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Abstract: A sample of twenty seven weather stations is ueedstimate the heat
stress risks in Bulgaria during the period 200320lhe values of Steadman’s heat
index at primary or intermediate standard hoursusel for this purpose. The range
of the index is recoded into five levels of risldathe observations are cross-classified
on stations and risk categories. Three frequenlesaare produced and analyzed.
The table for non-mountain stations and warm pehltay-October is biploted and
stations are clustered according to risks. GeogeapMdistribution of the heat stress
risks is established. The heat waves during theogeunder consideration are
discussed.

Key words: biometeorology, Bulgaria, eht index, heat waves, correspondence
analysis biplot

Introduction

A living body constantly produces heat. If the heatess is not shed to the
environment, the conditions for physiological hesitess arise. The heat stress is the
disturbance of the human thermoregulatory systehictwcan cause a number of heat-
related illnesses: heat fatigue, heat syncope, @eadustion and heat strokstgrr and
Mcmilllan, 2008). A high level of the heat stresssps a health risk to anyone engaged in
outdoor activity over a short period of time. Arsficant weather hazard to public health is
the so-called heat waves. They are the prolongésbags of excessive heat stress that
occur in synoptic situations with pronounced slosvelopment and movement of the hot
air mass. There is ample evidence that the heatsvave associated either directly or
indirectly with increases in morbidity and mortgl{Robine et al., 2008).

At hot weather, the human body cools off throughspigation because heat loss
by radiation and convection ceases and in pracintg sweat evaporation takes away the
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heat from the body. Slowing down the rate of thaparation, a high humidity retards the
loss of the surplus heat. This is why humid dayd fetter than the actual temperature.
Steadman (1979) quantifies the combined effectigli lemperature and humidity on the
human body by the values of the apparent temperainmmonly referred to as the heat
index (HI). More precisely, the HI is ambient temgdere adjusted for variations in vapor
pressure above or below some base value (Steadtd@f). Since 1984 United States
National Whether Service of the National Oceanid Atmospheric Administration (NWS)
has routinely employed the HI in order to alert théblic and relevant authorities to the
hazards of heat waves (NWS, 1994).

The objective of this paper is an evaluation of lleat stress hazard in Bulgaria
during the period 2003-2012. The reports of 27 tastations are used to compute the
daily summarizes of extremes of tHé for each station. After NWS we categorize Hie
in levels of risk, cross-classify the observatiomsthe risk categories and the stations and
build respective frequency tables. The stationsxnthe rows of the tables and the
categories of risk the columns. An entry of theldals the number of observations that
share a station and a risk level. We use thesedatol reveal the correspondences and
structural relationships between different statiamsl categories of risk. The statistical
method of correspondence analysis biplot (Gabridl @doroff, 1990Greenacre, 1993) is
applied for this purpose. Providing a joint displafythe stations and risk categories as
points on the plane, this technique visualizes thajor features of the underlying
correspondences between the stations and risks.

Section 2 gives general information fdf and heat waves. Section 3 presents the
data and their preprocessing and preliminary aigalys Sec. 4 we biplot the frequency
table for station and risk categories and reveal ittherent statistical correspondences
between stations and risks during warm period MateBer as well as the geographical
distributions of the heat hazard. The heat wavemduhe period under consideration are
discussed in Sec. 5. Section 6 summarizes thetsesul

Heat | ndex and heat waves.

Heat Index is an index that combines the thermdllamidity effects on the body
and represents them in one value. The index isldged by R. G. Steadman (1979) who
terms it apparent temperature. Steadman uses Hievaments of human physiology and
clothing science and models the human sensatidheoheat by a complex collection of
equations. To simplify the computations he fixesusnber of parameters to their typical
values. Here we quote only some base atmosphedchaman parameters. The model
accepts an atmospheric vapor pressure of 1600 Barametric pressure of 1013 hPa, a
wind speed of 2.5 msand a zero extra radiation. The base human pagesnate as
follows: height - 1.7 m, weight - 67 kg, clothingwer - long trousers and short-sleeved
shirt or blouse at 84% coverage and activity - @qe walking outdoors at a speed of 1.4 m
st (180 W n?).

Steadman summarizes his results as a table thaes ¢fieH| as discrete function
on the air temperature and the humidity. For opamat purposes Rothfusz (1990),
approximates Steadman’s table by 9-term and laW#SNhttp://idweather.net/hiwc.html)
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by 16-term polynomial multiple regression equatiobshoen (2005) offers an exponential
fit which more closely approximates the Steadméaitde and has only 3 fitting parameters.
The corresponding computational formula is:

whereHI is the heat index,is ambient dry bulb temperatuttg,is dew point temperature,

all in degree Celsius. Note that the valueHbfare computed for shady and light wind
conditions. Exposure to full sunshine can incrddksby up to 8.4 °C. A strong hot and dry
wind is extremely hazardous since it adds the eleat to the body. Old people and
children are more vulnerable to higth.

The World Meteorological Organization has not yefimed the term heat wave
(Koppe et al., 2004). Generally, a heat wave isréod of excessive heat and high humidity
relative to location and time of year. In Euroges tefinitions of heat wave are operational
and they are based on absolute or relative thrdsHok air temperature, air temperature
and minimum duraton, or indices that are combimatibboth air temperature and humidity
(Koppe et al., 2004). Robinson (2001) adopts thate is a heat wave if the conditions of
the NWS for excessive heat alert present for a rmim duration. The NWS issues
excessive heat alert when the daytiflereaches 40.6 °C and the nighttibestays above
26.7 °C for two consecutive days (NWS, 1994)). Ttase definition is for entire United
States but regionally the thresholds and the caatan vary considerably.

Data, preprocessing and preliminary analysis

We analyze the heat stress risks at 27 meteoralbgiations in Bulgaria for the
period 2003/01/01-2012/12/31. Figure 1 displayssimetial distribution of the stations. The
transliteration of station names is after recomnaéind of the Council of Science of the
Institute at the Bulgarian Academy of Science. Tilie stations Botev Vrah (2376 m),
Cherni Vrah (2290 m), Murgash (1687 m), Musala 98) and Rozhen (1723 m),
henceforth called “mountain”, are at the peaks. fibenbers in the parentheses are the
elevations above sea level. In determiningdla the simultaneous air temperature and
humidity are required. We extract the station rdsdior air temperature and dew point
temperature from respective station reports. Thegerts are downloaded from database of
the National Climatic Data Center of United States America (http://cdo.ncdc.
noaa.gov/CDO/cdo.). The observations are at primaigtermediate standard hours 00:00,
03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 2G6&Lnwich Mean Time.

The raw data have undergone automated quality @oamd erroneous or suspect
values are flagged. The original data coverage ieast 96% with exception of station
Rozhen where coverage falls to 90%. As a rule thesdn the records are short and
disconnected. We fill in the gaps or replace tloairect data by the linear interpolations of
adjacent correct values in respective records.

We compute the values @il by means of the exponential fit (1). To obtain
serially complete records, air temperature alongsexd when the air temperature is below
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23.9°C, whenHI is undefined. Next we extract the daily summaé&snaximum HI,
minimum HI and respective air and dew point temperatures. st is the 27
multivariate series of length 3653 days.

The HI is a continuous variable but after NWS weode it into 5 distinct ranges.
Each range corresponds to a level of the physicébgisk of heat stress. The categories of
heat hazard are: “Caution”, “Extreme caution”, “@an’ and “Extreme danger”. The NWS
advises Caution when Hl is 26.7-32.2 °C. In thisegdhe fatigue is
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®@ur. 1. Locations of the Bulgarian weather stations urdasideration.

possible with prolonged exposure and physical #gtivihe categoryExtreme caution
corresponds to amdl of 32.2-40.6 °C. Then sunstroke, muscle crampsl/canheat
exhaustion are possible. NWS issueanger warning whenHl is 40.6-54.4 °C. The
sunstroke and the heat exhaustion are likely amdhéiat stroke is possible in this case. The
category iExtreme danger whenHI climbs to 54.4 °C and over. Then heat strokesthed
sunstrokes become imminent. We set up also ad#tagory No stress’ for HI below 26.7
°C.

So, we categorizéll in 5 levels of hazard. A second categorical vaeidb the
place of the observations. Its 27 levels are tffferdint weather stations. We crosstabulate
on these two variables and build 3 frequency tabfesize 27x5. The stations index the
rows and the categories of heat risk index thernoki A shell contains the number of
observations that share a station and a level afrda First two tables are for daily
maximumHI and daily minimurmHl and all calendar days in the year. Third tabléois
daytime maximuniI but for warm period May-October only.

A survey of our frequency tables leads to followgeneral conclusions. There is
not any day of categorgxtreme danger in the data. The mountain stations Musala, Botev
Vrah and Cherni Vrah come totally under categbky stress. As for two other peak
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stations, there are only 5 days at Murgash and @lgys at Rojen when th#l reaches the
categoryCaution. The total count of stressed nights vary from zemrothe most of the
stations to 12 for Ahtopol, 14 for Burgas and 37 Kaliakra, 4.4 nights on average.
Finally, in practice there is not heat stress dythre cold season November-April. The few
stressed days in this period fall all into categBaytion and their count vary from zero for
Varna and Shabla to 6 days for Ruse and 8 dayssfwna Oriahovitsa, 2.3 days on
average.

Summing up, the heat hazard is dominant in theim@yturing the warm period
May-October and at non-mountain stations of ourpgantor that reason we focus only on
the frequency table for the observations at the-monntain stations during the warm
period May-October.

Biplot

So, we have a frequency table of size 22x4. Themountain stations index the
rows and four categories of heat hazBi@stress, Caution, Extreme caution and Danger
index the columns. Our goal is to reveal the stmadtdissimilarities and similarities
between different station profiles. A station piefis defined as the frequencies in
corresponding row of the table divided by its rawms Instead of working directly by the
frequency table we visualize it by the statistitsadhnique of the correspondence analysis
biplot. The mathematical basis of this method carfdund for example in the article of
Greenacre (1993). Here we use a variant of thetibipaf Gabriel and Odoroff (1990). In
the case the method optimally displays the stat&sngoints and the categories of hazard as
arrows on a two-dimension plot such that the sgadaduct between a point vector and an
arrow approximates the corresponding entry of thagrisn of deviations from average
profile. The average station profile is definedtas vector of column sums divided by the
grand total of the table.

Figure 2 displays the correspondence analysis tiglthe frequency table of the
non-mountain stations for period May-October. Tloings correspond to the stations and
the arrows to categories of risk. The points of stetions Pleven, Veliko Tarnovo and
Silistra are close to the origin of the plot bugythare not labeled in order not to clutter the
display. The categoripanger arises very rarely, from zero for Sofia, GornaaDivitsa and
Ahtopol to 8 cases for Sandanski and 10 for Rus&.D on average. For that reason we
mergeDanger with the Extreme caution in a single categorixtreme caution + Danger.
The biopot representation is perfect because shecetegories are only 3.

As mentioned, the projections of a station poirtbaa category arrow multiplied
by the arrow length, i.e. the scalar product betwdbese two vectors equals to
corresponding entry of the matrix of deviation fr@awerage profile. The average station
profile is 57.3%, 30.0% and 12.7% on the categoNesstress, Caution and Extreme
caution + Danger respectively. We see that nearly half of the déydng the period May-
October are stressed by heat. Looking at Fig. 3eeethat projections of the stations in the
left half-plane are in direction of the arrdvo stress and oppose in direction the arrows
Caution andExtreme caution + Danger. Thus these stations have positive deviations from
average on categomo stress and negative deviations d@aution and Extreme caution +

Bulgarian Geophysical Journal, 2014, Vol. 40 7



V. lvanov, S. Evtimov: Heat risksin Bulgaria during 2003-2012 period

Danger. Conversely, the projections of the station inrigat half-plane are in direction of
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®ur. 2. Correspondence analysis bipot of the non-mourstaitions with daytime risk categories
during the warm period May-October.

the arrowsCaution and Extreme caution + Danger and oppose in direction the arrdve
stress. All these stations have negative deviations feorarage on categofyo stress and
positive deviations orCaution and Extreme caution + Danger. The exceptions of this
classification are only Varna with its -0.1%.

Summing up, the biplot clearly splits our samplestattions into two groups. The
stations in the left half-plane of the display hawesitive deviations from average on
categoryNo stress and negative deviations dbaution and Extreme caution + Danger.
Conversely, the stations in the right half-planeehaegative deviations from average on
categoryNo stress and positive deviations dbaution andExtreme caution + Danger.

Has our biplot classification some geographical mmeg Figure 3 displays the
locations of the stations on the map of Bulgarigetber with some of the biplot
information. The empty markers represent the statieith higher percentage on category
No stress and lower percentage on categofiasition andExtreme caution + Danger. The
deviations of these stations from averdge stress range from 2.9% for Kyustendil to
14.2% for Sofia and 19.6% for Dragoman. We seeltwést hazardous stations are close
to west and east borders of Bulgaria. The filledngles mark stations with higher
percentage on categori€sution and Extreme caution + Danger and lower percentage on
categoryNo stress. The grey-scale filling of the triangles is acdagdthe magnitude of the
deviation from the average percentage of categatyeme caution + Danger. The darker
the filling the larger the deviation. As seen, istag with higher percentages on categories

8 Bulgarian Geophysical Journal, 2014, Vol. 40
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Caution and Extreme caution + Danger and lower percentage d¥o stress are at Danube
and in central belt between western and eastergaBal With exception of Sandanski we
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Fig. 3. Geographical partition of Bulgarian non-mountstiations via categories of daytime heat
hazard during the warm period May-October.

see also an increasing hazard of catedodyeme caution + Danger in direction south-
north. The deviations from averafgtreme caution + Danger of these stations vary from
0.3% from Kardzhali to 8.9% and 14.6% for Vidin aBdndanski respectively, 4.3% on
average. The stations Varna and Burgas are intaityomarked by squares since they
infringe to a certain extent our classification. Mtthe deviations of Varna are -0.1%, on
categoryNo stress, 2.5% on Caution and -2.5 @xtreme caution + Danger the deviations
of Burgas on the same categories are 0.6%, 4.1%4a8%b.

Summarizing, the stations with lower than averagat thazard are close to west
and east borders of Bulgaria. The more hazardeti®ss are at Danube and in central belt
between western and eastern Bulgaria. Their haxfacdtegory Extreme caution + Danger
generally increases in direction south-north.

Heat waves

In this section we deal with the heat waves in Brtily during the period 2003-
2012. To define a heat wave we use the criteri®dam the excessive heat alert of
National Weather Service, Chicado, IL (http://wwih.c0aa.gov/lot/?n=wwadef). Namely,
we recognize a heat wave if the maximtthreaches 37.8-40.6 °C and the minimttin
stays above 23.9 °C for three consecutive daythemaximumHI| reaches 40.6-43.3°C
for two consecutive days, or the maximiith climbs to 43.3 °C and over for one day. If
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there is a heat wave we define its duration asrtagimum number of successive days that
satisfy some of above mentioned criteria.

Generally the heat waves are comparatively raratsv&he heat wave during the
period 22-25 Jul 2007 is with broadest coverage iataghsity. It is depicted on Figure 4.
The bold face numbers give the duration of the heate at respective stations. The plain
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2
S 3 Dragoman 1 Lovech g :
o ¥ 0 €Eliko Tarnovo
=i Sofiag 3 Sliven
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— 0 1

Plovdiv

2
Kardzhali

3 Sandanski

25 26
Longitude [dec
Fig. 4. Coverage and duration of the heat wave 22-22Q0Qi.

text indicates a lack of heat wave but presencthefdays that share some of our formal
criteria for a heat wave. As seen, at stationst&lj Sliven and Sandanski the duration of
the wave is 3 days, at stations Ruse and Kardih@lidays and at Vidin and Varna only
one day. The conditions are most severe at Sandahske daytimeH| reaches 42.2 °C
although the humidity is low. At Silistra the maxim daytimeHI falls to 39.6 °C but the
nighttime HI stays above 27 °C for three consecutive days. édeRand Kardzhali the
maximumHI vary from 40.8 °C to 42.0 °C and 41.8 °C respetyivAt Varna and Vidin
the heat waves are only one-day but with highest of 44.0 °C and 43.3 °C
correspondingly. Formally, at Vratsa, Oryahovo,vete Lovech, Veliko Tarnovo and
Ivaylo there are not heat waves in view of shomatlan. At Vratsa the maximurl is
38.6 °C and 39.5 °C and above 24.8 °C and 25.% @4 night for 2 consecutive days. The
daytimeHI climbs to 42.9 °C at Oryahovo, 41.0 °C at PlevEh? °C at Lovech and 40.9
°C at both Veliko Tarnovo and Ivaylo. There arettmai days nor nights with accordance of
our criteria at Kyustendil, Sofia, Dragoman, Plavdind Gorna Oryahovitsa. While in
Burgas and Ahtopol we have only one night withabove 23.9 °C, at Shabla the hot nights
are 3 and at Kaliakra 4.

The year 2012 is also with heat waves. The wav@=®23ugust covers Ruse,
Vratsa and Veliko Tarnovo. Its duration at Rus8 tkays where maximuidl reaches 41.3
°C on August 25. At Vratsa we have two consecutiaigs with maximunHl| of 40.6 °C.

10 Bulgarian Geophysical Journal, 2014, Vol. 40
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At Veliko Tarnovo the duration of the wave is omlge day but théll climbs to 49.3 °C
due to very high humidity. The July of 2012 is al&wy hot, but in out sample we find only
one heat wave. It is during 15-16 July at Kardzhétih maximumHI 42.9-41.5 °C.

The mid-August of 2010 is hazardous at the aredaoha. During 11-14 August
we have 4 days with maximuhdl of 38.0-39.3 °C and minimurdl of 26.0-27.7 °C. At
Kaliakra there is not formal heat wave, but thehtsgare very hot. During 11-20 August the
night-timeHI is above 25.4 °C on August 19 and 30.9 °C on Autidis

Summarizing, the heat waves in our sample of statare throughout the second
half of our ten-year period and they are mainlyhia North and South Bulgaria. Note, that
in contrast to the prolonged and intense heat vimweestern and southern Europe we do
not find any heat waves in our data during Jun-Aug003.

Summary and conclusion

The objective of this paper was an estimation &f Heat stress risks at 27
Bulgarian weather stations during 2003-2012 perldet HI was used for this purpose. We
categorize thédl into 5 levels of risk, cross-classify its dailytemes on the stations and
the risk categories and build 3 frequency tables.

The analysis of the frequency tables for daily maxnHI and daily minimunHl
shows that there is not any day of categBryreme danger in the data, the mountain
stations Musala, Botev Vrah and Cherni Vrah contallfounder categoryo stress and
there are only isolated cases of categBGeytion at stations Murgash and Rojen. The
survey of the tables shows also that the stresggutsnare only 4.4 on average and in
practice there is not some heat stress duringditeseason November-April. With a high
level of certainty we can conclude that the posdmisks of heat stress in Bulgaria are only
at the non-mountain stations and only during thesad the warm period May-October.

The frequency table for the non-mountain stationd the warm period May-
October shows that average station profile on thble categorieNo stress, Caution and
Extreme caution + Danger is 57.3%, 30.0% and 12.7% respectively. So, duttiregwarm
period nearly half of the days are stressed by eiathe cases of catega@aution exceed
more than two times that of the categd&ixtreme caution + Danger. In the context of
hazard this means that the chance for a fatigub piblonged exposure and physical
activity is at least two times more that a poss#lestroke, a muscle cramps or a heat
exhaustion. As for the days of categ@snger when sunstrokes and the heat exhaustions
become likely and the heat stroke possible, thewary rare, only 3.1 days on average for
the whole period under consideration. So, we carclode that despite of the fact that
during the warm period May-October nearly half leé lays at non-mountain Bulgaria are
on average stressed by heat, the days with highelsl of hazard are very rare events.

The biplot for the warm period May-October cleadplits the non-mountain
stations into two groups. While the stations istfigroup have positive deviations of their
profiles from average on categoNo stress and negative deviations oGaution and
Extreme caution + Danger, the stations in the second group have negativatitens on
categoryNo stress and positive orCaution andExtreme caution + Danger. This means that
the stations in the second group are more hazarthatisthe stations in the firs one. In
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geographical context the stations with lower theerage heat hazard are close to west and
east borders of Bulgaria. The more hazardous swtwe at Danube and in central belt
between western and eastern Bulgaria. More cane$ylection shows that generally the
hazard of higher risk categoigxtreme caution + Danger increases in direction south-
north

The analysis of the heat waves shows that theyxamparatively rare events in
Bulgaria. We detect only 4 heat waves that meetafjgirements of our definition of a heat
wave. The heat wave during the period 22-25 Jul7268s the broadest coverage and
intensity. The wave 23-25 August 2012 is next agecage. Two other registered heat
waves are during 11-14 August 2010 but only at afe¥arna and 15-16 July 2012 at
Kardzhali. We do not find any signs of prolonged amtense heat wave in western and
southern Europe during Jun-August 2003. Note that leat waves in our sample of
stations are only throughout the second half oteéheyear period under consideration
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Puckosere ot ropemunute B boarapus npe3 nepnoga 2003-2012

B. UBanos, C. EBTuMOB

Pe3rome: 3a omeHKa Ha PHCKOBETE OT TOILIMHEH cTpec B bhirapus npe3 mepuoma 2003-
2012 romunm, € M3MOI3BaH € HA0Op OT 27 METCOPOJIOTHYHH CTAHIIMH. 3a Ta3W IICII, ca
U3M0I3BaHu croliHoctuTe Ha heat indexma Steadmans ocHOBHHUTE M MEKIMHHUTE
CHHOIITHYHH CpOKOBe. MIHTepBabT OT cToHOCTH Ha heat indexe pekoaupaH B IeT HUBa
Ha PUCK, M HaOIIOJEHHATA ca KIAaCH(QHUIMPaHHU 110 CTaHIMH W KaTErOpHH Ha pucka. Tpu
YECTOTHH TaOJIMIM ca Ch3MaJeHU W aHamu3upaHu. HampaBeH e OWIioT Ha TabimumaTta Ha
HEIUIAHMHCKUTE CTAHIMU 110 BpEMe Ha TOIUIMAT Iepuox Maii-OKTOMBpH, U CTaHIIMHUTE Ca
KITbCTEPU3UPAHHM CIIOPE] PHCKOBETE. Y CTAHOBEHO € TeorpadcKoTo paslpeieieHde Ha
PHCKOBETE OT TOIUIMHEH CTpec. JIMCKYTHpaHdH ca TOIUIMHHHUTE BBJIHH II0 BPEME Ha
PasIIIEeKIAHUAT IEPHOLI.
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SIMPLE POSTPROCESSING METHOD FOR VERTICAL CORRECTION
BASED ON STRATIFIED NEAR-SURFACE ATMOSPHERIC
PARAMETERS

H. Chervenkov
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Abstract. The paper presents shortly a relatively simply arghsparent, but

meteorologically consistent method for physicaéipblation with vertical correction

to arbitrary points of interest, based on the itisted three dimensionally and
stratified near-surface atmospheric parametersh $uacedure is needed relatively
often in various environmental studies, when thépaiuof some meteorological

model has to be adjusted more precisely to locatiiim known elevation, using one
ore other postprocessing technique. The origintiaag’ proposal is described and
demonstrated briefly using as test dataset theubutp regional climate model

RegCM4 for the monthly mean temperature for ther \2200 over Bulgaria and

records from the station observations in the NIMASBnetwork.

Key words: Postprocessing, Physical interpolation, Verticatrection, RegCM4,
Near-surface atmospheric stratification

Introduction

Practically all spatially distributed hydrologicand ecological models need
certain meteorological information, most frequeritlymatted as initial dataset, containing
the values of some input parameters. Thus, foamt®, they use air temperature to drive
processes such as evapotranspiration, snowmeljesmmposition, and plant productivity.
Since most near-surface air-temperature data allectml at irregularly spaced point
locations (for example the network of the measurgmstations) rather than over
continuous surfaces, the point-based temperatures be accurately distributed over the
landscape in order to be useful in spatially disitéd modelling. On other hand the output
of various atmospheric circulation models (ACM}her for numerical weather prediction,
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or for simulation of the global and regional climats presented most often with finite
resolution, i.e. as distribution of the values lie tgridpoints or gridcells of fixed mesh.
Depending on the model an its concrete implementatithe spatial (horizontal and
vertical) step is changed up to two orders, buictlpvalues for the horizontal one of the
contemporary hydrostatic numerical weather preaiictind regional climate models is 8-10
km. The computational process of the ACM uses mogglesentation of the topography,
which more or less differs from the real one. Thaemerally speaking, due to the vertical
displacement, even the perfect model can produifereiit outcome from the unbiased
measurement (the objective “truth”) in horizontalipllocated point. Key point in the
model verification studies is to distinguish théfetiences, caused by such reasons, from
those by the model physics weaknesses. Furthen, fractical point of view, in many local
environmental studies, where the typical resolutisn 1-2 km, to use directly
meteorological input with (significantly) coarsersplution can leads to serious biases in
the results. A pragmatic way to overcome this probin the case when high-resolution
data are not available, is to use different sulainigl techniques, either incorporated in the
model system as in Giorgi et al., 2003 and in Inalet2010 or in external form, as post
processing procedures. Due mainly to the enormousptexity of the modern ACM, the
second approach is much more easily feasible foettd-user, which in the common case
utilizes this model as encapsulated meteorologicaler for his specific tasks. Several
methods exist for spatial interpolation of poinsed data, including inverse-distance
weighting (IDW), kriging, 2-dimensional splines, dartrend-surface regression (Myers,
1994). They can be purely mathematical as thedliatgove, or combined - mathematical
based on physical assumptions. As stated in DodsdrMarks, 1997, these methods often
work well over relatively flat, homogeneous terrdim mountainous terrain, however, the
strong relationship between vertically stratifiedteoparameters and elevation precludes a
simple interpolation of point-based observationsleds the effect of elevation on, for
example, the temperature is explicitly accounted & interpolation can produce grossly
inaccurate results. For example, in the case waeset of temperature observations or the
model gridpoints are located around the base obantain, an interpolation which ignores
elevation would seriously overestimate the tempeesat the mountain top, as it would not
account for the fact that temperature generallyeteses with increasing elevation.

The presented work describes one proposed by thorayphysically based
interpolation technique, which can be easily immated in various applications. The
scheme is very simple and transparent and can bd fw any vertically stratified
parameters (temperature, humidity characteristics).

The rest of the paper is organized as follows: fJiteposed innovative approach is
described and briefly commented in Section 2. A exical experiment, demonstrating the
possibilities of the scheme, is described in SacBo The last section contains consist
discussion and concluding remarks.

M ethodology

To test the capabilities of the novel scheme, foised to reproduce the value of
some stratified meteoparameter in selected refergumint, from some discrete 3D
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distribution of the same. A meteorological statitn located in this point and the
measurements there are accepted as objective Trtis, the closeness of the reproduced
value to the measured one is treated as estimattitre methods quality.

The most widely used approach for assessing thartiep of the model output to
the measurements in the numerical simulation s$udiéo compare them with the obtained
results in the nearest gridpoint. As stated abaweelver, for many problems, like model
performance evaluation and local high-resolutiGués, to relay only on this approach is
not sufficient. Obviously many other techniquesdahgither on purely mathematical or
mathematical and physical assumptions can be appbiet the testing of sophisticated
schemes is out of the scope of our work. Insteémhgawith the “nearest gridpoint”
approach, we will present one innovative technidgesic fact in meteorology is that the
heterogeneity of the atmosphere in vertical dioectis significantly stronger than in
horizontal one. That's why it is essential to aadothis effect, especially over a complex
terrain, for the stratified variables like, for exple, the temperature. The scheme on figure
1 illustrates, for simplicity in one dimension, theginal authors’ idea.

A
Z|-\-|(X1) e R T|-\-|(X1)
Z(x.) T(x)
ZL}' T(XL\)
Z,0)| T (X)
)(1 )(5_ )(Z

Fig. 1. Explanatory illustration of the proposed method

Let the dashed area sketches the terrain crossise@dong the line between the gridpoints
X; andx,, which surrounds the point of interest with coaedexs. It is always possible to
construct local continuous (with IDW or any otheterpolation method) functiog(x)
describing the dependence of the elevation fromhtitezontal coordinate, as depicted with
dotted line on figure 1. The defined in equationl@W is deterministic interpolator, where
p is a positive real number, called the power pataméhe smoothness (1) and
computational feasibility makes the IDW preferallenany applications, as the presented
here.
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In this implementatior® is the surface temperatufen=4 and, correspondinglyl;; T, Ts,
T4 are the values in the nearest four (i.e. theosmding) gridnodest; ry r3 rs.are the
distances between them and the station locatiom,ti@ditionally § is set to two. Thus,
equation (1) can be rewritten as:
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To find the IDW-valu€T;. is necessary to locate the station in the grit find, second, to
find the distances. The first task is solved witficeent binary search, and the second —
with procedure based on the haversine formula, ikgejn mind that the geographical
coordinates of the station and the gridpoints avewn. The haversine formula gives the
great-circle distancd between two points on a sphere (i.e. Earth) watiusR from their
longitudeshy, A, and latitude; @,

d = 2Rarcsi \/sin ("’2 ¢1j+cos@l)cos@2)sin2()l2—;/1lj (3)

Similarly, knowing the values of the considerediafale T, say for definiteness the
temperature, in the gridpoints andx,, namelyTy(x;) and Ty(X,), we can obtain also the
temperature interpolation functiof(x). In the common case, however, the interpolated
elevation at pointxs z(xs) differs from the actuaks, which, asxs, is a priori known.
Assuming, that the atmosphere in this layer is fpopic, i.e. linearly stratified and
according the definition for the vertical gradi€laipse rate), we can compute it as follows:

oT __AT _ _T(z)-T(z)

=== 27 4
V==, L L (4)

Equation (4) can be generalized, wheie small positive number:
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T(Zz) _T(Z:L)
S L4 0¢
5L~4
y= ()
0, Z,-7 <€

or for the used in figure 1 notation

— TM (X:I.) _TM (Xz)
2y (%) =2y (%)

zy (%) =2z, (%) Q€

Y (6)

0, 2y (%) —zy(X)s¢

Such generalization is needed obviously to avoiddivision by zero when the gridpoints
are with equal altitudes. The thresha@dcan be set, for instance, to 0.1 m as in our
implementation.

The basic idea of the proposed approach is topatate the altitude and the
temperaturd to the coordinatgs yielding z(xs) andT;(xs) correspondingly. Then, using the
calculated with equation (3) lapse rate, we camsdj(x;) to the real elevation adding
vertical correction factor, proportional to thefdience between the interpolatgks) and
the real altitudes in the following manner:

T,(6) =Ti(%) =y (2(%) — %) (7)

In the case of the two-dimensional generalizat&n,different gradients can be defined
between the values of the searched variable, v@fipact to the elevations of the four
surrounding gridpoints. Intending to bound possthigker (and thus more representative)
layer, the gradient between the lowest and higiedpoint is taken under consideration in
the current implementation.

The obvious merits of the proposed scheme are léar ghysical sense and
computational simplicity. The method is based oa limear stratification assumption,
which, on one hand, is significantly smaller coaistrthan some in other techniques (for
comprehensive review see — Dodson and Marks, 198#¥re the gradient is prescribed to
a constant over the whole domain. On the other htnisgl stratification is confirmed by
many experimental studies of lower-level atmospharether strong point of the method
is its locality — the gradient is calculated sepayafor every gridcell, which is more close
to the physical reality, where the vertical disttibn of the atmospheric parameters can
vary greatly from point to point. As a drawbacktbé method could be pointed the fact,
that in some cases the station can be not situbéteen the gridpoints in vertical
direction. So, for instance, if the station is &we top/bottom of a convex/concave terrain
segment and the gridpoints on its periphery, ththatecannot retrieve the actual gradient
at the altitude of the point of interest.
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Numerical experiment

To demonstrate the possibilities of the proposepr@axh, the obtained results
during sensitivity study of the regional climate sebRegCM version 4 (for description see
Pal et al., 2007 and references therein) over #ngtdry of Bulgaria are used. The
considered part of the model output consist of datathe monthly mean surface
temperature in grid with 10x10 km resolution whaate compared with the averages from
the measurements in 30 stations of the network IMHNBAS. The model outcomes are
compared with the observations using three methaiuiservation — nearest gridpoint (noted
further as “mode 1"), observation — IDW value (“neod”) and observation — vertically
corrected value with the above described procefforede 3”). According equation (7) the
magnitude of the vertical correction is proportiotaathe vertical displacement between the
interpolated and real altitude, which, itself, dege from the mesh properties, but generally
decreases by higher resolutions. Thus, to emphdk&empact of this correction, two
stations, Kyustendil and Kasanlak, with significdigplacement from the mesh are used in
the performed tests. In most practical tasks howesigch postpocessing procedures are
applied on the whole dataset in the domain, ratten on selected stations. Further, such
test can be treated as much more consistent wayov¥erall method performance
evaluation. Table 1 shows the positional paramefmrghe selected two stations — the
distance to the nearest gridpoint,, the real altitudez, the altitudes of the four
surrounding gridpointgu(X.), Zu(X2), Zu(Xs), andzy(Xs).

Station fine KM | Z, M | 20(X0), Zu(X2), Zu(Xa), Zu(Xa), M | Z(Xs), M | Z-Zi(Xg), M
Kyustendil 1.699 | 520.0| 1017.4, 919.2, 8148%9.1 | 862.8 | -342.8
Kasanlak 5350 | 392.0] 561.6, 677.3, 662.3,.520 623.8 | -231.8

Tablel. Positional parameters of the selected statioestiied with their World Meteorological
Organisation (WMO) code.

Results and comments

The (calculated from the) observed values of thethig mean temperature for
the year 2000 are compared with the model outpinguthe three commented above
methods.

Common approach to assess the degree of agreefminat observed (measured)
valuesO; and their modelled correspondems(in the presented study in the three modes)
is to calculate certain statistical measures, amuanigh most widely used are the root mean
square error RMSH, the correlation coefficient (also termed the Bea correlation
coefficient,R), the index of agreemenitd) and the mean biaBIAS. Explicit formulas for
the first two will not be given due to their poprity, and the last two are equal accordingly
to:
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IA=1-—= - — (8)
> {m,~0[+[o, -]
B|As.=%i(oi M) )

i=1

The summation is along the number of compariddérand the overlines notes averaging.
The (dimensionless) index of agreement condengeslifferences between observed and
modeled values into one statistical quantity. dvyides a measure of the match between the
departure of each prediction from the observed naeahthe departure of each observation
from the observed mean. The index of agreementhhsoretical range of 0 to 1, with a
value of 1 suggesting “perfect” agreement. The mb&@s is simply the average bias
between the observed and modeled values.

The calculated statistical quantities are summernzelable 2.

RMSE,°C R IA BIAS, °C
Mode 1 1.112 0.992 0.995 0.197
Mode 2 1.144 0.991 0.995 0.225
Mode 3 0.923 0.995 0.997 -0.224

Table 2. Main features of the selected cyclones accordabgnen caption

Similar statistical treatment for the selected tstations is hampered by the insufficient
length of the time series — only 12 values are labkd. That's why the results for this
comparison are presented only graphically, as stmwiigure 2.

3.50 3.50
3.00 A
2,50 1
200 /.
/
1.50 {»
1.00 A

0.50

0.00

0.00

12 3 4 5 6 7 8 9 10 11 12 1‘21‘34‘1‘5(‘5‘75;91‘01‘112
Fig. 2 Absolute biases (i.e. |obs-mode n| of mode 1 @thihe), mode 2 (dotted line) and mode 3
(normal line) for station Kyustendil (Left) and Kadak (Right).

According the listed in table 2 values of the statal quantities can be stated, that the
overall (i.e. for the whole dataset of stationsjfgmenance in the three modes is practically
equal. Probably the influence of the good behafdoisome stations is masked by the bad
one for others. The interpretation of figure 2 e#al the same conclusion. For the selected
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stations, however, the influence of the proposedhatk for vertical correction is
discernible and significant. In all months, excepé for the first station and except four for
the second one, the vertically corrected valuesapparently closer to the measurements.
Reason for the opposite situation during the summenths can be weaknesses in the
planetary boundary layer (PBL) parameterizationhot days with prevailing unstable
stratification. In this case the correction addssbs to the modelled value. The differences
between mode 1 and mode 2 are smaller, in case dirst station practically indiscernible,
due most probably to the relatively high horizontasolution. Deeper conclusions with
significant confidence, however, can be obtainetrafurther statistical treatment of
relevantly longer time series.

Conclusion

The presented short study can be observed as eodeisionstration of the
proposed by the author postprocessing method fticakcorrection to the point of interest
of model output containing values of stratified graeters, in particular the temperature.
The method is very simple, and, utilizing expligithe three-dimensional structure of the
model output, physically consistent and transpat€egping in mind that almost all ACMs
uses terrain-following coordinate systems, suchddfixbution is the common case. The
presence of data for the considered variable &rdifit altitude practically in all gridcells
allows the calculation of the local lapse rate asgonsequence the vertical correction. The
discussed examples for two stations shows, thaheénmost cases this method produces
noticeable closer to the measurements results, whien the point of interest is outside the
layer, in which the lapse rate is calculated. Imeotcases, however, the results are worse,
and thus the method has to be applied carefullgfepably point-by-point of interest.
Statistical processing of longer datasets and dscoan be performed aiming to reveal a
priori criterion when the method is applicable ot.r\evertheless the proposed technique
illustrates a possible pragmatic way to adapt theilable model output physical
consistently to the specific needs of the end-wgleo looks for concrete value in the
arbitrary point of interest.
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IIpocTt mocTmpomecopeH MeToJ 32 BePTHKAJHA KOPEKIMS OCHOBAH HAa TPHMEPHO
pasnpefeseHd W crpaTuuIUpaHd aTMocdepHH NapamMeTpu B Oau3ocT 10
MO/JIOKHATA MOBBPXHOCT

Xp. UepBeHKOB

Pesrome: Cratusita mpenctaBs HAKpaTKO €OWH CPABHHUTEIHO NPOCT M 0003pHM, HO
METEOPOJIOTHIECKH CBHABPKATEICH METON 3a (U3NUEcCKa HWHTEPHOJAlWsi C BEpTHKAIHA
KOpeKIHs KbM KOHKpPETHa TOYKAa HAa WHTEpPEC, OCHOBaHA HAa TPHMEPHO pa3lpeleieHH U
cTpatudunupany atMochepHH TapaMeTpu B OJHU30CT 10 IMOJIOKHATA TOBBPXHOCT.
[TomoOHa mporexypa e HeoOXoAWMa CPaBHUTEIHO YECTO B PasiIMYHU H3CICIBAaHUS Ha
OKOJIHATa Cpejia, B KOUTO M3XOAHUTE JaHHM OT YHCICH aTMochepen Monen TpsadBa aa ce
CBEJaT MO-TPEHU3HO [0 OMpeAeNeH0 MSCTO € W3BECTHA HaIMOpPCKa BHCOYMHA,
MOCPENICTBOM €IHAa WIM Jpyra IOCTIporecopHa cxema. OpHTHHATHOTO aBTOPCKO
MPEIOKEHIE € OMFCAHO M JEMOHCTPHUPAHO B CHHTE3WPAH BHJ, M3IOI3BAMKH 332 TECTOB
HA0Op MaHHU M3XO0Ja Ha perHoHanHus KiuMaTwdeH moxen RegCM4sa cpeaHomeceynara
temneparypa 3a 2000roauHa U 3aMucH OT CTAaHIMOHHUTE HabmoneHns Ha HUMX-BAH
KnrouoBu nymu: IMoctnpouecopna npouenypa, ®usnuecka unrepnonanus, Beprukanna xopekuus,
RegCM4,Atmocdepna cTpatudukanus B 01130CT 10 MOJI0KHATA TOBBPXHOCT
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Abstract. A study of the fogs at Sofia, Bulgaria is carriedt by the means of
proposed Cherni vrah-Sofia Stability Index. By measy the strength of static
stability of the atmospheric layer over Sofia, timdex depends only on the surface
air temperatures at stations Sofia, Mladost andi@iveah and hence it is potentially
useful in operational practice. By using the staddaeather observations during
01/01/1992-17/12/2014 period, a simple statistiekdtionship between our index and
horizontal visibility in Sofia is established. # statistically correctly found that while
the fogs in Sofia correspond to higher values efitidex, the absence of fog favours
the lower index values. This general conclusionsigpported by a case study
investigation of the typical for Sofia fog episode.

Keywords: fog, Sofia, Cherni vrah, index of static stability

Introduction

The considerable development of numerical modeledent decades has not yet
led to significant progress in fog forecasting. Thil not enough adequate model
parameterisation of specific processes leading e formation, development and
dissipation of fog in the boundary layer is onetloé main sources for this situation.
Considered as a passive phenomenon, because thatifom and the dissipation processes
are usually generated by a multitude combinationgefieral and local factors, fog is
difficult to be studied in scales larger than thoseurring locally (Pinheiro et al., 2006).

Holtslag et al. (2010) examine whether empiricathods like those developed in
the 60s and 70s are reasonable alternative forémalst It appears that the so called Fog
Stability Index, solely based on routine radio sting observations, has reasonable skills.
This index has been optimised for 12 stations & Netherlands, after which it reached a
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high forecast skills. It appears that the Fog $itgiindex scores better than direct model
output, and performs reasonably once optimisediferspecific conditions.

Dejmal and Novotny (2011) test the applicabilitytioé Fog Stability Index for the
prognosis of low visibility cases at 5 stationghie Czech Republic. Four different criteria
are used for assessment of forecasts. Based darggenumber of cases dealt with, these
authors found that during the winter the accumatatif cold air near the ground happens
mainly in the valleys and river basins.

Haines (1988) developed the Lower Atmosphere Stabihldex to indicate the
potential for wildfire growth where the ground wing not the dominant factor. The
stratification of the lower atmosphere is estimdigcdcombining the temperature difference
between two atmospheric layers, and the moisturerméned by the temperature and dew
point difference.

Entirely statistical methods for fog analysis amdetast are also widely used.
Robasky and Wilson (2006) seek to apply statistioedcast approaches using routinely
available weather observations, such as standandyhsurface observations and twice-
daily upper air balloon soundings. Maier et al.J(2Ddivided into stages the lifecycle of
three episodes with fog during autumn 2011 in etr®ermany with objective statistical
methods. Croitoru et al. (2011) conducted a studythe spatial variability of fog in the
northwestern part of Romania by various multivaristatistical techniques. The time series
of the average annual, seasonal and monthly numibdays with fog are used for this
purpose.

In present paper we use the standard SYNOP datatabrological stations Sofia,
Mladost and Cherni vrah for studying fogs at Salfiiming 01/01/1992-01/12/2014 period.
The base toll, we offer is a specific index, whiwk name Cherni vrah-Sofia Stability
Index. Based on conception of Brunt-Vaisala's fegey, our index estimates the strength
of the static stability of the atmosphere layerrdvefia. The index can simply be calculated
by surface air temperature at stations Sofia argfi@ivrah. It should be noted that Godev
and Takev (1968) point out the temperature diffeeebetween Sofia and the Cherni vrah
as one of the factors for early spring night terapee decreases at Sofia in anticyclone
weather. There is also a purely ordinary reasouffer our index. As it is well known, the
fogs in Sofia generally are attended by strong &ratpire inversions. Zverev (1957) points
out that among many others, the formation of temaupee inversion layer in altitude is one
of the main symptoms for predicting fog trough sting data. Unfortunately the soundings
in Sofia, Mladost are made only once in 24 houtslza GMT. On the other hand, the
duration of the fogs at Sofia usually continuesesalvsynoptic periods. The idea is that the
regular synoptic observations at the proximityistet Sofia (595 m) and Cherni vrah (2292
m) to be considered as repeated 3 hours soundintie atmosphere and this additional
information to be used to refine the short rangedast of the fog. In this context, the
proposed index realises our idea.

Data and pre-processing

The data we use is from regular observations atBthigarian meteorological
stations Sofia, Mladost (421’'N, 2319’E; 595 m) and Cherni vrah (42° 35' N, 23° 16' E;
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2292 m) during the 01/01/1992-17/12/2014 periodtually, these are decoded SYNOP
reports of National Institute of Meteorology anddfigiogy, Bulgarian Academy of Science
for observations in primary and intermediate syimopburs 00, 03, 06, 09, 12, 15, 18 and
21 CMT. For station Sofia, Mladost we extract thmeet series of surface air temperature,
horizontal visibility and the present and past Wweagroup. For station Cherni vrah we use
only time series of surface air temperature. Tmgtle of each record is 66486 points at
sampling interval of 3 hour.
We define and compute our index of stability whiga term Cherni vrah-Sofia

Stability Index (CSSI) by the following formula:

CSSI=,[(1+ At/17)/(1+t cherni wan / 27315) |

where A is the temperature difference between Cherni \aati Sofia, Mladost and

tchernivrah is surface air temperature at station Cherni wnatiegrees Celsius. What is
the physical base of CSSI? As known the so calleduntBvaisald’s

frequenc N? = gT_l(Va +dT/d2), where 9 is acceleration due to gravit;T is

absolute temperatur Ya =1K/100m s adiabatic lapse rate, a.Ziis altitude, measures
the local strength of the static stability of thiey ditmosphere (Belinskii, 1948; Holton,
1972). The higher values of this frequency appaiprithe higher degree of the layer
stability. However, the extremes of Brunt-Vaisalfequency are within the temperature

inversion layers. Scaling dow N by v9YVa /Ty , where To is the absolute temperature

of ice melting and putting the vertical temperatgradient to beAt divided by Cherni
vrah-Sofia, altitude difference which is almost @70 m, we get

\/ @+At/17)/(1+t/27315) Finally, we substitutt by tchernivrah and obtain just
our CSSI.

Extracting the observations with CSSI higher tha @&e build a second data set.
We also attach to this set a factéh&nomenon" with two levels 'Fog" and 'No fog".
While the levelFog corresponds to fogs and mists with horizontalbifisy less or equal to
1000 m, the levelNo fog groups all other cases. We identify the case®gs br mists by
means of the present and past weather group. FBpectve codes are as follows: 05.. - dry
fog (haze); 10.. - mist; 11.. - patches of shalfog; 12.. - continuous shallow fog; 28.. -
fog (within past hour but not at observation tin#);. - fog at a distance; 41.. - patches of
fog; 42.. - fog, sky visible, thinning; 43.. - fogky not visible, thinning; 44.. - fog, sky
visible, no change; 45.. - fog, sky not visible, ecfange; 46.. - fog, sky visible, becoming
thicker; 47.. - fog, sky not visible, becoming tkec; 48.. - fog, depositing rime, sky visible;
49.. - fog, depositing rime, sky not visible.
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Preliminary analysis

Figure 1 shows the parallel box plots of the C38Irécoded into seven intervals
horizontal visibility. The values of the CSSI are w@ertical axis and the categorised
visibility is on horizontal axis. The two basesabox indicate the so called “hinges” (in
practice first and third quartile) and thus the lmight represents the interquartile range.
The width of a box is proportional to the squaretsoof the number of observations. The
medians are in the boxes. The vertical lines (“Wiis”) show the largest or smallest
observation that falls within a distance of 1.5e#1he interquartile range from the nearest
hinge.

An inspection of Figure 1 shows that the largestber of observations falls
within the intervals 5-10 km horizontal visibilitf.he intervals 40-50 km, 1-5 km and 10-
20 km are subsequent. The cases of visibilities eeequal to 1000 m are comparative not
numerous but they are more than that within inter28-30 km and 30-40 km.

Looking at Figure 1 we see also that there is blstdownward tendency of the
CSSiI up to horizontal visibilities of 20-30 km anelxt the CSSI climbs.
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Fig. 1. Parallel box plots of the CSSI for recoded inteeseintervals horizontal visibility

Testing procedures

Figure 2 shows the parallel box plots of the CBivo levelsFog andNo fog of
the factor Phenomenon. The figure building blocks are the same as orutfgigl with
exception of the so called “notches”, the two syrribeconcavities on the vertical box
walls.
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As seen, the cases of fogs or mists with horizowisibility of 1000 m are
considerably less that the other cases. Indeede We observations in categdvp fog are
44 555, the observations in categéigg are only 979. When the notches of two boxes on
Figure 2 do not overlap this should be interpresisda “strong evidence” that the two
medians differ. As seen, this is exactly our cas® we can conclude that the medians of
two groups~og andNo fog differ.

So, there is a reason to assert that the fogs stis miith horizontal visibility of
1000 m take place predominantly at higher levelthefCSSI. Further we test statistically
this hypothesis. The two sample t-tests are comynpelformed in such cases (Wilks,
2006). It is well known this test requires the nahistributions of the samples. In our case
the samples are the groupeg andNo fog and the variable under interest is CSSI. On the
Figure 2 the medians seem to be in the middlehefbibxes. This should be hinted as
normal distributions.

-
1
1
1
1.2 1 1
= l
E 1
- -
g |
=ER VI |
Lo} 1
E 1
1
g i i
s 1 1
E na 1 1
T 1
A 1
& H
06 T
1
1
-1
T T
Fog MNofog

Phenomenan
Fig. 2. Parallel box plots of the CSSI for two levE&isg andNo fog of the facto Phenomenon

Figure 3 represents the normal quantile-quantitésplior the group§og andNo
fog of the factorPhenomenon. The theoretical quantiles are on the horizontesaand
sample quantiles are on vertical axes. The gieagpis on the left and on the right is the
groupNo fog. The first and third quartiles define the straitiie drawn.

As seen the left plot produces points close tostingight line and there is not a
cause for concern about departures from normadityHe groupg-og. We also see that the
outer parts of the experimental curve for grdup fog are steeper that the middle part
which indicates that by having heavy tails therihistion deviates from normality.

We test statistically these observations. One saidgique-Bera test for normality
is used for this purpose. For the samptgy the test statistic is 5.7087 and the p-value
0.05759. For samplBlo fog the test statistic is 3616.6571 and the corresmgngivalue
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2.2x10'. We are able to reject the null hypothesis of radityfor the groupNo fog.

So, there is not normal distribution. It is advigaln this case to use the non-parametric
analogues of the t-tests. We perform the two-samfileoxon Man-Whitney rang sum test.
The null hypothesis is that the two populations\geiompared have identical distributions.
The alternative hypothesis is that the populati@iridutions differ in location, i.e. the
median. In our case the W test statistic has aevalwl0355923 and corresponding p-value
is 2.2x10'. We are able to reject the null hypothesis of iiah distributions. Sample
medians are 0.9834 and 0.6943 for grokipg andNo fog respectively. Summing up, the
performed statistical analysis gives strong evidetiat the fogs or mists with horizontal
visibility of 1000 m correspond to higher values@®SI in comparison with cases without
fog.
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Fig. 3. Normal probability plots oCSSI for two group&og andNo fog

A typical example

Here, we illustrate our main results by a detadedlysis of a particular situation
with fog in Sofia. The analysed period is 12 001P621/2014. Figure 4 represents absolute
topography maps of the 500 hPa level and the seh peessure on 15 12/12/2014 GMT.
During this period under consideration the vistiiin Sofia is at its lowest on 15/12/2014,
when the Balkan Peninsula is influenced by the upidge at the 500 hPa (Figure 4, left).
During the period 13-15/12 in Sofia a high seallgressure of 1027-1030 hPa dominates.
On 15 12/12/2014 the anticyclone extends all owmrtisEast Europe and a very deep and
quite large cyclone determines the dynamic weativer North-West Europe (Figure 4,
right). At this time over Balkan Peninsula the wagin mass transfers and observed
temperatures at 850 hPa over Bulgaria ar@®B(Bigure 5).
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Fig. 4. Geopotential at 500 hPa (left) and sea level presgight); ECMWF analysis 15 12/12/2014
GMT

ECMF—15.12.14:12

Fig. 5. Temperature at 850 hPa, ECMWF analysis on 15 12012, GMT

During the cold season, both a clear sky and at ligind in anticyclonic
conditions lead to strong night radiation coolirfigh® earth's surface, which creates ground
inversions. This is a typical scenario that produfiey. The combination between a warm
spell on 850 hPa and the ground inversion leadstémsification of fog, especially in high

valley field.
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Fig. 6. Time series of CSSI in Sofia for period 12 00-1612/2014 GMT

Figure 6 presents the time series of CSSI for theod 12 00-16 12/12/2014.
Foggy periods are in grey. As seen, the episode fod starts on 13 00/12/1014 and ends
on 16 21/12/2014. During this episode horizontalbiity ranges from 100 m to 900 m.
The two 3-hour interruptions are at 13 12/12/204d at 14 12/12/2014 when the visibility
raises to 2000 m and 1500 m respectively.

Figure 6 clearly shows that CSSI sharply increagiéls the beginning of the fog
and it keeps up these high values during the eapiisode. As seen, in both interruptions
the CSSI decreases but only locally. When the fogigode ends our index drops. The
observed course of CSSI is completely in accordavitte our finding that fogs require as
whole higher values of our stability index.

Summary

The objective of our paper was to study the fogSafia, Bulgaria by means of a
specific index of stability which we offer. The stiard synoptic observations from
meteorological stations Sofia, Mladost and Chermahvfor the period 01/01/1992-
01/12/2014 are used for this purpose. Based on cthception of Brunt-Vaisala's
frequency, our stability index CSSI measures thiength of the static stability of the
atmosphere layer over Sofia. The index depends onlyhe surface air temperatures in
Sofia and Cherni vrah.

We establish a downward trend of CSSI up to 20+Bthkrizontal visibilities. The
statistical tests we perform clearly show thatftigs and mists with visibility up to 1000 m
require as a whole higher values of CSSI compavezhses without fog. Sample medians
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for the groups of fogs or mists with visibility ap 1000 m and all other cases without fog
are 0.9834 and 0.6943 respectively. Additionally werify our general conclusion by
analysing a typical for Sofia fog episode in moesadl.

What is the potential prognostic significance ofSC5If the forecast presumes an
occurrence or retention of already formed fog oma& calculated CSSI by means of
forecasted temperature at Sofia and Cherni vrahtreAdd to higher values of CSSI
additionally favours the fog occurrence or contiima In contrast, a trend towards to
lower CSSI reduces the chance of the fog.
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H3zyuasane Ha mbriiata B Codus upes nnaekc Ha ycroiiunBoct Yepnu spbx-Codus

A. CroiiueBa, C. EBTuMoB

Pe3iome: B Hacrosmara pabora e mpoBeneHO u3ydaBaHe Ha Mbriara B Codus upes
MpeIIoKeH OT aBTOpUTe HHASKC Ha yctoiuuBocT YepHu Bpbx-Coduss. OTauTaiiku
CTETICHTa Ha CTaTHYHA YCTOWYMBOCT Ha aTmochepuus cimoit Hay Codwusi, TO3W HHACKC
3aBHCH CaMmoO OT JIB€ TEMIepaTypu — MpH3EMHATa TEMIIepaTypa B CHHONTHYHA CTAHI[HS
Codust, Mianoct u TemrepaTypaTa BbB BUCOKOIUIAHWHCKATa obcepBaTopusi UepHHU BPBX,
KOETO IO INpaBU TOJIE3eH 3a OnepaTHBHATA MpakTuka. Ype3 H3MOI3BaHE HA JAHHUTE OT
CTaH/JAPTHUTE CHHONTHYHHM HAOIIOJCHHS B MOCOYCHUTE METEOPOJOTHYHH CTaHIMK 32
neproga 01/01/1992-01/12/2014,e¢ ycraHOBEHAa CTATHCTHUYECKA BPB3KA MEXKIY
CTOMHOCTUTE Ha WHACKCA W Xopu3oHTanHata BHUAUMOCT B Codwus. CTaTHCTHISCKH
JIOCTOBEpPHO € HaMepeHo, 4e Mbriute B Codus ce peann3upaT npu Mo-BUCOKUTE CTOMHOCTH
Ha MH7ekca, 1okato 1o0paTa BUIMMOCT ChOTBETCTBA HA MO-HUCKHUTE TakuBa. Ta3u Bpb3Ka
€ TMpoBepeHa M MpH eJHa TUIHMYHA 3a BBh3HHKBaHe Ha Mbriaa B Codus cHHONTHYHA
o0CTaHOBKA.
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SAHARAN DUST INCURSIONS OVER SOFIA
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Abstract. Atmospheric particles (aerosols) and mainly mihelsst particles affect
life on Earth in several ways. Key parameters fetethining the impacts of aerosols
to climate forcing and the ecological state of #mvironment are their optical
parameters (backscatter and extinction coefficjents well as their spatial
distribution. In this study, the results are anatyof the vertical remote sounding of
several Saharan dust outbreaks above Sofia. Tlstigations were carried out by a
aerosol LIDAR [lght Detection And Ranging) based on a Nd:YAG laser. The
examples presented illustrate that the detectedsakdust layers differ in their
altitude, density, thickness and height stratifaat Some of the results show that
aerosols can reach up to and persist in the unustiim altitude region in the
troposphere. Experimental data are presented mstef atmospheric backscatter
coefficient profiles and 2D-color maps of the aefasdratification time evolution. The
DREAM (Dust REgional Atmospheric Model) forecasts and HYSPLITHYbrid
Sngle-Particle Lagrangiarnntegratedirajectory) backward trajectories for the days of
measurements were employed to draw conclusionst aheuatmospheric aerosol’s
origin.

Key words: lidar, atmospheric aerosols, Saharan dust, trdypwsp

I ntroduction

Dust plumes, both of natural and anthropogenicimrifrequently cover huge
areas of the Earth and represent one of the mostipent and commonly visible features
in satellite imagery (Yoram J. Kaufman et al., 20@2ust (mineral aerosols) is one of the
major components of the atmospheric aerosol loa@dure, R., 1995; Maria Raffaella
Vuolo et al., 2009; Ina Tegen, 2003). The main sesirof dust are the large arid areas of
the world. Dust is transported in suspension afdewange of heights above the surface
and can rapidly cover considerable distances. alkaerosol types, dust particles can alter
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the Earth radiation budget directly by scattering absorption or indirectly by modifying
the formation and properties of clouds (J. E. Peetel., 2001; Natalie M. Mahowald et
al., 2003; U. Pdschl, 2005; R. L. Miller and I. Beg 1998). Also, they affect the air
quality, reduce visibility, and pose risks to hunfealth (Perez L. et al., 2008; U. Pdschl,
2005). These effects of dust/aerosols on the emwiemt strongly depend on their optical
properties, altitude of location in the atmosphemd the vertical repartition of the particles
(E. Hamonou et al., 1999; P. Kishcha, 2005; F. lemahd O. Schrems, 2003; Gian Paolo
Gobbi et al. 2000; De Tomasi F. et all., 2003). Tdieer is transport dependent. Indeed,
during the transport the vertical structure may rhedified by mechanisms such as
convective erosion of the dust layer and gravitetisetting of particles.

North Africa, especially Sahara desert, is the datgsource of dust of natural
origin (Prospero M. Joseph, 1999; Vukmitoi. M. et al., 2004). The desert aerosols
captured by the wind at the surface are raisedottsiderable altitudes by the strong
convective processes that develop over the demdrtunder certain weather conditions,
they can reach the European, Asian and Americatineants (Albert Ansmanet al., 2003;
Albert Ansmannet al., 2009; Joseph M. Prospero, 1999; A.S. Gouh@l; Alpert P.,
1993; Yoram J. Kaufman, 2005; J. Barkan, 2008; @#la J., 1997). The Mediterranean
region, and particularly the Balkan Peninsula, hbeeen under the influence of Saharan
dust transport and deposition over millennia. Ewgegr huge amounts [200-500 million
tons (De Tomasi F. et all., 2003; Mitsakou C., 20@8 Saharan dust are transported over
the Mediterranean Sea to most of Europe.

In recent years, a number of studies have beenséacwn understanding the
different phases of the Saharan dust process (ixatiin, transport, deposition and climate
interactions) over Europe based on lidar monitgriilg situ measurements, satellite
imaging; these have often been organized as oligmrah networks (L. Mona,2012; 1.
Mattis, 2008).

The lidar techniques for atmospheric studies ategeized as the most powerful
tools for investigating the vertical structure bé&tatmosphere through its major advantage
of real-time observation with high resolution baihtime and space. Lidars have attained a
high degree of reliability and have been used lgyoreal networks to produce long-term
and well-calibrated measurements of aerosol prigseriThese include the European
Aerosol Research Lidar Network (EARLINET), a fedama of 27 European lidar research
groups (http://www.earlinet.ofjgThe aim of EARLINET is to establish a quantitetdata
base of both horizontal and vertical distributioofs aerosols on a continental scale.
Systematic observations of Saharan dust transperite over Europe began in May 2000
by EARLINET (A. Papayanis, 2005; A. Papayanis, 2@@&payannis A., 2008).

The only lidar station in Bulgaria is located irethaser Radar Laboratory of the
Institute of Electronics of the Bulgarian AcademySriences. Since March 2003, it has
been involved in systematic measurements on a aedudsis— three times per week
according to the schedule of the EARLINET. When&ah dust presence is forecast, more
observations are conducted in view of obtaininfulisas possible an image of the Saharan
dust transport event.

Lidar measurements described below are obtainettinwithe frame of the
EARLINET. A large database is created accumulating aerosol backscatter profiles
which are uploaded on the common EARLINET-serveBarmany.
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In this study we present some results selected fhemmegular lidar investigations
of the atmosphere. The backscatter profiles anghitwime color maps included illustrate
laser remote observations on the vertical massllision of relatively stable aerosol layers
situated at different altitudes. The lidar measwets were conducted on Saharan-dust-
affected days; we therefore infer that desert domtlings in the air above Sofia were
detected.

Equipment and data processing

The results presented in this paper are based @surements by an aerosol
elastic backscatter lidar located in the Laser Raddoratory, IE-BAS (A. Deleva, 2010;
Atanaska D. Deleva, 2008). It is configured in @anmstatic biaxial alignment pointing at
a maximum slope angle of 32° with respect to thézbo, as determined by its position in
the lab. Thus, despite that signals from as faraa30-km distance are recorded, the
maximum sounding height is limited to 16.4 .km

The lidar transmitter is based on a high-power Md3Ylaser providing output
pulse energy of up to 600 mJ at 1064 nm and 80trB32Z nm, with a pulse duration of
15 ns FWHM at a repetition rate of 2 Hz. The lageam divergence is 2.2 mrad. The
receiver's optical part consists of a Cassegrgie-tyelescope (aperture 35 cm; focal
distance 200 cm) and a spectrum-analyzer basedroowband interference filters (1-3 nm
FWHM). The electronic part of the lidar receivingstem is formed by compact photo-
electronic modules, each comprising a photo-deteetd0-MHz 14-bit analog-to-digital
converter (ADC), a high-voltage power supply, andtoolling electronics. The receiving
modules are connected to a PC via high-speed U8B. dde received signals are digitized
every 100 ns by an ADC, resulting in a 15-m rangsolution (about a 7.5-m altitude
resolution). Thus, the lidar measures the tempevalution of the atmospheric aerosol
backscatter with high time and range resolutiorfe &cquisition system is equipped with
specialized software for accumulation, storage, pimatessing of lidar data. The vertical
atmospheric backscatter coefficient profiles ateéeeed using the Klett-Fernald inversion
algorithm (J. D. Klett, 1981; F. G. Fernald, 1988ince the magnitude of the backscatter
coefficient value is proportional to the aerosohslty, the changes in the calculated lidar
profiles in time and space illustrate the tempaablution and the stratification of the
aerosol field observed. Usually, each lidar measer# lasts for 1-3 hours. The lidar signal
is accumulated for 5-10 min (corresponding to @atzumulation of 600-1200 different raw
profiles received at each laser pulse). The paemnedf the laser, telescope, photo-
receiving modules and software make it possiblaterlidar to be utilized for carrying out
fast remote measurements of the atmosphere fromni3fbove ground level (AGL)
(approximately 700 m above sea level, ASL) to tbpdpause.

To draw conclusions about the type and origin efdkrosol layers detected by the
lidar, we use additional information provided by BA&M-forecast maps of dust load and
concentration in the atmosphere for the Euro-Mediteean zone. Such maps are prepared
by the Forecast system of Barcelona Supercomp@érger, Spain, and are accessible via
Internet (http://www.bsc.es/projects/earthscien&#BM/. DREAM-maps give an image
of the wind direction and magnitude of dust loadh@ atmosphere above North Africa and
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Europe. An additional source of information abdw& origin of the aerosol layers is offered
be the HYSPLIT model (Draxler R. R., 2010; Rolph B., 2011). It can be run
interactively on the web through the READY system the site of the Air Resource
Laboratory of NOAA (National Oceanic and AtmospheAdministration), USA. The
calculations of backward air mass trajectoriesdyi@lplot of the path that the air mass
travelled for a chosen time period before arrivéghe lidar station.

Experimental data and comments

Using the lidar described above, studies of theoaphere over Sofia during
Saharan dust incursions have been conducted foe than ten years. A large data base
was acquired, systematized and analyzed. The sedeihonstrated that Saharan dust can
be present within the entire troposphere, withdbparate incursion events differing in the
height of dust transport, the vertical mass distidn, as well as in the frequency of
observation of events with similar spatial stratifion. The following basic conclusions
were drawn: 1). Saharan dust was most often detemter Sofia to a height of 5-6 km,
with the dust aerosol being found either within iatidct layer above the atmospheric
boundary layer (ABL), or having penetrated the ABam the ground up to the height
quoted. 2). Very seldom, Saharan dust was traregposimultaneously in two separate
layers above the ABL, or within the entire trposght the extreme heights of 12-14 km.
These conclusions will be illustrated by the lidaperiments described below.

We present the results mainly in terms of vertiaéinospheric backscatter
coefficient profiles (thex-axis representing the value of the calculated apheric
backscatter coefficient; thgaxis, the altitude. The measurement date and dhading
laser wavelength are cited over the respective [iafile plot. Also, 2D-colormaps of the
aerosol stratification time evolution are constedcfor some separate measurementsxthe
axis representing the time interval of the measergnthey-axis, the altitude). For each of
the experiments, a DREAM-map is enclosed demoirsgrathat the Barcelona
Supercomputing Center has forecast a Saharanrdasport over Bulgaria, whose location
is indicated by a black circle. It should be notedt the HYSPLIT model allows one to
depict up to three trajectories on a single mayis ®hwhy, of all trajectories calculated for
the time interval of a particular measurement, lenrespective HYSPLIT map we include
those three of them that end over Sofia at heifgilimg within characteristic sections of
the recovered atmospheric backscatter coefficienfilp. Such a choice assists one in
explaining the results. As was mentioned abovejritfegmation provided by the DREAM
and HYSPLIT is used to draw conclusions concerrilng origin of the particles in the
aerosol layers registered. However, when drawingh su conclusion, one should always
bear in mind that, since aerosols are transportesd mng distances in the atmosphere,
mixing between aerosol populations from differepurse regions and with different
composition can take place (for example, mixingMaein desert dust, continental aerosols
and maritime particles). Thus, the particles dewdiy the lidar are the final result of the
mixture of Saharan dust with different types ofosels, partially coated by water.

As examples of observing Saharan dust in a distmgtr above the ABL, we
describe in more detail the experiments performedyril 3, 2009, and November 4, 2010
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(Fig. 1). For these dates, the DREAM model hascse dust transport over Bulgaria
(Sofia) (Fig.1 e, f).
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Fig.1. Lidar observations of Saharan dust above Sofiamii 3, 2009 and November 4, 2010: a, b).
retrieved vertical atmospheric backscatter coeffitprofiles; c, d). time evolution maps of the mas

spatial distribution; e, f). DREAM forecast map®wing Saharan dust transport over Bulgaria; j, h).
HYSPLIT model backward trajectories.

The lidar profile (Fig.1 a) and the 2D-map (Fig)lshow that the layer above the
ABL, registered on April 3, 2009, was located witlhe height interval of 2-3 km with a
mass center at about 2.5 km. Further, the profiteecreveals an atypical increase with the
height of the aerosol concentration in the ABL,haét maximal value at a height of about
1.8 km. The HYSPLIT backward trajectories calcudater the height range of 1.5-3 km,
three of which are presented in Fig.1.j, reveal, thafore reaching Sofia, the air masses in
this range have moved low above the surface ofr@aNorth Africa) and passed through
the heavily dusted space over the Mediterranean &eseen in the DREAM map. Fig.1.j
presents the trajectories terminating above Sofiheaheights of 1.8, 2.2 and 2.8 km. These
were selected purposefully, since their ends cdewiith characteristic regions in the curve
of the retrieved lidar profile of the atmospheriackscatter coefficient. In this particular
case, at the height of 1.8 km we determined thkdsigatmospheric backscatter coefficient
value, while the heights of 2.2 and 2.8 km areltiveer and the higher boundaries of the
layer above the ABL. We thus concluded that thesdrlayer within the range 2-3 km
contained mainly Saharan dust. We further assurhedptesence of large amount of
Saharan dust in the ABL is the cause of the anamsaincrease with the height of the
aerosol mass concentration, its largest value batiig8 km.

The lidar data acquired on November 4, 2010, aesepted in Fig.1.b,d. One can
see that a temporally stable layer was detectedeathe ABL, with the center of mass near
a height 3.5 km and well delineated boundarieskahZnd 4 km. One can also see that in
the ABL the aerosol concentration was maximal atkin, while further up to about 3 km it
varies negligibly. The calculated HYSPLIT traje@ds; which during the measurements
terminated in the 2.8-4.3 km range, have startechnfarther south over Sahara and passed
through vast dusted spaces before reaching Safid. k presents the one ending at 3.5 km,
where the center of mass of the layer above the MBk. The black-and-white image in
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the HYSPLIT map necessitates the explanation thiatis the trajectory beginning over
Sahara and passing for a considerable distancéneight of about 1 km above the desert
surface. The calculated HYSPLIT trajectories befo# km originate and traverse a dusted
space over the Mediterranean Sea. Of these, theshmaps the ones that end above Sofia at
the heights of 1.5 km and 2.3 km, thus fallinghe bove-mentioned specific sections of
the lidar profile below 3 km. The main conclusiooirged to by the experimental data is
that the aerosols detected in the 3-4 km range wares-boundary transport of Saharan
dust. The lower calculated trajectories give issogato assume that desert dust was also
present in the ABL, where it was mixed with anthogenic aerosols generated in the city.
Judging from the curve of the lidar profile showvilne aerosol pollution of the air above
Sofia was the largest at heights of 1-1.5 km.

We will now briefly present another example of @&t of a distinct Saharan
dust layer above the ABL (Fig.2). The monitoringsvearried out on June 28, 2012. On the
time-height map (Fig.2), constructed from a series of 26 lidar profilese can see a dense
thin aerosol layer with boundaries at about 4.5 &nhdm. These heights remained
unchanged during the monitoring, so that the laok loe assumed of dynamic processes in
the atmosphere during the experiment. The anabfdise calculated HYSPLIT trajectories
strongly suggest that the aerosol layer registésetie result of a direct transfer of dust
from Sahara. The trajectories in Fig.2 b show thatair masses above Sofia in the 4.3-6
km during the experiment originate from Sahara.cgpeattention should be paid to the
trajectories that terminate over Sofia at 5 km, since five days before these have started
immediately above the desert surface (the two dtajees on the right-hand side of the
map).

NOAA HYSPLIT MODEL
Backward trajectories ending at 1800 UTC 28 Jun 12
GDAS Meteorological Data

Sofia, 28 June 2012, wavelength 1064 nm

Source % at 42865N 23.38 E

Altitude AGL, km
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Time UTC, hhimm
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Fig.2. Lidar observations of Saharan dust above Sofidunie 28, 2012: a). time evolution maps of
the mass spatial distribution; b). HYSPLIT modethwaard trajectories.
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In contrast with the observations described abthee|idar data in Fig.3 and Fig.4
illustrate Saharan dust transport within a widgetaThe data further demonstrate that the
separate transport events are characterized byvidiodi specific vertical mass
stratification. This is exemplified by the resutibtained on May 29, 2013, and May 12,
2009, and presented below (Fig.3 a, b).
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GDAS Meteorological Data GDAS Meteorological Data
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Fig.3. Lidar observations of Saharan dust above Sofislay 12, 2009 and May 29, 2013: a, b).
DREAM forecasts showing Saharan dust transport Buégaria; c, d). retrieved vertical atmospheric

backscatter coefficient profiles; e, f). time exaa maps of the mass spatial distribution; j, h).
HYSPLIT model backward trajectories.

The profile curves (Fig.3.c, d) and the time-heigtaps (Fig.3.e, f) show that in
both cases aerosols were registered above the ABLo heights of 4.5 and 5.5 km,
respectively. On May, 2013, a dense aerosol layesr present with boundaries at about 3
and 4.5 km and a well-expressed center of massbakr8. Below this layer, the aerosol
concentration was smoothly decreasing down to tg &fter which the lidar profile
followed the typical aerosol distribution in the ABThis mass stratification from the
ground up to 4.5 km is revealed better by the faogince the black-and-white image in the
map (Fig.3.e) hinders strongly the presentatiotheffiner graphical details. The calculated
HYSPLIT trajectories, which during the measuremesrtsled in the 2-5 km range of
heights, originated above Sahara surface. Figi8gemts those that terminated at heights of
2, 3 and 4.3 km above Sofia. The trajectory stgrtm western Sahara, whose path has
passed a long distance immediately above the syrfaesents the route of the air masses
above the lidar station at about 3 km, where tlyerla center of mass was determined.
These facts led us to the conclusion that the atmetected in the 2-4.5 km range of
heights was dust transferred directly from the spabove Sahara desert, with the
predominant part of its mass being concentratedlayer with boundaries ati34.5 km.

An example for Saharan dust indirectly transpotteBulgaria is presented by the
results obtained on May 12, 2009. The lidar prdfiigy.3.d) and the 2D map (Fig.3.f) show
the existence of aerosols up to 5.5 km above S@fiee can also see a well-expressed
inhomogeneous vertical stratification of the pdecconcentration, namely, it was larger at
heights of about 2, 3 and 5 km. In contrast with tase described above, none of the
HYSPLIT trajectories calculated for May 12, 200@r&td and passed over North Africa
prior to this measurement (Fig.3.h). However, thmiths cross a dense cloud of Saharan
dust located above vast regions of Europe (Fig.Bhbg to this complex aerosol condition
of the atmosphere over Europe, one can assuméhendidar data included here (Fig.3.d
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and Fig.3.f) represent aerosols of different origint among them there certainly was a
considerable amount of Saharan dust particles.

Fig. 4 includes lidar results (Fig.4.c, d) acquiad May 14, 2009, and June 8,
2011, in order to visualize the events of Saharest ttansport most often detected, namely,
when the transport takes place within the entieesgdrom the ground up to a height of 5-6
km, while the aerosol concentration varies insigaifitly with the height. The monitoring
of May 14, 2009, was chosen because it was condljies¢ two days following the one of
May 12, 2009, and described above. Undoubtedly difference between the lidar data
(Fig.3.d and Fig.4.c) and the HYSPLIT trajectoriedluded (Fig. 3.h and Fig.4.e) for the
two days is due to the continuous dynamic chanfiélseoatmosphere, this being its basic

property.
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Fig.4. Lidar registrations of Saharan dust above SofiMay 14, 2009 and June 8, 2011: a, b).
DREAM forecasts showing Saharan dust transport Buéaria; c, d). retrieved vertical atmospheric
backscatter coefficient profiles; e, f). HYSPLIT dab backward trajectories.

The results of the lidar measurements performeMaw 14, 2009, and on June 8,
2011, do not differ significantly. During these twdays, the aerosol load had a higher
boundary at about 5 km, the center of mass washigway 2-2.5 km, the concentration of
particles above it gradually decreased with theliteiand the border with the ABL was
expressed weakly. The corresponding DREAM maps4Fgb) show that dense Saharan
dust covered Bulgaria’s territory. For the daysnowdasurement, the HYSPLIT backward
trajectories were calculated in the height rang&.6¢5.5 km. It is not necessary to describe
them in detail, because it is obvious that theyspgaser Northern Africa/Sahara desert and
across the highly dusted space over Mediterraneanb®&fore the end point above Sofia
(Fig.4.e, f). This is the reason why we assumeufipgse that the air masses in the range
1.5-5.5 km during the measurements were desersalsraransported to a long distance
from North Africa.

The next results demonstrate that Saharan dusbedransported simultaneously
in two separate layers located above the ABL (Figbthrough the entire troposphere up
to the tropopause (Fig.6). As we already notedh duansport events are detected very
rarely.

The data acquired on June 29, 2006 are presentedy.fh. On this day, a dense
dust cloud was located in the atmosphere over Nifriha and Europe (Fig.5.c). The lidar
data (Fig.5.a and Fig.5.b) indicate the existerfaeoosols over Sofia up to a height of 4.5-
5 km. The lidar profile shows that they were dmited mainly in the ABL up to 1 km, and
in two layers above the ABL in the 1-2 km and 3B kanges. In the first two ranges, the
particles concentration was the highest at abdukfh and 1.5 km, while in the top layer
the concentration was lower and did not vary sigaiftly with the height.
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Fig.5. Lidar monitoring of Saharan dust above Sofia ameJ20, 2006: a). retrieved vertical
atmospheric backscatter coefficient profile; bg time evolution map of the mass spatial
distribution; c). DREAM map showings Saharan drestgport over Bulgaria; d). HYSPLIT
backward trajectories.

The HYSPLIT trajectories calculated for the 0.5abhige reveal that the air masses above
Sofia up to 5 km have crossed dusted atmosphereNor¢gh Africa, the Mediterranean Sea
and Europe. Fig.5.d. shows three of those, with poidts above the city at 0.7, 2 and
4.5 km. The one originating the farthest in thetBetn part of Sahara ended during the
measurements at 4.5 km above Sofia; the one gjdttither to the west, at 0.7 km; and the
third one, at 2 km. Our analysis led us to belitha the aerosol loading of the air above
Sofia from the ground to a height of 5 km was iis ttese the result of a direct transfer of
desert dust from North Africa; in the free troposphit was transported simultaneously in
two separate layers.
We will finally describe the results obtained dgrithe monitoring conducted on

April 15, 2009, (Fig.6), when we observed a unigwent of aerosol loading of the free
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troposphere up to 12-14 km.
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Fig.6. Lidar monitoring of Saharan dust above Sofia onil&®%, 2009: a). retrieved vertical
atmospheric backscatter coefficient profile; b time evolution map of the mass spatial
distribution; c,d). HYSPLIT-backward trajectoriey; DREAM forecast map of Saharan dust
transport.

Specific features of the mass stratification of therosol layer in the free
troposphere (Fig.6.a, b) are its well-expressecetdwoundary with the ABL at a height of
2 km, a higher particles concentration at heights3km (a well-expressed center of
mass), after which the concentration falls smootlflyto about 6 km; it varies weakly
further up to 11 km, after which it decreases againto a height of 14 km. This
extraordinary aerosol loading as a function ofhk&ht necessitated that we calculate and
analyze HYSPLIT backward trajectories within theéirentroposphere. Some of these, up to
5 km, are presented in Fig.6.c, while some in thege of 7-13 km, in Fig.6.d. The
trajectories included demonstrate that no air nsabsee reached Sofia directly from the
space above North Africa. However, all air mass@gehmoved over regions where the
atmosphere has been loaded with Saharan dust @jig.6
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Among the trajectories presented in Fig.6.c, weukhasingle out the one
originating from the most heavily dusted south-wastterritories and having an almost
horizontal path over the ground until reachingeisl point above Sofia. It describes the
motion of the air masses that during the measuresmwegre present in the ABL at a height
of 1 km, and where, according to the lidar profileve, the aerosol concentration was the
highest. Such a trajectory path gave us reasorssunae that a considerable amount of
Saharan dust, mixed with the usual aerosols getbiatthe city, was present in the ABL
above Sofia. A brief clarification is needed heomaerning the trajectories in Fig.6.d. The
one starting low above the Atlantic Ocean ended &edia at a height of 7 km. The other
ones originated from and passed through stronglstedu atmosphere above Europe,
especially the one which at one point reaches S@lekt Africa. Thus, assisted by the
information provided by the HYSPLIT and DREAM moslelve believe that on April 15,
2009, we registered a unique in terms of its hefgptto 12-14 km) aerosol loading of the
atmosphere over Sofia, which was mainly due to Gahdust transported to the Balkans
from dusted regions over Europe.

Conclusions

We reported on several lidar investigations of afph@ric aerosol loading during
Saharan dust intrusions over Sofia. These sounelkagnples were selected among data
systematically acquired within the EARLINET projectderosol layers related to desert
dust were observed in the whoteoposphere up to a height of 14 km. The lidar
observations revealed a multilayering of the dushdport. The internal structure of the
dust plumes registered varied from homogenous tbswatified.

We should further emphasize that the results redanere not only illustrate the
exceptional possibilities offered by lidars conéegnremote sounding of the atmosphere,
but also the good technical performance of ourrlglstem, which permits us to observe
the whole troposphere with high spatial and temip@solutions.

Acknowledgments. This work is supported by the project of EARLINETCARIS-2
(Aerosols, Clouds, and Trace Gases Research Infcaste Network). The authors
gratefully acknowledge the NOAA Air Resources Latiory (ARL) for the provision of
the HYSPLIT model for air mass transport and disjper and/or READY website used in
this publicationThe authors would like also to express their grdétto the Earth Sciences
Division, Barcelona Supercomputing Center, Spaar, the provision of the DREAM
model aerosol dust data.

References

A. Papayanis, D. Balis, V. Amiridis, G. Chourdaket, al., 2005.Measurements of Saharan dust
aerosols over the Eastern Mediterranean using ielalsackscatter-Raman lidar,
spectrophotometric and satellite observations i fitame of the EARLINET project,
Atmospheric Chemistry and Physics, 5, 2065-2079.

46 Bulgarian Geophysical Journal, 2014, Vol. 40



A. Deleva: IIDAR registration of the vertical stratification of Saharan dust incursions over Sofia

A. Papayanis, V. Amiridis, L. Mona, R. E. Mamouriadl., 2009.Coordinated lidar observations of
Saharan dust over Europe in the frame of EARLINESOS project during CALIPSO
overpasses: a strong dust case study analysisnitielling supportProceedings of SPIE,
7479, doi: 10.1117/12.830842, 74790C-1 + 74790C-10

Albert Ansmann, Jens Bdsenberg, Anatoli Chaykovékyolfo Comerdsabine Eckhardt, Ronaldo
Eixmann, Volker Freudenthaler, and Paul Ginoux,30D0ng-range transport of Saharan
dust to northern Europe: The 11-16 October 200break observed with EARLINET,
Journal of Geophysical Research, 108, AAC1-AAC12.

Albert Ansmann, Holger Baars, Matthias Tesche, &etluller, Dietrich Althausen et all., 2009.Dust
and smoke transport from Africa to South Americaak profiling over Cape Verde and
the Amazon rainforest, Geophysical Research Letters, 36, L11802, doi:
1029/2009GL037923

A.S. Goudie and N.J. Middleton, 2001.Saharan digstrs: nature and consequendea;th-Science
Reviews, 56, 179-204

Alpert P. and Ganor E., 1993.A jet stream assatibgavy dust storm in the eastern Mediterranean,
Journal of Geophysical Research, 98, 7339-7349

A. Deleva, A. Slesar, and S. Denisov, 2010.Invasibigs of the aerosol fields and clouds in the
troposphere with Raman-aerosol lidan|garian Geophysical Journal, 36, 26-39

Atanaska D. Deleva, Ivan V. Grigorov, Lachesar Airrginov, Vladimir A. Mitev, Alexander S.
Slesar, and Sergey Denisov, 2008. Raman-elastksbatter lidar for observations of
tropospheric aerosol, Pra8PI E 7027, 70270Y-%70270Y-8

Chiapello J., Bergametti G., Chatetnet B., BosgueDulac F., Santos Guares E., 1997.0Origins of the
African dust transpotred over the northeasternitedpAtlantic, Journal of Geophysical
Research, 102, 13701-13709

Duce, R. 1995. Sources, distributions, and fluXemiaeral aerosols and their relationship to cliepat
In: Aerosol Forcing of Climate (R. J. Charlson ahdHeintzenberg, Eds.), John Wiley,
Chichester, U. K, 43-72.

De Tomasi F., Blanco A., Perrone MR., 2003.Ramanitadng of extinction and backscattering of

African dust layers and dust characterizatityplied Optics, 42, 1669-1709

DREAM: http://www.bsc.es/projects/earthscience/DREA

Draxler R. R., and Rolph G. D., 2011. HYSPLIT (H¥biSingle-Particle Lagrangian Integrated
Trajectory) Model access via NOAA ARL READY Website
(http://ready.arl.noaa.gov/HYSPLIT.php). NOAA AireBources Laboratory, Silver Spring,
MD.

E. Hamonou, P. Chazette, D. Balis, F. Dulac, X.rgder, E. Galani, G. Ancellet, and A.
Papayannis, 1999.Characterization of the vertitraicgire of Saharan dust export to the
Mediterranean basidpurnal of Geophysical Research, 104, D18, 22257-22270

EARLINET,; http://www.earlinet.org

F. Immler and O. Schrems, 2003.Vertical profilegtical and microphysical properties of Saharan
dust layers determined by a ship-borne liddmospheric Chemistry and Physics, 3, 1353-
1364

F. G. Fernald, 1984.Analysis of atmospheric lidaservations: some commentgplied Optics, 23,
652-653

Gian Paolo Gobbi, Francesca Barnaba, Riccardo Giangl Alessandra Santacasa, 2000.Altitude-
resolved properties of a Saharan dust event over Ntediterranean,Atmospheric
Environment, 34, 5119-5127.

Ina Tegen, 2003.Modeling the mineral dust aerogolecin the climate systenQuaternary Science
Reviews, 22, 1821-1834.

Bulgarian Geophysical Journal, 2014, Vol. 40 47



A. Deleva: IIDAR registration of the vertical stratification of Saharan dust incursions over Sofia

I. Mattis, D. Muller, A. Ansmann, U. Wandinger,Rxeibler, P. Seifert, and M. Tesche, 2008.Ten
years of multiwavelenght Raman lidar observatiom$ree-tropospheric aerosol layers over
central Europe: Geometrical properties and anngaéglournal of Geophysical Research,

113, D20202, doi: 10.1029/2007/ID009636

Joseph M. Prospero, 1999.Long-range transport péral dust in the global atmosphere: Impact of
African dust on the environment of the southeasténited StatesProceedings of the
National Academy of Sciences of United Sates of America, 96, 3396-3403

J. Barkan, P. Alpert, 2008.Synaptic patterns aasediwith dusty and non-dusty seasons in the
SaharaTheoretical and Applied Climatology, DOI 10.1007/s00704-007-0354-9

J. D. Klett, 1981.Stable analytical inversion solntfor processing lidar returndpplied Optics, 20,
211-220

L. Mona, Z. Liu, D. Muller, A. Omar, A. Papayanis, Papalardo, N. Sugimoto, and M. Vaughan,
2012.Ladar measurements for desert dust charaatieriz An overviewAdvancesin
Meteorology, ID 356265, 36 pages, doi: 10.1155/2012/356265

Maria Raffaella Vuolo, Hélene Chepfer, Laurent Mierand Gregory Cesana, 2009.Comparison of
mineral dust layers vertical structures modelechv@HIMERE-DUST and observed with
the CALIOP lidar, Journal of Geophysical Research, 114, D09214,
doi:10.1029/2008JD011219

Mitsakou C., Kallos G., Papantoniou N., SpyrouShlomos S., Astitha M., and Housidas C.,
2008.Saharan dust levels in Greece and receivedhititn dosesAtmospheric Chemistry
and Physics, 8, 7181-7192.

Natalie M. Mahowald, and Lisa M. Kiehl, 2003.Minkagrosols and cloud interactiori@eophysical
Research Letters, 30, 1475, doi:10.1029/2002GL016762

Perez L., Tobias A., Querol X., Pey J., Kinzli Rey J., Alastuey A., Viana M., Valero N.,
Gonzales-Cabré M., and Sunyer J., 2008.Coaresclgartfrom Saharan dust and daily
mortality, Epidemiology, 96, 800-807

Papayannis A., Amiridis V., Mona L., Tsaknakis 8alis D., Bosenberg J., Chaikovsky A., et all.,
2008.Systematic lidar observations of Saharan altest Europe in the frame of EARLINET
(2000-2002)Journal of Geophysical Research, 113, D10204, 2007JD009028

P. Kishcha, F. Barnaba, G. P. Gobbi, P. Alpert,SAtivelman, s. O. Krichak, and J. H. Joseph,
2005.Vertical distribution of Saharan dust over Rofitaly): Comparison between 3-year
predictions and lidar soundingslournal of Geophysical Research, 110, D06208,
doi:10.1029/2004JD005480

R. L. Miller and I. Tegen, 1998,Climate responsaad dust aerosolslournal of Climate, 11, 3247-
3267

Rolph G. D., 2011. Real-time Environmental Applicas and Display sYstem (READY) Website
(http://ready.arl.noaa.gov). NOAA Air Resources aediory, Silver Spring, MD

U. Pdschl, 2005.Atmospheric Aerosols: Compositibransformation, Climate and Health Effects,
Atmospheric chemistry, 44, 7522-7540

Yoram J. Kaufman, Didier Tanré and Olivier Boucl2002,.A satellite view of aerosols in the
climate systemiNature, 419, 215-223, www.nature.com/nature

Yoram J. Kaufman, llan Koren, Lorraine A. Remerhigh Rosenfeld, and Yinon Rudich, 2005.The
Effect of Smoke, Dust and Pollution Aerosol on &halCloud Development Over the
Atlantic Ocean,Proceedings of the National Academy of Sciences of United States of
America, 102, 11207-11212

48 Bulgarian Geophysical Journal, 2014, Vol. 40



A. Deleva: IIDAR registration of the vertical stratification of Saharan dust incursions over Sofia

JlupapHa pernmcrpanmusi Ha BepTHKAaIHaTa crpatHdukanusa Ha Caxapcku mpax 1o
Bpeme Ha TpaHcnopT Hax Codus

A. llenesa

Pe3iome: ATMocheprure dwacTuinu (aepo30JIUTE) W TIABHO MHHEPATHHAT TIpax
BB3JICHCTBAT HAa XMUBOTA HA 3eMATa 4Upe3 pa3IMYHU HauuHHU. Hal-BaXHUTE mMapaMeTpH 3a
OTIpeNieNIsTHe Ha BIMSHUETO HA aepPO30JINTE BBPXY KIMMaTa U €KOJOTMYHOTO CHCTOSHHUE Ha
OKOJTHATa Cpefla ca TeXHUTE ONTHYHU MapaMeTpu (KoeQHIMEeHT Ha o0paTHO pasceiiBaHe H
Ha eKCTHHKIMS) KaKTO W TSAXHOTO paslpeielieHne B MPOCTPAaHCTBOTO. B Tasu pabora ca
AQHANTM3UPAHU pE3yNTaTH, TOIYYEHH OT BEPTHUKAIHO IUCTAHIIMOHHO COHIWMpaHE Ha
atMocepata o BpeMe Ha HAKONKO HaxmyBaHus Ha Caxapcku npax Hax Codwus.
UscnenBanusara ca HanpaBenun ¢ aeposonen JIMIAP (Llght Detection And Ranging),
6asupan Ha Nd:YAG nazep. OnucaHuTe eKCIIEPUMEHTH WITIOCTPUPAT, Y€ PETUCTPUPAHNUTE C
JHAapa aepo30JHU/TIPAXOBU CIOCBE CEe pasiMdaBar 10 BHCOYHMHA, IUTBTHOCT, JeOCIHHA H
cTpaTrduKanus M0 BUCOYMHA. HSIKOM OT pe3ynTaTWTe IMOKa3BaT, Y€ aepo30JIMTe MOTaT Ja
JOCTHTAT U Ja MPHUCHCTBAT B Tporocdepara 10 U3KIOUYHTENHAaTa Bucounna 14 km.B Tasu
paboTa IMOapHUTE MaHHW Ca TPEACTABEHH KaTO WM3YMCICHH BEPTHKAIHU Npoduianm Ha
aTMocepHUsT KOCPHUIIMEHT Ha OoO0paTHO pa3celiBaHe W IBETHH KapTH Ha BHCOYMHHO-
BpEMeBaTa €BONIIONNMS Ha PETUCTPUPAHUTE aepO30JHH MoJieTa B aTMocdepata. [Ipu anammsa
Ha eKCIIEPMMEHTAIHUTE JaHHU ca m3moj3Banu nporuosure Ha HYSPLIT (HYbrid Single-
Particle Lagrangian Integrated TrajectonyDREAM (Dust REgional Atmospheric Model)
MOJIEIUTEe 3a AHUTE Ha HM3MEpBaHUATA, 3a Ja Ce HAmpaBsIT HW3BOAM 3a MpPOHM3XOpa Ha
peTuCTpUpaHHTEe aepO30JIH BHB Bb3IyXa.
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Abstract. The position of lithospheric magnetic anomaliededied in total magnetic
intensity of the magnetic field, has been deterohifoe Balkan based on the data from
the CHAMP satellite and the Global Earth Magnetiwofaly Grid (EMAG2). The
paper describes the technique for the satellite gmbcessing and the ways of
separation of regional lithospheric magnetic angsalrom total satellite-measured
values of the geomagnetic field. The maps of magrigld anomalies for two
different altitudes have been constructed for tbgian of Balkan. The possible
geologic and physical nature of the magnetic an@siand their relationship with
deep-seated crustal structures are consideredimiPraly interpretation of the
magnetic field maps shows that the anomalies ammeamied with the present day
large geologic and geophysical elements of the rhese The features of the
lithospheric magnetic field, as a parameter reifigcthe present position of tectonic
structures and their physical properties, can bedufor their contouring in
combination with other geological and geophysicathrods.

Key words: satellite magnetic observations, long-wave lighesic magnetic
anomalies, Balkan region, Rhodope.

I ntroduction

According to a complex of geophysical sounding, shely of the deep structure
and dynamics tectonosphere active regions is th& imgportant problem of the modern
geophysics

Currently, there is a unique opportunity to invgate the magnetic anomaly (MA)
field of regional lithospheric anomalies and comstrthe magnetic maps using data from
several sources of observations at different heighbve the surface of the Earth. The first
source was used is satellite data (Reigber e2@D2), and the second one is the results of
the Global Earth Magnetic Anomaly Grid (EMAG2) (Mzaet al., 2009).

Magnetic anomaly maps provide insight into the sulase structure and
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composition of the Earth’s crust and successfuligdufor reconstructing the geophysical
and geological models of the Earth’s crust, in orttestudy the crustal properties and
structure (Vine and Matthews, 1963; Purucker ancéMih 2007).

Recently there was an increase of the interegia@rstudy of large-scale (or long-
wave) anomalies that are covering an area of ehfgwdred km. The spatial pattern of these
long-wave anomalies reflects the spatial distritmutiof the magnetic properties and
thickness of deep magnetized layers.

The analysis of the spatial distribution of the M&ld shows that the anomalous
part of the field significantly is decreasing attbrbital heights of satellites: the high
frequency anomalies are smoothed, and only theftequency regional anomalies with
spatial periods of 400-500 km and intensity ofwa fewzen nT are remained.

The investigations based on the satellite magmatasurements show that large
tectonic units, such as shields, cratons, and siiotiuzones, are marked by positive
magnetic anomalies (due to the increased magnetaeptibility), while basins and abyssal
planes produce negative anomalies are caused Byatcthinning and an elevated Curie
isotherm.

At the beginning of XXI century, the possibilitiésr analyzing the parameters of
the geomagnetic field, previously determined by Haeth's satellite vehicles, have been
significantly expanded, due to launch of the unidisgth orbiter, the CHAMP satellite,
which provided almost real-time highly accurateadiabm 2000 up to 2010 (Reigber et al.,
2002).

The authors of the present paper carried out ssfidestudies of the lithospheric
MA field using the geomagnetic data from CHAMP meaments above different
territories (Abramova et al., 2011; 2014).

In 2009, a large group of authors (Maus et al. 20ts created EMAG2: a 2—-arc
min resolution Earth Magnetic Anomaly Grid compiledm satellite, airborne, and marine
magnetic measurements. Grid resolution is of 2rairt, the altitude above the geoid - 4
km.

The objective of this paper is to study the morpbglof the regional lithospheric
magnetic anomalies and its relationship with otheophysical fields, derived from the
CAMP satellite measurements and constructed, aitmptd data EMAG2 over the Balkan
Peninsula. This region is of the interest due ® phesence of large tectonic units of the
different origin.

The sour ces of the lithospheric anomalous magnetic field from physical
and geological - tectonic standpoints

The MA field of the continental lithosphere is vetiverse. The sources of the
anomalies are concentrated within some area itittiesphere, which is referred to as the
magnetoactive layer. The upper boundary of thigrdasither coincides with the Earth’'s
surface or is buried at a depth of about 10 knhinklind and folded regions. The bottom
boundary of the magnetoactive layer is either smthiermal surface corresponding to the
Curie point of magnetite or the Moho (Arkani-Hanet Strangway, 1986; Tanaka et al.,
1999).
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The attempts of geological interpretation of theekite magnetic anomalies lead
to the conclusion that they are associated wittewa different sources that is equally
probable. Most of the interpreters (Arkani-Hamed &trangway, 1986; Pashkevich et al.,
1994) believe that the anomalies are appearingusecaf the variations in the average
effective magnetization of large lithospheric segtaeor to the changes in the thickness of
the lithospheric magnetoactive layer.

The anomalies can be generated by lateral varmtiorthe temperature of the
homogeneous lithospheric layer and, correspondirthly variations in the depth of the
isothermal Curie surface for magnetite.

The lateral variations in the composition of thegmgtic minerals are another
source of the satellite magnetic anomalies thatjiglly important. The key part is played
by the degree of the magnetization of the bottomstcrwhich significant intensity and
variability are now without doubt (Pashkevich ef #4D94).

To all appearances, most of the revealed anomalies produced by the
simultaneous action of the two mentioned factors.

Within the young tectonic regions, even with lowedeemperatures, the overall
Earth’s crust is poorly magnetized, which is bedi@vto be associated with its more acidic
composition. There are significant differences lBemwthe Pre-Riphean formations, which
are the main sources for the magnetic anomalies,tla younger structures such as the
Phanerozoic crust, which are typically less magnéthe Pre-Riphean platforms include
the exposed shields (cratons) and Pre-Riphean lesgenburied under the younger
deposits. The MA fields within different platforrhave different origin (Goodwin, 1996).

The CHAMP satellite magnetic data

The data on the geomagnetic field measured on akaliee board should be
collected, systematized, and converted into a Isleiteorm for further processing. Among
the huge data volumes obtained, the components,nibat adequately characterize the
lithospheric MF, should be identified, and the megftecting the distribution of MA field
in the studied region should be constructed, anel geophysical and geological
interpretation of the revealed magnetic anomalesikl be carried out.

The near-polar circular orbit of the CHAMP satellivith an inclination angle of
87.3 permitted to take measurements at each pospace in different local times, and its
low altitude ensured a better resolution of the snead parameters. Owing to this orbit
configuration, the satellite ensured uniform cogeraf the whole globe surface with high-
quality high-precision measurements. The data havé-s resolution in time, which
corresponds to ~7 km in space. The satellite mate passes per day with uniform
coverage of the whole local time interval (Reigbeal., 2002).

The satellite was equipped with two magnetometé#ns: Overhauser scalar
magnetometer (OVM), which recorded the magnitudéheftotal magnetic field (T), and
the fluxgate FGM magnetometer, which measured targegonal vector components (X,
Y, 2).

About 5,000 measurements of the magnetic field vieckided in the mapping
database.
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To meet the objective in the present study, wecsatethe measurements of the
geomagnetic-field components along ~200 sweepiseoatellite orbit taken in 2008, when
the CHAMP altitude was at a minimum (310-320 kmhe3e data cover the territory
between 40° and 46° north latitude and betweerafh8°30° east longitude.

M ethods of data processing

The technique for detecting regional lithospheri@agmetic anomalies from

satellite measurements above different territdriekides:

— collecting and summarizing measured data andjingrthem into a convenient form;

— distinguishing components for the most adequeseription of the lithospheric magnetic
field from huge data arrays by specially develofgsthniques; and

— mapping the distribution of the components ofahemalous magnetic field.

Because of theneasured at satellite altitudes field is a sumaottiibutions from
several source (external and internal) with respethe Earth’s surface, the main problem
of analysis consists in correct resolution of tl¢alt magnetic field into components
originating from different physical sources.

The primary satellite geomagnetic field includes tfollowing superposed
components: (i) the main geomagnetic field, gereeraly magnetohydrodynamic sources in
the liquid part of the Earth’s core; (ii) outer Ifle, generated by magnetospheric and
ionospheric current systems; (iii) induction fielggoduced by currents in the conducting
layers of the crust and upper mantle; and (iv) #m@malous field, related to the
magnetization of lithospheric rocks.

The lithospheric magnetic field remains after sssbge removal of all “excess”
components from the measured values, which makesrehability of its detection
dependent on the techniques selected for desaripfithe removed parts. This, so-called
physical approach of distinguishing lithospheritagddas become almost classical. It was
improved by the authors in terms of subtractiothefmain magnetic field, which is usually
represented by the International Geomagnetic Reder&ield (IGRF), based on the total
magnetic field.

Observations of the world network of magnetic obataries, which are very
nonuniformly distributed over the Earth’s surfaaes the basic array of experimental data
for IGRF models. In areas with no observatories,SKHA grid is filled with additional data
(from satellite, airborne magnetic and marine sysyeln this case, a considerable part of
the data is lost, and the advantage (e.g., the benwity of satellite measurements in space
and time) is artificially violated. The selectioauses problems: the quantity of discarded
data is different for different days, and theirigos in space is also very nonuniform. As a
result, several competing models are constructed,the best one is selected every five
years; which must describe the main magnetic fetideach point of the globe with
minimum average error.

The preset parameters of the orbit of the CHAMPelk&E permit daily
measurements of the geomagnetic field at the notles almost uniform grid above the
entire Earth’s surface. This permits expansion4fiéld components obtained during the
day with a second-long resolution into sphericatnt@nics to power and to order of
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magnitude in order to construct the average dg@hesgcal harmonic model (ADSHM) for
the main magnetic field for each day rather thanyaaut averaging for a long time interval
(one year), as it is customary (Golovkov et al.Q20 We use ADSHM coefficients in a
specially developed program to eliminate the maglu ffrom experimental values.

N n a n+1 m m._. m
ur,en)=ally ¥ [J (gn cosm)\+hn smm)\)XPn (cosP)

n=1m=0\"
X:—}d_U’Y:__ld_U, :_d_U’
r do rsin@ d\ dr

whereU is geomagnetic potential at a point with the geplgi@al coordinatesr( 6, 1); X,
Y, andZ are the northern, eastern, and vertical compornantse measured fieldg, the
Earth’s average radius; are associated Legendotidns of powen and ordem; g, ™ and
h," are the coefficients of the field model.

Magnetospheric current systems were approximatetidofirst zonal harmonic in
spherical harmonic resolution, whereas ionosphenies were approximated by linear or
parabolic trends.

Geomagnetic data were selected only for the pansée by the satellite at night
(LT from 22:00 to 6:00) and only on magneticallynagkp < 1 andDst < 20) days.

A specially developed program for detecting geonstignfields from the total
quantity of the CHAMP records for Balkan was usedccompile a base of experimental
data on the modulus of the total vector and thepmmants of the anomalous lithospheric
magnetic field.

Mapping the anomalous lithospher e magnetic field above the Balkan
territory

By applying the technique for the analysis of tHeABIP satellite data that was
described above, we calculated the maps of spdis&ibution of the modulusTé) and
vertical componentZg) of the anomalous geomagnetic field at the siadlititude of ~300
km above the Balkan territory. Maps were compilethvthe use of the GMT software
(Wessel and Smith, 2007) from the CHAMP data.

In order to increase the reliability of the mappirrgnd to examine the
reproducibility of the results, the authors of ti¢icle calculated the anomalous magnetic
field using a few independent sets of the satelldta. A comparison of different versions
of maps based on these input data showed that ghtals structure of the field is
reproduced by hugely reliably.

The contour map of the modulus of the anomalousodipheric (longwave)
magnetic field Ta over the Balkan region at thé@wde ~ 300 km is presented by Fig. 1.
The map scale is 1: 5,000,000, the data is us#teimedian averaging 5 x 5 minutes.
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Fig. 1. Contour map of the lithospheric (longwave) andesabdf the magnetic field modulus
(Ta) above the Balkan territory. The CHAMP satellibservations altitude is ~300 km.
Faults: VF — fault zone Vardar; SVF - lineament|Baed — Vardar.

Fig. 2 shows the map of the modulus Ta of the ahausdithospheric field of the
Balkan region, based on the data of Global Earttgitc Anomaly Grid (EMAG2)
presented by (Maus et al., 2009). The altitude alibe geoid is 4 km. The map scale is 1:
3,000,000, the data is used in the median averagirgd minutes. Letters mean faults:
IMF —Intra-Moesian, PBF — Predbalkan, STF —StruM&RF Maritsa, CRF — Central
Rhodopean.
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Fig. 2. Contourmap of the magnetic anomalies field modulug &bove the Balkan.

There are some «white spots» on the map (Fig. @)tauhe absence of airborne
and marine magnetic data in the study of territorgl Bulgarian shelf in the EMAG2 base.
Nevertheless, there is data that allow to makectimelusions about magnetic qualities of
deep immersed layers of crust of Bulgarian teryitor
The map of the anomalous magnetic field at the wbsien altitude of 4 km (Fig. 2) differs
considerably from the field distribution at thetalle of 300 km (Fig. 1).

At an altitude of 4 km, the reader could see thenst fragmentation of the positive and
negative anomalies in comparison with the fieldtlos satellite altitude. This fact makes a
logical sense, since the measurements of the gewtiadield at high altitudes works as a
"low - pass filter"; in other words, it suppresdesal anomalies and maintains regional
anomalies in a little distorted form at the sanmeeti Decrease of the anomalies amplitude
with the altitude due to the sources parameterbtiudspheric anomalies: the more the
depth of the magnetized body and its horizontalegisions, the slower decrease anomalies
with the altitude. Therefore, high-altitude obsdimas are stored anomalies caused by
large-scale structures that lie at great depths.

Geologic - tectonically position and the geophysical characteristics of
the Balkan area

The study of the Mediterranean — Carpathian zdme,part of which is Balkan
region, is conducted by the variety of geophysimathods, including different methods of
seismic tomography (Wortel & Spakman, 2000; Gvidnmn2002; Yanovskaya & Lyskova,
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2013).

The south part of the Balkan zone was formed asesultr of collision of
continental lithosphere blocks of various sizesadeed from the northern fragments of
Gondwana and displaced northward, through the Jtoetean in Mesozoic and Cenozoic
(Wortel and Spakman, 2000).

The region has an extremely complicated structdirth® lithosphere composed
groups of fold belts and crystalline arrays. Thetdeic activity is continually lasting, its
nature attributed interplate interaction and (bg mantle processes. Intense folding which
resulted from of tension processes, contributetthéorise of magma in the upper layers of
the lithosphere and activation of the volcanismiciwhakes place so far (Haak et al., 1989;
Galanopoulos, 1993pakman et al., 1988; Wortel and Spakman, 2000Yhé&tdepth of
about 200 km found the low-speed area, produceparaptly, by melting of the upper
mantle rocks. In the area of southern Bulgariagli®a continuation of this zone (Spakman
et al., 1988). High heat flow values under theitety of the West and Central Rhodope
testify of this.

On the northern edge of the Balkan velocity distiitin of vertical sections on
profiles crossing the South-Eastern Carpathiangesigthe presence of subduction of
ancient oceanic slab from east to west under tigteEa Carpathian (Girbacea & Frisch,
1998; Wortel & Spakman, 2000; Gvirtzman, 2002; Yiskaya & Lyskova, 2013).

For example, the results of surface-wave tomograptmch were applied for the
data collected at stations in Eastern and Westarofge, show that along the line passing
through the zone of basin Brashov and the Vranoea ia the NE-SW direction, there is a
significant change in the structure when passinguih the vertical «fault», where the
deep-focus earthquakes take place in the Vrancem @fanovskaya & Lyskova, 2013).
This area, in the southeastern corner of the ClaigraMountains, is a unique opportunity
to study the final and short phase of the platevenyence, when the part of subducting
lithosphere is, finally, detaches from the subdwglate and begins to sink into the mantle
(Wortel and Spakman, 2000; Gvirtzman, 2002).

In the Balkan province observed almost all the uiest of seismogenic zones
established for many seismically active regionshef Earth: (i) the increased thickness of
the Earth's crust and its consolidated parts (Dacl®88); (ii) abnormal velocity
differentiation of the section and anomalous ab#mmpof seismic waves (Dachev &
Volvovsky, 1985); (iii) regional decrease of seismvielocities in the upper part of the
mantle (Dachev & Volvovsky, 1985); Yanovskaya & kgsa, 2013); (iv) abnormal
asthenosphere layer location (Dachev et al. 1985)availability low- velocity layers
(waveguides) (Dachev and Volvovsky, 1985); (vi) @bex layered structure of the
boundaries "crust - mantle" (Wortel & Spakman, 20@Qii) the presence of layers with
anomalously low conductivity in the crust and mar{\bramova et al. 1994, 1997), (viii)
the increased values of the heat flow, and so on.

Bulgarian Geophysical Journal, 2014, Vol. 40 57



D. Yu. Abramova, S\V. Filippov et al.: Lithospheric magnetic anomaliesin the Balkan region

os [T (T [0

Fig. 3. The thermal model of the lithosphere along thediler Rhodope - Moesian platform -
the South-Eastern Carpathians - Moldavian platftibachev, 1988).

1 — the lithosphere boundaries: Moho (a), sedinmghéger (b); 2 — the upper boundary of
the asthenosphere layer; 3 - isotherms (a) an@tiie isotherm (b); 4 - faults (a) and
thrusts (b} 5- estimated channels of intense convection heat.

Geothermal model of the lithosphere along withphefile AA' are shown in Fig.

3 (for the profilelocation, sedrig. 2). Profile crosses the Carpathian- Balkan region from
South-Western Rhodope in Bulgaria to the Vrancggorein the Eastern Carpathians in
Romania (Kutas, 1978; Demetrescu, 1982).

As shownin Fig. 3 the territory of the Southern Balkan d&waktern Carpathians is
characterized by unsteady and heterogeneous théiettyl which is typical for activated
alpine areas. The available experimental data Hesd areas is limited; however, it is
known that in the southern part of the Rhodopééehgperature at the Moho border rises up
to 800-900° C. The lithospheric heating in thisaaireexpressed as an abrupt increase in the
asthenosphere temperature values 1200-1300 °Chwihi¢urn, causes a rise of the Curie
isothermal surface of magnetite and a decreaseimbgnetic-layer thickness.

The some factors discussed above are expectedniauiéested in the AMF behavior.

Thelithospheric magnetic field maps analysis

As the figures 1 and 2 illustrate, in general, ibgional background of thmap is
characterized by the low valueéthe lithospheric anomalous magnetic field tisatisually
characterizing the tectonically active regions.

It should be noted that the anomalous field mageitat altitudes of 300 km is
relatively small in comparison with such signifitanomalies like the Kursk anomaly
observing in the Voronezh Crystal massif territ(®ypramova L., 2012). In this case, we
can discuss the qualitative image of the lithosphaagnetic field, which is characteristic
for the crust bottom.
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Nevertheless, it is seen that the lithospheric AlfK). 1) is divided into two
positive and negative parts. The separation take® @pproximately along the 25° E. This
line corresponds to the position of the transcemtial lineament Svalbard — Vardar (SVF)
which observed in tectonic schemes decryption tdllga images the western part of the
Alpine Mediterranean belt and also correspondshto gosition of the Madan-Nedelino
intraformational glide (M-N) and central Rhodopelfa

It is observed negative values of the anomalousnetagfield in the Vardar fault
(VF) area, apparently indicating on the activatidriectonic processes in the deepest parts
of the area.

On the map (Fig. 2) it is demonstrated the mosatraicture of alternating large
areas of positive and negative anomalies.

In the research of faulting and block structureshef Balkan crust the idea that it
is made up of separate megablocks has been arguddh are separated by deep
discontinuity (Velchev et al., 1970; lvanov, 198¥prtel and Spakman, 2000; Zagorchev,
2001). Megablocks vary in thickness and compositbrihe crust and separated by the
deep faults. The lattexrs shown in Fig. 2, are characterized by low vabfdhe anomalous
magnetic field, for example, such as PredbalkaaiaPBF), Struma (STF), Vardar (VF),
Maritsa (MARF), Intra-Moezian (IMF) etc.

In the northern part of the map AMF seismicallyiaetzone Carpathian, as a rule,
characterized by negative values of the magnedid.fi

In the northeastern corner of the map the positalees of the field territorially
match the part of subducting from the east ocearate, which is bounded by Intra-
Moesian fault (IMF) on the south. A significant degse in values of the AMF is observed
in the Brashov basin and the Vrancea area regions.

The mechanism of subduction of the cold lithosphslab from the east under the
Carpathian, the spread of the tearing processtantrdnsition from partial to complete of
the detachment of the subducting plate are cugremttively discussed in geophysics
(Wortel and Spakman, 2000; Gvirtzman, 2002). Thetselies suggest that the area of
strong bending of the Southeastern Carpathian atatkable part of the plate is limited to
two crust faults: Trotus the north and Intra-Moadiae south.

In the area of Brasov basin the root of disconoects viscously connected with
the initial lithosphere and pulls it downward. Resdes exactly under this area indicates
low seismic velocity anomaly (Frish et al., 1998fgibly representing heat asthenospheric
material. Magmatic processes occurring in this aveee discussed by Girbacea & Frish
(1998).

The current research is very logical and fully esponds to the researches in the
field of tectonic structures and geophysical fialdsler Brashov basin and on the border of
Vrancea area.

It is clearly recorded in the anomalous magneddfi (i) tectonic bending East
Carpathian (Gvirtzman, 2002), fixed by the chandgesign of AMF and its significant
gradient; (ii) restriction of subducting slabs frahe south Intra-Moesian fault a sharp
change from positive to negative values of thalfiéii) significant reduced in the value of
the field in Brasov basin, due to the rise of thgi€isothermal surface of magnetite and a
decrease in the magnetic-layer thickness due thitieposition of the hot asthenosphere.

In the central part of the map (23° — 25.5° E aBfd-45° N) there is an amoeboid
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isometric positive anomaly with amplitude about X0Q which is surrounded by zones of
decreased field values. The position of this angnarresponds to the well-known
Moesian positive regional anomaly, located in thestern part of the Moesian platform and
on the territory of the Carpathian depression ([Racli988). The anomaly has isometric
shape and somewhat elongated in the north-eastidinelts length is about 200 km.

Small amplitude positive magnetic anomaly occujpidarge area on the territory
of Serbia-Macedonian massif.

Rhodope zone

A reflection of the large-scale tectonics can bensie the AMF for the Rhodope
example. For this purpose we used the work of Rndv (1981), in which was considered
the hypothesis of the Central- Rhodope nappe existe

On the more detailed map of the Rhodope magnedid {iFig.4) the position of

the fault structures and partial massifs, takemf(R. lvanov, 1981), are marked.
23 240 25° 26"

Fig. 4. Contour map of the magnetic anomalies field moslTa) according to EMAG2
above the Rhodope territory. The altitude abovegtiwd is 4 km.

Great faults and sliding zones: SMV- Simvolon, SZtnezhin, MAR - Maritsa, AD -
Asenovgrad-Diadovo, MSF - Mesta cryptofault, STStruma, RF — Rhodope fault.

CERM - Central-Rhodope (partial) massif; NERM —tieEast Rhodope (partial)

massif;, SMAM — Serbian -Macedonian (partial) masSERM — South-East Rhodope
(partial) massif; PHIM — the autochthonous parthef CERM

According to the author, Rhodope massif (RM) isaitory of metamorphic rocks and
granites of partially overlapped by Tertiary moksand volcanics. Tertiary molasse
depression and related faults divide the array s®weral «partial» massifs: North-East
Rhodope (partial) massif (NERM), South-East Rhodaetial) massif (SERM), Central-
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Rhodope (partial) massif, including Rila and Pi(@ERM), and Serbian -Macedonian
(partial) massif (SMAM), (Fig.4).

The author considers that the whole allochthontals, §CERM), which was built
by Rhodopsin series, covers almost the entire negicCentral Rhodope, Rila and Pirin.

The great linear gravimetric transition the lighiaga of CERM from considerable
heavier mass of SERM is interpreted as evidencenéle- Rhodope deep fault&€RF)
(Dachev, 1980), whereas the structure on the seidacnot support the existence of such
fault.

The consideration of AMF map reveals an amazinqiadence of the most
probable borders of the CERM allochthone and anounsamagnetic map contours. As it
can be seen, in general, the entire CERM areaaisacterized by negative AMF values.

The western boundary of the magnetic anomaly @&rigldimited Struma fault and
corresponds well with the assumption, that the CER#dtern boundary is covered by the
sediments Tertiary molasse depressions along them&t river. Here the significant
gradient of changes in the anomalous magnetic field the change of field sign from
negative to positive is fixed. The positive fieldlwes describe the field of the neighboring
Serbian -Macedonian massif (see Fig.2).

The northern boundary of the nappe runs along tedrfa gora zone. To the East
the SE-trending Asenovgrad— Diadovci (AS-DF) faslthe margin of the allochthone of
the Central- Rhodope nappe. The boundary positidlneomagnetic anomaly also coincides
with it.

The geological map (Birk et al., 1970) suggestsdkistence of one large E-W
striking syncline along the southern slope of ti®dbpe massif, Mesta fault, (MSF on the
Fig.4). The magnetic anomaly boundary is consist&attly with MSF.

On the eastern nappe border powerful thrust foldsxgnarked, retrogressive
metamorphism and mylonitization of NNE zones withwerful serpentine layers at the
border between CERM and SERM (Snezhinskiy Syndlimoy are marked.

Negative anomaly is evidence of the raising of theie isothermal surface of
magnetite and a decrease in the lower part of thst enagnetic-layer thickness in south
part of the region, which is demonstrated by theFAMaps.

As it was mentioned above, seismic data discoverpttesence of zones of the
waveguide and electromagnetic investigation fixed trust conductivity anomaly in
Central Rhodope. Unfortunately, these data weraindéd from the only one profile. The
using of magnetic anomaly data affortide possibility of the extrapolation and
generalization of geophysical fields in the reskadcarea.

Conclusions

Given materials show that satellite magnetic olattos add the information to
regional tectonic studies. The compiled maps aralyais of the lithospheric anomalous
magnetic field in Balkan area show their consisfewith geological ideas of the zoned
block structure of the crust in this region. Furthere, their localization coincides with
other geophysical data, like the thermal field thwlfield of seismic velocities.
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Through the example of Central Rhodope Massif @ashthe possibility of confirmation
of existence of the subsurface discontinuity hiddeder the sediments.

As a parameter reflecting on the present-ggition of tectonic structures and their
physical properties, the lithospheric magneticdfielight be used for their description in
combination with other geological and geophysicathods.
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JIutocdepHu MATHUTHH aHOMATUH B BajlkaHCKHA peruoH

. A6pamosa, C. ®unumnmos, JI. A6pamosa, 118. Bapenios

Pesrome. OrmpenesicHa € MO3UIMITAa HAa TUTOCHEPHUTE aHOMAIMK HA MarHUTHOTO ITOJIC Ha
TepuTopHsiTa Ha bajkanckus pernoH. Hue u3mossBaxMe JaHHWUTE OT U3KYCTBEH CI'BTHHK
Ha 3emara CHAMP u pmannure Ha Global Earth Magnetic Anomaly Grid (EMAG2).
Cratusita ommcBa MeToN 3a oOpaboTkaTa Ha CATEIWTHUTE JaHHW W HAYMHHUTE 3a
pa3feasiHeTO Ha OOIIMTE PETHOHAIHU JUTOCHEPHH MArHWTHH aHOMAIWH OT CATCIUTHU
n3MepenuTe. KapTure Ha MarHUTHOTO ITOJIC HA aHOMAJIMUTE 33 JBE Pa3IHYHUTE BHCOUYNHU
HaJ TeOMa ca IMOCTPOCHM 3a bamkaHCkus pernoH. OTYUTAT Ce TEOJOXKKATA U TCKTOHCKA
NPHUPOJa Ha MAarHUTHUTE aHOMAJIUWH U BPb3KaTa MM C IBJIOOKHTE CTPYKTYPH Ha 3€MHATa
kopa. [IpenBapuTeIHaTa HHTEPIPETALNS HA MATHUTHUTE KaPTH ITIOKa3Ba, Y€ aHOMAJIUHUTE CE
KOpeJaupar C TOJEMHTE TCONOKKH M TeODU3WYHA CIICMCHTH Ha 3E€MHAaTa Kopa.
XapaKTepUCTUKUTE Ha JHUTOC(HEPHOTO MArHWTHO II0J€, KAaTo IapaMeThp, OTpPa3siBalll
HACTOSIIIOTO IOJ0XKEHNE HA TCKTOHCKUTE CTPYKTYPH M TCXHHUTE (PU3MYHKM CBOMCTBA, MOTAT
Jla ce M3M0JI3BaT B KOMOWHALMS C IPYTHTE T€OI0KKH M T€O(U3UIHN METOIH.
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PARAMETERS AND TECTONIC STRUCTURE OF THE TERRITORY OF
BULGARIA

L. Abramova, Iv. Varensoy D. Abramova

!Geoelectromagnetic Research Centre of the Instifuféaysics of the Earth, Russian Academy of
Sciences, Moscow, 142190 Russia. ludabr50@maivam_varentsov@mail.ru

2Institute of Terrestrial Magnetism, lonosphere, &adlio Wave Propagation, Moscow, 142190
Russia, abramova@izmiran.ru

Abstract. The results of magnetovariational sounding at tiea @f Rhodope Massif
of the Republic of Bulgaria were examined. Magnat@tional response functions
were calculated and the maps of - modulus and phafsthe induction vectors were
built based on the results. The comparison of theses with the tectonic structure of
the Rhodope was made. As a result it was shown tteatMV parameters quite
adequately reflect the tectonic features of thed®pe region.

Key words magnetovariational sounding, induction vectoosduictivity anomalies,
tectonic structures, Rhodope

I ntroduction

The present-day studies have shown that the Eamtlet®nosphere consists of
inhomogeneities of different ranks and structuvdsyse lateral position and position in the
section do not always correlate with visible ge@agfructures. This necessitates mapping
of deep-seated inhomogeneities in the crust ancerupmgantle in connection with the
development of prognostic criteria for deep-seatédgas, and solid minerals and the
compilation of new-generation maps for predictiogeealed deposits (Shchukin, 2005).

The problem of the relationship between the crirstabtle heterogeneities and
surface structures is one of the key problemserctintemporary geology.

The electrical conductivity of the tectonospherehiol is studied by
electromagnetic (EM) methods, is determined by mbrer of factors such as mineral and
chemical composition of the rocks, porosity andepaonnectivity, fluid or graphite
content, and temperature. The conductivity at thestal and upper mantle depths is
predominantly determined by temperature and floidtent.

65



L. Abramova, Iv. Varensost al.: The relationship between the electromagngirameters ...

Importantly, the geoelectrical estimates of theaeameters are independent of
their estimates derived from seismic data. The BMndings of the Earth which use the
fields from natural and controlled sources provadaufficiently large depth of investigation
and have a specific sensitivity to the conductigitypmalies associated with these factors.

Presently, the EM soundings with natural sourcesehbecome a powerful
instrument for exploring the geoelectrical struetof the Earth's interior. As the examples,
we cite the EMSLAB, BEAR, EMTESZ-Pomerania, KIROVB®&D international
projects, the German soundings in the Andes, amd ambitious EARTHSCOPE:
SYNOPROBE programs deployed in the USA and China.

Due to their particular sensitivity to the zoneshiagh fluid saturation and thermal
decomposition of the crustal/mantle material, thé §oundings are an important element
in the family of geophysical methods for studyithg structure of the tectonosphere in the
geodynamical active regions.

In the eighties of the twentieth century, the éfaf the Bulgarian scientists of the
Scientific Research Institute of Mineral Resouroéshe Ministry of Geology of Bulgaria
and the Soviet geophysicists of the USSR AcademySaénces (presently Russian
Academy of Sciences) resulted in the extensive lgetieal regional studies by the
magnetotelluric and magnetovariational soundings aomumber of the international
geotraverses and linking their profiles which stnetd almost across the entire territory of
Bulgaria.

40 240 440 640 840 1040 1240

Fig.1. The map of the MT and MV soundings across geetses on the
Bulgaria territory Lines with numbers - valuesf the total longitudinal
conductance of sediments S

These studies are essentially the first experiefce systematic study of the deep
geoelectric structure of Bulgaria. Fig. 1 showspb@ts position for the observation of the
long-period variation of the electromagnetic fieddl the territory of Bulgaria and the
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adjacent shelf. There were made more than 80 peoirgsunding in the wide interval of the
variation periods: from 10 minutes to 24 hours.

During the land experiments were carried out symobus measurements by a 5-
component stations IZMIRAN-5. They measured thee&sf), H (north) and Z (downward)
magnetic field and Ex (north) and Ey (east) eleatrfield components.

A special magnetic instrument complex installethat Panagyurishte observatory
was in operation during the whole period of theesbations. This station ensured the
synchronization of the EM field measurements cotetliduring different years.

For the experimental data processing a softwareptoafor the analysis of time
series was applied (Ashirova et al.,, 1989). Regardio the research, the spectral
processing involved the calculation of the comglenctions of the electrical conductivity,
including the determination of the parameter R #&me relationship of the coincident
horizontal magnetic field components in a wide mnfvariations periods from 10 minutes
up to 3 hours.

The qualitative interpretation of the data along ®etrich--Nikopol profile was
carried outThe mainresult of theresearch was th#iscoveryof theasthenospherayer of
the increased conductivity at the toptleé mantle

The chronology and preliminary results of the wddscribed in (Abramova et al.,
1994).

The further studies in this direction were broken the known dramatic events that
changed the political and social landscape of ountries.

In this paperwe have tried tamake therevision and additionalprocessing of
materials the analysis of whichas been postponenhtil better timesandmay offer a new
contribution tothe problem of usingensing MV data.

Definitions and theor etical prerequisites

The variations of the magnetic field of the Earthickh are generated by the
electrical currents flowing in the near-Earth eowiment induce the secondary solenoidal
currents in the conductive layers of the crust mpger mantle. These fields and currents
are employed in the different EM sounding methods éstimating the conductive
properties of the rocks composing the crust angeasisphere.

The magnetovariational sounding (MVS) and magnetatianal profiling (MVP)
methods are based on the amplitude ratio betweespatial harmonics of the vertical and
horizontal components of the magnetic variatiorlese methods are used for searching for
and exploring the large horizontal heterogeneitregshe electrical conductivity of the
Earth's crust and upper mantle through the separatid analysis of the anomalous part of
the field of magnetic variations (Schmucker, 19@0ugh and Ingham, 1983).

In the MVS and MVP methods, all the proceduresparcessing the measurements at a
separate observation point and on the profile eynile linear relationship that links the
horizontal components of the EM field of magnetciations H (T) and H (T) at periodl
with the vertical componentH

H; (T) = AH, (T) +B H, (T) 1)
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At each observation point, the induction vect6ré§Schmucker1970) are calculated (and
then plotted as the maps) from the magnetic tecmmponents in the following way:

C= Ai + Bj, (2)

with i and j pointing North and East, respectivéifhe induction vectors are constructed
separately from the reaC() and imaginary(Cv) parts of the coefficientd andB for the
selected periods.

As a result of data processing at each observatoomt, the components of the
magnetic tensors and complex induction vectors veadeulated in the interval of the
periods of the magnetic variations from 15 min #@l31. For the section along the Petrich--
Nikopol profile, the one-dimensional (1D) and twiorénsional (2D) geoelectrical models
were calculated, and the comprehensive interpoetadif the obtained results with the
allowance for the additional geological and geopdalsparameters was carried out
(Abramova et al., 1994).

The overall structure of the EM field along the fileowas characterized by the
following features.

1. The amplitudes of the vertical magnetic comporaer, hence, the components of the
induction vectors ¢and C,, within the southern part of the profile are lowkan in its
northern part. This looked somewhat odd, considettie fact that the distance between the
northern and southern segments of the profile wamast 150 km. Due to this, it was
natural to hypothesize that the behavior of the fieNtl in Rhodope is largely contributed
by the electrical conductivity of the underlyingseanent layers, which smoothed out the
conductivity contrast.

2. The orientation of the EM field as characteribgdthe layout of the induction vectors
did not always agreed with thsurface structural plan of the key tectonic units and
indicated a probable misalignment between the serfand deep boundaries of the
geological crustal objects.

3. The total longitudinal conductance of sedime®tgstimated during the interpretation
was ~1000--1700 S in the entire territory of thesaations. The value of;$n the
Rhodope region was nearly identical toathin the Moesian platform covered by the thick
sedimentary strata. This was noticeably differetmf the $map for the territory of
Bulgaria which was constructed by lovka Borisovadzhon the geological and geophysical
data available at that time (Fig. 1). On the figkince, this was surprising since the
Rhodope in their subsurface portion are composettiefPrecambrian or Early Paleozoic
crystalline schists and granitoids with very higkistivities (Dachev, 1988).

4. The regional seismic studies along the Petiiikepol profile VIl revealed a waveguide
in the upper crust at a depth of 5--10 km (Fig(ZZchev et al., 1985).
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Fig.2 The Petrich-Nikopol section of the Earth crustsgismic boundaries; 2-3
faults: 2 — crustal, 3- mantle (a —certain, b —ftiis} 4 — leer velocity values,
km/s; 5 — sedimentary layer; 6 — low velocity layg— “granite” layer; 8 —
“basalt” layer; 9 — uppermost mantle; 10 — asthphege layer (?)

The thickness of the waveguide is 8--9 km bendahRhodope. The top surface
of the waveguide deepens southwards, and its tegkmliminishes to 5--6 km in this
direction. North of the Rhodope, the top surfacah&f waveguide also deepens, and its
thickness decreases to 6 km.

These features in the behavior of the EM and seisfields suggested the
existence of highly conductive layers in the crastd probably in the conductive
asthenosphere.

In the present work, we analyze the example of Rpedfor exploring the
relationship between the parameters of the EM fld the tectonic structure of the region.
This segment of the Bulgarian territory is covelydthe densest EM field observations
along a number of the electromagnetic profiles.

The geological and geophysical settings

The Balkan territory pertains to the Alpine foldeshe, a part of the Balkan--Asia
Minor orogeny (Velchev et al., 1970; Dachev, 198B)is arc-shaped edifice is elongated
in the NW--SE direction in its western part ancttie EW direction in its eastern part. It
continues up to the Pontides in the east and tipetsouthern portions of the Carpathians in
the west.

The Moesian platform, Balkan folded system, and dodipe zone are the main
geological--tectonic elements of the region. Thestiferetaceous evolution of these
territories was marked by the formation of the ntome thrusts of different ages, often
with significant amplitudes of the displacementafiev R., 1981, 1984; Ivanov Zh. et al.,
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1984; losifov et al., 1994; Zagorchev, 2001).

The Rhodope massif which spreads over the temioof Bulgaria, Greece, and
Serbia, is a unique geological object with a coogtéd tectonic structure and sharply
anomalous behavior of the geophysical fields, & higdrothermal and seismic activity,
and a wide range of the ore and non-ore minerabslep

According to the modern understanding, the Rhodamgon has undergone a
profound Alpine rejuvenation including the formati@f the Rhodope deep nappe and
overthrusting of the Serbian--Macedonian massifrabe Rhodope region (Ilvanov R.,
1981; Dachev, 1988; Zagorchev, 2001).
The existence of the Rhodope nappe is supportédebfpllowing body of evidence.
(i) The seismic and gravimetric data reveal thiekt45--55 km) crust beneath the Western
Rhodope, which is the thickest among all the Balkdpides; its thickness decreases
northwards to 30 km in the region of the Moesiaatfprm (Volvovsky et al., 1987;
Dachev, 1988). This can probably be caused by theepce of the large thrust slices
(thrust nappe) which augment the crust.
(i) The anomalously high position of the top sedaof the asthenosphere and clear
traceability of the related seismic waves testifiiie specific state of this region, which is
caused by the redistribution of stresses in thettiermodynamic conditions. The existence
of the waveguide zone established from seismic ida@asociated with the thick sediments
buried in this area (Volvovsky et al., 1987).

As a reference for analyzing the probable cormefatbetween the tectonic
structures and EM field, we used the study of Rnbw (1981) where the author explored
the tectonic structure of the Rhodope region (Bijgadopted from the cited paper).
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Fig. 3. Structure of a part of the Late-Alpine Rhodope sifg$vanov R., 1981). Great
faults and sliding zones: SMV- Simvolon, SZH -SriezhlMAR - Maritsa, AD —
Asenovgrad -Diadovo, STF — Struma, RF — Rhodopk. fisliN - the Madan-Nedelino
intraformational glide. Towns:Pd — Plovdiv, Ed -rie@ (Odrin), Kr — Kardzali. Areas:
Er —Erma-reka, Py — Pirin, Na — Norh-Rhodope Al
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The Rhodope massif is a territory of the metamarpbcks and granites partially
overlain by the Tertiary molasses and volcanice Thrtiary molasse depressions and the
related faults divide the massif into several “@dritsubmassifs: the North-East Rhodope
Massif (NERM), South-East Rhodope Massif (SERM)n€ad Rhodope Massif (CERM),
including the Rila and Pirin mountains, PHIM — #ngtochthonous part of the CERM, and
Serbian--Macedonian Massif (SMAM), (Fig.3) (IlvanRy, 1981).

Just as the Aegean Sea and Western Turkey, thieesolWBulgaria is characterized
by the high heat flow (> 2 mCal/émagainst the average flux of 0.88 mCafisrver the
Eastern Mediterranean (Macris, 1977)). One of thebable explanations of this
phenomenon conjectures that the Aegean region hasated upper mantle due to the
convective motion of the hot asthenospheric mdterdch penetrates into the lithosphere.
It is presumed that beneath the Aegean region tiseselarge lithothermal dome which
originated from the asthenospheric trough. Thisoflypsis is supported by the works on
seismic tomography (Spakman et al., 1988).

At a depth of about 200 km is the low-speed arae, dpparently, to melting zone
upper mantle rocks. In the area of southern Budgtrére is a continuation of this zone.
High heat flow values under the territory of theodbpe testify to this. Province of
Southern Balkan is characterized typically unsteatty heterogeneous thermal field, which
is typical for activated alpine (Kutas, 1978; Veln Boyadjieva, 1981).

Interpretation

For the purposes of the present study, we revisitedld data and carried out the
partial processing of the EM field observationstbg modermsoftware systen{Varentsov,
2013) As a result of this work we built the curves loé tmagnetic parameters and estimated
their accuracy. All the data are represented in filen of the maps showing the
distributions of the key invariant complex parameter the periods of magnetic variations
ranging from 15 min to 3 h over the territory ofl&aria.

According to the theory, the parameters of the &oge#s and directions of the
induction vectors reflect the position and strikethee surface and buried deep structures.
The example in Fig. 4 a, b shows the two panelstted parameters of the
magnetovariational responses (induction vectots): dmplitude (modulus) of vectd
(Fig.4a) and its direction Dir C (Fig.4b) in theusisern segment of the Bulgarian territory.
The maps are presented for three periods: 220@G9 S. and 8500 s. We chose these
values of the periods as adequately reflect to itidvidual parts of the frequency
characteristics.

The MV responses demonstrate the different behaviothe EM field at the
different periods of the observations, which téstifto the vertical stratification of the
geoelectrical section. The EM field at the reldivghort periods reflects the properties of
the geoelectrical section in the upper crustalrigyehereas with the growth of the period,
the pattern of the field becomes increasingly datdd by the effects of the deeper
structures.

The correlation between the tectonic structureskvdield is clearly observed in
the case of the Central Rhodope Massif. The bottelpain Fig. 4 show a zone that is
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v, 1981; 1984).

confined to the position of the allochthonous CER%no
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Fig. 4a. The maps of the of the Fig. 4b. The maps of the of the
magnetovariational response parameters:  magnetovariational response parameters:
modulus of the induction vecta. phases of the induction vector Dir C.

As seen from pane of Fig. 4, the amplitudes of the induction vectafthin the
Western Rhodope (CERM territory) are low at almait the periods of magnetic
variations. In contrast, the amplitudes of the wtdn vector in the Eastern Rhodope
(NERM and SERM areas) are, on average, noticeagheh, except for the separate local
anomalies.

The low amplitudes of the induction vectors indécttat the crustal conductive layer which
we previously revealed when interpreting the gegigtml section along the Petrich--
Nikopol geotraverse stretches beneath the entiRNCEegion.

The similar delineation of CERM territory by theratitional parameters of the
induction vectors, which is shown in Fig. 4b, i€evmore distinct.

This behavior of the vectors is well consistentwitie hypothesis that the integral
(whole) allochthonous plate constructed of the Ripadseries overlies almost the entire
CERM region (the central Rhodope, Rila, and Piriountains). It is composed of highly
metamorphosed rocks (almandin-amphibolites, migesgtetc.).

The western boundarnyof this conductive layer just as the bend of th& S
boundary of the Struma fault are clearly outlingdhe EM parameters (Fig. 4b).

It is presumed that the western CERM boundary dslém beneath the sediments
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of the Tertiary molasse depressions in the badorgahe Struma River. West of this line,
the rocks have the different properties and arecriesd as the Serbian--Macedonian
metamorphic series in Greece (Birk et al., 1970 directions of the induction vectors fix
this boundary by the sharp change in their dir@stio

The position of thenorthern boundaryof the nappe is expected to occur in the
zone of Sredna Gora. The southeasterly strikingndgegrad--Dyadovo (AD) fault is
presumed to be the boundary band of the CERM dhach To a certain extent, this is
reflected in the parameters of the EM field in Hg.

The eastern boundargf the nappe is covered by the thick strata ofRakogenic
molasses. Its surface is masked by the thick (>3)&one of slickenside diaphthoretic
rocks. (lvanov R., 1981). The strikingly pronounag@vimetric transition from the light
masses of the CERM allochthon to the significahttgvier SERM masses is interpreted as
the geophysical “Central Rhodope Deep Fault” (Ri)jch is probably the geological
boundary between the different rocks of the blookghe Central Rhodope autochthon
nappe. This region is marked by the profound fa@didiaphthoresis, and milinitization of
the NNE zone with the thick serpentite layers & @ERM and SERM boundary-- the
Snezhin synclinorium.

The position of this fault spatially corresponds ttee sharp changes in the
parameters of the EM field at almost all the pesiofithe amplitudes and directions.

The nature of the conductive layer in the Rhodope

The high-conductivity anomaly revealed in the wesfgart of the studied territory
is likely to be induced by the fluids ascendingnirthe lithospheric plates which subside
towards the southern portions of the Serbian-Magdo and Rhodope massif. This
geoelectrical structure of fluid--thermal origin é®rrelated to the low-velocity seismic
structure (Fig. 2).

As noted above, the waveguide which is identifiexhf seismic data in the upper
portions of the crust at a depth of 5--10 km i®agded with the thick buried sedimentary
rocks in this part of the region. In the opiniontleé Bulgarian geologists (Ivanov, Stanev,
1982), the autochthon in this thrust is formed ly thick marble layer which is treated by
the hydrogeologists as a large, deeply seatediamtéssin with hydrothermal karst. The
allochthon composed of the Rhodope granitoid seeeges as the water-resistant confining
plate.

These scientists suggested the paleohydrogeolpgimach based on studying the
hydrothermal systems in the active volcanic ared smbstantiated the thermo-elision
model of polymetallic metallogeny in Rhodope. Thisdel can explain the origin of the
conductivity anomaly revealed beneath the Rhodope.

An important fact is that during the Tertiary pelidhe Rhodope aquifer was a
carrier of hydrothermal brines which penetrated ittte Rhodope confining plate and
formed the metasomatic tin -- zinc ore mineralmatjithe Erma River deposit).

Interestingly, the region of the increased crustadductivity also quite accurately
coincides in plan with the negative lithospheriommaly of the constant magnetic field
established from the CHAMP satellite data, whiclygasts the elevation of the Curie
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surface, and with the change in the sign of the$ipheric magnetic field in the region of
the Central Rhodope deep thrust (see the papehd$pheric magnetic anomalies in the
Balkan region” in this Journal).

Conclusion

From the presented data it can be seen that thepM¥meters quite adequately
reflect the tectonic features of the Rhodope region

The analysis of the EM data quite confidently sustigi¢he presence of the buried
crustal conductor beneath the western part of thedBpe massif. The parameters of the
EM field reflect the spatial distribution of the @eal-Rhodope massif and the Central-
Rhodope deep fault zone.

The Rhodope hydrothermal basin can be treated easdhrce and cause of the unique
geoelectrical anomaly in the south Bulgaria.

The further interpretation of the revealed crugbelectrical anomalies with the
allowance for the seismic velocity models, seismmal data, geothermal reconstructions,
potential field anomalies, geochemical and petrsjgfay notions, as well as the other
geological and geophysical information will clarithe origin of these anomalies and
elucidate their relationship with the geodynammacesses.

The modern interpretation technologies that hawenlieveloped in the world to
date make it possible to build the volumetric ggalal models on different scales which
could be of practical value for mineral prospectiimgydrogeological and hydrothermal
resources evaluation, and seismicity assessméme iterritory of Bulgaria.
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Bpb3kaTta MeKIy eJeKTPOMATHHUTHHUTE NapaMeTpM W TEeKTOHCKH CTPYKTYpH Ha
Teppurtopusita Ha Brarapus

JI. AGpamoBa, VB. Bapenmnos, /[. AGpamoBa

Pesynrature ot marauroBapuannonnure (MV) uscnensanus Ha Teputopusta Ha brarapus
ca TpPEICTaBeHH B CTaTHATA. V3uucieHW ca (QyHKIUHWTE Ha EINEeKTPONPOBOTHOCTTa U
MarHUTHUTE WHAYKIMOHHUTE BEKTOpH. IloCTpoeHM ca BBpPXYy TAX KapTH Ha MOAYI U
MOCOKaTa Ha WHAYKIMOHHUTE BeKTOpH. CpaBHEHHETO Ha TE3W KapTH C TEKTOHCKAaTa
CTpYKTypa Ha paiioHa Ha Pomomckms macuB mokasBa, 4e mapamerpure MV anexBaTtHO
OTpa3sBaT TEKTOHCKUTE XapaKTEePUCTHKH Ha pernoHa Ha Pomomwre.
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Abstract. The most significant of the Earth’s magnetic fiedtbments is the

geomagnetic declination, which is widely used irodgsy, cartography and their
associated navigational systems. The geomagnetilmdgon is incorporated in the
naval navigation maps and is used in the navigafiozcess. It is also a very
important factor for aviation where declinational&ave major importance for every
airport (civil or military).

As the geomagnetic field changes with time but n@he geomagnetic declination
are not published annually and are reduced to achem the past (Buchvarov and
Cholakov, 1985), it is necessary to define two toidal parameters in the maps,
needed to determine the value of the geomagnetiindéon for a particular moment
in the future: 1) estimated value of the annualidation variation and 2) a table with
the average diurnal variation of the declinationg@iven month and hour.

Key words: PAG observatory, geomagnetic declination, geomagnstcular
variations, prediction models..

Introduction

The goal of this research is to analyze the anm&dn values of geomagnetic
declination on the territory of the Balkan Penimsidr obtaining a best fitting model of that
parameter which can be used for prediction of thelidation value for the next 10 years
(Mandea, 2001).

The latest version of the GFZ Reference Internagjiddic Model (GRIMM-3.0)
was used to compare the magnetic field evoluti@disted by that model between 2001
and 2010 to the data collected in five operatingngggnetic observatories in the Balkan
region (PAG, SUA, PEG, IZN, GCK) over the same timterval.

In this study are tested different time-scale pisiand different order polynomials
to create the most appropriate prediction model tanelstimate the obtained results. It is
perceived that linear models which are used toraete the annual declination variation in
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cartography provide enough accurate informatiortHerdeclination map’s users.

Datasets used in the research

1. Model derived from satellite data: The GFZ Refiee Internal Magnetic Model
(GRIMM) has been derived from nearly eight yearsC6fAMP satellite data and seven
years of observatory hourly means. At high latigjdall vector satellite data are used at all
local times. By doing so, a separation is posdileleveen, on one hand, the fields generated
by the ionosphere and field aligned currents, andhe other hand, the fields generated in
the Earth's core and lithosphere. This selectiohrtigue leads to a data set where gaps are
avoided during the polar summers allowing the miodelof the core field with an
unprecedented time resolution.

2. Secular data from several INTERMAGNET obsenia®near to PAG observatory: The
observatories used (Fig.1) for the second datasdbaated on the Balkan Peninsula or in
near vicinity (Iznik). Annual mean values of theclileation are used from:

Grocka, Serbia and Montenegro (GCK) - Latituded238' Longitude = 20° 46'

Surlari, Romania (SUA) - Latitude =4#' Longitude = 26° 15'
Pedeli, Nea Makri, Greece (PEG) - La#ud38° 5"  Longitude = 23° 56
Iznik, Turkey (1ZN) - Latitude = 40° 30 Longitude = 29° 44'
Panagyurishte, Bulgaria (PAG) - Latitudd2° 31' Longitude = 24° 11"
20° 22 24" UZB' 28 46
¢ 2
b UA
wld
l | a4
uPAG-
42 J » N
’ ~ Qi = = .
40 Z >
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Fig.1. Locations of the observatories which data arel tmemodelling

3. Bulgarian repeat stations network daf&ie repeat stations measurements in Bulgaria
started in 1934. The eight points selected ther\wapplemented with seven more in 1964.
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All points were investigated, stabilized and lateiplicated with spare ones and secured
with lasting miras. Up to 1980 they were measuneghethree years and then because of
the small secular variations — every five yearspt¢sic maps for different periods are
elaborated. The repeat stations are shown on tipeimfaig.2. Last series of geomagnetic
field measurements were performed during 2007 &i@ 2ising Di-Flux (theodolite Zeiss
020B and Mag-01H) and GSM-19 proton magnetometer.
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Fig.2. Location of the repeat stations in Bulgaria

A - Panagyurishte observatowy- repeat stations) - first class points ¢ - new points.

Model Derived From Satellite Data

The latest version of the GFZ Reference Internagjidgic Model (GRIMM-3.0)
is used to extract the magnetic field secular tiana predicted by that model between
2007 and 2012 and to compare them to the datateegisin the Balkan Peninsula
observatories and the repeat station measuremeite Bulgarian territory.

GRIMM-3.0 model is to provide a highly accurate agstion of the core field and its
temporal evolution, the model contains some extdield estimates as a by-product from
the necessary separation of sources in the modafipgpbach (Korte and Lesur, 2012).
Using linear interpolation we created model of #mmual variation of the Declination in a
window from Lat. 41,2°N to Lat. 44.2°N and form Lgpr22°E to Long 28°E (Fig. 3)
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Fig.3. Model of the Declination annual variation for tieeritory of Bulgaria obtained from GRIMM-
3.0 model for the period 2007-2012

Model Derived From Observatory Data

Published annual mean values of the Declinatioraiobtl in Panagyurishte
observatory (PAG) (Butchvarov and Cholakov, 2006pk@kov and Mihovski, 2010) and
the four neighboring geomagnetic observatories (SN, PEG and GCK) were used for
the periods as follows:

PAG - 2000-2012 SUA - 2000-2010

IZN - 2007-2012 PEG - 2000-2012

GCK -2000-2011

Model of the Declination annual variation is obtnby linear fit using least
squares method. Obtained values are in the ra8ge 4.8 min per year (Fig. 4).

Due to the fact that the observatories used forainog are far away from Bulgarian
territory, after the interpolation there are soraatfires that cannot be explained with the
expected main field characteristics presentedopdasc maps of previous researches.
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Fig.4. Model of the Declination annual variation for tieeritory of Bulgaria obtained from
Declination annual mean values calculated in PAGASZN, PEG and GCK observatories.

Model Derived from Repeat Station Measurement Data

The Geomagnetic Survey in the National InstituteGafophysics, Geodesy and
Geography-BAS has reliable data for the declinaticygistered in Geomagnetic
Observatory Panagyurishte (PAG) since 1948 to rieigt 6). The existence of such a long
row of data allows tests on secular variationshef magnetic field, to track dependencies
related to various cycles of solar activity, aslaslto make estimates of the annual change
of declination for small periods in the future.

Declination (PAG)
0 mir.
2500 =

FALERVER

PRLERVEE
L0000 A
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1948 1957 1056 1960 1964 1968 1572 1976 1980 1084 1988 1903 1996 2000 2004 2'303 01z
ear

Fig.5. Annual Declination values obtained in PAG sincd&9
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Analysis of the Declination values, registeredhia last 65 years in PAG indicates
that the value of this element increases but witliféerent rate, thereby the annual
variation is variable over time (Fig. 6). Severakrvals of increase are observed, followed
by a gradual decline in values, but in general fthenplot of declination first derivative for
the entire data a positive linear trend in the ear@ 1.5 min/year is calculated.
Mathematical analysis of the behavior of geomagnediclination and its first and second
derivatives showed that for modeling the valueghid parameter with extrapolation is
appropriate to use data recorded after 2000.

D min./year Declination annual variation (PAG)

50
70 4
GO
50 4,

40 - S e

340 4 &5 el —

20 4 Delta D PAG

10 4 e —— Linear trend

00 T T T T T T T T T T T T T T T T

19498 15952 1926 1960 1904 1968 14972 1976 1980 1934 1988 1997 1996 2000 2004 2008 2012

Fig.6. Declination Annual Variation in PAG observatorydaralculated linear trend since 1948

For prediction of the Declination annual variatifmn the next 10 years data from
PAG (Fig. 7), SUA, IZN, PEG, GCK and 6 repeat stasi from Bulgarian territory are
used. Regression analysis of each data serie® afetlination values is performed with a
linear model using the least squares technique:

D(t)=Do + 4D.t

WhereD(t) is the DeclinationDg is constant component of the equatibig, time in years
and4D is the linear variation for the investigated pdrighich is used as a prediction value
of declination annual variation.
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Fig.7. Linear model of the Annual Declination using lesgtiares technique for the period 2000-2012

Calculated values are in the range between 5 @ndchi./year and a distinct W-E trend is

observed on the map of Fig. 8.
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Fig. 8. Prediction model of the Annual Declination vanatfor the period 2013-2023 for the

purposes of regional topographic mapping

The obtained results are comparable with the rekedone by Georgiev et.al
where the annual declination model has a similafigaration but the obtained values for
the period 1960-1980 are in the range 1.4-2.7 year/ Calculated in this way prognostic
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values of the Annual Declination variation can tsdiin the topographic maps and for
navigation.

Conclusions

Three different models are obtained aiming to methhe Annual Declination
variation for the next ten years over the territofyBulgaria. Satellite data from GRIMM
3.0 show only the long-wavelength components ofglobal geomagnetic changes which
are not sufficient to present the local behaviduthe geomagnetic field secular variations
with an accuracy which can be used for topographépping. Regional interpretations
made by observatory data only provide more detaigatesentation of the investigated
element. They have one main disadvantage whidteitack of data in long and equal time
intervals. This was compensated by constraining thedel using repeat station
measurements in Bulgaria. As a result, a modelhef Annual Declination variation is
obtained having accuracy and resolution which fficsent for the purposes of calculating
the geomagnetic declination for a particular momienthe future and can be used in
topography maps.

Acknowledgmentsl would like to thank Dr. Ilvan Buchvarov for thechive materials from
PAG observatory activities in the past and for tiseful help for analyzing the obtained
results.
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MoaeaupaHe Ha CeKyJapHATa Bapualusl HA TeOMATHUTHATA JeKJIHHAIMSA 32 LEJINTe
HA PErHOHAHOTO TONOrpa)cKo KapTUpaHe

M. Metoaues

OT eneMeHTHUTE Ha 3¢MHOTO MarHUTHO TI0JIe, Hal-3HAYMMUS € TCOMarHUTHATA ICKIMHALINS.
Ts ce m3momsBa B reofe3wsTa, KapTorpaduira W CBBP3aHUTE C TAX HABUTALMOHHU
cuctemu. JlexmuHanuATa € HHTETPHpaHa B MOPCKUTE HABUTAIMOHHU KapTH U € M3MOJI3Ba
npy Tporeca Ha HaBuranusa. ChIOIO0 Taka € MHOTO BaKeH (PaKTOp 3a aBHAIMATA, KBICTO
JTAHHWTE 32 JEKIMHAIMATA Ca OT TOJISIMO 3HAaYCHHE 3 BCSIKO JICTHUIIE.

TBi KaTO TEOMAarHUTHOTO IIOJIE C€ TPOMEHS BBB BPEMETO, HO KapTH Ha TreOMarHUTHATa
JIEKIAHAIN He ce MyONMKyBaT €XKeroqHo W OMBAT peAylUpaHd KbM €Il0Xa B MHHAJIOTO, €
HeoOXonmuMoO Ja ce OeUHHpAT JABa AONBIHHWTEIHH IapamMeThbpa B KapTUTE, HY)XHH 3a
OTPENIC/SIHETO HA TEOMAarHWTHATA [CKIWHAIMS 3a JajJeH MOMEHT B Opaemero: 1)
W3YHCIICHA CTOMHOCT Ha TOJMINHATA BapHallMsd Ha JCKIMHANMATA W 2) Tabnuma chbe
CpeIHHTE ICHOHOITHY BapHalliy 3a Ja/ieH Mecell U Jac.
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POSSIBILITY FOR DROUGHT ASSESSMENT WITH GRIDDED DATA-
SETSOF THE STANDARDIZED PRECIPITATION INDEX
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Abstract. Drought Indices (DIs) have been commonly used tfindedrought
conditions. In general, DI is a function of severgtiro-meteorological variables and
can be integrated in a decision support system dsoaght management tool to
trigger drought relief programs. Globally, drougtiave been studied using many
different indicators, but, among them, the Stanidadi Precipitation Index (SPI) has
significant advantages. SPI has been selected ley World Meteorological
Organization (WMO) as a key indicator for monitgridrought ('Lincoln declaration')
and is one from the two most used in Europe. Thaikd from the authors’ four
global gridded data-sets of the SPI are presentbedy are computed from the
UDEL/GEOG/CCR v3.02, GPCC v7.0, the NOAA-CIRES 20GRc and the
ECMWF ERA20C monthly precipitation databases anchea them is with more
than a century long time extent. The SPI is catedldor the most frequently used
time scales of 1, 3, 6, and 12 months and, excEM\EF ERA20C, are in the highest
available grid resolution, native for the precipida database. The popularity of the
SPI in the geophysical community and the strongvichion of the authors that the
free exchange of data and software services arés las effective scientific
collaboration, are the main motivators to open pheduced data-sets for free of
charge download. The paper shows also in concise fmme possible use of this
information, revealing its suitability for variowdjective long-term drought studies at
any geographical position.

Key words: Global Gridded Data-sets of SPI, Objective Drougssessment, Free
SPI-data Download

Introduction

Drought is a natural phenomenon and poses signtfipgoblems around the
world. It places huge demands on rural and urbaerwasources, and enormous burdens
on agricultural and energy production. In generought is defined as the water
scarceness due to insufficient precipitation, héglapotranspiration and over-exploitation
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of water resources or a combination of these parmeDespite its complex nature, there
is overall agreement that precipitation is the priynfactor controlling the formation and
persistence of drought conditions. Drought indi¢B$s) have been commonly used to
define drought events. In general, DI is a functioh several hydro-meteorological
variables (e.g., rainfall, temperature, streamflemgwmelt, etc.). They can be integrated in
a decision support system as a drought managew@rtottrigger drought relief programs.
Moreover, it has been used to quantify deficitswater resources and as a drought
monitoring tool. However, drought researchers apafronted with the ambiguity of
drought definitions and Dls, which has never beswlved to the satisfaction of all drought
researchers and professionals. In attempt to owezabis, an Inter-Regional Workshop on
Indices and Early Warning Systems for Drought welsl lat the University of Nebraska-
Lincoln in December, 2009. It was jointly sponsobsdthe School of Natural Resources of
the University of Nebraska, the U.S. National DroudMitigation Center, the World
Meteorological Organization (WMO), the U.S. Natibn@ceanic and Atmospheric
Administration (NOAA), the U.S. Department of Aguiture (USDA), and the United
Nations Convention to Combat Desertification (UNQCDhe workshop reviewed the
drought indices currently in use in different raggoof the world to explain meteorological,
agricultural and hydrological droughts, assessedctHpacity for collecting information on
the impacts of drought, reviewed the current ancerging technologies for drought
monitoring and discussed the need for consensudganid indices for describing different
types of droughts. Manifestation of the resultsh&f conference is the Lincoln declaration
(Hayes et al. (2011)), which key point is that tlierkshop came to a consensus that the
Standardized Precipitation Index (SPI) be usedchtracterize the meteorological droughts
around the world. More specially, the National Metdogical and Hydrological Services
(NMHSs) around the world are encouraged to useStPkto characterize meteorological
droughts and provide this information on their wigss in addition to the indices currently
in use. The free availability in the recent decadésdigital maps for the monthly
precipitation sums, either from objective analysisfrom reanalysis, has encouraged the
authors to compute the SPI for the frequently usme scales of 1, 3, 6, and 12 months
(noted traditionally as SPI-1, SPI-3, SPI-6 and-$P) from four sources for the full time
length of each precipitation data-set. Consequefalpwing our strong conviction that the
free exchange of data and software services alie bheffective scientific collaboration,
we offer these results for free of charge downleiadnternet. Mean aim of this study is to
present shortly these data-sets, rather than forpeany drought climatology. Thus, the
listed examples have to be treated as small iitistn of the variety of potential
applications at any possible geographical positdepending of the particular interest of
each end-user.

The paper is organized as follows: Section 2 prewid description its strengths,
limitations and application of the SPI for objeetidrought assessment. The third section
contains concise description of the used precipitadata-sets. The performed calculations,
validation of the output are in the fourth sectidine procedure for the free of charge
download of the output data-sets is describedarfifth. In the sixth section are listed some
illustrative examples and the short summary anctlasion are placed in the last, seventh
section.
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Theoretical aspects, strengthsand limitations of the SPI

The SPI was developed by McKee et al. (1993) fonitooing drought conditions
based on precipitation sums. It is computed byniitta cumulative probability function
(CPF) to the distribution of precipitation summetktthe time scale of interest. This is
performed separately for each month (or whatevertdémporal basis (time window) is of
the raw precipitation time series) and for eaclafion in space.

The definition of the SPI is part of many publicais, and thus will be not
addressed here. The reader can find it, for exarmpldoyd-Hughes and Saunders (2002).
Once standardized, the strength of the anomallassified as set out in Table 1. The table
also contains the corresponding probabilities afuoence of each severity, these arising
naturally from the normal probability density fuioct.

SPI value Category Probability %
2.00 or more Extremely wet 2.3
1.50t0 1.99 Severely wet 4.4
1.00 to 1.49 Moderately wet 9.2

0 to 0.99 Mildly wet 34.1

0 to -0.99 Mild drought 34.1

-1.00 to -1.49 Moderate drought 9.2
-1.50to -1.99 Severe drought 4.4
-2 or less Extreme drought 2.3

Tablel. Values of SPI and corresponding categories aologbilities (after Lloyd-Hughes and
Saunders (2002))

In the recent decade the SPI is widely used throuigthe world in both a research and an
operational mode (see Lloyd-Hughes and Saundef@2jZ6r details).

In many articles (see, for instance, Hayes etl&99)) the advantages and disadvantages of
using the SPI for drought severity assessment @eusked. The SPI has three main
advantages. The first and primary advantage is lgityp The SPI is based solely on
rainfall and requires only the computation of twargmeters, compared with the 68
computational terms needed to describe the poRabner drought severity index (PDSI).
By avoiding dependence on soil moisture condititins,SPI can be used effectively in the
whole year. The SPI is also not affected adverssiytopography. The SPI's second
advantage is its variable time scale, which allotvdo describe drought conditions
important for a range of meteorological, agricudtuand hydrological applications as in the
cited articles above. This temporal versatilityaiso helpful for the analysis of drought
dynamics, especially the determination of onset eeskation, which have always been
difficult to track with other indices. The third \whtage comes from its standardization,
which ensures that the frequencies of extreme s\atrany location and on any time scale
are consistent. Other strength, usually dismiseetie SPI description, is that this index is
defined without any empiricism, in particular 'lbparameterizations', which, more or less,
are connected to the concrete position and/or skttaThis problem arises also in the
attempts to generalize the SPI, including the etrapepiration (see Vicente-Serrano

Bulgarian Geophysical Journal, 2014, Vol. 40 87



H. Chervenkov, I. Tsonevsky, K. Slavov: Possilfititydrought assessment with gridded data ...

(2012)). The SPI has three potential disadvantattesfirst being the assumption that a
suitable theoretical probability distribution cam found to model the raw precipitation data
prior to standardization. An associated problerthes quantity and reliability of the data

used to fit the distribution. A second limitatiofi the SPI arises from the standardized
nature of the index itself, namely that extremeudids (or any other drought threshold)
measured by the SPI, when considered over a lomg pieriod, will occur with the same

frequency at all locations. Thus, the SPI is nqtatde of identifying regions that may be
more ‘drought prone’ than others. A third problenaymarise when applying the SPI at
short time scales (1, 2, or 3 months) to regiondoof seasonal precipitation. Strictly

speaking, the SPI is not defined by zero precipitatin these cases, misleadingly large
positive or negative SPI values may result. On phadblem partly is dedicated the work of
Wu et al (2012). On the basis of the results idieati within this study, the authors

recommend that the SPI user be cautious when agplshort-time-scale SPIs in arid

climatic regimes, and interpret the SPI values appately.

Used data

In the recent decades objective analysis and rgsinahave been extensively
developed in many institutions and, consequentg, produced data-sets used in many
applications. In our study we have used two objectinalysis data-sets, namely the version
3.02 of the “Terrestrial Precipitation: 1900-2010idded Monthly Time Series” of the
Department of Geography of the University of DeleavéPeterson et al (1998)), noted
further as UDEL and the Global Precipitation Clinlagy Centre (GPCC) Full Data
Reanalysis version 7.0 (Schneider et al (2015))dca@as GPCC. The both are global and
the subsets with the highest resolution of 0.5°%@d6 both are considered for the SPI-
calculation. The time extent of UDEL is 1900-2010daof GPCC - 1901-2013. The
considered reanalysis data-sets are the versiomfvte NOAA-CIRES 20CR (Compo et
all. (2011)) noted as CIRES and ERA20C of the EesmpCentre for Medium-Range
Weather Forecasts (ECMWF) noted further as ERAZBXCKler et al (2014)). These data-
sets are also global with time coverage 1851-201d ¥000-2010 correspondingly. The
row data of CIRES are in Gaussian irregular grid are interpolated with the tool “cdo”
(http://www.mpimet.mpg.de/cdo) to the 1.5°x1.5°aleon with similar to the original
grid cell size. So, one CIRES gridcell accommodaitee UDEL or GPCC ones. The
ERA20C data-set is deliberately downloaded witlfX055° resolution although the grid-
cell centers are offset by 0.25 deg in comparisodd@EL and GPCC.

Perfor med calculations and validation

The values of SPI-1, SPI-3, SPI-6 and SPI-12 ampced using own programs,
following the classical approach, proposed by Mckeal. (1993). The calculations are
performed over the whole spatial and temporal éxdéreach input data-set, described in
previous section.
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The web site of the CARPATCLIM project (see JRCore2010) and the references
therein) contains data for monthly precipitatiomsuand the calculated with them SPI1 and
thus are suitable for validation of our calculatimwcedures. The two computations were
found to be in excellent agreement. The Europeaou@hit Observatory of the Joint
Research Centre (EDO-JRC, http://edo.jrc.ec.euenpedov2/php/index.php?id=1000)
publishes also SPI maps of recent drought episdddég®ugh computed with SYNOP data
and different reference period they are very ctoseur results.

The selection of the reference period for the datmn of the CPF parameters is usually
not commented with necessary depth, but, this iy velevant. McKee et al. (1993)
recommends to use time-series with at least 30syleaigth and thus the current WMO
standard reference period 1961-1990 seems thermatstl choice. Considering the results
of an inventory of the reference periods used mous Member States, the specific needs
for accurately representing extreme events, andilpieschanges in the rainfall regimes due
to climate change, the Water Scarcity and Drougigel® Group strongly recommends
using the period January 1971 to December 201eésréhce Period for the calculation of
the SPI.

[llustrative examples and qualitative comparisons

Main result from the presented work are the spatial temporal arrays of the
fourth SPIs, retaining the spatial and temporageittesolution of the corresponding input
precipitation data-set. Such distribution facitsthe combined analysis of both in parallel.
Hence each map, drawn after interpolation of ucsired data, for instance the point
measurements in the SYNOP stations as in the widdaravitis et al (2011), depends from
the subjective choice of the interpolation proceduhe presented here in the 'native’
regular grid data-sets are much more consistent.

As far as any drought climatology is beyond thepscof the presented work, only some
illustrative examples, which reveals possible impatations of the data-sets, will be listed
concisely.
Thus Figure 1 shows the world map of the SPI-12Hersecond year of the NOAA-CIRES
reanalysis.
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Fig. 1. World map of the SPI-12 for the second year oNBAA-CIRES reanalysis

The drought in the USA during 1976 and 1977 wad migbressed, especially in particular
regions; California's statewide snowpack reachedalktime low in 1977. The spatial
distribution of the SPI-6 for North America for shyear is depicted on Figure 2.
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ig. 2. Map of the SPI-6 for 1977 obtained from UDEL. Hetitis dataset contains data for the
land-surface only, the SPIs over the water bodiesiadefined and shown hatched.

The extreme drought and heat wave that hit Eurngaé summer of 2003 had enormous
adverse social, economic and environmental effestish as the death of thousands of
vulnerable elderly people, the destruction of lasgeas of forests by fire, and effects on
water ecosystems and glaciers. It caused power amds transport restrictions and a
decreased agricultural  production. According to then-line document
(http://www.unisdr.org/files/1145_ewheatwave.en)pdfimpacts of summer 2003 heat
wave in Europe” of the United Nations Environmembgamme (UNEP) the losses are
estimated to exceed 13 billion euros. Map for SRif3his episode is shown on Figure 3.
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ERA20C SPI=3 for 2003
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Fig. 3. Map of the SPI-3 for 2003 obtained from ERA20C

Typical issue of the long-term drought climatoloigythe analysis of historical drought

events. So, for instance, the EDO-JRC maintainsighbepisodes site, which is updated
periodically. Impressive is the case in 1989-199Eirope, which, according this source is
in the list of 21 biggest droughts since 1950. Eglly affected ware Southern Europe and
the Mediterranean. Figure 4 shows the spatialidigion of the SPI-1 in the middle year,

1990 for Southeast Europe.
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Fig. 4. Map of the SPI-3 for 2003 obtained from GPCC. Tata-set contains data also for the
land-surface only.
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The obtained data-sets can be post-processedisédlysin order to derive some secondary
measures, which are suitable for climatologicallysis. So, for instance, Lloyd-Hughes
and Saunders (2002) shows, among other resultss wfafhe number of drought events,
where the individual ones are defined by zero angssthat bound the exceedance.

Finally, the presented data-sets offers the pdigiib extract certain information in
particular (grid) point of interest in form of tingeries, which is other traditional way for
data analysis and visualization, as shown on Figure
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Fig. 5. Time series of SPI-1, SPI-3, SPI-6 and SPI-1a)fat point located in SE Bulgaria. The
vertical grey lines brackets 1989-1991, which sudsht period.

To save place, only the time series of the SPIshefdata-set with the longest time-span,
NOAA-CIRES are plotted. Such subsets can be alst-mocessed, especially applying
techniques for trend analysis or for searchingearfqals of cyclic repetition of predefined

anomalies.

Data-sets download

The output data-sets are written in the standartganelogical file format netCDF
and are available for free of charge downloadmt/feo.cfd.meteo.bg/SPI/.
If you acquire these data, we ask that you acknidydeus in your use of the data. This may
be done by including text sut¢he SPI data-set are prepared from Chervenkov .afrain
the Bulgarian National Institute of Meteorology amtidrology in any documents or
publications using these data. We would also ajgeececeiving a copy of the relevant
publications. Thank you in advance!
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Summary and conclusion

Although many researchers argue that rainfall b&isdare not strong enough to
define the wider drought conditions, their appraf@ness was proven in numerous studies
in most parts in the world. Despite their limitat®p these indicators offer pragmatic
approach for quantitative estimation of complexmaraena. This fact is strengthened since
the rise of the digital era, when reliable datasef plenty of meteorological and
hydrological parameters are freely available. Hiliews the calculation of such 'secondary
quantities as the SPI routinely for climatologigadignificant periods of time (in order of
decades) practically all over the world.

Despite of the similarity in the precipitation surfts fixed time and location
between the fourth input data-sets, they are géyerat equivalent and, more or less, this
reflects to the corresponding SPl-arrays. This ifipebave to be accounted in certain
applications.

The presented data-sets and their availabilityiarip{i.e. before the start of any
drought study) saves time and computational effoftthe potential user allowing him to
focus his attention to the relevant analysis andrjgmetation. The data-sets can be used
from wide circle of investigators and decision-makeolely or, as is our advice, in
combination and/or addition with other methods aeing comprehensive drought
assessment in every region of interest.
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Bb3Mo:KHOCT 3a aHAJIU3 HA 3acyumiaBaHe 4pes Haﬁop JaHHM B paBHOMEpPHaA Mperka 3a
CTAaHJAPTU3UPAHUA BAJICKCH HHACKC

Xp. Uepsenkos, UB. [{oneBcku, K. CraBos

Pesiome: HsmonsyBaHeTo Ha MHAEKCH 3a 3acymaBane (M3) e uecTo mpuiiaraH MeTOJ 3a
OIleHKa Ha ycloBHATA 3a 3acymaBane. Kato mano, U3 ca ¢yHKIMSA Ha pa3snudHd XUAPO-
METEOPOJIOTHIHHU ITPOMEHINBHY U MOTraT Aa OBJaT WHTETPUPAHU B KOMIJICKCHH CHCTEMH 32
MUTHTAIMsS Ha TIOCIEACTBUATA. B cBeToBeH Mamab ce mpmiaraT MHoXectBo M3, HO
Crangaprusupanusat Banexen HWuamexc (SPI) mma 3HauuTeHHM NpeMMYILIECTBA IpeEN
ocrananute. SPle u30pan or CseroBHara Mereoposoruuna opranusanus (CMO) kato
KITOYOB WHIMKATOp 3a HaOJroJeHWe Ha 3acymiaBaneTo (BXk. T. Hap. «Jlakmapanust oT
JIMHKBIH») ¥ € eIdH OT JABaTa Haii-uecTo mpuiarand B Espoma. Cratusra npeacTabs
YETHPHUTE MOJIYYCHH OT aBTOPHUTE Ii1obanHu Habopu manHu 3a SPIB paBHOMEpHA Mpexa.
Te ca m3uncnenu crorBeTHO Ype3 UDEL/GEOG/CCR v3.02, GPCC/ v7.0, NOAA-CIRES
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20CR v2cu ECMWF ERA20CO0a3u naHHHM 3a MECEYHHS BaJIEK KAaTO BCSIKA OT TIX € C
BpeMeBH 00XBaT MOBeYE OT BeK. MHIEKCHT € W3YMCIICH 3a HAi-4eCTO W3IMOJ3yBaHUTE
BpeMmeBu maradbu ot Of 1, 3, 6u 12 mecena u, ¢ uskmouenne Ha ECMWF ERA20Cca B
Hal-ToJsiMaTa Pe30JIONHs, B KOSITO ca HAJMYHU JaHHWTE 3a Bajexka. [lomymspHOcTTa Ha
SPIB ekcniepTHaTa OOUTHOCT M CHITHOTO YO@XKICHUE HAa aBTOPUTE, Ye CBOOOHHS OOMEH Ha
JAHHA W TPOTPAMHU CPEICTBA € OCHOBA 3a IIOJI30TBOPHO HAYYHO CHTPYAHHUYECTBO, Ca
TJIABHUTE MOTHBH 32 IMPEIOCTaBIHETO HA MOJYYCHHTE HAOOpW 3a CBOOOJCH JOCTHI. B
KOHCIICKTUBEH CTHJ € IIOKa3aHa W MPWIOKHMOCTTa HA pPE3YyITaTUTEe 3a pPa3IuYHU
JIBJITOCPOYHH OOCKTUBHU M3CIICABAHUS B IPOU3BOJICH reorpa)CKu paiioH.
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DATA AND ANALISIS OF THE EVENTS RECORDED BY NOTSSI IN
2014
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Abstract. A map of epicenters of 1602 earthquakes that oeduturing 2014 in the
Balkan Peninsula (sector outlined by latit4de37- 47°N and longitude\=19-30°E)
is presented. Expert generalized analysis of themsgity over the territory of
Bulgaria and its very adjacent lands (with morenttf#47 localized events) is
proposed. Catalog of earthquakes with magnitude.Mi2applied.

Key words: Balkan Peninsula, Bulgaria, seismicity

The present scientific communication contains galimyd information on the
results of collection, processing and analysishefdata about the seismic events recorded
by the National Operative Telemetric System fors8wilogical Information (NOTSSI) in
2014. The expanded information about the realizsdnscity is suggested as a natural
generalization and supplementation of the monthtyngilations of the preliminary
seismological bulletin of NOTSSI. The analysis andhluation of the space, time and
energy distribution of the seismicity, periodicalbgen made, open up possibilities for
searching for time correlations with the parametérdifferent geophysical fields aiming to
find out eventual precursor anomalies.

The recording and space localization of the seigwénts in NOTSSI during 2014
is realized by means of the new digital networklg&ov et al., 2006). The routine
processing and acquisition of the initial data igamized in a real time duty regime. The
operations are fulfilled by the authors of this enamication. In such a way the main goal
of NOTSSI, namely the seismicity monitoring in arde help the authorities’ and social
reaction in case of earthquakes felt on the teyritof the country, is realized. The
computing procedure for determining the parametéthe seismic events is an adaptation
of the widespread product HYPO'71 (Solakov , 199Bg energy parameters of the events
are presented mainly by the magnitude M calculatmbrding to the records duration by
the formula (Christoskov and Samardjieva, 1983).
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M = 1.92 + 2.72log- 0.026)\

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

The focal mechanism parameters are obtained by snefaa program FOCMEC
(Snoke,2009). The high sensitivity of the seismpbsaallows recording and processing of
a great number of long distance earthquakes. Asuatrof the achieved experience in the
authors interpretation work, different magnitudelswer threshold for successful
determination of local, regional and long distareethquakes is established: M=1.5 for the
territory of Bulgaria, M=3.0 for the central part the Balkans, M=5.0 for long distance
events. The precision of the epicenter’s deterrignas different; except on the distance it
depends also on the specific position of the epéren relation to the recording network.
The parameters of seismic events occurring attardie more than 100-150 km outside the
territory of Bulgaria should be accepted only imfatively and cannot be used for
responsible seismotectonic investigation.
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For the period of observations presented in thisroanication, the primary data
about 2000 local, regional, distant earthquakesimaddstrial explosions on the territory of
Bulgaria are recorded, classified and processeda(ark bulletin) in NOTSSI. After
comprehensive analysis of the records and applicaif the above mentioned calculation
procedures it is established that 1602 of all tegisl earthquakes are in the Balkan
Peninsula region outlined by geographic latitud®-3%7 N and longitude 19 30 E. The
epicenters of the earthquakes differentiated bynitade levels are plotted on Fig.1. The
number of the events in the magnitude interval Nd=D9 is 657, in M=2-2.9 - 630, in
M=3-3.9 - 237, in M=4-4.9 — 66, in M=5-5.9 — 11 #mmuakes. During this not so active
period there is 1 event with magnitude M=6.6. Alftaquakes with magnitude more than 4
are out of Bulgarian borders.

As a whole, the seismic situation in the studied phthe Balkans during 2014 is
characterized as not so high activity - 1602 evesitgilar with previous year (2013) —
1622events, against 1508 in 2012, 1829 in 20111 24@010, 2744 in 2009, 1775 in 2008,
and around 1100- 1400 for most of the previoussyeHne maximum realized earthquake is
with magnitude Ms=6.6 in North Aegean sea, whilis tyalue for the previous years is
lower then five, as a rule, except 2011 — M=5.8 2082 - M=5.6. It can be noted that the
observed tendency of relatevely high activity istlgadue to the high level of earthquake
activation in North Aegean sea, Romania, CentraleGe, Serbia, and also due to increase
of number of microearthquekes in the territory ofdaria.

The strongest event outside Bulgaria during thdysperiod occurred in the region
situated to the south of North Aegean Sea (Greefitt) magnitude M=6.6. This event
caused VI - VIl degree of MSC scale on 24 May irrdghaly region and Haskovo town.
Shakable effects because of outside attack (eakieqwith magnitude M=5.6 in Vranchea
source zone in Romania) during the study perioduwed in north-eastern Bulgaria -
intensity 1V-V degree of MSC in town of Silistraa @2 November 2014.
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Fig.2. Map of epicenters in Bulgaria and adjacent langtd 2014 (Open Street Map - Tableau
Desktop 9.2.)
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As a whole, events with M<3.0 which occur outsidédaria are difficult to be
localized by the national seismological system;seguently, not all of them have been
marked on the scheme in Fig.1.

Fig.2 illustrates the seismicity just in the teorit of Bulgaria and nearby land$ (
= 41°- 443N, A = 22 - 29E). The earthquakes are differentiated by magnitotéevals.
The parameters of relatively stronger earthquakegi@esented in Table 1.

Table 1. List of earthquakes with Mz 2.5 in Bulgaria and adjacent lands during 2014

. Latitude Longitude Depth Local

Date Time IN°] [%’] [krlz] magnitude
3.1.2014 11:33:33.6 41.28 22.74 5 3.2
5.1.2014 4:51:18.1 41.63 23.76 12 2.6
10.1.2014 7:22:21.5 41.64 24.00 20 2.7
12.1.2014 0:29:15.2 41.83 22.89 8 2.5
13.1.2014 3:34:17.2 41.55 22.86 15 2.6
14.1.2014 12:5:48.5 41.92 24.54 18 3.2
14.1.2014 15:44: 1.5 41.91 2453 17 3.1
16.1.2014 2:1:10.1 42.22 26.24 20 3.0
19.1.2014 4:51:18.1 41.63 23.76 12 2.6
29.1.2014 10:40:17.1 41.93 24.55 18 2.7
29.1.2014 4:31: 4.7 41.92 24.52 12 2.5
29.1.2014 5:5:10.8 41.92 2454 20 3.4
29.1.2014 7:39:47.2 42.42 23.81 20 25
30.1.2014 7:39:47.3 42.42 23.81 18 25
30.1.2014 9:23:38.9 42.41 23.81 11 2.9
30.1.2014 9:32:29.4 42.41 23.81 3 2.8
2.2.2014 22:47:23.2 41.93 24.49 8 2.8
5.2.2014 1:56:44.4 41.42 28.64 26 3.4
5.2.2014 3:54:17.3 42.17 23.58 10 2.8
9.2.2014 22:31:11.0 41.92 2453 20 2.7
17.2.2014 17:49:41.1 41.03 27.57 17 2.6
17.2.2014 21:55: 4.5 41.69 23.82 6 2.6
17.2.2014 9:26:30.2 41.68 23.84 2 25
18.2.2014 20:30:59.5 42.07 24.86 7 2.6
20.2.2014 15:12: 0.0 41.69 23.83 2 3.3
23.2.2014 16: 9:45.6 41.52 24.58 2 2.5
28.2.2014 15:35:14.5 41.14 25.60 8 3.2
28.2.2014 18:48:54.7 41.19 25.54 8 25
1.3.2014 20:24: 6.6 41.21 25.53 11 2.7
4.3.2014 0:49:11.7 42.41 23.82 9 2.9
6.3.2014 19:19:33.2 41.67 23.83 11 25
11.3.2014 18:50:48.1 43.12 22.04 4 35
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Date Time Latitude Longitude Depth Loc_al

[N°] [E°] [km] magnitude
13.3.2014 6:16:45.9 41.19 25.57 5 2.6
15.3.2014 13:44:27.9 42.59 22.95 8 2.7
16.3.2014 23:44:36.9 41.15 24.47 12 3.0
20.3.2014 23:47:46.6 41.64 24.05 2 2.6
22.3.2014 15:21:16.0 41.93 23.24 2 2.8
27.3.2014 18:20:12.7 41.24 28.31 13 2.7
28.3.2014 4:41:44.8 42.16 23.58 8 3.2
1.4.2014 16: 6:13.6 41.78 23.78 16 2.5
5.4.2014 3:36:47.9 41.82 22.83 11 3.1
14.4.2014 7:44. 4.7 41.29 22.47 17 2.5
15.4.2014 12:27:48.6 42.65 23.24 7 2.5
17.4.2014 15:58:55.0 42.21 23.57 5 2.6
19.4.2014 16: 2:50.9 42.17 25.15 8 3.1
19.4.2014 23:39:51.1 42.18 25.17 15 2.8
23.4.2014 23:26:8.5 42.17 23.57 9 25
24.4.2014 1:7:29.9 42.42 23.49 14 2.5
30.4.2014 12:18: 1.7 42.17 26.31 9 2.5
3.5.2014 1:55:55.9 42.42 23.49 14 2.5
6.5.2014 1:54:22.5 42.54 23.04 11 2.9
6.5.2014 6:2:22.7 44.23 28.61 10 2.7
14.5.2014 12:20:45.8 43.69 28.75 33 2.6
22.5.2014 8:24:50.9 42.23 28.03 4 25
22.5.2014 8:24:50.9 42.23 28.03 4 25
24.5.2014 9:32:40.5 42.46 23.15 8 2.8
26.5.2014 20:39:12.5 41.50 24.93 17 34
7.6.2014 7:58:59.3 41.44 22.74 3 2.6
20.6.2014 5:19:11.9 42.17 23.56 20 2.5
24.6.2014 19:39:53.3 43.85 24,51 28 4.0
25.6.2014 19:17:47.6 42.37 25.91 2 2.7
8.7.2014 17: 4:27.9 41.18 23.13 9 3.0
11.7.2014 7:45:9.8 42.20 27.91 4 2.5
16.7.2014 22:45:13.3 41.60 24.33 15 2.8
30.7.2014 13:11:52.1 41.60 24.35 13 2.6
30.7.2014 13:59:25.5 41.59 24.35 14 2.6
2.8.2014 3:.57:5.6 41.60 24.34 16 2.8
5.8.2014 17:59:45.5 41.02 24.38 17 2.6
7.8.2014 16:34:15.5 43.10 27.44 2 2.6
16.8.2014 22:42:54.1 42.25 24.08 13 2.8
20.8.2014 1:29:30.4 41.61 24.34 14 2.8
21.8.2014 4:28:15.9 41.68 24.23 6 3.9
22.8.2014 7:16:21.1 42.15 23.42 10 2.7
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Date Time Latitude Longitude Depth Loc_al

[N°] [E°] [km] magnitude

23.8.2014 5:11:1.0 41.94 23.05 13 2.5
1.9.2014 7:46:48.8 41.79 23.00 20 2.5
2.9.2014 2:37:16.0 42.25 25.01 9 2.5
2.9.2014 4:54:24.5 42.58 23.05 20 2.8
8.9.2014 3:41:10.3 41.85 22.85 13 25
13.9.2014 14: 3:20.9 41.59 23.48 14 2.7
13.9.2014 14: 4:25.8 41.60 23.49 13 2.7
17.9.2014 9:25:4.9 41.85 25.41 13 2.5
23.9.2014 19:3:3.4 41.13 23.30 13 2.5
25.9.2014 22:13:5.1 43.04 22.18 2 25
25.9.2014 22:49:15.5 43.02 22.30 3 2.7
26.9.2014 3:52:56.6 43.46 25.43 2 25
1.10.2014 9:47:54.8 41.10 23.32 10 3.0
5.10.2014 9:45: 2.3 41.04 24.29 8 3.1
10.10.2014 20:21:39.5 42.20 25.27 13 2.8
13.10.2014 19:58:32.6 41.23 24.01 13 2.7
15.10.2014 20:27:37.9 44.07 22.11 15 2.7
25.10.2014 20:6:7.7 41.08 23.42 11 2.5
5.11.2014 1:58:21.3 41.97 23.21 12 2.6
5.11.2014 11: 0:43.6 41.84 25.15 11 3.0
5.11.2014 19:19:31.5 41.74 22.34 18 2.5
5.11.2014 3:40:48.2 41.98 23.24 5 25
7.11.2014 7:1:40.9 42.59 22.99 13 2.8
7.11.2014 7:42: 8.8 41.04 23.40 6 3.0
11.11.2014 13:16:22.9 41.38 22.63 1 2.8
20.11.2014 11:50: 8.5 41.98 23.23 2 2.6
20.11.2014 12:13:24.7 41.96 23.17 14 3.2
21.11.2014 8:30:32.2 41.97 23.23 5 2.6
28.11.2014 11:23:47.1 41.28 22.78 9 2.7
5.12.2014 1:17:20.8 41.92 22.60 8 2.6
12.12.2014 17:33:29.1 41.09 22.30 10 2.7
12.12.2014 19:59:20.6 41.16 23.87 15 2.5

On the territory of Bulgaria relatively normal adty of earthquakes is observed
during 2014 — 947 events are observed, against 112013, 932 in 2012, 1205 in 2011,
1607 in 2010, 2017 in 2009 and 1079 in 2008. Ththgaakes of a magnitude higher than
3.0 are in normal amount — 22 events compared avitlaveraged number of about 20-35
for most of the all previous years (exception iD20nith 147 events because of the
aftershocks of Valandovo M=5.2 earthquake).

The maximum realized magnitude on Bulgarian teryiis Ms=3.9 (in the region
of West Rhodopes), which is not the highest eaidkqg, in comparison with the maximum
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magnitude in the course of previous years. Thengest event (with magnitude M=4.0)
occurs on 24th of June 2014, close to Bulgarianldéiofon Romanian territory) and caused
macroseismic effects with intensity of IV degreeMBC scale in the town of Belene.

As usual, the largest concentration of the epiegente the other regions of
Bulgarian territory during 2014 is marked in theutsovestern part of the investigated
region (presented in Fig.2). The Kroupnik seismieirse is known with the strongest
crustal earthquakes in Europe (M=7.8, 7.1) forldst 160 years. In 2014 only 3 events of
M>3.0 occurred in this region. The strongest feltheprake for the south-western part of
Bulgarian territory is with magnitude M=3.3, itfislt on 20" of February in Gotse Delchev
region (western slopes of Rhodope mountain) bynsitg of 1l - IV degree of MSC scale.

The other Bulgarian seismic sources in 2014 aratively not so active than
during the previous years. They produced not moaa 15 earthquakes affecting different
localities in this country by intensity of up td H IV degrees of MSC scale. The maximum
number of felt earthquakes is occurred around thenddtery uplift. Two cases of
magnitudes about 3.0 aroused shocks of intensity Uy degrees of MSC scale are felt in
Monastery Highland territories. A relatively not significant seismic impact is associated
with the Pernik earthquake source zone in the akpérts of West Bulgaria.

Strike 130 Dip 35 Slip =2

g?

Fig.3. Focal plane solution of earthquake close to thig@ian NPP Kozloduy (24.06.2014, 19:39
GMT, MI=4.0, H=28 kn)

For the determination of the earthquake mechanlenprogram FOCMEC is
used. Input data are the polarities of the P wawveenty five first motion polarities data
from seismological stations in Bulgaria and surding area, taken from NOTSSI and
Orfeus databasdtg://www.orfeus-eu.org/pub/data/continuous /2Q1aie included in the
double - couple focal mechanism - Fig.3. The sotuis displayed on lower hemisphere.
The polarities from Orfeus are check as waveforhe $trike, dip and rake are determined
in accuracy up to 5 degree. The earthquake is cteized as a strike-slip faulting, with
very small dip-slip component. The fault plane $iols of the some other events are with
very bad quality because of a low nhumber of paksit
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A detailed analysis of seismicity in the individusgismic zones is hard to be
fulfilled because of the insufficient quantity ofesmts and the narrow magnitude range of
the earthquakes. The joint statistics of all thents in Fig.2 characterize predominantly the
seismicity parameters of the southwestern pati@territory under investigation.

Depth [km]
250
© 200
"4
©
o
=
& 150
Wi
B
E
£ 100
=
50
O | Cam—
6-10 11-15 16-20 21-25 26-30 31-35

Fig.5. Depth - frequency distribution of the earthquakes

The magnitude-frequency distribution for the entlega set is presented in Fig.4.
The number of localized events increases with thgnitude decreasing: for M= 4.0 is 1
event, M=3.5-3.9 is 2 events, for M=3.0-3.4 is @rgs, for M=2.5-2.9 - 83, for M=2.0-2.4
- 217 and so on. The abrupt diminishing of the nembf earthquakes in the first two
intervals (M<1.5) in Fig.4 determines also the s&gition power of the seismic stations
network. Taking the latter into account, it candupposed that the magnitude sample for
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levels with M > 1.5 is comparatively closer to theality for the bigger part of the
Bulgarian territory.
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The picture of the depth distribution in Fig.5 sisothat the majority of events
occur in range 11-20 km depth. The number of evdots not decrease smoothly with
increase of the depth. It is possible the estabtigiredominating depth (from 11 to 20 km)
to be also due to the presence of small numbenioeatified industrial explosions. In the
same time the number of events in the interval 31kin is bigger. The magnitude
distribution of the events in depth (Fig.6) perntilsnote some differentiation of depth
"floors" with the increase of magnitude - the maxims can be traced out for the depth
interval from 4 to 28 km. It is remarkable that #teongest events are relatively uniformly
deep situated.
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Fig.7. Time distribution of the earthquakes.
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Fig.7 illustrates the distribution of seismicity fime according to the number of
events per months. The biggest earthquake’s anisuligplayed in April, when more then
120 earthquakes occurred, and it is associated seitmic activity in Central Bulgaria —
Monastery Uplifts region and Parvomay town regidhe lowest earthquake quantity is in
October and December, less than 30 events per nibimhmaximum energy release during
the period May - August does not corresponded ¢ontaximum number of events during
the first half of the year.

Additionally, about 1100 distant earthquakes hagerbrecorded in the period
under study, as well as more than 900 industriplaestons, processed and classified in the
preliminary monthly bulletins. In order to identifthe artificial seismic sources the
methodical approach described by Deneva et al.g)188d some information about the
quarry sites in Bulgaria have been used.

Acknowledgements The authors owe their gratitude to the engineestaff for
the perfect software and hardware ensuring of NOE®8 to Team Vision Bulgaria Ltd.
for the kind grant of the Tableau Desktop software.

References

Barrier, E., N.Chamot-Rooke, G.Giordano, 2004. Geathic map of the Mediterranean, Sheet 1-
Tectonics and Kinematics, CGMW, France.

Christoskov L. and E. Grigorova, 1968. Energetid space characteristics of the destructive
earthquakes in Bulgaria since 1900. Izv.BAS, vdl Xl

Christoskov L. and E. Samardjieva, 1983. Invesiigabn the duration of the seismic signals like a
energetic characteristic of the earthquakes. B&JIXy N1.

Christoskov L. et al., 1987. Real time and backgtbdata processing in the Bulgarian seismological
network. Proc. Xx gen. Assembly 1986, Kiel. , Ztric

Christoskov L., L. Dimitrova, D. Solakov, 2011a. §fdtude determinations of P wave by digital
broadband seismometers of NOTSSI network Ifmal and regional events. Compres
rendus de I’Acade'mie bulgare des Sciences, VON85, pp.653-660

Christoskov L., L. Dimitrova, D. Solakov, 2011b.ddal broadband seismometers of NOTSSI for
practical magnitude determinations of P waves. BG&SXXVIII, N1-4/2011, ISSN 1311-
753X, 62-72.

Deneva D. et al., 1988. On the discrimination bemwedustrial explosions and weak earthquakes
using records of local seismics networks. Procoofference in Liblice, 1988, Praha.

Georgiev, |. D.Dimitrov, T.Belijashki, L.Pashova,Shanov, G.Nikolov, 2007. Geodetic constraints
on kinematics of southwestern Bulgaria from GPS kewéling data, Geological Society,
London, Special Publications, 2007; 291: 143-157.

Snoke J.A, 2009. FOCMEC: FOCal MECanism Determimati VirginiaTech, Blacksburg, VA,
USA, 2009, Manual.

Solakov, D., 1993. An algorithm for hypocenter deti@ation of near earthquakes. Bulg. Geophys. J.
19 (1), 56-69

Solakov, D. et all., 2006. National Seismologicatiork — state and development. Proceedings of
Scientific-practical conference on management itraexdinary situations and people
protection, BAS, Sofia, 2005, 265-272.

Bulgarian Geophysical Journal, 2014, Vol. 40 107



E.Botev et al.: Data and analysis of the events recorded by NOTSS in 2014

JlaHHM M aHATN3 HA ceM3MUYHHTe chOuTHUS peructpupanu or HOTCCH npe3 2014

E.botes, B.IIpotomnonosa, U.Anekcanaposa, bia.babaukosa, C.Bennuakosa, M.ITomoga,
IIn.PaiikoBa, M.IlomoBa

Pe3tome. Ilpemnaranoro HaydyHO CchOOIIEHWE ChIABpXka o0000mEeHa wHQopMamms 3a
pesyinraTuTe OT CchOMpaHeTo, 00paboTKaTa W aHaIW3a Ha IIHPBUYHATE JIaHHW 3a
CeM3MHUYHHUTE CBHOUTHA, peructpupanu ot Hanwmonanmnarta OneparuBHa TenemerpuuHa
Cucrema 3a Censmosnoruuna Mugpopmarms (HOTCCHU) npes 2014r. IIpencrasena € kapra
Ha enuieHTpuTe Ha 00mo 1602 3emerpeceHHss B 4acTra OT BalKaHCKHS IIOJYOCTPOB,
orpanmdeHa ot reorpadeka mupuna 37° - 47° N u xpmkuna 19 - 3¢ E. Ho-moapo6Ho ce
QHATM3MPA CEM3MUYHOCTTA 33 TEPUTOpPHsITa Ha Bhirapust u mpuiekammure i 3emu (IoBede
ot 947 cemsmuunn cvOuTHs B paiion ¢ xoopmunata A= 22 - 2FE u ¢ =41° - 44.3N).
Ipemnara ce u KaTaJaoOT Ha 3eMeTpeceHusATa ¢ MarHuTyx M>2,5. CensMoreHHuTE MPOSIBY CE
00CHKIAT TI0 30HU, CPABHCHU ChC CHCEIAHU TICPUOH BpEMeE.

108 Bulgarian Geophysical Journal, 2014, Vol. 40



Bulgarian Geophysical Journal, 2014, Vol. 40
National Institute of Geophysics, Geodesy and Gaulyy, Bulgarian Academy of Sciences

IN MEMORIAM

CORESPONDING MEMBER OF BAS DIMITER LUBENOV YORDANOV
(31.10.1933 — 26.04.2015)

Dimiter Lubenov Yordanov is born on October 31 1983Sofia. In 1956 he
graduates from the Faculty of Physics of the “Stmknt Ohridski” University of Sofia. In
years 1956-1960 he works as a research specialithei Aerology department of the
National Hydro-meteorological Service. From 1960L864 he is a research fellow in the
Department of Atmospheric Physics of the Geophysisitute of the Bulgarian Academy
of Sciences. In 1968 Dimiter Yordanov defended thissis “Turbulent diffusion in the
atmospheric surface layer” and became Doctor ofrigeis. Since 1990 D. Yordanov is a
professor at the Geophysical Institute of the BusgaAcademy of Sciences. In the period
1995-2004 he was the Head of the Department of gpimeric Physics. In 2004 Dimiter
Yordanov was elected corresponding member of tHgaBian Academy of Sciences.

The range of the scientific interests of Dimiterrdfanov is broad. His work in
geophysical hydrodynamics, atmospheric boundaryerlaghysics, pollution transport
modeling and air quality studies has sound contidbuo these fields of knowledge and is
recognized world wide. He is an author of more tB&A scientific papers, co-author of 4
books and 1 textbook. His publications are alwaygimal and of very high professional
level.

The teaching activity of D. Yordanov is also immige. He had been a lecturer at
the Faculty of Physics of the “St. Kliment Ohridskiniversity of Sofia, The Technical
University of Darmstadt and the Humboldt UniversityBerlin. He had been a supervisor
of more than 20 Master and 6 PhD studies.

Dimiter Yordanov was the pioneer who set the funelaim of the theoretical
studies of the atmospheric boundary layer and th@spheric composition modeling in
Bulgaria. He gave the direction and led the profess career of many younger scientists,
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including 1 corresponding member of the Bulgariazademy of Sciences, 2 professors,
several Doctors of Sciences and PhDs, 4 assogabéessors.

Dimiter Yordanov passed away on April 26 2015. Witls the National Institute
of Geophysics Geodesy and Geography of the Bulga@demy of Sciences lost one of
his most respected scientists and the world atmeygpktudying community lost a really
outstanding researcher.
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IN MEMORIAM

ACADEMICIAN STOYCHO PANCHEV VALCHEV
(06.03.1933 - 30.08.2014)

Academician Stoycho Panchev was born in 1933 irviltege Lisets, Lovech. He
graduated from Sofia University, Faculty of Phys&ogl Mathematics, specialty physics,
meteorology specialization in 1956. In 1959 he dééel his PhD thesis and was appointed
as an assistant at the Department of Meteorology @eophysics. In 1963 he was
appointed as an associate professor, from 1965disceor of physical and mathematical
sciences, from 1970 - professor, 1984 - correspgndiember of the Bulgarian Academy
of Sciences, 1997 - academician. During the perib@i#4 to 1994 he was Head of the
Department, 1979-1983 years - Dean of the Facultyhysics, 1988-1991 years - Vice
Chairman of the Bulgarian Academy of Sciences, 1B8@7 years - Vice Chairman of the
Higher Attestation Commission. After his retiremémtm the University, he worked at the
Institute of Solar-Terrestrial Influences of Bulgar Academy of Sciences (2002-2008).

Acad. Panchev is one of the most famous Bulgari@enssts in the field of
meteorology. The scientific work of acad. Panch&s viocused in the following scientific
fields: physics and dynamics of clouds and pre&fjgih; semi empirical and statistical
theory of turbulence; atmospheric macroturbulemlygamic of the equatorial atmosphere
and the wave motions; chaos theory; non-linear ohyoaf natural and social phenomena;
history of physics and so on. He is an author a@ivabl50 scientific papers and 10 books
and textbooks in Bulgarian and other languages:nt®®en Functions and Turbulence”
(1965, 1967, 1971, 1976), “Dynamic meteorology” §19 1985), “Theory of chaos”
(1996), “Fundamentals of atmospheric physics” (J08& is a co-author of the textbook
“General Meteorology” (1978) and the books “Popuolatdynamics and national security”
(2005) and “Social dynamics without formulas” (2p08e led dozens of graduate students
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and 15 PhD students with completed dissertations.

The proof of high appreciation of the scientifih@mvements of acad. Panchev is
his memberships at the Royal Meteorological Sociétynited Kingdom, the American
Meteorological Society, the International Assodatiof Mathematical Physics, and his
participation in editorial staffs of our and foreay journals. Acad. Panchev is a laureate of
the “Dimitrov Prize” for science (1972), medal “Siliment Ohridski” of blue ribbon for
contributions to the Sofia University (2002), meddflarin Drinov on ribbon” for
contributions to the Bulgarian Academy of Scien@g03).

With the death of academician Stoycho Panchev,aSdfiiversity “St. Kliment
Ohridski” and the scientific community lost a mastspected lecturer and outstanding
researcher.
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100 YEARS SINCE THE BIRTH OF PROF. IVAN-ASSEN PETKOV

Prof. Ivan-Assen Petkov (1915 — 2005) is one offthmders of the geophysics in
Bulgaria. His contributions cover almost all topics geophysics — gravimetry, seismic
prospection, seismology, geothermal research, ggoetam, geotectonics,
geomorphology, seismic engineering, geoelectriaitgl geolithology. Geoscientists face
the same challenges: indirect observations, uniguents, restricted experiments and
intuition. Significant part of the scientific knoadge on the structure of the Earth’s crust on
the Bulgarian territory is gained by the pioneerstgdies of Prof. Petkov. In 1938 he
graduated in “Physics”and “Mathematics” at Sofiaivérsity. His scientific career started
in 1941 at the State Institute of Geography, wheeeperformed his first gravimetric
measurements together with VI. Hristov. In 1946nh@ved at the Direction for geologic
prospection. Afterwards, in 1947 — 1948 |. Petkoentwvto the former USSR for a
specialization. At the end of 1948 he leaded thst fegional geomagnetic and gravimetric
investigations, and at 1949 he started the firishse prospection in Bulgaria. As a lecturer
at Sofia University, |. Petkov gave his first lesi in gravimetry and seismometry in 1953
— 1954 and in 1957 he launched the first coursgeneral Geophysics. The latter became a
two-semester course in 1964. |. Petkov made tkerfieasurement of the absolute value of
the gravity field in Bulgaria. In 1961 he got higHilitation and became an Associate
Professor at Sofia University, founded section “@gcics” at the Dept. “Meteorology and
Geophysics”. During the same year he was appoia®da senior researcher at the
Geological Institute of the Bulgarian Academy ofiedces, where he founded section
“Geophysics”- the first research unit in appliedghkysics in Bulgaria. In 1968 |. Petkov
became Full Professor at Sofia University. He didumber of theoretical studies on the
seismic wave propagation in non-homogeneous mediathe first time he determined the
depth to Mohorivicic boundary using gravimetricaland applied the methodology of deep
seismic sounding for revealing the structure oftlEarcrust. Prof. Petkov studied the
seismisity of Bulgaria in relation to anti-seisntionstruction and seismic micro division.
He is a co-author of the first gravimetric, geonmetgn tectonic, geothermal and seismic
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forecast maps of Bulgaria. He also published a rarmbscientific publications, textbooks
and monographs.

Prof. Petkov lived and worked during the times obénarchy, socialism and
capitalism, but this did not decline him from sderand did not change his character. He
stayed moderate, calm and delicate, withstandiegtalk of the town and following his
aims in geophysics.
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I nformation for Contributors

Submission of a paper implies that it has not hmélished previously and is not under
consideration for publication elsewhere.

Typescript. All parts of the paper must be typed double-spamedood quality white
paper A4 (210 x 297mm) with at least 2.5 cm margin®p, bottom, and sides. Each page
of the typescript should be numbered on the bottothe right corner.

Authors are expected to supply 2 clean copies igliéim or Bulgarian. Please use
correct English or Bulgarian spelling, punctuatigremmar, and syntax. The metric system
must be used throughout; use of appropriate S$ im#ncouraged.

Paper length. Paper should be written in the mostise form. Occasionally long
papers (over 15p.) are accepted, particularly tobsereview nature.

The typescript should be arranged as follows:
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3. Text (including tables and figures)

4. Reference list

Abstract. The abstract should be in a single paragraph (2&@svor fewer). State the
nature of the investigation and summarize its irtgdrconclusions. References must not
be cited in the abstract. The abstract should kalde for separate publication in a Web
site.

Mathematics. All characters available on a standard typewrniteist be typewritten in
the equations as well as in text. Special attensioould be paid to single couples of the
kind: w, pp, mu, nn. Distinction should be made between the lettem® the numeral O;
between the letter | and the numeral 1; betweemdkkappa.

Alignment of symbols must be unambiguous. Supgrscand subscripts should clearly
be in superior or inferior position. Fraction bar®ould extend under the entire numerator.
Displayed equations should be numbered consecytitiebughout the paper; the number
(in parentheses) should be to the right of the &gua

References. A complete and accurate reference list is of mapportance. Only works
cited in the text should be included in the refeeelist. References are cited in the text by
the last name of the author and the year: (Jorg30)1If the author's name is part of the
sentence, only the year is bracketed. Referenasamanged alphabetically by the last
names of authors. Multiple entries for a singlehauiare arranged chronologically. Two or
more publications by the same author in the sarae g distinguished by a, b, c after the
year.

Tables. Tables should be typed as authors expect therodbo ih print. Every table
must have a title. Column headings must be arrasgethat their relation to the data is
clear. Each table must be cited in the text.

Illustrations. All illustrations should be inserted in the tegtitable for the camera-
ready reproduction (which may include reductiorgclk figure must be cited in humerical
order in text and must have figure legend. Pleasead draw with hairlines. The minimum
line width is 0.2 mm (i.e. 0.567pt).

Electronic submission. Authors must submit an electronic copy of theipgrawith the
final version of the manuscript. The electronic gspould match the hardcopy exactly.

Authors will receive more detailed information when the article is accepted for
publication so that requirementsfor the camera-ready presentation are fulfilled.



