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Abstract. The main goal of this study is to evaluate ambmismic noise at the
Bulgarian National Digital Seismic Network (BNDSN)ations equipped with new
broadband seismometers. In order to compare therpence of the network against
international standards a detail analysis of thisenwas performed using method and
software that are applied in the international ficac To estimate the distribution of
power spectral density (PSD) of the noise overviite frequency bangrobability
density function (PDF) was calculated. Annual, fregcy, seasonal and diurnal
analyses were performed. The levels of the amlserstmic noise were determined
and the full range of the factors influencing thealkity of the data and the
performance of a seismic station were analyzed. &dtienated PSD functions were
compared against two global models (NHNM and NLNt) high and respectively
low noise levels. The results show that estimat&Dés fall within NLNM and
NHNM for all of the BNDSN stations and the Bulgariseismic stations belong to the
medium noise level stations worldwide. It has bebown in the study that the
seismic noise analysis is very useful tool for aatibn performance of the BNDSN
seismic broadband stations.

Key words Ambient seismic noise, Power spectral density, &vdity density
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Introduction

Important precondition for development of seismgl@nd correct interpretation
of the seismic waves is the high quality of thessgt observations. Primarily this is
achieved by installation of good quality equipmanthe seismic stations. During the last
15 years high performance digital seismic systemeweveloped and became available on
the global market at affordable price for scientfommunity. Narrow band low sensitive
seismic sensors were replaced by high sensitivadi@nd seismometers. New digital
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acquisition systems have been developed to sujotintfield and base station operation.
The developed analysis software enables easilyctount for digitizer-sensor transfer
functions and to display waveforms in real disptaeat, velocity or acceleration.

Secondly, the data quality at a particular stai®nnfluenced by the level of
ambient seismic noise. For defining the statioriggarance it is very important to estimate
the baseline level of the Earth noise at eachiagistation or during a new site selection.

Complete modernization of the Bulgarian NationalsBéc Network has been
accomplished within one month in 2005. Modern digi#quipment was installed in all
existing analogue stations. These stations werle inuihe last century after thorough site
selection and were equipped with short-period seisaters. The upgraded network
consists of 14 stations equipped with: 13 RefTelghHResolution Broadband Seismic
Recorders — model DAS 130-01/3, the datalogger €uan 380 (installed in 1996 in
station VTS by project PLATO1/MEDNET) and broad-daeismometers (Table 1). After
modernization it was very important to evaluate ralleperformance of the digital
broadband seismic stations and to tune accordithglyautomatic detection process to the
noise levels. This study presents an approachtimae ambient seismic noise, artefacts
and episodic cultural noise that are related ttiostaperation and affect the quality of data.
Regular assessment of the noise levels is veryuuspproach as for characterizing the
current performance of the Bulgarian broadbandostatas well as for site selection of new
stations.

M ethod

The method of McNamara & Bulland (2004) was appbed the software code
PDFSA (McNamara & Boaz 2005) was used to evaluatbient seismic noise at the
BNDSN seismic stations. This approach calculatebaility density function (PDF) to
estimate distribution of power spectral density[QP8f the noise in a wide frequency range
from 0.01Hz to the Niquist frequency. The advantafthe method is that there is no need
to filter data from earthquakes, gaps, spikes,brations pulses etc. Such kind of
“disturbing” signals in the seismic data has lowele probability of occurrence while
ambient noise reveals itself as a signal with lpgybability occurrence.

McNamara & Buland (2004) give the total power spaaensity by:

k :_|Yk| 1)

The total power, as it is given in (1), is the sguaf the amplitude spectrum with a
normalization factor o2At/ N, At is the sample intervallN is the number of samples
in a time series segment ahd=12,...,N —1. Usually the seismic noise is measured in
respect to the ground acceleration. The PSD ofnihise is also displayed against the

ground acceleration. It is more useful to exprdss PSD in dB relative to a base
acceleration 1 m?s In this case the PSD is expressed by the followingation:

PSD = 10logy (m?/seé)/Hz [dB] )
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That way it is easy to compare the PSD estimationshe low noise model
(NLNM) and high noise model (NHNM) (Peterson, 1993)

Input seismic data

Digital seismic data from vertical component ofssgbmeters with sample rate
20sps for station VTS and 100sps for all othelicstathave been used in the analysis. The
data are in well known miniSEED format (SEED man2&l07) and cover 365 days time
period including the four seasons in 2006, 2007 2008. The time period used in the
study and the seismological equipments of the BNBBNmic stations are listed in Table
1.

Table 1 Time period used in the study and the seismologgalipments of the BNDSN seismic

stations

Seismometer/
Station Time period Data logger Frequency response, Hz
VTS 07.01 — 22.12.2006 Quanterra 380 STS1/0.0028-7
10.05 - 22.12.2006 | Reftek DAS 130-01 CMG40T/ 0.03-50
KKB 1.01 - 21.03.2008
MMEB 18.09.2007 to Reftek DAS 130-01 STS2/0.0083-50
16.09.2008
RZN 07.01 — 22.12.2006 Reftek DAS 130-01 CMG4008e60
KDZ 07.01 - 22.12.2006 Reftek DAS 130-01 CMG40D3350
PLD 07.01 — 22.12.2006 Reftek DAS 130-01 CMG400860
DIM 07.01 - 22.12.2006 Reftek DAS 130-01 GeotecB/f21
PGB 07.01 — 22.12.2006 Reftek DAS 130-01 CMG40038460
18.09.2007 to Reftek DAS 130-01 CMG40T/ 0.03-50
M8 16.09.2008
SN 18.09.2007 to Reftek DAS 130-01 Geotech KS2000/
16.09.2008 0.0083-50
07.01 — 22.12.2006 Reftek DAS 130-01 Geotech KSR1B0O0
PRV 0.016-50
01.01 — 31.12.2008 Reftek DAS 130-01 CMG3ESPC/
Sz 0.016-50
50 Bulgarian Geophysical Journal, 2011, Vol. 37
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PVL 07.01 —22.12.2006 Reftek DAS 130-01 CMG4010RB50
MPE 20.06.2007 to Reftek DAS 130-01 CMG3ESPC/
18.06.2008 0.016-50

Selection of different time intervals for analysis stations MPE, PSN, JMB and

KKB is due to the later installation of broad-basismometers on those stations.
The PDF and PSD of the seismic noise are estimatdtequency range from 0.01Hz
(100s) to the Niquist frequency - 10Hz (0.1s) feismic station (SS) VTS and 50Hz
(0.02s) for all other stations. The calculated ltssare plotted together with the NLNM and
NHNM models.
We made following analyses of the obtained resuitthe ambient seismic noise:
¢ annual analysis — using 365 days long data oveseakons;
+ frequency analysis — a year average PSD mode @stirdivided in 3 frequency
intervals are mapped for all BNDSN stations.
¢ seasonal analysis —data used are 4 three-montiplrags — 23 December — 21
March - winter, 22 March — 19 June — spring, 20e}dri7 September — summer,
18 September — 22 December - autumn,
¢ diurnal analysis — data used are accumulated Iy dad nightly bins from ten-
days periods over the four seasons;

The PSD mode values are used in the noise analystse are typical values that
represent the most often observed noise leveleagdismic stations and give an estimation
of the equipment performance. During the analysisrange of periods from 0.02s/0.1s to
100s is divided into two sub-periods:

1. The periods longer than 1s, where the microseismsaead;
2. The periods shorter than 1s, where the most conmise sources are
due to human activities.

Results

Annual analysis

Fig. 1 and Fig. 2 are two extreme examples of theual PDF distribution of the
seismic noise at the BNDSN stations. SS VTS isafrtbe quietest stations and SS PVL is
one of the noisiest Bulgarian stations. The PSDearmdve is plotted in black color in Fig.
1 and Fig. 2. The annual plots for all stationsraegpped in Fig. 3.

The mode values of PSD for most stations followselp the NLNM up to 10-
15dB higher) at periods around 1 sec — predomipantiserved period of P waves at local
and regional earthquakes thus proving high seitgitdf the network to the seismic events
at these epicentral distances. The only exceptwasthe mode values for stations PSN,
PRV and JMB that are more than 20 dB from NLNM. Séhstations are the closest ones to
the Black sea shore which is the strongest sourfcemioroseismic noise at these
frequencies.
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Fig.1. Annual distribution of PDF for SS VTS Fig. 2. Annual distribution of PDF for SS PVL

Fig. 3. Map of BNDSN stations and the annual distributiéthe noise levels

For the period range greater than 1s the seismosnatistalled in all stations
record the microseisms well. The registration & thicroseisms depends strongly on the
frequency response of the sensors (see Table Fign@®). In order to compare the noise
levels at all stations (broad band, very broad band short period stations) we have
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reduced the investigated range to an interval figro 10s. The mode values of the PSD at
the southern (KKB, MMB, RZN, KDZ) and central Butgan stations (VTS, PGB, PLD,
DIM without SS JMB) are closer to the NLNM in comijgan with the stations in northern
part of Bulgaria (PSN, PRV, STZ, PVL and MPE) (F3)- The double frequency peak is
moved towards the shorter periods at northernostsitiThis is clearly seen at SS PSN and
PRV while at stations PVL and STZ this tendencwésker. The close proximity of Black
Sea to the SS PSN (30«3bto South and East) and to SS PRV (about 40km stega
direction) is a reason for this displacement. Higdquency noise produced by storms and
surf in the Black Sea rapidly reduces within selvéem kilometers in distance when
microseisms propagate on land.
For periods below 1s each station has own noigdldison model depending on
specific noise sources (Dimitrova, 2009) (Fig. ig. 2 and Fig. 3). The most significant
noise sources are often related to human activétiesr near the Earth surface. The noise
levels have higher values as close as disturbingces are situated to the seismic station
and spread over the shorter periods. The noisthéoperiod range below 0.15s is due to the
activities in the building of the station or asesult of vibrations occurring near the station
(Christoskov & Holub, 1964). The high power noisedl is caused by human activities
within SS RZN, MMB and PSN and such one close &dtation PGB. The typical urban
noise is observable in PSD plots of stations PLMB &nd DIM (Fig. 3). For example, SS
PLD is situated in the central part of Plovdiv ycivith population of about 500 000
inhabitants) and is located near a high traffieettr Seismic station PVL is built on the dam
bank where often the dam “Gorsko Kosovo” machirgerien (Dimitrova & Nikolova,
2009). The mode PSD reaches values as high as #dB2). Station KDZ is situated on
the dam “Kurdzhali” bank as well. The dam machiegniun there rarely and the produced
high noise levels have very low probability of ocemce. The mode PSD values here are
close to the minimum ones. The mode PSD curvenmwstl equal to the minimum curve
when noise sources in or near the station are nesepted. This pattern is observed also in
the noise distribution for the stations MPE, PRV &KB in the period range below 0.15s
(Fig. 3).
A higher noise levels in the range of periods betw8.15s — 0.3s are caused by
traffic along the big city streets (Christoskov &ldb, 1964) and the influence of close
interurban highways is well seen in distributionR8D of stations PLD, DIM, PRV, STZ
and PSN (Fig. 3).
The noise produced by industrial objects situatedhe vicinity of the stations
MMB, MPE and PGB covers the periods 0.3s, 0.44.$iland looks like rectangle (Fig. 3).
We have made two types of evaluations to compaadise levels at all stations:
¢ The minimum and maximum mode values of PSD forpésods below 1s
are calculated and the stations are rated. Theegtigtations are MPETS u
MMB and the noisiest stations @&B,PVL u JMB.

¢ We have calculated the average mode value ofaibst for the period range
0.1-1s and compared this value against the avelddéM value for that
range. The average mode value for SS MPE is ttsesimne to the average
NLNM value. It is higher with 20.1dB than the lowodel. The average mode
value of PSD for SS PVL is 38.2dB higher than NLNM.

In this period range (0.1-1s) McNamaataal. (2005) have calculated a new global
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mode value which is about 20dB higher than the NLNW& can rate the BNDSN stations
based on the increasing of the difference betwdeeroed mode PSDs at each stations
with this global value (in order of increasing) falows: MPE, KDZ, MMB, RZN, KKB,
DIM, VTS, PSN, PGB, PRV, STZ, JMB, PLD and PVL. 8%°E is the quietest station
which has mode values of the noise power about®Higher than the new global mode
values. The greatest deviation of about 18.2dBseoved in mode levels of SS PVL.

Fig. 4 presents the annual mode power distribuéistimates for all Bulgarian
seismic stations plotted together with NLNM and NWNnes.

PDF mode noise levels of Bulgarian stations
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Fig. 4. Mode PSD curves of BNDSN stations together WtiNM and NHNM

For periods less than 10s curves all BNDSN statifafis within NLNM and
NHNM. At longer periods the noise at some statimeseases because of sensor frequency
response characteristics or seismometer malfuriojornnual PSD estimates show that
the Bulgarian seismic stations have low to mediwisen levels. This finding proves the
proper site selection and good performance oféisn®logical equipment.

Frequency analysis

In order to study the noise variation as a functidrgeographic location of the
Bulgarian sedmic stations the period interval from 10s to 0.023. is divided into three
sub-intervals: from 0.03s to 0.15s, from 0.16s.%66 and from 1.8s to 8s. We have used a
year long PSD mode estimates for all stations. &stimates have been averaged and
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mapped. The noise power distribution in the subrirdl of the microseisms from 1.8s to 8s
is shown in Fig. 5.

The eastern and northern Bulgarian stations anBlSShave higher noise levels
within range from -133dB to -136dB than southeatishs and SS VTS and SS PGB which
noise values are lower and vary from -138dB to dBlOThe closest to the Black Sea
stations PSN and PRV have the highest noise legs{mctively-131dB and -132dB. This
is due to the Black Sea storms especially duriegaimter and autumn. The noise levels in
this period band depend on the geological condai®mell.
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Fig. 5. The noise power distribution
of the average PSD mode values in the
sub-interval from 1.8s to 8s
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We should expect that microseisms, caused by seveether in Adriatic and
especially Aegean Sea, which is located 80-100lkamfthe southern Bulgarian stations,
will increase the noise levels at these statioh® Jtations in southern part of Bulgaria, SS
VTS and SS PGB are located in mountains where imlgemeous structure and existing
fault zones cause attenuation of long period seisiginals. This is why the noise levels at
southern stations, VTS and PGB are not influengestérms in Adriatic and Aegean Seas.
The northern seismic stations and JMB are situatdaig valleys which are open to the
Black Sea and the microseisms spread with low aditions in distance (Gutenberg, 1911).

0.15 - 0.03sec Band [6.80 - 33.33Hz]
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18 Fig. 6. The noise power distribution of
“@%  the average PSD mode values in the
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The noise produced by vibrations in the building n@ar the seismic station
belongs to the period range below 0.15s. Seisndtiosts KDZ, PRV and the western
BNDSN stations have lower noise levels than tharaeBulgarian stations (Fig. 6). The
most “quiet” station is MPE which average mode agmwer level is -146dB and the
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station PVL has the highest value -103dB. In thyesof periods from 0.16s to 0.76s lower
noise levels are observed at SS DIM, western anthem stations in comparison to the
stations situated in the eastern and central Biald&ig. 7). The noise for these periods is
caused by the traffic along near city roads andhwhiays and machinery running in close
industrial objects. The station MPE is the mostiétjuone with noise levels as low as -
147dB. The noisiest seismic stations are STZ and Which have noise level of -130dB.

0.76 - 0.16sec Band [1.31 - 6.25Hz]

22 23 247 25" 26" 27 28" 29"
Fry -130
-135 Fig. 7. The noise power
43 @ distribution of the average
e PSD mode values in the sub-
2 interval from 0.76s to 0.16s
-
42 4 42 L
- .\ -
= a - \\ 145
41' S 41" 8 450
22" 23 24" 25" 26" 27 28" 29°

Seasonal analysis

Seasonal variations in the noise levels are sed¢heimicroseismic band (in the
double frequency peak ~8s and in the single frecqqu@eak ~12s). The higher noise level
during the autumn-winter months comparatively te $pring-summer period is well seen.
Fig. 8 to Fig. 11 present the seasonal distributibthe noise power at station MPE as an
example of seasonal variations.
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Fig. 8. Power distribution of the noise at S$-ig.9. Power distribution of the noise at SS
MPE during the winter MPE during the spring
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Fig. 10. Power distribution of the noise at SF-ig. 11. Power distribution of the noise at SS
MPE during the summer

MPE during the autumn

The strongest variations of the noise levels asenlked for the northern Bulgarian
stations. The seasonal variations at stationsercéntral part of the country including SS
VTS and MMB are not so clear. And the southernicitathave the smallest variations in
the noise levels. The power deviations in the nsieremic band are larger during the winter
and autumn in comparison to the spring and sume®sans. There is an expansion of the
double frequency peak to the shorter and longdogers well. Similar observations were
reported by McNamara & Buland (2004). This expamd® illustrated in Fig. 12 which
presents the mode power values at SS MPE. Thengnteautumn mode levels are plotted
in violet and blue color.
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Fig.12. Distribution of the mode
noise power values at SS MPE for
the four seasons

The different geological conditions could contribub the observed difference in
the seasonal variations of the noise at the Budgastations as it is explained above in the
frequency analysis. The strong variations in thehswn stations noise levels are due to the
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more intense storms in the Black Sea during theramtand winter. The noise spreads
wider in the valleys and increases the levels atrtbrthern stations. The intensity of the
Aegean and Adriatic Seas storms during the autuimtewseason, has smaller influence
on the variations in the noise levels at central swuthern stations due to a reduction of the
long period noise when it propagates over the cermgéological conditions

There are seasonal variations at the periods Itivear 1s but they don't track any
pattern (see Fig. 8 to Fig. 12).

Diurnal analysis

The daily and nightly noise power distribution & SIMB is shown on Fig. 13
and Fig. 14. Diurnal variation of the noise levislseen in the band of “cultural” noise (1s
— 0.1/0.02s). The model of larger noise amplitudeng) the daylight hours and smaller
nightly noise is not similar for all seismic stat® It depends on the noise sources and
gives different PSD and PDF values for all stati@msl periods. We can specify the
following reasons for diurnal variations:
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Fig. 13. Daily noise distribution at SS MMB from Fig. 14. Nightly noise distribution at SS MMB
6 to 22 (GMT) in ten days period since 09.05 tilirom 22 to 06 (GMT) in ten days period since
19.05.2008 09.05 till 19.05.2008

¢ Human activities in or near seismic stations. Thia typical reason for the noise
increase during the day for SS MMB, PGB, RZN antlPS

¢ The noise varies during the day and the night texanf the different traffic
along close to SS JMB and STZ roads.

¢ A higher noise level during the daylight workinguns is observed at stations
PLD and DIM which are situated in cities.

¢ A higher noise levels in power distribution at S3/Bl are caused by running
machineries at industrial objects during the dag (Big. 13 and Fig. 14 in period
band 1s — 0.6s) and SS MPE. We have identifiedrestutter at distance of 50
km from the stations causing these variances.

¢ Smaller diurnal variations are observed for the g@odistribution of SS KKB
and VTS caused by lower human activity near thedtations.
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¢ There are no variations in noise levels at statPvk and KDZ due to 24 hour
mode of exploitation of the machinery at the nedustrial objects.
There are no diurnal variations for single and dediequency peaks for all
BNDSN stations.

Conclusion

The study presents an application of the methodlaflamara & Bulland (2004)
and the software code PDFSA which were used tormi&te power spectral density
function (PSD) of the background noise and to eatalithe probability density function
(PDF) for the stations of BNDSN. The levels of #mbient seismic noise were determined
and the full range of factors influencing the quyabf the data and the performance of the
seismic stations was analyzed. The estimated P®btifuns are compared against two
models for high (NHNM) and low (NLNM) noise thattacommonly used in seismological
practice for seismic station monitoring qualitiss@ssment.

Annual, frequency, seasonal and diurnal analysebefoise levels at BNDSN
stations were carried out using mode PSD.

The annual analysis shows that for microseismidogsrthe noise levels are
higher at the northern Bulgarian stations than tatians in the central and southern
Bulgaria. This is clearly observed at SS PRV anlll RBich are situated near Black Sea.
The noise levels depend on the different geologicaiditions of the seismic stations as
well. The northern stations and JMB are situatelignopen to the Black Sea valleys and
microseisms spread wider into the land. The sonotlaed central stations are located in
more complex geological conditions and microseisaissed by storms in the Black Sea in
East, in the Aegean Sea in South and in the Adr&ga in West attenuate quickly.

For the periods of “cultural” noise the power disiition depends on the type of
noise sources and as a rule is related to humavitiast at or near the Earth surface. The
stations MPE, VTS and MMB have the lowest modeentésels while the noisiest stations
arePGB,PVL u JMB.

The performed frequency analysis in the study esmptesentation of the noise
variations as a function of geographic locatiorttef Bulgarian seismic stations into three
sub-intervals: from 0.03s to 0.15s, from 0.16s 668 and from 1.8s to 8s. The analysis
shows that in the period interval of the microseidime noise levels are as higher as the
station is closer situated to the Black Sea. ThgeAe and Adriatic Seas don't affect the
noise levels. For the other two sub-intervals dfiqus the values of the noise levels are
higher if the “cultural” noise sources are neardtaions.

The estimated PSD for all of the BNDSN stationd fa¢tween NLNM and
NHNM. The obtained herein results show that thegBribn seismic stations belong to the
mid-level noise stations worldwide.

The seasonal variations are seen in the microseié@nd. The noise levels
increase during the winter and autumn months aededse in summer and spring seasons.
An expansion of the double-frequency peak is olexkr¥hese variations are due to higher
intensity of the Black Sea storms during the autamad winter.
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The diurnal variations are due to higher humanvaigs during the daylight
working hours and lower ones during the night. ‘Bheariations are observed for the
periods shorter than 1s and are influenced by thrking-hours of the noise sources. There
are no variations in noise levels at stations Pt EDZ.

The seismic noise analysis proved to be a veryulsefl for evaluation
performance of the Bulgarian seismic broadbandbsist
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Ceu3MH4YeH IIYyM B INHPOKOJEHTOBHUTE CTAHOMM Ha bBhiarapckara HanmoHajiHa
nu¢poBa cenzmuuHa mpexa (BHLICM)

JI. Iumutposa, C. Huxomnosa

Pestome. OcCHOBHATa 1€ HA CTATHATA € Ja OICHH CCH3MHYHHUS IIyM B CTaHI[MUTE Ha
Beirapckara HarmonanHa Imdposa cemsmuuna mpeka (BHIICM), oGopyaBaHu ¢ HOBH
IIAPOKOJICHTOBU CEM3MOMETpHU. M3BBPIICH € JeTailiieH aHaIN3 Ha CCHM3MHYHMUS [IIyM KaTo
ca TMPUIOKEHU METOM U COPTyep, U3IOI3BAHN B CBETOBHATA MpakTHKA. 10 TO3W Ha4WH ca
oneHeHn cem3MuuHuTe craHuu Ha BHIICM 1o oOTHOIIeHMEe HAa MEXIyHApOIHUTE
KPUTEPUH 32 KAa4yeCTBO HA CTAHIMH. 33 Ja CE OICHHU Pas3lpe/IeICHHETO Ha MOIIHOCTTa Ha
myma (PSD)e usunciiena BeposTHOoCcTHaTa (GyHKIMsA Ha pasnpenenenne (PDF) B mmpok
YeCTOTEH Auana3oH. W3BbpIICHN ca TOJWIIECH, CE30HCH, ICHOHOIICH H YeCTOTCH aHATH3H
Ha pasmnpesencHreTo Ha rryma. OIEHEHH ca HHBOTO HAa CEM3MHYEH IIyM W (hakTopwure,
KOWTO BIMSIAT BBPXY KA4eCTBOTO HA CEHU3MUYHHS CHUTHAT BBB BCHYKHA CTAHIIWH.
[NonydyeHnure HEBa HAa MOIIHOCTTA HA IIyMa Ca CPaBHEHM C JBaTa TIIOOATHH MOJENa 3a
arcko (NLNM) u Bucoxo (NHLM) HHBO Ha MOILIHOCTTA Ha CEM3MHYEH IIyM. Pe3ynrarture
MIOKa3BaT, ¢ OBITAPCKUTE CEU3MUYHM CTAHIMU MPUHAIEKAT KbM CTAHIIUUTE B CBETOBCH
IIIAH CBC CPEAHO JO HHCKO HHBO HA MOIIHOCTTA Ha IIyma. M3umcisiBaHeTo Ha
pasmpeesICcHHeTo Ha MOIIHOCTTA Ha IIyMa € MOJIE3HO CPEACTBO 3a OICHKA HE CaMoO Ha
KAueCcTBOTO HA CCM3MHYHHUS CHTHAJI, HO M 3a paboTOCIOCOOHOCTTa HAa CCHM3MHYHATA
CTaHIUsSI KaTo ISLIO.
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