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Abstract: The territory of Bulgaria represents a typical example of high seismic
risk area. In the present study deterministic scenarios in intensity for two Bulgarian
cities (Ruse and Plovdiv) are presented. By deterministic scenario it is mean a
representation of the severity of ground shaking over an urban area, using one or
more hazard descriptors. Such representation can be obtained: - either from the
assumption of a “reference earthquake” specified by a magnitude or an epicentral
intensity, associated to a particular earthquake source - or, directly, showing values of
local macroseimic intensity generated by a damaging, real earthquakes of the past. In
the study we chose for the second method using the values of macroseimic intensity
caused by damaging historical earthquakes (the 1928 quakes in southern Bulgaria;
and the 1940 and the 1977 Vrancea intermediate earthquakes).

Key words: earthquake, seismic impact, macroseismic intensity, deterministic
scenarios, seismogenic area.

Introduction

Earthquakes are the most deadly of the natural disasters affecting the human
environment; indeed catastrophic earthquakes have marked the whole human history.
Global seismic hazard and vulnerability to earthquakes are increasing steadily as
urbanization and development occupy more areas that are prone to effects of strong
earthquakes. Additionally, the uncontrolled growth of mega cities in highly seismic
areas around the world is often associated with the construction of seismically unsafe
buildings and infrastructures, and undertaken with an insufficient knowledge of the
regional seismicity peculiarities and seismic hazard. The assessment of seismic hazard
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and generation of earthquake scenarios is the first link in the prevention chain and the first
step in the evaluation of the seismic risk.

Bulgaria situated in the Balkan Peninsula (that is a part of the Alpo-Himalayan
seismic belt, which is characterized by high seismicity) is exposed to a high seismic
risk. Bulgaria contains important industrial areas that face considerable earthquake risk.
Over the centuries, Bulgaria has experienced strong earthquakes. Some of the Europe¢s
strongest earthquakes in 20-th century occurred on the territory of Bulgaria. Impressive
seismic activity developed in the SW Bulgaria during 1904-1906. The seismic sequence
started on 4 of April 1904 with two catastrophic earthquakes within 23 minutes (the first
quake with MS=7.1 considered as a foreshock and the second, the main shock, with
MS=7.8 and 10=X). Along the Maritza valley (central part of Bulgaria), a sequence of
three destructive earthquakes occurred in 1928. However, no such large earthquakes
occurred in Bulgaria since 1928, which may induce non-professionals to underestimate
the earthquake risk. Moreover, the seismicity of the neighboring countries, like Greece,
Turkey, former Yugoslavia and Romania (especially Vrancea-Romania intermediate
earthquakes), influences the seismic hazard for Bulgaria.

In the present study deterministic scenarios (expressed in seismic intensity) for the
cities of Plovdiv and Rouse are presented. Both deterministic scenarios were generated
using the values of macroseimic intensity cased by damaging, real earthquakes of the
past. The methodology applied is described among others in Solakov et al., 2009 and
Solakov et al., 2011. The work on scenarios was guided by the perception that usable and
realistic (also in the sense of being compatible with seismic histories of cities that are
several centuries long) ground motion maps had to be produced for urban areas.

Earthquake senario for the city of Plovdiv

The city of Plovdiv
Now

19" century Ancient time
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The Bulgarian city of Plovdiv is located in the South-Central Bulgaria on the
two banks of the Maritsa River. Being the second largest city in the country, it has a
population of about 350 000. The city has historically developed on seven syenite hills,
some of which are 250 m high. Because of these seven hills, Plovdiv is often referred to
in Bulgaria as “The City of the Seven Hills”. History of the city of Plovdiv spans some
6,000 years, with traces of a Neolithic settlement dating to roughly 4000 BC. In the
beginning of the 20th century Plovdiv grew as a significant industrial and commercial
center. At present Plovdiv is one of the most populated cultural region of Bulgaria that
faces considerable earthquake risk.

Over the past century, the city of Plovdiv has experienced several strong earthquakes.
The earthquakes that mainly influence the hazard of Plovdiv originate near the city. The
contemporary tectonic activity of the area is associated with Maritsa fault system with
WNW-ESE direction. The Maritsa fault with its satellites belongs to structures with a
longlasting development, which continues in the neotectonic period. The oblique Maritsa
Fault striking N 116°, and the dipping towards N is of length of about 36 km. It is known
with the surface rupturing during the MW = 7.0 earthquake of 18 of April 1928 (Yankov,
1945). The strongest known earthquakes occurred on the fault system are those in 1928
(the Chirpan earthquake of April 14, 1928 with MW=6.8 and the Plovdiv earthquake of
April 18, 1928 with MW=7.0, I=9-10 MSK). The 1928 earthquakes completely destroyed
74000 buildings in the towns of Plovdiv, Chirpan and Parvomay (Kirov, 1945).

The 1928 M, 7.0 earthquake impact on the city of Plovdiv
The 1928 earthquake ruined 3600 and partially destroyed 6000 buildings in the city

of Plovdiv (DIPOZE, 1931). Some of the damages in the city of Plovdiv are illustrated
in Fig. 1.

Fig. 1. Damages in the city of
Plovdiv caused by the 1928
(M, =7.0) earthquake
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In the present study the earthquake damages are assessed on the base of descriptions
and analyses presented in DIPOZE ,1931. Additionally, available documents and materials
that were collected in the territorial Directorate “State Archive” and the National Library
“Ivan Vazov”, Plovdiv were used.

The most of the destructions have been observed north of the Maritsa River due
to very bad soil conditions and not well constructed buildings. The maximum observed
intensity there reaches 9-10" degree MSK.

One of the worst hit districts is, located in the southeast part of the city. The district
is built on drought and loose sleeve of the Maritsa River. 95% of the houses there were
destroyed. The intensity of the impact in this region is higher than 9" degree MSK.

Major damages have been identified in the southern marginal part of the city (the
size of the city of Plovdiv in 1928 is considerably smaller than the current size of the city)
where the buildings are small, ramshackle homes built without any supporting structures.
The impact is assessed by intensity 9* degree MSK.

Overall the city center and houses around the hills have suffered slight damage. South
of Maritza River damage on buildings are considerably smaller. The public and private
buildings are well built and the soil conditions are stable - compacted sediments. The
maximum observed intensity in that part of the city is 7-8 ™ degree MSK. Least affected
are buildings situated on and around the hills. The houses are solid with thick stone walls
situates on syenite hills. The maximum seismic intensity in this area is 7" degree MSK.

Observed damage can be regarded as a combined effect of seismic impact, geological
conditions and the type of construction.

Distribution of macroseismic effects (in intensity) along the city of Plovdiv is
presented in Fig. 2.

Map of the observed intensity values (Io) for the city of Plovdiv

Obsened Intensities
7
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Fig. 2. Observed macroseimic effects caused by the 1928 earthquake
(M,, =7.0) on the city of Plovdiv (in intensity MSK);colore represent the
intensities in MSK scale;(Map of Plovdiv from the beginning 20th century)
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The intensity scenario map is presented in Fig. 3. Base of seismic history of the
city of Plovdiv the 1928 earthquake (M,, =7.0) is considered as responsible of the
macroseismic intensity scenario. The generation of intensity scenario use directly the
intensity assessment of the 1928 quake with M =7.0. The scenario map illustrates the
distribution of the maximum values of macroseismic intensity (MSK) along the central
part of the city of Plovdiv. The soil properties of the urban area were incorporated in the
senario generation by using the very simplified geotechnical map for the city of Plovdiv.

Fig. 3. Earthquake scenario for the city of Plovdiv (in intensity MSK) based on
macroseimic effects generated by a damaging, real earthquake of the past; colors
represent the intensities in MSK scale. (Map of Plovdiv from the beginning 20th century)

Earthquake scenario for the city of Ruse

The city of Ruse

The city of Ruse that is located in the north-eastern part of the country is the fifth
largest city in Bulgaria. Its population is about 162000 people. The city of Ruse is situated
on the right bank of the Danube River, in the mouth of Rusenski Lom River. It is the most
significant Bulgarian river port, serving an important part of the international trade of the
country.

The city emerged as a Neolithic settlement from the 3rd to 2nd millennium BCE,
when pottery, fishing, agriculture, and hunting developed. During the reign of Vespasian
(69-70 CE) it developed into a Roman military and naval centre as part of the fortification
system along the northern boundary of Moesia. Its name, Sexaginta Prista, suggests a
meaning of “the port town of the sixty ships. After it became part of modern Bulgaria on
20 February 1878, Ruse was one of the key cultural and economic centres of the country.
Intensive building during the end of the 19th and the beginning of the 20th century
changed the city’s architectural appearance to a typical Central European one. The city is
famous for its 19th- and 20th-century Neo-Baroque and Neo-Rococo architecture, which
attracts many tourists. It is often called the Little Vienna.

Bulgarian Geophysical Journal, 2018, Vol. 41 7
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Now

Ancient “Sexaginta Prista” Ruse in 1824
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The Vrancea seismogenic zone of Romania is a very peculiar seismic source, often
described as unique in the world, and it represents a major concern for most of the northern
part of Bulgaria. The events generated in this seismogenic zone are characterized by
relatively deep hypocenters and wide area of marcoseismic impact. In this area strong
intermediate-focused earthquakes are being realized with depth 90-230 km. The strongest
known events, occurred in the Vrancea seismogenic zone are the following earthquakes:
the 1802 quake with magnitude M, =7.9 (Watzof, 1902), the 1940 M =7.7 (Kirov, 1941)
and the 1977 quake, M =7.4 (the Mw estimates are according to ROMPLUS, 2007).
Situated at distances larger than 200 km from the Vrancea zone, several cities in the
northern Bulgaria suffered many damages due to high energy Vrancea intermediate-depth
earthquakes. The March 4, 1977 event (Mw 7.4) caused partial or total damages in 8470
buildings (as illustrated in Fig. 4), and 125 casualties on the territory of Bulgaria.

Fig. 4. Damages in Northern Bulgaria caused by the 1977 (M=7.2) Vrancea earthquake

Impact of Vrancea earthquakes on the city of Ruse

The strongest documented seismic impacts on the city of Ruse until nowadays
are from earthquakes generated in Vrancea seismogenic zone. In the present study two
intermediate-focused Vrancea earthquakes are considered: the 1940 (M, =7.7) and the
1977 (M, =7.4).

For both earthquakes distribution of macroseismic effects along the city is estimated
on the base of documents available in Regional administration of “State Archive” and
Regional Library “L.Karavelov”, Ruse.

The intensity map illustrating the impact of the 1940 M, 7.7 earthquake on the city
of Ruse is presented in Fig.5. The figure shows that the intensity values range between 6
and 7 MSK. The most affected are the central and the coastal areas of city of Ruse.

Distribution of macroseismic effects (in intensity) of the 1977 M, 7.4 earthquake
along the city of Ruse is presented in Fig.6. The highest intensities (7-8MSK) are observed
in the west-southwest, central and coastal part of the city where the intensity reaches the
9" MSK.

Bulgarian Geophysical Journal, 2018, Vol. 41 9
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The observed distribution of intensity function along the city of Ruse in both cases is
identical (though a scant information about the earthquake of 1940). Impacts of the both
earthquakes are with the highest intensity in coastal parts of the city. Strong effects are
observed in the western and central parts of the city of Ruse. In the central and western
parts of the city buildings and facilities were built on subsiding loess soils. The water
content of these soils is increased by the proximity of the river Rousse Lom River and
aquifers formed the basis of loess, leading amending strength-deformation characteristics.

Fig. 5. Impact of the 1940 Vrancea earthquake (M,,=7.7) on the
city of Ruse; the numbers represent the intensities in MSK scale.

Fig. 6. Impact of the 1977 Vrancea earthquake (M, =7.4) on the
city of Rus; numbers represent the intensities in MSK scale
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The earthquake scenario (in intensity) for the city of Ruse is presented in Fig.7.
The generation of intensity scenario used directly assessed impacts of the strongest past
intermediate-focused earthquakes-the 1940 quake with M, =7.7 and the 1977 quake with
M,,_ 7.4, both generated in Vrancea, Romania. A good spatial coincidence between the
value of the impacts assessed and configuration of the Danube and Ruse Lom Rivers
terraces was found. The seismic scenario for the city of Ruse (presented in Figure 7) is
generated by matching the observed distribution of intensity function along the city with
the configuration of river terraces. The scenario map illustrates the distribution of the
maximum values of macroseismic intensity (in MSK) along the city of Ruse.

Fig. 7. Earthquake scenario for the city of Ruse (in intensity
MSK) based on macroseimic effects generated by damaging,
real earthquakes of the past; colors represents the intensities
in MSK scale.

Conclusions

Such scenarios are intended as a basic input for developing detailed earthquake
damayge scenarios for the cities. They can be used also to improve urban development
and for risk mapping and management

The scenarios may be efficiently used for the purpose of microzonation, urban
planning, retrofitting or insurance of the built environment and infrastructure planning,
etc.

The damages caused by these earthquakes have outlined the need of in-depth
analysis in what concerns the seismic hazard specific for the regions, as well as the need
to suggest solutions to reduce the possible negative effects.

Bulgarian Geophysical Journal, 2018, Vol. 41 11
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The implementation of the earthquake scenarios into the policies for seismic risk
reduction will allow focusing on the prevention of earthquake effects rather than on
intervention following the disasters.

It is hoped that the themes inherent in the analysis of seismic hazard and risk, aimed
at the conservation of the historical architectural heritage and the detailed knowledge of a
territory, may inspire a new “historic” awareness of environmental risk.

All these concerns may enter into the world of schools and be propagated by the
mass media, in the forms best suited to arouse the interest of the young generation and
to stimulate in them the need for a culture of safety and prevention as a new form of
habitation civilization.
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JleTepMHHUCTHYHU CEU3MUYHU CIIEHAPUH, 023MPAHU HA MAKPOCEM3MHYHH
WHTEH3UBHOCTH, FT€HEPUPAHH OT CUJIHU 3eMeTPeCeHHs peaju3upaHu
B MHHAJIOTO

N. Anexcannposa, C. Cumeonosa, J[. [lonakos, I1n. Paiikosa

Pe3tome. Bearapus npejcTaBisiBa THIIMYCH PUMEP 3a TEPUTOPHSI C BIHCOKA CTCIICH HA
CEU3MHYHA OMACHOCT. B HACTOSIIIOTO W3ClieNBaHE Ca MPEACTABEHU JICTCPMUHUCTHYHH
CIICHAPHH B MAaKpOCEH3MHYHA WHTECH3WBHOCT 3a JiBa rojieMu Owirapcu rpaga (Pyce u
[TnoBnuB). JleTepMUHUCTUYHUSAT CIICHAPUN € €HA OIICHKAa HAa HA-CHIIHUTE BH3MOXK-
HU CEM3MHUYHHU BB3ICHCTBUS BbPXY ypOaHWU3MpaHATa TepuUTOpus. TakbB ClieHApUil ce
TeHepupa: — WIN Ype3 U3IO0JI3BaHe Ha ,,pe()epeHTHO 3eMeTpeceHne ¢ ONpe/IelieH Mar-
HUTY/ (MM CMUIICHTPAHATA HHTEH3UBHOCT), CBHP3aHO C KOHKPETEH CCHM3MUYCH U3TOY-
HUK — WIN JUPEKTHO, YpEe3 M3M03yBaHE HA HAOIIONABaHHU BH3ICHCTBUS, IPUIMHCHH OT
pa3pyIINTEIHA 3eMETPECEHUs], pealli3MpaHd B MUHAJIOTO. B macrosmoro m3cienBaHe
¢ M30paH BTOPUAT MOMIXOJ] KaTo ca MPIJIOKECHU HAOIIONAaBAaHUTE MAKPOCCH3MUYHU Bb3-
JICHCTBUS, MPUYNHEHH OT CHITHU UCTOPUYCCKH 3E€METPECEHUS — ChOUTHATA, TCHEPUPAHU
B 1okHa bearapus npe3 1928 1., u 3emerpecenusita or 1940 r. u 1977 ., peanuzupanu B
MEXITUHHOPOKYCHO oruuiie Bpanuya.

Bulgarian Geophysical Journal, 2018, Vol. 41 13
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Abstract. This paper considers ionospheric anomalies over the territory of Bulgaria
during geomagnetic storms - the storm on 5 April 2010 and the event on 9 March 2012.
The response of the ionosphere over Bulgaria is represented by data, collected by the
ionospheric station in Sofia at NIGGG- BAS. The values of the Total Electron Content
(TEC) have been provided by the Center for Orbit Determination of Europe (CODE).
The data for variations on Earth magnetic field are received from INTERMAGNET.
It was used the station Panagyurishte (PAG) located on the territory of Bulgaria. The
impact of ionospheric anomalies on radio communication on frequencies in shortwave
and satellite navigation is also analyzed.

Key words: Geomagnetic storm, TEC, Critical frequency, lonospheric anomalies.

Introduction

Geomagnetic storms is the common name of the physical processes in the Earth’s
atmosphere and ionosphere, caused by large increases in plasma streams discharged into
interplanetary space during Coronal mass ejections from the sun. Historically, they were
first seen as anomalies in the values of Earth’s magnetic field, which is one of the visible
manifestations, with the help of ground-based measuring devices (magnetometers), of
processes that accompany the entering of flows of charged particles (electrons and ions)
discharged from solar corona into Earth’s atmosphere. Because of the constant Earth
magnetic field, the flows of particles penetrate deep into the Earth’s atmosphere only
in polar regions where the geomagnetic field lines are highly inclined (near vertical).
Abnormal changes in the readings of magnetometers are due to the electric currents
(generated by streams of charged particles) whose magnetic field is summed with the
constant Earth magnetic field. The values of the variations in the magnetic field near
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the Earth’s surface are used to create geomagnetic indices that characterize the intensity
of storms. One of the most commonly used is the index Kp, which is obtained by
summarizing the variation of a sufficient number of geomagnetic stations. Values of the
Kp index vary between 0 and 9. Kp <4 is reported calm state, 4 <= Kp <5 — active state
and when Kp>= 5 - geomagnetic storm. The intensity of magnetic storms is denoted by
numbers (Scale) from G1 (Kp=5) to G5 (Kp=9). Storms with number G5 are considered
extreme (NOAA Space Weather Scales).

Anomalous variations of the Earth’s magnetic field are not the only result of the
penetration of solar plasma flows into the Earth’s atmosphere. Geomagnetic storms
are accompanied by the so-called ionospheric storms, which are anomalous variations
of the electronic concentration in the ionosphere (increase or decrease). Entering the
atmosphere in the polar regions, the flows of charged particles cause further ionization,
as well as an increase in the temperature of the neutral air, which changes the general
atmospheric circulation at heights above 100 km. A change occurs in the ratio of oxygen
to nitrogen and as a consequence the coefficients of recombination in the ionosphere
change, which in turn causes anomalies in the electron concentration (Mukhtarov et
al., 2013).These anomalies propagate from the polar regions to the equator through the
processes of atmospheric dynamic (presence of neutral wind) (Kutiev & Mukhtarov,
2003).

The ability of the ionosphere (the area of the atmosphere, in which free electrons
are present in addition to neutral gas molecules) is used to carry out the distant radio
connection that are based on the ability of the ionized air to reflect radio waves with
a certain frequency transmitted from terrestrial stations. Single and multiple reflection
of radio waves from the ionosphere makes possible, under certain conditions, the
implementation of communications between widely separated points on Earth with
minimal energy consumption.

The ability of the ionosphere to reflect radio waves is directly related to the
maximum of electron concentration, formed at altitudes between approximately 200 and
400 kilometers. The height and the value of this maximum vary depending on diurnal and
seasonal variations. This two parameters depending also of 11-year solar cycle.

Two variables are used to characterize the possibility of radio communication,
their values being derived from the data, gathered by ground- based ionosondes - critical
frequency vertical distribution foF2 and maximum applicable frequency in 3000 km
distance MUF3000. The critical frequency is actually the maximum applicable frequency
for ionospheric radio communication at distances below 100 km.

Total electron content (TEC) is the total amount of free electrons in a vertical
column with height limits of the ionosphere (about 1000 km). This ionosphere
characteristic is important for determining the so-called ionosphere correction using
GNSS (Global Navigation Satellite Systems). Radio waves, used for satellite navigation
have a very high frequency and are not reflected by the ionosphere, but as they pass
through it, they receive additional delay, which introduces errors in determining the
coordinates of the receiver. Knowing the values of TEC allows for correction of the
readings (Hansen et al., 1997).

Bulgarian Geophysical Journal, 2018, Vol. 41 15
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Data

This study uses values of the planetary index of geomagnetic activity Kp, published
in NOAA- https://www.ngdc.noaa.gov. Data from the vertical probing of the ionosphere
with radio waves (foF2 and MUF3000) are provided by the Ionospheric station at
NIGGG-BAS. Data for the variations of the Earth’s magnetic field are provided by
INTERMAGNET- http://www.intermagnet.org/. To present the magnetic field course,
data from the Panagyurishte (PAG) station with coordinates 42.5 ° N, 24.2 E° was
taken. The TEC values were obtained by the Center for Orbit Determination of Europe
(CODE) - ftp:/ftp.unibe.ch/aiub/CODE/. Because the data are in grid with a 2.5° step
in latitude and 5° in longitude, the point nearest to Sofia was selected, namely 42.5°N,
25°E.

Experimental results

This work examines two geomagnetic storms - the storm on 5 April 2010 and the
other storm on 9 March 2012. Both of them are Severe (G4, Kp =8), according to NOAA
Space Weather Scales. The first storm to be explored on April 5, 2010 is a typical storm
with a sudden start. The sharp increase of Kp to value (~ 8) occurs at noon (local time)
on 5 April of practically calm or slightly disturbed conditions. The subsequent response
of Kp is a gradual decrease in value, on 6 April - the index ranges around 5, which is
considered a (Minor) disturbed state. Normalization of the geomagnetic activity occurs at
7 April - when the value of Kp is about 4.

The path of the X component of the magnetic field on the graphic (Figure 1),
measured at Panagyurishte station, is typical for geomagnetic stations at middle latitudes.
During the storm an overall decrease in the value of the X component around 80nT
(about 0.34%) is observed. In geomagnetic storms middle latitude stations show effects
such as an increase of the equatorial circular current (Dst- variations) and the currents,
that are induced in the polar regions (chaotic variations). Anomalies in the ionosphere
(ionospheric storm) obviously come with some delay. It is noted that at 5 April the values
of foF2 and MUF3000 do not differ significantly from those in the calm state. A significant
negative anomaly occurs on 6 April, with a half-day delay from the onset of the storm.
This phenomenon is due to the inertia of the ionosphere. The decrease in MUF300 is
about 10-12 MHz, which is the narrowing of the range of frequencies at which radio
communication is possible at a distance of 3000 km.

TEC anomalies are fundamentally different from the anomalies in the critical
frequencies. The sharp rise in TEC values at around 5 TECU at noon by around 15
TECU indicates that the response is entirely positive and the delay to the storm is
minimal. The presence of positive and negative phases in TEC response is due
to different mechanisms of change of the electron concentration in the areas of the
ionosphere (Pancheva et al, 2016).

The other storm, this paper considers, occurred on 9 March 2012. Unlike the first
storm examined this one doesn't have a sudden onset, and its manifestation affects

16 Bulgarian Geophysical Journal, 2018, Vol. 41



R. Bojilova: lonospheric anomalies over Bulgaria during two geomagnetic storms

reviewed charts on the previous date as early as 7 March. There is a disturbance at
midday (Moderate; G2, Kp = 6), which may indicate an upcoming geomagnetic activity.
In the coming days, Kp switches, with a maximum loan amount of 9 March. Then the
index becomes 8, which is classified as a severely disturbed state (Severe; G4, Kp = 8).
Normalization of geomagnetic activity occurs the next day -10 of March.

For magnetic storm tracking, the same station (PAG) from Mid-Range
Geomagnetic Observatories was again selected for this storm. Storm variations in the
X-component of the magnetic field are about 140 nT (about 0.6%). The ionospheric
storm is expressed by anomalies in foF2 and MUF3000. It can be seen from the graph
that the values of the two values for the period 9-10 March 2012 have a very low
negative anomaly. Again, the delay in the response is minimal [Kutiev, Mukhtarov,
2001]. The MUF3000 is about 5 MHz. The increase in critical frequencies does not
affect radio links. The sudden rise above the TEC by 15 TECU at the end of 7 March
shows both the positive response of this magnitude, the first phase of the storm, and
the absence of any apparent delay. The second (major phase) of the storm does not
produce a visible positive response in the TEC, but in the late hours of 9 and 10 there
is a pronounced negative response.

The behavior of the ionosphere over Bulgaria during the geomagnetic storm on
5 April 2010 and 9 March 2012 is shown on Fig. 1 and Fig. 2.
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Fig. 1. Variations of Kp-index (upper left plot), the horizontal geomagnetic field (bottom left plot),
critical frequencies (upper right plot) and TEC (bottom right plot) during the geomagnetic storm 5
April 2010.
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Fig. 2. Variations of Kp-index (upper left plot), the horizontal geomagnetic field (bottom left plot),
critical frequencies (upper right plot) and TEC (bottom right plot) during the geomagnetic storm 9

March 2012.
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Fig. 3. Relative values of ionospheric quantities during two geomagnetic storms. Upper panel -
shows the status of the ionosphere during the storm of April 5, 2010. Bottom panel - shows the
status of the ionosphere during the storm of March 9, 2012.

The idea of presenting the relative values (Kutiev & Muhtarov, 2003, Pancheva et
al., 2016) of the variables shown in this study is to eliminate the 24-hour diurnal course in
each component and to eliminate the impact of different measurement units. As shown in
Fig. 3 the relative shift path shows that in TEC the positive response is much stronger than
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in foF2 and MUF3000. Due to the fact that foF2 and MUF3000 characterize the area of
the ionosphere around its maximum, and the TEC is also formed from the upper F-region,
this means that the increase in electronic concentration in the initial phase of the storms
occurs predominantly at heights above the maximum.

Comments and conclusions

The geomagnetic and ionospheric anomalies during two geomagnetic storms,
discussed in this article illustrate their impact on communications and navigation.
Changes in the geomagnetic field itself are insignificant. The analysis shows that the
horizontal component of the magnetic field varies only around 0.34% - 0.6% and can't be
expected to have a noticeable effect on the navigation compass.

Geomagnetic storms impact is strongest on shortwave radio communications.
During extreme events the range of frequencies at which radio communication is possible
at a certain distance may be reduced nearly twice. This may lead to disintegration of many
of the existing radio communications which are based on ionospheric reflection.

The impact of changes of the electron concentration in the ionosphere during the
storm on GNSS navigation has a range of several meters, which is significant for precise
positioning.

The correct determination of the ionosphere correction on GNSS receivers is
essential to improvement the accuracy of satellite navigation. The determination of this
ionospheric correction depends on the precision of the estimated value of TEC, which
makes the TEC prediction (especially in the case of geomagnetic anomalies) particularly
relevant. Forecasting of TEC in case of geomagnetic anomalies requires the determination
on the general patterns of ionosphere response during geomagnetic storms.

The present paper analyzes the ionospheric anomalies over Bulgaria during two
geomagnetic storms. This article is part of the empirical analysis that is needed to create
a prognostic model for the ionospheric characteristics during anomalies of geomagnetic
origin. This method can be used by users work with short wave radio communications
and GNSS navigations.
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ﬁOHOC(])epHH aHoMaJyiuM HaJ bbarapust no Bpeme Ha 1Be reOMarHUTHHU Oypu
P. boxxuiosa

Pe3tome: B HacTosmiara pabora ce pasmiexaar HoHochepHUTe aHOMAIIUU HaJl TEPUTO-
pusita Ha bearapus mo BpeMe Ha T€OMarHUTHH OypH OT CITBHYEB NMPOU3XON — OypsTa
ot 5 anpwi 2010 . u Ta3u ot 9 mapt 2012 1. Peakiusita Ha iioHocdepara Hax bearapus
¢ mpejcTaBeHa upes naHHHTE Ha Monocdepna crammms Codms mpn HUTTT — BAH.
Croiinoctute Ha Total Electron Content (TEC) ca momyuenu ot Center for Orbit
Determination of Europe (CODE). J/lanHuTE 3a BapraniuuTe Ha 36MHOTO MarHUTHO TOJIe
ca mony4yenu o INTERMAGNET. Pasmiexna ce crannus Panagyurishte (PAG), nHamu-
pama ce Ha TepUTOpHUATa Ha bearapus. AHanu3upaHO € BIUSHHUETO Ha HOHOC(hepHHUTE
AQHOMAJINU BBPXY PATUOBPB3KUTE HA YECTOTH OT KHCOBBIHOBHUS IHANA30H M CITBTHHUKO-
BaTa HABUTAIHSL.
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RELATIONS BETWEEN MP AND ML MAGNITUDE SCALES

M. Popova
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Sofia, Bulgaria

Abstract. The work focuses on comparison of the magnitude estimations for near
earthquakes determined by the Bulgarian Seismic Center (SOF) with the assessments
of the national centers in the neighboring Balkan countries (Romania - BUC, Serbia -
BEO, Macedonia - SKO, Greece - THE and NOA and Turkey - KAN) and the European
Mediterranean Seismic Center (EMSC). 372 earthquakes located in a spatial window of
40.0° - 44.5°N; 21.0° - 29.0° E, occurred in 2007 - 2011, with ML magnitudes ranging
from 3.0 up to 5.4 (the lower magnitude threshold M = 3.0 is determined by SOF) were
used in the study.

Key words: earthquake, magnitude, magnitude estimates, seismic centers

Introduction

The size of the magnitude is a conditional, scalar, dimensionless indicator of seismic
energy released in the seismic focus. Since the first work of Richter (1935) when the local
magnitude scale, ML, (commonly called Richter magnitude) was initially defined the
earthquake magnitude became the most common measure of the size of an earthquake.
This magnitude is known in seismology as local magnitude ML or Richter’s magnitude.

The introduction of magnitude makes it possible to compare the size of earthquakes
in an instrumental way across the world. Magnitude is used to scale up a number of
physical characteristics of earthquakes: emitted seismic energy (eg Gutenberg, Richter,
1936. Gutenberg, Richter, 1956); geometric characteristics of the seismic outbreak (eg
Riznichenko 1976, Bonilla et al., 1984; Ambraseys, 1988; Wells, Coppersmith, 1994);
shifting of the fault (e.g., Bonilla et al., 1984); (Eg, Ambraseys et al., 1996; Ambraseys
et al., 2005, et al., 1996), and attenuation of seismic effects (macroseismic intensity,
maximum acceleration, velocity and displacement, etc.); size of the aftershock region
(e.g., Utsu, Seki, 1954, Konstantinou et al, 2005).

Magnitude scales are used for systemic classification of earthquakes. The
classification is relative: the magnitude of an earthquake is determined by comparison
and in relation to the normative, reference earthquake. The comparison is absolute in the
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sense of the definitional formalization, and the zero of the scale depends on the definition
of the reference earthquake. Richter sets the foundations of the magnitude scale with his
publications dating back to 1935. The scale is based on the following equation:

M, = LogA(D)-LogA (D), where M, = 0 A(100) = 0.001 mm) (N

The magnitude is defined as the decimal logarithm of the maximum amplitude logA
(A, measured in mm) from a seismogram of the Wood-Anderson torrent seismograph
at an epicentre distance of 100 km. The amplitude A(D) measured at distances D is
reduced to a standard distance of 100 km using an empirical calibration function logA
(D) (tabulated for 25<D<600 km, logA0(100)= -3).

At present different magnitude scales are applied in seizmological practice. Most
of these scales are mainly based on empirical dependencies containing several constants
(or empirically derived functions). These constants are determined in such a way that the
magnitudes on the new scale are in agreement (at least in a certain magnitude interval)
with an already existing scale. The introduction of many magnitude scales exacerbates the
problem of assessing the magnitude of earthquakes. Unfortunately, attempts to introduce
a standard magnitude scale into the world have so far failed.

The target of the present work is to compare the M, magnitude estimates applied in
the routine practice of NOTSSI (the Mp magnitude, defined in Christoskov et al., 2012)
and local magnitude M, (defined by Richter) which has been used in many of the Balkan
Centers and the European Seismological Center (EMSC / CSEM). The task was sought by
comparing the magnitude estimates for 372 near earthquakes (distant from the territory of
the country at distances up to 150 km) determined by the Bulgarian Seismic Center (SOF)
with the local magnitude (M, ) estimates of the national centers in the neighboring Balkan
countries (Romania - BUC, Greece - THE and NOA, Turkey - KAN, FYROM - SKO and
Serbia - BEO) and tne European Mediterranean Seismic Center (EMSC).

Input data and method applied

To perform this study it was necessary to create an earthquake catalog with
information on all earthquakes, for which magnitudes expressed in the M, scale estimated
by several agencies, were available, and which occurred during the last few decades.

The sample of data used in the study includes: 372 earthquakes located in a spatial
window of 40.0° - 44.5° N; 21.0° - 29.0° E with a ML (marked here M_ ) in the interval
3.0<M, <5.4 (the lower magnitude threshold M = 3.0 is determined by the NOTSSI); 315
earthquakes determined by the EMSC (marked here M___); 88 earthquakes determined by
BUC, Romania; 299 earthquakes defined by THE, Greece; 105 earthquakes determined
by KAN, Turkey; 115 earthquakes determined by SKO, FYROM; 115 earthquakes set by
BEO, Serbia; and 189 earthquakes identified by NOA, Greece.

In the study, a regression analysis was used to minimize mean square deviation
using the least squares method (LSQ), which assumes that the independent variable is
accurately defined without error.
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The study was performed in two stages:

First Stage - 1t is assumed that the EMSC’s magnitude estimates are the most credible
because they are based on a large sample of seismological data from the same type of
seismometers. To verify this assumption we have plotted M, given by EMSC versus
M, reported by national centers (SOF, BUC, THE, KAN, SKO, BEO and NOA).

Second Stage - the SOF magnitude estimates are compared with M, reported by the other
national centers (BUC, THE, KAN, SKO, BEO and NOA).

Results

First stage

The results obtained in the first stage of the present study are presented in Figure
1-7. The diagrams illustrate the consistency of M_  with M, estimates reported by the
national centers.

Figure 1 shows the relation between M, magnitudes given by EMSC and SOF. 315
events occurred in and around Bulgaria were used. The diagram of Figurel shows the
variation of M; EMSC versus M, SOF (least-squares’fit). The relation is:

M, =098 M _ +0.02+0.33. )

emsc

M . /M_ relation is linear for the considered range of magnitudes (3.0< M, <4.6).
The relation (2) indicates that the M, magnitudes given by EMSC and SOF are very close
(M EMSC = 0.98 M SOF + 0.02) although the uncertainties are rather high (¢ = 0.33).
The data dispersion decreases for magnitudes above 3.5, reaching a value less than 0.3,

which is the accuracy of the magnitude determinations.
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Figure 1. Correlation between M, from EMSC and M, from
SOF for 315 shallow earthquakes. The straight line is the best fit.
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Figure 2 shows the relation between M, magnitudes given by EMSC and KAN
(Turkey). 105 events occurred in a spatial window of 40.0° - 44.5°N; 21.0° - 29.0° E were
used. The diagram of Figure2 shows the variation of M, EMSC versus M, KAN. The
relation that expresses the best-fit line in the least squares’sense is:

M, o= 0.94 M +0.22+0.18. 3)

EMSC

M /M, relation is linear for the considered range of magnitudes (2.6< M, <4.6).
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Figure 2. Correlation between ML from EMSC and ML from KAN
(Turkey) for 105 shallow earthquakes. The straight line is the best fit.

The relation (3) indicates that the M, magnitudes given by EMSC and KAN are
almost equivalent (M , .= 0.94 M  +0.22). Overall, M, KAN are very slightly higher
than the EMSC estimates. The slight bias between M, EMSC and M, KAN is observed
(6 =0.18).

Figure 3 shows the relation between M, magnitudes given by EMSC and BUC
(Romania) 88 events occurred in a spatial window of 40.0° - 44.5°N; 21.0° - 29.0° E were
used. The diagram of Figure 3 shows the variation of M; EMSC versus M, BUC (least-
squares fit). The relation is:
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M o= 0.68 M+ 1.00 +0.26. )

EMSC

M /M, relation is linear of the considered range of magnitudes (2.3< M, <4.8).
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Figure 3. Correlation between ML from EMSC and ML from BUC
(Romania) for 88 shallow earthquakes. The straight line is the best fit.

The relation (4) indicates that the M, magnitudes given by EMSC and BUC canot
be considered as equivalent (M .= 0.68 M .+ 1.09) and the uncertainties are rather
high (c = 0.26).

Figure 4 shows the relation between M, magnitudes given by EMSC and THE
(Greece). 299 events occurred in a spatial window of 40.0° - 44.5° N; 21.0° - 29.0° E were
used. The diagram of Figure4 shows the variation of M, EMSC versus M, THE. The
relation that expresses the best-fit line in the least squares’sense is:

M =083M . +053+0.2. 6)

EMSC

M /M, relation is linear of the considered range of magnitudes (2.5< M, <5.5).
The relation (5) indicates that the M, magnitudes given by EMSC and THE are close (M
avse = 0-83 M the + 0.53) although the uncertainties are high (¢ = 0.20). Overall, THE"s

estimates are slightly lower than the EMSC estimates.
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Figure 4. Correlation between ML from EMSC and ML from THE
(Greece) for 299 shallow earthquakes. The straight line is the best fit.

Figure 5 shows the relation between M, magnitudes given by EMSC and SKO
(FYROM). 115 events occurred in a spatial window of 40.0° - 44.5° N; 21.0° - 29.0° E
were used. The diagram of Figure5 shows the variation of M, EMSC versus M; SKO. The
relation that expresses the best-fit line in the least squares’sense is:

M, =078 M +0.832+0.22. (6)

EMSC

M _ /M, relation is linear of the considered range of magnitudes (2.0< M, <4.8).

emsc

6

EMSC (M)

Memsc=0.78Msko+0.82+0.22 ‘
: |
: i

2 3 6

4
SKO (ML)

Figure 5. Correlation between ML from EMSC and ML from SKO
(FYROM) for 115 shallow earthquakes. The straight line is the best fit.
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The relation (6) indicates that the M, magnitudes given by EMSC and SKO cannot
be considered as equivalent (M =0.78 M+ 0.82) and the uncertainties are high
(6=0.22).

Figure 6 shows the relation between M, magnitudes given by EMSC and BEO
(Serbia). 115 events occurred in a spatial window of 40.0° - 44.5° N; 21.0° - 29.0° E were
used. The diagram of Figure 6 shows the variation of M, EMSC versus M, BEO. The
relation that expresses the best-fit line in the least squares’sense is:

EMSC

M o= 0.73M ., +0.97 £0.27. (7)
M /M, relation is linear of the considered range of magnitudes (2.0< M, <4.4).
The relation (7) indicates that the M, magnitudes given by EMSC and BEO cannot
be considered as equivalent (M .= 0.73M __ + 0.97) and the uncertainties are rather
high (¢ =0.27).
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Figure 6. Correlation between ML from EMSC and ML from BEO
(Serbia) for 115 shallow earthquakes. The straight line is the best fit.

Figure 7 shows the relation between M, magnitudes given by EMSC and NOA
(Greece). 189 events occurred in a spatial window of 40.0° - 44.5°N; 21.0° - 29.0° E were
used. The diagram of Figure 7 shows the variation of M, EMSC versus M, NOA. The
relation that expresses the best-fit line in the least squares’sense is:

M =0.75M ,, +0.92 +0.24. (®)

EMSC

M_ /M, relation is linear of the considered range of magnitudes (2.2< M, <4.5).

emsc
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Figure 7. Correlation between ML from EMSC and ML from NOA
(Greece) for 189 shallow earthquakes. The straight line is the best fit.

The relation (8) indicates that the M| magnitudes given by EMSC and NOA cannot
be considered as equivalent (M =0.77TM ,, + 0.92) and the uncertainties are high
(6=0.22).

EMSC

Second Stage

SOF (Bulgaria) magnitude estimates are compared with M, reported by the other
national centers: BUC (Romania), THE (Greece), KAN (Turkey), SKO (FYROM), BEO
(Serbia) and NOA (Greece). The results are presented in Figure 8-13. The magnitude
diferences between SOF - BUC, SOF - THE, SOF - KAN, SOF - SKO, SOF - BEO and
SOF — NOA versus M, SOF are presented in the figures.

The diagram of Figure 8 shows the variation of SOF - BUC, versus M, SOF. The
relation that expresses the best-fit line in the least squares’sense is:

M -M =01 M +0.40+0.45. ©)

SOF
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Figure 8. Correlation between magnitude diference SOF — BUC and ML from
SOF for 88 shalow earthquakes in the magnitude interval interval 3.0< ML <
5.4

As can be seen from the figure, the differences vary predominantly between -1
and +1. In the magnitude interval of 3.0 <M<4.0 the differences are highly dispersed
with almost equal number of positive and negative values. For magnitudes above 4.0,
negative differences prevail, ie SOF magnitude estimates are lower than those of BUC.
Overall, BUC (Romania) estimates are higher than the SOF estimates in the magnitude
range considered (3.0< M, < 5.4). The relation (9) indicates that the M, magnitudes
given by SOF and BUC cannot be considered as equivalent and the uncertainties are
high (c = 0.45).

The diagram of Figure 9 shows the variation of variation of SOF - THE, versus M,
SOF. The relation that expresses the best-fit line in the least squares’sense is:

M -M . =0.03 M, +0.08 + 0.36. (10)
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Figure 9. Correlation between magnitude difference SOF — THE and ML
from SOF for 299 shalow earthquakes in the magnitude interval 3.0<
ML<54

As can be seen from the figure, the differences vary predominantly between -1 and
+1. In the magnitude interval 3.0 £M<4.0 the differences are dispersed with almost equal
number of positive and negative values. For magnitudes above 4.0, negative differences
prevail, ie SOF magnitude estimates are lower than those of THE. The data dispersion
decreases for magnitudes above 4.0, reaching a value of about 0.5.

The relation (10) indicates that the M, magnitudes given by SOF and THE cannot
be considered as equivalent and the uncertainties are high (¢ = 0.36).

The diagram of Figure 10 shows the variation of SOF - KAN, versus M, SOF. The
relation that expresses the best-fit line in the least squares’sense is:

M ;M = 0.18 M (.- 0.71£0.31. (11)

As can be seen from the figure, the differences vary mainly between -0.7 and +0.7.
Overall, KAN (Turkey) estimates are higher than the SOF estimates in the magnitude
range considered (3.0< M, <5.4).

The relation (11) indicates that the M, magnitudes given by SOF and KAN cannot
be considered as equivalent and the uncertainties are high (¢ = 0.31).
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Figure 10. Correlation between magnitude difference SOF — KAN and ML from
SOF for 105 shalow earthquakes in the magnitude interval interval 3.0< ML < 5.4

The diagram of

Figure 11 shows the variation of SOF - SKO versus M, SOF. The

relation that expresses the best-fit line in the least squares’sense is:

M -M o= 0.06 M (. +0.310.22. (12)
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Figure 11. Correlation between magnitude difference SOF — SKO and ML from
SOF for 115 shalow earthquakes in the magnitude interval interval 3.0< ML <5.4
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As can be seen from the figure, the differences vary mainly between -0.7 and +1.0.
For the considered magnitude interval 3.0 £M £5.4, the positive differences prevail, ie
SOF magnitude scores are higher than those of the SKO.

The relation (12) indicates that the M, magnitudes given by SOF and SKO cannot
be considered as equivalent and the uncertainties are high (¢ = 0.31).

The diagram of Figure 12 shows the variation of SOF - BEO, versus M, SOF. The
relation that expresses the best-fit line in the least squares’sense is:

M .-M . =0.21 £0.39. (13)
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Figure 12. Correlation between magnitude difference SOF — BEO
and ML from SOF for 115 shalow earthquakes in the magnitude
interval interval 3.0< ML < 5.4

As can be seen from the figure, the differences vary mainly between -1.0 and +1.0.
The data dispersion decreases for magnitudes above 4.0. For the considered magnitude
interval 3.0 £M £5.4, the positive differences prevail, ie SOF magnitude scores are higher
than those of the BEO.

The relation (13) indicates that the M; magnitudes given by SOF exceeded those
of BEO by an average of 0.21 - a good match although the uncertainties are rather high
(6 =10.39).

The diagram of Figure 13 shows the variation of variation of SOF - NOA versus M
SOF. The relation that expresses the best-fit line in the least squares’sense is:

L

M, -M = 0.18 = 0.36. (14)
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Figure 13. Correlation between magnitude difference SOF — NOA
and ML from SOF for 189 shalow earthquakes in the magnitude
interval 3.0 ML <5.4

As can be seen from the figure, the differences vary between -1 and +1. For the
considered magnitude interval, 3.0 <M <5.0 the positive differences prevail, ie the SOF
magnitude estimates are higher than those of NOA.

The relation (14) indicates that the M, magnitudes given by SOF exceeded those
of NOA by an average of 0.18 - a good match although the uncertainties are rather high
(6=10.36).

Conclusion

The results of the study can be summarized in the following conclusions:

The closest to the M, magnitudes given by EMSC are the M, magnitudes reported
by KAN (Turkish National Center) and SOF (Bulgarian National Center) although the
uncertainties between M, EMSC and M, SOF are rather high (c = 0.33);

The largest deviations from the M, magnitudes reported by EMSC are observed for
M, magnitudes given by BUC (Romania) and BEO (Serbia);

M, magnitudes given by NOA (Greece) and SOF are very close although the
uncertainties are rather high (¢ = 0.36). M, magnitudes reported by SOF are slightly
higher than those of SKO (FYROM) and BEO (Serbia) while the M; magnitudes reported
by BUC (Romania) and THE (Greece) exceed the M, SOF (Bulgaria) in the considered
magnitude range (3.0<M<5.4).
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Bpb3ku mesxxkay MP u ML MaruuTyaiHu cKaju
M. IlonoBa

Pe3rome. Hacrosimara paborata e (okycupaHa BbPXY CpaBHEHHE HAa MarHUTYIHH-
TE OLEHKH 3a OJIM3KK 3eMETPEeCcEHUs, ONpPE/eTCHN OT bhiIrapckusi ceM3MuueH IEHTHP
(SOF), ¢ oueHkuTe Ha HAMOHAIHHUTE [IEHTPOBE B ChCEAHUTE OaykaHcku crpaHu (Py-
mbHUsS — BUC, Cepous — BEO, Makenonust — SKO, I'epuust — THE n NOA u Typuus
— KAN) u EBponetickust cpenuzeMuoMmopcku cemsmudeH neHTsp (EMSC). B mpoyusa-
HETO ca U3Moi3BaHu 372 3eMeTpeceHusl, FeHepupaHy B IpOCTpaHCTBeH npo3opell: 40.0°
—44.5°N; 21.0° - 29.0° E, peanusupanu mexay 2007r. u 2011 ., B MarHuTYy/ieH HHTEpBaJ
3,0< ML <5,4 (nonHusT mpar Ha MarHuTyaHaTa oueHka - M = 3,0 e onpeznenen B SOF).
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Abstract. This study presents the global and mid-latitude ionospheric response to
three geomagnetic storms occurred in January 2005: the first one on 7-8 January, the
second one on 17-19 January, and the last one on 21-22 January. This period has been
selected, because no major sudden stratospheric warming (SSW) occurred during this
month and according to many scientists this winter is represented as an example of a
background reference case corresponding to a ‘normal’ year. Therefore, the observed
ionospheric response to the considered geomagnetic storms could be attributed mainly
to the external forcing. The reaction is explored by considering N(h) profiles registered
by manually scaled ionosonde measurements at station Sofia (42.5°N, 25°E), which
are used for calculating the total electron content (TEC) up to the F2-layer maximum
(bottom-TEC). The full-TEC data are provided by the Center for Orbit Determination
of Europe (CODE)-Bern, for the nearest point to Sofia. The main aim of this work is
to compare in details the temporal variability of the full-TEC with bought that below
(bottom-TEC) and up (top-TEC) the F2-layer maximum for each of the considered
geomagnetic storms. It is found that for all investigated geomagnetic storms in January
2005 the bottom-TEC is considerably different from bought top-TEC and full-TEC. An
explanation of the main mechanisms responsible for the observed difference has been
proposed.

Key words: geomagnetic activity, TEC, ionospheric anomalies.

Introduction

Geomagnetic storms are associated with high-speed plasma injected into the
solar wind from coronal mass ejections or coronal holes that impinges upon Earth’s
geomagnetic field. If the interplanetary magnetic field (IMF) Bz has southward direction
then the solar wind energy enters the magnetosphere-ionosphere-thermosphere system

36



R. Bojilova: Three geomagnetic storms in january 2005 and their impact...

by establishing an interconnection between the southward IMF and the Earth’s magnetic
field lines. As a result the geomagnetic space environment becomes strongly disturbed
and a global ionospheric storm occurs (Kamide and Kusano, 2015; Mukhtarov and
Bojilova, 2017). The ionospheric structure and variability are related to changes in
solar radiation and geomagnetic activity, together with the subsequent response of the
thermosphere-ionosphere system (Roble, 1995). The ionosphere also varies in response
to neutral winds (Schunk et al., 2009), electrodynamic coupling with the overlying
plasmasphere and magnetosphere (Huba et al., 2005), and dynamical coupling with
the underlying atmosphere particularly effective during low solar activity conditions
(Mendillo et al., 2002; Rishbeth, 2006). It is well known that during geomagnetic
storms the dynamics, electrodynamics and chemistry of the atmosphere-ionosphere
system are modified on a global scale and cause positive and/or negative phases of
ionospheric response (Gadzhev et al., 2013). The latitude and longitude, season, as
well as the both storm onset time and maximum are the main factors which define the
positive/negative response (Andonov et al., 2011; Mukhtarov et al., 2013a; Mukhtarov
and Bojilova, 2017).

Three main reasons have been proposed to explain the observed storm phases:
thermospheric composition changes, neutral wind perturbations and the electric fields
of magnetospheric origin (Mendillo, 2006). The total electron content (TEC) is one of
the particularly important physical quantities of the ionosphere. The main reason for the
TEC importance is that the trans-ionospheric radio signals, used by the Global Navigation
Satellite Systems (GNSS), may reach quite large range errors and these errors are
proportional to the integral of the electron density along the ray path, i.e. proportional to
slant TEC. It is measured by TEC Unit (TECU) as one TECU is equal to 1016 electrons/
m?. Therefore the ionospheric effect has become the largest error source in GNSS
positioning, timing and navigation. Wang et al., (2010) has presented clear evidence
that the negative storm response observed in the TEC maps at high- and mid-latitudes is
directly related to the changes in the [O]/[N_] ratio. The geomagnetic storms significantly
change the ionosphere especially the electron density and its vertical distribution, as
well as the total electron content (TEC). The serious problems in the ground-based HF
radio communications during negative ionospheric storm are caused because the electron
density and TEC decrease much below their “quiet-time” levels. The positive ionospheric
storms in which electron density and TEC increase much above their “quiet-time” levels
can cause serious problems in satellite communication and navigation. Because the GPS
signals are used by wide range of applications, any geomagnetic storm event which
makes GPS signal unreliable could have significant impact on the society. That is why a
detailed study of the ionospheric response to forcing from above and below is among the
important mission of the ionosphere studies.

The purpose of this study is to compare in detail the temporal variability of the full-
TEC with bought that below (bottom-TEC) and up (top-TEC) the F2- layer maximum
for each of the considered geomagnetic storms in January 2005. It is found that for all
cases examined in this study the bottom-TEC is considerably different from bought the
top-TEC and the full-TEC. An explanation of the main mechanisms responsible for the
observed difference has been proposed.
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Data

The geomagnetic activity is described by the planetary Kp-index and the equatorial
Dst-index that are received from: https://omniweb.gsfc.nasa.gov/. The TEC values for
the nearest point to Sofia are obtained by the Center for Orbit Determination of Europe
(CODE) at Astronomical and Physical Institutes of the University of Bern: ftp://ftp.
unibe.ch/aiub/CODE/. The reason for using the closest to Sofia point with coordinates
(42.5°N, 25°E) is that the TEC data have a grid spacing of 5 x 2.5¢ in longitude and
latitude. The N(h) profiles up to the F2-layer maximum are derived from the manually
scaled ionograms (Mukhtarov et. al, 2013b) of the ionosonde station Sofia- SQ143
(42.4°N, 23.2°E). The considered quantity bottom-TEC in this paper is defined as an
integral of the electron density profile while the top-TEC is the difference between
the full-TEC and the bottom-TEC. The TEC response to the geomagnetic storms is
described by relative deviations of the considered all three quantities (the top-TEC,
bottom-TEC and full-TEC) from their stationary diurnal course and are calculated by
the formula:

_ TEC(t)—-TECm(UT)
~ TECm(UT)

rTEC (1)

where ¢ is the current time in hours that is counted from the beginning of the period
considered, while UT is the universal hour corresponding to the moment ¢. The value
TECm (UT) is the median, calculated on the base of the whole month considered.

Experimental results

Three clear storms, with maximum Kp~8 occurred in January 2005. Fig. 1 shows
the planetary Kp-index giving information for the global variations of the geomagnetic
field. The first storm begins on 7 January and the Kp-index reaches maximum of ~7.5-8
between 21-23 UT. This storm has duration of only ~18 hours, i.e. it is a short-time one.
The second storm, begins on 17 January and has a duration of a few days because the Kp-
index has values larger than 5 for more than 2 days. The maximum Kp-index is observed
on January 18 having a value close to 8. The recovery phase of the storm begins in the
next day but is interrupted because of the appearance of a new geomagnetic disturbance
on January 21. The last geomagnetic storm is a short-time one, with duration less than
a day. The sharp rise of the Kp-index to values above 8 is in the evening hours on 21
January. It is worth noting that the last storm starts under not very calm conditions due to
the disturbances which occurred in the previous days.

The first geomagnetic storm occurs on 7-8 January 2005 and the TEC response is
presented in Fig. 2. In order to have a general idea of what the global response to this
storm is Fig. 2a presents the latitude-time cross-section of the relative TEC at a longitude
of 25°E for the period of 7-10 January. This storm begins in the late hours on 7 January
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Fig. 1. Variations of the Kp-index in January 2005

and slightly after the midnight on 8 January the Kp-index reaches to ~ 7.5-8 (see Fig.
2c). Then a clear positive response is seen for all latitudes as the relative TEC is the
largest at around 60°N. The summer Southern Hemisphere (SH) reacts predominantly
negatively after the midnight on 8 January Fig. 2a. Such negative TEC response is typical
for geomagnetic storms in summer (Pancheva et. al., 2016). The TEC response in the
Northern Hemisphere (NH) is more complex (Fig. 2a). After the positive response seen
at all latitudes in the late hours on 7 January it follows a negative response which can
be traced only between 15°N and 50°N. At the same time a positive response is formed
that is seen first at equatorial latitudes and later with some time delay it appears at mid-
latitudes during the day-time on 8 January when the Kp-index is below 5 (sees Fig. 2c¢).
While the positive response at high-mid latitudes during the late hours on 07 January is
apparently associated with the direct ionization under the action of the charged particle
precipitations into the night-side of the Earth’s atmosphere the positive response during
the day-time conditions is probably connected with electrodynamic effects. After the
decay of the positive response during the afternoon hours on § January a long duration
negative TEC reaction has been established (Fig. 2a); the latter is related to the change
of the [O] / [N,] ratio. Fig. 2b shows the relative values of the full-TEC (upper plot),
top-TEC (middle plot) and bottom-TEC (bottom plot) for the period of 7-10 January.
The bottom plot of Fig. 2¢ displays the Kp-index for the considered period. Considering
the variability of the relative TEC (Fig. 2b) it is seen that all three quantities have first a
positive response that is followed by a negative and then again a positive response. The
largest changes of the relative values are as follow: (i) from -0.6 to +0.6 for the full-TEC;
(i1) from -0.5 to +0.5 for the top-TEC, and (iii) from -0.8 to +1 for the bottom-TEC. These
results clearly reveal that the bottom-TEC ionospheric changes are larger than those of
both the top-TEC and the full-TEC.
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Fig. 2. (a) Global latitude-time cross section of the relative
TEC; (b) temporal variability of the relative values of: the
full-TEC (upper plot), top-TEC (middle plot), and bottom-
TEC (bottom plot), and (c) Kp-index during the period of
7-10 January.

Fig. 3 is the same as Fig. 2 but presents the TEC response to the second geomagnetic
storm; the period of 17-20 January is considered. This storm is different from the first one;
it is without a sudden commencement and is significantly longer, more than 2 days. Fig.
3a shows the positive responses at latitude of 60°N during the early morning hours on 17
January when the geomagnetic activity, described by the Kp-index, is still lower than 5.
Positive anomalies are seen also during the night-time hours of 17/18 and 18/19 January
when the Kp-index varies between 6 and 7. It is worth noting that the large values of the
night-time relative TEC at high latitudes are a result of the increase of the very low night-
time TEC values in conditions close to a polar night. The relative TEC in the SH during
the second half of 17 January reveals a positive response however after the midnight a
negative response is observed that propagates from the polar latitudes to the equator;
this is typical feature for the TEC response to the summer geomagnetic storms. The TEC
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response in the tropical and middle latitudes of the NH on 17 and 18 January, presented
in Fig. 3a, is predominantly positive one. Two impulses of the negative response are
seen during the first half of January 19, however while the first one ranges between 15°N
and 50°N the second one is only between 40°N and 50°N. The stable negative response
appears during the night hours of 19/20 January observing at tropical and mid-latitudes.
The long duration of this storm accompanied by a significant amount of energy draw
in the Earth’s atmosphere together with the increased inertia (Mukhtarov et al., 2013a;
Mukhtarov et al., 2018) defines a considerable time of the ionosphere recovery. The
relative values of the three characteristics: full-, top- and bottom-TEC, shown in Fig. 3b,
demonstrates positive anomalies on January 18 as the response is the strongest for the
bottom-TEC, ~2.2 above the median one. Further, while the full- and top-TEC show two
positive peaks the bottom-TEC reveals three peaks. Similarly to the first storm here also,
the temporal variability of the relative bottom-TEC is quite different from those of the
full- and top-TEC.
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Fig. 3. The same as Fig. 2 but for the period of 17-20
January 2005
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Fig. 4 presents the ionospheric response to the third geomagnetic storm that occurs
on 21-22 January. This storm has approximately the same intensity as the previous two
storms but has a short duration similarly to the first storm, 7-8 January. A short positive
response at 60°N (Fig. 4a), coinciding with the onset of the storm, is analogous to the
same phenomenon in other storms and is caused by the particle precipitations in the polar
oval, i.e. direct ionization. In the SH after the evening hours on January 21 a homogeneous
negative response is established. In the NH (Fig. 4a) however the TEC response strongly
depends on the latitude. An initial positive response is observed at latitudes lower than
40°N while at high-mid latitudes the response is negative. After midnight all latitudes
between the equator and 50°N demonstrate a negative response; only a short-term
positive reaction occurs around noon. The observed complex response, particularly of the
mid-latitude ionosphere, is probably related to the incomplete recovery of the previous
storm leading to the overlapping of the positive and negative reactions due to different
mechanisms acting simultaneously. As a result, this winter-time TEC response appears
to be different from the winter-time response of the previous two storms considered in
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Fig. 4. The same as Fig. 2 but for the period of 21-23 January
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this study, revealing strongly expressed latitudinal dependence of the reaction sign. The
relative values of the full-, top- and bottom-TEC for the period of 21-23 January is shown
in Fig. 4b. Similarly to the previous two storms here again the bottom-TEC reveals the
largest changes (from -0.8 to 0.6) compared to the full- (from -0.5 to 0.2) and top-TEC
(from -0.4 to 0.3).

Comments and conclusions

In this paper we have presented the global and mid-latitude ionospheric TEC
response to three, moderate to intensive, geomagnetic storms occurred in January 2005.
The following common pattern of the TEC anomalies is found: (i) there is a positive
reaction in the winter during the initial phase of the storm that is most pronounced in
day-time; (ii) during the storm with a longer duration (as that in 17-19 January) the
positive anomaly continues over two days; (iii) the negative TEC response in the winter
is observed during the recovery phase of the storms and after their completion; (iv) the
response of the summer TEC is predominantly negative to the considered storms, and (v)
the global distribution of the relative TEC during the tree storms considered in this work,
show the greatest positive response around 60°N.

The comparison between the top- and bottom-TEC over Sofia has been presented
also. It has been found that the bottom-TEC response is significantly bigger than that of
the top-TEC for all three geomagnetic storms. This result raises the question: why in the
winter and at mid-latitudes mostly the ionosphere below the F2-maximum reacts to the
geomagnetic storms. The answer follows from the main drivers of the ionospheric response
connected with the changes in the thermospheric wind system, neutral composition and
temperature. The auroral heating during the geomagnetic storms can alter the mean
global circulation of the thermosphere. Whereas for quiet conditions there is a general
upwelling in the summer hemisphere flow toward the winter one at higher levels, and
downwelling in the winter hemisphere, the storm-time heating adds a polar upwelling
and equatorward flow in both hemispheres. During the winter the disturbed flow usually
reverses the poleward one coming from the summer hemisphere and producing in this way
two circulation cells which are situated below the F2-maximum. This process seriously
affects mainly the vertical and meridional wind velocities which disturbed mainly the
ionosphere below the F2-maximum. The increased downwelling at mid-latitudes moves
the air into regions of increased pressure, and produces compressional heating, i.e. the
neutral temperature at mid-latitudes changes and affects loss and production rates. During
winter downwelling of the poleward wind from the summer hemisphere air with low
concentrations of molecular species, i.e. reach of atomic oxygen, is carried downward.
This leads to a decrease of the loss rate and an increase of production rate. The temperature
and composition effects determine the large positive TEC response seen on 7-8, 17-18
and 22 January 2005. It is worth noting also that usually the molecular-rich air at high
latitudes carried by the equatorward circulation cannot reach latitudes lower than 50°N as
it has been found by (Mukhtarov and Pancheva, 2012). This is another reason explaining
why the ionospheric response over Sofia in the winter is predominantly positive one.
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Tpu reomaruuTHu Oypu npe3 sinyapu 2005 u TAXHOTO BJIUsIHUE BbPXY 001110
ChAbp:KaHNe HA eJIEKTPOHU B iloHOchepaTa

P. Borxnnosa

Pe3tome: Hacrosimero u3cienBaHe NpejicTaBs MI00ajHaTa M CPETHOIIMPUHHA HOHOC-
(epHa peakiys Ha TPY TeOMarHUTHH Oypu cirydmiu ce rpe3 sitnyapu 2005: mppBara Oypst
7-8 snyapu, Bropara Ha 17-19 sHyapu u nocnennara ot 21-22 suyapu. To3u nepuos e
n30paH, Thil KaTo Ipe3 U30paHus Mecell HiMa MaKOPHO cTpaTtocepHo 3aromisiHe (SSW)
Y CIIOpe MHOTO YUEHHU Ta3M 3uMa MpeCTaBsuIBa MPUMEp 3a T.Hap. “‘HOpMaliHa* TOMHA.
[To Ta3u nmpuunHa rojydeHara peakuus Ha HoHocdepara oT pas3niexJaHuTe Oypu Moxe
Jia ObJle IpUIKCaHa IIaBHO Ha BHHIITHO Bb3JelcTBre. PeakuumsTa e n3cnensana upes3 pas-
mexnane Ha N(h) npodunure, perucrpupanu ot HoHochepHa cranius Codust (42.5°N,
25°E), KOUTO ce M3MOJI3BAT 3a MPEeCMATaHe Ha 00MOTO eleKTpoHHO chabpkanue (TEC)
o MmakcumymMma Ha F2-ciost u ca o6o3naueHu ¢ (bottom-TEC). CToiiHOCTHTE HA MIBJIHUS
TEC (full-TEC) ca nomyuenu ot Center for Orbit Determination of Europe (CODE)-
Bern, 3a nHaii-onmmskara touka 10 Codusi. OcHOBHaTa 3a/jaqa Ha HacTosiara pabora e
Jla ce HampaBH JIETalIHO cpaBHeHHEe Mexay n3MeHeHusta Ha meinus TEC (full-TEC)
¢ apyrure asa nogmakcuMmyMmHuus TEC (bottom-TEC) u nagmakcumymuus (top-TEC)
3a BCsSIKA e/lHa OT pasriiefaHuTe OypH. YCTaHOBEHO Oe, 4e 3a BCUYKH pasmiiefiaHu OypH
npe3 sayapu 2005 nonmakcumymuus TEC (bottom-TEC) e qocrta pa3jindeH B CpaBHEHHE
¢ npyrute nBa top-TEC and full-TEC. IIpemnoxxeHo e o0sicHEeHHEe HA OCHOBHUTE MeXa-
HHU3MH, OTTOBOPHH 32 HAOJIOaBaHUTE Pa3THUUSL.
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Abstract. The air is the living environment of human beings and obviously the
atmospheric composition has a great importance for the quality of life and human health.
Air Quality (AQ) is a key element for the well-being and quality of life of European
citizens. The objectives of the present work is performing reliable, comprehensive and
detailed studies of the impact of lower atmosphere composition on the quality of life
and health risks for the population in Sofia city. Lately, together with the numerical
weather forecast, in many European countries Systems for Chemical Weather Forecast
operate, Chemical Weather being understood as concentration distribution of key
pollutants in a particular area and its changes during some forecast period. In Bulgaria,
a prototype of such a system was built in the frame of a project with the National
Science Fund. It covers a relatively small domain including Bulgaria that requires
using chemical boundary conditions from similar foreign systems. As far as this data
is prepared abroad and transferred by Internet, many failures took place during the
operation of the system. To avoid this problem, a new version of the system was built
on the base of the nesting approach. This version is realized on five domains: Europe,
Balkan Peninsula, Bulgaria, Sofia Municipality and Sofia City with increasing space
resolution - from 81 km (Europe) to 1 km (Sofia City). For the Mother domain (Europe)
climatic boundary conditions are applied. All other domains take their boundary
conditions from the senior one. Computations start automatically at 00 UTC every
day and the forecast period is 3 days. The System is based on the well-known models
WRF (Meso-meteorological Model) and US EPA dispersion model CMAQ (Chemical
Transport Model). As emission input the TNO data is used for the two biggest domains.
For the 3 Bulgarian domains the current emission inventory prepared by Bulgarian
environmental authorities is exploited.

Key words: Air Quality Indices, air quality, quality of life, health risks.
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Introduction

The Air Quality is a key element for the well-being and quality of life of European
citizens. According to the World Health Organization, air pollution severely affects
the health of European citizens. There is increasing evidence for adverse effects of
air pollution on the respiratory and the cardiovascular system as a result of both acute
and chronic exposure. In particular, a significant reduction of life expectancy by a year
or more is assumed to be linked to long-term exposure to high air concentrations of
particulate matter (PM). There is considerable concern about impaired and detrimental
air quality conditions over many areas in Europe, especially in urbanized areas, in spite
of about 30 years of legislation and emission reduction. Current legislation, e.g. the
Ozone daughter directive 2002/3/EC (European Parliament, 2002), requires informing
the public on AQ, assessing air pollutant concentrations throughout the whole territory
of Member States and indicating exceedances of limit and target values, forecasting
potential exceedances and assessing possible emergency measures to abate exceedances.
For the purpose, modeling tools must be used in parallel with air pollution measurements.
The goals of reliable air quality forecasts are the efficient control and protection of
population exposure as well as possible emission abatement measures. In last years the
concept of “chemical weather” arises and in many countries respective forecast systems
are being developed along with the usual meteorological weather forecasts (see, for
instance, Sofiev at al., 2006, Poupkou et al., 2008, Monteiro et al., 2005, San Jose et al.,
2006, and others).

Air pollution easily crosses national borders. It would be cost-effective and beneficial
for citizens, society and decision-makers that national chemical weather forecast and
information systems were networked across Europe. For the purpose several projects
in the European Framework Programs (GEMS, PROMOTE, MEGAPOLI, MACC,
PASODOBLE etc.) as well as the COST Action ES0602 “Towards a European Network
on Chemical Weather Forecasting and Information Systems*) were launched aiming at
providing a forum for harmonizing, standardizing and benchmarking approaches and
practices in data exchange and multi-model capabilities for air quality forecast and (near)
real-time information systems in Europe. It is supposed to examine existing, and work out
new solutions for integrating the development efforts at national and international levels.
One can find several CW systems’ (performance and descriptions) in the Action’s web-
portal (http://www.chemicalweather.eu/Domains).

Modeling tools

BgCWFIS is designed in a way to fit the real-time constraints and to deliver forecasts
for the next days on an hourly basis. US EPA Models-3 air quality modeling system is
used, consisting of:

* CMAQ v.4.6 - Community Multi-scale Air Quality model, http://www.cmaq-
model.org/, Denis et al. (1996), Byun and Ching (1999), Byun and Schere (2006), the
Chemical Transport Model (CTM);
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* WRF v.3.2.1 - Weather Research and Forecasting Model, http://www.wrf-model.
org/, Skamarock et al. (2007), the meteorological pre-processor to CMAQ. The Weather
Research and Forecasting (WRF) Model is a next generation meso-scale numerical
weather prediction system designed to serve both operational forecasting and atmospheric
research needs. It is an evolutionary successor to the MMS5 model. The creation and further
development of WRF is due to the collaborative efforts of several US institutions like
NCAR, NOAA, NCEP and others. The WRF is a fully compressible and non-hydrostatic
model with terrain-following hydrostatic pressure coordinate. The grid staggering is the
Arakawa-C type. One can find more info on http://www.wrf-model.org/index.php;

* SMOKE v.2.4 - Sparse Matrix Operator Kernel Emissions Modelling System,
http://www.smoke-model.org/, Coats and Houyoux (1996), Houyoux and Vukovich
(1999), CEP (2003), the emission pre-processor to CMAQ. CMAQ demands its emission
input in specific format reflecting the time evolution of all pollutants accounted for by
the chemical mechanism used (CB-IV in this case). Emission inventories are used as
row data for anthropogenic emission processing. The inventories are made on annual
basis for big territories; many pollutants are estimated as groups (VOC and PM2.5
for instance). Preparation of emission input to a Chemical Transport Model requires
emission processing. Such emission processing component in EPA Models-3 system
is SMOKE but it is partly used, here, because it’s quite strong relation to US emission
sources specifics. In BgCWFIS, SMOKE is used only for calculating BgS emissions
and for merging AS-, LPS- and BgS-files into a CMAQ emission input file. The area
source emissions and the large point source emissions are prepared by the interface
programs AEmis and PEmis.

In the System, WRF is driven by the NCEP GFS (Global Forecast System) data
that can be accessed freely from http://www.ftp.ncep.noaa.gov/data/nccf/com/gfs/prod/.
This data is global weather forecast in GRIB-2 format with space resolution of 1°x1° and
6-hour time resolution. The downloading of this data is invoked automatically every day
at 00:00Z. 84-hour runs starting at 12:00Z of the previous day are used; the first 12 hours
of the period being spinning-up followed by a 3-day weather forecast. The chemical
weather forecast duration is from 00:00Z of the current day to 00:00Z of the fourth day
after (3-day forecast).

TNO inventory for 2005 (Denier van der Gon et al., 2010) is exploited partly for
Bulgaria domain, TNO being the Netherlands’s Organization for Applied Scientific
Research. For Bulgaria itself and for the other Bulgarian domains, the National inventory
for 2010 as provided by Bulgarian Executive Environmental Agency is used. That means
TNO inventory is used only for the territories outside Bulgaria in the mother CMAQ’s
domain.

The TNO produced several sets of inventories for different years. The anthropogenic
sources in this inventories are distributed over 10 SNAPs (Selected Nomenclature for Air
Pollution) classifying them according to the processes leading to harmful material release
into the atmosphere (EMEP/CORINAIR, 2002). The 2010 TNO inventory has resolution
of 0.125°x0.0625° (about 7x8 km). It is distributed as a comma- or tab-delimited text-
file. Each line of the file contains data for a single box, namely the center of mesh
coordinates, the country, the type of source (A/P), the SNAP, and the yearly emissions of
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8 pollutants. The SNAP 7 (road transport) is presented as 5 sub-SNAPs. The pollutants
are: methane (CH4), carbon oxide (CO), nitric oxides (NOx), sulfur oxides (SOx), non-
methane volatile organic compounds (NMVOC), ammonia (NH3), Particulate Matter
with d<10um (PM10) and Particulate Matter with d<2.5um (PM2.5).
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Fig. 1. Five computational domains of BgCWFIS, (CMAQ domain nested in WRF one)
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The nesting capabilities of WRF and CMAQ are used to downscale the forecasts
from European region to Sofia city area. The resolution of the mother domain (Europe)
is 81 km, big enough as to correspond to the GFS met-data space resolution. Four other
domains are nested in it and in each other — Balkan Peninsula (27km resolution), Bulgaria
(9 km), Sofia municipality (3 km) and Sofia city (1 km) as shown in Fig. 1.

In BgCWFIS, climatic data is used for chemical boundary conditions following the
presumption that the errors introduced by this assumption will decrease quickly to the
center of the domain due to the continuous acting of the pollution sources. All other
domains receive their boundary conditions from the previous domain in the hierarchy.

Operational Performance of BECWFIS

Fourteen o-levels with varying thickness determine the vertical structure of CMAQ
model. The Planetary Boundary Layer (PBL) is presented by the lowest 8 of these levels.

The CMAQ v.4.6 input consists of various files containing concentration, deposition,
visibility and other variables. The concentration output is a NetCDF file with 3-D hourly
data for 78 pollutants - gases and aerosols.

The post-processing program XtrCON extracts part of the pollutants for archiving
and further handling. Only surface values of the most important pollutants are saved - 8
gases and 11 aerosols (including PM10 and PM2.5). Part of these pollutants is more
or less monitored and they are referred in the European legislation with the respective
thresholds.

For the moment it presents 4 main pollutants - Ozone, NO,, SO, and PM10 which
are used to calculate the Air Quality Indices (AQI).

Calculation of the Air Quality (AQ) impact on human health and quality of life in
Sofia city is the objective of the present study. The impact is calculated in the terms of the
so called AQI — an integral characteristic directly measuring the effects of AQ on human
health. The calculations are made on the basis of long term AQ simulations, which make
it possible to reveal the climate of AQI spatial/temporal distribution and behavior.
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The AQI is defined as a measure of air pollution seen in the context of its impact
on human health. It provides an integrated assessment of the impact of the whole range
of pollutants on human health and is calculated based on the concentration of various
pollutants obtained from measurements or numerical modeling. The index is defined in
several segments (EPA, 2009), each of which is a linear function of the concentration of
each considered pollutant:

I =( (I high—Ilow) / (C high — C low))(C — C low) (1)
where:
I = the AQI,

C = the pollutant concentration,

C low - the concentration breakpoint that is < C,

C high - the concentration breakpoint that is > C,

I low - the index breakpoint corresponding to C low

I high - the index breakpoint corresponding to C high.

In that calculation the index falls in one of the ranges of the dimensionless scale. In
each range index values are associated with an intuitive color code, a linguistic description
and a health description.

Pretty often in order to evaluate the air quality situation in European cities, all
detailed measurements are transformed into a single relative figure: the Common Air
Quality Index (CAQI) and this index have 5 levels using a scale from 0 (very low) to >
100 (very high). The index is based on 3 pollutants of major concern in Europe: PM10,
NO,, O, and will be able to take into account to 3 additional pollutants (CO, PM2.5 and
SO,).

’ One of the most commonly used air quality index is the UK Daily Air Quality Index
(Leeuw, F. de, Mol, W., 2005), also used in Bulgaria (Etropolska et al. 2010), (Syrakov
et al, 2012, 2013, 2014a, 2014b, 2015), (Georgieva, 1., 2014), (Georgieva et al. 2015),
(Georgieva, L. and Ivanov, V., 2017, 2018) and (Ivanov, V. and Georgieva, 1., 2017).

Compute the AQI

To calculate the AQI requires several steps:

e Air pollutant concentrations (from measurements or model)

e Convert this air pollutant concentration to a AQI. The index is defined for each
pollutant in a different way converting the concentrations into a dimensionless scale,
associated with an intuitive color code (green to purple) and a linguistic description (Low
to Very High).

e AQI values are divided into ranges, and each range is assigned a color code and
health descriptor.
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e An overall air AQI is constructed to describe the ambient pollutant mix — It’s set
to the highest value of each of the pollutant considered.

The breakpoints between index values are defined for each pollutant separately
and the overall index is defined as the maximum value of the index. Different averaging
periods are used for different pollutants. Each of the bands comes with advice for at-risk
groups and the general population (Table 1).

Table 1 Boundaries Between Index Points for Each Pollutant

7 (High)
8 (High)

9 (High)
10 (Very High)

160-187
188-213
214-239
=240

400-467
468-534
535-599
2600

530-708
709-886
887-1063
21064

(0) NO SO PN.HO PM.Z'S
Runnisn 8 Hourzl 15 miliute R LG
Index g y 24 hour 24 hour
hourly mean mean mean mean mean
/m? /m’ /m’
(ng/m?) (ng/m?) (ng/m?) (/) (ug/m?)
1 (Low) 0-33 0-66 0-88 0-11 0-16
2 (Low) 34-65 67-133 89-176 12-23 17-33
3 (Low) 66-99 134-199 177-265 24-34 34-49
4 (Moderate) 100-120 200-267 266-354 35-41 50-58
5 (Moderate) 121-140 268-334 355-442 42-46 59-66
6 (Moderate) 141-159 335-399 443-531 47-52 67-74

53-58
59-64
65-69
=70

The reference levels and Health Descriptor used in the Table 2 are based on health-
protection related limit, target or guideline values set by the EU, at national or local level
or by the WHO.

Table 2. Air quality indices and their health impact (de Leeuw and Mol, 2005).

Banding Value Health Descriptor

Effects are unlikely to be noticed even by individuals who know they

Low 1-3 .. .
are sensitive to air pollutants

Mild effects, unlikely to require action, may be noticed amongst

Moderate 4-6 R
sensitive individuals.

Significant effects may be noticed by sensitive individuals and
action to avoid or reduce these effects may be needed (e.g. reducing
exposure by spending less time in polluted areas outdoors).
Asthmatics will find that their ‘reliever’ inhaler is likely to reverse
the effects on the lung.

High 7-9

The effects on sensitive individuals described for ‘High’ levels of

Very High 10 pollution may worsen.
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Results

Annual recurrence of AQI in “Low”, “Moderate”, “High” and “Very High”
bands over territory of Sofia city for 2013 and 2014: Figures 2 and 3 demonstrate the
spatial and diurnal variation of the annual recurrence of different AQI categories for the
chosen hours 06:00 and 18:00GMT for 2013 and 2014. The picture shows the sum of
recurrences of the AQI in each range - Low, Moderate and High range. What can be also
noticed is: the recurrence in Low and Moderate range is different for both years, as in
2013 the recurrence in Low band is smaller than 2014, and reverse in Moderate range. In
High range there is no any difference between both years.

In the Low range the air is most clean, so high recurrence values mean more cases
with clean air and lower recurrence values mean, less cases with clean air (worse AQ
status). In the other 2 plots (Moderate and High ranges) - high recurrence values means
less favorable and respectively bad AQ status. It can be seen that most areas with high
recurrence of cases with lower AQI status are in the city center and over the Vitosha
Mountain early in the morning due to the weather conditions, higher NO, concentrations
from the road transport and higher O, concentration in the mountain. This could be seen
at Low and Moderate range maps in the morning hours. The major NO, sources in the
city are the surface sources (road transport) and the surface NO, concentrations are higher
early in the morning and much smaller at noon (the atmosphere is mostly unstable, and
so the turbulence transports the NO, aloft more intensively). The maximal concentrations
which are directly linked to the worse AQI status are formed in the city center and along
the boulevard with most busy traffic.

In Moderate band at 18:00 GMT it can be also noticed about 20% recurrence with
not so good AQI status over Vitosha mountain. Higher values over the Vitosha Mountain
in the afternoon are due to the higher concentration of O, in mountain areas and intensive
ozone transport from higher levels (intensive turbulence during midday). The behavior of
the surface ozone is complex. The O, in Bulgaria is to a great extent due to transport from
abroad (Gadzhev et al. 2013), (Kaleyna et al. 2013a, 2013b, 2014) and (Tcherkezova et
al. 2013). This is the reason why the O, concentrations early in the morning are smaller
(less intensive transport from higher levels), and higher at noon and afternoon (turbulence
atmosphere and O, photochemistry)

High recurrence of cases with most polluted air (High band) appears again in the
city center. In the city center can be observed about 20% “High” pollution in the morning
and 10% in the afternoon. Bad AQI status from the High band never disappears.

Conclusions

The simulations for Sofia city show that the air quality status of Sofia is not so good
(evaluated with a spatial resolution of 1km).

AQI status falls mostly in Low and Moderate bands, but the recurrence of cases with
High pollution is close to 20% mostly at the city center.

The recurrence of Low band for 2013 is smaller than 2014, which means that in
2014 almost 90% the days have been with cleaner air.
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Fig. 2. Annual plots of the recurrence [%] of the AQI - Low, Moderate, and High bands in Sofia
for 2013.
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Fig. 3. Annual plots of the recurrence [%] of the AQI - Low, Moderate, and High bands in Sofia
for 2014.
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The pollution in the city is probably due to the surface sources like road transport
and also the TPPs in the city.

Apart from these general features the climatic behavior of the AQI probabilities is
rather complex with significant spatial, seasonal and diurnal variability. The areas with
slightly worse AQ status are not necessarily linked to the big pollution sources. Wide
rural and even mountain regions can also have significant probability for AQI from the
Moderate range.

The hot spot in Sofia city, where index with higher impact (High band) is in the city
center. The (High band) is relatively high - about 20 % in the morning and 10% in the
afternoon.
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OueHka Ha Ka4ecTBOTO HA Bb3AyXxa 3a rpaj Codus 3a 2013 u 2014
I'. I'amxeB

Pestome: B HacTosmiero m3cienBaHe ca MPEACTaBEeHU cpeqHoroavmHuTe MHaekcu 3a
KadecTBOTO Ha Bb3ayxa mpe3 2013 u 2014 3a tepuropusra Ha rpan Codus. M3mon3Banu
ca JaHHW 3a TPU3EMHUTE KOHIICHTPALMH Ha HAKOW 3aMBPCHUTEIH, MOJACTHPAHH OT
Brarapckara cuctema 3a mporHo3a Ha XUMHYECKOTO BPEMeE 3a H3UUCIICHIE Ha HHACKCUTE.
Upes M3M0I3BaHETO HA MATEMAaTHUECKH arapaT ca OTPeIeIIeHN HHICKCUTE 32 Ka4eCTBOTO
Ha BB3JyXa, a OT TaM U CBOTBETHUTE IMOBTOPSIEMOCTU B TpUTE Kareropuu ,,Hucko®,
,,CpemHo™ u ,,Bucoko*“3a neete roqman 2013 m 2014. YeraHOBSBAT Ce T.H. TOPEIIH TOUYKH,
B KOUTO KaTeropus ,,Brcoko* nocrura mo 20%. M3kazaHo € mpearnoIoKeHne 3a BHCOKUTE
KOHIICHTpAIlMX B ILIEHTHpPa HA Tpaja, Y€ Hai-BEpOSATHO c€ IBIDKAT Ha MPHU3EMHUTE
n3rounuuy ¥ TEL[-Te B rpana.
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Abstract. A detailed analysis of the variations of the stratospheric and mesospheric
ozone over Bulgaria, for the period 1997-2018, is presented in the article on the basis
of ground and satellite measurements of the Total Ozone Content (TOC). The existing
long-term trends of the move of the basic components of the seasonal course have been
studied. In conclusion, it can be argued that the ozone layer over Bulgaria fully retains
its protective functions.

Key words: total ozone content, seasonal course, long-term trends.

Introduction

The increased interest to the ozone layer condition of the Earth atmosphere over the
last decades is due to the understanding that the protection of the whole biosphere from
solar radiation UVB (280-315 nm) depends, to some extent, on this little atmospheric
compound. Besides, the variations in its concentration have a substantial impact on the
temperature regime and hence — on the whole dynamics of the middle atmosphere namely
because of ozone’s property to absorb solar energy (Georgieva et al. 2017). In relation to
the task assigned to NIGGG by governmental organs to study the condition of the ozone
layer over Bulgaria, a daily monitoring of the TOC was organized in 2008 with ground
facilities working in Sofia also at present (Gadzhev and Ganev 2018a, 2018b). Since it is
not possible to obtain a continuous data row (measurements with ground appliances are
possible only by clear weather), the data was complemented with measurements from
satellites (Kaleyna et al. 2013, Tcherkezova et al. 2013). The output row of daily values
allowed tracking of the condition of the ozone layer in the atmosphere over Bulgaria for
a sufficiently long period: from 1997 to 2018 and making some conclusions about the
protective ability of the ozone layer.
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Data of Total Ozone Content

The measurements of TOC in NIGGG were conducted with the sun photometer
Microtops II, a product of Solar Light Company, USA, http://www.solarlight.com. The
results were obtained completely automatically from the built-in microcomputer. The
accuracy of the appliance, given by the manufacturer, was 1-2%. The error amounted to
6 DU by an average amount of the total content about 300 DU.

The measurements with Microtops II have been complemented with data from
Ozone Monitoring Instrument (OMI) working on AURA Satellite which are available
on http://toms.gsfc.nasa.gov/. The relation between the data obtained from Microtops
IT and OMI was for the period September 2009 to June 2009. There has been some
systematic bias between the two types of measurements, about 11 DU, which has allowed
recalculating the data from OMI and tying them to the data of Microtops II. The data row
was extended to 1996 with the data from a Total Ozone Mapping Spectrometer (TOMS)
aboard the Nimbus 7 polar-orbiting satellite. The simultaneous data from TOMS and
OMI from October 2004 to December 2005 has allowed to calibrate the data of TOMS to
OMI and then to the data of Microtops II. The resulting data row, notwithstanding that it
has been obtained from different appliances, should be considered free of systematic bias
(Kaleyna et al. 2013, Bojilova 2017).
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Fig. 1. Monthly averages of TOC over Bulgaria in the period 1996-2018.
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The course of the annual monthly values of TOC over Bulgaria is displayed on
Fig. 1. A certain seasonal cycle of the total ozone with a spring maximum and an autumn
minimum may be readily seen. The linear approximation gives a positive trend of 0.019
DU/month, which allows making the conclusion that the ozone layer over Bulgaria was
generally stable during the period.

Components of seasonal cycle.

A decomposition of the monthly mean values has been made with a sliding time
segment of a year with a step of one month (Kaleyna et al. 2013). The course of yearly
running mean values is displayed in Fig. 2. The value of the positive linear trend is 0.017
DU/month and practically coincides with the trend of monthly average values. Significant
variations are observed over a period of about five years.
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Fig. 2. Running yearly mean TOC.

The course of the annual amplitude shown in Figure 2 has a positive linear trend
of 0.028 DU/month. This means that seasonal variation increases over time. The phase
of the annual variation (the day of the year when TOC is maximal) is shown in Figure
4. Linear trend is negative- 0.055 days/month. At the beginning of the period the day of
the maximum is at the end of March, at the end of the period it reaches the middle of the
month.
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Conclusions

The analysis of the seasonal cycle of the Total Ozone Content over Bulgaria made
on the basis of assimilated dataset of daily values obtained by ground and satellite
measurements and smoothed between each other with the use of regression fitting has
shown that the condition of the stratospheric ozone which is the most important for the
protection of the Earth’s surface from the harmful impact of the ultraviolet solar radiation
was stable during the studied period (1997-2018), and no trends towards its destruction
have been observed. On the contrary, the total amount of ozone tends to increase slightly.
Seasonal variations are also relatively persistent.

In conclusion, it can be argued that the ozone layer over Bulgaria fully retains its
protective functions.
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O3onoBusAT c10ii Hax bbiarapus B nepuoaa 1997-2018 r.
I1. Myxtapos, H. Munomes

Pe3rome: HanpaseH e jneraiiyieH aHamu3 Ha BapHaluuTe Ha cTparocdepHus U Me3ocde-
peH o30H Han bearapus 3a nepuona 1997-2018 1. Ha 6a3ara Ha HA3€MHU U CITBTHUKO-
BH M3MEPBaHUs Ha TOTAIHOTO 030HOBO chabpxkanue (TOC). U3cnensanu ca OCHOBHUTE
KOMITOHCHTH Ha CE30HHATA M3MEHYHUBOCT U ChIIIECTBYBAIIMTE TCHACHIIUH 32 U3MCHCHHUEC-
TO M. B 3aKiroucHHE ¢ HampaBeH M3BOJ, Y€ O30HOBUST CJIOM Haj bbiarapus HambIHO
3ama3Ba CBOMTE 3al[UTHH CBONCTBA.
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ANNUAL REPORT OF THE OBSERVED GEOMAGNETIC ACTIVITY
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Abstract. Presently, in the era of Internet communication the preliminary time series
(INTERMAGNET’s reported data) acquired in geomagnetic observatories are available
in near-real time, while the final absolute time series (definitive data) are disseminated
with many months delay, being subject to many checks. This paper reports the definitive
geomagnetic data obtained in Panagjurishte observatory in 2013, prepared in the form of
local geomagnetic indices and absolute time-series of daily mean values plots. Verification
of data quality is performed according to “IAGA guide for magnetic measurements and
observatory practice”.

Key words: PAG observatory, geomagnetic variations, geomagnetic activity, local
geomagnetic indices, daily mean values.

Introduction

The Geomagnetic observatory in Panagjurishte (PAG) is established in 1937 — first
on the Balkan Peninsula and unique in Bulgaria and during more than 80 years performs
absolute measurements of the geomagnetic field elements and continuous registration
of their variations. In 2007 PAG observatory was equipped with digital systems for the
recording of geomagnetic field element’s variations. Thus, the observatory implemented
the technical requirements and was joined to the INTERMAGNET (International Real-
time Magnetic Observatory Network), which establishes a global network of cooperating
digital magnetic observatories, and facilitate data exchanges and geomagnetic products
in close to real time. Preliminary recorded time series and local geomagnetic k-indices
are published on the NIGGG web page (http://data.niggg.bas.bg/magn datal/dailymag
bg.php) and automatically reported to INTERMAGNET. The present paper provides
quasi-definitive geomagnetic data which are checked and processed to comply with the
IAGA standards for observatory practices.
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Local geomagnetic indices (K, A , XK) calculated at PAG observatory.

The K-index is often used as a quantitative measure of local magnetic activity.
It is a 3-hour quasi-logarithmic scale developed to measure magnetic activity ranging
from 0 to 9, with 0 indicating completely quiet conditions and 9, representing extreme
magnetic activity. It is intended to measure geomagnetic disturbances outside the normal
diurnal quiet time variations. In order to have a somewhat consistent scale of magnetic
activity between observatories at high latitudes, where field variations can be quite
large in amplitude, and those at low latitudes, each observatory is assigned its own set
of amplitude ranges corresponding to the various K-index levels. Thus, for example, a
K-index of 5 at College (TCO) observatory (212.4°E, 64.87°N) corresponds to a lower
limit of magnetic activity range of 350 nT over the 3-hour interval, while at San Juan
(SJG) observatory (293.85°E, 18.117°N) this same K-index level corresponds to a lower
limit of magnetic activity of 40 nT. The idea is to have K-index compensation for the
influence of latitude on magnetic activity, so that a K-index of 7 at College and San Juan
would represent the same magnetic storm intensity despite the actual differences in the
range of magnetic fluctuation amplitudes at the two latitudes.

The ranges of the individual K numbers in PAG observatory (24.177°EN, 42.515°N)
are defined as follows:

Deviation
from the
normal | <5 | 5-10 | 10-20 | 20-40 | 40-70 | 70-120 | 120-200 |200-330 | 330-500 | > 500

Sq variation
[nT]

K 0 1 2 3 4 5 6 7 8 9

The eight three-hourly K numbers (after Bartels) are calculated by a computer code
(FMI method, Sucksdorff et al., 1991) from the digital recordings of three component
flux-gate variometer FGE.

Description of the geomagnetic storms and their possible effects on people and
systems can be found at NOAA Space Weather Scale for Geomagnetic Storms (http://
www.swpc.noaa.gov/NOA Ascales/index.html#GeomagneticStorms).

A, [nT] is the local equivalent daily amplitude index which is determined by
converting K —indices into eight 3-hour equivalent linear amplitudes a,, and calculating
the mean value. The 3-hour equivalent amplitude a, is assigned for each K value using
the following table:

K 0 1 2 3 4 5 6 7 8 9

0 3 7 15 27 48 80 140 240 400

g famy

XK is the daily sum of the eight K numbers.
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Table 1. Local geomagnetic indices (K, A, £K) calculated at PAG observatory in 2013.

Activity indices

PAG Observatory 2013

Day K AK[nT] XK
01-Jan-13 0101 1100 0]O0 1 2
02-Jan-13 0|1 1 1 I {222 4 10
03-Jan-13 1101 1 1 1 0|0 2 5
04-Jan-13 1|01 11001 1 2 5
05-Jan-13 1101 1 1101 0 2 5
06-Jan-13 01001 1 11212 3 7
07-Jan-13 I 0] 0] 1 1 10]O0 1 2 4
08-Jan-13 1 1 1|2 121213 6 13
09-Jan-13 210 |1 1 1 1 1 1 3 8
10-Jan-13 Ojo0olO0]O0]|1O0]1 1 1 3
11-Jan-13 0] 1 1|2 110|113 4 9
12-Jan-13 2 1 1|2 1 1 1 1 4 10
13-Jan-13 202122 -1 3131 4 - 18
14-Jan-13 32112121222 8 16
15-Jan-13 1 1 1 12 111]21]0 4 9
16-Jan-13 1 1 1 1 112|314 8 14
17-Jan-13 4 |3 12 |2 |4]5]|4]3 22 27
18-Jan-13 2032121413213 13 21
19-Jan-13 3 1 1 112 3]3]4 11 18
20-Jan-13 3133 13121 1 10 17
21-Jan-13 2 |1 1 1 1 1 1 1 4 9
22-Jan-13 0101 110]0]O0]O 1 2
23-Jan-13 0] 1 1100|010 1 1
24-Jan-13 rjof1}(0]0|00]0O0 1 2
25-Jan-13 1 I (2110} 21]2]3 6 12
26-Jan-13 4 12 |3 |3 |4]|4]S5]4 24 29
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27-Jan-13 312 1 2 1 3 1 1 7 14
28-Jan-13 1 1 1 0 1 1 213 5 10
29-Jan-13 1 0 1 1 1 1 0|0 2 5

30-Jan-13 0 1 1 1 1 1 1 0 2 6

31-Jan-13 0 1 1 00 1 1 2 2 6

01-Feb-13 2 1 1 1 1 2123 6 13
02-Feb-13 2 (2212 |2]3]4 1 10 18
03-Feb-13 210 1 1 212 1 1 4 10
04-Feb-13 1 1 1 1 1 313 1 6 12
05-Feb-13 1 1 1 1 1 1 1 0 3 7

06-Feb-13 1 070 [0]0]O0 1 1 1 3

07-Feb-13 1 1 2 12| 2 1 2 12 6 13
08-Feb-13 20321221222 8 17
09-Feb-13 1 1 1 1 1 1 1 1 3 8

10-Feb-13 2 1 1 1 1 2 13 |2 6 13
11-Feb-13 1 1 1 1 1 2 13 |2 6 12
12-Feb-13 1 1 2 1 2 12|23 7 14
13-Feb-13 3| 2 1 2 1 2 145 15 20
14-Feb-13 4 1312312 ]3]3]3 15 23
15-Feb-13 0 1 1 1 1 213 |2 5 11
16-Feb-13 1 1 1 2 |3 514 2 14 19
17-Feb-13 1 1 2123 3143 12 19
18-Feb-13 OO0/ O 1 1 1 2 13 4 8

19-Feb-13 0 1 1 21213133 8 15
20-Feb-13 1 1 203 21222 7 15
21-Feb-13 3122 1 1 21213 16
22-Feb-13 2|2 1 313 313 ] 4 13 21
23-Feb-13 312 1 2 |3 1 313 10 18
24-Feb-13 1 1 0 1 1 2122 4 10
25-Feb-13 0 1 1 1 212122 11
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26-Feb-13 1 2 |2 1 1 1 2 12 12
27-Feb-13 2 1 2 1 1 1 0 1 4 9

28-Feb-13 1 1 1 2121234 16
01-Mar-13 4 13 4 15 5145 5 36 35
02-Mar-13 3 3 2 1 2 |3 4 | 4 15 22
03-Mar-13 2122 1 2 12| 3 3 17
04-Mar-13 2 1 1 1 2 1 0 1 4 9

05-Mar-13 3 1 2|2 1 1 2 1 13
06-Mar-13 212 1 1 1 - 1 1 - 9

07-Mar-13 1 212 |2 1 1 1 1 5 11
08-Mar-13 0|0 1 1 1 1 2 1 3 7

09-Mar-13 3 2 1 1 2123 1 8 15
10-Mar-13 1 1 1 1 1 2 1 3 5 11
11-Mar-13 3 1 2 1 1 1 1 1 5 11
12-Mar-13 1 1 21212 12]3 |2 7 15
13-Mar-13 1 1 1 1 1 1 2 12 4 10
14-Mar-13 1 1 2 12122 1 1 5 12
15-Mar-13 1 3 312 |2 1 1 1 7 14
16-Mar-13 3 3 212121222 9 18
17-Mar-13 2125 5145 6 | 6 43 35
18-Mar-13 3 2123 2 1 212 9 17
19-Mar-13 1 1 2 1 1 2 3| 4 9 15
20-Mar-13 202 |2 1 2123 |4 10 18
21-Mar-13 51413 1 0 1 1 1 13 16
22-Mar-13 0 1 1 2121213 2 6 13
23-Mar-13 1 1 1 2|3 2 14| 4 12 18
24-Mar-13 3 2 1 2012122 1 15
25-Mar-13 0 1 2 12 1 1 2 1 4 10
26-Mar-13 1 1 1 1 1 1 0] 0 2 6

27-Mar-13 1 21213 3 51415 21 25
28-Mar-13 3 1 1 2 -1 3 213 - 15
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29-Mar-13 4 13143 3 4 14 |3 21 28
30-Mar-13 3 3121212 (2]|4]|3 13 21
31-Mar-13 1 1 1 1 021213 5 11
01-Apr-13 1 1 212 1 2 1 2 5 12
02-Apr-13 1 1 1 1 1 2123 6 12
03-Apr-13 1 2 12 1 1 - 1 2 - 10
04-Apr-13 2 1 1 2 1 1 1 1 4 10
05-Apr-13 1 1 2 1 1 1 212 5 11
06-Apr-13 1 1 1 2 1 1 212 5 11
07-Apr-13 1 1 20212121210 5 12
08-Apr-13 O[O0 |21]60 1 0 1 1 2 5

09-Apr-13 1 1 2120 - 1 1 8

10-Apr-13 1 1 2|2 1 - -1 3 - 10
11-Apr-13 1 1 312 1 - 1 2 - 11
12-Apr-13 2 1 212 1 1 1 1 5 11
13-Apr-13 1 2 1 2 1 1 1 4 7 13
14-Apr-13 2|3 31423 3 3 15 23
15-Apr-13 1 1 2 1 1 0] 3|2 5 11
16-Apr-13 1 oOj00]0]2]3 3 5 9

17-Apr-13 2 1 1 1 1 1 0O 3 7

18-Apr-13 1 010 1 0 1 1 0 2 4

19-Apr-13 O[O0/ O0 1 1 1 0 1 2 4

20-Apr-13 0 1 1 2 1 1 0 1 3 7

21-Apr-13 0] 0 1 1 1 21210 3 7

22-Apr-13 1 2 1 1 1 2|2 1 5 11
23-Apr-13 o212 (2121|121 2]S3 7 15
24-Apr-13 3 20124142 ]4]|3 17 24
25-Apr-13 3 2 1 3 2 |3 3 2 11 19
26-Apr-13 2131213 3 3 3 3 13 22
27-Apr-13 2 1 2 1 212122 14
28-Apr-13 1 1 1 212121212 13
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29-Apr-13 3 1 1 2 1 0 1 2 5 11
30-Apr-13 2 1 1 2012 |2 1 3 7 14
01-May-13 210241343 5 3 20 26
02-May-13 3 3 2 12 1 1 3 2 9 17
03-May-13 1 2 1 1 1 1 2 1 4 10
04-May-13 1 1 2 0221222 6 14
05-May-13 2 1 1 21213 2 1 7 14
06-May-13 2 1 203121223 9 17
07-May-13 3 2123 3 2 |2 1 10 18
08-May-13 3 2 |2 1 1 2 1 2 7 14
09-May-13 2|2 1 2 1 1 1 1 5 11
10-May-13 1 3 1 1 2 1 -1 0 - 9
11-May-13 1 2 1 1 0 -1 0 1 - 6
12-May-13 1 2 1 2 1 1 - 1 - 9
13-May-13 1 1 1 1 1 212 1 4 10
14-May-13 1 1 3 3 2 1 2 12 8 15
15-May-13 1 1 2123 3 312 9 17
16-May-13 3 3 2124 |4]3 1|4 18 25
17-May-13 3 3 212123 3 3 12 21
18-May-13 4 14 1312|2213 2 14 22
19-May-13 3 2 1 2102121214 10 18
20-May-13 2|2 1 1 212122 6 14
21-May-13 2 1 1 2 12 1 2 12 6 13
22-May-13 3 2121213 3 312 11 20
23-May-13 1 3 1 212121212 7 15
24-May-13 1 2121413 3 514 19 24
25-May-13 3 3 2143 5 5| 4 25 29
26-May-13 4 1432|3413 3 19 26
27-May-13 2|3 2131213 4 |3 14 22
28-May-13 213 213|122 1 1 8 16
29-May-13 0 1 0 1 1 00O 1 3
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30-May-13 0 1 1 1 0 1 1 0 2 5
31-May-13 0 1 1 1 2 13|34 9 15
01-Jun-13 5|55 |45 2|33 32 32
02-Jun-13 3 3213|3233 13 22
03-Jun-13 2 (221212 ]2]2]|3 8 17
04-Jun-13 31222 1 1 2 13 8 16
05-Jun-13 3| 2 1 2 1 1 1 1 6 12
06-Jun-13 1 313|133 514 4 21 26
07-Jun-13 41413 (32|22 1 14 21
08-Jun-13 2 1333 1 1 0 1 14
09-Jun-13 1 2 12 1 3 313 ]2 9 17
10-Jun-13 3 313 3122 1 - 17
11-Jun-13 1 1 2 1 3 3122 8 15
12-Jun-13 1 1 1 21210 1 1 4 9
13-Jun-13 2 1 1 1 0 1 1 1 3 8
14-Jun-13 1 1 1 2 1 1 1 2 4 10
15-Jun-13 2 1 2 1 1 1 1 1 4 10
16-Jun-13 1 2 10| 2 1 1 1 1 4 9
17-Jun-13 1 2 1 1 1 1 1 1 4 9
18-Jun-13 1 1 1 1 1 1 2 1 4 9
19-Jun-13 2 |2 1 1 o223 6 13
20-Jun-13 312 1 30212314 12 20
21-Jun-13 4 13123 3 3 13| 3 16 24
22-Jun-13 203 (3|13 |2]2]3]|3 12 21
23-Jun-13 3 3 (3|32 3 ]3]|3 14 23
24-Jun-13 3023|133 ]4]4]|3 17 25
25-Jun-13 3|12 1 1 1 2 1 2 13
26-Jun-13 1 2 1 1 1 2 1 1 4 10
27-Jun-13 1 1 1 1 4 131213 10 16
28-Jun-13 314 |2 3 513 ] 4 21 27
29-Jun-13 5151311413 3 14| 4 28 31
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30-Jun-13 3|12 1 313 |3 312 12 20
01-Jul-13 303|122 1 1 1 1 7 14
02-Jul-13 1 1 1 2 1 1 1 0 8
03-Jul-13 1 1 0 1 1 1 2|2 4 9
04-Jul-13 1 212 |2 1 1 2 12 13
05-Jul-13 2 (21212133413 13 21
06-Jul-13 313 31333 3| 4 17 25
07-Jul-13 4 1 2 1 1 1 212 1 14
08-Jul-13 1 1 1 1 1 212 1 4 10
09-Jul-13 1 1 1 2121243 16
10-Jul-13 4 1433|313 3| 4 20 27
11-Jul-13 21034233 512 18 24
12-Jul-13 20222 1 3 313 10 18
13-Jul-13 4 13 3|2 1 213 |2 12 20
14-Jul-13 3312|1333 |4]3 16 24
15-Jul-13 4 13223 |2]2]2 12 20
16-Jul-13 1 1 1 0 1 1 2 1 8
17-Jul-13 0] 2 1 1 1 1 2|2 4 10
18-Jul-13 1 2 1 3141|443 16 22
19-Jul-13 202131233 3 3 12 21
20-Jul-13 3122 1 1 0 1 0 5 10
21-Jul-13 1 2 1 1 1 2 12| 2 5 12
22-Jul-13 2 1 2 1 2 1 2 1 3 7 14
23-Jul-13 20121202 1 1 1 1 5 12
24-Jul-13 21010 1 1 1 1 1 3 7
25-Jul-13 1 212 1 1 3 14| 4 12 18
26-Jul-13 4 1322|3213 1 12 20
27-Jul-13 312 1 2 1313123 11 19
28-Jul-13 2] 2 1 1 1 1 2|3 13
29-Jul-13 1 1 1 1 2 1 1 1 4 9
30-Jul-13 1 20121212122 1 14
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31-Jul-13 2|2 1 1 1 1 2 1 11
01-Aug-13 1 210 |2 1 2 1 0 4
02-Aug-13 1 1 0 - - - 1 - 4
03-Aug-13 1 1 0 1 1 1 1 2 3 8
04-Aug-13 1 1 213 25|44 17 22
05-Aug-13 4 13123 2123 3 14 22
06-Aug-13 3 1 1 1 1 1 1 2 5 11
07-Aug-13 1 1 212 1 1 1 0 4 9
08-Aug-13 0 1 1 1 1 1 212 4 9
09-Aug-13 1 3212223 2 9 17
10-Aug-13 1 21223 2 1 1 7 14
11-Aug-13 2 1 1 1 2 1 1 1 4 10
12-Aug-13 1 1 1 2 1 2|3 3 7 14
13-Aug-13 2 1 21212 14]3 |2 10 18
14-Aug-13 3 312 1 2121213 10 18
15-Aug-13 3 2123 3 4 12 |3 14 22
16-Aug-13 3 4 13 3 3 4 13 3 18 26
17-Aug-13 3 212122 1 1 2 7 15
18-Aug-13 2 1 212 1 1 212 6 13
19-Aug-13 1 1 1 2012 |2 1 1 11
20-Aug-13 0 1 1 1 0 1 1 3 4 8
21-Aug-13 3 3123 3 314 4 17 25
22-Aug-13 4 14 1322 ]2]|3]4 17 24
23-Aug-13 41213 3 213 312 14 22
24-Aug-13 20212121212 2]2 7 16
25-Aug-13 1 1 1 1 212 1 2 5 11
26-Aug-13 1 1 1 1 1 1 2 13 5 11
27-Aug-13 3 2 1 1 2 |3 5| 4 16 21
28-Aug-13 3 3122 |2 1 1 2 8 16
29-Aug-13 0 1 1 1 1 1 1 1 3 7
30-Aug-13 1 01123 2123 ]4 10 17
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31-Aug-13 4 1233|312 1 3 13 21
01-Sep-13 3212122233 10 19
02-Sep-13 202031322 1 1 8 16
03-Sep-13 1 1 2 12 1 1 2 13 6 13
04-Sep-13 2 1 1 3012 1 2 12 7 14
05-Sep-13 1 0 1 2 1 1 1 1 3 8

06-Sep-13 1 1 1 1 0 1 312 5 10
07-Sep-13 1 1 1 1 1 1 0 1 3 7

08-Sep-13 2 02| 2 1 2 1 1 0 5 11
09-Sep-13 0 1 2 1 1 1 1 1 3 8

10-Sep-13 OO0 0]2]3]3 313 8 14
11-Sep-13 2 1 1 1 2012132 7 14
12-Sep-13 2 1 1 2 1 - -2 - 9

13-Sep-13 3212122 4|3 |2 12 20
14-Sep-13 1 1 2|2 1 1 1 1 4 10
15-Sep-13 1 0 1 0|0 1 0 1 4

16-Sep-13 1 1 2 1 1 1 1 1 4

17-Sep-13 212 |2 -1 2121412 - 16
18-Sep-13 2 12 - - -1 31213 - 12
19-Sep-13 3121314 - - - - - 12
20-Sep-13 - - - - - - - - - 0

21-Sep-13 - - - - - - - - - 0

22-Sep-13 - - - - - - - - - 0

23-Sep-13 - - - - - - - - - 0

24-Sep-13 - - - - - - - - - 0

25-Sep-13 - - - - - - - - - 0

26-Sep-13 - - - - - - - - - 0

27-Sep-13 - - - - - - - - - 0

28-Sep-13 - - - - - - - - - 0

29-Sep-13 - - - - - - - - - 0

30-Sep-13 - - - - - - - - - 0
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01-Oct-13 N - 0
02-Oct-13 A - 0
03-Oct-13 A - 0
04-Oct-13 - - 0
05-Oct-13 e - 0
06-Oct-13 N - 0
07-Oct-13 - - -2 221 - 7
08-Oct-13 11111 |2]5]s 15 17
09-Oct-13 514 |a|3]3]|3]|3]4 24 29
10-Oct-13 413 (2]212121]1]2 10 18
11-Oct-13 12222 2]2]1 6 14
12-Oct-13 Ll l2]3]3 7 13
13-Oct-13 1|1 lol1]oflo]2]o0 2 5
14-Oct-13 1223|4454 20 25
15-Oct-13 4131233 |1]2]4 15 2
16-Oct-13 N - 0
17-Oct-13 3032332122 11 20
18-Oct-13 ol 1 |t1]oflo|l1]2]o0 2 5
19-Oct-13 o1 |t1]1]o|l1]o0]o0 2 4
20-Oct-13 olo |1 ]1]o|o0o]1]1 2 4
21-Oct-13 ol 1|t ]1]|1|l1]o]o 2 5
22-Oct-13 ol 1|3 ]2]1]|1]2]2 6 12
23-Oct-13 202221 ]lo]1]o0 4 10
24-Oct-13 1|11 2]t1l1]o]o 3 7
25-Oct-13 A - 0
26-Oct-13 1l -]t ]1lolol1]| - - 4
27-Oct-13 1 A I O R I - 2
28-Oct-13 N - 0
29-Oct-13 o - | - -|-1-1-]|- ; 0
30-Oct-13 A - 0
31-Oct-13 30316 -] -|-12]3 - 17
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01-Nov-13 2 1 2 1 1 2 1 1 1 5 11
02-Nov-13 1 1 1 210 1 1 2 4 9
03-Nov-13 3122 1 1 0|3 |3 8 15
04-Nov-13 0 1 2 |2 1 312 1 6 12
05-Nov-13 2 1 2 1 0 1 0 1 3 8
06-Nov-13 1 0 1 - 1 1 1 3 - 8
07-Nov-13 212121313 1 312 10 18
08-Nov-13 3012 1 1 0 1 0 1 4 9
09-Nov-13 214 |4 41] 4|2 1 1 16 22
10-Nov-13 3031213213 3| 4 15 23
11-Nov-13 4 13 313|413 3 1 17 24
12-Nov-13 1 1 1 1 0Ol0]0]O0 2 4
13-Nov-13 0 1 1 2|2 1 1 1 4

14-Nov-13 010 1 1 1 1 1 1 2 6
15-Nov-13 212 1 1 2|3 314 11 18
16-Nov-13 303 303|122 1 2 11 19
17-Nov-13 2 (21222 1 2 1 6 14
18-Nov-13 1 1 1 1 0 1 010 5
19-Nov-13 0 1 1 2 1 1 2|2 4 10
20-Nov-13 - - - - -1 0 1 0 - 1
21-Nov-13 0 1 O[O0 0]O 1 1 2
22-Nov-13 1 1 O[O0 |0} 2]2 3 6
23-Nov-13 - - - - - - - - - 0
24-Nov-13 - - - - - - - - - 0
25-Nov-13 - -1 0O - - - - 1
26-Nov-13 0 1 1 010 1 1 1 2 5
27-Nov-13 00 -1 1 1 010 - 3
28-Nov-13 00 1 0|2 1 1 1 2 6
29-Nov-13 1 2 1 1 212412 8 15
30-Nov-13 2 1 1 21212 4] 4 11 18
01-Dec-13 21212 (3]12]0 1 8 15
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02-Dec-13 010 1 O[O0 O0|0]O0 0 1
03-Dec-13 1 202121312312 9 17
04-Dec-13 2|2 1 00 1 2 1 4 9
05-Dec-13 0 1 1 2012 |2 1 1 4 10
06-Dec-13 1 1 1 1 1 1 1 2 4 9
07-Dec-13 2 1 2 1 1 1 313 7 14
08-Dec-13 S| 5|3 (212|432 22 26
09-Dec-13 1 1 1 1 2|2 1 1 4 10
10-Dec-13 1 2 1 1 1 1 1 0 3 8
11-Dec-13 1 1 1 1 1 0 1 2 3 8
12-Dec-13 1 0 1 1 O[O0 |0]O0 1 3
13-Dec-13 010 1 1 312 |2 1 5 10
14-Dec-13 3 33|12 (24|52 18 24
15-Dec-13 2 1 212 1 3122 7 15
16-Dec-13 212 |2 1 1 1 212 6 13
17-Dec-13 2 1 1 0160 1 3 1 4 9
18-Dec-13 1 1 1 1 1 1 1 2 4 9
19-Dec-13 1 1 1 1 1 313 ]2 7 13
20-Dec-13 2|2 1 1 1 212 |2 6 13
21-Dec-13 1 1 1 1 010 1 0 2

22-Dec-13 0 1 1 1 0 1 0O 2 4
23-Dec-13 1 070 [0]0]O0 1 1 1 3
24-Dec-13 010 1 1 0 1 1 2 2 6
25-Dec-13 2 1 1 2121212 1 6 13
26-Dec-13 00| O 1 1 0 1 0 1 3
27-Dec-13 0] 0 1 0 1 0 1 1 2 4
28-Dec-13 010/ O0 1 1 1 1 2 2 6
29-Dec-13 2 1 2 12 1 2120 5 12
30-Dec-13 010 1 1 1 2 1 0 2 6
31-Dec-13 1 212122 1 2 1 6 13
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Definitive daily mean values of the Declination (D), Inclination (I),
Horizontal (X and Y), and Vertical (Z) field components.

Presently, daily mean values are obtained from the hourly means (HMVs) which
in turn comes from the minute mean values (MMVs), based on the digital recordings of
the three-component fluxgate magnetometer FGE. The baseline of this magnetometer is
determined from absolute measurements with a DI-flux theodolite and an Overhauser
proton magnetometer.

Positions of the Variation house where the three-component fluxgate magnetometer
FGE is installed and the Absolute house where absolute geomagnetic measurements are
performed are given in the Fig. 1.

Legend

1. Administrative Building

2. Garages With Aggregate Premise
3. Seismic Pavillon

4. Absolute House/ 2

5. Absolute House

6. Variation House
7. Exterior Pillar

Fig. 1. Ground plan of the Panagjurishte observatory

Before calculating of MMVs, inspection and verification of the reported data is
performed. The reported data (available in near real time) are usually used in applications
where the reliable representation of higher-frequency magnetic field variations is more
important rather than absolute levels or secular variation. This concerns, e.g. the forecast
of magnetic activity, radio-wave propagation, or space weather. In the case of reported
data it is not possible to verify them prior to dissemination. Careful monitoring of the
automatically transmitted data and the present-day computer technologies enable us to
improve the quality of data and reduce the number of gaps in the records. After the quality
control procedures have been applied to the 2013 reported data, we obtained the definitive
minute mean values and calculated the HMVs and DMVs. Due to technical problems
there are gaps in the data records in September, October and November.
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Daily mean values of the Declination (D), Inclination (I), Horizontal (X and Y), and
Vertical (Z) field components for 2013 are plotted in the next figures:

i R W R Tt
I | A [ |
Ll W \f:‘“f\f b o I
20 b M i ! | ! |
N
[ I [ I I I
| | | | [ |
245 | | | | 1 1
0 60 120 180 240 300 360
day
Fig. 2. Plot of the daily mean values of the Declination (D) registered in
PAG observatory in 2013.
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Fig. 3. Plot of the daily mean values of the Inclination (I) registered in PAG
observatory in 2013.
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Fig. 4. Plot of the daily mean values of the North geomagnetic field
component (X) registered in PAG observatory in 2013.
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Fig. 5. Plot of the daily mean values of the East geomagnetic field
component (Y) registered in PAG observatory in 2013.
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Fig. 6. Plot of the daily mean values of the Vertical geomagnetic field
component (Z) registered in PAG observatory in 2013

Conclusions

Continuous registration of the geomagnetic field components gives the sum of all
field contributions from the internal and external to the Earth sources. A straightforward
separation of the individual contributions is impossible and many scientific studies
deal with different aspects of this problem (Mandea nad Korte, 2010). Approximate
description of the strength of different external variations however, are provided by
geomagnetic indices. A quantitative measure of the 2013 local geomagnetic activity in
the form of 3 hour K-index is published here, based upon the range of fluctuations in the
PAG observatory records over 3 h. intervals. Tables show that 2013 has relatively quiet
geomagnetic field with only 15 disturbed days having K-index = 5. Annual variations
of the geomagnetic field components are plotted by means of daily mean values. Data
are checked and verified according to IAGA requirements (Jankowski and Sucksdorff,
1996).
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Topuien qokiaan 3a Ha0/IIOIaBAHATA TeOMATHUTHA AKTHBHOCT
B O0cepBaTopust [lanarwopume npe3 2013

M. Meroaues, I1. Tpudonosa

Pe3rome: [lonacTosmem, B epata Ha HHTCPHET KOMYHUKAIIHTE, 3alTUCUTE OT TEOMATrHUT-
HUTE 00CEpPBATOPHH CE MPEIOCTABAT HA 3aWHTEPECOBAHUTE MMOTPSOUTEITH IOUTH B PEAITHO
BpeMe, JOKaTo 00pabOTCHUTE BPEMEBH CepUH (OKOHUATCITHH JAHHU) ca 0OCKT Ha MHOTO
MIPOBEPKH U C€ Pa3MpPOCTPAHIBAT C MECEIH 3aKbCHEHNE. HaCTOSIUAT HOKIa T MPEICTaBs
ne(UHUTUBHUTE TCOMArHUTHH NaHHH, monydeHn B OOcepparopus [laHarropuine mpes
2013 r., manenn nox ¢opmaTta Ha JIOKAJTHH TE€OMAarHUTHH WHACKCH W TPa(uKH Ha Cpel-
HOJTHCBHUTE CTOWHOCTH Ha KOMITOHCHTUTE HAa MATHUTHOTO IoJie. Bepudukanusara Ha na-
HHUTE € U3BbPIICHA B ChOTBETCTBUE C M3UCKBaHUsATa HA IAGA.
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DATA AND ANALYSIS OF THE EVENTS RECORDED
BY NOTSSI IN 2015
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Abstract. A map of epicenters of 1426 earthquakes that occurred during 2015 in the
Balkan Peninsula (sector outlined by latitude j =37°- 47°N and longitude 1=19°-30°E) is
presented. Expert generalized analysis of the seismicity over the territory of Bulgaria
and its very adjacent lands (with more than 1042 localized events) is proposed. Catalog
of earthquakes with magnitude M>2.5 is applied.

Key words: Balkan Peninsula, Bulgaria, seismicity

The present scientific communication contains generalized information on the
results of collection, processing and analysis of the data about the seismic events recorded
by the National Operative Telemetric System for Seismological Information (NOTSSI)
in 2015. The expanded information about the realized seismicity is suggested as a natural
generalization and supplementation of the monthly compilations of the preliminary
seismological bulletin of NOTSSI. The analysis and evaluation of the space, time and
energy distribution of the seismicity, periodically been made, open up possibilities for
searching for time correlations with the parameters of different geophysical fields aiming
to find out eventual precursor anomalies.

The recording and space localization of the seismic events in NOTSSI during 2015
is realized by means of the digital network (Solakov et al., 2006). The routine processing
and acquisition of the initial data is organized in a real time duty regime. The operations
are fulfilled by the authors of this communication. In such a way the main goal of NOTSSI,
namely the seismicity monitoring in order to help the authorities’ and social reaction
in case of earthquakes felt on the territory of the country, is realized. The computing
procedure for determining the parameters of the seismic events is an adaptation of the
widespread product HYPO’71 (Solakov, 1993). The energy parameters of the events are
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presented mainly by the magnitude M calculated according to the records duration by the
formula (Christoskov and Samardjieva, 1983).

M =1.92 + 2.72logt- 0.026A

After bringing into use the digital broadband seismometers of NOTSSI network, the
magnitude determination for local and regional events is calculated by P wave amplitude
ratio (Christoskov at all., 2011 a, b).

The focal mechanism parameters are obtained by means of a program FOCMEC
(Snoke, 2009). The high sensitivity of the seismographs allows recording and processing
of a great number of long distance earthquakes. As a result of the achieved experience
in the authors interpretation work, different magnitude’s lower threshold for successful
determination of local, regional and long distance earthquakes is established: M=1.5
for the territory of Bulgaria, M=3.0 for the central part of the Balkans, M=5.0 for long
distance events. The precision of the epicenter’s determination is different; except on
the distance it depends also on the specific position of the epicenter in relation to the
recording network. The parameters of seismic events occurring at a distance more than
100-150 km outside the territory of Bulgaria should be accepted only informatively and
cannot be used for responsible seismotectonic investigation.

ROmanid,

Bragov., (A0

Latitude

21 ' 22 23 24 25 2(; ' 2; .28 é9 30
Longitude
Fig. 1. Map of epicenters in Central Balkans during 2015 (Open Street Map - Tableau
Desktop 10.4.)
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For the period of observations presented in this communication, the primary data
about 2000 local, regional, distant earthquakes and industrial explosions on the territory
of Bulgaria are recorded, classified and processed (as a work bulletin) in NOTSSI. After
comprehensive analysis of the records and application of the above mentioned calculation
procedures it is established that 1426 of all registered earthquakes are in the Balkan
Peninsula region outlined by geographic latitude 37° - 47° N and longitude 19° - 30° E.
The epicenters of the earthquakes differentiated by magnitude levels are plotted on Fig.1.
The number of the events in the magnitude interval M<1.9 is 670, in M=2.0-2.9 - 576, in
M=3.0-3.9 - 155, in M=4-4.9 — 25 carthquakes. During this not so active period there is
only 1 events with magnitude M>4.0 on Bulgarian territory and one in Black sea, which
is close to the Bulgarian coast line. All other earthquakes with magnitude more than 4 are
out of Bulgarian borders.

As a whole, the seismic situation in the studied part of the Balkans during 2015
is characterized as not very activity - 1426 events, which is less than previous years
1622 events in 2014, 1602 in 2013, 1508 in 2012, 1829 in 2011, 2401 in 2010, 2744 in
2009, 1775 in 2008, and around 1100-1400 for most of the previous years. The maximum
realized earthquake is with magnitude M1=4.9 in Vranchea seismic zone, Romania, while
this value for the previous year is Ms=6.6 in North Aegean sea. The observed tendency of
decrease of the activity compared with the former years is not only due to the low level of
earthquake activation in North Aegean sea, Central Greece, Serbia and West Turkey, but
also due to decrease of number of microearthquekes in the territory of Bulgaria.
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Fig. 2. Map of epicenters in Bulgaria and adjacent lands during 2015 (Open Street Map
- Tableau Desktop 10.4.)
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The strongest event outside Bulgaria during the study period occurred in the region
situated around the Vranchea seismic zone (Romania) with magnitude M=4.9. Shakable
effects because of Vranchea source zone in Romania during the study period occurred 2
times in north-eastern Bulgaria- with intensity II-III in towns of Ruse and Silistra.

As a whole, events with M<3.0 which occur outside Bulgaria are difficult to be
localized by the national seismological system; consequently, not all of them have been
marked on the scheme in Fig.1.

Fig. 2 illustrates the seismicity just in the territory of Bulgaria and nearby lands
(j=41°-44.5°N,1=22°-29%E). The earthquakes are differentiated by magnitude intervals.
The parameters of relatively stronger earthquakes are presented in Table 1.

Table 1. List of earthquakes with M32.5 in Bulgaria and adjacent lands during 2015

. Latitude | Longitude . Depth
Date Time IN] [%] Magnitude [kpm |

2 January 2015 5:50:53.7 41.21 23.98 33 9
15:20:51.6 42.64 23.33 2.6 10

6 January 2015 7:48:57.2 41.00 22.17 2.6 7
10 January 2015 22:37:3.6 41.69 23.89 2.6 15
14 January 2015 3:10:54.0 41.21 25.79 3.1 2
20 January 2015 17:21:47.1 42.65 26.31 2.6 9
4 February 2015 19:18:9.3 42.57 26.97 2.5 15
5 February 2015 6:16:45.2 42.75 26.08 4.1 12
12 February 2015 6:21:50.6 41.74 23.83 2.9 14
13 February 2015 13:13:41.9 41.38 22.73 2.6 10
18 February 2015 18:58:40.9 41.67 24.59 2.5 17
3 March 2015 18:33:27.3 41.95 24.29 2.8 13
17 March 2015 20:59:38.4 41.20 22.70 2.5 8
18 March 2015 22:53:55.7 41.21 22.72 2.7 5
19 March 2015 16:56:28.4 42.17 23.58 2.7 7
24 March 2015 3:7:37.6 42.09 24.83 2.7 15
20:37:50.3 41.97 23.26 3.1 14

27 March 2015 22:3:2.6 41.84 22.85 2.8 15
17:29: 1.6 41.30 22.69 3.8 10

28 March 2015 18:50:52.4 41.29 22.71 2.8 14
19: 0:29.7 41.30 22.74 3.5 15

31 March 2015 2:12:35.6 41.46 23.57 2.5 12
2:24:10.4 42.25 26.23 32 11

2 April 2015 2:27:17.7 42.22 26.27 34 14
2:28:45.0 42.21 26.29 32 14

2:29:35.6 42.24 26.24 3.1 8

3 April 2015 22:1:8.6 41.05 22.46 2.5 2

86 Bulgarian Geophysical Journal, 2018, Vol. 41




E. Botev et al.: Data and analysis of the events recorded by NOTSSI in 2015

6 April 2015 9:7:12.0 41.46 22.74 2.5 11
18:28:20.2 41.26 22.67 2.8 5
8 April 2015 4:23:37.0 42.00 23.29 2.5 10
12 April 2015 12:41:51.4 41.10 23.46 2.8 6
16 April 2015 13:42: 5.2 41.11 24.11 3.0 9
19 April 2015 3:10:31.4 41.17 24.68 2.6 12
22 April 2015 9:30: 2.7 44.31 28.46 2.6 20
24 April 2015 14:18: 3.2 4191 26.84 2.6 2
27 April 2015 21:26:14.6 41.02 22.29 2.8 15
0:17:13.5 41.06 22.52 2.7 11
5 May 2015 1:24:21.9 41.07 22.53 2.8 15
20:34: 8.1 42.01 24.10 2.9 13
7 May 2015 12:48:37.0 41.11 23.79 3.0 7
9 May 2015 18:52:50.5 42.27 23.36 2.6 2
10 May 2015 12:57:39.4 41.25 23.23 2.9 11
15 May 2015 20:36:46.2 41.99 23.16 2.5 7
20 May 2015 12:24:35.1 42.22 27.96 2.5 2
21 May 2015 5:13:39.4 41.07 23.97 2.7 7
28 May 2015 14:16:37.9 41.17 24.58 2.5 7
5 June 2015 1:29:33.5 41.26 22.73 2.5 8
7 June 2015 1:37:46.8 42.18 25.20 3.2 15
8 June 2015 4:28:24.9 41.84 22.76 2.7 9
10 June 2015 23:48:39.3 41.14 25.98 2.8 2
11 June 2015 11:11:50.8 41.97 23.22 2.5 7
12 June 2015 18:25:2.2 42.16 25.65 2.6 20
13 June 2015 17:17:33.5 41.64 25.00 2.5 13
16 June 2015 14:15:53.7 41.92 26.83 2.5 5
17 June 2015 10:53:41.0 42.69 28.18 2.5 14
1 July 2015 20:24:3.7 41.24 23.21 2.5 10
4 July 2015 23:23:17.6 41.29 24.48 2.7 12
5 July 2015 4:20:25.9 41.19 24.89 33 12
7 July 2015 12:15: 6.0 41.73 24.26 2.7 12
9 July 2015 0: 6:18.9 41.49 23.21 2.9 20
10 July 2015 0:6:19.3 41.47 23.19 3.0 13
2:39:37.8 41.48 23.21 2.6 16
15 July 2015 8:30:37.3 43.34 28.37 42 28
16 Tuly 2015 3:33:42.5 41.96 23.27 3.3 10
10:13: 4.4 42.66 26.29 3.3 10
15:42:34.3 41.33 24.46 33 10

24 July 2015
21:30:25.2 41.29 24.48 2.8 12
28 July 2015 1:3:46.8 41.27 24.47 3.5 13
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31 July 2015 8:33:4.7 43.35 28.60 2.5 13
2 August 2015 8:24:36.5 41.31 24.46 2.8 13
4 August 2015 22:42:4.5 41.43 22.58 2.9 6
5 August 2015 13:53:42.5 41.77 22.71 3.1 6
15 August 2015 10:32: 8.6 41.96 23.01 2.7 17
9:39: 5.0 41.42 22.46 3.1 16
16 August 2015

21:36:57.8 41.62 23.71 2.7 11
20 August 2015 2:18:5.7 41.28 23.24 2.7 14
13:45:23.5 41.89 23.28 2.5 2
23 August 2015 1:28: 0.1 44.33 26.75 3.3 2
27 August 2015 22:41:56.1 41.79 22.79 2.5 5
6 September 2015 12:15:29.9 41.19 23.55 2.5 10
8 September 2015 3:13:13.3 41.93 23.14 2.5 16
11 September 2015 21:44:16.0 41.51 23.76 2.7 18
12 September 2015 7:8:19.7 41.90 23.26 2.8 13
19 September 2015 13:23:52.7 43.11 25.64 2.6 3
21 September 2015 21:33:57.7 41.60 25.57 2.5 10
25 September 2015 2:55:33.4 41.31 22.63 2.5 2
0:40:12.8 42.76 23.71 32 15
3 October 2015 9:52:36.2 | 4228 24.02 2.5 13
8 October 2015 21:35:16.8 41.28 24.48 2.5 13
9 October 2015 7:56:55.7 41.30 25.52 2.8 18
0:49:47.9 41.68 23.82 2.5 9
10 October 2015 17: 6:50.5 41.63 23.80 3.1 18
19: 4:26.5 41.61 24.02 2.8 5
20:13:17.5 41.55 24.02 2.5 17
12 October 2015 21:31:58.1 41.91 23.25 2.8 5
15 October 2015 16:49:15.1 41.64 23.81 2.5 15
16 October 2015 17:54:33.9 42.01 23.24 2.8 5
18 October 2015 19:33:17.5 41.60 24.00 2.5 17
20 October 2015 22:40:27.5 41.60 24.01 3.2 12
21 October 2015 4:20:33.8 41.61 23.99 2.5 10
22 October 2015 4:34:33.0 41.68 23.82 2.8 8
6 November 2015 0:54:46.5 42.33 24.63 2.5 2
1:4:43.1 41.31 22.73 2.8 12
6 November 2015 23:54:46.5 | 4233 24.63 25 2
9:1:33.3 41.27 24.47 2.5 5
11 November 2015 13:6: 0.8 41.91 26.83 2.5 8

13 November 2015 7:14:56.9 41.43 22.62 2.8
14 November 2015 20:44:10.9 43.40 27.27 3.2 21
20 November 2015 22:1:4.3 41.08 24.24 2.5 11
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21 November 2015 0:42:34.9 41.16 22.32 3.5 2
21 November 2015 6:13:52.4 41.69 25.46 2.8 12
1 December 2015 9:28:20.5 41.65 25.00 2.5 14
4 December 2015 7:1:10.7 41.91 23.27 2.8 2
4 December 2015 23:4:15.5 41.29 24.48 3.1 10
5 December 2015 6:34:48.5 41.97 23.28 2.6 2
11 December 2015 21:52:41.7 42.41 23.52 2.5 10
13 December 2015 14: 4:34.8 41.70 24.17 2.6 13
21 December 2015 8:56:13.0 41.79 22.67 25 11
23 December 2015 12:35:49.2 41.93 26.80 25 7

On the territory of Bulgaria relatively normal activity of earthquakes is observed
during 2015 — 1042 events are observed, against 947 in 2014, 1124 in 2013, 932 in 2012,
1205 in 2011 and 1607 in 2010. The earthquakes of a magnitude higher than 3.0 are in
normal amount — 30 events compared with an averaged number of about 20-35 for most
of the all previous years.

The maximum realized magnitude is Ms=4.9 in the region of Vranchea seismic
zone which is the lowest maximal magnitude of earthquakes, in comparison with the
maximum magnitude in the course of previous years. The strongest event during 2015,
close to Bulgarian border (on Romanian territory) occurs on 23" of August and caused
very weak macroseismic effects with intensity of II-III degree of MSC scale in the town
of Tutrakan — not so far from the town of Ruse.

As usual, the largest concentration of the epicenters in the other regions of
Bulgarian territory during 2015 is marked in the southwestern part of the investigated
region (presented in Fig. 2). The Kroupnik seismic source is known with the strongest
crustal earthquakes in Europe (M=7.8, 7.1) for the last 160 years. In 2015 only 3 events
of M>3.0 occurred in this region. The strongest felt earthquake for this part of Bulgarian
territory is with magnitude M=3.3, it is felt on 16™ of July in Blagoevgrad region by
intensity of III of MSC scale — in the village of Dolno Osenovo (south-western slopes
of Rila mountain).

The other Bulgarian seismic sources in 2015 are relatively not so active than during
the previous years. They produced not more than 10 earthquakes affecting different
localities in this country by intensity of up to IV-V degrees of MSC scale. Several
earthquakes with magnitude more than 3.0 have occurred in the Monastery uplift and are
felt by III degree of MSC scale on 2" of April. The maximum number of felt earthquakes
is occurred around North-eastern Bulgaria. Three cases of magnitudes about 3.0 aroused
shocks of intensity three or a bit more are felt in Provadia region — the strongest event is
with magnitude M=3.2 on 14" of November . The maximum event for whole Bulgarian
territory with M=4.2 in Black sea caused V degree of MSC scale on 03 December in
Shabla region (Kaliakra cape in the north-eastern Black sea cost). A strong event M=4.1
in the neighbor region of Sliven town caused effects of IV-V degree of MSC on 5™ of
February.
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Strike 309 Dip 79 Slip -56 Strike 129 Dip 90 Slip 75

a) b)

Fig. 3. Focal plane solutions of two earthquakes: a) 15 km north-western of
Sliven (05.02.2015, 6:16 GMT, MI=4.1, H=12 km) and b) in Black sea, 5 km
south-eastern of Kaliakra cape (15.07.2015, 8:30 GMT, Ml=4.2, H=28 km)

For the determination of the earthquake mechanism the program FOCMEC is used.
Input data are the polarities of the P wave. Forty-six first motion polarities data are used
for defining the focal mechanism of the earthquake near Sliven city (Fig. 3.a) and only
twelve for the earthquake near the Kaliakra cape (Fig 3.b). Data from seismological
stations in Bulgaria and surrounding area, taken from NOTSSI and GFZ Seismological
Data Archive database (Bianchi et al., 2015) are included in the double - couple focal
mechanism - Fig. 3. The solutions are displayed on lower hemisphere. All polarities are
check as waveform. The strike, dip and rake are determined in accuracy up to 5 degrees
for first earthquake and up to 10 degrees for second. Both earthquakes are characterized
as a dip-slip faulting, with very small strike-slip component.
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Fig. 4. Magnitude - frequency distribution of the earthquakes
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A detailed analysis of seismicity in the individual seismic zones is hard to be
fulfilled because of the insufficient quantity of events and the narrow magnitude range of
the earthquakes. The joint statistics of all the events in Fig. 2 characterize predominantly
the seismicity parameters of the southwestern part of the territory under investigation.

Depth [km]

200
) I
. I —

10-14 15-19 20-24 25-29 30-34

Number of Earthquakes

Fig. 5. Depth - frequency distribution of the earthquakes

The magnitude-frequency distribution for the entire data set is presented in Fig. 4.
The number of localized events increases with the magnitude decreasing: for M> 4.0 is 3
events, M=3.6-4.0 is 1 event, for M=3.1-3.5 is 22 events, for M=2.6-3.0 - 57, for M=2.1-
2.5-239, 1.6-2.0 - 400 and so on. The abrupt diminishing of the number of earthquakes
in the first three intervals (M<L1.5) in Fig. 4 determines also the registration power of
the seismic stations network. Taking the latter into account, it can be supposed that the
magnitude sample for levels with M > 1.5 is comparatively closer to the reality for the
bigger part of the Bulgarian territory.
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Fig. 6. Depth - magnitude distribution of the earthquakes
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The picture of the depth distribution in Fig.5 shows that the majority of events occur
in range 10-14 km depth. The number of events does not decrease smoothly with increase
of the depth. It is possible the established predominating depth (from 5 to 20 km) to be
also due to the presence of small number of unidentified industrial explosions. In the same
time the number of events in the central interval is bigger.

The magnitude distribution of the events in depth (Fig. 6) permits to note some
differentiation of depth “floors” with the increase of magnitude - the maximums can be
traced out for the depth interval from 5 to 15 km. It is remarkable that the strongest events
are not deep situated and the maximal event is associated with 10 km depth.

Date
2015

100
50
0 I I
1 2 3 4 5 6 7 8 9 10 11 12

Fig. 7. Time - frequency distribution of the earthquakes

Number of Earthquakes

Fig. 7 illustrates the distribution of seismicity in time according to the number of
events per months. The biggest earthquake’s amount is displayed in April, when more
then 140 earthquakes occurred, and it is associated with swarm activity in the beginning
of April. The lowest earthquake quantity is in January - February, around 40 events.
The energy release suggests that the period July - August, when the relatively high
activity in Kaliakra cape region occurred, is one of the time with maximum of energy
release. Local maximum of events is observed in October, when about 100 earthquakes
occurred.

Additionally, about 800 distant earthquakes have been recorded in the period under
study, as well as more than 700 industrial explosions, processed and classified in the
preliminary monthly bulletins. In order to identify the artificial seismic sources the
methodical approach described by Deneva et al. (1988) and some information about the
quarry sites in Bulgaria have been used.

Acknowledgements: The authors owe their gratitude to the engineering staff for the
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for the kind grant of the Tableau Desktop software.
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JlaHHH W aHAJHM3 Ha ceM3MHYHUTe chOuTHA peructpupann or HOTCCHU
npe3 2015

E. bores, B. IIporonomnosa, U. [Tonosa, bxi. badaukosa, C. Bennukosa, U. Anex-
cannaposa, [1n. PaiikoBa, M. [lonosa, T. nues

Pe3tome. [IpemiaranoTo Hay4HO CHOOIICHHE ChAbPrKa 00001IcHa HH(DOPMALIKS 32 PE3yJI-
TaTUTEe OT ChOMpPaHETO, 00pabOTKaTa U aHAIN3a HA IIbPBHYHUTE JaHHU 38 CCU3MUIHUTE
crOuTH, peructpupann ot Hanmonannara OnepatusHa Tenemerpruuna Cuctema 3a Ce-
namonornuna Mudopmarus (HOTCCH) mipes 2015 r. [IpeacraBena e kapra Ha eNHIEH-
TpuTe Ha 0010 1426 3eMeTpeceHus B 4acTTa OT bamkaHCKUs TOJIyOCTPOB, OTpaHUYCHA
ot reorpadceka mmpuna 37° - 47° N u memkuna 19° - 30° E. Tlo-moapo6HO ce aHamu3upa
CEeM3MHYHOCTTA 3a TepPUTOpUATa Ha bearapus u npunexamure it 3emu (mosede ot 1042
CEM3MHUYHH ChOUTHUS B paiion ¢ koopauHatu 1= 22°- 29°E u j =41°- 44.5°N). TIpeara ce
1 KaTaJor Ha 3eMETPeCeHusITa C MarHuTy M>2,5. Cen3MOreHHHUTE MPOSBU C€ 00CHKIAT
10 30HH, CPABHEHH ChC ChCEHU TIEPHO/IH BPEME.
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Abstract. A map of epicenters of 1399 earthquakes that occurred during 2016 in the
Balkan Peninsula (sector outlined by latitude j =37°- 47°N and longitude 1=19°-30°E) is
presented. Expert generalized analysis of the seismicity over the territory of Bulgaria
and its very adjacent lands (with more than 1038 localized events) is proposed. Catalog
of earthquakes with magnitude M>2.5 is applied.

Key words: Balkan Peninsula, Bulgaria, seismicity

The present scientific communication contains generalized information on the
results of collection, processing and analysis of the data about the seismic events recorded
by the National Operative Telemetric System for Seismological Information (NOTSSI)
in 2016. The expanded information about the realized seismicity is suggested as a natural
generalization and supplementation of the monthly compilations of the preliminary
seismological bulletin of NOTSSI. The analysis and evaluation of the space, time and
energy distribution of the seismicity, periodically been made, open up possibilities for
searching for time correlations with the parameters of different geophysical fields aiming
to find out eventual precursor anomalies.

The recording and space localization of the seismic events in NOTSSI during
2016 is realized by means of the new digital network (Solakov et al., 2006). The routine
processing and acquisition of the initial data is organized in a real time duty regime. The
operations are fulfilled by the authors of this communication. In such a way the main
goal of NOTSSI, namely the seismicity monitoring in order to help the authorities’ and
social reaction in case of earthquakes felt on the territory of the country, is realized.
The computing procedure for determining the parameters of the seismic events is an
adaptation of the widespread product HYPO’71 (Solakov , 1993). The energy parameters
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of the events are presented mainly by the magnitude M calculated according to the records
duration by the formula (Christoskov and Samardjieva, 1983).

M =1.92 + 2.72logt- 0.026A

After bringing into use the new digital broadband seismometers of NOTSSI
network, the magnitude determination for local and regional events is calculated by P
wave amplitude ratio (Christoskov at all, 2011a, b).

The focal mechanism parameters are obtained by means of a program FOCMEC
(Snoke,2009). The high sensitivity of the seismographs allows recording and processing
of a great number of long distance earthquakes. As a result of the achieved experience
in the authors interpretation work, different magnitude’s lower threshold for successful
determination of local, regional and long distance earthquakes is established: M=1.5
for the territory of Bulgaria, M=3.0 for the central part of the Balkans, M=5.0 for long
distance events. The precision of the epicenter’s determination is different; except on
the distance it depends also on the specific position of the epicenter in relation to the
recording network. The parameters of seismic events occurring at a distance more than
100-150 km outside the territory of Bulgaria should be accepted only informatively and
cannot be used for responsible seismotectonic investigation.

N AN
S

Latitude

21 2 2 24 25 26 7 2w 2 30
Longitude
Fig. 1. Map of epicenters in Central Balkans during 2016 (Open Street Map -
Tableau Desktop10.5.)
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For the period of observations presented in this communication, the primary data
about 2000 local, regional, distant earthquakes and industrial explosions on the territory
of Bulgaria are recorded, classified and processed (as a work bulletin) in NOTSSI. After
comprehensive analysis of the records and application of the above mentioned calculation
procedures it is established that 1399 of all registered earthquakes are in the Balkan
Peninsula region outlined by geographic latitude 37° - 47° N and longitude 19° - 30° E.
The epicenters of the earthquakes differentiated by magnitude levels are plotted on Fig. 1.
The number of the events in the magnitude interval M=0.5-1.9 is 594, in M=2-2.9 - 615,
in M=3-3.9 - 157, in M=4-4.9 — 29, in M=5-5.9 — 2 earthquakes. During this not so active
period there are 2 events with magnitude M>6.0. All earthquakes with magnitude more
than 4.3 are out of Bulgarian borders.

As a whole, the seismic situation in the studied part of the Balkans during 2016
is characterized as not so high activity - 1399 events, compared with previous years:
1426 events in 2015, 1602 in 2014, 1622 in 2013, 1508 in 2012. The maximum realized
earthquake is with magnitude Ms=6.1 in Vranchea, Romania, while this value for the
previous years is M=6.6 in North Aegean sea (Greece, in 2014). It can be noted that the
observed tendency of decrease of the activity compared with the former years is partly
due to the lower level of earthquake activation out of Bulgaria, despite of relative increase
of number of microearthquekes in the territory of our country.
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Fig. 2. Map of epicenters in Bulgaria and adjacent lands during 2016 (Open Street Map -
Tableau Desktop 10.5.)
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The strongest event outside Bulgaria during the study period occurred in the region
situated in the Vranchea source zone in Romania with magnitude M=6.1. Shakable
effects because of attacks from this side during September and December 2016 occurred
3 times in north-eastern Bulgaria (maximal intensity V-VI in towns of Ruse, Tutrakan
and Silistra).

As a whole, events with M<3.0 which occur outside Bulgaria are difficult to be
localized by the national seismological system; consequently, not all of them have been
marked on the scheme in Fig.1.

Fig. 2 illustrates the seismicity just in the territory of Bulgaria and nearby lands
(j=41°-44.5N, 1=22°-29°E). The earthquakes are differentiated by magnitude intervals.
The parameters of relatively stronger earthquakes are presented in Table 1.

Table 1. List of earthquakes with M 3 2.5 in Bulgaria and adjacent lands during 2016

b | mme | Ledwde | Lowiwde | Loal | Dot

3 January 14:42: 4.8 41.01 24.37 2.7 7
24 January 21:19:52.4 41.12 23.43 2.5 7
27 January 21:31: 0.3 43.35 28.59 3.5 13
31 January 23:45:41.1 41.24 22.66 2.8 8
| February 19: 7:26.6 42.19 25.69 2.5 9
22:16:40.9 41.26 22.67 2.7 3

2 February 12:10:45.1 41.38 22.68 34 8
18:49:43.3 41.43 22.63 2.7 5

5 February 14:44:25.1 41.86 24.83 2.5 14
6 February 3:49:17.5 41.42 23.06 2.5 14
12 February 16:58:18.1 41.26 24.48 2.5 13
15 February 6:59: 6.8 44.15 22.14 2.8 8
16 February 11:17:16.9 41.46 22.84 4.1 12
18 February 2:21:25.1 41.30 24.46 2.7 11
19 February 11:55:32.0 41.76 22.79 2.6 13
28 February 11:17:16.9 41.46 22.84 4.1 12
29 February 20:28:10.5 41.97 23.26 2.7 4
2 March 23:44:49.8 41.28 24.47 33 13
3:5:553 41.29 24.47 2.5 9

8:48:49.4 41.29 24.47 2.8

3 March 14:3:59.9 41.29 24.47 2.7 13
18:55:17.9 41.28 24.47 2.6 10
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4 March 0:12:45.9 43.71 28.43 3.0 9
5 March 8:2:44 41.17 24.07 2.6 10
8 March 21:4:48.9 42.39 22.21 2.8 5
9 March 7:55:12.4 41.78 22.70 3.0 10
13 March 13: 5:46.4 42.46 23.36 2.5 13
17 March 6:13:51.0 41.25 23.12 2.7 20
19 March 11:55:32.9 41.78 22.86 2.5 17
20 March 23:55:3.6 41.82 22.80 2.5 4
3:36:53.6 41.82 22.84 29 12
21 March 5:7:20.2 41.80 22.78 2.8 9
21:19:47.6 43.52 28.63 2.8 22
22 March 13:12:37.9 41.16 23.51 2.5 4
15:42:10.3 41.78 22.33 2.5 16
27 March 7:1:10.4 41.04 23.29 2.6 5
17:6:7.0 42.11 23.61 3.0 12
30 March 13:24:48.5 41.26 22.74 2.5 4
16:15:23.6 42.50 24.16 2.5 16
31 March 8:2:44 41.17 24.07 2.6 10
19:29:53.6 42.56 25.73 2.6 15
1 April 19:46: 5.0 42.56 25.74 2.8 11
19:51:11.6 42.55 25.75 33 17
0:48:42.8 41.12 24.16 2.5 14
13 April 0:59: 6.1 41.12 24.16 2.9 15
18:4: 6.6 41.96 23.25 2.5 5
16 April 14:57:52.1 41.30 22.78 2.6 11
17 April 13:12:31.2 41.29 24.04 2.7 20
6:46:14.4 4251 26.03 3.9 12
18 April 6:48:18.7 42.48 26.08 2.5 17
10:38:44.4 42.51 26.04 3.0 11
2 May 17:13:52.2 41.33 23.47 2.5 9
20:16:25.8 42.53 26.03 2.5
4 May 11: 6:28.6 42.68 23.22 29 15
2:46:49.6 41.78 22.78 33 12
6 May 12:17:21.8 41.12 22.84 3.0 2
13:45:11.7 41.04 22.80 2.7
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9 May 12:52:3.2 41.69 23.79 2.9 17
17:20: 4.1 42.21 25.14 3.0 11

19 May 18:52:32.3 42.57 22.95 2.7 3
22 May 8:58: 8.6 41.67 23.35 43 20
23 May 6:22: 1.8 41.62 23.29 2.7 16
7:3:50.1 41.63 23.28 2.7 15

30 May 21:52:11.8 41.15 24.65 3.1 10
11 June 6:6:30.8 41.09 25.28 2.5 12
14 June 16:34:12.8 43.12 27.43 2.7 2
16:46:26.3 43.11 27.44 2.6 2

15 June 5:21:14.0 41.46 27.12 2.7 2
17 June 17:55:58.7 42.54 26.04 2.7 6
18 June 17:24:18.5 41.95 26.74 2.5 11
19 June 5:54:18.3 41.39 23.22 3.1 20
13:59:34.5 41.28 24.50 2.8 13

23 June 15:34:11.5 41.26 24.50 2.5 10
16:40:21.0 41.28 24.50 2.8 10

24 June 18:48:40.4 41.94 23.03 3.0 19
6 July 18:5:34.5 41.76 22.94 2.7 17
11 July 22:18:51.0 41.15 23.76 4.1 9
0: 1:47.0 41.14 23.76 3.8 9

12 July 3:18:47.4 41.16 23.76 2.8 9
13:8:8.2 41.15 23.73 2.5 8

15 July 9:14:36.4 42.35 27.58 2.5 2
16 July 19:16:56.8 41.58 23.32 2.6 20
21 July 14: 6:37.4 41.95 23.12 2.7 18
27 July 5:10: 7.1 42.04 23.74 2.5 16
29 July 13:24: 0.5 41.43 22.82 2.6 15
1 August 18:39:25.0 41.50 2291 2.9 13
4 August 8:21:39.0 42.12 25.75 2.7 20
5 August 17:2:29.6 41.10 23.66 2.6 8
7 August 1:44:45.6 41.88 22.05 2.7 1
8 August 0:39:42.3 41.87 22.12 2.9 10
12 August 21: 8:55.7 41.89 22.11 2.5 10
17 August 15:21:20.8 41.18 24.07 2.5 17
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18 August 9:10:36.7 41.95 23.18 33 11
22:55:15.2 41.88 22.11 2.7 10

19 August 9:10:37.0 41.96 23.19 3.0
9:13:14.1 41.96 23.19 2.5 7

20 August 5:26:39.1 41.97 23.23 2.5
27 August 15:18:54.9 41.50 24.93 2.6 17
30 August 9:26: 5.7 42.11 27.89 2.7 2
12 September 13:49:39.1 41.57 23.65 29 18
14 September 2:42:34.8 42.41 23.65 2.7 3
8:28:13.5 41.34 23.36 3.5 15
9:19:47.6 41.96 23.22 2.5 20
18 September 10:26:45.2 41.30 23.33 4.0 13
15:9:83 41.39 23.38 2.6 15
15:39:40.6 41.38 23.37 2.8 13
19 September 1:32:43.2 41.24 23.32 2.8 8
20 September 12:35: 8.9 43.52 27.42 2.5 16
17:37:24.9 41.88 22.05 3.0 2
21 September 11: 6:32.7 41.89 22.11 2.5 11
22 September 10:13:44.5 41.09 24.57 2.8 10

24 September 22:4:22.5 41.83 22.65 3.1

26 September 2:38:23.4 41.19 23.08 2.8

29 September 8:41:32.2 41.12 23.36 3.1
5 October 17:27:7.2 41.38 26.07 2.8 13
9 October 21: 0:40.9 41.89 22.10 2.7 21
12 October 17:58:55.5 41.87 22.93 2.6 15
13 October 5:58:16.7 41.78 22.81 2.6 6
14 October 13:5:55.2 41.97 23.19 2.5 8
0:49:16.7 41.68 26.72 3.0 10
17 October 13:2:33.3 41.29 22.70 3.8 8
14:19:31.8 41.96 23.02 2.6 19
18 October 13:51: 7.3 41.90 22.16 2.8 10
21 October 7:24: 0.7 42.48 24.39 3.0 20
25 October 8:11:39.5 41.90 22.05 2.9 7
56 October 8:59:26.6 42.19 24.98 2.9 14
12: 6:24.3 41.18 23.25 2.6 12
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27 October 13:51:30.9 42.04 26.76 2.5 0
10 November 4:40:27.5 41.47 23.17 3.5 16
12:44:45.9 41.02 22.69 3.0 1
16 November 7:38:50.5 41.01 22.79 3.6 14
1:44:20.2 41.01 22.76 34 3
19 November 17:5:48.3 41.03 22.65 2.7 2
17:5:49.3 41.01 22.75 2.6 3
21 November 8:42:33.4 41.02 22.64 3.1 6
22 November 3:47:31.3 41.02 22.65 32 2
24 November 1:25:38.1 41.03 22.75 3.7 22
1:56:47.3 4191 22.16 3.1 13
29 November 18:45:18.4 41.00 22.69 2.5 12
6:19:7.0 41.01 22.69 2.7 2
30 November 14:50: 7.4 41.02 22.75 2.6 20
17:36:41.1 41.00 22.71 4.2 16
5 December 15:1:30.9 41.90 26.78 2.5 1
6 December 9:4:51.4 41.00 22.68 2.8 1
11 December 1:29:5.6 41.02 22.73 2.8 2
12 December 13:15:35.5 41.90 26.83 2.5 3
15 December 4:4:39.5 41.61 23.51 32 18
18 December 13:10:59.1 41.30 22.41 2.7 10
20 December 12: 6:16.1 41.00 28.29 2.9 10
23 December 10:33: 0.7 41.19 22.76 2.7 2
11:48: 3.8 41.22 22.79 2.8 2
24 December 23:27:5.1 43.02 23.40 2.5 20
29 December 3:32:26.9 41.94 22.96 2.5 13
31 December 14:33: 1.0 41.84 22.27 2.8 20

On the territory of Bulgaria relatively normal activity of earthquakes is observed
during 2016 — 1038 events are observed, against 1042 in 2015, 947 in 2014, 1124 in 2013
and 932 in 2012. The earthquakes of a magnitude higher than 3.0 are in normal amount —
41 events compared with an averaged number of about 20-35 for most of the all previous
years.

The maximum realized magnitude during 2016 is Ms=6.1 in close to Bulgarian
border (on Romanian territory) occurs on 27" of December and caused macroseismic
effects with intensity of V-VI degree of MSC.
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As usual, the largest concentration of the epicenters in the other regions of
Bulgarian territory during 2016 is marked in the southwestern part of the investigated
region (presented in Fig.2). The Kroupnik seismic source is known with the strongest
crustal earthquakes in Europe (M=7.8, 7.1) for the last 160 years. 27 of the events of
M2>3.0 occurred in this region during 2016. The strongest felt earthquake for the south-
western part of Bulgarian territory is with magnitude M=4.3, it is felt on 22" of May in
Sandanski region (western slopes of Pirin mountain) by intensity of VI degree of MSC
scale.

The other Bulgarian seismic sources in 2016 are relatively not so active than during
the previous years. They produced not more than 15 earthquakes affecting different
localities in this country by intensity of up to IV-V degrees of MSC scale. The maximum
number of felt earthquakes is occurred in the region around the town of Petrich. About
four cases of magnitudes more than 3.0 aroused shocks of intensity three or more are felt
in this region of the south-west territory of Bulgaria. The maximum event with magnitude
M=4.0 south of town of Petrich caused IV-V degree of MSC scale on 18 September in
the town. A stronger event M=4.2 in the neighbor region of Doiran lake (Greek territory)
caused effects of III-IV degree of MSC in the boundary regions located west of town of
Petrich on the 30 November 2016. In the rest part of the Bulgarian territory the felt events
caused excitation of lesser intensity during 2016.

Strike 190 Dip 52 Slip 125

Fig. 3. Focal plane solution of earthquake
near to Sandanski city (22.05.2016, 8:58
GMT, MI=4.3, H=20 km)

For the determination of the earthquake mechanism the program FOCMEC is used.
Input data are the polarities of the P wave. Forty-five first motion polarities data from
seismological stations in Bulgaria and surrounding area are used (Fig.3), taken from
NOTSSI and GFZ Seismological Data Archive database (Bianchi et al., 2015) are included
in the double - couple focal mechanism The solution is displayed on lower hemisphere.
The polarities are check as waveform. The strike, dip and rake are determined in accuracy
up to 5 degrees. The earthquake is characterized as a reverse faulting, with very small
dip-slip component.
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Fig. 4. Magnitude - frequency distribution of the earthquakes

A detailed analysis of seismicity in the individual seismic zones is hard to be fulfilled
because of the insufficient quantity of events and the narrow magnitude range of the
earthquakes. The joint statistics of all the events in Fig. 2 characterize predominantly the
seismicity parameters of the southwestern part of the territory under investigation.
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Fig. 5. Depth - frequency distribution of the earthquakes

The magnitude-frequency distribution for the entire data set is presented in Fig.4.
The number of localized events increases with the magnitude decreasing: for M= 4.1-4.3
are 6 events, M=3.6-4.0 are 6 events, for M=3.1-3.5 are 17 events, for M=2.6-3.0 - 89, for
M=2.1-2.5 - 256 and so on. The abrupt diminishing of the number of earthquakes in the
first two intervals (M<1.5) in Fig. 4 determines also the registration power of the seismic
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stations network. Taking the latter into account, it can be supposed that the magnitude
sample for levels with M > 1.5 is comparatively closer to the reality for the bigger part of
the Bulgarian territory.
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Fig. 6. Magnitude - depth dependence

The picture of the depth distribution in Fig. 5 shows that the majority of events
occur in range 10-14 km depth. The number of events does not decrease smoothly with
increase of the depth. It is possible the established predominating depth (from 10 to 20
km) to be also due to the presence of small number of unidentified industrial explosions
on the surface. In the same time the number of events in the interval 10-14 km is biggest.

The magnitude distribution of the events in depth (Fig. 6) permits to note some
differentiation of depth “floors” with the increase of magnitude - the maximums can be
traced out for the depth interval from 8 to 22 km. It is remarkable that the strongest events
are relatively deep situated and the maximal events are associated with 20 km depths.
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Fig. 7. Time distribution of the earthquakes.
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Fig. 7 illustrates the distribution of seismicity in time according to the number of
events per months. The biggest earthquake’s amount is in the months from April to May,
when about one third of all earthquakes occurred. The maximal months amount (about
120 events) during the May is associated with aftershock activity of 22May maximal
earthquake. The lowest earthquake quantity is in January - around 40 events. The
energy release suggests that the period April - September, when the relatively all biggest
earthquakes occurred, is the time with maximum of energy release.

Additionally, about 900 distant earthquakes have been recorded in the period under
study, as well as more than 800 industrial explosions, processed and classified in the
preliminary monthly bulletins. In order to identify the artificial seismic sources the
methodical approach described by Deneva et al. (1988) and some information about the
quarry sites in Bulgaria have been used.
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Jdannu u aHaau3 Ha ceusMuuHHMTe chOUTUA peructpupanu or HOTCCHU
npes 2016

E. bores, B. IIpotononiosa, U. Ilomosa, bxi. babaukosa, C. Benuukosa,
W. Anexcanaposa, [n. Paiikoa, M. Ilomosa, T. Unuesc

Pestome. [Ipemaranoro HayqIHO CHOOIIEHNE ChbPka 00001eHa HH(OpMAIIHS 32 Pe3yi-
TaTHTE OT CHOMpaHEeTo, 00paboTKaTa W aHAN3a Ha TBPBUYHUTE TAHHH 38 CEM3MUIHUTE
crOuTHS, peructpupann oT Hanmonanaara Onepatnsaa Texemerprnana Cuctema 3a Ce-
mmonormgHa Madopmamms (HOTCCH) mpes 2016 1. [IpencraBena e kapTa Ha SIHIICH-
TpuTe Ha 00mo 1399 3emerpecenns B 4acTTa OT baakaHCKHA MOIYyOCTPOB, OrpaHIMYCHA
ot reorpadceka mmpuna 37° - 47° N u gemkuna 19° - 30° E. TTo-rionpo6Ho ce aHanu3upa
CEeM3MHUYHOCTTA 32 TePUTOpHATA Ha bhiarapus u nprnexammre i 3emu (moede ot 1038
CEM3MHUYHHU CHOUTHSA B paifoH ¢ koopauHath 1= 22°- 29°E u j =41°- 44.5°N). Ipemnara ce
1 KaTaJor Ha 3eMEeTPeCceHusITa C MarHUTy M>2,5. Cen3MOTeHHHTE TIPOSBHU c€ 00CHKIAT
TI0 30HH, CPABHEHHU ChC CHCEIHH NEPHUOIN BpeMe.
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