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Abstract. The present work investigates the seasonal dependence of the geomagnetic
activity influences on the diurnal variability of the maximum electron concentration of
the ionosphere over Bulgaria. Data from the ionosonde station Sofia for the period of
1995-2014 are used. The geomagnetic activity is described by the planetary Kp-index.
The ionospheric response to the geomagnetic storms is studied by considering the rel-
ative deviation of the diurnal variability from its median course for the two ionospher-
ic characteristics foF2 (critical frequency of the ionospheric F-region) and MUF3000
(maximum usable frequency for a distance of 3000 km). It is found that the ionospheric
reaction in summer is stronger than that in winter and the time delay of the ionospheric
response in winter is longer than that in summer.
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Introduction

Ionospheric storm is a common term that describes the entirety of ionospheric
variations induced by geomagnetic disturbances. The ionospheric storms primarily
occur as a consequence of a sudden input of solar wind energy into the magneto-
sphere-ionosphere-thermosphere system (Astafyeva et al., 2015). The energy inputs
during the geomagnetic disturbances lead to substantial effects in the upper atmos-
phere and the significant perturbation of the ’quiet-time” ionosphere (Mukhtarov and
Bojilova, 2017). Three main mechanisms of storm effects have been suggested to ex-
plain the positive and negative phases of ionospheric storms: (i) thermospheric com-
position changes, (ii) neutral wind perturbations, and (iii) the appearance of electric
fields of magnetospheric origin. The negative phase of ionospheric storms is mainly
due to the composition changes (Rishbeth, 1991), i.e. the thermosphere becomes rich-
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er in molecular nitrogen (N,) and oxygen (O,) and poorer in atomic oxygen (O). The
molecular species, however, determine the loss rate of ions hence their enhancement
leads to an increase of the loss rate. The auroral heating can alter the mean global
circulation of the thermosphere. Whereas for quiet conditions there is a general up-
welling in the summer hemisphere flow toward the winter hemisphere at higher levels,
and down-welling in the winter hemisphere, the storm-time heating adds a polar up-
welling and equatorward flow in both hemispheres. The increased equatorward wind
at middle latitudes tends to push the ionosphere higher up along magnetic field lines,
where the loss rate is lower. The reasons of the positive ionospheric storms are the
combined effects of disturbed thermospheric wind and electric fields (Balan et al.,
2010 and Tanaka, 1979). Kelley et al. (2004) suggested that, in the presence of day-
time ionization an eastward prompt penetration electric field (PPEF) can strengthen
the equatorial plasma fountain to a super plasma fountain, which, in turn, can lead
to positive ionospheric storms at sub-tropical and mid-latitudes. However, modelling
studies later showed that an equatorward neutral wind is required also to produce pos-
itive ionospheric storms (Balan et al., 2010).

The present study investigates the seasonal dependence of the geomagnetic ac-
tivity influences on the diurnal variability of the maximum electron concentration of
the ionosphere over Bulgaria. The ionospheric response to the geomagnetic storms is
studied by considering the deviation of the diurnal variability from its steady (median)
course. It is found that the ionospheric reaction in summer is stronger than that in win-
ter. Using the correlation analysis the seasonal dependence of the ionospheric response
time delay for two ionospheric characteristics, foF2 and MUF3000, was determined.
It is found that the time delay of the ionospheric response in winter is longer than that
in summer.

Data

The geomagnetic activity is described by the planetary Kp-index and the values of
the Kp-index are obtained from NOAA website: https://www.ngdc.noaa.gov. The data
for foF2 and MUF3000 are taken from the ionosonde station Sofia- SQ143 (42.4°N,
23.2°E) at the NIGGG-BAS for the period of 1995-2014. This study is based on the
representation suggested by (Muhtarov et al., 2002 and Mukhtarov et al., 2013) about
the reaction of the relative deviation of ionospheric quantities to geomagnetic distur-
bances in an inertial model, described by a linear differential equation of first order with
a given time constant. For this purpose, the Kp-index has been integrated with different
time constants from 1 to 72 hours. For each time constant, the cross-correlation func-
tion between the integrated Kp-index and the relative deviation of foF2 and MUF3000
is calculated and the time constant with the highest correlation (positive or negative) is
selected. It is assumed that this time constant characterizes the real inertness of the ion-
osphere. In order to get information about the seasonal differences, cross-correlation is
calculated for each calendar month. The day and night-time conditions are considered
separately.
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Experimental results

The results of the cross-correlation analysis between the ionospheric characteris-
tics foF2 and MUF3000 and geomagnetic activity will be illustrated and explained in
detail by considering the presented below examples. The obtained results will be used
to justify later the development of an empirical model for predicting the ionosphere
state over Bulgaria.

Fig. 1 shows the seasonal courses of the negative correlations (left panel) and the
optimal time constants (right panel) during daytime conditions for both parameters foF2
(full line) and MUF3000 (dash line). The left panel of Fig. 1 reveals that a significant
negative correlation of 28-30% occurs in the summer and equinoctial months for both
characteristics foF2 and MUF3000 oppositely to the winter months when the correlation
is very small, only 3-8%. The right panel of Fig. 1 shows small time constants of the or-
der of 2-15 hours for the months from February to September (we note that January and
December are not shown because the response is always positive).
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Fig. 1. Seasonal variability of the negative cross-correlation (left panel) and time constant (right
panel) during daytime conditions.

Fig. 2 demonstrates the cross-correlation functions for two typical summer months,
June and July, for the considered parameters foF2 (left panel) and MUF3000 (right panel)
in daytime conditions. The figure shows a good negative cross-correlation during the
months under consideration for both parameters, reaching in some cases 30%. The delay
corresponding to the maximum negative cross-correlation for daytime conditions in the
months June and July, presented in Fig. 2, is around 7 hours.

Fig. 3 is similar to Fig. 1 but for nighttime conditions. Again, we can see well-
expressed negative cross-correlations valid for the two quantities foF2 and MUF3000
during the summer months, reaching about 30%. The winter months, shown in Fig. 3, are
again characterized by a smaller negative cross-correlation (Fig. 3, left panel). The time
constants, shown on the right panel of Fig. 3, demonstrate the smallest values (about 15
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Fig. 2. Optimal negative cross-correlation functions for two months June and July for foF2 (left
panel) and MUF3000 (right panel) during daytime conditions.
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Fig. 3. Seasonal variability of the negative cross-correlation (left panel) and time constant (right
panel) during nighttime conditions.

hours) in the summer months again while in the winter months the time constants begin
to increase and reach about 66 hours.

Fig. 4 is analogous to Fig. 2 and presents the cross-correlation functions for two
typical summer months, June and July, for the considered parameters foF2 (left pan-
el) and MUF3000 (right panel), but this time for nighttime conditions. A good nega-
tive cross-correlation during the considered months for both quantities is observed; it
reaches almost 30% for foF2 (left panel) and exceeds 32% for MUF3000 (right panel).
The delay corresponding to the maximum negative cross-correlation for the nighttime
conditions in June and July is presented in Fig. 4 (left and right panel), ranges from 6
to 11 hours.
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Fig. 4. Optimal negative cross-correlation functions for two months June and July for foF2 (left
panel) and MUF3000 (right panel) during nighttime conditions.

Fig. 5 shows the cross-correlation functions in daytime conditions for two typical
winter months December and January for the considered parameters foF2 (left panel)
and MUF3000 (right panel). The presentation of these months in a separate figure was
done because of the positive cross-correlation obtained at the practically zero value of
the integrated time constant. The values of the time delay for both critical frequencies
are around 2-9 hours for January and 6 and 11 hours for December. The maximum pos-
itive cross-correlation for foF2 (left panel) during these winter months is about 24%,
whereas for MUF3000 it is approximately 15% (right panel). The delay corresponding
to the maximum positive cross-correlation during the daytime conditions in December
and January for foF2, presented in Fig. 5 (left panel), is between 3 and 9 hours. The same
time delay corresponding to the maximum positive cross-correlation for MUF3000,
shown in Fig. 5 (right panel), is about 10-11 hours, which is similar to the summer
months presented in Fig. 4.
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Fig. 5. Optimal positive cross-correlation functions for two winter months December and January
for foF2 (left panel) and MUF3000 (right panel) during daytime conditions
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Comments and conclusions

This study investigates the seasonal variability of the ionospheric response to ge-
omagnetic activity over ionosonde station Sofia. For this purpose the cross-correlation
analysis between the integrated Kp-index and the relative deviation of the parameters
foF2 and MUF3000 is performed. It is well known that the values of the cross-correlation
function, i.e. the cross-correlation coefficients, to a large extent determine the coefficients
of linear regression between the studied quantities, as the negative/positive cross-corre-
lation defines the inverse/direct relationship. The values themselves indicate the strength
of the investigated relationship.

The analyses revealed that the negative reaction of the ionospheric parameters to
the geomagnetic activity is stronger during summer and equinoctial months than that in
winter. This is due to the thermospheric composition changes related to the Joule heating
and particle precipitations during the geomagnetic storms which are moved to the middle
latitude by the disturbed and ‘quiet-time’ seasonal circulations in summer. The increase
in time constants, i.e. the delay of the negative reaction during the winter is caused by the
need of extra time for strengthening of the disturbed circulation. Negative nighttime reac-
tion turns out to be more significant than in daytime conditions. A positive reaction prac-
tically without delay is observed only in the winter months during daytime conditions.

The results obtained might prove useful in the development of an empirical model
for predicting the ionosphere response to geomagnetic storms over Sofia.
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Biusinue HAa reOMArHUTHATA AKTHBHOCT BbPXY KPUTHYHHUTE Y€CTOTH
Ha HoHoc(epara

P. boxxuiosa

Pe3ome: B HacTosIeTo niciieiBaHe € NpeAcTaBeHa Ce30HHATA 3aBHCUMOCT Ha BIIHSHHC-
TO Ha TEOMarHUTHATa aKTHBHOCT BBEPXY OTKJIOHEHHETO OT CTAIl[MOHApHUS (CpeeH) JeHO-
HOILICH X0/ Ha MAaKCUMAaJIHATa eJICKTPOHHA KOHIIEHTpAalys Ha HoHocdepara 3a brirapust.
U3nom3Banu ca qaHan ot Monocdepua cranmms Codus 3a nepuona 1995-2014 r, kakto
U MHACKCHT, XapaKTepU3Npall reoMarHuiTHaTa akTHBHOCT Kp, 3a chIus mepHox BpeMe.
VYcraHOBSsIBa ce, 4e MONMyYeHaTa PeaKiys ce yBeJlMyaBa Ipe3 JCTHUS CE30H B CPaBHCHHUE
ChC 3UMHHMS. Upe3 M3M0I3BaHeTO HA KOPETAl[MOHeH aHAIU3 € OIPeJIeNIeH CE30HHHSAT X0
Ha BPEeMEKOHCTaHTaTa Ha 3aKbCHEHHE Ha PeaklusATa Ha HoHocgepaTa 3a aABeTe HOHOC-
tepun xapaxrepuctuku — foF2 1 MUF3000. [Ipemnoxkero e o0sicHeHHE 32 TIOTy9ICHUTE
pe3ynTarH, KOUTO ITOKa3BaT, Ye ChbOTBETHATA BPEMEKOHCTAHTA € I0-IIbJra Mpe3 3UMHHTE
MeCeLH 1 HACKa TPe3 JIATOTO.
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Abstract. The Balkans, including Bulgaria, is one of the most seismogenic zones in
Europe. The relatively small depth of the hypocentres of earthquakes - up to 60-70
km, could greatly increase the effects on the ground surface. In conditions of relative-
ly high population density and high urban constructions, even a moderate magnitude
earthquake could lead to increased unfavourable consequences - destruction and human
loses.

The global impacts of atmospheric and oceanic processes, tidal deformations of the
earth‘s crust, as well as the less well-studied processes in the Earth‘s crust, are asso-
ciated with accumulation and slow dissipation of tectonic energy in the lithosphere.
These processes are the ,,participants® in the formation of the random process, where
the traditional apparatus of spectral analysis is less effective.

The usage of fractal analysis for decipher the structure of seismic noise is a good enough
alternative. Since the early 1990s, the method is used in both: turbulence analysis and in
financial and medical time series studies.

The development of new methods for earthquake forecasting based on data from ge-
ophysical and, in particular, seismic monitoring, is one of the priority goals of Earth
science. Seismic records of twenty-three Balkan Peninsula stations were analyzed,
at distances of 1 to 500 km far from the earthquake on 23.09.2016, 27.12.2016 and
28.10.2018 with magnitude more 5.5 in seismic zone Vranchea. For the analysis, the
Lubusin method was used for fractal analysis of scalar time series.

A scientific goal is to detect common signals ignoring the ,,individual® behavior of the
clements of the monitoring systems.

Key words: earthquake indicators, seismic noise, fractal analysis of seismic noise
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Introduction

Microseismic oscillations in a wide frequency range are one of the most widespread
objects of geophysical studies. This is due to their accessibility, the presence of numerous
regional and global seismic networks, and the well-developed practice of seismic obser-
vations. Even an approximate review of the literature, devoted to analysis of microseisms,
apparently cannot be made.

This is particularly true for the analysis of high frequency (HF) microseisms (from
0.01 to 100 Hz and higher, up to seismoacoustic waves). The widespread occurrence of HF
microseismic observations is due to the relative simplicity and mobility of instrumenta-
tion, free from rigid requirements on long-term stability of sensors that can by no means be
neglected in problems of low frequency (LF) geophysical monitoring. McNamara and Bu-
land [2004] presented results of detailed research into microseismic background of natural
and industrial origin in the frequency band 0.01-16 Hz, including the construction of esti-
mators for the temporal (diurnal and seasonal) and spatial distribution of power spectrum
properties. With an increase in the period of microseismic background oscillations studied,
the role of atmospheric and oceanic waves, as main sources of microseisms, becomes
predominant. Berger et al. [2004] presented a review of the use of IRIS broadband seismic
stations for the study of background microseisms. Microseismic oscillations in the period
range 5—40 s were studied by Stehly et al. [2006], who established their oceanic origin.
Continuously observed microseismic oscillations at periods of 100-500s were examined
in Friedrich et al., [1998]. These oscillations are generated both by weak earthquakes and
by processes in the atmosphere, although the atmospheric effects are predominant.

The effect of atmospheric processes (movement of cyclones) and oceanic waves,
generated by them, as well as the impact of the waves on the shelf and coasts, contributes
most to the energy of the LF microseismic background.

The origin of an LF seismic hum with a predominant period of 4 min was studied in
Rhie and Romanowicz [2004, 2006]. A significant correlation was established between
the intensity of these oscillations and the oceans wave height, caused by storms, and
it was shown that the hum intensity is independent of the Earth’s seismic activity: the
authors presented an example of a seismically quiet time interval (January 31— Febru-
ary 3, 2000) characterized, however, by anomalously high amplitudes of microseismic
background in the vicinity of the 4-min period. As a possible mechanism of excitation of
such oscillations, they proposed the perturbation of the gravitational field by high waves,
resulting in the excitation of LF seismic waves on the seafloor. The main regions of ex-
citation of these oscillations are suggested to be the northern Pacific Ocean in winter and
the southern Atlantic Ocean in summer.

Low frequency oscillations of microseismic background and the Earth’s gravitation-
al field with periods of a few tens to a few hundreds of minutes arising, due to the litho-
sphere—atmosphere coupling, were considered in Linkov, [1987]. It is important that the
source of such oscillations is supposedly slow wavelike deformations of the lithosphere.

The present paper generalizes the experience, accumulated in studies of microseis-
mic background in the (LF) range of periods from 1 to 300 min, observed in time inter-

Bulgarian Geophysical Journal, 2019, Vol. 42 11



E. Oynakov et al.: Variations of the parameters of background seismic noise in the stage...

vals, preceding a few strong earthquakes [Oynakov, Aleksandrova 2019; Oynakov E., et
al. 2019 ].

This frequency range is the least studied and occupies an intermediate position be-
tween LF seismology and investigations of slow geophysical processes, such as gravity
field variations, crustal strain and tilt variations, and so on. The range includes various
modes of the Earth’s free oscillations, excited by strong earthquakes; however, in the
present paper, the main attention is given to the background behavior of microseisms.
Note that this background contains continuous arrivals from near weak and far strong and
moderate earthquakes.

In this paper, the main emphasis is placed on the study of synchronization effects,
appearing in a joint multidimensional analysis of information from several stations. The
synchronization effects of the microseismic background are also examined, as a means
for detecting new precursors of strong earthquakes.

Method and Theory

Let F be some random fluctuations in the time interval [¢-0 /2, t + ¢ / 2] (Figure 1)
with duration ¢ and the reach of the random process for this interval - u (¢, 0) (difference
between the maximum and minimum amplitude values) and calculate the mean value of
its power degree q: M (6, q) = [(u, (¢, 9))7].

A random signal is scale-invariant [Taqqu, 1988] if M (8, g) ~ 6 when 6—0, that
is, the following limit exists:

. [InM(3,q)
p(q)—glgi—ln(g) j (1)

If p(g) is a linear function p(q) = Hq, where H = const, 0 < H <I, the process is
called monofractal. In the case where p(g) is a nonlinear concave function of ¢, the signal
is called multifractal. To estimate the value of p(g) using a finite sample x(¢), = 0,1,...,N -/
we used the method, which is based on the approach of detrended fluctuation analysis
(DFA) [Kantelhardt et al., 2002]. Let us split the entire time series into non-overlapping
intervals of length s:

I(A‘) — . _ N
¢ —{t.l+(k—1)sStSks,k—l,....{?} )

and let
()= (ke 1=1 s 5
be a part of the signal x(), corresponding to interval I'". Let p{*")(¢) be a polynomial

of the order m, best fitted to the signal p(*(¢). Let us consider the deflections from the
local trend:

12 Bulgarian Geophysical Journal, 2019, Vol. 42
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A" () =y (8) - pi™ (£), t=1,...,8 4
and calculate the values

N/s q

[ E (rlnax Ayf:"'") - rlnin Ay,(:"") (®)* )j
<t<s <t<s
Zm) (q’s) _| Nkt ~

N

)

1
that can be regarded as the estimate of (M (6s,q)); . Let us define the function /4(g) as a
coefficient of linear regression between ln(Z " (q,s)) and In(s): Z™(q,s)~ s"? fitted
for scales range §,,;, <8 <s,,... Itis evident that (¢) = gh (¢) and, for a monofractal sig-
nal, i(g) = H = const . The multifractal singularity spectrum F(a) is equal to the fractal
dimensionality of the set of time moments ¢ for which the Holder — Lipschitz exponent
is equal to o i.e. for which |x(#+38)—x(¢)|~| 5", 8—0 [Feder, 1988]. The singulari-
ty spectrum can be estimated using the standard multifractal formalism, which consists
in calculating the Gibbs sum: multifractal formalism, which consists in calculating the

Gibbs sum:
N/s

q
— (s,m) ; (s,m)
W(q.s)=> (max Ay, (#)—min Ay;"" (2) (6)
I<t<s 1<t<s
fragment of the signal multifractal spectrum of singularity
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Fig. 1. Illustration of the multifractal spectrum of the singularity, where: F(a) — the multifractal

spectrum of the singularity or fractal dimension of the set of times t; Ao — width of the carrier of
F(a); a* — a general exponent Hurst
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and in estimating the mass exponent 7(¢g) from the condition W(g, s) ~s*?. From (6) it
follows that 7(q) = p(q) -1= gh(q) -1. In the next step, the spectrum F(a) is calculated with
the Legendre transform:

F(a)zmax{rnqin(aq—r(q)),O}. (7

If the singularity spectrum F(a) is estimated in a moving window, its evolution can
give useful information on the variations in the structure of the “chaotic” pulsations of the
series. In particular, the position and width of the support of the spectrum F(a), i.e., the
valuesa o ,Aa=a —a . anda’, such that F(a*) = max F(a), are characteristics
of the noisy signal. The value a* can be called a generalized Hurst exponent and it gives
the most typical value of Lipschitz-Holder exponent. Parameter Aa, singularity spectrum
support width, could be regarded as a measure of variety of stochastic behavior. In the
case of a monofractal signal, the quantity Ao should vanish and a.* = H. Usually F (a") =1,
but there exist time windows for which F () < 1. Estimates of minimum Holder-Lip-
schitz exponent min a are mainly positive. Nevertheless negative values of min o are
quite possible as well for time fragments which are characterized by high-amplitudes
spikes and steps.

Used data

This article explores the time interval of 01.08.2016. - 30.12.2016, involving three
seismic events with M > 5.5:

— the earthquake of 23.09.2016; T =11:11:20 GMT; with coordinates 45.71°N /
26.62°E; Mw = 5.7; h =92 km;

— the Vrancea earthquake on 27.12.2016; T =11:20:56.3 GMT; with coordinates
45.72°N / 26.61°E; Mw = 5.6; h =91 km;

— the Vrancea earthquake on 28.10.2018; T = 00:38:15 GMT; with coordinates
45.7°N / 26.4°E; M w=5.5; h = 150 km.

For the study, vertical component records (Z) of 23 seismic stations (Table 1), with
records of 100 reports per second (i.e., 8 640 000 reports for 24 hours) are used. In order
to obtain 1/2-minute low-frequency noise time series, the average values of the original
recordings at successive time intervals of 3000 reports calculated for each station — 1/2
minute time series are obtained for all 23 stations.

Eight of the seismic stations - PLOR, PLOR1, PLOR2, PLOR3, PLOR4, PLORS,
PLORG6 and PLOR7 (Local Ploeschina network), located in the epicentral region (average
20 km from the epicentres of the two earthquakes) of the Vrancea seismic zone, VRI and
DRGR stations are located at distances of 30 and 450 km respectively from the earth-
quake epicentres. All ten listed seismic stations are part of the seismic network of Roma-
nia. The seismic stations PRD, AVR, BOZ, DOB, NEF, and ROIA, are part of the Prova-
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Table 1. Seismic stations used in the study. The last 3 columns represent the time intervals and the
number of 24-hour seismic records, used in the research.

Period Period Period

01.08.16 | 24.09.16 06.09.18
SEIMNC | Digitizer L‘ZE,‘I{]“)de L"‘(‘%g)“de Sensors 23.09.16 | 30.12,1.6 | 30.10.18

Number Number Number

of 24 hour | of 24 hour | of 24 hour

records records records
AVR DAS 9AF3 | 43,1178 | 27,6685 | GEOPHON 54 98 53
BOZ DAS 98B6 | 43,1044 | 27,4786 | GEOPHON 54 98 53
DOB DAS 9C9D | 43,1790 | 27,4628 | GEOPHON 54 98 53
PRD DAS 990A | 43,1602 | 27,4099 | GURALP 54 98 53
NEF DAS 986E | 43,2644 | 27,2753 |[SI3 54 98 53
ROIA | DAS9913 | 43,0934 | 27,3778 | GEOPHON 54 98 53
PSN DAS A646 | 43,6376 | 28,1359 | KS2000/60s 54 98 53
PVL DAS 990C | 43,1227 | 25,1732 | CMG 3ESPC/120 54 98 53
MPE DAS A625 | 43,3560 | 23,7401 |[SI3 54 98 53
SZH DAS 9901 | 43,2653 | 25,9762 | CMG 3ESPC/120 54 98 53
ORH DAS9DI18 | 43,7263 | 23,9664 |[SI3 54 98 53
VLD DAS9B2E | 43,6899 | 23,4356 |[SI3 54 98 53
VRI Altus-K2 45,8665 | 26,2764 | CMG3ESP 54 98 53
DRGR | Altus-K2 46,7917 | 22,7111 | KS54000 54 98 53
PLOR | Q330 26,6498 | 458512 |STS2 54 98 53
PLOR1 | Q330 45,8520 | 26,6466 |CMG-40T 54 98 53
PLOR2 | Q330 45,8502 | 26,6437 | CMG-40T 54 98 53
PLOR3 | Q330 45,8539 | 26,6454 | CMG-40T 54 98 53
PLOR4 | Q330 458512 | 26,6498 | CMG-40T 54 98 53
PLOR5 | Q330 45,8455 | 26,6635 | CMG-40T 54 98 53
PLOR6 | Q330 45,8419 | 26,6415 |CMG-40T 54 98 53
PLOR7 | Q330 45,8603 | 26,6405 |[CMG-40T 54 98 53

1242 2254 1219

dia Local Seismic Network (LSN-Provadia). They are at an average distance of 400 km
from the epicenters of the two earthquakes, the PSN, PVL, MPE, SZH, ORH and VLD
seismic stations are part of the seismic network of Bulgaria and located at approximately
370 km, 430 km, 470 km, 380 km, 420 km and 460 km from the epicenters, respectively.

With the used methodology, three informative fractal statistics are estimated at con-
secutive time intervals of 2880 report (1 day) for 1/2-minute time series for each station.
The estimation of the values of the noise statistics is made after the separation of the
low-frequency trend using an 8th-order polynomial. Trend filtering is required to elimi-
nate the effects of tidal and temperature deformations of the Earth‘s crust in the seismic
noise variations and also represents a necessary procedure for studying the noise’s statis-
tical characteristics. The usage of an orthogonal polynomial enables the stability of the
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trend evaluations at the reading points. In this case, the order of the polynomial (8th) was
chosen as the smallest one after numerical experiments, thus allowing the elimination of
the day-to-day variations for the intervals of one-day duration (Lyubushin, A. A. 2007).
The question of the regularity of the transition in such a low-frequency domain of seismic
signal recordings naturally arises.

It should be noted that the development of seismological apparatus did not consider
its use for continuous seismic recording over a more extensive frequency range beyond the
earthquake signal frequencies, and is not assumed that seismic sensors could also be used
as the usual inclinometer, i.e., to register the change of signal in the tidal band frequencies.
Following numerical experiments (Lyubushin AA, 2008), we believe that in solving ge-
ophysical monitoring tasks and investigating earthquake preparation processes, there is a
theoretical possibility for broader use of seismological equipment that exceeds the formal
operating frequency limitations, which is traditionally used to study individual earthquakes.
Fig. 2 shows the graphs, illustrating this consideration. Continuous, uninterrupted seismic
noise recordings of the taken eight stations and a 1-hour discretization step are made. From
the initial recordings at a sampling rate of 100 Hz, the average value was calculated at con-
secutive time intervals with a length of 360,000 reports, which is 1 hour. In this way, the
traditional for gravimetry frequency range is provided. If adhering to the traditional view of
such a procedure, the transition to an hourly discretization step seems unacceptable.

Moreover, if we look at the power spectra of the temporal variations of the seismic
noise (Oynakov E. et al.2019), recorded with the instrumentation used (Table 1), we see
the manifestation of tidal 12 and 24-hour spectral extremum, even separation of different
tidal harmonics at sufficient length of time series. This example shows that the signal,
recorded with modern seismometers, contains low-frequency components, significantly
exceeding the formal limits, specified in their technical passports by the manufacturer. It
is these undocumented and poorly understood capabilities of seismometers that could be
used in this study.

It should also be pointed out that all of the used noise statistics are dimensionless
and do not depend on the scale of the output data. That significantly reduces their depend-
ence on the fact that different seismometers have been installed at the seismic stations.

Results - Hurst exponent

The interest towards the positive value of the Hurst exponent estimate (H> 0) is
related to the fact that for self-similar processes it is in the interval 0 <H <1 (Kantelhardt,
Jan W, et al., 2002). Therefore, H (1)> 0 represents a sign of self-similar fractal behav-
ior of low-frequency seismic noise, indirectly. It is of our interest to separate those time
windows, as for all simultaneously analyzed processes, the Hurst exponent is positive,
which is a sign of low-frequency synchronization — a possible sign of a future earthquake.

The results obtained show that 2 to 4 days before the earthquake on October 28,
2018, with Mw = 5.5 and 2 to 3 days before the earthquake on October 18.2018 with
MW = 3.7, the Hurst index has a high value (Fig. 2).

16 Bulgarian Geophysical Journal, 2019, Vol. 42



E. Oynakov et al.: Variations of the parameters of background seismic noise in the stage...

l FLOR1
) [~ how

L ] - _poms]]

03 .
Poast J
B
§ o2 1
(=3
8 oss} .
£

o -

0.05 -

%0 sm soo0 i tocon  1sems 18508 25000 36000
t. min

H for AVR, BOZ, DOB, PRD, PSN, ROILA

n.08 i
007 | =] [l I [==1 [w=s] L
| EbES
I Bl coe
006 1 [ Lo
I esn
.05 — RO®

the exponent of Hurst
=
B

noa 4
noe -
o | I A

7 |
a 3030 S000 733 10000 13603 18508 25000 30278 35000
t, mn
i H for VLD, SZH, DRGR, ORH, VRI
T T T T T i =
! ez e = = 4 C_wo
ST = T R = B ===
r 1 b DRGR
08| ; : ! 1 | I orn |
: : I I \‘ VRI
507~ ' ; : 1 =

2 ' 1 1 ;

=] i 1 1

Losf ' i | i

s : - ! 1 |

2 i

505 ' ; 1 ! g

c H 2 1 i

g ‘ : I ! |

3041 3 . I ! )

i
@ ' 1 !
S o3l : } 1 r’ I 7
1 : I | ;
02 4 ' 1 U 4
: ; I /
01 i =
ol ol
0 J_ﬂ I i Al IJII]
o 3030 5000 7339 10000 13603 18508 25000 30278 35000

t, min

Fig. 2. Graphs of the change in the Hurst (H) metric for different stations combina-
tion, calculated in a time window 1 day and 1 hour displacemen; the red dotted line
shows the moment of the earthquake - 28.10.2018 (Vrancha, T ;=00:38:15; 45.7 /
26.4; M = 5.5) and the earthquakes that occurred in the analysed area.
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To verify that before earthquakes of magnitude higher than Mw = 5.5 in the seismo-
genic zone of Vrancea, the Hurst () exponent increases, both significant earthquakes in
2016 were examined. Fig. 3 shows a graph of the synchronous maximum of H in the pe-
riod 01.08-30.12.2016, for the stations of the Local Ploeschina network. From the graph,
we can summarize that 12 days before the earthquake on September 23, 2016, and 8 days
before the earthquake of December 27, 2016, the values of H have increased.

the exponent of Harst to PLOR, PLOR2,PLOR3, PLOR4, PLOR5

T
I

1

]
L
1

-
1

]
= el

72 h ~ 2day B

the exponent of Harst
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I L S ——

o 500 929000 1295 1500 2000 2195 2500 2651 3000 3323 3508675
t, hours

Fig. 3. Graph of the change of H> 0 for PLOR, PLOR2, PLOR3, PLOR4, PLORS stations; the
red dashed lines show the moments of the earthquakes that occurred in the analysed area in the
period 01.08-30.12.2016 — 08.09.2016 (Mw = 4.1); 09.23.2016 (M = 5.7); 10.31.2016 (Mw = 4);
11.19.2016 Mw =4.1); 11.30.2016 (Mw = 3.5); 12.17.2016 (Mw = 3.9) and 12.27.2016 (Vrancea,
T,=00:38:15; 45.7N, 26.4E; Mw = 5.6). The text boxes show the time from H maxima to the earth-
quake moments in minutes and days.

Fig. 4 presents in detail the graphs of the Hurst exponent evaluations for DRG,
MPEP, VRI stations in the period 23.09-30.12.2016 before the earthquake of December
27,2016 (Vrancea, Mw = 5.6). The zero of the time axis corresponds to T = 00:00:00
(GMT) on 23.09.2016. It can be noted that the maximum of the Hurst exponent is
present not only before the earthquake of 27.12.2016 but also ~ 9 days before the earth-
quake of 17.12.2016, T =11: 16: 05 (GMT) with coordinates 45.5°N, 26.47°E and Mw
=3.8.

Fig, 5 shows in detail the graphs of the Hurst indicator evaluations for stations
AVR, DRGR, MPEP, NEF, ORH, PRD, PSN, ROIA, SZH, VRI before the earthquake of
23.09.2016. (Vrancea, Mw = 5.7). The zero of the time axis corresponds to 23.08.2016,
00h00m (GMT). Three more seismic events occur in the analysed period (01.09.2016;
T,=07:49: 21; 45.67°N, 26.33°E (Mw = 3.9); 08.09.16; T = 17: 03: 02; 45.67°N, 26.53°E
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Fig. 4. Graph of the change of H> 0 for DRGR, MPEP, VRI stations in the period 24.09-30.12.2016.
The red dashed lines show the moment of the earthquakes that occurred in the analysed area -
17.12.16; T,= 11: 16: 05; 45.50°N, 26.47°E (Mw = 3.9);) and 27.12.2016 (Vrancea, T =12:38:15;
45.7°N, 26.4°N; Mw = 5.5). The text boxes show the time from H maxima to the earthquake mo-
ments in minutes and days.
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Fig. 5. Graph of the change of H> 0 for AVR, DRGR, MPEP, NEF, ORH, PRD, PSN, ROIA, SZH
and VRI stations in the period 23.08-23.09.2016. The red dashed lines indicate the time of the earth-
quakes that occurred in the analysed area — 01.09.2016; T =07: 49: 21 (GMT); 45.67°N, 26.33°E
(Mw =3.9); 08.09.2016; T =17: 03: 02; 45.67°N, 26.53°E (Mw =4.1); 16.09.2016; T = 09: 10: 57;
45.65'N, 26.59°E (Mw = 3.7) and 23.09.2016 (Vrancea, T =23:11:20; 45.71°N, 26.°%; Mw = 5.7).
The text boxes show the time from H maxima to the earthquake moments in minutes and days.

(Mw = 4.1)); 16.09.2016; T =09: 10: 57; 45.65°N, 26.59°E (Mw = 3.7)) and it can be
noted that 3 to 5 days before each event there is a synchronous maximum of H for all
stations. The figure also shows that the Hurst indicator for all stations is H>0.
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Results- Singularity spectrum width

The parameter 4a = o, -0, . (Feder E., 1991), also called the width of the singular-
ity spectrum, represents one of the important multifractal characteristics and assessments
for the variety of random signal behavior. The statistically significant decrease in the
average value of Aa reflects the decrease in the degrees of system’s freedom, generating
a signal and thus enables the determination of the time of preparation of an earthquake.

Fig. 6 presents a graph of the overall assessment of the parameter Ao for all stations
on the PLOR LAN (i.e., the average value of Aa). For each station, Aa is calculated in
consecutive non-intersecting windows with a length of 24 hours and a shift of 1 hour
over the entire time interval (06.09-30.10.2018, 52 days), after which the average value
for the local area network is obtained. One feature of the smoothed Aa schedule are the
minimums 4 days before the earthquakes on 28.10.2018, respectively, which, as we have
indicated above, measures the number of hidden degrees of freedom of the stochastic
systems. The other earthquakes in the analyzed time interval are preceded by a minimum
of the width index of the singularity spectrum from 1 to 4 days.
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Fig. 6. Diagram of the mean values of parameter Aa, for stations - DOB, DRGR, MPE, ORH, PVL,
SZH, VLD, VRI, between 06.09 and 28.10.2018. Combined with the graphs of all the earthquakes
that occurred in the Balkan Peninsula in the period 06.10 - 28.10.2018.

Fig. 7 presents a graph of the overall assessment of the parameter Aa for all stations
on the PLOR LAN (i.e., the average value of Aa). For each station, Aa is calculated in
consecutive non-intersecting windows with a length of 24 hours and a shift of 1 hour
over the entire time interval (01.08-30.12.2016, 22 days), after which the average value
for the local area network is obtained. One feature of the smoothed Aa schedule are the
minimums in the 59400 and 199700 minutes, 13 and 10 days before the earthquakes
on 23.09.2016 and 27.12.2016. The other earthquakes in the analyzed time interval are
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preceded by a minimum of the width index of the singularity spectrum from 6 to 7 days.
We may also note a large minimum of Aa at 95040 minutes, which precedes the earth-
quakes at 109796, 119710, and 131759 minutes, and can be assumed to be related to them.
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Fig. 7. Graph of the average values of the parameter Aa, for stations from the local area network
Ploeschina. The dashed line indicates all earthquakes, occurrences in the analyzed area for the pe-
riod. The beginning of the abscissa is 06.10.2018 — 00:00 hours (GMT).
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Fig. 8. Graph of the average values of the parameter Aa a) for stations - AVR, NEF, ORH

in the interval 01.08 to 24.09.2016. b) for stations - DRGR, PRD, PSN, VRI in the interval
01.08 to 24.09.2016. The red dashed lines mark the moments of the earthquakes
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Fig. 8 a), b) shows the evolution of the width parameter of the spectrum of sin-
gularity Ao for the interval 23.08-23.09.2016 for different station combinations. The
Ao parameter for each station is calculated for the same length of the time window (24
hours = 2880 reports) and the same displacement (1 hour = 120 reports). Minima of Aa.
can be determined both 6-7 days before the earthquake with Mw = 5.7 (23.09.2016)
and 3-5 days before the earthquakes, falling within the studied time interval. It should
be added that a study on the evolution of the width of the spectrum of singularity before
the earthquake of December 27, 2016, was also conducted. (Mw = 5.6) in the period
23.08-23.09.16 and the results are identical, i.e., 6-10 days before the earthquake, there
is a minimum of Aa, and 3-4 days before the weaker earthquakes, falling within the
analyzed interval.

Results - Spectral Coherence Assessment

For assessing the synchronization effects of the results, measuring of the low-fre-
quency microseismic background for several seismic stations, is used the spectral meas-
ure of coherence, proposed by Lyubushin (1998). It is constructed as a module of the
product of the component canonical coherence.

>

l(r,w)=ﬁ|vj(r,w)

where m>2 is the total number of jointly analyzed time series (the dimension of the mul-
tidimensional time series), ® is the frequency, 1 is the time coordinate of the right edge
of the scandent time window, v, (7, ®) is the canonical coherence of the jth scalar time
row that describes the relationship between that row and the other ones. The inequality
0<| (7, ) | <1 is satisfied. The closer the value of \vj (7, )| is to one, the higher linearly
are connected the variations of the jth order of frequency ® in the time window with
coordinate t to the similar variations in other lines studied. Accordingly, measure 0<
Mz, w) <1 describes the effect of the overall coherent (synchronous, collective) behavior
of all signals.

Fig. 9 a) shows the behaviour of the spectral measure of coherent behaviour A(t,
) of the seismic signal for stations PLOR1-PLOR?7, in a time window 20160 half min-
ute reports (7 days) with 720 reports (6 hours) shift for the time interval 06.09.2018 —
30.10.2018 (the abscissa timestamps indicate the right end of the time window). From
the result we can conclude that the signal synchronization of all stations has a maximum
of all frequencies in 24000 minutes, which is ~ 5 days before the earthquake which is in
30278 minutes (28.10.18, Mw = 5.5) and b) shows the behaviour of the spectral measure
of coherent behaviour A(t, ®) of the seismic signal for stations MPE; NEF; ORH; PSN;
PVL; ROIA; SZH ; VLD. From the result we can conclude that the signal synchronization
of all stations has a maximum from 19000 to 21000 minutes, which is ~ 9 to 7 days before
the earthquake.
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Fig. 9. Frequency-time diagram of the evolution of A (T, ®) (spectral measure of coherent
behaviour) for PLOR1-PLOR?Y stations a); end MPE; NEF; ORH; PSN; PVL; ROIA; SZH;
VLD stations b).

Fig. 10 shows the behaviour of the spectral measure of coherent behaviour A(t, ®)
of the seismic signal for stations PLOR1-PLOR?7, in a time window 20160 half min-
ute reports (7 days) with 720 reports (6 hours) shift for the time interval 01.08.2016 —
30.12.2016 (the abscissa timestamps indicate the right end of the time window). From
the result we can conclude that the signal synchronization of all stations has a maximum
of all frequencies in 30000 minutes, which is ~ 40 days before the earthquake which is in
77711 minutes (23.09.16, Mw = 5.7) and maximum in 14000 minutes - ~ 50 days before
the earthquake in 214520 minutes (December 27, 2016, Mw = 5.6).
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Fig. 10. Frequency-time diagram of the behavior of A (t, @) for PLOR1-PLOR?7 stations.
The beginning of the time axis corresponds to 00:00 (GMT) on 01.08.2016 (analyzed time
interval from 01.08 to 30.12.2016)
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Fig. 11 shows the behaviour of the spectral measure of coherent behaviour A(t, ®)
of the seismic signal for; MPE; NEF; ORH; PSN; PRD; ROIA; SZH; VLD; VRI stations,
in time window 20160 half minute reports (7 days) with 720 reports (6 hours) shift for the
time interval 23.09 - 30.12.2016 (abscissa timestamps indicate the right end of the time
window). The signal synchronizations of all stations start from 20000 minutes and reach
a maximum of 24000 minutes, which is ~ 15 days before the earthquake on December
27,2016 (Mw = 5.6).
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Fig. 11. Frequency-time diagram of the behavior of A (1, ®) for MPE; NEF; ORH; PSN; PRD;
ROIA; SZH; VLD; VRI stations, for the time interval 23.09.-30.12.2019. The moment of the
earthquake of 27.12.2016 shown with an arrow.

Fig. 12 shows the behaviour of the spectral measure of coherent behaviour A(t, ®)
of the seismic signal for MPE; NEF; ORH; PSN; PRD; ROIA; SZH; VLD; VRI stations,
in time window 20160 half minute reports (7 days) with 720 reports (6 hours) shift for the
interval time 23.08 - 23.09.2016 (abscissa timestamps indicate the right end of the time
window). The signal synchronizations of all stations start from 30,000 minutes and reach
a maximum of 36,000 minutes, which is ~ 6 days before the earthquake on September 23,
2016 Mw = 5.7).
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Fig. 12. Frequency-time diagram of the behavior of A (t, ®) for MPE; NEF; ORH; PSN; PRD;
ROIA; SZH; VLD, VRI stations, for the time interval 23.08.-23.09.2019. The moment of the
23.09.2016 earthquake is shown above with an arrow.
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Conclusions

The study of the Hurst exponent shows that it increases about 7-8 days before earth-
quakes with Mw> 5.5. High H values were indicated 3 to 5 days before other smaller
magnitude seismic events (3.5<Mw<5).

The analysis of the development of the width of the spectrum of singularity Aa
shows that earthquakes with Mw>5.5 in the analyzed time interval are preceded by min-
imums from 10 to 13 days and minimums of 2 to 7 days before earthquakes with smaller
magnitude (3.5<Mw <5).

The spectral time diagram of the spectral measure of coherent behaviour of the seis-
mic signal for epicentral stations, estimated in a time window of 10080 minutes (7 days),
with a 360 minutes (6 hours) shift, for the time interval 01.08 - 30.12.2016, shows syn-
chronization of the stations from 40 to 50 days prior to the earthquakes in Vrancea with
Mw> 5.5. For stations at a greater distance — from 6 to 15 days before the earthquakes
(time window 2880 reports, 120 reports shift).

We can conclude that the analysis of the fractal and multifractal parameters of the
microseismic field in the minute time range of discretization can provide valuable infor-
mation about the process of earthquake preparation and the effects, leading to the accu-
mulation of stress in the lithosphere.
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Bapunanus na napamerpure Ha ¢GOHOBHS CeU3MHYEH IIIYM B eTana Ha
NMOArOTOBKATA HA CHJIHU 3eMeTpeceHHsl B CeM3MHYHA 30HA BpaH4a

E. Oiinaxos, 1. Anexcanaposa, 1. ConakoB

Pe3tome: [oGamHuTe BB3AEHUCTBHS HAa aTMOC(EPHU M OKEAHCKH IMPOIECH, NPUIUBHU
JeopMaluy Ha 3eMHaTa Kopa, NIOOATHUAT CeM3MUYEH MPOLIEC, KaKTO U M0-caabo mpoy-
YEHUTE MMPOIIECH B 3MHATa KOpa ca CBbP3aHU C HaTpyIBaHe U 0aBHO pa3ceiiBaHe Ha TEeK-
TOHUYHATA eHeprus B IuToc(epara. Tesu mporecH ca ,,ydacTHUIUTE BbB (POPMUPAHETO
Ha CIy4yaiHus mpolec, 3a KOHTO U3CIeIBaHEeTO ¢ TPAJUIIMOHHUAT arapar 3a CleKTpajieH
aHaJIM3 ce oKa3Ba cliabo e(eKTHUBEH.

W3nomn3Banero Ha (pakraneH aHaiu3 3a IelludpupaHe Ha CTPYKTypaTa Ha Ceus-
MUYHHS IIYM € J0CTaTh4HO J00pa antepHarisa. OT Hauanoro Ha 90-Te TOJJMHU Ha MUHA-
TSI BEK METOIBT CE M3I0JI3Ba KAKTO B aHAIM3a Ha TYpOYJIEHTHOCTTA, Taka ¥ BbB (DUHAH-
COBUTC U MEJUIIUMHCKUTE U3CIICIBAHNUA HAa BPEMCBUTE CCPUH.

Pa3paboTBaHeTo Ha HOBM METO/IM 32 MPOTHO3MPAHE HA 3€METPECEHHsITa, OCHOBAHH
Ha JaHHU OT I‘eO(bI/I?;I/I‘IeH 1 B YaCTHOCT CEU3MHUYCH MOHUTOPUHI, € C€ANH OT IPUOPUTET-
HUTE IeJIM Ha HayKaTa 3a 3eMsATa. AHAIM3UPAHU ca CEU3MHYHHUTE 3alHCH Ha JBAJECEeT
U TPU CEU3MHUYHH CTaHIMHU Pa3MOJIOKEHH Ha TEPUTOPUATA Ha balkaHCKUS MOIyoCTpOB
Ha pasctossHusa oT 1 g0 500 km ot 3emerpecenusara ot 23.09.2016 r, 27.12.2016 . u
28.10.2018 1., ¢ MarHUTyaU MoBeUe OT 5,5 B cem3MuuHaTa 30Ha BpaHya. 3a ananuza ce
M3M0MI3Ba MeTObT Ha JI0OymHH 3a (pakraneH aHaIN3 Ha CKaIapHUTE BPEMEBU CEPHU.

Hayyna 11e7 € 1a ce OTKpUsAT OO CUTHAIN, UTHOPUPAIIHN ,,MHAUBUAYATHOTO  TIO-
BEJICHUE Ha €JIEMEHTUTE HAa CUCTEMHTE 32 MOHUTOPHUHT.

KaouoBun AYMHU: UHIUKATOPU Ha 3€METPECCHHUA, CCU3MHUYCH IIYM, (bpaKTaJ'[eH aHaJIn3
Ha CEU3MHYCH LIYM
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buaronapnocru: ToBa npoyusaHe € IpOBEACHO B paMkuTe Ha Hanmonannara Hayu-
Ha mporpama ,,Miaan y4eHd W JOKTOpaHTH , ogoOpeHa ¢ Pemenne Ha MuHHCTEpCKHA
ceBer Ne 11 / 17.08.2018 1. u momkpeneHo oT MHHHUCTEPCTBOTO Ha 0OPa30BaHHETO W
Haykara (MOH) na bearapus , kakto 1 B pamkute Ha Hanmonanaata Hay4gHa mmporpama
,,OTIa3BaHEe Ha OKOJIHATa Cpea M HaMaJsIBaHE HA PUCKOBETE OT HEXKENaH! ChOUTHS U IPH-
ponuu OeacTBusA, omobpeHa ¢ Pemenne Ha Munucrepckust cbBet Ne 577 /17.08.2018 .
Y TOAKperieHo 0T MUHHUCTEPCTBOTO Ha oOpazoBanueTo u Haykara (MOH) nHa bearapus
(Cnopazymenue Ne J1O-230 / 06-12-2018 ).
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Abstract. The effect of atmospheric refraction on the results of precise leveling meas-
urements is investigated. This study is based on level measurements for 30 km line
provided by Geodesy, Cartography and Cadastre Agency. The results show that refrac-
tion’s impact is not eliminated with one and the same positive and negative differences
of elevation. The correction must be applied for each instrument set-up. Largest values
of refraction are observed in the leveling distances with highest terrain slope. The error
caused by refraction is a significant systematic error in the leveling measurements and
it is mandatory to be applied.

Key words: precise leveling, atmospheric refraction, national leveling network

Introduction

For the last three-four decades the precision of geodetic instruments has made tre-
mendous progress. Modern electronic geodetic instruments allow a high degree of pre-
cision and automation but the accuracy and reliability of geodetic measurement is still
strongly influenced by atmospheric conditions and by their knowledge. This phenome-
non is particularly recognizable and still not fully unsolved in precise geodetic leveling.
Atmospheric refraction is the deflection of light or other electromagnetic waves from the
straight line due to the change in air density as a function of the height above the ground.
As the geodetic measurements are carried out near the ground surface, the results are
significantly influenced from the ground atmosphere. In geodetic leveling the horizontal
line of sight passes through different isothermal layers of air (Fig. 1). This causes errors in
readings on fore and back rods. The error caused by refraction is generally considered to
be a significant systematic error in the leveling measurements. Already in the first half of
the 20th century, prof. T. J. Kukkamaki (Finnish Geodetic Institute) investigated this phe-
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nomenon and develop a mathematical model for correcting (reducing) its impact. He esti-
mated a correction that is proportional to the difference in the measured two temperatures
of air at heights of 0.5 m and 2.5 m. Initially only a few countries apply this correction,
but now when it is known that it is necessary, the correction is widely used, especially in
countries located in the middle and lower latitudes.
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Fig. 1. Refraction

Theoretical model

The refraction correction for geodetic leveling must be applied to each single set-up
(Kukkamaki T. J., 1939):

R =—2x10'6a(5—6;)jAtAh [m], (1)

where: S is the average value of the distances between rods in meters (section length);
Dt = t-t, is the temperature difference (°C), calculated from the measured temperatures
at two heights, for example: 7, — at a height of 2.5 m and ¢, — at a height of 0.5 m (Fig. 1);
Dh — measured difference of elevation in set-up (in meters); @ — is a function, dependent
on an assumed temperature function:

T=a+bz", (2

where: T (°C) is a temperature at a height z above the ground surface, when z is les then
300cm; a, b u ¢ are constants for any instant and vary with time.
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A is sometimes assumed constant (NOAA, 1981), but is rigorously calculated as:

wms B L)) ®

c c
z3—z Lc+l

where: z, u z, are heights of the measurement of air temperature; L, n L, are heights of
the line of sight on the fore and back rods, respectively; 4, is instrument height, and ¢ is
an exponent (Kukkamaki T. J., 1939).

The temperature model (2) and corresponding refraction correction are based on the
following assumptions: the refraction coefficient of air depends mainly on temperature;
the effect of humidity is negligibly small for optical propagation; isothermal surfaces are
parallel to the ground; the ground slope beneath the sightline is uniform in a single set-up
of the instrument.

Exponent ¢ can be calculated using temperatures measured by three temperature
sensors, located at different heights z, z,, z, (Fig. 1) arranged such that z /z,=z /z,. For
each measured temperature are drawn three equations of the type of (3). Through the
transformations the estimation of the exponent ¢ required to obtain the coefficient a (1),

(2) is reached:
At

lnz—2 |
Zl

Due to the large air temperature fluctuations direct temperature gradient determina-
tion should be performed at every single set-up at the same time as the levelling meas-
urements.

C =

4)

Data processing

For the purpose of this study the level measurements provided by Bulgarian
Geodesy, Cartography and Cadastre Agency were used. The measurements were made
with a precise electronic digital/barcode levelling system Sokkia SDL 1X with a couple
of invar rods. Simultaneously with the leveling, the air temperatures were measured for
each set-up at heights of 0.5 m, 1.5 m and 2.5 m. Digital thermometers are used. Their
sensors are attached to the back side of the rods and are protected from direct sunlight.

The temperature differences are calculated with the average values of the temper-
atures measured on the two rods at 2.5m and 0.5m, respectively. Leveling book for one
leveling distance is shown at Table 1. The measured temperatures are checked in order to
be acceptable, the temperature differences between the upper and lower thermometer of
the rods should be between -3.0°C and +1.0°C. Also the difference between the tempera-
ture differences of two successive setups should be between —3.0°C and +3.0°C. When the
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temperature measurements meet this requirements the average of temperature differences
between upper and lower thermometer in back and for rode are used. In several leveling
distances one of the thermometers has failed and did not meet the requirements. In this case
only temperature differences measured on one rode is used. The refraction correction is
calculated for each set-up (Table 1, column 7) and is aggregated for the whole distance and
a =70 (Hytonen E.,1967; NOAA, 1981). The measured temperatures are given in Table 2.

Table 1. Levelling book

LEVELINGBOOK
Leveling line Ne 47 - KHP Kazanluk BHP Ne 86 Haskovo
Leveling distance HP1-HP2
Date 20 may 2016 Observer i
Start 11 h 50 min Instrument Sokkia SDL 1X
End h min Ne 123456
Destination north-south Rod 1 67147
Rod 2 67148
Wheater conditions clear view weak wind suny
reads Difference (m)
Dist. 1 2
e back T | back2 | (et | GRED 1w R | dift | AH
[m] fore 2 fore 2 (MM) (MM) (MM) (M)
1 2 3 4 5 6 7 8 9 10
HP1 20.76 0.74420 | 0.74422
1| 23.38 1.62199 | 1.62195| -0.87779 -0.87773 0.013 0.005| -0.06| -0.87776
1] 26.77 1.21429 | 1.21429
2| 27.31 1.58203 | 1.58200| -0.36774 -0.36771 0.043 0.005| -0.03 | -0.36773
2| 28.65 1.32574| 1.32585
3| 28.43 1.52577 | 1.52579 | -0.20003 -0.19994 0.001 0.002 | -0.09 | -0.19999
3| 27.75 1.29577 | 1.29568
4| 28.41 1.57473 | 1.57471 | -0.27896 -0.27903 -0.002 0.003 0.07 | -0.27900
41 29.11 1.36703 | 1.36701
9] 27.86 1.29703 | 1.29698
10| 29.69 1.79338 | 1.79336| -0.49635 -0.49638 -0.044 0.005 0.03 | -0.49637
10| 29.72 1.36363 | 1.36364
11| 29.61 1.95155| 1.95161 | -0.58792 -0.58797 0.002 0.004 | 0.05| -0.58795
11| 28.30 1.27017 | 1.27023
12| 25.91 1.72158 | 1.72166 | -0.45141 -0.45143 -0.038 0.006 | 0.02 | -0.45142
12| 29.22 1.36455 | 1.36449
13| 27.99 1.64569 | 1.64564 | -0.28114 -0.28115 0.027 0.002 | 0.01 | -0.28115
13| 27.49 1.20420 | 1.20411
HP2 | 13.40 0.95056 | 0.95051 0.25364 0.25360 0.050 0.001 0.04 | 0.25362
SF [m] >AHI1 [m] | YAH2 [m] | > d2[m] | YR [m] [mzm]
22.75835 -5.49841 -5.49841 | 0.00011 [ 0.00006 | 0.000
S= 0.764 km d= 0.000 mm
Ter 20.6 Co AHm = -5.49841 m
Lep= 1000 mm d= -0.00004 m
a= 0.000002 d,= 0.00011 m
SR = 0.00006 m
AHcorr.= -5.49853 m
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Table 2. Meteorological book

METEOROLOGICAL BOOK
Leveling distance HP1-HP2
Date 20 may 2016
rod Heights of meas. mean Temperatures
st. Ne back 0.5m 1.5m 25m back fore
Tb-Tet | Tb-Tf | T3-Tl
fore Tl T2 T3 Tb Tf

1 2 3 4 5 6 7 8 9 10

rod Nel 235 23.4 23.4 234 2.8 -0.2
! rod Ne2 234 233 23.1 233 -0.2

rod Ne2 239 23.8 23.7 23.8 32 -0.3
: rod Nel 23.1 229 227 229 -0.9

rod Nel 235 23.4 233 23.4 2.8 -0.2
. rod Ne2 235 234 233 234 0.0
4 rod Ne2 232 23.0 229 23.0 2.4 -0.3

rod Nel 232 23.1 23.0 23.1 0.1

rod Nel 225 224 222 224 1.8 -0.3
i rod Ne2 22.8 227 22.6 22.7 0.3

rod Ne2 22.9 22.8 22.7 22.8 22 -0.2
6 rod Nel 22.3 22.2 22.1 222 -0.6

rod Nel 234 233 23.1 233 2.7 -0.2
’ rod Ne2 24.0 239 23.8 239 0.6

rod Ne2 245 243 242 243 3.7 -0.4
s rod Nel 24.0 23.8 23.6 23.8 -0.5

rod Nel 23.6 234 233 234 2.8 -0.3
’ rod Ne2 22.8 227 22,6 227 -0.7

rod Ne2 225 224 224 224 1.8 -0.2
10 rod Nel 23.6 234 233 234 1.0

rod Nel 235 23.4 233 234 2.8 -0.1
a rod Ne2 235 234 234 234 0.0

rod Ne2 23.7 235 233 235 2.9 -0.3
12 rod Nel 24.5 244 243 244 0.9
i rod Nel 23.1 23.1 23.0 23.1 2.5 -0.2

rod Ne2 226 225 224 225 -0.6
" rod Ne2 23.8 23.6 234 23.6 3.0 -0.3

rod Nel 22.6 22.5 22.5 22.5 -1.1
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Analysis

An adjustment of a leveling line was performed. The leveling line consists of 22
leveling distances. For the purposes of this study a section (part of whole leveling line)
was analysed. The section lies between two Fundamental benchmarks and is 30 km
long. On Fig. 2 and Fig. 3 the values of refraction correction for every set-up along the
line in fore and back leveling are shown along with cross section of the leveling line.
The values of refraction correction for the whole length of the line is 0.6 mm. On Fig.
4 and Fig. 5 the refraction correction values for every levelling distance are given for
fore and back levelling respectively. Refraction correction, calculated for each leveling
distance, varies from 0 mm to 1.5 mm. The largest values of the refraction correction
are observed in the leveling distances with highest terrain slope. In case of leveling
successive distances with positive and negative difference of elevation, the refractive
error is not compensated. For example, in the segment between the benchmark at 6.8
km and the benchmark at 19.7 km the value of refraction correction is 0.6 mm, although
the difference of elevation between the endpoints is almost zero, and line going through
sequential climb and descent.

The precision of measured temperatures give a significant impact on the value
of the systematic refractive error (correction respectively). Numerous meteorological
publications show that in the night the ground is colder than the air just above it. Soon
after the sunrise temperature of the air is decreasing with the height and the tempera-
ture of the ground becomes higher than the temperature of the air just above it. For this
reason the temperature gradient is negative at day and positive at night. The absolute
values of the vertical gradient are greater in the clear sky, day or night (Kukkamaki T.
J., 1978).
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Fig. 2. Refraction correction calculated for every set-up in fore leveling in grey and cross
section of the leveling line in black.
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Fig. 3. Refraction correction calculated for every set-up in back leveling in grey and cross
section of the leveling line in black
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Fig. 4. Refraction correction values for every leveling distance in fore leveling
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Fig. 5. Refraction correction values for every leveling distance in back leveling.
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Measurements of the temperature should be done simultaneously with leveling by
aspiration thermometers (with forced air flow) to obtain maximum reliable temperature
gradient values. Thermometer readings should be monitored and evaluated. In order to be
acceptable, the temperature differences between the upper and lower thermometer of the
rods should be between —3.0°C and +1.0°C. Also the difference between the temperature
differences of two successive setups should be between —3.0°C u +3.0°C (NOAA, 1999).

In case of slope, the refraction is greater on sight close to surface, so the rode reading
on that sight that is close to the terrain is more affected then other. This effect is more no-
ticeable on long gentle slopes, when long sight lines are used (Angus-Leppan P.V., 1884).

If the measured temperatures are outside these limits, it is recommended not to
conduct leveling measurements until the cause is eliminated or the weather conditions
are improved. In processing and analyzing measurements in the test section, the temper-
atures that do not meet the above conditions are excluded from processing. Instead, only
the thermometers of one rod are used or temperatures are interpolated from previous and
next set-up.

Conclusions

The results show that the refraction correction is commensurable with the correction
for the difference between the average of the rod meter and the reference one. This cor-
rection must be applied for each set-up and it is not eliminated with the same positive and
negative differences of elevation. The largest values of refraction correction are observed
in the leveling distances with highest terrain slope. Refraction error will eliminate almost
exactly if back-sight and foresight are well balanced and the terrain is flat.

Measurements of the temperatures should be done with aspiration thermometers,
simultaneously with measurements of the leveling. Incorrectly measured temperatures
have a negative impact and they can lead to wrong calculated correction and contaminat-
ed final results.

Applying this correction does not eliminate error caused by the atmospheric refrac-
tion, but it can be reduced by applying various measuring procedures associated with
balancing of the length of sights, limiting the length of sight, not reading the portion of
level staff close to ground and choice proper weather conditions.

It is recommended to perform experimental research and develop a model for the
vertical refraction which is suitable for the territory of Bulgaria.
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H3cienBane Ha BAMAHUETO HA aTMOc(epHATa pepaKkuus BbPXY
Npen3HNTe HUBEeJa4YHU U3MepPBaAHUA

H. dumurpos, I1. Jlanues, UB. I'eoprues

Pe3rome: M3crenBanu ca HSAKOM NpoOJNeMH TP IPWIAraHe Ha KOPEKNIUATA 3apain
BEpTHKAJIHATA pedpakuns B MPU3EMHUS BB3/YIICH CIO0H KbM N3MEPEHUTE MPEBUIICHUS
npu npennsHa HuBenauus. IlomyueHnTe pesyaTaTd HOKas3Bar, ye KOpPEKIUATa TpsOBa
Jla ce BBBEXK/A 3@ BCSAKA CTAHIMS M HE C€ HYNUpa MPH IPEMHUHABaHE HA €JHU M CHIIH
MOJIOKUTEIIHM M OTPHULATENIHU TPEeBUIICHHs. HeTouHo u3MepeHuTe TeMieparypu
MMaT HETaTWBHO BIHMSIHWME, MOTaT JI0 JIOBEAAT IO T'PEIIHO M3YMCICHA KOPEKIWs M Ja
MOBIMSAT HA KpaiHuTe pesyntard. [1o Tasu mpuumMHa € BaKHO TeMIlepaTypuTe aa ce
M3MEpBAT €AHOBPEMEHHO C HMBEJIAIMATA, MOCPEACTBOM ACIHPALIOHEH TEPMOMETBP, C
TOYHOCT He To-Maika oT +0.1°C. [IpenopbuuTeNHO € a ce HAlPaBAT eKCIIEPHUMEHTAITHI
M3CJIE/IBAHMS U /1a CE TIPHEMeE TTOJXOJIAIN 32 TEpUTOpHsTa Ha brirapus mozen 3a oTunTane
Ha BepTHKaJHATa pepaKIus.
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Abstract. The NATIONAL GEOINFORMATION CENTER (NGIC) is a newly estab-
lished scientific infrastructure for integration of data, data products, and facilities from
all Earth observation research institutions in Bulgaria. NGIC will bring together sci-
entists, research infrastructures and ICT (Information & Communication Technology)
experts, to develop new concepts and tools for accurate, durable, and sustainable prod-
ucts and services concerning geo-hazards and geo-resources which are relevant to the
environment and human welfare. Our vision is that integration of the existing research
infrastructures will increase access and use of the multidisciplinary data from the Earth
monitoring networks and laboratory experiments.

NGIC mission is to build on new e-science opportunities to monitor and understand the
dynamic and complex Earth System, to provide permanent access to geo information,
to deliver reliable data and services and to support the effective prevention from natural
and anthropogenic disasters and industrial accidents.

NGIC has federated organization model, which means that the sources of data are owned
by their independent entities and there is no absolute authority that may imperatively
force rules. The center has adopted conceptual model of system architecture that uses
both service and microservice concepts and may be altered according to the specifics of
the organization environment and development goals of particular information system.
The sustainable result of the work of NGIC will be a solid basis for conducting research
on Earth and the processes associated with it, as well as an indispensable tool for man-
aging the risk of natural disasters and accidents

Key words: scientific infrastructure, geoinformation, Earth science, Earth observation,
data products and services.
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Introduction

The Earth Science community worldwide has already begun to reap the benefits of
integrated accessible data. A very good example is the successful progress of the European
Plate Observing System project (EPOS) which started its preparation phase in 2008
and recently obtained the legal status of European Research Infrastructure Consortium
(ERIC). It is now accepted that the study of the Earth is necessarily multidisciplinary and
requires the access to data and products generated by different communities with differ-
ent data formats and processing procedures. The understanding of Earth dynamics and
tectonic processes for example relies on the analysis of seismological data, ground defor-
mations inferred from terrestrial and satellite observations, geological and petro-chemical
studies and laboratory experiments to investigate the chemical and physical processes oc-
curring at depth. In this framework, the next generation of researchers must be able to use
multidisciplinary data and prepared to collaborate for cross-disciplinary investigations.
This is one of the key challenges for future research in all disciplines. Effective preven-
tion from natural and anthropogenic disasters and industrial accidents requires as well
permanent access to reliable data and products acquired by different Earth observation
systems. And those are only parts of the benefits from developing a complete, sustaina-
ble, multidisciplinary research platform to provide coordinated access to harmonized and
quality controlled data from diverse Earth science disciplines, together with tools for their
use in analysis and modelling.

NGIC consortium

The NATIONAL GEO-INFORMATION CENTER (NGIC) is a newly established
distributed scientific infrastructure for cooperation and integration of human resources,
products and data from monitoring networks and observatories and their integrated
analysis. It is part of the National road map for scientific infrastructure (2017-2023),
adopted by the Council of Ministers of Bulgaria. The partners joined in the research
consortium are four institutes working in the field of Earth observation: the National
Institute of Geophysics, Geodesy and Geography (NIGGG), the National Institute of
Meteorology and Hydrology (NIMH), the Institute of Oceanology (10), the Geological
Institute (GI), and two institutes competent in ICT: the Institute of Mathematics and
Informatics (IMI) and the Institute of Information and Communication Technologies
(ICT).

Technical characteristics of the partners

NGIC is a distributed scientific infrastructure with national territorial coverage and
integrates monitoring networks, observatories, observation stations, laboratories, com-
puting centers and other specialized equipment of the participating partners. Existing
technical resources include unique facilities, scientific equipment and computer net-
works, the most important of which are as follows (Miloshev et al., 2019):
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National Institute of Geophysics, Geodesy and Geography - BAS

(www.niggg.bas.bg)

National Seismological Network (NOTSSI), consisting of 24 seismic stations
(16 main and 8 grouped in two local networks), located on the territory of the
whole country and a network of 17 stations located in northern Bulgaria. The
network performs continuous monitoring of the seismic events in Bulgaria and
the surrounding territories.

National Accelerometric System (NAS) for registration, analysis and assessment
of strong earth motions, consisting of 29 stations with national coverage. The
network operates in a permanent registration mode for earth motions caused by
seismic events.

National Permanent GNSS Network, consisting of 21 stations located on the
territory of the country. Data are collected, archived and processed in a special-
ized GNSS Processing Center at NIGGG equipped with modern computers and
specialized software.

National mareograph network for sea level monitoring consisting of 4 stations
(Varna, Irakly, Burgas, Ahtopol).

National Geomagnetic Observatory Panagyurishte, which performs continuous
registration of the magnetic field on the territory of the country, as well as field
measurements of the field elements. It has modern three-component vector var-
iometers (FGE, DTU Space), two systems for absolute geomagnetic measure-
ments (non-magnetic theodolite + magnetometer) and a field proton magnetom-
eter GSM 19.

National Geodetic Observatory Plana where a permanent GNSS station, a weath-
er station and a telescope for astronomical observation are installed.
Palacomagnetic laboratory equipped with unique scientific equipment for
measuring the magnetic properties of natural materials, including various types
of magnetometers, kappa-meters, magnetizer and de-magnetization devices,
laboratory sample heating furnace, electronic pH meter, centrifuge, separator
etc.

A system for chemical weather prediction working in continuous mode, using
three internationally recognized models (CMAQ, MMS5, SMOKE).

Monitoring of Ozone/UV, based on one station for registration of UV radiation
and a model for determining the total ozone content, working with satellite data.
GIS center with computers and specialized software.

“Ogosta” monitoring network for ecological monitoring of river, ground and
soil waters, equipped with piezometers, telemetric apparatus for automatic
monitoring of water level and physic-chemical indicators, portable equipment,
etc.

Experimental Laboratory of Karst, equipped with a professional multifunctional
system for karst water analysis, microclimatic monitoring systems, speleo-radio-
logical monitoring (radon detectors, CO2, gamma-radiation), dilatometer.

Bulgarian Geophysical Journal, 2019, Vol. 42 39



N. Miloshev, P. Trifonova: What the national geoinformation center is going to change?

National Institute of Meteorology and Hydrology (www.meteo.bg)

Ground-based stations: synoptic (37), climatological (77), precipitation (249),
agro-meteorological (24), hydrological (170), hydrogeological (347), for precip-
itation acidity measuring (34|, for measuring the components of solar radiation
(4), automatic meteorological and hydrological (over 150), experimental poly-
gon for atmospheric boundary layer studies (1).

Aerological measurements - Central Aerological Observatory Sofia. Daily meas-
urements of vertical profiles of meteorological elements up to a height of 25 km
by radiosondes.

Satellite information

Information from the meteorological satellites of EUMETSAT is received in
“real time” mode, which is used in the operational short-range weather forecasts
and in determining the state of the earth surface, for issuing warnings for danger-
ous meteorological phenomena, for detecting thermal anomalies, etc.

NIMH maintains a complex information system for transferring, processing and
archiving of data, disseminated by the Global Telecommunication System (GTS)
and is part of the information flow of the World Weather Information Service of
WMO,

The Regional Telecommunication Center (RTC) in NIMH Sofia is one of the
15 GTS Regional Telecommunication Hubs (RTH) of the WMO. It provides in-
formation for the countries from Southeastern Europe and the Middle East. The
Regional Telecommunication Center also offers real-time access to the national
and international hydro-meteorological data and products. The center is respon-
sible for the processing and selective exchange and dissemination of data: fore-
casts, aerological, radar, satellite and other information needed in the fields of
meteorology, hydrology, agro-meteorology, oceanography and ecology.

Geological Institute — BAS (www.geology.bas.bg)

National Monitoring Network for monitoring of dangerous geologic processes
and phenomena, including monitoring of landslides and active faults on the ter-
ritory of the country using 3D extensometers and 5 GNSS stations located along
the Black Sea coast.

Extensometric points are installed in a seismically active area of SW Bulgaria
(Krupnik-Brezhani region and Kresna gorge) and in deep-seated landslides in
the Eastern Rhodopes Mts.

Modern systems for hydrogeological monitoring and analysis;

Specialized Geotechnical Laboratory and field research equipment. related to the
new BDS EN standards introduced;

Geochemical equipment. Geolab laboratory for chemical and mineral composi-
tion research (ICP, LA-ICP, etc.), physical and mechanical properties of rocks,
minerals and soils.

Database for landslides, maps for geological structure of Bulgaria.
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Institute of Oceanology — BAS (www.i0-bas.bg)

e National monitoring network according to The Water Framework Directive and
the Marine Strategy Framework Directive - 51 sampling stations in the coastal,
shelf and open sea zones.

e Coastal observatories providing real time oceanographic and meteorological in-
formation and 3 laboratories

e A Research vessel 55.5 m long and a research submarine PC-8B, 6.5 m.

Institute of Mathematics and Informatics — BAS (www.math.bas.bg)

Department Software Engineering and Information Systems — performs scientific
research in the fields of mathematical structures, modeling and mathematical informatics,
leading to innovative applications in other sciences, in ICT, etc. IMI has premises and
infrastructure that allow trainings and other educational initiatives.

Institute of Information and Communication Technologies (www.iict.bas.bg)

Department of Grid Technologies and Applications is in good relations with other
leading institutions from Bulgaria and Europe, with interest in Grid, Cloud and HPC
computing.
e Dedicated one HP ProLiant SL390s G7 4U server with 8 NVIDIA Tesla M2090
GPU cards (total 4096 GPU cores and 4 TB of disk space for testing of services
Big Data analysis

e Dedicated 4 servers from the Avitohol system, for the purposes of NGIC (HP
Cluster SL250S GENBS, each with 2 Intel Xeon E2650v2 processor and 2 Intel
Xeon Phi 7120P coprocessors)

Conceptual model of the NGIC system architecture

For the development of the basic system architecture model for NGIC more than
10 national and 5 international sources of Earth observation data and services have been
studied (Branzov et al., 2019). The first significant observation is that most of national
centers, governed by state organization (state agency, company, research institute) has
vertical governance structure. Usually their operations are closely connected with every-
day life (such as prognosis, warnings, etc.). The research activities support the main activ-
ities. The rest of the national centers are focused to establish a common infrastructure for
research and development — federated structures with management team and researchers
from the universities and research centers (personally, or institutionally). Further, basical-
ly all international centers have federated organization structure.

Analysis of enterprise system architecture models reveals that all of studied geoin-
formation centers implement service oriented architecture. Some of the centers in their
implementation documentation explicitly state as principle usage of distributed services.
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Five of centers either use microservice concepts in their architecture or plan their imple-
mentation (with at least one (EPOS) — with clear implementation plan).

Based on the findings of the analysis a basic conceptual model of architecture is
proposed that uses both service and microservice concepts and may be altered according
to the specifics of the organization environment and development goals of the NGIC in-
formation system (IS) (Branzov et al., 2019b). The purpose of the model is to be useful
in the planning or optimization phases of NGIC information systems (IS) design cycle.

The conceptual model consists of three layers (Figure 1). It is based on the archi-
tectural concept for a service, defined as a system component (service provider) that acts
to achieve desired end results under a request by another component (service consumer)
(He, 2003) and microservice as independent, single purposed and loosely coupled compo-
nent that supports interoperability through message-based communication (Nadareishvili
et al., 2016).

£ Owned services Distributed services

® « Portal web sites * High Performance Computing

g * Integrated data products 1 * Data Storage N
= * Web Hosting

” * etc. G
. | l
2

g * Manager— manage access to DDSS * Register — metadata catalog or equivalent C
3 for Integration layer * Harvester— microservice connector,

g data adapter, data storage, etc.

N

Source A Source B urce C

[MSAI] [MSAZ] (MSAS] [MSEI] [MS;Z] [MS;S] o [MSCIJ[MSCZJ [MS,;3]

DDSS (Data, Data products, Service, Software)

1. Sources

Fig. 1. Conceptual service-microservice model of NGIC (Branzov et al., 2019b).

“Sources” layer contains the providers of Data, Data products, Services and Soft-
ware (DDSS) that are used by the system to produce advanced integrated products.
Providers are presented as sources — collections of microservices. Microservice concept
by definition is designed with purpose for providing maximum agility to development of
the system, so, its usage provides optimal environment for scaling the systems in the sce-
narios as — expansion through adding new DDSS by existing source, expansion through
adding a new source, shrinking through excluding either DDSS or entire source.

The components in “Interoperability” and “Integration” layers may use either mon-
olithic service or microservice concept. Since they are centrally managed it is possible
and convenient to implement the service management framework of choice.

“Interoperability” layer includes components that are mentioned in three ab-
stract categories: “Manager”, which regulate the access to the DDSS in “Sources”

42 Bulgarian Geophysical Journal, 2019, Vol. 42



N. Miloshev, P. Trifonova: What the national geoinformation center is going to change?

layer; “Register”, which provide automation of discovery and selection of DDSS; and
“Harvester”, which includes advanced automated subsystems for data collection from the
sources (like data harvesters, data adapters, storages for data buffering, etc.). From these
categories only “Manager” is mandatory, but practically in all contemporary geoinforma-
tion centered which are reviewed, the two others also exist.

“Integration” layer produces integrated data products (IDP). This is the layer where
the value of the GIC is created and delivered. The service architecture is built around
two columns — owned services, which provide the access to the IDP. The IDP itself are
prepared by owned and distributed services, assured by the ICT support providers or pro-
viders that are not partners in NGIC.

Although one of the major characteristic of the “Sources is that they are always pas-
sive (i.e. they are designed only to response to requests), the layered nature of the model
along with complete authority of NGIC over “Interoperability” and “Integration” layers
allow implementation of virtually all other major patterns in manufacturing process of
value-added products.

For example, even patterns like “observer” and “publisher-subscriber” that require
active side that rises events could be implemented in the top two layer — one approach is
to implement a service that regularly pulls DDSS from “Sources” and builds repository
that is under authority of NGIC; on the next step that service (or another) may push events
on a bus or inform observers that are either services of NGIC or some outside consumers.

Data, data products and services of NGIC

Web site (Figure 2) of the National Geoinformation center (www.ngic.bg) has three
main features which are going to be operational: 1)“Risk” section with information about
Earthquakes, Air pollution, UV radiation, Magnetic storms, Coastal threats, Landslides
and rock falls, etc.; 2)”Thematic” section which will cover all scientific topics of the
partners and 3) “Data portal” where the Earth observation data will be organized.

National Geoinformation Center s
VALY Y £ monitoring, assessment and prediction natural and anthropogenic risks and

nd ok th

Fig. 2. Features of the National Geoinformation center web page (www.ngic.bg).
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Conclusions

Considerable advances in information technology now make an integrated approach
possible, easing access to the deluge of data and products available across Earth science
and related fields. Accessible datasets will bring novel cross-fertilization of ideas and
leads to innovative research that is the key to future success.

From a scientific research perspective, NGIC will provide open access to geophys-
ical, geological and other Earth observational data, while promoting cross disciplinary
approaches to Earth science studies. It includes new ways to access data, quality assured
metadata and development of new data products and services.

Society needs resources to support home life, industry and business and it needs
security in the face of natural hazards. Successful societies depend on the science base to
assess the genesis, extent and conservation of natural resources, in order to exploit them
and discover new sources without detriment to our environment.

Earth science data can contribute to more effective decision-making in multiple
ways. Information can be used to identify emerging problems, trends and changes and
monitor ongoing situations. NGIC services will help governmental institutions to make
well-informed decisions based on accurate scientific data. Similarly, problems can be
anticipated based on forecasts and analysis of future trends.

The overall effect that will be achieved by the establishment of the National Geo-
Information Center (NGIC) will be to secure the science effort to understand the Earth
system and to increase the quality of life reducing the human and material losses from
natural disasters and industrial accidents.
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161/28.08.2018 with the Ministry of Education and Science of Bulgaria.
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KakBo uie npomenu cb3naBanero Ha Haunonasen
reonH(opMalOHEeH UeHTHP?

H. Munomues, I1. Tpudonosa

Pe3stome: Hanmonanuust I'eoundopmarmonen Llentsp (HI'MLI) ¢ HOBOCH3ManEHA Ha-
yuHa UH(PACTPYKTypa 32 MHTErpUpaHe HA AaHHH, YCIYTM U TEXHUYECKU KalaluTeT Ha
BCHYKH M3CIIEI0BATEIICKH HHCTUTYTH 32 HaOmofenue Ha 3emsita B bbarapus. HTUL e
obenHu y4yeHu, HayuHousclenoparencku uHdpacrpykrypu u UKT (undopmanmonnn
Y KOMYHUKAIIMOHHHM TEXHOJIOTMH) EKCIIEPTH, 32 Jia pa3paboTAT HOBH KOHIICTILIMU M WH-
CTPYMEHTH 3a TOYHH, TPATHU ¥ yCTOWYMBH MPOAYKTH U YCIYTH, CBBP3aHU C IPUPOIHUTE
OIAaCHOCTH U T€OPECYPCUTE, KOUTO Ca OT 3HaUSHHE 33 OKOJIHATA Cpe/ia U 0J1arochCTOsTHUE-
TO Ha Xopara. Hamara BU3ud e, ye MHTETPUPAHETO Ha CHIIECTBYBAILUTE U3CIIEI0BATEN-
CKU UH(PACTPYKTYPH 1€ YBEIUYU AOCTHIIA M M3MIOJI3BAHETO HA MYJITHAUCIMIUIMHAPHA
JIaHHU, TIOJTyYaBaHU OT MPEXUTE 3a HaOoIeHe Ha 3eMsTa U JJaDOpaTOPHUTE EKCIIePH-
MEHTH.

Mucusita Ha HTUIL] e na ch31ane HOBU Bb3MOXKHOCTH 32 HAOIIOJICHUE M U3yYaBaHe
Ha TUHAMUYHATa U CJIOXKHA 3eMHa CHCTEMa, 3a OCUTYpsIBaHE Ha MOCTOSHEH OCTBI J0
reo uHpopmalys, 3a MpeJ0CTaBsIHe Ha HAJCKJAHU JaHHU U YCIYTH, U 3a MOAIOMaraHe
Ha eeKkTHBHATa MPEBEHIMs OT MPUPOJHU U AHTPOIIOTEHHU OEICTBHS W IPOMHILICHN
aBapuu.

HI'UL uma denepanen Mozies Ha OpraHu3alysi, KOETO 03HayaBa, Y€ U3TOYHUIUTE
Ha JJAaHHU ca COOCTBEHOCT HAa MHCTHTYLMHUTE, KOUTO I'M JOOMBAT M HE CE NPE/BIKAA UM-
MepaTUBHO MpUJIaraHe Ha IMpaBUJIa B TOBAa OTHOLICHKE. LIEHTHPBT € mpues KOHIEeNTyaleH
MOJIeNT Ha CHCTEMHA apXUTEKTypa, KOATO € ChoOpa3eHa ChC ChBPEMEHHHUTE TCHICHIINH B
CHCTEMHHUTE apXUTEKTYPH, BKJI. B 00JIacTTa HAa reOMH()OPMAI[IOHHUTE LICHTPOBE ¥ MOXKE
na Obe u3mon3Bana 3a passutie Ha HI'ULI.

Jwnrocpounust pesynrar ot paborara Ha HI'ML] me Obae conuana 6asza 3a mpo-
BeXJaHE Ha HAyYHH HM3CJIEABAHUS Ha 3eMATa U MPOLECUTE, CBbP3aHU C Hes, KaKTo U
HEe3aMEHHMO CPEJICTBO 3a YIIPaBJICHHE Ha PUCKA OT MIPUPOTHU OCICTBHS 1 aBAPHH.
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Abstract. Geomagnetic observatory data are used for investigation of internal Earth
structure and processes occurring in the deep interior. In addition, long series of data
allow extracting signals related to the Sun, Moon, Earth’s motion, etc. To obtain a
60-years long record of the hourly mean values of the geomagnetic field component
a lot of efforts have been performed including scan of the old magnetic yearbooks,
digitalization of the images and verification of data. As a result, geomagnetic database
is created and made available through the institutional web-page and WDC Edinburgh
providing basis for scientific research and analysis.

Key words: PAG observatory, geomagnetic records, secular variations, hourly mean
values.

History

The Geomagnetic observatory in Panagyurishte (PAG) is established in 1937 — first
on the Balkan Peninsula and unique in Bulgaria and during more than 75 years per-
forms the absolute measurements of the geomagnetic field elements and continuous reg-
istration of their variations. Until the transfer of the Geomagnetic Observatory from the
Military Topographic Service at the Ministry of Defense to the Geophysical Institute of
the Bulgarian Academy of Sciences in 1961, and some time afterwards, the diurnal mean,
monthly mean, and annual mean values of the elements of the geomagnetic field were
obtained from the records on the magnetograms - primarily to reduce field geomagnetic
measurements to a common epoch, with no data being published.

The first publication of the data was in 1965, when, under the leadership of Dr.
D. Zidarov, head of the “Earth Magnetism and Gravimetry” section of the Geophysical
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Institute, the first paper-based Geomagnetic Yearbooks of the Geomagnetic Observatory-
Panagyurishte was produced according to the IAGA (International Association of
Geomagnetism and Aeronomy) standards. The hourly mean values of the geomagnetic
field elements were calculated from the magnetogram’s plot by means of a special pal-
let, and their calculation in the respective magnetic units, as well as the daily mean and
annual mean values were obtained on hand. The prepress was done on a typewriter and
the printing was performed at the Military Topographic Service unit in Troyan. The pro-
duction and printing of the Geomagnetic Yearbooks thus continued until 1976, with the
yearbooks elaborated back to 1956.

In 1975, Dr. 1. Buchvarov developed the first program (for Electronic Computing
Machine) for data processing and yearbooks printing. The best machine at that time
had 256kB RAM and 4 large (physically large) removable disks of 100 - 200 MB each.
All input information: value from the analog recordings of the magnetograms in mm,
baseline values, scale factor, temperature coefficients, minimum and maximum values,
K and C indices and temperature in the variation house were recorded on the so-called
“green coding forms”. They were then sent to the perforation center at the Institute for
Building Cybernetics and put on punch cards. The geomagnetic yearbooks from 1976
to 1983 were produced again on paper. Copy of the Yearbooks had been overspread to
the World Data Center’s (WDC) and other interested agencies and geomagnetic obser-
vatories.

After 1970, emerged the so-called “Mini ECM” of the PDP-11 type, one of which
was then supplied to the National Seismological Center at the Institute. In a laboratory
of BAS, which had a factory in Plovdiv, began to produce similar ECMs (but smaller
ones, something in between the Mini ECMs and PCs). In 1984, one such machine was
purchased for the needs of the PAG Observatory. For several years, attempts were made
to put it into action and to process the measurement data on it, but this was unsuccess-
ful. Similar attempts at this time were made on a machine of type IZOT 1002 and at the
Mathematical Institute of BAS, but again without a success.

By 1982-1983, it became possible to buy PCs. They were first 8-bit, and later, in
1986-1987, the first 16-bit computer (“Pravets”) was purchased along with a relatively
good dot matrix printer - STAR NX-15. A TURBO PASCAL 5.5 software package was
created on this computer and data processing started with it (Butchvarov, 2006). This was
one of the reasons that interrupted the production of geomagnetic Yearbooks using large
ECMs.

For insuring continuity and for the convenience of the PAG Observatory staff, it was
decided that the format of saving the primary data recorded by the analogue magneto-
grams should remain the same as that used for the punch cards. Using those data, the first
program of the software package was producing the hourly and daily mean values of the
elements of the geomagnetic field, recorded in the IAGA format, but in the modification
of Fiirstenfeldbruck colleagues (FUR). Later on, when the Internet came up geomagnetic
data were sent to WDC in the required format. Thereafter, various data products were
obtained from these files with a number of programs — hourly means — monthly means,
only monthly means, annual means, etc.
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This method of data processing continued until 2006, when, with the help of col-
leagues from the Niemegk Observatory, Germany, digital recording equipment was deliv-
ered and installed, and the PAG Observatory was incorporated into the INTERMAGNET.
After this year, the data are being sent to WDC using licensed software developed by
INTERMAGNET.

Registration equipment for geomagnetic field variations
in the period 1956-2015.

Analog systems

Between 1937 and 1956 the registration of the geomagnetic variations were made by
a single series of variometers “Askania - Werke-AG”, and a recording system “Edelton”
using photo paper (Kostov and Nozharov, 1987).

In 1956 were installed second system “Mating & Wiesenberg” D, H and Z variome-
ters. Variometers were almost the same as the previous “Askania -Werke-AG” apparatus-
es. Magnets suspended on a quartz thread and oriented along the magnetic meridian were
used for registration of the declination and horizontal intensity variations. For registration
of the vertical intensity the system was installed perpendicular to the magnetic meridian.
By means of a triangular agate prism placed in the center of gravity, the system swings
freely in the plane perpendicular to the meridian. It is aligned using three weights, with
the center of gravity shifted from the anchor points to compensate for the vertical inten-
sity of the magnetic field. Fluctuations of the magnetic systems were recorded through a
light beam on the photo paper of the recording block using a system of mirrors and lenses.
The system recordings were highly dependent on temperature.

The recording block had two independent recording drums on which variations of
the magnetic field of the three variometers could be recorded on photo paper simultane-
ously. The first one was working with the widely accepted speed of 20mm/hour whereas
the other has option for 20, 60 and 240 mm/hour. In addition, the recording block had a
special device for visual monitoring of geomagnetic variations.

The sensitivity of the variometers was 0.5’/mm for D, and 2 nT/mm for H and Z.

In 1959 the “Mating & Wiesenberg” and “Askania-Werke-AG” variometers for ver-
tical recordings was replaced by “Bobrov” Z-variometer. The system consists of a quartz
frame and a magnet attached to a quartz thread. It is enclosed in a hermetically sealed box.
Variometers detect the respective component of the magnetic field depending on how the
magnet and the quartz frame are oriented in the airtight box.

In 1971 was installed two quartz F-variometers “Bobrov” for the both systems.
They were used for quality control by simultaneous registration of F, H and Z compo-
nents. The performance of D and H variometers remain very unstable and temperature
dependent.

In 1981-1982 old variometers were replaced by “Bobrov” systems. There were two
series of variometers in the variation house — western (main one) and eastern. Four quartz
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type “BOBROV” variometers were used in each of the series for the registration of the
D, H, Z and F. The sensitivity of the variometers was 2 nT/mm for all components and
remained constant during the whole year. The variations were registered on photo paper:
standard 48 x 20 cm, i.e. 20 mm/h. The recording instrument in the eastern series had
two drums. The first one was with a normal speed of 20 mm/h while the second one had
additional options for 60 mm/h and 240 mm/h. The fast registration was used only at the
time of absolute measurements.

Digital systems

In 2006 with the support of GeoForshung Centrum (GFZ)-Potsdam and Niemegk
(NGK) Observatory the analog systems were replaced by another two : 1) 3-axis
Fluxgate Magnetometer Model FGM-FGE, suspended version (DTU Space) and 2)
Fluxgate Magnetometer MAGSON provided by NGK Observatory + two Overhauser
Magnetometers GSM 90 (GEM Systems) provided by NGK as well.

The well-known Danish magnetometer has demonstrated baseline stability in many
observatories. In order to avoid drift due to tilt of the instrument pier, which is often the
main cause of baseline drift, this FGE version has the sensors suspended by two crossed
bronze bands to compensate for pier tilt.

The FGE has analog outputs enabling users to adapt the instrument to their own data
logging systems. As an AD-converter is used the MAGDALOG system constructed and
provided by GFZ-Potsdam and NGK Observatory.

The main features of this variometer system are:

» Three linear core fluxgate sensors mounted on a marble cube for good mechanical
stability.

* Bias and feedback coils on quartz tube for high temperature stability.

+ Highly stable digitally controlled compensation of main field.

* Magnetically very clean electronics which may be placed rather close to the sen-
sor head, temperature sensors in the FGE-sensor head and the electronics.

In 2017, the MAGSON Magnetometer was replaced by a second 3-axis Fluxgate
Magnetometer Model FGM-FGE, non-suspended version (DTU Space) which is used as
a backup system of the main variometer.

Database structure

As it was mentioned above, processing and organization of geomagnetic data in
PAG observatory has several periods:
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Table 1. Organization of geomagnetic data during the years

Period Recording Processing Yearboo}( s Archiving
preparation
. Manual
1. 19561975 | P Zloé(sgrap hic manual calculation, Paper copy
pap typewriting
2. | 19761983 ggg;‘r’graphlc manual IBM 360 Paper copy
3. | 1984-2004 g;‘gggraph‘c manual PC Digital Database
4. 2005 — now PC PC Digital Database

To obtain a 60 years long period of the geomagnetic elements records the old printed
yearbooks were scanned and digitized. Afterwards they were converted to the accepted
IAGA formats, put into a local database which is public available at http://www.niggg.
bas.bg/observatories-bg/geomagnetic-observatory-pag/nanan-1956-2015/  and
ferred to the Edinburgh WDC (http://www.wdc.bgs.ac.uk/dataportal/).

Structure of the local geomagnetic database is presented in Fig. 1 and the folder and

file description is given in Table 2.

MAGDATA

HMONMEAN

DAYLMEAN

MONTMEAN

Fig. 1. Structure of the local geomagnetic database available at http://www.nig-
gg.bas.bg/observatories-bg/geomagnetic-observatory-pag/nanau-1956-2015/
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Table 2. Folder and file description of the geomagnetic database, where **** - stands for the
YEAR, e.g. 1999, 2000 and so on, and +++ -stands for the month, e.g. JAN, FEB,..., DEC)

FOLDER DESCRIPTION
MAGDATA Main folder. Contains all other folders.
Contains folders:
1. MONTH_F3.
HMVMONTH 2. MONTH_F7.
3. MONTH_W7.
1. MONTH_F3 Contains folders: 1.1. HM****F3,

1.1. HM****F3

Contains files ****+++3.FUR with hourly mean values and daily mean
value for all days for each month of the year separately (D, H and Z) in
the FUR format.

2. MONTH_F7

Contains folders 2.1. HM****F7,

2.1. HM****F7

Contain files ***+++7.FUR with hourly mean values and daily mean
value for all days for each month of the year separately (D, F, H, 1, X,
Y and Z) in the FUR format.

3. MONTH_W7

Contains folders 3.1. HM****W7.,

3.1. HM****W7

Contains files ****+++7.WDC with hourly mean values and daily mean
value for all days for each month of the year separately (D, F, H, 1, X,
Y and Z) in the WDC format.

HMVYEARS

Contains folders:
1. YEAR F3.

2. YEAR_F7.

3. YEAR_W3.

4. YEAR_W7.

1. YEAR_F3

Contains files PAG****3 FUR with hourly mean values and daily mean
value for all days of the year (D, H and Z) in the FUR format.

2. YEAR _F7

Contains files PAG****7,FUR with hourly mean values and daily
mean value for all days of the year (D, F, H, I, X, Y and Z) in the FUR
format.

3. YEAR_W3

Contains files PAG****3, WDC with hourly mean values and daily
mean value for all days of the year (D, H and Z) in the WDC format.

4. YEAR_W7

Contains files PAG****7,WDC with hourly mean values and daily
mean value for all days of the year (D, F, H, 1, X, Y and Z) in the WDC
format.

HMONMEAN

Contains filess HMMV**** PAG with hourly mean monthly mean
values for each year separately.

DAYLMEAN

Contains files DM**** PAG with daily mean values for each year
separately.

MONTMEAN

Contains file MONTMEAN.PAG with monthly mean values.

ANNMEANS

Contains file ANNMEANS.PAG with annual mean values.
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The Annual Mean values of the geomagnetic field elements observed in PAG
Observatory between 1956 and 2015 are given in Table 3.

Table 3. Annual Mean Values of the geomagnetic field elements calculate from 1) all days “A”, 2)
disturbed days “D” and 3) quiet days “Q” in PAG Observatory between 1956 and 2015

Data Report: Observatory Annual Means

Date: 8-Nov-2019

Station Name: Panagyurishte IAGA Code: PAG Country: Bulgaria (BG)

Sponsoring Institution: Geophysical Institute, BAS

Latitude: 42°30.9° N Longitude: 24°10.6’ E Elevation [m]: 556

Elements Measured: DHZ
Year Type D F H I X Y Z
1956.5 A 0°54.7 45659 23477 59°03.4° 23474 374 39161
1956.5 D 0°55.4° 45653 23455 59°05.1° 23451 378 39167
1956.5 Q 0°54.1° 45663 23491 59°02.4° 23488 370 39157
1957.5 A 0°58.1° 45682 23471 59°05.0° 23468 397 39192
1957.5 D 0°59.3° 45674 23444 59°07.0° 23440 404 39199
1957.5 Q 0°57.5° 45686 23486 59°03.8” 23482 393 39186
1958.5 A 1°01.2° 45719 23476 59°06.2° 23472 418 39232
1958.5 D 1°02.5° 45712 23448 59°08.1° 23437 427 39240
1958.5 Q 1°00.5° 45722 23490 59°05.2° 23486 413 39227
1959.5 A 1°03.9° 45762 23484 59°07.4° 23480 471 39277
1959.5 D 1°05.2° 45755 23454 59°09.8” 23450 479 39287
1959.5 Q 1°03.3” 45766 23500 59°06.2° 23495 467 39272
1960.5 A 1°06.6 45800 23490 59°08.6 23486 455 39318
1960.5 D 1°08.0° 45793 23462 59°10.8’ 23457 464 39326
1960.5 Q 1°05.9° 45805 23507 59°07.4° 23502 451 39313
1961.5 A 1°08.8’ 45839 23511 59°08.6 23506 470 39351
1961.5 D 1°09.5° 45834 23494 59°09.8” 23489 475 39355
1961.5 Q 1°08.4° 45842 23520 59°08.0° 23515 468 39349
1962.5 A 1°11.1” 45889 23534 59°08.7° 23528 521 39395
1962.5 D 1°11.4° 45887 23527 59°09.3” 23521 523 39397
1962.5 Q 1°10.8° 45890 23540 59°08.4° 23534 519 39393
1963.5 A 1°13.4° 45915 23542 59°09.3’ 23536 503 39421
1963.5 D 1°14.1° 45911 23530 59°10.2° 23524 507 39423
1963.5 Q 1°13.1° 45917 23549 59°08.7° 23544 501 39418
1964.5 A 1°14.9° 45936 23554 59°09.1° 23549 513 39437
1964.5 D 1°15.3° 45934 23548 59°09.5° 23543 516 39438
1964.5 Q 1°14.7 45936 23559 59°08.7° 23553 512 39435
1965.5 A 1°16.6° 45961 23568 59°09.1° 23562 525 39459
1965.5 D 1°16.9 45959 23559 59°09.7° 23554 527 39461
1965.5 Q 1°16.4° 45962 23570 59°08.9 23564 524 39458
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Table 3.

Year Type D F H 1 X Y 7

1966.5 A 1°18.5° 45982 23570 59°09.7° 23564 538 39481
1966.5 D 1°19.1° 45978 23557 59°10.7° 23551 542 39484
1966.5 Q 1°18.2° 45983 23577 59°09.2° 23571 536 39479
1967.5 A 1°20.2° 45997 23570 59°10.5° 23564 550 39499
1967.5 D 1°21.0° 45992 23555 59°11.6° 23548 555 39502
1967.5 Q 1°19.8° 45999 23578 59°09.8’ 23572 548 39496
1968.5 A 1°21.4° 46018 23578 59°10.7° 23572 558 39519
1968.5 D 1°22.1° 46013 23562 59°11.9° 23555 563 39523
1968.5 Q 1°20.9° 46020 23587 59°10.1° 23580 555 39516
1969.5 A 1°22.1° 46033 23595 59°09.9° 23588 563 39526
1969.5 D 1°22.8° 46029 23581 59°10.9° 23574 568 39530
1969.5 Q 1°21.7 46035 23602 59°09.4° 23595 561 39524
1970.5 A 1°22.8° 46055 23607 59°09.8° 23600 569 39544
1970.5 D 1°23.6° 46050 23588 59°11.2° 23582 574 39549
1970.5 Q 1°22.4° 46057 23616 59°09.1° 23610 566 39541
1971.5 A 1°24.3° 46079 23626 59°09.2° 23619 579 39561
1971.5 D 1°24.9 46075 23613 59°10.2° 23606 583 39564
1971.5 Q 1°24.0° 46080 23633 59°08.7° 23626 577 39559
1972.5 A 1°25.5° 46108 23642 59°09.1° 23635 588 39585
1972.5 D 1°26.2° 46104 23628 59°10.2° 23620 593 39589
1972.5 Q 1°25.1° 46110 23651 59°08.5° 23644 585 39583
1973.5 A 1°27.3° 46140 23658 59°09.2° 23650 601 39614
1973.5 D 1°28.2° 46136 23644 59°10.3° 23636 606 39617
1973.5 Q 1°26.8° 46142 23666 59°08.6° 23659 597 39611
1974.5 A 1°29.7 46169 23667 59°09.7° 23659 617 39642
1974.5 D 1°30.4° 46165 23652 59°10.8’ 23644 622 39645
1974.5 Q 1°29.2° 46172 23678 59°08.9° 23670 614 39638
1975.5 A 1°32.1° 46198 23688 59°09.2° 23679 635 39664
1975.5 D 1°32.7° 46194 23677 59°10.0° 23668 638 39666
1975.5 Q 1°31.8° 46200 23695 59°08.7° 23686 633 39662
1976.5 A 1°35.3° 46225 23701 59°09.3° 23691 657 39687
1976.5 D 1°36.0° 46220 23685 59°10.4° 23676 661 39690
1976.5 Q 1°34.9° 46227 23709 59°08.7° 23700 654 39684
1977.5 A 1°39.2° 46255 23714 59°09.4° 23704 684 39713
1977.5 D 1°39.9° 46251 23701 59°10.4° 23691 688 39716
1977.5 Q 1°38.8° 46257 23722 59°08.8° 23712 682 39711
1978.5 A 1°43.6° 46279 23709 59°10.9° 23698 714 39744
1978.5 D 1°44.7° 46272 23687 59°12.6° 23676 721 39750
1978.5 Q 1°43.0° 46282 23722 59°09.9° 23712 711 39740
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Table 3.

Year Type D F H 1 X Y Z

1979.5 A 1°48.0° 46303 23715 59°11.5° 23703 745 39769
1979.5 D 1°48.8° 46299 23699 59°12.7° 23687 750 39774
1979.5 Q 1°47.5° 46306 23725 59°10.8° 23713 742 39766
1980.5 A 1°52.1° 46318 23721 59°11.7° 23708 773 39784
1980.5 D 1°52.8’ 46314 23704 59°12.9° 23691 778 39788
1980.5 Q 1°51.9° 46319 23725 59°11.4° 23712 772 39782
1981.5 A 1°56.4° 46336 23708 59°13.6° 23695 803 39811
1981.5 D 1°57.2° 46330 23688 59°15.0° 23675 808 39817
1981.5 Q 1°55.9° 46339 23720 59°12.6° 23707 799 39808
1982.5 A 2°01.2° 46352 23695 59°15.4° 23680 835 39838
1982.5 D 2°02.2° 46346 23671 59°17.1° 23656 841 39845
1982.5 Q 2°00.5° 46356 23708 59°14.4° 23693 831 39835
1983.5 A 2°05.0° 46371 23695 59°16.2° 23679 861 39860
1983.5 D 2°05.8’ 46366 23680 59°17.3° 23664 866 39863
1983.5 Q 2°04.4° 46374 23706 59°15.4° 23690 857 39857
1984.5 A 2°08.9° 46392 23690 59°17.6° 23673 888 39888
1984.5 D 2°09.7° 46388 23675 59°18.7° 23658 893 39892
1984.5 Q 2°08.5’ 46395 23699 59°16.9° 23682 886 39886
1985.5 A 2°11.8’ 46414 23688 59°18.7° 23671 908 39914
1985.5 D 2°12.5° 46411 23677 59°19.6° 23659 912 39917
1985.5 Q 2°11.4° 46417 23697 59°18.1° 23679 906 39912
1986.5 A 2°14.9° 46437 23681 59°20.3° 23663 929 39945
1986.5 D 2°15.5° 46433 23668 59°21.2° 23650 933 39948
1986.5 Q 2°14.4° 46440 23689 59°19.7° 23671 926 39943
1987.5 A 2°17.2° 46461 23683 59°21.2° 23664 945 39972
1987.5 D 2°17.6° 46458 23672 59°22.0° 23654 947 39975
1987.5 Q 2°16.9° 46463 23689 59°20.8” 23670 943 39970
1988.5 A 2°19.5° 46484 23671 59°23.3° 23651 960 40006
1988.5 D 2°20.1° 46480 23654 59°24.6° 23634 964 40011
1988.5 Q 2°18.9° 46487 23682 59°22.5° 23662 957 40003
1989.5 A 20223 46505 23657 59°25.4° 23637 979 40038
1989.5 D 2°23.6° 46498 23632 59°27.2° 23611 986 40045
1989.5 Q 2°21.6° 46508 23670 59°24.4° 23651 974 40034
1990.5 A 2°24.0° 46525 23656 59°26.3° 23636 991 40062
1990.5 D 2°24.9° 46520 23638 59°27.6° 23617 996 40067
1990.5 Q 2°23.5° 46528 23667 59°25.5° 23646 987 40059
1991.5 A 2°26.8° 46541 23646 59°27.9° 23624 1009 40087
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Table 3.
Year Type D F H | X Y Z
1991.5 D 2°28.1° 46534 23619 59°29.9° 23597 1017 | 40095
1991.5 Q 2°26.1° 46544 23659 59°26.8’ 23638 1005 | 40082
1992.5 A 2°28.9° 46557 23653 59°28.0° 23631 1024 | 40102
1992.5 D 2°29.6° 46552 23633 59°29.5° 23610 1028 | 40107
1992.5 Q 2°28.3’ 46560 23665 59°27.1° 23643 1021 40098
1993.5 A 2°32.0° 46576 23658 59°28.4° 23635 1046 | 40121
1993.5 D 2°32.7° 46571 23641 59°29.6° 23618 1050 | 40124
1993.5 Q 2°31.6° 46579 23667 59°27.7 23644 1043 40118
1994.5 A 2°35.7 46596 23655 59°29.6° 23631 1071 40146
1994.5 D 2°36.4° 46592 23641 59°30.5° 23617 1075 | 40148
1994.5 Q 2°35.1° 46599 23666 59°28.7° 23642 1067 | 40143
1995.5 A 2°39.5° 46618 23662 59°29.8’ 23637 1098 | 40166
1995.5 D 2°40.2° 46614 23650 59°30.7° 23624 1101 40169
1995.5 Q 2°39.1° 46620 23672 59°29.1° 23647 1095 | 40163
1996.5 A 2°43.7 46641 23673 59°29.9° 23647 1127 | 40187
1996.5 D 2°442° 46639 23667 59°30.4° 23640 1130 | 40188
1996.5 Q 2°43.4° 46643 23679 59°29.5° 23652 1125 40185
1997.5 A 2°48.2° 46667 23672 59°31.2° 23643 1158 | 40218
1997.5 D 2°48.5° 46665 23665 59°31.6° 23637 1159 | 40219
1997.5 Q 2°47.9° 46668 23677 59°30.8’ 23648 1156 | 40216
1998.5 A 2°52.8’ 46695 23665 59°33.0° 23635 1189 | 40254
1998.5 D 2°53.6° 46689 23647 59°34.3° 23617 1193 40259
1998.5 Q 2°52.5° 46697 23672 59°32.4° 23642 1187 | 40252
1999.5 A 2°56.7° 46721 23666 59°34.0° 23634 1216 | 40284
1999.5 D 2°57.4° 46717 23651 59°35.2° 23619 1220 | 40288
1999.5 Q 2°56.3’ 46724 23674 59°33.4° 23643 1214 | 40282
2000.5 A 3°00.5° 46749 23664 59°35.4° 23631 1242 | 40318
2000.5 D 3°01.5° 46744 23645 59°36.8° 23612 1247 | 40323
2000.5 Q 3°00.0° 46752 23674 59°34.6° 23642 1239 | 40315
2001.5 A 3°04.2° 46779 23672 59°36.0° 23638 1267 | 40348
2001.5 D 3°05.2° 46773 23650 59°37.6° 23616 1274 | 40353
2001.5 Q 3°03.7 46782 23682 59°35.3° 23648 1265 | 40345
2002.5 A 3°08.6’ 46812 23682 59°36.6 23646 1299 | 40380
2002.5 D 3°09.3° 46808 23665 59°37.8’ 23629 1303 40385
2002.5 Q 3°08.2° 46814 23692 59°35.8° 23656 1296 | 40377
2003.5 A 3°13.9° 46847 23680 59°38.3° 23642 1335 | 40422
2003.5 D 3°15.2° 46841 23658 59°39.8° 23620 1342 | 40427
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Table 3.

Year Type D F H 1 X Y Z

2003.5 Q 3°13.2° 46850 23692 59°37.4° 23654 1331 40418
2004.5 A 3°17.9 46878 23690 59°38.7° 23651 1363 40452
2004.5 D 3°18.8° 46873 23673 59°40.0° 23633 1368 | 40456
2004.5 Q 3°17.4° 46880 23699 59°38.0° 23660 1360 | 40448
2005.5 A 3°22.6° 46906 23695 59°39.5° 23654 1395 40482
2005.5 D 3°23.3° 46902 23680 59°40.6 23639 1400 | 40486
2005.5 Q 3°22.2° 46909 23703 59°38.9° 23662 1393 40480
2006.5 A 3°27.1° 46935 23713 59°39.2° 23670 1427 | 40504
2006.5 D 3°27.6° 46931 23704 59°39.8° 23660 1430 | 40505
2006.5 Q 3°26.7 46936 23719 59°38.7° 23677 1426 | 40501
2007.5 A 3°32.4° 46964 23724 59°39.5° 23679 1465 40532
2007.5 D 3°32.9° 46962 23718 59°39.9° 23673 1468 40533
2007.5 Q 3°32.1° 46966 23729 59°39.2° 23684 1463 40530
2008.5 A 3°38.6° 46994 23738 59°39.6° 23690 1509 | 40558
2008.5 D 3°38.9° 46992 23733 59°40.0° 23684 1510 | 40558
2008.5 Q 3°38.4° 46995 23742 59°39.3° 23694 1507 | 40556
2009.5 A 3°45.0° 47023 23748 59°40.0° 23697 1553 40586
2009.5 D 3°45.2° 47022 23745 59°40.2° 23694 1554 | 40587
2009.5 Q 3°44.9 47023 23750 59°39.9° 23699 1552 | 40585
2010.5 A 3°51.7 47055 23746 59°41.6° 23692 1599 | 40624
2010.5 D 3°52.1° 47052 23737 59°42.2° 23683 1602 | 40626
2010.5 Q 3°51.5° 47056 23750 59°41.3° 23696 1598 | 40623
2011.5 A 3°58.4° 47088 23744 59°43.1° 23687 1645 40664
2011.5 D 3°58.9 47085 23735 59°43.8° 23678 1648 | 40665
2011.5 Q 3°58.1° 47090 23750 59°42.7° 23693 1644 | 40662
2012.5 A 4°05.3’ 47123 23744 59°44.6° 23684 1693 40704
2012.5 D 4°06.0° 47119 23730 59°45.7° 23669 1696 | 40708
2012.5 Q 4°05.1° 47125 23750 59°44.2° 23690 1692 | 40703
2013.5 A 4°12.0° 47158 23756 59°45.1° 23692 1740 | 40738
2013.5 D 4°12.3° 47154 23744 59°45.9° 23680 1741 40739
2013.5 Q 4°11.8 47160 23762 59°44.7 23698 1739 | 40736
2014.5 A 4°18.2° 47194 23768 59°45.6° 23700 1783 40772
2014.5 D 4°18.6° 47192 23760 59°46.2° 23693 1786 | 40774
2014.5 Q 4°17.9° 47195 23773 59°45.2° 23706 1782 | 40771
2015.5 A 4°25.0° 47235 23764 59°47.6° 23694 1830 | 40821
2015.5 D 4°25.9° 47229 23746 59°48.9° 23675 1835 40826
2015.5 Q 4°24.6° 47237 23774 59°46.9° 23704 1828 | 40818

D and I in degrees and minutes; F, H, X, Y and Z in nT.
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Secular trend of the geomagnetic field elements between 1956 and 2015

Having a 60-years long period with digital records of the geomagnetic field ele-
ments is a vast wealth of data which can be exploited for observation and analysis of the
secular variation of the field (Metodiev, 2014), derivation of indices and phenomena,
Fourier coefficients of the solar daily variation, other non-cyclic variations, etc. (Malin
etal., 1996).

In this paper we are not going to present the results of such harmonic analysis but
to announce and demonstrate the data quality and availability of information acquired in
the PAG Observatory.

Annual trend and the secular variation of Declination (D), Inclination (I), North
(X), East (Y) and Vertical (Z) components recorder in PAG Observatory is displayed as
monthly mean value’s plots in Figures 2-5.

Values of D (Fig. 2), the first and very important angular component of the geomag-
netic field starts from 52.9” in 1956 and with a positive gradient ranging between 1 and 7
min/year reaches 4°27.8” in 2015.

Monthly mean value of D / PAG 1956-2015

D, dec.deg.

1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012
Year

Secular variation of D [min/year]

Fig. 2. Plot of the monthly mean values of the Declination [Dec. Degrees] registered in PAG obser-
vatory between 1956-2015 and calculated secular variation [min/year].

In contrast, the variation of I (Fig. 3) exhibits more divergent gradients but for

the 60-years period its amplitude increase within a smaller range between 59°02° and
59%48”.
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Monthly mean value of I / PAG 1956-2015
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Fig. 3. Plot of the monthly mean values of the Inclination [Dec. Degrees] registered in
PAG observatory between 1956-2015 and calculated secular variation [min/year].

North component (Fig. 4) is the only one which has positive as well as negative
gradients during the considered time interval. It has a value of 23479 nT in January 1956,
reaches its maximum of 23719 nT in 1979 and 1980 and decreases with about 50 nT in
the next ten years. Ten more years it is almost constant, then slightly increases again to
reach values of 23700 nT in the recent few years.

Monthly mean value of X / PAG 1956-2015
24000
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23600 1
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23400
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23200
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f/\*\//\/\w,\vﬂv /\N\\J\

s/

Secular variation of X [nT/year]

Fig. 4. Plot of the monthly mean values of the North geomagnetic component [nT] regis-
tered in PAG observatory between 1956-2015 and its secular variation [nT/year].
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East component (Fig. 5) has very similar behavior as D. The 60-years plot of Y
smoothly increased from 362 to 1848 nT. It has strongly positive secular variation with
smallest value of 5 nT/year between1969 -1970 and the largest one of 48 nT/year forty
years later.

East component (Fig. 5) has very similar behavior as D. The 60-years plot of Y
smoothly increased from 362 to 1848 nT. It has strongly positive secular variation with
smallest value of 5 nT/year between1969 -1970 and the largest one of 48 nT/year forty
years later.

The East component is probably the most investigated component of the magnet-
ic field due to its relation with the so-called geomagnetic “jerks”. Geomagnetic jerks
are still poorly understood phenomena of Earth’s magnetic field. The phenomenon of a
geomagnetic jerk was first reported by Courtillot et al. (1978) as an abrupt turning point
separating the otherwise linear trends of the Y (East)-component of secular variation prior
to and after 1970 at several Northern hemisphere observatories. Until then, several papers
had been published analyzing local and global changes of the Y values (e.g. Brown et al.,
2013). Calculated secular acceleration of the Y series recorded in PAG observatory point
for such changes in 1969, 1981, 1983, 1991, 2002 and 2006.

Monthly mean value of Y / PAG 1956-2015
2000

1600
1200
=
c
>
800

400

0

56 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012
Year

19!
40
20
Se
0

cular variation of Y [nT/year]

Fig. 5. Plot of the monthly mean values of the East geomagnetic component [nT] registered in PAG
observatory between 1956-2015 and its secular variation [nT/year].

Vertical component (Fig. 6) of the geomagnetic field exhibits the smallest variation
of 1660 nT for the 60 years period which comprises only 4% of its value. The secular
variation of Z is nearly constant between 30 and 40 nT/year. In 2015 the observed annual
mean value is 40821 nT.
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Monthly mean value of Z / PAG 1956-2015
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Fig. 6. Plot of the monthly mean values of the Vertical geomagnetic component [nT] regis-
tered in PAG observatory between 1956-2015 and its secular variation [nT/year].

Conclusions

The main purpose for the processing of geomagnetic observational data is to
find coherent periodic variations, external and internal signals, and their characteris-
tics in long-period records. The presented data for a 60-year period are recorded in the
Panagyurishte Geomagnetic Observatory in Bulgaria, part of NIGGG-BAS. This com-
prehensive database is obtained from scanned and digitized yearbooks and modern dig-
ital records. Data are put in a structured database containing hourly mean values in two
formats. They are organized in separate monthly files (720 files) and in separate year files
(60 files). Additionally, four statistical parameters are calculated and put in single file:
hourly-mean monthly-mean values for each year separately, daily-mean values for each
year separately, monthly mean values and annual mean values. A detailed analysis of the
data will allow the identification of known periods related to the Sun, Moon, Earth’s mo-
tion, etc., will allow the study of other relationships between the geomagnetic field and
processes related to cosmic phenomena, climate parameters, earthquakes etc.
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HudpoBu nanum or 'eomaruutna Ooceparopusi [lanaropuine HaTHIHH
3a 60-rogunieH nepuosn

1. Tpudonosa, M. Metomues, 1. bruBapos

Pe3tome: OcHoBHa 1ie)1 Ha 00padoTKara Ha TEOMArHUTHA 00CEPBATOPHH JAHHH € OTKPH-
BAaHCTO HAa KOXEPCHTHH IMEPHOIUYHU BapUAIlMH, IBHU M HESBHU 3aBUCUMOCTH M TEXHUTE
XapaKTePUCTUKHU B AbJATONEepuoauyHu 3anucu. [IpencraBenure naHHu 3a 60 roguiieH
Mepuoj; OT BpeMe ca 3amucaHu B ['eomarnuTHa oOcepBaropus [laHarropuiie, 4act ot
HUI'TT-BAH. ITogpoOHUST aHANIN3 HA JAHHUTE IIE JaJi¢ Bh3MOXKHOCT 32 HICHTUDUIH-
paHe Ha MepPUOAMYHOCTH, CBbp3aHu cb¢ CabHueTo, JlyHara, ABMKEHUETO HA 3eMATa U
1€ MO03BOJIM U3CIIEABAHETO HA JPYTU 3aBUCUMOCTH MEX]y T€OMarHuTHOTO TOJIE€ U MPO-
LIeCH, CBbP3aHU C KOCMUYECKHU SIBIICHUS, TApAMETPU HA KIIMMAaTa, 3eMETPECEHUS U JIp.
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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 avail-
able in near-real time, while the final absolute time series (definitive data) are dissem-
inated with many months delay, being subject to many checks. This paper reports the
definitive geomagnetic data obtained in Panagyurishte observatory in 2014, 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 geo-
magnetic indices, daily mean values.

Introduction

The Geomagnetic observatory in Panagyurishte (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 (Buchvarov, 2006). In 2007 PAG observatory was equipped with digital
systems for the recording of geomagnetic field element’s variations. Thus, the observa-
tory implemented the technical requirements and was joined to the INTERMAGNET
(International Real-time Magnetic Observatory Network), which establishes a global net-
work 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 pro-
cessed to comply with the ITAGA 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 am-
plitude, 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 S¢ | <5 [5-10|10-20|20-40 | 40-70 [70-120{120-200{200-330| 330-500 | > 500
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.

A [nT] is the local equivalent daily amplitude index which is determined by con-
verting 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

gty

XK is the daily sum of the eight K numbers.
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The calculated local geomagnetic indices (K, AK, XK) at PAG observatory for 2014
are presented in Table 1.

Table 1. Local geomagnetic indices (K, A, £K) calculated at PAG observatory in 2014.

Activity indices
PAG Observatory | 2014

Day K AK[nT] TK
01-Jan-14 1|1 [2]2[4]4]3]4 15 21
02-Jan-14 333 [2]3[3]5]2 17 24
03-Jan-14 11223 ][3[3]1 9 16
04-Jan-14 L2221 ][2]1 5 12
05-Jan-14 1t 21 [1]o]o]1 3 7
06-Jan-14 ot |t {t]1]of1]1 2 6
07-Jan-14 L[ ]2[1]3]2]3 7 14
08-Jan-14 32t [t j1]1]2]2 6 13
09-Jan-14 321 [2]1]1]3]2 8 15
10-Jan-14 2221 ]2]2]1 6 13
11-Jan-14 L1121 [1]3]2 6 12
12-Jan-14 2t i1 ]3]3 7 13
13-Jan-14 23211 ]1]o]2 6 12
14-Jan-14 3221 [3|3]2]2 10 18
15-Jan-14 21211 ]o]1 4 9
16-Jan-14 ojlof1]|1]lo|o]o]o 1 2
17-Jan-14 ojol 1]t ]1]1]1]3 4 8
18-Jan-14 tlof1]Jofo]of[1]o 1 3
19-Jan-14 11|21 {1]ofo]o 2 6
20-Jan-14 oJol 1]t |t]1]1 2 6
21-Jan-14 slif2]2]2]3[2]2 9 17
22-Jan-14 20223 [3]2]2]3 10 19
23-Jan-14 222211 ]2]2 6 14
24-Jan-14 sl i1 fo]o 4 8
25-Jan-14 22211 ]2]2]4 9 16
26-Jan-14 sloafi [ ]1]2]2]2 7 14
27-Jan-14 11|t joft]1]1]2 3 8
28-Jan-14 olofl2[t1][1]2]3]3 6 12
29-Jan-14 L2221 ]2]2]2 6 14
30-Jan-14 221 {ofojo|1]o0 3 6
31-Jan-14 1111 ]oflofo]o 2 4
01-Feb-14 -l -1 - 0
02-Feb-14 - - - -] - - 0
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Table 1.
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Table 1.
15-Mar-14 2|1 1121 1121 5 11
16-Mar-14 0O]0 |1 011 11010 1 3
17-Mar-14 010|211 1 1 1 ]2 3 8
18-Mar-14 1|22 (12 (2]|2]1 6 13
19-Mar-14 2 |1 1 11212121 5 12
20-Mar-14 1122 (3|2 |1]2]2 7 15
21-Mar-14 201 (213|133 ]2]2 10 18
22-Mar-14 2|1 1|2 (31212 7 14
23-Mar-14 1 1|12 |1 1|22 ]2 5 12
24-Mar-14 2 (1 (21321 110 6 12
25-Mar-14 1 1 1|22 ]2]4]|4 11 17
26-Mar-14 4 12 (3121 1|12 |2 10 17
27-Mar-14 1|2 (2122 22]1 6 14
28-Mar-14 {21223 ]1|3]3 9 17
29-Mar-14 3021211 1 ]10]3 7 13
30-Mar-14 2 |1 1 1 1 1|12 |1 4 10
31-Mar-14 o1 |2 (2|33 (3]0 8 14
01-Apr-14 Ol 212|222 |2]|2 6 14
02-Apr-14 1 1 11212121 1 5 11
03-Apr-14 1 11212121 1] 2 5 12
04-Apr-14 1 121212 |2]2]1 6 13
05-Apr-14 1 1|2 (332|313 10 18
06-Apr-14 210010 [0]O0]2 2 5
07-Apr-14 2012 (212|133 ]2]2 9 18
08-Apr-14 2 |1 1|23 ]1 110 5 11
09-Apr-14 010711 1212 1]21|1 4 9
10-Apr-14 0|1 1 1 1 1 1 1 3 7
11-Apr-14 1] 2]3 |1 112214 9 16
12-Apr-14 S{3 (3|23 ]1]3 |2 16 22
13-Apr-14 3121213122313 11 20
14-Apr-14 11212121 113 |2 7 14
15-Apr-14 1133 |1 1 1 1] 2 7 13
16-Apr-14 0|1 1|12 |1 1 1] 2 4 9
17-Apr-14 302|222 |3 |2]2 9 18
18-Apr-14 202212412213 11 19
19-Apr-14 31413 (333313 17 25
20-Apr-14 312 |3 |5|5]|4|4]3 25 29
21-Apr-14 303 (3|43 (422 16 24
22-Apr-14 1|21 2]1 1 1 1 4 10
23-Apr-14 1 1 1|22 (2]3]2 7 14
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Table 1.
24-Apr-14 4 (2 (2122|233 12 20
25-Apr-14 303|222 |3]|3]|2 11 20
26-Apr-14 0|2 |2 12]1 1 1|2 5 11
27-Apr-14 1121 1 1 1 113 5 11
28-Apr-14 11221 1 1 10| 2 4 10
29-Apr-14 1 1 1 1 1 11213 5 11
30-Apr-14 3103|1312 (3|3 411 14 22
01-May-14 212121 1 1 110 4 10
02-May-14 1|2 (1]12 (2|1 110 4 10
03-May-14 O 1|10 (2]0]3]3]|3 7 12
04-May-14 213 (213|132 (2]2 10 19
05-May-14 1|3 12|33 |3]2 10 18
06-May-14 1 1 1 1 1[00]O0 2 5
07-May-14 0|1 |01 1101 |2 2 6
08-May-14 213|134 (3]|2]3 |3 15 23
09-May-14 30312211 1 0|1 7 13
10-May-14 1121121 1 [3]3 7 14
11-May-14 4 (3 (2|32 |22]|3 13 21
12-May-14 212 (1|22 (2|3]2 8 16
13-May-14 1|12 |1 110 |1 1|2 4 9
14-May-14 1|12 |1 1 1|21 1 4 10
15-May-14 1|2 2|1 1 1 1 1 4 10
16-May-14 212 |1 1 1|21 1 5 11
17-May-14 20211211 1 1 1 5 11
18-May-14 212 |1 1 11212 5 12
19-May-14 1121 1 1 1 1] 2 4 10
20-May-14 1121 1 1 1 1 1 4 9
21-May-14 112 |1 1 1 1 1|2 4 10
22-May-14 21212122 13|2]|4 11 19
23-May-14 32212 ]|4]|4]|5 18 23
24-May-14 2 021211221 1 6 13
25-May-14 2012 (1002 (1]0 3 8
26-May-14 1|12 |1 1|10 [0|0]1 2 6
27-May-14 0|1 1 1 11222 4 10
28-May-14 212 |1 1 1 1 1 1 4 10
29-May-14 1|21 (2|1 2|2]1 5 12
30-May-14 O |2 |12 |3 |3 |4]2 10 17
31-May-14 121 2]1 1121 5 11
01-Jun-14 1 11221 1 1 1 4 10
02-Jun-14 I {21 12]0]1 1|3 5 11
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Table 1.
03-Jun-14 303|121 1|22 8 15
04-Jun-14 2121211 112113 7 14
05-Jun-14 202111311 1123 8 15
06-Jun-14 212 |1 11212122 6 14
07-Jun-14 20212224313 12 20
08-Jun-14 35|55 (4 ]14]3 |2 29 31
09-Jun-14 1212 2|1 113 |1 6 13
10-Jun-14 1 1122133 |3]2 9 17
11-Jun-14 213|122 2|3 |2]2 9 18
12-Jun-14 1 - -1 2101 1 1 - 6
13-Jun-14 2012 (21212 (2]2]2 7 16
14-Jun-14 213 (3 (3|1 (2]2]1 9 17
15-Jun-14 1|2 |1 1|21 110 4 9
16-Jun-14 1 1 1 1212 2|1 5 11
17-Jun-14 202122122313 9 18
18-Jun-14 3 (22|22 |3]|3 |4 13 21
19-Jun-14 203|122 2]|2|2]3 9 18
20-Jun-14 {22233 |2]3 10 18
21-Jun-14 2 13|11 (2|1|10}]0]1 5 10
22-Jun-14 112 |1 1 1 1122 5 11
23-Jun-14 1 1 1 1101 113 4 9
24-Jun-14 321212112131 8 16
25-Jun-14 112 |1 1123213 8 15
26-Jun-14 1|2 |1 1|2 |1 1|0 4 9
27-Jun-14 1 1 1 1 1 1 1 1 3 8
28-Jun-14 1|21 }(212(2|2]1 6 13
29-Jun-14 31021211 1123 8 15
30-Jun-14 322|212 |2]1 7 15
01-Jul-14 2121 1 11011 1 4 9
02-Jul-14 o2 |2 (2]1]3]|1 1 6 12
03-Jul-14 20211121 1 1 1 5 11
04-Jul-14 212121221 1 1 6 13
05-Jul-14 0|0 |1 |2]1 1|12 |2 4 9
06-Jul-14 1 1 1|13 |21 1|2 6 12
07-Jul-14 202 (123 [2]2]1 7 15
08-Jul-14 2121|312 (2]2]2 8 16
09-Jul-14 213 |2 - |11 21213 - 15
10-Jul-14 313 ]1 1 1|21 1 7 13
11-Jul-14 2011212112211 6 13
12-Jul-14 1212222 2]0 6 13
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Table 1.
13-Jul-14 1|1 2]11]2]1 1 1] 2 5 11
14-Jul-14 1 1121213 ]4]3]|2 11 18
15-Jul-14 2021312222 8 16
16-Jul-14 1121 121122 5 12
17-Jul-14 112121221 1 1 5 12
18-Jul-14 112 |1 1100|010 2 5
19-Jul-14 0|1 1 1 11000 2 4
20-Jul-14 1 1 1|10 212]0]1 3 8
21-Jul-14 0|1 1 1|2 1212 4 10
22-Jul-14 212 |1 1|2 |1 1|2 5 12
23-Jul-14 1 1 1 1 112 3|2 6 12
24-Jul-14 1|22 (3|2 |1|2]1 7 14
25-Jul-14 3 (2221 1101 6 12
26-Jul-14 202121211221 6 14
27-Jul-14 21212211 1 1] 2 6 13
28-Jul-14 213|322 ]|3]|2]|2 10 19
29-Jul-14 1 1 1 1 1 1 1 1 3 8
30-Jul-14 2 |1 1 1101 1 1 3 8
31-Jul-14 11212121 11213 14
01-Aug-14 202121223 |4 10 18
02-Aug-14 31312 (3 (3|3 |22 12 21
03-Aug-14 1|3 2|1 1 1122 6 13
04-Aug-14 303|122 2]2]3]|3 11 20
05-Aug-14 2012 (21212232 8 17
06-Aug-14 2022121 (22]1 6 14
07-Aug-14 1 1 1|22 ]12]2 5 12
08-Aug-14 30312321 110 8 15
09-Aug-14 0|1 1 1101 110 2 5
10-Aug-14 {212 22]|2]4]|3 10 18
11-Aug-14 21212122 2|2]3 8 17
12-Aug-14 312|222 ]|3]|4]|3 13 21
13-Aug-14 2 (2 (1|22 |12]|1 6 13
14-Aug-14 1 1 1|12 |1 1102 4 9
15-Aug-14 1 1 1 1|21 1|2 4 10
16-Aug-14 O 1100|001 1 1 3
17-Aug-14 2 |1 1|23 12]1]2 7 14
18-Aug-14 1|2 2|1 1 1|22 5 12
19-Aug-14 1 1 (23|23 |4]5 16 21
20-Aug-14 3212211223 9 17
21-Aug-14 312 |1 1| 2]2]3 |1 8 15
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Table 1.
22-Aug-14 1121 ]0]1 1 1 1 3 8
23-Aug-14 1121 10|21 1 4 9
24-Aug-14 1 1 12121 110 4 9
25-Aug-14 0|1 1 1 1 1 1 1 3 7
26-Aug-14 1 1 1 1|12 1]2]1 4 10
27-Aug-14 1 {23233 |34 13 21
28-Aug-14 31414 (2 (3|3 |32 16 24
29-Aug-14 31313422314 16 24
30-Aug-14 302233232 11 20
31-Aug-14 212 (21312 (11]4]4 13 20
01-Sep-14 212 (2122 (2]2]3 8 17
02-Sep-14 212 (21222313 9 18
03-Sep-14 2031222 |2]|1]2 8 16
04-Sep-14 3021221 1 112 7 14
05-Sep-14 1 1212 (22|23 7 15
06-Sep-14 20213223313 11 20
07-Sep-14 30212121 1 1 1 6 13
08-Sep-14 01|21 11221 4 10
09-Sep-14 21213132 (2]3]3 11 20
10-Sep-14 2 |1 1|12 |1 112 |4 8 14
11-Sep-14 31312121 12| 4 11 18
12-Sep-14 51312224516 30 29
13-Sep-14 4 12 (432 (2]3]2 14 22
14-Sep-14 1101 1 1 11010 2 5
15-Sep-14 0|1 1121110071 2 6
16-Sep-14 {22222 |3]3 9 17
17-Sep-14 3121 1 1121212 7 14
18-Sep-14 2011211 112|414 11 17
19-Sep-14 3 13|13 (3 (3 |4|4]2 17 25
20-Sep-14 2021123 |1 1 1 6 13
21-Sep-14 112 |1 1 1 1|21 4 10
22-Sep-14 1 1|12 (213|333 10 18
23-Sep-14 3212123313 11 19
24-Sep-14 31312 (3 (4|4 |4]4 20 27
25-Sep-14 4 12 (3 (3|2 (1]3]3 13 21
26-Sep-14 212 (213|313 ]2]3 11 20
27-Sep-14 4 (3 (3|33 [3]2]|1 14 22
28-Sep-14 2122122 |3]1 7 15
29-Sep-14 201121221413 10 17
30-Sep-14 2103|1323 |3]3 12 20
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Table 1.

01-Oct-14 413 (3223 |3]3 15 23
02-Oct-14 20212212323 9 18
03-Oct-14 311 1101|211 1 5 10
04-Oct-14 1 11221 1122 5 12
05-Oct-14 21212121 1 1 1 5 12
06-Oct-14 201211121 1 1|3 6 13
07-Oct-14 201210101 1|2 4 9
08-Oct-14 212 (21322213 9 18
09-Oct-14 314|132 (2]2]3]|3 14 22
10-Oct-14 213 |1 1 1 112 ]2 13
11-Oct-14 1121212 |3 ]2]1 1 7 14
12-Oct-14 0|1 (0|21 1122 9
13-Oct-14 1 1 (21122 |3]3 8 15
14-Oct-14 I {2122 [3]|5]|5]|5 23 25
15-Oct-14 4 121211221 1 8 15
16-Oct-14 212 (12|23 }2]4 10 18
17-Oct-14 20211212123 7 15
18-Oct-14 313|323 |4]3]|4 17 25
19-Oct-14 303|122 (2|13 |2 10 18
20-Oct-14 3 12|13 (3 [4]|5]4]|3 21 27
21-Oct-14 301 |3 (2 |4]|3]|4]|3 16 23
22-Oct-14 312|322 |4]3]|2 13 21
23-Oct-14 1 1|22 [3|3]|4]|2 11 18
24-Oct-14 3101 (2122331 17
25-Oct-14 212 (212123 2]2 8 17
26-Oct-14 202121312 |2|3]1 17
27-Oct-14 3 (2213|2334 14 22
28-Oct-14 3021212 (3|3 |3]1 11 19
29-Oct-14 30120211231 8 15
30-Oct-14 1 1 1|12 |1 1 1|2 4 10
31-Oct-14 1|2 (2122 |1|2]2 6 14
01-Nov-14 1 1|2 (313 ]2]1 1 7 14
02-Nov-14 2 |1 1|23 13]3]1 9 16
03-Nov-14 212 |1 1 1 1 112 5 11
04-Nov-14 1|22 (3 |5|5|5]5 28 28
05-Nov-14 313 (31422213 14 22
06-Nov-14 1|2 121221 1|3 7 14
07-Nov-14 3021 (312|233 11 19
08-Nov-14 20212213213 9 17
09-Nov-14 2021121333 9 17
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Table 1.
10-Nov-14 4 12|13 (44542 23 28
11-Nov-14 20211311 112 |4 9 16
12-Nov-14 4 12 |1 1 1 1 113 8 14
13-Nov-14 202|121 ]10(1]2 5 11
14-Nov-14 32 (3|1 2]2]4]|3 12 20
15-Nov-14 32 (3|22 |1]|3 |4 12 20
16-Nov-14 313|133 (3|3|3]3 15 24
17-Nov-14 201121243 |4]2 13 20
18-Nov-14 2021233 |2]2 9 17
19-Nov-14 301121212232 9 17
20-Nov-14 31212224413 14 22
21-Nov-14 31212322 |4]3 13 21
22-Nov-14 32|12 (21|23 ]4 11 19
23-Nov-14 2|1 1212 2]3]1 7 14
24-Nov-14 2|1 1|22 (3 ]2]2 7 15
25-Nov-14 1 1|22 2]2]2]|2 6 14
26-Nov-14 1 1 1 1121101 3 8
27-Nov-14 203|132 2]|2|3]3 11 20
28-Nov-14 1 1 11213121 1 6 12
29-Nov-14 11212121 1 1 1 5 11
30-Nov-14 202121212333 10 19
01-Dec-14 21212122 (2]3]|4 11 19
02-Dec-14 313|223 |3 |4]2 14 22
03-Dec-14 30212 (21223 ]2 9 18
04-Dec-14 3|1 1 1|23 2] 4 10 17
05-Dec-14 213|122 (3]|2|2]3 10 19
06-Dec-14 2 (12323 |4]3 12 20
07-Dec-14 4 1212 (3|54 |44 23 28
08-Dec-14 31313235413 20 26
09-Dec-14 302|212 (3|2 4]4 14 22
10-Dec-14 30212131 1122 8 16
11-Dec-14 1101 1 1 1123 5 10
12-Dec-14 3|1 |3 (4|54 |44 24 28
13-Dec-14 21212123 [2]3]4 12 20
14-Dec-14 202212123 |4]2 11 19
15-Dec-14 212 (3 (323314 14 22
16-Dec-14 1 1 1|23 ]2]2]|3 8 15
17-Dec-14 3021 1 1|12]2]2 7 14
18-Dec-14 1 1 I |21 (2]2]2 5 12
19-Dec-14 31| 3|21 |3]|3 |2 10 18
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Table 1.
20-Dec-14 302121121212 1 3 9 17
21-Dec-14 2021212112 |2 |4]4 12 20
22-Dec-14 S|1513 1 1 3122 18 22
23-Dec-14 1 0|2 141|223 ]4 12 18
24-Dec-14 4 |2 1 21414513 20 25
25-Dec-14 2 |2 1 1 3 31413 12 19
26-Dec-14 3 312121221413 13 21
27-Dec-14 30212 |2 1 1 0 1 6 12
28-Dec-14 2 1 1 2 1212|413 10 17
29-Dec-14 1 212 |13 |4 |161|4]S5 27 27
30-Dec-14 313121213 3 3 3 13 22
31-Dec-14 1 2 1 2 1213 ]2 1 7 14

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.

Fig. 1 Ground plan of the Panagyurishte observatory (after Kostov and
Nozharov, 1987)
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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 2014 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 February and March.

Daily mean values of the Declination (D), Inclination (I), Horizontal (X and Y, and
Vertical (Z) field components for 2014 are plotted in the next figures:

nT
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1780 ' MWNW ( ( '
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1760 [ [ I l | [
( ( ) ( ( )
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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 2014.

Fig. 3. Plot of the daily mean values of the Inclination (I) registered in PAG
observatory in 2014.

74 Bulgarian Geophysical Journal, 2019, Vol. 42



M. Metodiev et al.: Annual report of the observed geomagnetic activity in Panagyurishte...

Fig. 4. Plot of the daily mean values of the North geomagnetic field com-
ponent (X) registered in PAG observatory in 2014.
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Fig. 5. Plot of the daily mean values of the East geomagnetic field compo-
nent (Y) registered in PAG observatory in 2014.
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Fig. 6. Plot of the daily mean values of the Vertical geomagnetic field com-
ponent (Z) registered in PAG observatory in 2014
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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 descrip-
tion of the strength of different external variations however, are provided by geomagnetic
indices. A quantitative measure of 2014 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. Table 1 shows that 2014 has relatively quiet geomagnetic field with only 18
disturbed days. The most active period is recorded in December 2014 with 6 days having
K-index > 5 and 1 with K=6. Annual variations of the geomagnetic field components are
plotted in form of daily mean values. Due to technical reasons records are missing for
February. Data are checked and verified according to IAGA requirements (Jankowski and
Sucksdorff, 1996).
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Tlopninen rokJiaj 3a Ha0/I0IAaBAHATA TEOMATHUTHA AKTHBHOCT B
OocepBaropus Ilanaropuime npes 2014

M. Metonues, I1. Tpudonosa

Pe3tome: TTonacrosiiem, B epara Ha MHTEPHET KOMYHHUKAIMUTE, 3alIMCUTE OT TEOMarHUT-
HUTE 00CEPBATOPUH CE MPEAOCTABAT HA 3aMHTEPECOBAHUTE TTOTPEOUTENH MOYTH B PEATHO
BpeMe, JTOKaTo 00paboTEeHUTE BpeMEBH ceprH (OKOHYATEIHN JaHHHW) ca OOCKT Ha MHOTO
MPOBEPKH M CE Pa3IpOCTpaHsIBaT ¢ Meceld 3aKbcHeHne. CraTusra npencTass qeGpuHu-
TUBHUTE T€OMAarHUTHHU JaHHH, norydeHu B OOcepBatopus Ilanartopumie mpes 2014 r.,
JlaieHy noji popMara Ha JIOKaJTHA FeOMarHUTHU UHJICKCH U rpadUKy Ha CPETHOIHEBHUTE
CTOMHOCTH Ha KOMIOHEHTHTE Ha MATHUTHOTO TIOJIE.
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Abstract. Climate changes and global warming are assume for main reasons of con-
stant sea level rise. Survey methods such as altimetric measurements are essential for
determining global processes related to sea level change, but the regional and local
changes are also important. In this paper regional sea level changes at tide gauge station
Varna at Black sea coast are analyzed. Single spectrum analysis is use to analyze the
monthly sea level data for the period 1929-2019. The sea level trend, long term tidal
constituents - amplitudes and phases, are estimated. The results clearly indicate positive
mean sea level trend with value of 1.2 £0.1mm/yr.

Key words: mean sea level, tide gauge, radar

Introduction

Climate changes and global warming are the cause of sea level rise during the 20th
century of about 2 mm per year. The sea level researches are useful not only to forecast
cataclysms and sea level rising, but also in connection with interdisciplinary studies ex-
ploring the causes of this change. Climate changes and global warming are supposed
to be the main reasons of the constant sea level rise. The regional sea level changes are
determine by tide gauge measurements and satellite altimetry is use to investigate global
sea level changes. Mean sea level changes are important for geodesy and geophysics. The
mean sea level for a long time periods was used in the past to define the height systems.
It is an important component in determining the geoid. Tide gauge measurements are im-
portant for realizing the worldwide Unified Global Height System (UGHS) of the Global
Geodetic Observing System (GGOS) initiative.
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Methods and Theory

In this study, monthly sea level data from Varna tide gauge at the Northern Black
Sea coast is used. The data period coverers the time interval from year 1929 to year 2019
and the daily registrations are aggregate in average monthly sea level values. The meth-
ods used to analysis of Time series are Single Spectrum Analysis (SSA), regression and
Fourier analysis. The method used for decomposition the time series to trend, periodic
components and noise is call Single Spectrum Analysis. The method involves two stages:
decomposition and restoration of the time series. The decomposition of the time series
involves two sub-stages - the construction of a trajectory matrix and the Singular Value
Decomposition (SVD) - the decomposition of single vectors and the restoration of the
time series - grouping and diagonal averaging (Golyandina, et al., 2001). Regression
analysis is use to solve for the mean sea level and trend and the Fourier analysis - to solve
for the periodical constituents.

Data processing

The observations of sea level at tide gauge station Varna has started in 1928. From
1928 until 2013 the tide gauge was of mechanical type - stilling well gauges ,,A.Ott”
Kempten. In 2013 a new radar tide gauge, type Vega Puls S60, is installed above water
level in the draw well (Fig. 1). The new radar tide gauge system emits short microwave
pulses with frequencies about 18 — 27 GHz in the direction of the surface water, they are
reflected and received back. Accuracy of measurements is about Smm and observations
interval is set to one second.

Fig. 1. Radar Tide gauge Vega plus from Varna tide
station

Observations are stored in a signal conditioning instrument and can be shown in a
web browser in a real time (http:/niggg.bas.bg/wp-content/uploads/2014/02/mare/text.
html). The two data sets are brought to one and the same “zero” point by precise level-
ling through the Tide Gauge Bench Mark. Data gaps (missing observations) are filled in
with the Caterpillar SSA MV software using PI Projection method with sequential filling
(Golyandina, and Osipov, 2007).
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All data are corrected for the vertical crustal motion obtained by repeated levelling
measurements started in 1928. Old data are converted to European Vertical Reference
System (EVRS), EVRF2007 (Earth Vertical Reference Frame 2007). The average month-
ly sea level values are analyzed by the SSA method. The time series are decomposed
into separate sub-series, which represent the influence of mean sea level, trend and tidal
influences. Significant harmonic constituents are determined by spectrogram analysis.
A model comprising the above-mentioned parameters is compiled. The values obtained
from the model are compared with the measurements. The residuals of the model are
examined for autocorrelation and spectral analysis of the model residuals is performed.
The resulting amplitude — Arms, is determined and is used to calculate the Signal to Noise
Ratio (SNR). Significant tidal effects are supposed to be these with SNR > 2.

The mean sea level and trend are determined by regression analysis of the time se-
ries determined by the previous SSA analysis. The Fourier analysis is used to determine
the amplitudes and phases of all significant tidal influences from the model determined
by SSA analysis. The mean sea level, trend and long term tidal constituents, amplitudes
and phases, are estimated. The results clearly indicates positive mean sea level trend with
value of 1.2 £ 0.1mm/yr. Figure 2 shows the mean sea level and the model. Gray curve
shows the average monthly sea level values, black curve is shown the model and the trend
is represented by the line. The resulting average sea level for the period 1929 - 2019 is
2.8+ 0.1 cm in EVRF2007.

Montly sealevel from TG station Varna 1929-01.2019
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Fig. 2. Monthly seal level data for period 1929-2019 (gray sea level, black model,
line is trend)

The model residuals are plotted on Fig. 3. Residual data of the harmonic constit-
uents are analyzed by Fourier analysis. The harmonic influences with major impact
at residuals series are given in Table 1. In the table are presented ten of them with the
highest amplitudes. The resulting amplitude calculated with the coefficients specified
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in the table is 0.7 ¢cm, the mean value of the order of the residuals is 0.45 ¢cm and the
standard deviation - 3.4 cm. The resulting amplitudes of the residuals series and Signal
to Noise Ratio (SNR) coefficients are computed and shown in Table2. SNR is computed
as a square of amplitudes ratio first from signal and second from noise — Arms. The an-
nual and semi-annual variations, as expected, have the greatest impact with amplitudes
of 6.7 cm and 1.4 cm. Table 2 shows also a tide with a periodicity close to 18.6 years
with amplitude of 1.3 cm. The value of the tide with period of 14.4 is similar to that of
the nodal tide.

Residuals from model - TG station Varna 1929-2019

1929

-
m
@
-

1934
1936
1939
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1959
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1969
1971
1974
1976
1979
1981
1984
1986
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1994
1996
1999
2001
2004
2006
2009
2011
2014
2016
2019

Fig. 3. Residuals from analysis

Table. 1. Harmonic influences with major impact at residuals series.

Frequency Period Cosine coef Sine Amplitudes

[mont] [cm] coef [cm] [em]
0.0009 1080.0 -1.0 0.7 1.23
0.0056 180.0 -0.5 -0.8 0.98
0.0037 270.0 -0.7 -0.1 0.70
0.0639 15.7 -0.4 -0.4 0.58
0.0046 216.0 0.1 -0.5 0.52
0.0306 32.7 0.2 -0.5 0.52
0.0028 360.0 -0.5 -0.1 0.52
0.0120 83.1 -0.3 -0.4 0.47
0.0213 47.0 0.2 -0.4 0.46
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Table. 2. Solved for parameters from the model.

Frequency Period Cosine coef Sine Amplitudes Phases SNR
[mont] [em] coef [em] [em] [°]
0.08333 12.0 -3.42 5.76 6.70 300.67 91.5
0.16667 6.0 1.30 -0.49 1.39 159.42 3.9
0.08426 11.9 -0.75 -0.97 1.22 232.25 3.1
0.02222 45.0 1.30 0.55 1.41 23.01 4.1
0.02315 432 -1.31 0.24 1.33 349.64 3.6
0.06944 14.4 -0.92 0.77 1.20 320.32 29
0.01667 60.0 -0.94 0.62 1.12 326.65 2.6
0.00429 233.0 -1.26 0.47 1.34 339.37 3.7
Conclusions

The analysis of tide gauge data for 90 years clearly indicates annual, semiannual and
decadal variations of the mean sea level. The estimated mean sea level is 2.8 £ 0.1 cm with
trend of 1.2 £ 0.1mm/yr. The SSA analysis is helpful to identify and allocate the mean
sea level, trend and harmonic influences in the monthly data. Five long term periodical
variations with amplitudes greater than 1 cm are observed in the time series data. The
annual and semi-annual variations, as expected, have the greatest impact with amplitudes
of 6.7 cm and 1.4 cm. The long period variation of about 233 months (19.4years) can be
associated with the nodal tide with period (18.61 years) in the mean sea level. The tide
gauge registration from the radar equipment will give the opportunity to resolve the short
term harmonic constituents and the relatively long 90 years data will be valuable contri-
bution for realizing the Unified Global Height System.
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National Roadmap for Scientific Infrastructure 2017-2023.
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AHaJIN3 HA CPeITHOMECeYHH CTOIHOCTH HA MOPCKOTO HUBO OT MapeorpadgHna
cranuusi Bapua

A. UBanos, U. I'eoprues, H. /Tumutpos

Pesiome. [Ipeanonara ce 4e KTMMaTHYHATE TPOMEHH U IFIO0ATHOTO 3aTOIJISIHE Ca OCHOB-
HUTE MPUYNHH 32 MOKAaYBAaHETO HAa MOPCKOTO HUBO. MeToau 3a HaOIIOAEHHUS KaTo aJlTH-
METPUYHHUTE NU3MEPBAHUS Ca OT M3KIFOYMTEIHO 3HAYCHHE 3a ONpEJIeITHE Ha [V1I00aIHUTe
MIPOIIECH CBBP3aHU C U3MEHEHHETO Ha MOPCKOTO HUBO, HO PETHOHATHU U JIOKAJTHH U3Me-
HCHUSA ChIIO Ca MHOI'O Ba’XHH. B Ta3u crarug ca aHaJIM3UpaHu PEruoOHaIHU U3MCHCHUA
Ha MOPCKOTO HHBO OT MapeorpadHa cranuus BapHa Ha UepHOMOPCKOTO KpailOpexkue.
V3non3BaH € aHaIM3 HA CAMHUYHMS CIIEKTHP 32 CPEIHOMECEYHH CTOMHOCTH 3a Mepuoa
1929 — 2019 roguna. Onpenenenu ca TPEHIBT HA MOPCKOTO HUBO, CE30HHH BapHallUH U
JUBJITONIEPUOIUYHH BIIMSHUS, aMIUIMTYAM U (Qa3u. Pesynrarute rokasBar MOJOKHUTENICH
TPEH/I Ha CPEIHOTO MOPCKO HUBO ChC cTOMHOCT OT 1.2 + 0.1 mm/y.
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Abstract. National Operative Telemetric System for Seismological Information (NOTS-
SI) is operating since 1980. At the beginning, the real-time data transfer from the sta-
tions to the data center was organized through analog telephone lines and earthquake
parameters were evaluated manually. In 2006 both the seismological network and the
data center were upgraded with state-of-the-art digital equipment and automatic data
processing was organized. More than 12 TB processed and raw data are archived during
the last 12 years in PASSCAL, mini SEED continues data formats and in event oriented
CSS format. The data completeness exceeds 99% and the rare loss of data is mainly due
to communication outages. The maintenance of the network and the data center is orga-
nized in such a manner that the upgrade of the equipment and the software updates do
not affect the performance of the Operating Center. During the last 12 years the number
of seismic stations increased significantly and at the end of 2019 it is 40. Currently the
seismic center is upgraded with software for acquisition and automatic data processing
SeisComP3 that is widely used in seismological community and data centers.

Key words: National Operative Telemetric System for Seismological Information, Bul-
garian Seismological Network, Seismic Data Centre, SeisComP3

Introduction

Bulgaria is an earthquake prone country. Over the past centuries, Bulgaria has expe-
rienced strong earthquakes. The first well documented earthquake on the territory of Bul-
garia is the 1st ¢ BC quake occurred in the Black Sea near the town of Kavarna. In histor-
ical aspect, it is worth to mention the 1818 (8-9 MSK) and the 1858 (MS=6.3, 10=9 MSK)
earthquakes occurred near the city of Sofia. Some of the Europe’s strongest 20th century
earthquakes occurred in Bulgaria (at the beginning of the 20" century from 1901 to 1928
five earthquakes with magnitude larger than or equal to 7.0 occurred on the territory of
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Bulgaria) — 30.03.1901 Shabla earthquake with magnitude Ms=7.2; 04.04.1904 Kresna
earthquakes with Ms magnitudes 7.1 and 7.8, "14.6.1913 G. Orjahovitsa earthquake with
magnitude Ms=7.0 and two earthquakes near the city of Plovdiv in 1928 - 14.04 with
magnitude Ms=6.8 and 18.04 with magnitude Ms=7.0.

The seismological observations on the territory of Bulgaria have traditions of more
than 120 years. The beginning of Bulgarian seismology dates back to 1891. At that time
Spas Watzof, the director of Central Meteorological Station in Sofia, organized network
of correspondents for observation of felt earthquakes in Bulgaria (Watzof, 1902). Watzof
formed a proto-type of macro-seismic bulletin (Christoskov, 2007) containing: time of
perceived shaking, locality, direction of impact, observed effects, intensity assessed by
Rossi-Forel scale till 1912 and Forel-Mercalli since then. The first bulletin including data
for Central Balkan earthquakes occurred in the 19th century was published in 1902 (Wat-
zof, 1902). Afterwards, the bulletins have been published yearly up to 1959 .

The period of Bulgarian historical era ends in 1905 when the seismograph of Omor-
ri-Boch type was installed in the first Seismological Station in the town of Sofia. The
same year four seismoscopes of Agamenonne type were installed in Sofia, Petrohan, Rila
monastery and the town of Kazanlak.

In the period 1961-1979, six seismic stations were run. These are stations in Dim-
itrovgrad, Pavlikeni, Musomishta, Kardjali, Preselentsi and Vitosha (DIM, PVL,MMB,
KDZ, PSN and VTS). The strong 1977 Vrancea (Romania) intermediate depth earthquake
with seismic moment magnitude Mw=7.4-7.5 and its negative impact on the territory of
the northern Bulgaria (loss of human lives and destroyed properties) force the develop-
ment of a new strategy for monitoring and investigation of the seismicity in Bulgaria and
surroundings (Samardjiev et al.,1980). At the end of 1980 the National Operative Tele-
metric System for Seismological Information was put in operation. It was a key point in
seismic monitoring in Bulgaria. The major tasks of NOTSSI are:

e To provide reliable continuous recording and transfer of seismological data;

e To ensure rapid notification of the governmental authorities, media and broad

public in case of felt or damaging earthquakes on the territory of Bulgaria;

e To provide a modern basis for seismological studies in Bulgaria.

NOTSSI was a part of the Geophysical Institute (GPhI) of the Bulgarian Academy
of Science (BAS) up to 2010 and of the National Institute of Geophysics, Geodesy and
Geography (NIGGG) of BAS after that.

Analogue Seismological Network and Data Center

At the beginning, NOTSSI operated with 6 seismic stations. Over the next two de-
cades, the seismic network was developed and new stations were run. At the end of the
last century NOTSSI consisted of 21 short period one component seismic stations de-
ployed on the territory of the country (Christoskov et al., 2012). The analogue informa-
tion from all stations was transferred in real time mode by telephone lines to the Seismo-
logical Data Center of NOTSSI at the Geophysical Institute. Seismic data were visualized
on paper drums with two levels of amplification to achieve larger dynamic range of the
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records. An automated processing system based on a PDP 11/34 mini-machine was built
at the Data center in 1981. Analog signals were digitized and processed in near real time
and an archive of detected and localized seismic events was created.

In routine practice the main parameters of the earthquakes were estimated manually
using S minus P time differences. The wave amplitudes and signal duration were used for
magnitude evaluation.

Later the DHypo computer code (Solakov and Dobrev, 1987) was involved in the
seismological practice. The input information for the calculation of the earthquake pa-
rameters are the P and/or S onsets, the maximum amplitude of the P and/or S phases and/
or signal duration.

Digital Seismological Network

Modernization and digital upgrading of NOTSSI started in 1996. First, station Vi-
tosha (VTS, since 1979) was included in the MEDNET network (within international
project “PLATO-1") and was updated with VBB seismometer STS-1 and Quanterra 380
DAS (Christoskov et al., 1996).

In the period 2001-2004, with the financial support of the Permanent Commission
for Prevention of the Population from Natural Disasters and Catastrophes and in the
frame of the European project MEREDIAN-2, two digital stations (Plovdiv (PLD) and
Yambol (JMB)) were put in operation. A digital real-time data communication between
the three digital stations — VTS, PLD and JMB and the Data Center at the Geophysical
Institute in Sofia was created. A real-time data exchange with international (MEDNET,
ORFEUS-European Center for Digital Seismological Data, NEIC etc.) and regional seis-
mological centers (Austria, Slovenia, Czech Republic, Romania, etc.) was established.
Bulgaria becomes a part of the European and world digital seismological data structures.

At the end of 2005, by the financial support of the former Ministry of Emergency
Situations, digital equipment and software were purchased from the company “Refrac-
tion Technology” Inc. (http://reftek.com). In 2006 the digital seismological equipment
was installed at all stations of the network and a data center with real-time automatic and
interactive data processing was organized.

During the next 12 years the number of seismic stations increased thanks to several
projects with NPP “Kozloduy” PLC, National Scientific Fund and the financial support
of the National Institute of Geophysics, Geodesy and Geography. At the end of 2019
the number of the seismic stations of the National Seismic Network and the two Local
Seismological Networks - “Provadya” and “Kozloduy” is 25 (Table 1). After 2012 in the
frame of trans-regional project “Danube Cross-border system for Earthquakes Alert (DA-
CEA)” was installed fifteen stations on the territory of the North Bulgaria and is operated
by NOTSSI (Table 2). These stations are part of Bulgarian Romanian trans-border Early
Warning System.

In Tables 1 and 2 are presented lists of seismic stations, seismological equipment
and data recording information of the Bulgarian seismological network with following
parameters:
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Table 1. Seismic stations of the National Seismic Network and Local Seismological Network —
LSM “Kozloduy” and LSM “Provadya” and their equipment

Station BG | INT | Lat(°) | Long(®)| Elev Seismometer | Compo- | Data acquisit. system/
Name Code | Code N B [m] Accelerometer nents sampling rate
Dimitrovgrad | DIM | DIM | 42.04 | 25.58 144 S-13 3C Reftek 130-01/ 100 sps

GMT-40T/30s
Yambol JMB | JMB | 4249 | 26.53 | 210 1314-02/3 3C | Reftek 130-01/ 100 sps
Kurdzhali KDZ | KDZ | 41.63 | 25.34 | 335 3ESPC/120s 3C | Reftek 130-01/ 100 sps
. GMT-40T/30s
Krupnik KKB | KKB | 41.84 | 23.13 | 439 1314-02/3 3C | Reftek 130-01/ 100 sps
Musomishta |MMB| MMB | 41.55 | 23.75 | 632 STS2 3C | Reftek 130-01/ 100
usomishta . . 1314-02/3 efte - sps
Panagyurishte | PGB | PGB | 42.51 | 24.17 | 574 | GMT-40T/30s 3C | Reftek 130-01/ 100 sps
Plovdiv PLD | PLD | 42.15 | 24.75 | 198 | GMT-40T/30s 3C | Reftek 130-01/ 100 sps
Provadya PRD | PRD | 43.16 | 27.41 | 120 | GMT-40T/30s 3C | Reftek 130-01/ 100 sps
. KS 2000/60s
Preselentsi PSN | PSN | 43.64 | 28.13 | 185 1314-02/3 3C Reftek 130-01/ 100 sps
" 3ESPC/120s
Pavlikeni PVL | PVL | 43.12 | 25.17 | 218 1314-02/3 3C Reftek 130-01/ 100 sps
Rozhen RZN | RZN | 41.69 | 24.74 | 1735| GMT-40T/30s 3C Reftek 130-01/ 100 sps
Sofia SOF | SOF | 42.68 | 23.37 | 570 S-13 3C | Reftek 130-01/ 100 sps
. 3ESPC/60s
Strazhitsa SZH | SZH | 43.26 | 2598 | 331 1314-02/3 3C |Reftek 130-01/ 100 sps
. 3ESPC/120s
Vitosha VTS | VTS | 42.61 | 23.23 | 1390 1314-0273 3C | Reftek 130-01/ 100 sps
Malo Peshtene| MPE | MPEP | 4336 | 23.74 | 344 Remksllgll 120s 31CC Refick 130-01/ 100 sps
3ESPC/120s
Plana PLN | PLNA | 42.48 | 23.42 | 1245 1314-02/3 3C Reftek 130-01/ 100 sps
Tran TRAN| TRAN | 42.83 | 22.65 | 706 Re';r:';_(l)f/lf’"s 3C | Refiek 130-01/100 sps
Oriahovo ORH 4373 | 23.97 | 231 S-13 3C | Reftek 130-01/ 100 sps
Valchedram | VLD | VALD | 43.69 | 23.43 93 S-13 -Borehole 1C Reftek 130-01/ 100 sps
Avren AVR | AVR | 43.12 | 27.67 | 306 |Geophone GS 11D| 3C Reftek 130-01/ 100 sps
Roiak ROIA| ROIA | 43.09 | 27.38 | 356 |Geophone GS11D| 3C | Reftek 130-01/ 100 sps
Bozvelijsko | BOZ 43.10 | 27.48 | 37 |Geophone GS11D| 3C | Reftek 130-01/ 100 sps
Dobrina DOB 43.18 | 27.46 | 230 |Geophone GS 11D| 3C Reftek 130-01/ 100 sps
Nevsha NEF | NEF | 4326 | 27.27 | 359 S-13 3C |Reftek 130-01/ 100 sps
Balsha BLSH| BLSH | 42.86 | 23.28 | 739 | Reftek151B/30s 3C Reftek 130-01/ 100 sps
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Station name — the name of the nearest settlement where the station is located to;
Code — the unique international code of the station;
Lat,N, Long,E , Elev;m — geographic coordinate and elevation of the station;
Seismometer/Accelerometer — the type of sensors installed. Seismometers are in-
stalled in several stations, in others — seismometers and accelerometers; and the last 7

stations mentioned in the table 2 are equipped with accelerometers EpiSensor;

Component — the type of data registration — 3 components (Z, NS, EW) or | com-

ponent (Z);

Data acquisition system/ sampling rate — the type of digitizer and the sampling rate
of the real-time transferring data;
Real-time data transfer is realized via Virtual Private Network (VPN) of the Bulgar-
ian Telecommunication Company (BTC).
The Bulgarian Seismological Network has international code BS and Digital Object
Identifier (DOI): 10.7914/SN/BS (https://doi.org/10.7914/SN/BS).

Table 2. DACEA seismic stations on the territory of the North Bulgaria and their equipment

Data
o o : acquisit.
Station Name Code Lat(°) | Long(°) | Elev | Seismometer | Compo o
N E [m] | Accelerometer | nents .
sampling
rate
Belogradchik BLKB | 43.62 | 22.67 650 K.SZOOO 3C Bazalt
EpiSensor
Pleven PLVB 43.39 | 24.62 199 K.SZOOO 3C Bazalt
EpiSensor
Loznitsa LOZB 43.37 | 26.59 342 K$2000 3C Bazalt
EpiSensor
Razgrad RAZG | 4357 | 26.508 | 383 | 52000 3C Bazalt
EpiSensor
Shabla SHAB | 43.54 | 28.60 | 430 K$2000 3C Bazalt
EpiSensor
Elena ELND | 42.93 | 25.87 334 K.SZOOO 3C Bazalt
EpiSensor
Kubrat KUBB | 4380 | 2649 | 261 | KS52000 3¢ | Bazalt
EpiSensor
Balgarevo KALB | 43.40 | 28.43 121 K$2000 3C Bazalt
EpiSensor
Dobrich DOBAM | 43.58 | 27.83 246 EpiSensor 3C Bazalt
Montana MNNAM | 43.41 | 23.23 240 EpiSensor 3C Bazalt
Vidin PLVAM | 4395 | 22.85 880 EpiSensor 3C Bazalt
Belene RAZAM | 43.64 | 25.12 820 EpiSensor 3C Bazalt
Ruse RUSAM | 43.85 | 25.96 100 EpiSensor 3C Bazalt
Silistra SILAM | 44.10 | 27.27 840 EpiSensor 3C Bazalt
Veliko Tarnovo | VETAM | 43.08 | 25.64 | 224 EpiSensor 3C Bazalt
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The location of all seismic stations of the Bulgarian seismological network is pre-
sented in Fig. 1.

A Bulgarian seismic stations

0 75 150 km

Fig. 1. Map of the seismic stations of Bulgarian Seismological Network

Data Centre

The Data Centre is equipped with Seismic Network Data Processor Software
(SNDP) (Haikin and Kushnir, 2005) which provides real-time data acquisition, automatic
processing and interactive analysis of the seismological data registered by the stations of
National Seismological Network and number of stations from neighbor countries. The
SNDP is a set of asynchronous interactions of many processes. The Continuous seismic
data receiving process is designed to receive and store the incoming data in a 7-day disk
loop buffer. It ensures access to stored data for all client processes working both in au-
tomatic and interactive modes. The Real-time detection is carried out independently for
each station and determines signal to noise ratio (SNR), frequency band of detection and
the onset time. The detection is implemented by adaptive broadband and traditional STA/
LTA detectors in several narrow frequency bands. The Estimator process reveals seismic
phases of detected signals estimate their parameters and identify their types. The Esti-
mator sends a message to the process of association and location of seismic source. The
Associator of phases and locator of seismic sources associate the estimated phases to a
seismic source by method of node sorting and minimization of residuals. Daily bulletins
with the coordinates and parameters of seismic event, and its associated phases are pro-
duced as results from the automatic data processing. The geographic coordinates of the
seismic events are drawn on a map and published in real-time.
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The real-time seismic data are fed into the automatic data processing by two pro-
tocols — RTPD and SeedLink. RTPD protocol acquires the data recorded by the 25-th
seismic stations all over the country (Table 1) and the SeedLink — the DACEA seismic
stations in the North Bulgaria. SeedLink protocol is used for data exchange with the seis-
mic centers of the neighbor countries and various International Data Centers.

During the last 12 years the seismological equipment and processing software
have been periodically upgraded with the latest releases. The upgrade procedures have
never affected the performance of the Network and the Data Centre due to both the
high professional skill of the maintenance staff and the excellent organized support
services.

More than 12 TB processed and raw data have been archived during the last 12 years
in PASSCAL and mini SEED continues data formats and in event oriented CSS format.
The data completeness exceeds 99% and the loss of data in rare cases was mainly due to
communication outages.

Current state of the Data Centre

Currently, the National Data Centre is upgraded with SeisComPro software for
automatic data processing that is widely used in seismological community and data
centers. SeisComPro is developed by German company Gempa (https://gempa.de). The
software is an extension to SeisComP3 community package distributed by GFZ Pots-
dam. The main features provided by the SeisComp3 package are: data acquisition,
quality control and recording; real-time data processing and exchange, network status
monitoring, automatic and interactive event detection and location; event parameter
archiving; easy access to relevant information about stations, waveforms and recent
earthquakes.

The SeisComPro is developed in order to improve the local earthquake and mi-
croseismicity monitoring. To upgrade the National Data Center we have installed free
SeisComP3 software package as a base and three commercial modules of the SeisComP
Pro.

The module scanloc is developed to monitor the natural and induced seismicity
within the both small and large seismic networks. The module uses a cluster search al-
gorithm to associate P phase detections to one or many potential earthquake sources.
In a second step S-phases are also associated and used for earthquake location. Fig. 2
represents three steps of the execution of the scanloc procedure — real-time automatic
P-phase picking (upper left), waveform propagation after event detection (upper right)
and automatic event location parameters (down left).

The module sceval is designed to evaluate the event locations produced by the scan-
loc module (fig. 3). It automatically discriminates real earthquakes from fake solutions
and marks them even if they are very weak. Such a way the monitoring system can be
tuned not to miss small events.
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Fig 2. The execution of the scanloc module: a — Upper
left picture - Automating P —phase picking; b — Upper
right picture - Waveform propagation after event detec-
tion; ¢ — Down left picture - Automatic event location
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Fig. 3. List of event locations evaluated by the sceval module

The module mt computes and analyzes moment tensors (fig. 4). The moment tensor
inversion technique uses a combination of several seismic wave types, time windows and
frequency bands carefully chosen based on event magnitude and station distance.
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Fig 4. An example of the automatic moment tensor solution produced by
the mt module for the 21.8.2019 earthquake with parameters To=21:56:44,
coordinates 41.04N, 24.59 E and Mw=2.94.

Conclusions

National Operative Telemetric System for Seismological Information is in continu-
ous exploitation during the last 40 years. The hardware and software are maintained at a
high and up-to-date level to meet the requirements of a nationally responsible institution:
reliable registration and processing of earthquakes on the territory of Bulgaria and sur-
roundings in order to provide reliable information to the authorities, general public and
scientific community.
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Yerupugecer ronunn Hanmonajana oneparuBHa TejieMeTPUYHA cHCTeMa 3a
CeH3MOJIOTHYHAa HH(popMaLus

JI. Xpucrockos, JI. [lumutposa, Jl. Conaxos, C. CumeoHoBa

Pe3some. bobarapckara cem3MoJOruyHa peaaHO-BpeMEHHa Mpexka ¥ HarnuonamHusT
LEHTHP 3a JaHHHU padoTar ot 1980 r. B HauanoTo JaHHUTE OT CEM3MUYHUTE CTAHIIUH Ca
NIPEHACSHHU B PEAJHO BpPEME 4pe3 aHaJOTOBH Tele(OHHU JIMHUM JI0 LIEHTHPA 3a AaHHH,
a rapaMeTpuTe Ha PErHCTPUPAHUTE CEM3MUYHM ChOUTHS ca 00padoTBaHu pbuHO. [1pe3
2006 1. KaKTO CEen3MOJIOTHYHATAa MpPEeXa, Taka U MHPOPMALMOHHUAT LEHTHP Osixa Mozaep-
HHU3HMPaHU ChC CHbBPEMEHHO IM(POBO 000py/nBaHe U Oelle OpraHu3upaHa aBTOMAaTHYHA
obpabotka Ha nanHu. Ilpe3 nocnexnure 12 roxunm ca apxuupanu mnosede ot 12 TB
obpaborenn u cypoBu nanau B PASSCAL, mini SEED u B CSS ¢opmaru. [TenHOTA-
Ta HA apXMBHPAHUTE JaHHU HajBuUinaBa 99%, a 3ary0ara Ha NaHHH C€ JBJDKU ITABHO
Ha MPEeKbCBaHUSl Ha KOMyHUKauusTa. [lognpbkkara Ha Mpexara U LEHTbpa 3a JaHHU €
OpraHM3MpaHa I10 TaKbB HAYWH, Y€ HAATPAXKIAHETO HA 00OPYABAHETO U OOHOBSBAHETO
Ha coryepa He BIUSAT BbPXY oneparuBHara aeidHocT. [Ipe3 mocieanuTe roquHu Opost
Ha CEeM3MHMYHMTE CTaHLUU HapacTBa 3HauMTENHO U B kpast Ha 2019 r. e 40. B momen-
Ta CEU3MHUYHUSAT IIEHTHP € MoepHU3upaH cbe codryep SeisComP3 3a peanHo BpeMeBU
TpaHcdep u aBToMarndHa 00paboTKa Ha JaHHH, KOWTO CE€ N3IO0JI3Ba IHPOKO B CEU3MOJIO-
rUYHaTa OOIIHOCT U IIEHTPOBETE 32 JaHHHU.
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Abstract. A map of epicenters of 114 earthquakes with magnitude Mw >= 2.5 that
occurred during 2017 in Bulgaria and surroundings (sector outlined by latitude j =
41°- 44.5°N and longitude 1 = 22°- 29°E) registered by NOTSSI is presented. Expert
generalized analysis is proposed. Catalog of earthquakes is applied.

Key words: Bulgaria, seismicity.

The Balkan Peninsula is one of the active regions in the Alpine-Himalayan seismic
belt. High activity is observed in Western Turkey, Greece, and Vrancea region — Romania,
Bulgaria, Northern Macedonia, Albania, and Serbia. The depth distribution is very char-
acteristic. There are two highly active levels in the range of 20-40 km and 90-110 km and
a less active one in 50-70 km.

Bulgaria is an earthquake prone country. Over the past centuries, Bulgaria has expe-
rienced strong earthquakes. Some of the strongest European earthquakes during the 20th
century have been occurred in Bulgaria. At the beginning of the 20th century, from 1901
to 1928, five strong earthquakes with magnitude larger than or equal to 7.0 occurred on
the territory of Bulgaria — 30.03.1901 Ms = 7.2 Shabla earthquake; 04.04.1904 Kresna
earthquakes with Ms magnitudes 7.1 and 7.8; 14.6.1913 Ms = 7.0 G.Orjahovitsa earth-
quake and two earthquakes near the city of Plovdiv in 1928 - 14.04 with magnitude Ms =
6.8 and 18.04 with magnitude Ms = 7.0.

Strong seismic impact on the territory of Northern Bulgaria has the intermediate
earthquakes in Vrancea — Romania region. The strongest being the one in 1944 with mag-
nitude of 7.7 and some may remember the one in 1977 with magnitude of 7.4 caused a lot
of deaths and destructions.
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The present study contains generalized information and analysis of the data about the
seismic events recorded by the National Operative Telemetric System for Seismological
Information (NOTSSI) during 2017. Seismic data is gathered in real time by 26 Bulgarian
stations and a number of stations from neighbouring countries which increases the accu-
racy of hypocentral locations. Between 2005 and 2010 almost all stations are modernized
and equipped with broadband seismometers. A number of stations also are equipped with
accelerometers of type RefTek 131A-02/3 of the company “Refraction Technology”. The
data from the digitizers DAS 130-01 are collected through the RTPD (Real time protocol
demon) module and the data from foreign stations and from Quanterra digital systems are
collected with the sI2rptd module.

Data are transferred to the National seismological center in the Geophysical Institute,
BAS in real time. Then they are archived in PASSCAL format and additionally in the
widely used miniSEED format. The data are processed automatically (relevant signals
are recognized and the main parameters of the earthquake are evaluated) by the program
Seismic Network Data Processor (SNDP) (Christoskov et al., 2012). The data are later
processed manually by an on-duty seismologist and corrections are made if required. At
present the body P-wave magnitude Mp is evaluated by formula:

A
M, :log(FJ +0,,(A)+5S,, (1)

where — log(4/T) =V, /2%, A is the amplitude in um, T is a period in s, and V,
is the peak ground velocity in um/s of P-phase recorded on the broadband seismograph
vertical-component at epicenter distances less than 10°; o, (A) is the calibration function;
and s, is the j station magnitude correction.

In the present study Mp is transformed into the more reliable and more widely
used Mw magnitude, which would allow the creation of a uniform catalogue of earth-
quakes, needed for reliable evaluation of the seismic hazard on the territory of the
country and surroundings. Mp is transformed into Mw through the formula (D. Solakov
et al., 2018):

M, =0.93M,+0.31. 2

The high sensitivity of the seismographs allows recording and processing of a great
number of local and regional earthquakes. Different magnitude’s lower thresholds for
reliable determination of local and regional earthquakes are established: Mw = 2.5 for
the territory of Bulgaria, Mw = 3.0 for the central part of the Balkans, Mw = 5.0 for re-
gional events. The accuracy of the epicenter location is different; except on the distance
it depends also on the epicenter position the position of the epicenter with respect 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 reliable seismotectonic investigation.
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After comprehensive analysis of the digital records and application of the above
mentioned calculation procedures it is established that 114 of all registered earthquakes
are on the territory of Bulgaria and surroundings outlined by space window 410 — 44.50
N and 220 — 290 E. In the Fig. 1 are plotted the earthquake epicenters using different
magnitude levels.
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Fig. 1. The earthquake epicenters using different magnitude levels.

The number of the events in the magnitude interval Mw = 2.5 — 3.0 is 84, in Mw =
3.1 - 3.5 there are 21, in Mw = 3.6 - 4.0 there are 8 and in Mw = 4.1 - 4.5 there is 1 earth-
quake, as shown in Fig. 2. Fig. 3 shows that the data fit well with theoretical expectations,
meaning that all incoming earthquakes have been detected by the network.
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Fig. 2. The number of the events in the magnitude interval Mw =2.5-3.0 is
84, in Mw = 3.1 - 3.5 there are 21, in Mw = 3.6 - 4.0 there are 8 and in Mw
=4.1-4.5 there is 1 earthquake.
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Fig. 3. The number of the events in the magnitude interval Mw = 2.5 — 3.0 is 84, in
Mw = 3.1 - 3.5 there are 21, in Mw = 3.6 - 4.0 there are 8 and in Mw = 4.1 - 4.5 there
is 1 earthquake.

Throughout the year 21 earthquakes in total were felt on the territory of Bulgaria
from local and regional sources. The strongest event during the studied period occurred in
the Plovdiv region close to Klisura with a magnitude of Mw = 4.1. Maximum intensity on

As a whole, events with Mw < 3.0 which occur outside Bulgaria are difficult to be
localized by the national seismological system.

Table 1. List of earthquakes with Mw >= 2.5 in Bulgaria and surroundings during 2017

Latitude Longitude Depth Magnitude
Date Time

N] [E°] [km] [Mw]
03.01.2017 22:02:32 43,2 25,83 16 3.8
04.01.2017 4:34:22 42,15 25,18 15 2.9
04.01.2017 9:50:33 44,26 25,26 10 2.7
31.01.2017 1:16:15 41,27 22,75 4 2.6
03.02.2017 2:35:25 41,45 23 6 2.7
03.02.2017 9:12:09 41,54 23,78 7 2.8
04.02.2017 8:20:12 41,46 23,45 10 2.6
06.02.2017 17:05:46 41,29 22,75 13 2.6
21.02.2017 20:59:56 41,4 25,41 16 3.0
26.02.2017 19:59:46 41,28 22,73 10 2.8
27.02.2017 10:16:19 41,93 23,15 20 3.0
05.03.2017 20:17:28 41,18 24,1 11 2.6
10.03.2017 2:07:44 42,18 25,21 15 3.1
12.03.2017 0:09:19 41,95 23,16 14 2.7
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Table 1.
15.03.2017 11:20:43 41,95 23,21 17 34
16.03.2017 3:44:16 41,01 22,77 3 2.6
16.03.2017 13:40:50 41,01 22,77 10 2.6
18.03.2017 22:01:30 41,9 24,42 20 2.7
20.03.2017 13:19:47 41,96 23,27 14 2.7
22.03.2017 16:54:45 41,86 25,66 16 2.6
22.03.2017 22:01:30 41,9 24,41 20 2.7
24.03.2017 17:26:45 42,41 23,51 13 2.7
24.03.2017 17:40:27 42,41 23,52 13 32
24.03.2017 18:34:46 42,41 23,52 13 2.6
02.04.2017 7:59:37 41,51 23,3 15 2.8
08.04.2017 21:10:54 41,96 23,18 14 2.6
09.04.2017 10:14:33 41,95 23,17 16 2.6
10.04.2017 15:11:12 42,46 23,49 12 2.8
15.04.2017 12:41:54 41,38 22,74 3 2.9
21.04.2017 19:35:26 41,15 23,53 4 2.6
26.04.2017 2:53:21 42,18 25,22 10 2.8
29.04.2017 0:07:45 41,35 22,75 5 32
03.05.2017 20:42:05 43,53 22,15 2 2.6
04.05.2017 14:31:17 41,46 23,08 12 2.6
04.05.2017 14:44:13 41,45 23,08 13 2.8
09.05.2017 22:42:34 42,38 23,13 13 2.6
11.05.2017 20:33:23 41,9 24,41 20 2.8
26.05.2017 19:58:01 41,57 24,53 20 2.6
07.06.2017 9:43:55 42,31 27,73 2 2.6
26.06.2017 22:36:07 41,91 23,23 11 2.6
28.07.2017 2:58:38 41 22,75 5 2.7
29.07.2017 3:31:39 41,02 22,75 18 3.7
31.07.2017 15:45:08 41,2 23,22 11 2.9
02.08.2017 16:30:02 41,21 22,64 2 2.6
19.08.2017 13:19:36 43,29 26,08 14 33
21.08.2017 14:44:26 41,8 23,47 4 2.7
27.08.2017 22:12:48 41,06 22,48 10 34
29.08.2017 23:13:51 41,63 24,04 20 2.6
31.08.2017 9:12:04 41,32 22,66 20 2.8
03.09.2017 20:13:31 41,04 22,53 13 2.6
04.09.2017 8:10:05 41,95 23,26 9 2.6
08.09.2017 19:17:44 41,31 23,25 13 2.6
10.09.2017 6:28:02 41,71 28,41 2 2.9
14.09.2017 1:53:18 42,58 23,03 13 3.6
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Table 1.
17.09.2017 16:37:00 41,65 24,98 20 2.9
24.09.2017 20:36:07 43,13 27,46 5 2.6
26.09.2017 16:27:59 41,03 22,36 10 2.6
27.09.2017 7:38:15 41,97 23,22 14 2.7
27.09.2017 22:42:00 41,81 22,81 7 3.1
27.09.2017 22:45:07 41,81 22,78 13 2.6
30.09.2017 12:19:51 41,42 22,72 9 2.6
02.10.2017 8:48:24 41,8 22,76 4 2.7
03.10.2017 5:30:44 41,23 23,24 12 2.8
03.10.2017 9:34:05 41,23 23,25 15 2.9
04.10.2017 0:37:42 41,37 22,74 8 2.8
04.10.2017 4:23:27 41,82 22,78 8 2.7
04.10.2017 10:40:17 41,83 22,85 14 2.9
04.10.2017 10:40:17 41.83 22.85 14 3.5
04.10.2017 12:53:24 41.83 22.83 10 2.6
04.10.2017 17:59:59 41.91 23.33 20 2.8
09.10.2017 6:05:14 41,81 22,82 11 2.9
09.10.2017 6:06:28 41,8 22,83 11 2.9
09.10.2017 7:31:33 41,8 22,83 12 3.1
18.10.2017 3:51:34 41,39 22,76 10 2.6
18.10.2017 5:48:29 41,19 23,16 12 2.7
19.10.2017 8:00:47 41,82 22,86 20 33
19.10.2017 8:17:15 41,84 22,9 20 2.8
19.10.2017 8:19:33 41,84 22,89 20 3.1
19.10.2017 8:27:21 41,83 22,9 20 34
21.10.2017 8:25:19 41,36 22,71 1 2.7
03.11.2017 6:16:07 42,15 25,51 14 2.6
03.11.2017 9:34:02 41,21 23,19 15 3.1
06.11.2017 22:53:32 41,01 22,68 10 2.7
07.11.2017 17:11:57 41,81 23,72 2 2.7
07.11.2017 17:17:05 41,78 23,75 17 2.6
10.11.2017 23:51:05 41,03 22,77 1 3.1
11.11.2017 4:54:05 42,9 23,43 17 3.9
11.11.2017 6:45:48 42,15 25,51 14 2.6
12.11.2017 15:06:52 41,21 23,1 13 2.8
12.11.2017 15:39:45 41,21 23,09 11 2.9
12.11.2017 15:58:18 41,21 23,1 12 2.6
13.11.2017 6:08:51 41,22 23,09 7 3.0
16.11.2017 23:43:59 41,79 23,75 14 3.1
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Table 1.
18.11.2017 16:18:18 41.36 22.73 10 2.7
19.11.2017 1:26:26 41.24 22.7 4 2.6
22.11.2017 9:47:15 42,91 28,2 5 2.7
24.11.2017 7:53:48 41,56 23,74 13 2.7
24.11.2017 12:12:59 43,33 27,01 13 32
24.11.2017 17:26:50 41,66 24,6 13 3.6
24.11.2017 17:31:43 41,64 24,61 13 3.0
25.11.2017 10:35:44 41,65 24,6 13 2.6
26.11.2017 19:01:31 42,7 24.4 14 4.1
27.11.2017 9:12:51 42,18 25,21 20 2.7
28.11.2017 3:40:16 41,95 23,28 20 2.7
03.12.2017 9:31:06 41,23 22,41 7 2.9
07.12.2017 23:24:34 41,35 23,36 11 2.9
07.12.2017 23:50:14 42,19 25,19 14 3.3
08.12.2017 4:05:57 41,42 23,4 15 3.9
16.12.2017 19:15:57 41,08 24,75 10 2.8
18.12.2017 17:51:11 41,66 23,99 20 3.6
21.12.2017 10:24:02 41,2 24,21 8 2.7
28.12.2017 2:33:18 41,77 22,92 19 2.6
29.12.2017 12:24:10 42,56 25,24 4 2.6
29.12.2017 23:09:19 41,82 22,83 11 3.3

As usual, the largest concentration of the epicenters in the other regions of Bulgarian
territory during 2017 is marked in the southwestern part of the investigated region (pre-
sented in Fig.1 and Table 1). In 2017 no events of Mw > 4.0 occurred in this region. The
strongest felt earthquake for the south-western part of Bulgarian territory is with mag-
nitude Mw = 3.5. It occurred on April 10th in Blagoevgrad region with intensity of III
degree on MSK-64 scale.

A detailed analysis of seismicity in the individual seismic zones is hard to be ful-
filled because of the insufficient quantity of events and the narrow magnitude range of the
earthquakes. The joint statistics of all the events in Fig. 1 characterize predominantly the
seismicity parameters of the southwestern part of the territory under investigation.

The depth distributions in Fig. 4 show that the majority of events occur in the
range 10-20 km depth. Fig.6 does not show correlation between magnitude and depth,
as the majority of the events occurred in the 8-20 km depth range. The number of
events does not decrease smoothly with increase of the depth. At the same time the
number of events in the interval 10-15 km is bigger. The magnitude distribution of the
events in depth (Fig. 5) 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 20 km. The stronger events with magnitude of Mw >= 3.75 have depth in the range
10-20 km.
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Fig. 5. The magnitude distribution of the events in depth.

Fig. 6 illustrates the distribution of seismicity in time according to the number of
events per months. The highest amount of earthquakes is displayed in November, when
24 earthquakes occurred, and it is associated with seismic activity in South-Western
Bulgaria — Bulgaria-Greece border and the seismic activity in the North Black sea. The
lowest earthquake quantity is in June and July, with 2 and 3 events respectively. Fig. 7
shows that there is no definite distribution of the earthquakes throughout the months for
they show no tendency towards an average amount.

The graphs below show the daily distribution of the number of earthquakes each
month. We see that the distribution is not spread out equally and there are any more than
6 earthquakes/day.
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Abstract. A map of epicenters of 168 earthquakes with magnitude M >= 2.5 that oc-
curred during 2018 in Bulgaria and surroundings (sector outlined by latitude = 41°-
44.5°N and longitude = 22°- 29°E) registered by NOTSSI is presented. Expert general-
ized analysis is proposed. Catalog of earthquakes is applied.

Key words: Bulgaria, seismicity

Introduction

The Balkan peninsula is one of the active regions in the Alpine-Himalayan seismic
belt. High activity is observed in Western Turkey, Greece, Vrancea region — Romania,
Bulgaria, Northern Macedonia, Albania, Serbia. The depth distribution is very character-
istic. There are two highly active levels in the range of 20-40 km and 90-110 km and a
less active one in 50-70 km.

Bulgaria is an earthquake prone country. Over the past centuries, Bulgaria has expe-
rienced strong earthquakes. Some of the European strongest earthquakes during the 20th
century have been occurred in Bulgaria. At the beginning of the 20th century, from 1901
to 1928, five strong earthquakes with magnitude larger than or equal to 7.0 occurred on
the territory of Bulgaria — 30.03.1901 Ms = 7.2 Shabla earthquake; 04.04.1904 Kresna
earthquakes with Ms magnitudes 7.1 and 7.8; "14.6.1913 Ms = 7.0 G.Orjahovitsa earth-
quake and two earthquakes near the city of Plovdiv in 1928 - 14.04 with magnitude Ms =
6.8 and 18.04 with magnitude Ms = 7.0.

Strong seismic impact on the territory of Northern Bulgaria have the intermediate
earthquakes in Vrancea — Romania region. The strongest being the one in 1944 with mag-
nitude of 7.7 and some may remember the one in 1977 with magnitude of 7.4 caused a lot
of deaths and destructions.
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The present study contains generalized information and analysis of the data about
the seismic events recorded by the National Operative Telemetric System for Seismo-
logical Information (NOTSSI) during 2017. Seismic data is gathered in real time by 26
Bulgarian stations and a number of stations from neighbouring countries which increases
the accuracy of hypocentral locations. Between 2005 and 2010 almost all stations are
modernized and equipped with broadband seismometers. A number of stations also are
equipped with accelerometers of type RefTek 131A-02/3 of the company “Refraction
Technology”. The data from the digitizers DAS 130-01 are collected through the RTPD
(Real time protocol demon) module and the data from foreign stations and Quanterra
digital systems are collected with the sI2rptd module.

Data are transferred to the National seismological center in the Geophysical Insti-
tute, BAS in real time. Then they are archived in PASSCAL format and additionally in
the widely used miniSEED format. The data are processed automatically (relevant signals
are recognized and the main parameters of the earthquake are evaluated) by the program
Seismic Network Data Processor (SNDP) (Christoskov et al., 2012). The data are later
processed manually by an on-duty seismologist and corrections are made if required. At
present the body P-wave magnitude Mp is evaluated by:

A
M, =log(7j +0,,(A)+s;, (1)

A v
where (—j = %, A is the amplitude in um, T is a period in s, and ¥, is the peak
max 71- '

ground velocity in pm/s of P-phase recorded on the broadband seismograph vertical-com-
ponent at epicentral distances less than 10° o,,(A) is the calibration function; and s is the
J station magnitude correction.

In the present study Mp is transformed into the more reliable and more widely used
Mw magnitude, which would allow the creation of a uniform catalogue for earthquakes,
needed for reliable evaluation of the seismic hazard on the territory of the country and
surroundings. Mp is transformed into Mw through the formula (D. Solakov et al., 2018):

M, =093*M,+0.31. )

The high sensitivity of the seismographs allows recording and processing of a great
number of local and regional earthquakes. Different magnitude’s lower thresholds for
reliable determination of local and regional earthquakes are established: Mw=2.5 for the
territory of Bulgaria, Mw=3.0 for the central part of the Balkans, Mw=5.0 for region-
al events. The accuracy of the epicenter location is different; except on the distance it
depends also on the epicenter position the position of the epicenter with respect 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 reliable seismotectonic investigation.

After comprehensive analysis of the digital records and application of the above
mentioned calculation procedures it is established that 168 of all registered earthquakes
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are on the territory of Bulgaria and surroundings outlined by space window 41°—44.5° N
and 22° —29° E. In the Fig. 1 are plotted the earthquake epicenters using different mag-
nitude levels.

Fig. 1. The number of the events in the magnitude.

The number of the events in the magnitude interval Mw=2.5-3 is 115, in Mw=3.1-
3.5-32,in Mw=3.6-4 - 11, in Mw=4.1-4.5 — 8, Mw=4.6-5 is 2 earthquakes (as shown in
Fig. 2). Fig. 3 shows that the data fit well with theoretical expectations, meaning that all
incoming earthquakes have been detected by the network.
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Fig. 2. The number of the events in the magnitude.
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Throughout the year 24 earthquakes in total were felt on the territory of Bulgaria
from local and regional sources. The strongest event outside Bulgaria during the studied
period occurred in the region of Vrancea (Romania) with magnitude Mw=>5.6. Maximum
intensity on the territory of Bulgariais I =V.
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Fig. 3. The data fit well with theoretical expectations
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As a whole, events with Mw<3.0 which occur outside Bulgaria are difficult to be
localized by the national seismological system.

Table 1. List of earthquakes with M w>= 2.5 in Bulgaria and surroundings during 2018

Latitude Longitude Depth Magnitude
Date Time

[N°] [E°] [km] [Mw]
1.1.2018 18:19:54 41.24 22.89 13 2.8
1.1.2018 18:22:25 41.24 22.90 14 2.8
1.1.2018 22:13:51 41.23 22.85 11 43
1.1.2018 22:16:12 41.23 22.87 12 4.0
1.1.2018 22:19:12 41.22 22.86 11 3.7
1.1.2018 22:32:30 41.22 22.88 16 2.9
1.1.2018 22:37:52 42.35 23.73 18 2.8
1.1.2018 22:45:29 41.22 22.87 12 2.9
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Table 1.
1.1.2018 23:00:46 41.24 22.86 12 4.0
1.1.2018 23:37:51 4121 22.84 10 2.6
1.1.2018 23:52:38 41.22 22.87 16 2.9
2.1.2018 4:24:16 41.20 22.85 11 5.0
2.1.2018 4:28:41 41.20 22.79 9 4.0
2.1.2018 6:26:19 41.21 22.84 7 3.0
2.1.2018 9:35:06 41.21 22.86 8 2.6
2.1.2018 10:07:49 41.22 22.87 8 2.8
2.1.2018 15:40:14 41.22 22.84 11 3.4
2.1.2018 17:36:33 41.20 22.86 13 45
2.1.2018 17:59:07 4121 22.85 12 2.6
2.1.2018 18:50:02 41.22 22.83 8 2.6
2.1.2018 19:23:17 41.26 22.88 10 32
3.1.2018 5:32:55 41.24 22.87 10 3.1
4.1.2018 0:23:07 41.25 22.88 11 2.6
4.1.2018 19:03:51 41.25 22.85 15 2.8
5.1.2018 3:06:13 41.29 22.86 7 4.0
5.1.2018 3:26:39 41.24 22.84 15 2.6
5.1.2018 9:50:54 41.23 22.87 20 3.5
6.1.2018 0:27:22 41.25 22.86 8 2.5
7.1.2018 12:32:11 41.23 22.86 2 32
7.1.2018 22:57:08 41.23 22.87 12 3.5
11.1.2018 15:09:19 41.23 22.85 11 3.1
12.1.2018 2:16:13 41.23 22.88 11 2.7
13.1.2018 12:07:49 41.21 22.86 11 2.9
13.1.2018 20:11:35 41.23 22.88 10 2.9
13.1.2018 23:11:08 41.23 22.88 10 2.6
14.1.2018 19:40:43 41.23 22.89 13 2.7
15.1.2018 3:36:13 41.23 22.86 9 2.8
16.1.2018 3:47:55 41.25 22.86 20 33
17.1.2018 23:35:18 41.77 22.88 20 2.7
21.1.2018 1:25:52 41.24 22.88 7 2.8
24.12018 11:50:05 41.23 22.87 9 2.9
25.1.2018 20:16:37 41.81 22.77 20 2.6
29.1.2018 20:36:10 41.24 22.87 9 2.7
422018 1:17:04 42.16 25.16 9 2.7
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Table 1.
4.2.2018 23:53:59 41.24 22.87 11 2.6
5.2.2018 9:13:07 41.23 22.88 13 4.4
5.2.2018 10:14:03 41.24 22.89 10 2.5
5.2.2018 11:24:19 41.22 22.85 20 2.7
5.2.2018 11:25:44 41.24 22.88 13 2.7
5.2.2018 11:30:47 41.23 22.88 20 2.7
5.2.2018 19:22:18 41.25 22.92 16 2.6
5.2.2018 20:26:27 41.24 22.90 9 2.7
5.2.2018 20:28:46 41.24 22.90 2.8
6.2.2018 0:38:25 41.24 22.90 13 2.8
6.2.2018 0:41:51 41.24 22.89 11 2.8
6.2.2018 0:50:59 41.23 22.90 10 2.7
6.2.2018 13:47:10 41.23 22.88 14 2.8
7.2.2018 23:06:46 41.24 22.88 10 32
8.2.2018 13:44:59 41.31 22.77 4 2.6
9.2.2018 15:22:03 42.16 25.20 11 3.0
14.2.2018 8:23:53 41.25 23.13 10 2.7
15.2.2018 22:11:05 41.23 22.87 20 3.1
16.2.2018 16:08:14 41.31 22.42 15 2.6
17.2.2018 9:45:21 41.44 25.50 14 3.1
19.2.2018 16:21:11 41.96 26.80 8 2.6
19.2.2018 16:23:30 41.25 22.86 13 2.7
21.2.2018 4:33:23 41.06 23.82 7 2.6
21.2.2018 23:41:58 42.07 2491 14 4.7
22.2.2018 0:01:11 42.04 24.89 14 2.6
22.2.2018 1:10:23 42.04 24.89 15 2.6
22.2.2018 8:03:42 41.24 22.89 10 3.2
22.2.2018 15:05:06 42.06 24.90 14 3.1
22.2.2018 23:15:04 42.05 24.89 14 3.8
2.3.2018 8:24:35 41.88 22.05 3 2.8
4.3.2018 10:18:13 41.60 24.00 15 2.5
5.3.2018 13:25:44 43.18 25.89 9 2.8
7.3.2018 19:12:42 41.88 22.07 19 2.7
7.3.2018 22:13:38 43.14 27.48 9 3.7
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Table 1.
9.3.2018 21:21:30 43.37 29.52 28 2.9
15.3.2018 18:28:40 41.25 22.90 14 2.8
18.3.2018 15:42:46 41.77 22.90 13 2.6
24.3.2018 0:20:41 41.18 24.34 16 3.1
25.3.2018 15:01:59 41.64 26.79 16 3.7
29.3.2018 4:21:28 41.52 22.48 3 29
29.3.2018 16:18:27 41.25 22.75 10 2.6
29.3.2018 16:55:30 41.27 22.75 10 2.8
31.3.2018 18:13:04 41.26 22.84 14 2.6
2.4.2018 19:23:22 41.20 23.75 12 3.4
3.4.2018 6:04:32 41.79 24.07 20 2.8
4.42018 22:09:11 41.96 23.26 10 2.5
9.4.2018 18:50:04 42.63 23.36 10 2.7
11.4.2018 5:09:32 41.04 29.62 18 33
12.4.2018 16:55:29 41.51 23.11 20 2.5
13.4.2018 12:34:25 4243 24.28 2 2.8
14.4.2018 17:50:58 42.55 26.32 8 2.8
20.4.2018 15:45:45 42.10 25.76 17 2.8
22.4.2018 1:59:57 41.98 26.44 3 2.6
23.4.2018 13:38:15 41.42 23.49 20 2.6
25.4.2018 10:53:27 41.63 23.69 16 2.6
26.4.2018 0:45:02 42.75 29.88 20 3.6
30.4.2018 14:25:08 41.94 23.19 17 2.7
10.4.2018 9:49:19 42.07 29.35 17 3.6
4.5.2018 15:11:26 41.50 22.39 15 2.6
6.5.2018 22:27:44 41.83 22.54 2 2.6
8.5.2018 3:05:05 41.24 26.37 11 2.5
8.5.2018 4:43:55 43.29 22.76 18 3.1
11.5.2018 7:26:54 43.15 27.48 6 3.4
12.5.2018 6:30:51 42.16 25.17 15 3.5
14.5.2018 18:38:37 41.23 22.83 20 2.7
17.5.2018 11:42:21 42.54 25.44 2 2.8
25.5.2018 22:48:30 41.22 22.86 10 2.6
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Table 1.
29.5.2018 9:10:13 42.73 29.09 13 2.7
6.6.2018 7:38:40 41.63 23.68 15 32
9.6.2018 12:47:01 41.78 23.72 19 2.7
10.6.2018 8:40:24 41.79 23.74 17 3.1
17.6.2018 2:39:32 42.03 23.55 2 2.9
18.6.2018 9:00:29 41.79 23.74 18 3.5
26.6.2018 18:44:20 41.80 23.76 20 2.8
2.7.2018 15:15:28 41.97 23.22 15 3.1
5.7.2018 4:24:48 41.15 23.43 13 2.8
9.7.2018 0:40:39 41.23 23.11 9 2.5
9.7.2018 0:42:01 41.23 23.12 10 2.9
11.7.2018 14:56:28 41.32 22.53 6 2.5
16.7.2018 14:00:01 41.67 25.11 12 2.7
18.7.2018 6:21:42 42.00 23.18 10 2.7
19.7.2018 20:46:14 42.02 23.51 11 2.9
22.7.2018 1:45:05 41.30 22.74 11 2.5
29.7.2018 19:38:30 41.07 22.75 8 2.8
2.8.2018 14:17:37 41.69 23.60 19 43
2.8.2018 15:02:58 41.68 23.62 7 33
3.8.2018 0:33:38 41.32 24.95 16 2.7
11.8.2018 15:04:31 41.52 23.07 20 2.8
14.8.2018 12:34:42 41.23 27.70 12 2.8
25.8.2018 10:03:33 41.94 23.13 15 32
30.8.2018 0:10:40 41.39 22.70 10 34
30.8.2018 0:15:28 41.39 22.72 9 2.7
30.8.2018 4:24:36 41.36 22.67 1 2.8
30.8.2018 4:34:37 41.40 22.72 5 2.8
31.8.2018 16:01:39 41.82 23.76 2 2.9
17.9.2018 9:28:26 41.41 22.73 20 2.6
24.9.2018 7:56:46 41.71 24.24 11 2.8
2.10.2018 12:00:34 41.65 24.73 17 2.7
5.10.2018 11:05:19 41.44 23.33 16 2.8
9.10.2018 20:39:59 41.20 24.51 12 3.1
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Table 1.
12.10.2018 6:48:07 41.07 23.85 10 3.1
13.10.2018 20:06:49 41.23 23.69 20 2.5
17.10.2018 13:24:41 41.30 22.70 13 3.1
27.10.2018 0:23:37 41.15 24.75 7 2.6
28.10.2018 20:53:05 41.34 23.48 20 2.7
1.11.2018 5:39:16 41.31 22.73 20 2.9
1.11.2018 5:58:52 42.01 23.53 20 2.6
3.11.2018 0:18:37 41.79 23.76 20 2.7
5.11.2018 15:22:09 41.68 23.77 18 2.7
5.11.2018 23:19:13 42.20 24.90 2 2.6
9.11.2018 22:13:52 41.79 23.75 20 2.8
16.11.2018 15:07:42 41.05 23.46 10 3.0
16.11.2018 15:10:17 41.06 23.46 10 3.0
17.11.2018 5:22:04 41.04 23.43 15 2.7
17.11.2018 12:09:27 41.05 23.44 11 4.1
17.11.2018 14:34:41 41.84 23.15 15 2.7
19.11.2018 2:09:03 41.94 23.20 17 2.9
19.11.2018 14:35:20 42.49 23.53 15 33
30.11.2018 13:18:43 41.03 23.46 9 3.2
2.12.2018 22:03:20 41.86 23.12 13 2.6
13.12.2018 4:47:33 41.05 23.43 8 2.6
17.12.2018 21:28:20 41.97 24.53 14 3.1
30.12.2018 3:05:27 41.16 24.41 10 3.0
30.12.2018 3:09:57 41.11 24.41 9 2.8

As usual, the largest concentration of the epicenters in the other regions of Bulgarian
territory during 2018 is marked in the southwestern part of the investigated region (pre-
sented in Fig. 1 and Table 1). In 2018 only 3 events of Mw>4.0 occurred in this region.
The strongest felt earthquake for the south-western part of Bulgarian territory is with
magnitude Mw=4.7, it was felt on the 21" of February in Asenovgrad region with inten-
sity of V degree on MSK-64 scale.

A detailed analysis of seismicity in the individual seismic zones is hard to be ful-
filled because of the insufficient quantity of events and the narrow magnitude range of the
earthquakes. The joint statistics of all the events in Fig. 1 characterize predominantly the
seismicity parameters of the southwestern part of the territory under investigation.
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The graph of the depth distribution in Fig .4, Fig. 5 Fig. 6 shows that the majority
of events occur in range 5-20 km depth. Fig.6 does not show correlation between mag-
nitude and depth, as the majority of the events occurred in the 5-20 km depth range.
The number of events does not decrease smoothly with increase of the depth. In the
same time the number of events in the interval 10-15 km is the largest. 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 20 km. The stronger events with magnitude Mw>= 4 have depth in
the range10-20 km.
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Fig. 4. The depth distribution
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Fig. 5. The depth distribution
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Scatter plot Mag/Depth
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Fig. 6. The magnitude-depth distribution

Fig. 7, 8 illustrates the distribution of seismicity in time according to the number of
events per months. The highest amount of earthquakes is displayed in January, when 43
earthquakes occurred, and it is associated with seismic activity in South-Western Bulgar-
ia — Bulgaria-Greece border. The lowest earthquake quantity is in September, when only
two vents with magnitude larger than 2.5 occurred. Fig.7 shows that there is no definite
distribution of the earthquakes throughout the months.
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Fig.7. The distribution of seismicity in time according to the num-
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The figures below show the daily distribution of the number of earthquakes/day
for each month. We can see that the distribution is not spread out equally and while in
some days more than 10 earthquakes may occur, like the first week of January, there are
periods, like in August, September, December, where for periods of 10-15 days no events
occur on the territory of Bulgaria.
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CeM3MHYHOCT HA TEPUTOPUATA HA Bbirapusi u npuiexamure 3eMu 10
aanau oT HOTCCH npe3 2018

. dparomupos, E. Oitnakos, B. byuakunes, . Munkos

Pe3stome: IlpencraBena e kapra ¢ enuieHTpUTe Ha 168 3emMeTpeceHHs, ¢ MAarHUTYX
M >= 2.5 coyumnu ce npe3 2018 . B bearapus u okonHOCTHUTE (CEKTOP OTpaHUYEH OT
reorpadcka mupuna ¢ =41°- 44.5°N u reorpadcka apinkuna A=22°-29°E) perucrpupanu
ot Hammmonannara OneparuBHa Tenemerpruna Cucrema 3a Censmonoruuna Muadopma-
nust (HOTCCH). ExcniepreH, 000011eH aHanu3 e npeacTtaBeH. [IpuiioskeH e KaTajior che
3eMETPECEHHUSL.

KaouoBn AyMHA: B’LJ’IFapI/IH, CCUBMUYHOCT

BaaronapHocT: ABTOpUTE M3pa3sBaT CBOMTE OJIarOapHOCTH KbM CCH3MOJIO3UTE, KOU-
1o ca padotmwu B HOTCCHU 3a nmepuona 01.01.2018 —31.12.2018.
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