droplet, r is

the radius of the droplet.
2.4.2. Twomey's empirical law

The most commonly used empirical formula for describing the dependence of CCN
concentration (NCCN) on supersaturation (S) was proposed by Twomey [16]:

Ncen = CSK (2.3)
where the parameter C is equal to the number of activated CCN at S=1 and reflects the change
in aerosol concentration [18]. Therefore, C has the largest values in polluted air and the smallest
in clean air. The parameter k is dimensionless and represents the rate of change of CCN with
the change of compression [19]. The two parameters have been used in the development of

numerical models to predict cloudiness [20-22].

2.5. Other CCN studies worldwide

In the last few years, more and more studies of CCN are being done using different

methods.
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The changes in the size distribution of aerosols after the passage of a certain air mass
have been studied, and a change in the microphysical and macrophysical characteristics of the
clouds developed as a result of the particular situation has been determined [23]. Nilsson and
co [24] suggest that the relationship between the microphysics and synoptics of the processes
at these two different scales can be sought and explored through the meso-processes in the
boundary layer.

Numerous studies have been done to find correlations between air mass backward
trajectories and synoptic situations or individual meteorological parameters and elements, such
as wind, clouds or precipitation, air mass moisture content, etc.[12,25-32]. They are also used
in atmospheric chemistry, for example in pollutant tracking and ozone analysis and trace gas
photochemistry [33]. Recently, the first studies of CCN have been carried out in many places
in Europe, with the aim of detecting relationships between air masses and precipitation using

backward trajectories.

2.6. Study of CCN on the Balkan Peninsula

In this section, an overview of the research on CCN during the last decade in the
countries of the Balkan Peninsula is made. The area was chosen because it also includes the
Moussala BEO. Using a bibliographic and reference database [34] 11 publications from Greece

and 1 from Serbia were found and briefly described.

2.7. Study of CCN in Bulgaria

Data on OCJ in Bulgaria have been collected since the end of 2015 with the CCNC at
the Base Environmental Observatory (BEO) Moussala, described in detail in Chapter 3. The
first results of research on CCN in Bulgaria are part of the doctoral student's master's thesis and
are presented by Kleshtanova et al in a 2019 publication. [35]. The article examines the
distribution of CCN, as well as the dependence of this distribution on basic meteorological

parameters - atmospheric pressure, temperature and relative air humidity.

2.8. Study of heterogeneous nucleation

In 1975-76, 1. V. Markov and E. Stoycheva (Armyanova) from the Institute of Physical
Chemistry at the Bulgarian Academy of Sciences investigated [36] the kinetics of nucleation of
mercury on platinum cathodes under electrochemical conditions in which the driving force,

superposition, is set by fixing the electrochemical potential (overpotential), in other words,
11



overvoltage, in the system. This is not the only possible approach to studying nucleation under
electrochemical conditions. Another possibility is to set the rate of the electrochemical reaction,
i.e. to fix the current [37]. When defining the driving force of the process in terms of
overvoltage, the authors also note its analogue - gas-phase overpressure, in a separate article
devoted to the theory of the phenomenon. The authors present the number of nuclei formed up
to the time of counting as a function of time for 6 fixed overvoltages (overvoltages) - from 83
to 88 mV, figures 5 and 6 of Markov and Stoycheva [36]. Times are on the 10 millisecond scale.

The difference between the two figures is in the geometry of the cathode. A flat
structureless platinum cathode was used to obtain the data in Figure 5. For the data in Figure 6,

a single crystal platinum cathode in the shape of a hemisphere was used [36].

Chapter 3
Methodology and data sources

3.1. Basic Environmental Observatory Moussala

In 1959, on Mount Moussala, the highest peak of the Balkan Peninsula with an altitude
0f2925.4 m (42° 10° 45” N, 23° 35° 07” E), a cosmic ray measuring station was built according
to the idea of the prominent Bulgarian scientist Academician Georgi Nadjakov and the famous
Hungarian physicist Academician L. Janoszy. In 1983, the station burned down. In 1999-2000,
with the financial assistance of the Bulgarian "Ministry of Environment and Water", the station
was reconstructed and renamed Basic Environmental Observatory (BEO) "Moussala™ [38].
BEO Moussala is a part of the Institute for Nuclear Research and Nuclear Energy (INRNE) of

the Bulgarian Academy of Sciences.

3.1.1. CCN counter

In this thesis, the CCN data used are reported by the Cloud condensation Nuclei Counter,
which is part of the BEO Moussala aerosol measurement system.

The size of the range of activated particles, i.e. per CCN, is measured in microns and
ranges from 0.75 pm to 10 pm, and particles are distributed into 20 bins (size intervals, “bins”).
In the first box, particles with sizes up to 0.75 um fall, in the second box, particles with sizes
from 0.75 pum to 1 um are grouped. The width of the boxes is then 0.5 pm (1.0 — 1.5 um, 1.5 —

2.0 pym, ...., 9.5 —10.0 pm). CCN concentration is measured per cubic centimeter (#/cm?3).
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At any given moment, CCNC operates on a single overshoot. In BEO Moussala, six
different compressions are used, 0.13; 0.23, 0.43, 0.53, 0.73 and 1.13% which change
automatically every 10 minutes. The column has three temperature control zones along its
walls, with the temperature increasing from the top to the bottom zone.

The concentration of CCN (#/cm?®) was obtained for each day of the year 2016.

3.2. Backward trajectories of air masses

In order to trace the origin and characteristics of the air masses influencing the amount
of CCN, and to find connections between them, their backward trajectories were calculated.

In the current dissertation, the HYSPLIT model was used to obtain the backward
trajectories of the air masses [39].

Backward trajectories were calculated for the BEO Moussala territory using the
geographic coordinates of Mt. Moussala described above. The chosen duration of the
trajectories is 72 hours, as this time interval very well describes the development of atmospheric
processes and the path of air masses on the continent of Europe.

The backward trajectories used in this thesis are divided by several features that well
describe the path of the air masses over the Balkans: On the one hand, relative to the underlying
surface, sea (S) or continental (C), of the air masses. For this purpose, it is subjectively counted
in each hour what type of subsurface the relevant air mass is above. Three subgroups are
defined:

a) When the air mass is more than half and less than 75% of the time, >36<54 hours,
over the continent (C) or over the sea (S) is additionally marked with “a”.

b) When the air mass is for 75% or more hours of the time, >54 hours, over the
continent or over the sea is additionally marked with “b”.

C) When the air mass is all the time, 72 hours, over the continent or over the ocean
is additionally marked with "c".

Air masses move in layers of the atmosphere of different thickness and altitude. In
relation to them, the following division of trajectories is made: high (high, H) are those that,
during their movement, reach an altitude above 4500 meters; medium (medium, M) are those
that move in a layer with an altitude between 1500 and 4499 meters; low (low, L) are those that
have passed through a layer of the atmosphere with an altitude below 1499 meters.

In order to find connections with the applicable operational practices used in the

National Institute of Meteorology and Hydrology in Bulgaria, a grouping of the trajectories of
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advective and non-advective part was done by Stefanov et al. [40]. According to this
classification, the advective (cyclonic) lobe has 4 subtypes: Atlantic (Atl), Mediterranean
(Med), Continental (Cont) and anticyclonic type (Low gradient pressure (LGP)). Each of the
advective subtypes has subtypes marked with numbers, all of which are detailed by Stefanov et
al. [40].

There are three types of Atlantic (ocean) advection: subtype Atll — oceanic advection
by cyclone, subtype Atl2 — oceanic advection by anticyclone, subtype Atl3 — mixed type of
oceanic advection under the combined influence of cyclone and anticyclone. Continental
advections are divided into: subtype Contl — advection of continental air masses from the
northwestern and northern sectors, subtype Cont2 — advection of continental air masses from
the northern and northeastern sectors, subtype Cont3 — advection of continental air masses from
the northeastern sector, Cont4 — advection of continental air masses from the eastern and
southeastern sectors. Mediterranean advections are described in detail by Stoev and Guerova
[41]. Non-advective (anticyclonic) parts are divided into anticyclonic type (AC) - winter and

summer anticyclone, as well as gradientless baric field.

3.3. Analysis of synoptic situations

To illustrate the analysis of the synoptic situation, the maps from the Global Forecasting
System (GFS), atmospheric reanalysis maps, which are a combined product of the National
Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric
Research (National Center for Atmospheric Research, NCAR) of the United States, as well as
data from NIMH on wind direction and speed, (NCEP/NCAR Reanalysis).

The analysis itself was prepared following established long-standing operational
practices, updated with modern methods for describing synoptic processes used in the
Meteorological Forecasting Department of NIMH.

NCEP/NCAR reanalysis [42] are based on the period 1981 - 2010 and were calculated
at a height of 700 hPa, using the average value for the geopotential and its anomaly from the

average value for the period under consideration.

3.4. Jenkinson-Collison-Types classification

The Jenkinson-Collison-Types (JCT) atmospheric circulation described by Stoev et al.
[43], presented in Figure 3.1 was used to group different characteristics related to CCN

concentration. The classification includes: 1) eight main directions, west (W), southwest (SW),
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northwest (NW), north (N), northeast (NE), east (E), southwest (SE) and south (S), 2 ) one
cyclonic type (C) and 3) one anticyclonic type (AC). There are also two additional groups: 1)
eight anticyclonic types (AW, ASW, ANW, AN, ANE, AE, ASE, and AS) and 2) eight cyclonic
types (CW, CSW, CNW, CN, CNE, CE, CSE, and CS). The most common types were extracted
from the typology and compared with data from air mass backward trajectories obtained from
NOAA's HYSPLIT model.
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Figure 3.1: JCT circulation diagram with 26 circulation types. Reproduction by Stoev and
collective [43].

Chapter 4
CCN distributions and relation to two synoptic
situations in 2016.
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4.1. CCN distribution in January 2016 and analysis of the synoptic
situation at the end of the month

The diurnal trend of CCN concentration in January 2016, reported in BEO Moussala
and presented by Kleshtanova et al. [35], shows 4 situations with CCN concentrations above
400 counts per cubic centimeter. From these situations with maximum concentrations of CCN,
one was selected, the only one, which has two extremes of concentration very close to each
other, in the period 29-31.01.2016, presented at Figure 4.1. It shows that the extreme values of
the CCN concentration were recorded in the afternoon hours, on the 29" and 31%, respectively.

On the 30" there is another extremum, but more than twice as small as the other two.

29.01.2016 - 31.01.2016
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400
350
300
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0 6 12 18 0 6 12 18 0 6 12 18 0
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Figure 4.1: Distribution of CCN by hours on 29.01.2016 — 31.01.2016 1.

Absolute topography (AT) maps at 700 hPa (AT700) show that when the CCN numbers
extrema (29" and 31% afternoon) the geopotential over the country is still relatively high, Figure
4.2, a) and €), higher on the 29", with a downward trend on the 31%, with the baric topography
having more of a cyclonic curvature characteristics, which is also evident from the 500 hPa
isobaric surface on both days, respectively Figure 4.2, b) u f). The baric field at a height of
700 hPa on 29/01/2016 at 12 UTC is low-gradient, relatively high, with a shallow baric valley
approaching the country, which is also well defined at the 500 hPa isobaric surface, Figure 4.2,
a) and b). During the night of the 29" to the 30", the baric valley crossed the country. In the
morning hours of the 30th, the formation of a ridge begins from the west, the axis of which
crosses the country by noon, and the ridge is well distinguishable at both geopotential heights
Figure4.2,c)ud). At12 UTC, asmaller, compared to that of the 29th and 31st, CCN extremum
was reported.
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c) and e) and at 500 hPa for the same days, respectively b), d), and f) [44].
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At night, the crest is destroyed and on 31.01.2016 the country is again under the
influence of a baric valley associated with a cyclone with two main centers: one - over the
northern part of the Scandinavian Peninsula and the second - west of the coast of Norway, over
the Atlantic Ocean. The geopotential is decreasing, but remains relatively high. The baric field
is now more gradient, the wind is increasing, the flow at 500 and 700 hPa (Figure 4.2, e) and
f)) is predominantly westerly, the cyclone centers are far to the north, and the Balkans are in the
broad gradient frontal zone of the vast valley.

The increased baric gradient during the considered period, 29-31.01, leads to strong
wind, the reported speed is up to 14 m/s from the west and west-northwest according to NIMH
data (Figure 4.3, a)). A strong wind was also recorded from the northeast. The predominant
direction of the wind is the southwest - up to 9 m/s. The data from the NIMH synoptic station,
which is also located on Mt. Moussala, are in all synoptic time periods — 00, 03, 06, 09, 12, 15,
18, 21 UTC. The BEO Moussala (Automatic Weather Station VAISALA) instrument gives
direction and speed information every 10 minutes (Figure 4.3, b)). According to the instrument
readings there, there are no west wind registrations. The predominant directions that are
preserved are northwest and southwest and a speed above 15 m/s.
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Figure 4.3: Wind rose for the period from 01/29/2016 at 00 UTC to 01/31/2016 at 21 UTC
according to a) NIMH and on b) BEO Moussala. The scale on the left refers to the width of
the circles in the rose. Each round counts the number of repetitions at a given speed.

The relative humidity of the air at the beginning of the situation (January 29, 2016
around noon) in most of the country is between 60 and 75%, only over Southwestern Bulgaria
itis up to 30-45% (Figure 4.4, a)). After 12 UTC on 29/01/2019 the relative humidity decreased
to about 30% and did not change until the afternoon hours of 31/01/2016 when it started to rise
from the northwest (Figure 4.4, b)).
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Visibility in this setting is high. According to data from NIMH measurements during
most of the period (in 20 of the 24 considered synoptic terms it is between 60 and 75 km), in 4
synoptic terms (on 29.01 21 UTC, 30.01 00 UTC, 31.01 18 UTC and 21 UTC ) visibility was

reported between 0 and 100 m, due to fog.

Figure 4.4: Relative air humidity at 700 hPa at a) 29.01.2016 at 12 UTC and on b)
31.01.2016 at 12 UTC (to the right) [44].

The summer situation in the period was analyzed similarly 12-13.07.20109.

Chapter 5

CCN and backward trajectories of air masses at
Mount Moussala

5.1. July and December 2016 CCN features

Using the renormalization procedure:

ng= =2 100% (5.1)
where Nq is the number of OCs of size d and N is the total number of CCN in the same volume
[45], it is shown that it maps the renormalized distributions into an (almost) universal one. The
distribution of CCN for each day of the month of July is presented at Figure 5.1 at
supersaturation of the air: a) 0.13%; b) 0.23%; c) 0.43%; d) 0.63%; e) 0.83%; f) 1.03%. To
represents the percentage of the given size out of the total as a function of size. The distribution
for December was investigated similarly.
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Figure 5.1: Distribution of CCN at a given supersaturation: a) 0.13%; b) 0.23%; c) 0.43%;
d) 0.63%; e) 0.83%; f) 1.03% in July 2016. Each curve represents a specific day noted on

the legend to the right.
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The transformation, the division of N in equation 5.1, brings the distributions to a
universal form, as mentioned at the beginning of this chapter.

At air supersaturation S = 0.13% and S = 0.23%, (Figure 5.1, a) and b) the most
common diameter of CCN is 2 um; at S = 0.43% (Figure 5.1, c) this maximum remains, but a
second, smaller one appears at 3 pum. In the other three air pressures used 0.63%, 0.83% and
1.03%, respectively for July Figure 5.1, d), e), f) the 2 um peak is not detected, but peaks for
the 3 um and 5.5 pm sizes are observed.

The concentrations of CCN are presented separately for each of the air pressures used,
on a mean diurnal scale for the two months considered, July and December 2016, respectively
at Figure 5.2, a) and b). The Oy-axis is chosen equal, so the figure shows that kernel
concentrations are significantly higher in July than in December. In addition, there are days
with peak concentrations in both months. In July these are the 5™, 6" and 13", and in December:
the 2", 61 and 12'. In July, there is a clear minimum concentration - on the 18™. In the summer
month, the concentration of CCN is about 4-5 times higher for extremes than in winter. Some
reasons can be hypothesized for the differences between July and December: (i) July reports
more pollutants, including pollen and also as a result of large fires in agricultural areas; (ii)
Saharan dust transport is more intense in July; (iii) In July, differentially warmed mountain
slopes at the summit create conditions for the initiation of a local mountain-valley breeze that

lifts some local aerosols.
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Figure 5.2: CCN concentration in July a) and b) December, at the various interpolations
used, shown with a general legend below the figures.
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5.2. Influence of air masses of Mount Moussala

Air masses in July and December 2016 affecting Mount Moussala derived from
NOAA's HYSPLIT model backward trajectories are grouped by several features. First, on
Figure 5.5, a) and b), a grouping of the concentration of OKA was made according to the
thickness of the atmospheric layer in which the air mass moves during the last 72 hours, before
reaching BEO Moussala. Atmospheric layers are divided into:

e High (H) > 4500;

e Medium (M) [1500-4499];

e Low (L) [0-1499].

In July 2016 (Figure 5.3, a)) the influence of trajectories reaching Moussala from the higher
atmospheric layers prevailed (a total of 17 days), followed by those from the lowest layers (9
days), and the least number of days were those in which the Mt. Moussala was affected by air
masses coming from the middle atmospheric layers (5 days). In December 2016 (Figure 5.3,
b)) the influence of air masses coming from the lowest layers of the atmosphere prevailed (13
days), followed by the influence of the upper layers (10 days), and for the remaining 8 days,

Moussala was affected by air masses coming from the middle layers.
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Figure 5.3: Concentration of CCN clustered with respect to the atmospheric layers
obtained from the backward trajectories by month a) July and b) december 2016 r.
In each box with whiskers, the distribution is reported by: square — median;
rectangle — interquartile range; the two dashed ends enclose the range that is not outside the
limits of the distribution; circle — outlier.

The second grouping of the concentrations of CCN is according to the types of weather
that affect the atmospheric circulation over Bulgaria [40]. According to this classification, the
advective (cyclonic) part has 4 subtypes: Atlantic (Atl), Mediterranean (Med), continental

(Cont), and anticyclonic type (Low gradient pressure (LGP)). Each of the advective subtypes
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has subtypes marked with numbers, all of which are described in detail by Stefanov et al [40].
These are precisely three types of Atlantic (oceanic) advection: subtype Atll - oceanic
advection by cyclone, subtype Atl2 - oceanic advection by anticyclone, subtype Atl3 - mixed
type of oceanic advection under combined influence of cyclone and anticyclone. The
continental advections are divided into: subtype Contl - advection of continental air mass from
the northwest and north sector, subtype Cont2 - advection of continental air mass from the north
and northeast sector, subtype Cont3 - advection of continental air masses from the northeast
sector, Cont4 - advection of continental air masses from the eastern and southeastern sector.
The Mediterranean advections are described in detail by Stoev and Guerova [41]. All advective
subtypes are outlined, and an approximation of the Mediterranean advections is presented. The
non-advective (anticyclonic) parts are divided into anticyclonic type (AC) - winter and summer
anticyclone, as well as a gradient-free baric field.

In July 2016 (Figure 5.4, a)) the most frequently occurring type was Atl2 (11 days)
with an average CCN concentration of 844 #/cm?, while the least reported type was Cont1 with
a concentration of 578 #/cm®. In December 2016 (Figure 5.4, b)) the most frequently occurring
type was Cont1 (7 days) with an average CCN concentration of 101 #/cm?, and the least reported
type was LGP-c, observed only on one day with a concentration of 57 #/cm?.

The third grouping is based on the length of time that air masses spend over the adjacent
surface, described in detail in Chapter 3, section 2. In both months, continental (C) air masses
predominate - 30 days in July and 21 days in December. However, in December, the median
concentration of C air masses is 47 #/cm?, while that of sea (S) air masses is 57 #/cm?®. In July,

on the other hand, practically all trajectories are continental, with the exception of one day.
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Figure 5.4: CCN concentration grouped by the Stefanov classification obtained from the
backward trajectories by month a) July and b) December 2016 r.
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In each box with whiskers, the distribution is reported by: square — median;
rectangle — interquartile range; the two dashed ends enclose the range that is not outside the
limits of the distribution; circle — outlier.

5.3. Meteorological Data

NCEP/NCAR reanalysis data show that in July, the mean geopotential value over
northern regions of Europe is cyclonic with a cyclone center between Iceland, the British Isles,
and Norway. In the remaining parts, including Bulgaria, the mean geopotential field is
anticyclonic (Figure 5.5, a)). In December, at the 700 hPa pressure level, Eastern Europe and
the Balkan Peninsula are under the influence of a baric trough. The mean geopotential over the

rest of Europe is anticyclonic (Figure 5.5, b)).
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Figure 5.5: Average geopotential height at 700 hPa isobaric height (hPa), 1981-2010
NCEP/NCAR reanalysis for a) July and b) December 2016, [42].

In July, over most regions of Europe, including Bulgaria, the temperature anomaly at

the 700 hPa pressure level is positive: between 0.3 K (Kelvin) and 1.5 K. Negative temperature
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Figure 5.6: Temperature anomaly at isobaric height 700 hPa, 1981-2010 NCEP/NCAR
reanalysis for a) July and b) December 2016, [42].
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anomaly occurs over Scotland, southern parts of the Scandinavian Peninsula, and the central
Mediterranean Sea (Figure 5.6, a)). In December, over the Balkan Peninsula, Asia Minor, the
Black Sea, and southern parts of European Russia, the temperature anomaly at 700 hPa is
negative: from 1 K to over 3 K. Over the rest of Europe, the temperature anomaly at 700 hPa is

positive (Figure 5.6, b)).
5.4. Extreme concentrations of CCN

As shown Figure 5.7 a), there are four extremes in the distribution of air pollutant
concentrations in July. These are the 5th, 6th, treated as one synoptic situation, and 13"
(maxima), and the 18" (minimum). In December, there are three clear maxima on the 2", 6™,
and 12", Figure 5.2, b).

The NCEP/NCAR reanalysis for July shows that during the maximum concentrations
of air pollutants (5™, 6™, 13™), the mean geopotential value at 700 hPa over Bulgaria has an
anticyclonic curvature or is gradient-free, while during the minimum of air pollutants (18"), the
mean geopotential at 700 hPa is cyclonic, and Bulgaria and the entire Balkan Peninsula are
affected by a baric valley. The temperature reanalysis for July shows that on the 5th and 6th,
there is no temperature anomaly over Bulgaria, while on the 13th it is positive, and on the 18th
it is negative.

In December, during all days with maximum concentrations of air pollutants, the Balkan
Peninsula is affected by a baric valley at 700 hPa. The temperature anomaly is negative in the
first two cases. For the last one, the temperature anomaly over Southwest Bulgaria, where Mt.
Moussala is located, is positive, while over Northeast Bulgaria, the temperatures are around
their average values.

The behavior of the wind has also been studied and wind roses for the examined days
have been plotted (Figure 5.7). The wind data is from the NIMH station at the Mt. Moussala
for all synoptic times (main and intermediate) - 00, 03, 06, 09, 12, 15, 18, 21 UTC. When the
weather is calm, these hours are not accounted for on the roses. In July, on the days with
observed maximum concentration (Figure 5.7, a), b)), the wind is mainly northwesterly,
moderate, with speeds up to 9 m/s. During the observed minimum (Figure 5.7, ¢)), a strong
north-northeasterly wind was recorded in one of the time periods, which is probably the reason
for the low concentration of nuclei on that day. In December, the concentration of OCPs is
significantly lower than in July. Strong and gusty winds were recorded during all reported

maximums, with winds reaching up to 29 m/s in one of the dayss (Figure 5.7, d), e), f)).
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Chapter 6

Extremes in the concentration of atmospheric
pollutants and their relation to automatic synoptic
classification of atmospheric processes in 2016.

6.1. Concentration of CCN on a daily average scale in 2016

For the purposes of this study, the concentration of CCN is averaged on a daily average
scale with a supersaturation of 0.43% for each day of 2016, and days with extremely high and
extremely low concentrations are separated. Their number is summarized in Figure 6.1, a). The
least number of days with extremely low values occurs in December (zero days), while with
extremely high values - in July and September (two days each). The most cases with extremely
low values occur in March, May, and October (five days each), and with extremely high values
- in May (six days). These days with extremely low or extremely high concentrations of CCN
are grouped according to the types of atmospheric circulation of JCT, shown in Figure 6.1, b).
From the figure, it can be seen that extremely low concentrations of CCN are most frequently
recorded in C, NW, and W types of atmospheric circulation, with 10, 9, and 5 cases,
respectively, while extremely high concentrations are observed in SW, W, and NW types, with
8, 7, and 6 cases, respectively. That is, both types of extremes are observed in W and NW JCT
types but differ in the third most frequently reported type of atmospheric circulation of JCT.
This third type is the absolute maximum for the corresponding type of extreme: C for the lowest
values of CCN concentration, and SW for the highest. In addition, in cases of extremely high
CCN concentrations, only one case of C type is reported (maximum for extremely low values),
while in cases of extremely low CCN concentrations, no cases of SW circulation type are
reported (maximum reported many times for extremely high values). In cases of maximum high
concentrations, in addition to the three main types of atmospheric circulation, three secondary

types can also be determined - AW, N, and NE, each with three reported cases.
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Figure 6.1: Monthly distribution of the number of days in 2016 ¢ a) extreme low (blue
bars) and high (red bars) values of CCN concentration and b) JCT circulation types.

6.2. Concentration of CCN on an hourly scale in 2016

In this study, the CCN concentration at S=0.43% is averaged for each hour for each
recorded minimum and maximum. The days with minimums are represented by box plots in
Figure 6.2, labeled on the legend to the right. The days with maximums are also investigated
within the dissertation. There are no extreme minimum values of CCN concentration in
December.
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CCN minimum number concentration at SS = 0.43% during 2016
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Figure 6.2: Concentration of CCN on an hourly scale for all days with reported minimum
values. The legend on the right indicates the specific day. Different colors correspond to
different months, represented along the x-axis.

In Figure 6.2 each box represents the distribution of data for a specific day with reported
minimum values. The central line represents the median, the square represents the mean, and
the rectangle represents the interquartile range. The 5th and 95th percentiles are indicated by
whiskers, and the minimum and maximum values are represented by crosses. During the studied
period in 2016, there were 38 cases with extremely low concentrations of air pollutants and 44
cases with extremely high concentrations. Generally, the concentration of air pollutants is

higher during the summer than in winter.

6.3. Distribution of days with extremes using HYSPLIT

For each day with a reported minimum or maximum concentration of PM10, a backward
trajectory is plotted using the HYSPLIT model. The selected duration of the trajectory is 72
hours back, as this period of time describes well the path of air masses over Europe and the
development of atmospheric processes that affect the Balkan Peninsula. The backward
trajectories reach the peak of Moussala every day at 12 UTC. The model provides information
on the location, geographic coordinates, and altitude of the air mass at each hour. Two types of
grouping have been made. On the one hand, according to the underlying surface, sea (S) or

continental (C), of the air masses. For this purpose, it has been subjectively counted in each
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hour over what type of underlying surface the respective air mass is located. Three sub-groups
have been identified:

a) When the air mass is over the continent or over the ocean for more than half and less
than 75% of the time, >36<54 hours, it is marked with "a".

b) When the air mass is over the continent or over the ocean for 75% or more of the
time, >54 hours, it is marked with "b".

¢) When the air mass is over the continent or over the ocean for the entire duration of
72 hours, it is marked with "c".

Using this classification, the most frequently occurring typologies of atmospheric
circulation according to JCT obtained in point 6.2 were compared. For extremely low values of
the concentration of CCN, these are C, NW, and W, and for extremely high values - C, NW,
and W. From Figure 6.3 it can be seen that for extremely low values of the concentration of
VOCs, under atmospheric circulations of type C and NW, a prevailing type of the origin of the
air mass can be determined, namely Sa (a maritime air mass, which spends between 36 and 54
hours over the ocean and the rest over the continent) and Cc (a continental air mass, which
spends the entire 72 hours over the continent). For atmospheric circulation of type W, there is
no prevailing origin of the air mass. The same applies for extremely high values of the
concentration of CCN.

Another type of grouping of air masses, which is again obtained from backward
trajectories calculated through the HYSPLIT model, is based on altitude, which is aligned with
the basic atmospheric layers used in synoptics. Three groups of air masses have been identified
based on the maximum altitude they pass through:

a) Low (L) - up to 3000 meters (= 700 hectopascals, hPa), which is very close to the
altitude of Mount Moussala (2925 meters);

b) Medium (M) - up to 5500 meters (= 500 hPa, mid-tropospheric layer);

c) High (H) - above 5500 meters.

Comparing the altitude of air masses with their origin determined above, it can be seen
that extremely low concentrations of air pollutants cannot be linked to a specific dependence
between altitude and their origin. With this type of grouping, during days with minimal
concentrations of air pollutants, it is not possible to determine the predominant relationship

between atmospheric layer and origin of air masses.
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Figure 6.3: Two-dimensional histograms on the origin of air masses versus the JCT
classification during the days with minimal concentrations of CCN’s.
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Figure 6.4: Two-dimensional histograms on days with maximum CCN for the origin of air
masses versus JCT classification.

At extremely high concentrations of CCN, the opposite is true. There is no clear
relationship between JCT classifications and the origin of the air masses, but the two most
common air masses are: (1) one that comes from the low layers (L) and is purely continental
(Cc) and (2) one that comes from the middle layers of the atmosphere (M) and has spent more

than 75% of the time over the continent (Cb), as shown in Figure 6.4.

CHAPTER 7
Application of Twomey's law

Twomey's law [16], Ncon = CS¥ (equation 2.3), and its use on a global scale are
described in detail in Chapter 2, section 2.4.2. Here, NCCN is the number of CCN per cubic
centimeter, S is the supersaturation, and C and k are parameters. The parameter C is equal to
the number of activated CCN at S=1% (#/cm?®), and the parameter Kk is dimensionless and

represents the rate of change of CCN with changes in supersaturation.

7.1 Approximation of CCN

The data for the CCN distribution are "fitted", i.e. an acceptable approximation is made
using Twomey's law at the six saturation levels used by the CCN instrument: 0.13%; 0.23%;
0.43%; 0.63% and 1.03%. Four months from 2016, February, May, August, and November,
representing spring, summer, fall, and winter, were selected. In February, the CCN instrument
was configured by the manufacturers [46] to measure only at 5 saturation levels, with 0.13%
missing. The approximation was obtained for each day of the considered period for the
minimum, maximum, and mean daily values of CCN concentration in BEC Moussala. There
are missing approximations for individual days where, due to technical reasons related to the
CCN instrument, CCN concentration was not measured. In addition to the approximation, the
table presents data obtained from the software, such as the name of the model used (Twomey),
the form of the equation (c*S”k), the date, the values of the sought parameters, C and k, and
their standard error, as well as basic statistical characteristics such as the adjusted coefficient of
determination R2 (Adjusted R Square) and reduced Chi-Square.

As a result of the approximation of the daily average, minimum and maximum

concentrations of CCN, the obtained R? is relatively high for each approximation.
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7.2. Dependency of parameters C and k on temperature

In an attempt to find a dependency of parameters C and k, obtained by approximation
with Twomey's law (equation 2.3), basic meteorological characteristics were used, such as
temperature, wind direction and speed, relative humidity, atmospheric pressure. As a result, the
most suitable dependency was obtained with respect to temperature - minimum, maximum and
average daily values. Temperature data are from the synoptic station Moussala (catalog number
15615, altitude 2925 m) and the climate station Borovets (catalog number 64225, altitude 1350
m) and are available in all synoptic terms - 00, 03, 06, 09, 12, 15, 18, 21 UTC. Borovets climate
station was chosen for comparison because of its location at the foot of Mount Moussala.
Borovets is located 10.3 km north of Moussala in a straight line. In November 2016, following
a tragic incident, the Moussala synoptic station was temporarily preserved and data was not
available.

Figure 7.1 shows the parameters C and k obtained from the approximation of the
average daily concentrations of CCN, compared with the corresponding average daily (Tavg)
temperature for the month of August from a) the Moussala synoptic station and b) the Borovets
climatic station, respectively, on each of the figures. Direct and inverse proportional
dependencies, as well as displacement between the two characteristics, are observed.

An example of this is shown in Figure 7.2, where the distribution of parameter C is
shifted 24 hours forward (17-22.08.2016) compared to the distribution of maximum
temperature (16-21.08.2016) in Borovets. The figure shows a similar trend in both
characteristics. Figures similar to Figure 7.2, are plotted to represent the identical trend of
parameters from Twomey's equation and temperature, where the actual trend of parameter C
(#/cm?3) for the period 17-22.08.2016 and the maximum temperature in Borovets for the period
16-21.08.2016, shifted by 24 hours, are presented to demonstrate their identical behavior.
Similar results have been obtained for different time periods during the four months examined,
both at the Mt Moussala and in the resort of Borovets. This leads to the need to find a physical
explanation for the behavior of the parameters obtained from Twomey's law and subsequently
to separate characteristic time periods. The study generates new research questions that can be
the subject of future additional research.
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Figure 7.1: The parameters C (#/cm®) and k (dimensionless) obtained from the
approximations of the daily average concentrations of PM10 using the Twomey law and the
daily average temperatures from a) Moussala synoptic station and u b) Borovets climate
ctation.

34



28

16 17 18 19 20 21
T T T T T T
2600
2400
2200
~ 2000

1800

C (#/cm®
Tmax [CC]

1600

1400

1200 +

1000 L

Date

Figure 7.2: Dependency of parameter C (#/cm?) for the period of 17-22.08.2016, obtained
from the approximation of maximum CCN concentrations with respect to the maximum
temperature in Borovets for the period of 16-21.08.2016.

7.3. Correlation coefficient between parameters C and k and
temperature

After establishing a uniform behavior of the parameters from Twomey's law and the
temperature, the JCT classification scheme described in Section 3.5 [43] and already applied in
Chapter 6 was used.

For each day of the four examined months (February, May, August, and November
2016), respectively winter, spring, summer, and autumn, the Pearson correlation coefficient
[47] was calculated. Based on it, the possible correlations in percentages [%] are [48]:

e 0.90 70 1.00 (—0.90 m0 —1.00): Very high positive (negative) correlation;
e 0.70 70 0.90 (—0.70 mo —0.90): High positive (negative) correlation;

e 0.50 10 0.70 (—0.50 mo0 —0.70): Medium positive (negative) correlation;
e 0.30 10 0.50 (—0.30 10 —0.50): Low positive (negative) correlation;

e 0.00 10 0.30 (0.00 m0 —0.30): Unsatisfactory correlation.

During the study period, 12 types of circulation were recorded, each of which occurred
for at least 4 days. Circulations reported up to three times, including during the study period,
were disregarded due to the inability to properly calculate the correlation coefficient.

Overall, the correlation coefficient between temperature and parameter C is higher than
the correlation coefficient between temperature and parameter k. The correlation coefficient for
Moussala between temperature and parameter C shows a very high positive correlation in 8

cases and a very high correlation in 11 cases out of all possible 36. The correlation coefficient
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for Borovets between temperature and parameter C shows a high positive correlation in 17 cases
and a very high correlation in 9 cases out of all possible 36. The difference in the number of
reported circulations in Table 7.1 is due to the temporary conservation of the Moussala
meteorological station in November, following a tragic incident.

The most common types of weather circulation during the studied period are
anticyclonic (AC) and western (W) circulation types according to the JCT. The correlation
coefficient is calculated for 10 days for Mt. Moussala and 18 days for Borovets during AC
circulation type. During W circulation type, the correlation coefficient is calculated for 13 days
for Mt. Moussala and 18 days for Borovets.

The highest correlation coefficient (0.995%) is obtained between the maximum
temperature at Mt. Moussala and parameter C under CW circulation type, which occurs 4 times
during the studied period. Under the same conditions, the correlation coefficient for Borovets
is 0.972%.

Table 7.1: Correlation coefficient between the parameters from the Twomey equation
obtained from the maximum concentrations of air pollutants and maximum temperatures
at the Moussala and Borovets peaks for the entire study period (May, February, August,

November 2016).
Moussala Borovets
T Number of correl. coef. [%] Number of correl. coef. [%]
obs. obs.
Tmax_c Tmax_ k Tmax_c Tmax_k

AC 10 0,762 -0,178 18 0,840 -0,279
ASW 4 -0,168 5 -0,073
C 4 -0,603 9 -0,281
cw 4 -0,747 7 -0,714
N 4 0,577 -0,572 5 0,772 -0,616
NW 4 0,634 0,760 6 0,564 -0,381
S 4 -0,879 -0,657 4 -0,634
SW 4 -0,566 9 -0,134 -0,797
w 11 0,885 -0,139 18 0,819 -0,638
NE 5 -0,310 -0,635 8 0,859 -0,598
ANE 4 H 0,107 4 H 0,100
E 5 0,253 -0,638 5 0,893 0,336

For the AC circulation type, there is a high positive correlation between temperature and
parameter C, ranging from 0.7% to 0.9% in 5 out of the 6 possible cases for Borovets and
Moussala, including minimum, maximum, and mean nightly values of temperature and CCN.
Only for the minimum values of temperature and C obtained from the minimum concentration

of CCN on Moussala, the correlation coefficient is lower, 0.64%, which corresponds to a
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moderate positive correlation. The correlation coefficient between parameter k and temperature
(minimum, maximum, mean nightly) is low for all six cases for Moussala and Borovets.

In the W circulation type, the correlation coefficient between temperature and parameter
C shows high positive correlation again in five out of six cases for Moussala and Borovets.
These are again for the maximum and mean nighttime values of the parameter C and the
maximum and mean nighttime temperatures at the Mt. Moussala, with values of 0.885% and
0.747%, respectively. For Borovets, these are for the values of parameter C obtained from the
minimum, maximum, mean nighttime values of CCN concentration, and minimum, maximum,
and mean nighttime temperature in Borovets, with values of 0.768%, 0.819%, 0.827%.

According to the Pearson correlation coefficient [47] a very high positive (negative)
correlation is present when the values are between 0.90% and 1.00% (-0.90% and -1.00%).
There are a total of 14 such cases for the correlation coefficient between parameter C and
temperature at Moussala and Borovets during the study period. The correlation coefficient
between parameter k and temperature at Moussala and Borovets has a very high negative
correlation only in one of the cases during the study period: at the maximum temperatures at
Moussala, it is -0.961% for SW.

7.4. Dependency between parameter C and temperature for AC
and W circulation types according to JCT.

The most common weather types during the study period are anticyclonic (AC) and
western (W) circulation types according to JCT. Each of them occurs 18 times. The dependence
between parameter C from the Twomey equation, obtained from the maximum and nocturnal
average concentration of pollutants and the corresponding maximum and nocturnal average
temperature in the cases of the AC type for Mt. Moussala is presented in Figure 7.3, a). The
dependence between parameter C from the Twomey equation, obtained from the minimum
concentration of pollutants and minimum temperature in the cases of the AC type for Mt.
Moussala is missing from Figure 7.3, because the correlation coefficient is low compared to

the others. The dependence between parameter
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Figure 7.3: Dependency between parameter C and Twomey equation obtained from
minimum, maximum, and average nighttime concentration of CCN and corresponding
temperature for AC type of circulation along JCT for a) Moussala and b) Borovets.

C from the Twomey equation, obtained from the minimum, maximum, and nocturnal average
concentration of pollutants and corresponding minimum, maximum, and nocturnal average
temperature in the cases of the AC type for Borovets is presented in Figure 7.3, b).

It can be seen in it that three clusters of points are formed, both at Mt. Moussala and in
Borovets, with the strongest ones being expressed in the maximum and nocturnal temperatures
in Borovets, Figure 7.3, b), second and third panel.

7.5. Dependency between parameter C and temperature at the
highest correlation coefficients.

From Table 7.1 it can be seen that parameter C correlates more strongly (than parameter
k) with temperature, both at the Moussala meteorological station and at the Borovets climatic
station. Figure 7.4 shows the dependencies between parameter C and temperature T in cases of
the highest obtained correlation coefficients, on the first row for Moussala and on the second
row for Borovets.
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Figure 7.4: Dependency of parameter C from the Twomey equation, obtained from the
minimum, maximum, and average nighttime concentration of atmospheric pollutants and
the corresponding temperature in the cases of the highest correlation coefficients, obtained
for a) Moussala and b) Borovets.

From Figure 7.4, a) and b) it can be seen that the data for Moussala are significantly
fewer in number than those for Borovets when the highest correlation coefficients are obtained.
While at the Moussala meteorological station, two clusters of points are distinguished, similar
to Figure 7.3, where three clusters of points are distinguished, the data from the Borovets

climatic station lie in a curve which can be described by a third-degree polynomial.

Chapter 8

Analysis of data from heterogeneous nucleation

This chapter is dedicated to the (re-) analysis of data from precise experiments on
heterogeneous nucleation in electrochemical conditions - electrodeposition of mercury (Hg) on
two different types of Pt cathodes [36]. The authors specifically point out the analogy with
vapor deposition on solid surfaces (due to the assumption that both cases involve nucleation
mediated by so-called "active sites"), once conceptually and once when defining saturation in

their system and the analogy with saturated vapors. It is part of a study that is under review.
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8.1. Model an1

The so-called 021 model in the context of two-dimensional crystallization with

depletion of the initial supersaturation a1 [49] is given by:
,, 2t
n(t) = nygtanh”(—) (8.1)
T21

After approximating the data from figures 5 and 6 in Markov and Stoycheva [36] the

scaling operation can also be viewed as a formulation of the "degree of conversion”, as shown

1.0 104
0.8 4 0.8 1

83 mvV 83 mV

i 06 84 mvV w 0.6 84 mV

-3 vV 85mvV g vV 85mV

g A 86mV £ A 86mV

A < A

044 87 mV 04 > 87mV

X  88mV 2 X  88mV
0.2 1 0.2 1
0.0 1 0.0 4

T T T T T T ' . . . - :
0.0 05 10 15 2.0 25 0.0 05 1.0 15 20 25
t/ta t/t

Figure 8.1: Scaling of the data from a) Figure 5 and b) Figure 6 from Markov and
Stoycheva [36] with the parameters obtained from fitting with Equation (8.1). The dashed
line is the line of points n/n,_ =t/z,, while the solid curve is the universal (master)

curve n/n_, =tanh’(2t/z,,).

Ideally, all scaled data should "collapse™ onto the same universal curve, and the failure
of a data set to do so should be considered a failure of the model to adequately describe that
particular realization of the experiment. An important aspect in favor of a1 is that it does not
have a "tuning" exponent, as the other two in the hierarchy do. As a result, only a21 has a
universal curve ofn/n,,q, = tanh®*(2t/7,,), while for the other two models, the "universal"
curves are as many as the values obtained for d and g, and in the Richards model, there is even

one more — the dimensionless constant K.
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8.2 Johnson-Mehl-Avrami-Kolmogorov’s model

This is the most commonly used model in the studies of crystallization and nucleation,
introduced as early as the 1930s by Kolmogorov [50], Johnson u Mehl [51], and Avrami [52].

n=n__ {1—exp|:(2t/rwmK )d}} (8.2)

In IMAKd, an additional parameter - the exponent d - appears, whereas in the original
version of the model from the 1930s, it represents the dimensionality of the space in which
recrystallization of alloys with a fixed number of nuclei occurs or the same plus one when it
occurs under conditions of continuing nucleation, i.e., d is originally an integer number equal
to 1, 2, 3, or 4. Over the years and with the distancing from the context in which the model was
proposed, d began to be viewed as an additional parameter to improve the accuracy of the
description, and when it is not an integer number, additional considerations are developed as to
why it is not. Later, with the appearance of new data on non-integer degrees, the understanding
of d evolves.

The relationship between the model and the previous one - a21 [49], expressed through
the ratio of the two time scales - t21 and timak is the so-called conversion factor ct = tymax/T2:1.
In [49] it is shown that tmak=1.1t21, When approximating data where the degree of
transformation o tends towards 1.

The coefficient 2 in front of the time t in both models, equations (8.1) and (8.2), is used
for convenience - then the inflection points of the rescaled model are "close" to the line n/Nmax
= t/t. The application of the IMAKd model is presented in Figure 8.2, using the Avrami plot of

the data from Figure 8.1 a) and b), along with two specific values of d.
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Figure 8.1: Avrami plot of the rescaled data from a) Figure 8.1, a) and b) Figure 8.1, b)
together with two specific values of d.

8.3. Richards model

The Richards model is another general model for studying growth [53], leading to a
sigmoidal dependence due to the combined action of two feedback mechanisms - positive and
negative (the form of the differential versions of the two models described above is also
discussed and studied in [54]. The model is expressed by:

n

n(t)= (1+(a-D)exs (_r(n:X_ o) (83)

This model already has 4 parameters — nmax, ti — the time to reach the inflection point of
the sigmoidal dependence, where the superlinear regime is replaced by the sublinear one, that
is, the negative feedback "prevails", t - related to the kinetics of the process and the generalized
power g. The scaling of the data from figures 5 and 6 of Markov and Stoicheva [36] is analogous
here.

The Richards model has two commonly used special cases - the logistic model of
Verhulst [55] - with g = 2, used in the context of nucleation by Nanev et al. [54], and the

Gompertz model [56] - ¢ q = 1, which are shown in Figure 8.2.
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Figure 8.2: Values of the tuning parameter q from the Richards model when applied to a)
Figure 5 and b) Figure 6 of Markov and Stoycheva [36].

A description was presents of the procedures for data fitting and primarily the results

obtained for 21, while the other two models serve more as confirmation of the results from the
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simplest model. The most important result is presented in Figure 8.4 - the behavior of the two

scales, in terms of the number of nuclei and time, as a function of overvoltage (supersaturation).
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Figure 8.3: Dependence of the obtained from modeling in this chapter the data from
Markov and Stoycheva [36] scales for time and number of nuclei on the overvoltage
(saturation) for a) nmax and b) for 1.

Chapter 9
CONCLUSIONS

The current dissertation work aims to develop a comprehensive approach to the study
of atmospheric aerosols, particularly Cloud Condensation Nuclei (CCN), by placing the
quantitative data on CCN obtained from the BEC Moussala (since 2016) in a broader
meteorological context and seeking dependencies with measurable parameters from it.

To achieve this goal, the behavior of Cloud Condensation Nuclei (CCN) in different
synoptic situations has been studied, on a daily and monthly scale. To obtain a good description
of CCN, a detailed literature review was conducted, described in CHAPTER 2. Additional data
were also used - synoptic classifications (Stefanov et al [40], Jenkinson-Collison-Types [43]),
data from the HYSPLIT model [39], maps from the Global Forecast System GFS [44,57],
NCEP/NCAR reanalysis [42], meteorological data from the Moussala synoptic station of
NIMH (wind direction and speed, temperature), and the Twomey effect [16].

From the analysis of specific synoptic situations, it becomes clear that there is an
extreme of CCN when a baric trough approaches or influences the region, associated with
cyclonic activity whose main centers are far north or northwest of the Balkans. In the analyzed

synoptic situations, these centers are over the northern part of the Scandinavian Peninsula and
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west of the Norwegian coast, over the Atlantic Ocean. In addition, in such synoptic situations,
the relative humidity of the air in the Mt. Moussala area is between 30 and 60%. Despite the
large amount of CCN (especially in the situation examined in July), the visibility in the
Moussala Observatory is very high - around 70 km for both situations. The prevailing wind
directions are from the west quadrant during the winter situation and from the north quadrant
during the summer situation, with better synchronization between the reported wind speeds in
the two independent measurements in the second situation, during the summer half of the year.

When examining on a monthly scale, the results show that the concentration of air
pollutants during the summer is much higher than during the winter (up to 4-5 times). The
distributions of air pollutants, measured for six different concentrations (S) (0.13%, 0.23%,
0.43%, 0.63%, 0.83%, 1.03%), are transformed into their universal forms by scaling the number
for each box to the total number of all boxes. Three main particle sizes of air pollutants are
separated from the total of twenty: at 2 um, 3 um, and 5.5 um. This allows for the identification
of the scaling factor, representative of specific distributions, and then to investigate its behavior
(when transformed as a concentration) instead of examining all distributions (one number
instead of twenty). Clear extremes are distinguished in July: on the 5" and 6™, taken as one
synoptic situation, and 13th (maximuma), and 18th (minimum), while in December there are
three clear maximums on the 2", 6™, and 12, These days are examined in detail by searching
for the influence of geopotential, temperature, and wind at 700 hPa, a height that corresponds
approximately to the height of Mt. Moussala, on the distribution of air pollutant size. It has
been found that the concentration maxima of air pollutants in July correspond to a geopotential
gradient-free field at 700 hPa, while in December the Balkan Peninsula is influenced by a baric
troughs.

In addition, the backward trajectories of air masses that influence Mount Moussala have
been studied. They were calculated for 72 hours prior to reaching the peak, using the HYSPLIT
model developed by NOAA. Based on the time spent by the air masses over the corresponding
underlying surface, two main types of backward trajectories are identified, maritime and
continental, with continental air masses predominating in both months, 30 days in July and 21
days in December, respectively.

The next subgrouping was based on a scheme for synoptic classification of atmospheric
processes in the Balkan region. This scheme includes four types: Atlantic, continental,
Mediterranean, and a gradientless baric field. Separation based on the thickness of the
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atmospheric layer through which the air masses pass has also been used - low, medium, and
high layer.

Reported are also all days with extreme values of the OKYA concentration. On these
days, the prevailing atmospheric circulations according to JCT with 26 types during the OKYA
minimums are C, NW, and W, and during the maximums, these are SW, W, and NW, with the
first type being the most predominant in both cases. At extremely high values of the OKYA
concentration, there are also three secondary types - AW, N, and NE. At extremely low values
of the OKYA concentration, during atmospheric circulations of type C and NW, the
predominant type of origin of the air mass is Sa and Cc, respectively. At extremely high
concentrations of OKYA, the most commonly encountered air masses are two types: (1) that
coming from the low layers (L) and is purely continental (Cc) and (2) that coming from the
middle layers of the atmosphere (M) and has spent more than 75% of the time over the continent
(Ch).

The Twomey law [16], (equation 2.3) was applied, which contains the concentration of
CCN at a given saturation ratio S and two parameters, C and k. Parameter C is equal to the
number of activated CCN at S=1% (#/cm?®), and parameter k is dimensionless and represents
the rate of change of CCN with a change in saturation ratio. To determine the parameters of the
law, an approximation of the data was made using the free software, for the minimum,
maximum, and average daily values of CCN concentration in the BEO Moussala.

High correlation coefficients have been established between parameter C obtained from
the minimum, maximum, and average daily concentration of CCN and the minimum,
maximum, and average daily temperature at the Moussala synoptic station and the Borovets
climate station. Borovets was chosen for comparison due to its location at the foot of the Mt.
Moussala. Borovets is located at an altitude of 1350 m and is 10.3 km north of the Mt. Moussala
in a straight line. The correlation coefficient for Moussala between temperature and parameter
C has a very high positive correlation in 8 cases and a very high correlation in 11 cases out of
all possible 36. The correlation coefficient for Borovets between temperature and parameter C
has a high positive correlation in 17 cases and a very high correlation in 9 cases out of all

possible 36.
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Chapter 10

Scientific contributions, publications, and
presentation of the results of the dissertation.

10.1. Scientific contributions of the dissertation

A correlation has been established between the maxima in the concentration of

atmospheric aerosols, the backward trajectories of air masses, and the synoptic
conditions during 2016;

e Dependencies have been found between the extremes in the concentration of aerosols
and the types of Jenkinson-Collison-Types circulation;

e High correlation coefficients have been found between a parameter from Twomey's
equation and the temperatures at Moussala and Borovets;

e A jump in the time scale from one nucleation mode to another is obtained

10.2. Dissertation Publications

10.2.1. Journal publications with ISl impact factor

1) V. Kleshtanova, V. V. Ivanov, F. Hodzhaoglu, J.E. Prieto, V. Tonchev, Model
hierarchy to reanalyze results from an archetypical experiment on the kinetics of heterogeneous
nucleation - the electrodeposition of Hg on Pt, by I. Markov and E. Stoycheva. Crystals (MDPI)
Preprint.

2) Kleshtanova, V., Tonchev, V., Angelov, Ch.: Extremes in the concentrations of CCN
at Mt. Moussala and synoptic classifications, Proceedings of the Bulgarian Academy of
Sciences, 2023, accepted for publication.

3) Kleshtanova, V., Stoycheva, A., Tonchev, V., Angelov, Ch.: Cloud condensation
nuclei and backward trajectories of air masses at Mt. Moussala in two months of 2016, Journal
of Atmospheric and Solar-Terrestrial Physics, 2023.
https://doi.org/10.1016/j.jastp.2023.106004

4) Kleshtanova, V., Angelov, Ch., Kalapov, I., Arsov, T., Guerova, G., Tonchev, V.

What one can learn from the cloud condensation nuclei (CCN) size distributions as monitored
by the BEO Moussala?, AIP Conference Proceedings. 2019. https://doi.org/10.1063/1.5091311
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10.2.2. Journal publications without ISI impact factor

1) Kleshtanova, V., Stoycheva, A., Tonchev, V.: Distributions of cloud condensation
nuclei related to two synoptic situations in 2016. Bulgarian Journal of Meteorology and
Hydrology 23, 17-30., 2019. http://meteorology.meteo.bg/global-
change/files/2019/BJMH_2019 V23 N1/BJMH_V_Kleshtanova.pdf

10.2.3. Publications outside the topic of the dissertation

1) Kleshtanova, V., Markova, B., Kirilova, A.: Heavy rainfall in Karlovo valley in
September 2022, Bul. J. Meteo & Hydro. http://meteorology.meteo.bg/global-
change/files/2022/BJMH_2022 V26 N1/BJMH_26 1 3.pdf

10.3. Participation in projects

10.3.1. Head of a scientific project financed by Bulgarian sources

1) Analyzing extremely high concentrations of cloud condensation nuclei on Mount
Moussala in 2017. First stage of national program "Young scientists and postdoctoral students
- 2, ongoing. In Bulgarian.

2) Influence of air masses on cloud condensation nuclei. Third stage of the National
Program "Young scientists and postdoctoral students", 2021, completed. In Bulgarian.

3) Distributions of cloud condensation nuclei and relation to two synoptic conditions in
2016. First stage of National Program ™Young scientists and postdoctoral students”, 2019,

completed. In Bulgarian.

10.3.2. Participant in a scientific project financed by Bulgarian sources

1) How are synoptic maps developed?. H2020-MSCA-NIGHT-2020bis-101036078, K-
TRIO 5, 2021.

2) Cloud condensation nuclei. Research project in support of doctoral students,
supervised by Assoc. Ph.D. Veselin Tonchev. 80-10-192/27.04.2020 with FNI - SU.

10.3.3. Participant in a scientific project funded by foreign sources

1) COST inDUST “International Network to Encourage the Use of Monitoring and
Forecasting Dust Products” — International Network to Promote the Use of Atmospheric Dust
Monitoring and Forecasting Products. COST, CA16202.
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10.4. Presentation of the results of the dissertation
10.4.1. Presentation of results at scientific forums

1) Kleshtanova, V: Air masses and cloud condensation nuclei on Mount Moussala. 4th
Scientific Seminar "Physics and Chemistry of the Earth, the Atmosphere and the Ocean”, Banya
village, commune. Razlog, 9-11.10.2022. Report.

2) Kleshtanova, V: Cloud condensation nuclei from marine and continental air masses.
3rd Scientific Seminar "Physics and Chemistry of the Earth, the Atmosphere and the Ocean”,
Banya village, commune. Razlog, 3-5.10.2021. Report.

3) Victoria Kleshtanova, Saharan dust transport at BEO Moussala in 2016, Training
School on dust products, NIMH, 27.01-29.01 2020. Report.

4) Kleshtanova, V., Stoycheva, A., Tonchev, V.: Distributions of cloud condensation
nuclei and connection with two synoptic conditions in 2016. 2nd scientific seminar "Physics
and Chemistry of the Earth, Atmosphere and Ocean™, Pchelin, Kostenets, 13 - October 15, 2020.
Report.

5) Kleshtanova, V., Angelov, Ch., Kalupov, I., Arsov, T., Gerova, G., Tonchev, V.
Study of cloud condensation nuclei based on data from BEO Moussala and tracing their path
along backward trajectories, VIII National student scientific conference on physics and
engineering technologies, Park-hotel "Saint Petersburg”, Plovdiv, 31.10 - 1.11.2019. Poster.

6) Kleshtanova, V.: Seasonal trend of cloud condensation nuclei in BEO Moussala.
Training seminar physics and chemistry of the earth, the atmosphere and the ocean, Varshets,
31.05 - 2.06.2019., report.

10.4.2. Presentations outside of the dissertation topic

1) Kleshtanova, V.: Basic Environmental Observatory ,,Moussala”, First ACTRIS cloud
in situ (CIS) community meeting, 01.12.2020, virtual, oral.
2) Kleshtanova, V.: Saharan dust transport at BEO Moussala in 2016, 6. Staubtag,

Karlsruhe, Germany. 2019., oral.
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